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Steroid receptors represent a class of ligand inducible transcription factors 

that regulate the rate of transcription of hormone responsive genes by interaction 

with defined enhancer elements. This thesis examines the mechanisms of receptor- 

DNA interaction and transcriptional activation using the mouse oestrogen receptor as 

a model system.

cDNA clones encoding the mouse oestrogen receptor have been isolated and 

characterised. Subsequently, these clones have been used to generate a series of 

receptor deletion mutants, which have been expressed both in vitro and in transient 

transfection assays in order to map sequences responsible for DNA binding, ligand 

binding and transcriptional activation. This study has shown that, like many other 

transcription factors, the sequence specific DNA binding activity of the receptor is 

mediated by a discrete domain (amino acids 121-339), encompassing two zinc finger 

motifs, that is required, but not sufficient, for transcriptional activation. However, 

high affin ity DNA binding requires additional residues, contained within the C- 

terminus of the receptor, that are essential for receptor dimerisation. By generating 

receptor fusion proteins it has been possible to demonstrate that residues 501-522 

of the mouse oestrogen receptor are sufficient to restore the DNA binding and 

dimerisation activity of C-terminal deletion mutants, suggesting that they encode a 

major portion of the mouse oestrogen receptor dimer interface. This 22 amino acid 

domain is well conserved throughout the steroid receptor superfamily, but does not 

resem ble the d im erisation dom ains o f other eukaryotic transcrip tion factors, 

suggesting that it may represent a novel dimerisation motif. Furthermore, site- 

directed mutagenesis of the wild-type mouse oestrogen receptor has allowed the 

identification of residues within this region that are required for either dimerisation 

(A rg-507, Leu-511 and lie -518) or ligand b inding  (lle -518  and G ly-525) 

suggesting that these two functional domains overlap and that the steroid binding may 

take place at the dimer interface.

In addition to the ligand binding and dimerisation domains, the C-terminus of 

the mouse oestrogen receptor also contains an oestradiol inducible transactivation 

domain that remains active when fused to a heterologous (Lex A) DNA binding domain. 

Whilst these three functions clearly overlap, they are not entirely coincident since 

deletion of receptor residues between 552 and 538 almost completely abolishes the 

activity of this oestradiol inducible transactivation domain without the loss of either 

dimerisation or ligand binding activity. It is not clear how ligand binding activates 

this transactivation dom ain, but oestradio l binding a lters the m obility of the 

receptor-DNA complex in a band shift assay, suggesting that it may induce a



conformational change in the receptor that could bring together dispersed C-terminal 

residues to form this motif.

The activity of the receptor deletion mutants has shown that the receptor also 

contains an N-terminal transactivation domain that is able to function in the absence 

of oestradiol. Furthermore, a number of these mutants d ifferentially stimulated 

different target promoters, suggesting that the activity of these two transactivation 

domains is modulated by the test promoter environment, presumably because of their 

differing abilities to cooperate with heterologous transcription factors.
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1.1 A GENERAL INTRODUCTION TO STEROID HORMONE ACTION.

Steroid hormones (King and Mainwaring, 1974) are stable, physiological 

in trace llu lar signalling m olecules that regulate gene expression, growth and 

developm ent in mammalian tissues by contro lling the tem poral and spatial 

expression of numerous steroid regulated proteins (Yamamoto, 1985). These 

hormones are small lipophilic molecules that are derived from cholesterol, a major 

component of biological membranes. They can be divided into two major subgroups, 

the adrenal corticostero ids (g lucocorticoids and m ineralocorticoids) which are 

involved in general homeostasis and the sex hormones which regulate the male 

(androgens) and female (oestrogens and progestins) sex-specific characteristics. 

S tero id-like m olecules have been found in lower eukaryotes and also some 

prokaryotic species suggesting that the signalling role of steroids is well conserved 

throughout evolution.

Although a number of specific steroid binding proteins have been identified, it 

is generally assumed that steroid hormones are able to freely diffuse through the cell 

membrane, by virture of their lipophilic nature. This raises the question of how 

such freely available hormones can bring about such a wide diversity of tissue 

specific effects? Early studies showed that the uterus, vagina and anterior pituitary 

of immature rats, sheep and goats were able to sequester large amounts of tritiated 

oestradiol (the major oestrogen) but not oestradiol metabolites (G lascock and 

Hoekstra, 1959) and that this uptake could be specifically b locked by anti- 

oestrogens, such as clomiphene and nafoxidine (Jensen, 1962). These, and other 

similar observations lead a number of groups to suggest that the biological activity of 

steroid hormones is limited to target cells because their effects are mediated by 

specific intracellular receptors.

This hypothesis was directly supported by cell fractionation studies which 

identified two oestrogen receptor complexes in rat uterine cells, a cytoplasmic 8 S 

species (Toft and Gorski, 1966) and a nuclear 5S species (Jensen et at., 1967). 

Subsequently, Jensen et at. (1968) demonstrated that labelled oestradiol initially 

associated with the 8 S species and that this species gradually disappeared with a 

concommitent appearance of the labelled 5S species. These observations lead the 

authors to propose that oestrogens act by a two-step process in which the ligand 

binds to the cytoplasmic 8 S receptor and induces it to undergo a transformation to 

form the nuclear 5S species (Figure 1 .1 )



FIGURE 1.1 Original Jensen model of steroid hormone action.
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Further studies have shown that the liganded 8 S oestrogen receptor species is 

very unstable in vitro and at physiological ionic strengths it dissociates to form a 4S 

species that has a molecular weight (61-75 kD) and isoelectric point (6.4) that 

correspond closely to values calculated for the cloned monomeric oestrogen receptor 

(reviewed by Jenson and Desombre, 1973). The nuclear 5S species is formed from 

either the 8  or 4S liganded species via a reversible, temperature dependent process, 

termed transformation and chemical crosslinking and dense amino acid labelling 

experiments suggest that this process involves receptor dimerisation (Miller et a i,  

1985b). The resultant 5S species is the active form of the oestrogen receptor and 

binding studies demonstrate that it has a high affinity for DNA. Similar fractionation 

studies have shown that the other classes of steroid receptor occur in only two forms, 

that are equivalent to the cytoplasmic 8 S and nuclear 5S oestrogen receptor species.

In 1984 Joab et ai. demonstrated that the 8-9S form of the progesterone, 

oestrogen, androgen and glucocorticoid receptors all contain a common 90 kD 

component that is not present in the nuclear receptor species. Subsequently, a 

number of groups have shown that this component is the 90 kD heat shock protein, 

hsp 90 (Schuh et ai., 1985; Sanchez et a i,  1985) which can be dissociated from the 

9S glucocorticoid receptor in the same temperature and ligand dependent manner as 

transformation, giving rise to the active DNA binding species (Sanchez et ai., 1987; 

Denis et a i,  1988). Since hsp 90 is found in relatively high abundance (1-2% of



total cellu lar protein), a number o f groups have suggested that it may become 

nonspecifically associated with receptors during cytosol preparation. However, 

chem ica l cross-linking (Rexin et al., 1988a; 1988b) and pulse-chase experiments 

(Howard and Distelhorst, 1988) have confirmed that hsp 90 is also associated with 

the 8-9S species, but not the activated receptor, in vivo.

The subcellular localisation of steroid receptors have been further analysed 

using whole cell immunofluorescence and cytochalasin B-enucleation. W hilst these 

experim ents confirm  that the g lucocorticoid receptor is translocated from the 

cytoplasm to the nucleus upon hormone binding (Govindan, 1980; Papamichail et a l,  

1980; Antakly and Eisen, 1984; Fuxe et al., 1985), they suggest that the oestrogen 

(King and Greene, 1984; Welshons e fa /.,1984) and progesterone (Perrot-Applanat 

et al., 1985; Bailly et al., 1986) receptors are loosely associated with the nucleus 

even in the absence of steroid. However, ligand binding clearly increases the affinity 

of the oestrogen and progesterone receptors for the nuclear compartment, suggesting 

that, whilst there is apparently considerable variation in the relative proportion of 

cytoplasm ic and nuclear species, there is no in trinsic d ifference between the 

mechanism of action of the different classes of steroid receptor. Taken together these 

results therefore suggest that steroids activate their cognate receptors by a process 

that involves dissociation of the hsp 90 molecules and results in an increase in 

nuclear localisation and DNA binding activity.

The observation that the active steroid receptors bind to DNA with high 

affinity has lead a number of groups to propose that they might act as ligand inducible 

transcription factors. This hypothesis was first confirmed by immunofluorescent 

staining studies which demonstrated that the receptor for the Drosophila steroid 

hormone, ecdysone, clustered around larval salivary gland polytene chromosome 

puffs (Gronemeyer and Pongs, 1980) that were specifically induced by ecdysone 

treatment (Ashburner et al., 1973). Although steroid hormones are also known to 

act post-transcriptionally to selectively stabilize some messenger RNA's (Brock and 

Shapiro, 1983; Palm iter and Carey, 1974; Cox, 1977), the majority of studies 

confirm  tha t the activated stero id  receptors act by regula ting the rate of 

transcription of hormone responsive genes (reviewed by Yamamoto, 1985).

1.2 EUKARYOTIC TRANSCRIPTIONAL CONTROL.

The precursors of eukaryotic messenger RNA's (mRNA's) are transcribed by 

RNA polymerase II. Initiation of transcription occurs at a set point on the gene that is 

termed + 1 , or at a number of closely clustered points, the most abundant being 

referred to as +1. The mutational analysis of cloned genes shows that the position and 

frequency of transcriptional initiation is regulated by a combination of positive and



negative regulatory elements that are the binding sites for sequence specific 

transcription factors. The relative contribution of a particular regulatory element 

towards the activity of the gene is therefore modulated by the activity and abundance 

of its binding protein. This may vary from one cell type to another and be influenced 

by one or more physiological signals.

1.2-1 REGULATORY ELEMENTS WITHIN EUKARYOTIC GENES.

Sequences responsible for regulating the rate of transcriptional initiation 

have been identified by analysing the effects of mutations upon the activity of cloned 

genes expressed in either whole cells in tissue culture, transgenic organisms or in  

vitro  transcription systems. These analyses suggested that there are two distinct 

classes of regulator sequence, promoters and enhancers (reviewed by Maniatis et al.,

1987). Promoters are the sequences located immediately upstream from the start of 

transcription that are responsible for maintaining accurate and efficient initiation of 

transcription. In contrast, enhancers can be located large distances both up- and 

downstream of the transcriptional start site and act by increasing the rate of 

initiation from neighbouring promoter units in an orientation independent manner 

(reviewed by Serfling et al., 1985).

Many promoters contain an AT rich sequence, termed the TATA box, which 

ensures that transcription is accurately initiated 25-30 bp downstream of this 

element. This sequence is bound by a ubiquitous transcription factor, termed TFIID, 

which is now thought to be a member of a family of TATA box-binding proteins 

(Simon et al., 1988). Chromatographic fractionation studies have shown that this, 

and three other factors, TFIIA, B and E are sufficient to induce accurate initiation by 

purified RNA polymerase II in a reconstituted in vitro transcrip tion system 

(reviewed by Parker, 1989). The exact role of these additional proteins is unclear, 

but TFIIA appears to facilitate the binding TFIID, to form a complex that commits the 

template to transcription, whilst TFIIB and TFIIE bind to RNA polymerase II itself to 

stabilize this pre-initiation complex.

Although the TATA box is clearly sufficient to ensure correct in itiation, 

promoters normally contain one or more additional elements, termed Upstream 

Promoter Elements (UPE's), that influence the efficiency of initiation. These UPE's 

are conserved transcription factor binding sites that frequently cooperate with each 

other to stimulate the rate of transcription.

Enhancers were originally identified as regions within viral promoters that 

were found to increase transcription when fused in either orientation up to 3 kb up- 

or down-stream of a heterologous promoter (reviewed by Serfling et al., 1985). 

More recently elements have been identified within cellular genes that display these



classical enhancer properties. In general these cellular enhancers are responsible 

for establishing tissue specific (for example the immunoglobulin (Ig) heavy chain 

enhancer) or ligand inducible (for example the steroid response elem ents) 

transcription. Whilst enhancers are able to function over much larger distances than 

UPE's the following observations suggest that there is no rigid distinction between 

the m :-

a) enhancers, particularly viral, frequently contain a number of factor binding sites 

that separately display similar properties to UPE's.

b )  the multimerisation of some UPE's, such as the heat-shock regulatory element, 

will generate a region with the properties of a classical enhancer (Bienz and 

Pelham, 1986).

c )  enhancers are capable of replacing (Treismann and Maniatis, 1985) or 

cooperating with (Schule et al., 1988) UPE's suggesting that the mechanism(s) 

of transcriptional activation are conserved.

How the binding of these additional transcrip tion factors facilita tes the 

formation of the pre-initiation complex is not clear, but three basic mechanisms 

have been proposed (reviewed by Ptashne, 1986).

The first model suggests that transcription factor binding may induce a 

conformational change in the DNA which would allow other proteins to bind and 

initiate transcription. The formation of negative supercoils has been noted during 

gene transcription in yeast, but an analysis of mutant strains suggests that these 

changes may be a consequence of, rather than an activator of transcription (reviewed 

by Futcher, 1988). Furthermore, the simian virus 40 (SV40) enhancer continues 

to stimulate transcription when it is topologically separated from the transcriptional 

start site and is therefore unable to alter the degree of supercoiling of the promoter 

(Plon and Wang, 1986).

The second model suggests that factor binding activates transcription by 

inducing the formation of an "open” chromatin structure. Since many factors can 

stimulate the transcription of naked DNA in in vitro transcription assays, changes 

in chromatin structure cannot fully account for transcriptional activation. However, 

experiments suggest that the glucocorticoid receptor may stimulate the transcription 

of the mouse mammary tumour virus long terminal repeat by inducing a nucleosome 

to dissociate from the promoter region and expose additional factor binding sites (see 

section 1.3-1).

The third, and most favoured model, suggests that these factors directly 

interact with one or more components of the pre-initiation complex via protein- 

protein contacts. This is supported by the observation that, at least in some cases, 

cooperativity is dependent upon the elements, and therefore the bound factors, being



positioned on the same side of the DNA helix. For example, efficient transcription of 

the SV40 early promoter requires a TATA box, a 21 bp repeat region, containing six 

Sp1 binding sites, and the SV40 enhancer. The introduction of a half turn (5 or 15 

bp spacers) between the 21 bp repeat region and either the TATA box or the enhancer 

element drastically reduced transcription whilst a full turn ( 1 0  or 2 0  bp spacer) 

did not s ign ificantly alter the rate of transcription (Takahashi et al., 1986). 

Furthermore, Horikoshi et al. (1988a) have shown that binding of the mammalian 

transcription factor ATF qualita tive ly alters the binding of TFIID , in in vitro 

transcription assays, suggesting that TFIID is the direct target of this factor. 

However, other transcription factors, including the mammalian Sp1, do not appear to 

interact with TFIID and additional experiments will be required to determine whether 

they contact a different component of the transcriptional machinery or whether they 

function by one of the other mechanisms.

It is not clear how enhancer binding proteins might contact other factors when 

separated by such large distances, but many groups favour a model in which the 

intervening sequences are looped out, so that the binding sites are now adjacent 

(reviewed by Ptashne, 1988). Using electron microscopy, Theveny et al. (1987) 

demonstrated that purified progesterone receptor complexes, bound to two distinct 

sites of the progestin responsive rabbit uteroglobin prom oter, became tightly 

associated, causing the intervening 200 bp sequence to be looped out. Similar DNA 

loops have also been visualised within other steroid responsive genes (ten Heggeler- 

Bordier et al., 1987), suggesting that the steroid receptors might function by this 

mechanism.

1.2-2 EUKARYOTIC TRANSCRIPTION FACTORS.

Although the mutational analysis of promoters has allowed us to identify DNA 

sequences that are required for efficient transcriptional initiation, the purification 

and cloning of the transacting factors themselves has been an important step in 

understanding how these events occur. Commonly, functional domains have been 

identified within these proteins by testing deletion mutants for their ability to bind 

to DNA in vitro and to stimulate expression of a cotransfected reporter in tissue 

culture cells. These studies have shown that transcription factors are modular in 

structure and normally contain a sequence specific DNA binding domain and one or 

more separable motifs that are responsible for transcriptional activation.

In general, sequence specific DNA binding is mediated by a discrete 60-100 

amino acid domain that is required, but not sufficient, for transcriptional activation. 

Although it is clear that these do not account for the DNA binding activity of all 

transcription factors, four major DNA binding motifs have been identified to date.



The firs t structural motif, the helix-turn-he lix, was identified from the 

crystal structure of a number of prokaryotic regulatory proteins (reviewed by Pabo, 

1984). These factors bind to their palindromic recognition sites (termed operators)

as dimers in which the two helix-turn-helix motifs fit into successive major

grooves along one side of the DNA helix (Figure 1.2A). The sequence recognition is 

mediated by the protruding a-helix, termed the recognition helix, which forms 

specific contacts with the base pairs. The second helix lies above the major groove 

and contacts the sugar-phosphate backbone to stabilize binding.

Although originally identified as a prokaryotic DNA binding motif, sequences 

homologous to the helix-turn-helix have been found in the C-terminal portion of a 

eukaryotic DNA binding motif termed the homeodomain (Laughon and Scott, 1984). 

This 60 amino acid domain was originally identified as a highly conserved region in 

proteins which control differentiation of the Drosophila early embryo, but has since

been found in both yeast and mammalian developmental regulators (reviewed by

Gehring, 1987). Many of the Drosophila homeoproteins bind to the concensus 

sequence, TCAATTAAAT, and deletion mutagenesis has confirmed that the homeodomain 

of two such proteins, Engrailed and Even-skipped, is sufficient for this specific DNA 

binding activity (Desplan et al., 1988; Hoey et ai., 1988). Furthermore, initial 

transient transfection experiments support the hypothesis that these homeodomain 

proteins control cell morphogenesis by regulating transcription (Han et al., 1989).

More recently, three mammalian transcription factors, E.it-1, Q.ct-1 and 

Oct-2 , and a Caenorhabditis e legans  protein, jJnc-8 6 , have been classified as a 

subclass of homoeprotein, termed the POU proteins (reviewed by Levine and Hoey, 

1988; Robertson, 1988). These contain a domain which shows limited sequence 

homology with the 60 amino acid homeodomain but is well conserved in the region 

corresponding to the putative recognition helix. Whilst this POU-homeodomain is 

essential for DNA binding, mutagenesis studies show that the DNA binding activity of 

Oct-1 requires an adjacent 75 amino acid region, termed the POU-specific domain, 

that is also well conserved between these four proteins (Sturm and Herr, 1988). 

Additional experiments will therefore be required to determine whether the POU 

protein DNA binding domain resembles the helix-turn-helix structure or whether it 

forms a novel motif.

The second DNA binding motif, termed the zinc finger, was orig inally 

identified in the Xenopus transcription factor(TF)IIIA, which binds to the 5S RNA 

genes to position the transcriptional start site (reviewed by Klug and Rhodes, 1987). 

This protein contains nine tandem repeats of a predominately basic 30 amino acid 

motif corresponding to the concensus Y X Q  X2  C X3  F X5  L X2  H X3  H , in which the 

three hydrophobic residues and the cysteine and histidine pairs (shown in bold) are
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invariant. In 1985, Miller et al. demonstrated that the stable DNA binding activity of 

TFIIIA was dependent upon zinc, which was present at an approximate ratio of one 

atom per tandem repeat. This observation lead Miller et al. (1985a) to propose that 

the zinc was tetrahedrally coordinated by the invariant cysteine and histidine pairs of 

the TFIIIA repeats to form nine peptide loops, termed CC-HH zinc fingers, that 

interact specifically with the target DNA. This zinc coordination proposal has 

subsequently been confirmed by extended X-ray absorption fine structure (Diakun et 

al., 1986) and visible-light (Frankel et al., 1987) spectoscopy.

Similar zinc finger motifs have been found within a large number of other 

eukaryotic transcription factors and in many cases, for example Sp1 , these regions 

have been confirmed to mediate sequence specific DNA binding in a zinc-dependent 

manner (Kadonaga et al., 1987). Recently, Lee et al. (1989) determined the three 

dimensional solution structure of the 31st zinc finger of the Xenopus Xfin protein 

(YKCGLCERSFVEKSALSRHQRVHKN), using NMR spectroscopy (see Figure 1.2B). 

Almost exactly as predicted by the Berg model (1988), the polypeptide backbone 

forms a helix (initially a but tightening to 3 i o)  packed against two antiparallel p 

sheets, which are linked by hydrogen bonds between the conserved tyrosine and 

phenylalanine. The exposed face of the helix contains a high density of both basic and 

polar residues that are likely to form contacts with both the sugar-phosphate 

backbone and specific bases of the recognition sequence.

In 1986, Hartshorne et al. proposed that the N-terminal domains of the yeast 

regulatory proteins, GAL4 and PPR1, might also form zinc finger motifs, although 

they contain acidic residues in place of the conserved hydrophobics and cysteine 

residues in place of the invariant histidine pair. Subsequent studies have confirmed 

that the N-terminal portion of GAL4, containing the two "CC-CC" zinc finger motifs, 

mediates its sequence specific DNA binding activity (Keegan et al., 1986) in a zinc 

dependent manner (Pan and Coleman, 1989). However, initial NMR studies suggest 

that this region of GAL4 forms a binuclear cluster, rather than a zinc finger, in 

which two zinc ions are coordinated by six cysteine residues (Pan and Coleman, 

1990). These six cysteine residues are well conserved in a number of other yeast 

transcription factors, including PPR 1 and LAC9, suggesting that the binuclear 

cluster may be conserved DNA binding structure. CC-CC zinc finger motifs have also 

been identified within a number of higher eukaryotic DNA binding proteins, including 

the steroid receptors themselves (see Section 1.4-1), and it is not yet clear whether 

these motifs will resemble the binuclear cluster, the originally CC-HH zinc fingers 

or a novel motif.

The third DNA binding motif was orig inally identified w ithin the yeast 

regulatory protein GCN4. Using deletion mutagenesis, Hope and Struhl (1986)



showed that the C-terminal 60 amino acids of GCN4 were able to bind to DNA with 

wild-type affinity in a band shift assay. When the wild-type GCN4 and the 60 amino 

acid DNA binding domain (gcn4-C186) were cotranslated and tested in this assay 

they gave rise to three protein-DNA complexes corresponding to GCN4 homodimer, 

GCN4 /gcn4-C186 heterodimer and gcn4-C186 homodimer respectively (Hope and 

Struhl, 1987). Furthermore, when these two species were separately translated and 

mixed, no heterodimers were formed, indicating that they both formed stable dimers 

in solution. These results therefore show that the C-terminal 60 amino acids of 

GCN4 contain not only the DNA binding domain but also the sequences responsible for 

the dimerisation of this protein.

Subsequently, Vogt et al. (1987) reported that this 60 amino acid GCN4 DNA 

binding and dimerisation domain shared significant identity with the C-term inal 

sequences of the v-Jun and v-Fos oncoproteins. Transfection experiments indicate 

that GCN4 and Jun are also functionally related since c-jun can replace the GCN4 

gene in yeast (reviewed by Marx, 1988). Whilst Jun can function as a homodimeric 

transcriptional activator in mammalian cells, immunological studies show that it is 

normally complexed with Fos, or a Fos related protein, to form the heterodimeric 

transcription factor AP-1 (reviewed by Curran and Franza, 1988).

In 1988 Landschulz et al. showed that the C-terminal portion of C/EBP was 

related to the conserved domain of Fos, Jun and GCN4 and they suggested that a 

conserved heptad repeat of leucine residues, termed the "leucine zipper", might form 

the dimerisation domain. Essentially, the authors proposed that the leucine residues 

would protrude from one side of an unusually long, ion pair stabilized a-helix to 

interdigitate, in an anti-parallel manner, with the leucines of a second polypeptide, 

to form a stable dimer interface (Figure 1.2C). This dimerisation domain would 

juxtapose the basic DNA binding domains of the two monomers to allow sequence 

specific DNA recognition. This hypothesis is supported by:-

1 ) extensive point mutagenesis of the Fos, Jun and C/EBP proteins which confirms

that these conserved leucines are required for both dimerisation and DNA binding 

(Kouzarides and Ziff, 1988; Ransone et al., 1989; Landschulz et al., 1989).

2  ) the demonstration that a peptide corresponding to the C-terminal 33 amino acids

of GCN4 adopts an a-helical structure in solution and forms stable dimers at 

concentrations as low as 10p.M (O'Shea et al., 1989).

However, these studies all indicate that the helices associate in a parallel 

manner and are therefore more likely to resemble the coiled-coil dimerisation 

domain of fibrous proteins such as tropomyosin and keratin (reviewed by Cohen and 

Parry, 1986). These generally contain two parallel right-handed helices which are 

coiled around one another with a slight left-handed twist to reduce the helical repeat



to 3.5. This places the characteristic four-three repeat of hydrophobic residues on 

one face of each helix to generate a hydrophobic strip that forms the dimer interface 

(see Figure 1.2C).

Since the leucine zippers bind in paralle l, it is now proposed that 

dimerisation brings the monomers together to form a Y shape, termed the "scissor- 

grip" structure, in which the two basic regions are orientated away from one another 

to form a single DNA binding surface (Vinson et al., 1989; see Figure 1.2C). By 

exchanging the leucine zipper motifs between these proteins a number of groups have 

shown that the specificity and affinity of homo- or hetero-dimerisation is mediated 

by sequences within the leucine zipper (Kouzarides and Ziff, 1989; Sellers and 

Struhl, 1989; Neuberg et al., 1989). Thus dimerisation will directly control the 

sequences within the DNA binding surface and the affinity of DNA binding.

Recently a second DNA binding-dimerisation motif, termed the basic helix- 

loop-helix (bHLH) motif, has been identified within proteins, such as MyoD, E12 and 

E47, that are implicated in the development control of eukaryotic gene expression 

(Murre et al., 1989). Dimerisation is mediated by the helix-loop-helix which 

consists of two short am phipathic helices, contain ing a conserved four-three 

hydrophobic repeat. These are separated by a loop of variable lenght which contains 

one or more helix-breaking residues. The basic region lies immediately N-terminal 

of the first amphipathic helix and mutagenesis of MyoD indicates that this region 

binds specifically to DNA (Davis et al., 1990). Like the basic-leucine zipper motif, 

the DNA binding activity of bHLH-containing proteins is dependent upon the 

specificity and stability of dimer formation. Recently Benezra et al. (1990) isolated 

a cDNA clone encoding Id, a protein which contains an intact helix-loop-helix motif 

but lacks the preceeding basic DNA binding domain. Experiments show that Id forms 

stable, non-DNA binding, heterodimers with MyoD, E12 or E47 in vitro and can 

inhibit MyoD activation of the muscle creatine gene promoter in vivo. Since Id 

expression declines during muscle differentiation, these results suggest that Id acts 

as a dominant negative regulator in non-muscle cells by forming non-productive 

complexes with one or more of these proteins.

In 1985, Brent and Ptashne replaced the DNA binding domain of GAL4 with the 

helix-turn-helix motif (N-terminal 87 amino acids) of the bacterial repressor Lex 

A. The resulting chimaera was able to activate the transcription of a yeast promoter 

containing a consensus Lex A operator. Subsequent studies have confirmed that all 

known transcription factors have one or more transactivation domains that remain 

active when linked to a heterologous DNA binding domain, suggesting that the role of 

the DNA binding domain is to bring the activation domains into the proximity of the 

responsive promoter.



The first described transactivation domain was originally identified within the 

yeast regulatory proteins, GAL4 and GCN4. Using deletion mutagenesis, Ma and 

Ptashne (1987a) identified two discrete GAL4 activation regions (residues 148- 

196 and 768-881) that were able to independently activate the GAL1 promoter when 

fused to the GAL4 DNA binding domain. These two activation regions were not 

significantly homologous but were both highly acidic in nature. Subsequently, Gill 

and Ptashne (1987) showed that randomly generated point mutations could increase 

or decrease the activity of the first activating region by proportionally increasing or 

decreasing the overall degree of acidity. Furthermore, the activating regions of GAL4  

can be functionally replaced by either acidic peptides, generated from random E. Coli 

DNA sequences (Ma and Ptashne, 1987b) or a putative synthetic amphipathic a- 

helix (G iniger and Ptashne, 1987). These results there fore  suggest that 

transcriptional activation can be mediated by acidic domains, termed acid blobs, 

which do not appear to have any rigidly defined structure.

This hypothesis is supported by the observation that the transcriptional 

activity of GCN4 is also mediated by a predominantly acidic region ( Hope and Struhl, 

1986). Fine deletion analysis of this entire acidic region (amino acids 8 8  to 147) 

indicates that there are no discrete boundaries to this domain but that, like GAL4, its 

transcriptional activity correlates with its degree of acidity (Hope et al., 1988). 

Interestingly, a small step-w ise loss of transcriptional activity appears to occur 

with the deletion of every seventh residue suggesting that this acidic region may fold 

to form an a-helix that would be amphipathic in nature.

A number of groups have shown that GAL4, or the GAL4 DNA binding domain- 

amphipathic a-helix chimaera [GAL4(1-147)+AH] can activate a GAL4 responsive 

prom oter in plant (Ma et al., 1988), D rosophila (F ischer et al., 1988) and 

mammalian (Kakidini and Ptashne, 1988 and Webster et al., 1988a) cells, where it 

acts as a classical enhancer binding protein. In addition, GAL4(1-147)+AH has been 

tested in in vitro transcription assays and is found to:-

a) cooperate with mammalian transcription factors when acting over large distances 

(Lin et al., 1988),

b )  alter the downstream TFIID interactions (Horikoshi et al., 1988b) in a similar 

manner to that previously described for the purifed transcription factor, ATF 

(Horikoshi et al., 1988a).

These results therefore suggest that the basic transcriptional machinery is 

conserved between yeast and higher eukaryotes and that the Macid blob" might be a 

common feature of eukaryotic transactivation dom ains. Subsequently, acidic 

activating domains have been identified within a number of other proteins including



the herpes simplex virus protein VP16 (Sadowski at al., 1988; Treizenburg et al.,

1988) and the mammalian transcription factor, Jun (Struhl, 1988).

How these acid blobs facilitate the formation of the pre-initiation complex is 

not clear but Gill and Ptashne (1988) have shown that acidic activating domains are 

able to repress transcription, a process they called squelching, when expressed at 

high levels in yeast. This suggests that these domains act by binding to a required 

component of the transcriptional machinary, such as TFIID or RNA polymerase itself. 

In this latter case, it has been proposed that the acidic residues might interact with 

the serine- and threonine-rich C-terminal domain of this protein, to tether it at the 

tra n sc rip tio n a l s ta rt s ite , and tha t tra nsc rip tion  cou ld  be in itia ted  by 

phosphorylation which would release the polymerase (Sigler, 1988).

More recently, the deletion analysis of the mammalian transcription factors 

Sp1 (Courey and Tjian, 1988) and CTF/NF -1 (Mermod et al., 1989) has shown that 

the acid blob is not the only motif capable of activating gene transcription. In Sp1 the 

majority of transactivational activity is mediated by two large domains that share 

little sequence homology but contain a high proportion (approxim ately 25%) of 

glutamine residues. Sim ilar glutamine rich domains are present in a number of 

other known, or putative eukaryotic transcription factors, suggesting that they may 

represent a second common transactivation domain motif. W hilst the activation 

functions of these proteins have yet to been identified, this hypothesis is indirectly 

supported by the observation that the glutamine rich region of a Drosophila 

homeoprotein, Antennapedia, can activate transcription when fused to the Sp1 DNA 

binding domain (Mitchell and Tjian, 1989).

Deletion mutagenesis has also identified two additional regions of Sp1 that are 

required for transcriptional activation. The first is a predominantly basic 30 amino 

acid domain that accounts for approximately 1 0 % of the transcriptional activity, 

whilst the second region is not transcriptionally active itse lf but increases the 

affinity of the DNA binding domain for its response element (Kadonaga et al., 1988). 

Furthermore, Sp1 and a number of other RNA polymerase II specific transcription 

factors appear to contain multiple O-linked N-acetylglucosamine monosaccharides. 

Glycosylation clearly increases the activity of Sp1 between 3 and 5 fold suggesting 

that this post-transcriptional modification might be commonly used to regulate the 

activity of transcription factors (Jackson and Tjian, 1988).

CTF contains a single transactivation domain, located within the C-terminal 

1 0 0  amino acids of the protein, that appears to represent a third class of activation 

motif (Mermod et al., 1989). This C-terminal domain contains an exceptionally 

high proportion (approximately 25%) of proline residues and sim ilar proline-rich



regions are found within other transcriptional activators including AP-2 (Williams 

et al., 1988), although these have yet to be confirmed to be transcriptionally active.

It is not clear whether these glutamine-rich and proline rich domains will 

contact a component(s) of the transcriptional machinery, as has been proposed for 

the acidic domains of GAL4. Whilst, it is possible to envisage that the amide groups of 

the glutamine side chains form hydrogen bonds with one or more components of the 

transcriptional machinery, the proline rich-domains are likely to fold into a rigid 

structure that functions by a distinct mechanism.

L2z2. SUMMARY.

Mutagenesis of a number of RNA polymerase II eukaryotic transcription 

factors has shown that these proteins are modular in structure. Sequence specific 

DNA binding is mediated by a discrete domain (either zinc finger, helix-turn-helix 

or basic motif) that appear to be highly structured. Almost all of these proteins bind 

to their response elements as dimers and their activity therefore depends partly upon 

their ability to form stable and productive complexes. Sequences responsible for 

dimerisation have been located within many of these factors and in all cases they are 

positioned immediately adjacent to the DNA binding domain.

Transcriptional activation is mediated by one or more domains that frequently 

have little obvious structural requirements. These domains appear to contain a high 

proportion of either acid, glutamine or proline residues and are proposed to function 

by contacting components of the transcriptional machinary to facilitate the formation 

of the pre-initiation complex. The activity of these domains are therefore influenced 

by their distance and alignment, relative to the pre-initiation complex and to other 

transcription factors with which they can cooperate. In addition, the activity of these 

transactivation domains may be regulated by post-transcriptional modifications.

1.3 TRANSCRIPTIONAL CONTROL OF HORMONE RESPONSIVE GENES.

1.3-1 GLUCOCORTICOID RESPONSIVE GENES.

Steroid hormone responsive sequences were firs t identified within the 

glucocorticoid responsive mouse mammary tumour virus (MMTV) promoter. This 

system is well characterised and it is discussed here in some detail because the 

mechanism of steroid activation is common to many other hormone responsive genes. 

MMTV is a Class B retrovirus that is transmitted to offspring as a consequence of 

endogenous proviruses within the parental genome (vertical transmission) or via the 

mothers milk (horizontal transmission). The virus gives rise to carcinomas within 

the alveolar epithelial cells of the mouse mammary gland 6-9 months after infection. 

Frequently the alveolar nodules become hyperplastic before this time, but tumour



induction is not observed until the late stages of pregnancy. In some strains of mice 

the tumour regresses after parturition only to reappear at the next pregnancy. This 

growth and regression cycle continues for some time until the tumour eventually 

becomes pregnancy/lactation independent and fails to regress.

In 1971, McGrath showed that the level of MMTV particles could be increased 

by incubating primary explants of mouse mammary tumours with glucocorticoids. 

Similar results have been obtained in cell lines derived from mouse mammary tissue 

and a number of groups have demonstrated that the increased virus production is 

accompanied by an identical increase in the level of virus-specific RNA (Parks et al., 

1974; Ringold et al., 1975). Inhibitors of RNA but not protein synthesis were found 

to block this increase, showing it to be a primary hormonal effect, and nuclear run

off assays confirmed that glucocorticoids increased the RNA levels by stimulating the 

rate of transcriptional initiation (Ucker and Yamamoto, 1984).

Using a combination of electron microscopy, nitrocellulose filter binding and 

D N A-ce llu lose com petition  assays, Pavyar et al. (1983) identified m ultip le 

glucocorticoid receptor (GR) binding sites between -400 and -100 base pairs of the 

transcriptional start site of the MMTV long terminal repeat (LTR). The functional 

significance of this region was confirmed by the work of Chandler et al. (1983) who 

demonstrated that LTR sequences from -452 to -109 bp could confer glucocorticoid 

responsiveness upon the herpes simplex virus thymidine kinase promoter and gene. 

Interestingly, this sequence remained active when fused in either orientation up to

1 . 1  kb away from the transcriptional start site suggesting that it could act as a 

classical enhancer element.

Using partially purified GR and immunoprecipitation experiments with crude 

liver cytosols, Beato and coworkers have further mapped the receptor binding sites. 

W hilst deletion of the LTR sequences between -450 and -202 did not alter the 

recovery of labelled DNA in nitrocellulose filte r binding experim ents, receptor 

binding activity was impaired by deletion to -137 and abolished by deletion to -50 

(Scheidereit et al., 1983). These results suggested that the GR was binding to at 

least two distinct sites, located between -202 and -50 bp upstream of the LTR cap 

site. This was supported by the observation that the GR protected two discrete 

regions of the LTR from DNase I digestion. The distal region (-192 to -163) 

contained a single receptor binding site whilst the larger proximal region (-124 to 

-72) contained three closely clustered footprints. Although they did not show any 

significant homology to each other, the four sites all encompassed the hexanucleotide 

motif, TGTTCT. Subsequently, Scheidereit and Beato (1984) have used dimethyl 

sulphate methylation protection and interferance assays to show that the receptor is



in intimate contact with the guanine residues of the four repeats and that methylation 

of the distal motif (the only one tested) abolished receptor binding.

Similar footprinting and gene transfer experiments have been used to identify 

the receptor binding sites of a number of other glucocorticoid responsive genes such 

as rabbit uteroglobin (Cato et al., 1984), human metallothionein IIa (Karin et al.,

1984), chicken lysozyme (von der Ahe et al., 1985), rat tyrosine oxygenase 

(Danasch et al., 1987) and rat tyrosine aminotransferase (Jantzen et al., 1987). 

W hilst the location of these receptor binding site(s) are highly variable, ranging 

from several kilobases upsteam (Jantzen et al., 1987) to within a few hundred base 

pairs either upstream (Karin et al., 1984) or downstream (Slater et al., 1985) of 

the transcriptional start site, the pattern of receptor-response element contacts are 

almost identical to those found within the MMTV LTR.

A sequence comparison of these glucocorticoid response elements (GRE's) 

shows that they all contain a 15 base pair imperfect inverted repeat of the sequence 

TGTTCT, in which the three central nucleotides are not conserved (Beato, 1987). 

Furthermore, transfection eperiments have confirmed that this element is sufficient 

to render a heterologous promoter glucocorticoid responsive (Klock et al., 1987). A 

number of groups have examined the properties of these GREs by analysing their 

activity in a variety of different promoter environments. When placed immediately 

adjacent to the site of transcriptional initiation, a single GRE is sufficient to mediate 

glucocorticoid responsiveness in the absence of any other UPE's (Strahle et al, 

1988, Schule et al, 1988) and in the absence of a TATA box (A. Thomson-personnal 

communication). This implies that the receptor can act independently to facilitiate 

the formation of the pre-initiation complex in a sim ilar manner to Sp1. However, 

when the GRE is moved several hundred base pairs from the cap site it is unable to 

increase the rate of transcription even when the promoter contains a functional TATA 

box. Restoration of glucocorticoid responsiveness requires the presence of an 

additional UPE that can be a heterologous factor binding site or a second steroid 

response element (Strahle et al, 1988, Schule et al, 1988). This therefore suggests 

that the enhancer activity of hormone responsive regions, such as that of the MMTV 

LTR, result from multimerisation of response elements and/or the presence of other 

adjacent transcription factor binding sites.

Further analysis of the MMTV LTR supports the hypothesis that an efficient 

hormone response can require the binding of another transcription factor. In 1983 

Hager and coworkers demonstrated that the MMTV LTR could maintain glucocorticoid- 

dependent transcription when mobilised at a high copy number on stable bovine 

papilloma virus (BPV) based episomes (Ostrowski et al., 1983). This system has 

been exploited, using in vivo footprinting assays, to investigate the assembly of



transcription factors and the resulting changes in chromatin structure. Isolated 

nuclei were prepared from BPV-MMTV LTR containing cells that had been cultured in 

e ither the presence or the absence of g lucocortico ids and then treated with 

exonuclease III (Cordingley et al., 1987). Although previous in vitro studies have 

shown that purified GR from rat liver extracts produces exonuclease III stops at 

-189 on the lower strand and at -70, -85, -105 and -160 on the upper strand 

(von der Ahe et al., 1985) no specific receptor-dependent footprints were detected 

in these in vivo assays. However, strong glucocorticoid-dependent stops were found 

at -82 on the lower strand and +12 on the upper, with no exonuclease III penetration 

beyond these points. The sequence at the 5' end of this protected region (-78 to -62) 

is homologous to the palindromic NF-1 recognition sequence (PyTGGCANNNTGCCAPu) 

and purified NF-1 gives rise to a 5' exonuclease Ill-resistant boundary in vitro that 

is indistinguishable from that found in the in vivo assays. The +12 in vivo  

boundary is generated by the binding of a second factor or factor complex, termed 

F-i, that protects sequences between -41 and +1 in in vitro  exonuclease III 

protection assays and is likely to correspond to the pre-initation complex. These 

results therefore suggest that glucocorticoids activate transcription of the LTR by 

recruiting additional factors to the promoter rather than by stabilising pre-existing 

complexes.

The importance of NF-1 in mediating an efficient glucocorticoid induction of 

MMTV has been confirmed by mutagenesis of the LTR. Using DNase I footprinting 

assays, M iksicek et al. (1987) demonstrated that 3 or 8 base pairs insertions 

between the the NF-1 half sites abolished specific recognition of NF-1 in crude 

nuclear extracts but did not interfere with the binding of other factors. When tested 

in transient transfection assays these m utations were found to reduce the 

glucocorticoid-dependent transcriptional activity of the LTR by almost 100 fold. In 

addition, Kuhnel et al. (1986) have demonstrated that insertion of 123 base pair 

spacer between either the distal and proximal responsive regions, the proximal 

responsive region and the NF-1 site or the NF-1 site and the TATA box reduced the 

transcriptional activity of the LTR to 10% of wild-type although this linker had no 

effect when placed upstream of the distal receptor binding site. This suggests that the 

presence, and relative positioning, of these four elements is essential for an efficient 

hormone response.

Both NF-1 and F-i are freely available in the nucleoplasm in the absence of 

hormone and must therefore be prevented from binding to the LTR in unstimulated 

ce lls . Using m e thyd ium propy l-E D T A -F e (ll) [M P E -F e (ll) ] to c leave  the 

internucleosom al DNA, Richard-Foy and Hagar (1987) have dem onstrated that 

nucleosomes are specifically positioned within the BPV-MMTV LTR episomes. In



uninduced cells cleavage sites were located at +136, -60, -250, -444, -651, 

-826 and -1019 relative to the LTR cap site. Upon hormone induction sequences 

between -60 and -250 became hypersensitive to MPE-Fe(ll) although cleavage at 

the remaining sites was unaltered. This suggests that GR binding to the LTR results 

in the dissociation of a single nucleosome that may mask the NF-1 recognition 

sequence in uninduced cells to prevent NF-1 binding. This is supported by the recent 

observation that NF-1 can bind to naked MMTV DNA with high affinity but is unable 

to bind to in vitro reconstituted MMTV minichromosomes whilst both glucocorticoid 

and progesterone receptors bind naked or nucleosomally organised MMTV DNA with 

sim ilar affin ity (Pina et al., 1990).

Although this section has so far focused on the regulation of the LTR by 

glucocorticoids, it is clear that this prom oter is multi-hormone responsive. In 

1985 von der Ahe et al. demonstrated that the binding of purified progesterone 

receptor (PR) from rabbit uterus produced similar, but not identical, exonuclease 

III footprints to those of the purified GR. Subsequently a number of groups have 

shown that, in addition to glucocorticoids, the LTR sequences are able to mediate 

progestin (Cato et al., 1986) androgen (Darbre et al., 1986; Cato et al., 1987) and 

m ineralocorticoid (Arriza et al., 1987) responsiveness in transient transfection 

assays. Whether these responses all occur in vivo is not clear. However, the levels 

of circulating glucocorticoids are high during lactation but are unaltered during 

pregnancy suggesting that the pregnancy/lactation dependent expression of MMTV 

cannot be mediated solely by glucocorticoids. Whilst progestin levels increase during 

gestation to induce alveolar growth, they are known to repress lactogenic effects. 

This therefore suggests that MMTV expression is likely to be regulated by the 

combined action of these two steroids.

Multi-steroid responsiveness is not limited to the MMTV LTR but is found 

within a number of other genes including the egg white protein genes of the chick 

oviduct which are regulated by four classes of steroid (Moen and Palmiter, 1980). 

Using transient transfection assays a number of groups have shown that the 15 base 

pair "glucocorticoid" response element is also sufficient to mediate a response to 

progestins (Strahle et al., 1987) and androgens (Ham et al., 1988). This raises the 

question of how the in vivo response of some genes is limited to a single class of 

hormone. Recently, Strahle et al. (1989) have shown that expression of the 

endogenous glucocorticoid-responsive genes argininosuccinate synthetase, tyrosine 

am inotransferase, and carbam oylphosphate synthetase I could be activated by 

progestins in stable transformants containing the chicken progesterone receptor but 

not in the parental rat hepatoma cell line. This therefore suggests that the steroid-



specific activation of some genes may be solely determined by the differential tissue 

specific expression of the steroid hormone receptors.

1.3-2 OESTROGEN RESPONSIVE GENES.

Oestrogen response elements (ERE's) were firs t identified  w ith in the 

v ite llogenin  gene prom oters. V itellogenin is a non-m am m alian yolk protein 

precursor that is produced in both invertebrates and vertebrates (reviewed by 

Wahli, 1988). Both the chicken and Xenopus laevis vitellogenins are synthesised in 

the liver under tight oestrogenic control. The precursor is then secreted into the 

bloodstream before being taken up by the oocyte and cleaved to yield the yolk protein 

products. The vitellogenins can be expressed from a single gene, as found in sea 

urchins, but are more frequently encoded by small gene families that are considered 

to have arisen by gene duplication. Xenopus has four highly homologous genes, 

termed A1, A2, B1 and B2, that have each been cloned and sequenced. When the 5' 

sequences of these genes were compared with that of the major chicken vitellogenin 

gene (vtg II), Walker et al. (1984) identified four blocks of high sequence homology 

(Figure 1.3). The fourth block contained either one or two copies of a short 

palindromic sequence GGTCANNNTGACC that was located at a highly conserved position 

relative to the cap site. Since two copies of this sequence were also found within the 

chicken apo-VLDLII promoter the authors proposed that this element was involved in 

the liver-specific expression of oestrogen responsive genes and that it might be the 

target of the oestrogen receptor.

FIGURE 1.3 Location of homology blocks within the vitellogenin gene protomers.
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Using RNase protection assays of stably transformed MCF7 breast cancer cells 

Klein-HitpaR et al. (1986) demonstrated that oestradiol treatm ent could increase 

the number of transcripts produced from a vitellogenin A2 genomic clone (^X lv128, 

W ahli and Dawid, 1980) by 2-3 fold. In order to identify the elem ent(s) 

responsible for mediating this induction, the 5' flanking sequences of this clone were 

tested for their ability to render heterologous reporters oestrogen responsive in 

transient transfection assays. Promoter sequences from -821 to +14 and -482 to 

+14 were fused infront of the CAT coding sequences of pSVO-CAT (Gorman et al., 

1982) to generate the reporters pA2( -821/+14)CAT and pA2(-482/+14)CAT 

respectively. In the absence of added oestradiol these plasmids had no detectable basal 

activity. However both constructs gave rise to low but significant levels of CAT 

activity after oestradiol administration suggesting that the sequences responsible for 

oestrogen iducibility were contained between -482 and +14. To increase the 

magnitude of the detectable response, promoter sequences from -482 to -87 were 

fused infront of the -105 to +51 tk promoter sequences of the CAT based based 

reporter pBLCAT2 (Lucklow and Schutz, 1987). The resulting reporter, pA2(- 

482/-87)tk-CAT, had a measurable basal activity which could be increased by 10 

fold by oestradiol treatment. W hilst the magnitude of this induction could be 

significantly increased by progressive deletion of the 5' sequences to -397 (18 

fo ld), -356 (47 fold) and then -331 (60 fold), subsequent deletion to -324 

completely abolished any response to oestrogen administration. This suggests that the 

5’ boundary of the ERE is located between -331 and -324 and that sequences between 

-482 and -331 inhibit the oestrogen inducibility of this element.

The 3' boundary of the ERE was identified by testing the activity of 3' deletion 

mutants of pA2(-331/-87)tk-CAT. Deletion of sequences between -87 and -191 

significantly reduced the basal activity of this and all subsequent 3' deletion mutants, 

suggesting that a stimulatory UPE is located within this sequence. Despite this 

reduced activity the oestradiol dependent induction of the 3' deletion mutants pA2(- 

3 31 /-191 )tk -C A T  to pA 2(-331 /-297 )tk -C A T  was not s ig n ifican tly  reduced 

relative to that of the parental reporter, pA2(-331/-87)tk-CAT. However deletion 

of further 3' sequences to -314 abolished the response to oestrogens indicating that 

the ERE is located between -331 and -297. This region of the vitellogenin A2 

promoter encompasses a single copy of the conserved G G T C A N N N TGACC motif 

identified by Walker et al. (1984) and is clearly sufficient to render a heterologous 

promoter oestrogen responsive.

Using a sim ilar deletion mutagenesis approach Seiler-Tuyns et al. (1986) 

have mapped the regulatory elements of the vitellogenin B1 promoter. The location of 

both basal and oestrogen-responsive elements was found to be well conserved with



the vitellogenin A2 promoter and coincided closely with the homology blocks (see 

Figure 1.3). However, unlike the A2 promoter, the B1 oestrogen-responsive region 

(-334 to -287) contains two copies of the TGACC motif (AG T C A C T G TG AC C  and 

AGTTATCATGACC1 separated by two helical turns. Whilst this 37 base pair sequence 

displays all the properties of a classical enhancer element ( Martinez et al., 1987), 

its activity can be abolished by separation ( Martinez et al., 1987) or partial 

deletion (Seiler-Tuyns et al., 1986) of either of the imperfect repeats suggesting 

that the inducibilty of the B1 region is dependent upon a cooperative interaction of 

these two elements.

EREs have also been identified within a number of other responsive genes 

including pS2 and ovalbumin. pS2 was originally identified as a gene that is 

transcriptional regulated by oestradiol in the breast cancer cell line, MCF7, but 

subsequent studies have shown that, like vitellogenin, this gene is active when 

transiently transfected into heterologous oestrogen receptor containing cell lines. By 

cotransfecting pS2-p globin gene chimaera and a human oestrogen receptor cDNA 

clone into Hela cells, Nunez et al. (1988) demonstrated that sequences between -482 

and -332 of the pS2 promoter were required for oestrogen inducibility. Further 

mutagenesis showed that the response was mediated by a single imperfect repeat of 

the TGACC motif (G G TC A CGGTGGCC1 located between -405 and -393, and this 

sequence was sufficient to render the p-globin promoter oestrogen responsive when 

fused at position -425 relative to the cap site (Berry et al., 1989).

Expression of the chicken ovalbumin gene is limited to a single target tissue, 

the oviduct tubular gland, where it is regulated by glucocorticoids, progestins, 

androgens and oestrogens (Moen and Palmiter, 1980). Like many other steroid 

responsive genes, the ovalbumin prom oter remains com pletely inactive when 

transiently transfected into heterologous cells, despite the presence of one or more 

classes of functional steroid receptor. This cell specific expression is controlled by a 

positively acting factor that binds to sequences between -56 and -1 (Dierich et al.,

1987). However, even in the target tissue, ovalbumin expression is completely 

repressed, in the absence of steroids, by a second cell specific factor that binds to 

promoter seqences between -425 and -132 (Gaub et al., 1987). Glucocorticoids 

progestins, and oestogens can all relieve the repression of reporters containing 

ovalbumin promoter sequences from -425 to -1, indicating that this region contains 

both oestrogen and glucocorticoid/progestin response elements. Further mutagenesis 

showed that promoter sequences between -58 and -1 were sufficient to render a 

heterologous gene oestrogen responsive although this region does not contain a 

concensus ERE sequence (Tora et al., 1988). However, an analysis of the effect of 3 

base pair mutations throughout this region indicated that an ERE half site (GGTCA),



located between -47 and -43, was essential for efficient inducibility. Moreover, 

this sequence was specifically protected from DNase I digestion by a bacterially 

expressed fusion protein containing the DNA binding domain of the human oestrogen 

receptor. Spacing experiments indicate that the activity of this response element is 

clearly dependent upon the TATA box being in the correct stereospecific alignment 

indicating that this element is not very active.

Taken together, these experiments indicate that:-

1 ) the TGACC motif is important for oestrogen receptor binding,

2 ) an imperfect inverted repeat is considerably weaker than a perfect ERE,

3 ) the activity of an imperfect ERE is frequently dependent upon the presence of an

adjacent UPE, that can be a heterologous factor binding site (for example the 

TATA box of the ovalbumin promoter) or a second ERE (for example the imperfect 

repeats of the vitellogenin B1 promoter).

The observation that the symmetrical nature of glucocorticoid/progestin and 

oestrogen response elements is important for efficient enhancer activity, suggests 

that, like many other transcription factors, steroid receptors bind to their response 

elements as dimers. This conclusion is directly supported by both oestrogen (Kumar 

and Chambon, 1988) and glucocorticoid (Tsai et al., 1988) receptor binding studies 

(see Chapter 6). In addition, Tsai et al. (1989) showed that occupation of a 

progesterone response element (PRE) increased the progesterone receptor dimers 

affinity for an adjacent PRE by approximately 100 fold. This therefore suggests that 

the synergistic effect observed with multiple receptor binding sites is due, at least in 

part, to the cooperative binding of receptor dimers.

The obvious sequence similarlity between GRE's fAGAACANNNTGTTCTl and 

ERE's fCGTCANNNTGACCl has lead a number of groups to examine the relationship 

between these two motifs. By testing the ability of 15 base pair palindromes to 

render pBLCAT2 hormone responsive, Klock et al. (1987) showed that a concensus 

ERE (AGGTCACAGTGACCT1 could be converted into a glucocorticoid response element 

by the mutation of a single base pair within each arm of the palindrome. However, 

the resulting element fAG GACACAGTG TC C Tl was no longer oestrogen responsive 

indicating that oestrogen and glucocorticoid response elements are closely related but 

d is tin c t.

1.3-3 SUMMARY.

The analysis of steroid responsive promoters has identified two distinct 

classes of steroid response element, the AGAACANNNTGTTCT motif which is capable of 

mediating a response to glucocorticoids, progestins, androgens and mineralocorticoids 

and the related CGTCANNNTGACC motif which is oestrogen responsive. These hormone



response elements can behave as classical enhancers by activating transcription 

when positioned long distances both up- and downstream from the transcriptional 

start site, although this is sometimes dependent upon the presence of additional factor 

binding sites. This therefore suggests that the steroid receptors behave as ligand 

inducible enhancer binding proteins.

1.4 STEROID HORMONE RECEPTORS.

1.4-1 CLONING AND SEQUENCE ANALYSIS.

The first complete steroid receptor sequence was provided in 1985, by the 

expression cloning of human glucocorticoid receptor (hGR) cDNAs (Hollenburg et 

al.). These overlapping clones actually predicted two protein forms, a (777 amino 

acids) and p (742 amino acids), which are identical up to amino acid 727, but an 

analysis of glucocorticoid receptor positive cell lines suggests that only the a form is 

expressed in vivo. When the a form of the hGR was compared with sequences in the 

protein data base, the C-terminal 387 amino acids were shown to be significantly 

hom ologous to the v-erb A oncoprotein of the avian erythroblastosis virus, 

suggesting that these proteins share a common ancestral gene (Weinberger et al.,

1985). This homology was particularly high (45%) within a 20 amino acid 

cysteine/lysine/argin ine rich region and W einberger et al. (1985) proposed that 

this sequence formed part of the receptor's DNA binding domain.

The first oestrogen receptor (OR) cDNA clones were isolated from the MCF7 

breast cancer ce ll line, using both m onoclonal antibod ies and syn the tic  

o ligonucleotides, corresponding to peptide sequences derived from the purified 

oestrogen receptor, as probes (Walter et al., 1985). One of these cDNA's, XOR8, 

encodes the entire 595 amino acid open reading frame of the human receptor, and this 

has subsequently been used as a probe to isolate cDNA clones encoding the chicken 

oestrogen receptor (cOR; Krust et al., 1986). This 589 amino acid protein shares 

80% overall identity with the human receptor and both proteins are significantly 

homologous to the glucocorticoid receptor and v-erb A. On the basis of the degree of 

homology between these four proteins, Krust et al. (1986) divided the receptors into 

6 regions, termed A to F (Figure 1.4). This sequence alignment shows that the 

difference in the size of the oestrogen and glucocorticoid receptors results almost 

entirely from variations in the length of the N-terminal regions, A and B. These are 

not well conserved between the different steroid receptors but region A is highly 

conserved (87%) between the two oestrogen receptor species suggesting that it may 

play an important OR-specific role.

The most conserved region, C, encompasses the cysteine/lysine/arginine rich 

motif noted by Weinberger et al. (1985) and Krust et al. (1986) proposed that the





nine invariant cysteines might form CC-CC zinc finger motifs sim ilar to those 

orig ina lly  identified by Hartshorne et al. (1986). The only other significantly 

conserved domain is the large hydrophobic region, E. A number of groups have 

proposed that this C-terminal region folds to form a hydrophobic pocket that is 

responsible for ligand binding. This is separated from the putative DNA binding 

domain by region D which is not significantly conserved in either sequence or length 

and is proposed to act as a hinge between these two functional domains.

Subsequently, cDNA clones encoding the progesterone (Jeltsch et al., 1986, 

Loosfelt et al., 1986, Gronemeyer et al., 1987, Misrahi et al., 1987), androgen 

(Chang et al., 1988, Lubahn et al., 1988) and m ineralocoticoid (Arriza et al.,

1987) receptors have also been isolated. These receptors are highly homologous to 

the 66 amino acid core of region C and each contains a large C-terminal hydrophobic 

domain that shares significant identity with region E of the glucocorticoid and 

oestrogen receptors. Furthermore, analyses of genomic clones encoding the chicken 

progesterone (Huckaby et al., 1987) and human oestrogen (Ponglikitmongkol et al.,

1988) receptors has shown that the genomic structure of the steroid receptors is 

also extremely well conserved. The variable N-terminal region is largely encoded by 

a single exon whilst the conserved 66 amino acid core is encoded by two separate 

exons (2 and 3) which each contain one of the two "zinc finger" motifs. The putative 

hormone binding domain, region E, is also encoded by multiple exons (4, 5, 6, 7 and 

8 ).
By isolating the cellular homologue of the v-erb A gene W einberger et al. 

(1986) and Sap et al. (1986) have shown that this protein binds the thyroid 

hormone, triiodothyronine, with a sim ilar affin ity to the native thyroid hormone 

receptor. A number of groups have isolated cDNA clones encoding other steroid 

receptor-related proteins including the vitam in D receptor (Baker et al., 1988), 

several forms of retinoic acid receptor (Giguere et al., 1987, Petkovich et al., 

1987, Benbrook et al., 1988, Brand et al., 1988), and several proteins whose 

ligand and function have yet to be determined, for example the oestrogen receptor 

related proteins ERR1 and ERR2 (Giguere et al., 1988). These results therefore 

indicate that the steroid receptors belong to a much larger family of ligand inducible 

transcription factors, distinguished by their highly conserved putative DNA-binding 

domains, that are likely to have arisen from the duplication and mutation of a single 

primordial gene.

1.4-2 FUNCTIONAL ANALYSIS.

Preliminary data on the domain structure of the steroid hormone receptors 

was generated by limited proteolytic cleavage of the 4/5S steroid receptors. This



suggested that, like many other transcription factors, they are composed of several 

discrete functional domains. Mild chymotrypsin digestion of the purified 94-98 kD 

GR yields two discrete fragments, a 50 kD species, termed the immunological domain, 

that contains binding sites for most of the anti-GR antibodies and is now known to 

correspond to the N-terminus of the receptor, and a 40 kD species that contains 

both DNA and ligand binding domains (Carlstedt-Duke et al., 1982). When this 

second fragment is digested with trypsin it yields a 16 kD fragment that contains the 

DNA binding domain and two glucocorticoid binding species of 27 and 31 kD (Eisen et 

al., 1985). S im ilarly, lim ited tryptic d igestion of the 4S oestrogen receptor 

removes the DNA binding domain without altering its ligand binding activity (Sala- 

Trepat and Vallet-Strouve, 1974).

More recently, functional domains have been mapped within the steroid 

receptors by analysing the effects of both natural and artifically generated mutations 

on their DNA binding, ligand binding and transcriptional activity. Since the aim of 

this thesis is to map functional domains^within the mouse oestrogen receptor, this 

section will review data published prior^the initiation of receptor mutagenesis and 

all subsequent work will be described in the discussion.

In 1986, Danielsen et al. isolated and characterised cDNA clones encoding two 

mutant mouse GR forms from lymphoma cell lines that are resistant to the cytolytic 

effects of glucocorticoid. The first mutant cDNA encoded a protein that was unable to 

bind steroid because of a single point mutation (glutamine-546 to glycine) within 

region E. In contrast, the second mutant receptor species bound glucocorticoids with 

wild-type affinity but it had a reduced affinty for DNA because arginine-484, located 

within the putative zinc finger region, was replaced by histidine. When tested for 

the ir ability to mediate hormonal induction of the MMTV LTR in transient 

transfection assays these single point mutations were both found to reduce the 

transcriptional activity of the wild-type mouse receptor by more than 10 fold. 

These data therefore support the positioning of the DNA and ligand binding domains 

within regions C and E respectively and confirm that both of these functions are 

essential for efficient transcriptional activation.

The function of the putative DNA binding and ligand binding domains has also 

been confirmed by deletion mutagenesis of the oestrogen and the glucocorticoid 

receptors. Initially, Kumar et al. (1986) generated 66 amino acid deletions 

throughout the hOR by site directed and deletion mutagenesis of XOR8. These mutants 

were then expressed in either a rabbit reticulocyte lysate system or by transient 

transfection into HeLa cells, and then tested for ligand binding activity alongside the 

wild-type receptor. Essentially, deletions N-terminal of residue 301 or C-terminal 

of residue 552 did not alter the affinity of the receptor for oestradiol (K<j=0.4nM) in



either assay, suggesting that the largely hydrophobic domain, region E, is sufficient 

for ligand binding. This study also indirectly tested the DNA binding activity of the 

deletion mutants, by assaying their ability to tightly associate with the nuclear 

compartment in the presence of oestradiol (and the oestradiol binding domain). This 

showed that nuclear association was abolished by deletion of either the zinc finger 

region, C, or the proposed hinge region, D, but was not affected by the removal of the 

N-terminal 170 amino acids of the receptor.

The sequence requirements for the DNA and ligand binding of the GR have been 

assessed by testing the ability of in vitro translated rat(r)GR deletion mutants to 

se lec tive ly  bind e ither a labelled  GRE conta in ing  DNA fragm ent in an 

im m u n o p re c ip ita tio n  assay (G odow sk i et al., 1987) or 0.1(iM  tr it ia te d  

dexamethasone mesylate (Rusconi and Yamamoto, 1987). As predicted, deletion of 

the N-terminal 407 amino acids did not alter the DNA or ligand binding activity of 

the receptor. However, removal of as little as 6 C-terminal amino acids of region E 

generated a mutant with an estimated Kd for dexamethasone binding of >10 pM 

compared with 7nM for the wild-type receptor. This finding supports the earlier 

observation that the p form of the hGR, which lacks the C-terminal 27 residues of 

this region, is also unable to bind steroid (W einberger et al., 1985). Further 

N-terminal deletions of the rGR had a more gradual effect on ligand binding with 

deletions of 440, 465 or 497 residues reducing ligand binding activity by between 2 

and 5 fold. This study therefore confirmed that sequences within the C-terminal 

third of the protein are essential for ligand binding but was unable to accurately map 

the positioning of the N-terminal boundary of this domain. In contrast, progressive 

N- and C-terminal deletions identified fairly sharp boundaries for the DNA binding 

domain and showed that sequences located between residues 440 and 508 were 

sufficient to mediate efficient DNA binding. This region corresponds closely to region 

C, which encompasses amino acids 430 to 500 of the rGR. Similarly, mutagenesis of 

the hGR by Evans and coworkers also confirms that regions C and E contain the DNA 

and ligand binding domains respectively (Giguere et al., 1986; Hollenburg et al., 

1 9 8 7 ) .

Using site directed mutagenesis to introduce unique restriction enzyme sites 

into the coding sequence of the human oestrogen and glucocorticoid receptors, Green 

and Chambon (1987) were able to swap the 66 amino acid putative zinc finger region 

of the OR (amino acids 185-250) for that of the GR (amino acids 421-286). When 

expressed in HeLa cells the resultant chimaeric protein was able to stimulate 

transcription of a cotransfected MMTV LTR containing reporter in an oestradiol 

dependent manner while failing to activate the oestrogen responsive vitellogenin A2



promoter. This therefore confirms that the sequence specificity of DNA binding is 

determined by residues within region C.

In addition to assessing DNA and ligand binding activities the groups of 

Yamamoto and Evans have examined the effect of mutations on the transcriptional 

activity of the rat and human glucocorticoid receptors. Initially, Giguere et al. 

(1986) tested insertional mutants of the a-hGR for their ability to stimulate the 

cotransfected MMTV LTR based reporter, pMTVCAT, by transient transfection into 

receptor negative CV-1 cells. As expected, the majority of insertions resulting in 

total, or near total, loss of transcriptional activation mapped to either the DNA or 

ligand binding domains. However, transactivation was also abolished by the mutation 

of two additional regions, the N-terminal immunological domain (amino acids 120- 

215) and the so called hinge region, region D, and the authors proposed that these 

regions, named x i and 1 2  respectively, might be directly involved in transciptional 

activation. However, more recent studies have shown that 1 2  corresponds to one of 

two receptor nuclear localisation signals (Picard and Yamamoto, 1987, Guiochon- 

Mantel et al., 1989) and is probably only indirectly required for transactivation.

Subsequently, deletion mutants of both the human (Hollenberg et al., 1987) 

and rat (Miesfeld et al., 1987) glucocorticoid receptors have been tested for their 

ability to stimulate MMTV LTR based reporters in transient transfection assays. 

These studies showed that whilst partial deletion of the hormone binding domain 

abolished both ligand binding and transcriptional activation, its complete removal 

generated a constitutive mutant which retained the full activity of the wild-type 

receptor. This observation lead both groups to propose that the ligand binding domain 

might act to repress receptor function in the absence of steroid by masking the DNA 

binding domain, either directly itself or via an associated protein, the best candidate 

being hsp 90. Further deletion of these constitutive mutants demonstrated that the 

N-term inal dom ain, t i ,  is required for full activity, but that a 149 amino acid 

region (corresponding to residues 407 to 556 of the rGR) that encompasses the DNA 

binding domain, retains 10-20% of the transcriptional activity of the wild-type.

The following chapters describe the isolation and sequencing of cDNA clones 

encoding the mouse oestrogen receptor (MOR). Deletion and site directed mutagenesis 

have then been used to define regions of the receptor that are required for ligand 

binding, DNA binding, dimerisation and transcriptional activation.





2.1 MATERIALS

Z A z l CHEMICALS

All chemicals and solvents were of analytical grade and were obtained from 

either FSA Laboratory Supplies, Loughborough, England, or Sigma Chemicals Ltd., 

Poole, England except for the following:

Absolute alcohol

Acrylam ide

Agarose

Amberlite Monobed Resin 

Ammonium persulphate 

A m p ic ill in

A m p lify

B is -acry lam ide  

Bromophenol blue 

Bovine serum albumin (BSA) 

Caesium chloride (ultra-pure) 

Dextran T-70

DTT

F ico ll

Glycogen

(molecular biology grade) 

Nonidet P-40 

Nucleotide triphosphates 

P ico fluor sc in tillan t 

Polyethylene glycol #6000 

Protein A sepharose 

RNA cap structure analogue 

[m 7G (5 ')p p p (5 ')G ]

Sephadex G-75 

Sepharose CI-6B 

SDS

TEMED

Urea (u ltrapure)

Xylene cyanol

James Burrough(FAD)Ltd, Witham, England. 

BioRad Laboratories, Richmond, USA.

FMC Bioproducts, Rockland, USA.

BDH Chemicals Ltd., Poole, England.

BDH

Beechams Research Laboratories, Brentford, 

England.

Amersham International PLC, Amersham, 

England.

BioRad.

BDH.

Fraction V (Sigma).

Mallinckrodt, Paris, Kentucky, USA.

Pharmacia P-L Biochemicals, Milton Keynes, 

England.

BioRad.

Pharmacia.

Boehringer Mannheim, Lewes, East Sussex, 

England.

BDH.

Pharmacia.

Packard Instruments, Groningen, Netherlands. 

BDH.

Pharmacia.

New England Biolabs Inc. Ma., USA.

Pharmacia.

Pharmacia.

Sen/a Feinbiochemica GMBH & Co. (Supplied by 

Cambridge Bioscience, England.)

BioRad.

BioRad.

BDH.



2.1-1a) Radiochem icals.

Radiochemicals were all supplied by Amersham International PLC with the 

follow ing specific activities-

[a -35S ]dA TP  

[y-32P ]A T P  

L-[35S ]m e th io n ine  

[a -32P ]dC TP  

[1 -14C]acetyl-coenzym e A 

16 a - [125l]lo d o e s tra d io l

>400 Ci/mmol. 

-3000  Ci/mm ol. 

>1000 Ci/mmol. 

-3000  Ci/mmol. 

50-60 mCi/m mol. 

-2000  Ci/mm ol.

2.1-1b1 M isce llaneous.

DNA linkers

Filtration Units

(0.22 |im  nitrocellulose)

NACS PREPAC columns

NA-45 DEAE membrane

Oligonucleotides 

Rabbit reticulocyte lysate 

Sequenase sequencing kit 

Whatman GF/C glassfibre fiters

Biolabs.

Nalge Company, Rochester, USA.

Bethesda Research Laboratories (BRL) UK Ltd., 

Paisley, Scotland.

Schleicher & Schuell (Supplied by Andermann & 

Co. Ltd., Kingston-upon-Thames, UK.). 

Synthesised by I.Goldsmith ICRF.

Amersham International PLC.

U.S. Biochemical Corporation, Cleveland, USA. 

Fisons Scientific, Loughborough, Leics., England.

2.1 -1c) Enzymes.
Bal 31 nuclease, calf intestinal alkaline phosphatase, DNA polymerase 1, 

DNase 1 (RNase-free), human placental ribonuclease inhibitor, Klenow fragment, 

RNase (DNase-free), SP6 polymerase and T4 polynucleotide kinase were all 

supplied by Boehringer. Restriction enzymes were routinely purchased from 

Biolabs and T4 DNA ligase from BRL.

2 .1 -1d) Cell culture media. 

DMEM

Foetal calf serum (FCS)

PBSA

Trypsin (Stored at -20°C )

ICRF media supplies.

Gibco (Gibco Ltd., Paisley, Scotland.)

ICRF media supplies.

ICRF media supplies [0.8% (w/v) NaCI, 

0.038% (w/v) KCI, 0.01% (w/v) disodium 

hydrogen orthophosphate, 0.01% (w/v)



Versene

dextrose, 0.3% (w/v) Tris-HCI, pH 7.7, 

0.25%  (w/v) tryps in , 0.01% (w/v) 

streptomycin, 100 U/ml penicillin, phenol 

red ].

ICRF media supplies [0.02% (w/v) EDTA in 

PBSA, phenol red].

2 /L 2  BUFFERS.

All solutions were prepared using water that was quartz distilled and 

deionised (ddH2 0 ) and were stored at room temperature unless stated in the text.

Bal 31 buffer (5x)

CAP buffer (5x)

CIP buffer (10x)

Chase buffer

Denhardt's buffer (100x)

DCC suspension

Deoxy/dideoxy mixes (Made 

d/ddGTP 

d/ddATP 

d/ddTTP 

d/ddCTP

DNA loading buffer (5x)

GTE

HBS (2x)

Kinase buffer (10x)

M & G elution buffer

1M NaCI, 60mM CaCl2 , 60mM MgCl2 , 100mM Tris- 

HCI, pH 8.0, 5mM EDTA, pH 8.0.

2.5mM ATP, UTP and CTP, 250nM GTP and 2.5mM 

m 7G(5')ppp(5')G (stored at -20°C ).

500mM Tris-HCI, pH 9.0, 10mM MgCl2 , 1mM ZnCl2  

10mM spermidine (stored at -20°C ).

0.5mM dGTP, dATP, dTTP and dCTP, 5mM Tris-HCI, 

pH 8.4, 0.1 mM EDTA, pH 8. (stored -20°C).

10mM Tris-HCI, pH 8.0, 1mM EDTA, pH 8.0,

2% (w/v) PVP-40, 2% (w/v) Ficoll, 2% (w/v) BSA 

(stored at -20°C ).

0.025%  (w/v) dextran - 0.25% (w/v) charcoal

suspended in TE, pH7.4 and stored at 4°C.

up in TE, pH8.4 and stored at -20°C)-

250 |iM dTTP and dCTP, 12.5 pM dGTP, 250 p.M ddGTP.

500 pM dTTP, dCTP, dGTP, 40 p.M ddATP.

250 \M  dCTP, and dGTP, 12.5 \tM dTTP, 500 >iM ddTTP. 

250 |iM dTTP and dGTP, 12.5 ^M dCTP, 125 ^iM ddCTP. 

0.25% bromophenol blue, 0.25% xylene cyanol, 25% 

(v/v) g lycero l.

50mM glucose, 25mM Tris-HCI, pH 8, 10mM EDTA, 

pH 8 (freshly made).

40mM Hepes, 275 mM NaCI, pH 7.1.

500mM Tris-HCI, pH 7.4, 100mM MgCl2 , 1mM EDTA, 

pH 8.

0.5M ammonium acetate, 0.1% (w/v) SDS, 1mM EDTA, 

pH 8.



NTE (1x)

P henol/ch lo ro form

Polymerase mix

PM2

PM 2-M U

0.1 M NaCI in TE.

Redistilled phenol, equilibrated with TE pH 8.0, in a 

50/50 mix (v/v) with ch loroform .

77mM Tris-HCI, pH8.4, 85mM DTT containing 15U 

Klenow and 50^Ci [a-35S]dATP.

40mM p-mercaptoethanol, 33mM NaH2 P0 4 , 66mM 

Na2HP04, 0.1 mM MnCl2, 2mM MgS04.

3.4 mgs of 4-methylumbelliferyl p-D-galactoside 

dissolved in 1 ml of dimethyl formamide and added to19 

mis of PM2 (freshly made).

Protein loading buffer (4x) 4% SDS, 250mM Tris-HCI, pH 6.7, 20% glycine,

0.05% bromophenol blue, 2% p-m ecaptoethanol. 

Repair buffer (1 Ox) 500mM Tris-HCI, pH 7.4, 70mM MgCl2 , 10 mM DTT

(stored at -20°C ).

Restriction Enzyme Buffers (stored at -20°C )-

Low salt (10x) 100mM Tris-HCI, pH 7.4, 100mM MgCl2 , 10mM DTT

Medium salt (10x) As low salt with 500mM NaCl2  added.

High salt (1 Ox) As low salt with 1M NaCl2  added.

Sequencing loading buffer 80% (v/v) deionized formamide, 10mM NaOH, 1mM

EDTA, pH 8.0, 0.1% (v/v) xylene cyanol, 0.1% (v/v) 

bromophenol blue.

25mM Tris base, 190mM glycine, 0.1% (w/v) SDS. 

3M NaCI, 300mM trisodium citrate.

8% sucrose, 0.1% Triton X-100, 50mM Tris-HCI, pH 

8, 50mM EDTA, pH 8.

200mM Tris-HCI, pH 7.4, 30mM MgCl2 , 10mM 

spermidine (stored at -20°C ).

89mM Tris-borate, 89mM boric acid, 2mM EDTA, 

pH 8.0.

10mM Tris-HCI, pH 8.0, 1mM EDTA, pH 8.0.

30mM Potassium acetate, 100mM RbCl2 , 10mMCaCl2, 

50mM M nCl2f15% (v/v) glycerol. Add 0.2M acetic

acid to pH 5.8, filter sterilise and store at 4 °C .

10mM MOPES, 75mM CaCl2 , 10mM RbCl2  and 15%

glycerol. pH to 6.5 with KOH, filter and store at 4 °C . 

1mM MgS0 4 , 5mM K3 Fe(CN)6 , 5mM 

K4Fe(CN)6-3H20 and 1 mg/ml BCIG in PBSA.

SDS-PAGE buffer 

SSC (20x)

STET buffer

T buffer (5x)

TBE (1 Ox)

TE (1x)

Tfb 1

Tfb 2

X-gal solution



2LL2 BACTERIAL MEDIA AND PLATES.

All the organic components listed below were obtained from Difco.

2 X T Y  1.6% (w/v) bactotryptone, 1% (w/v) yeast extract, 0.5% (w/v)

NaCI.

H plates 1% (w/v) bactotryptone, 0.8% (w/v) NaCI, 1.2% (w/v) bactoagar.

H-top agar 1% (w/v) bactotryptone, 0.8% (w/v) NaCI, 0.8% (w/v) bactoagar.

L -p la tes  1% (w/v) bactotryptone, 0.5% (w/v) yeast extract, 0.5% (w/v)

NaCI, 0.1% glucose, 1.5% (w/v) bactoagar.

L - b r o t h  As for L-agar without agar.

'Fa plates 2% (w/v) bactotryptone, 0.5% (w/v) yeast extract, 0.5% (w/v)

M gS 0 4 , 1.4% (w/v) bactoagar. pH to 7.6 with KOH.

'Fb 'Fa plates without agar, filter sterilised prior to autoclaving



2.2 M ETHODS

2.2=1 BACTERIAL TRANSFORMATION. 
l a )  storage of bacterial strains.

Experiments described in this thesis use one of two E. c o li strains. DH1 

cells have been used for all plasmid propagation and large scale purification. These 

were stored at -70°C  in L-broth containing 50% (v/v) glycerol. All p lasmids 

described in this thesis carried the fi-lactam ase  gene (A m p ^) which confers 

resistance to ampicillin and therefore bacterial transformants were grown in the 

presence of 50 - 100 pg/m l ampicillin. Preparation of single-stranded DNA for 

M13 di-deoxy sequencing was carried out using theE. ^ o li strain JM101. This 

carries the F episomal plasmid which encodes the F-pili required for transmission 

of the M13 bacteriophage from one cell to another. The size of this plasmid makes it 

unstable and these cells are therefore grown on minimal media plates to maintain F 

plasmid selection.

l l i )  Preparation o f com petent cells. (Unpublished method of M. Scott and V. 

Simanis, derived from that of Hanahan, 1983)

Bacteria were streaked out on a *Fa plates and incubated at 37°C  until colonies 

reached approximately 2 mm in diameter. Single colonies were then innoculated into 

5mls of 'Fb (in glassware prewashed with 'Fb) and grown at 37°C  until the OD5 5 0  

reached 0.3 (approxim ately 3 hours). This was then subcultured (1/20) into 

100mls o f prewarmed 'Fb and grown until the OD5 5 0  = 0.48 (approxim ately 2 

hours). The cells were then chilled on ice and pelleted by spinning for 10 minutes at 

3000 rpm and 4°C . The pellet was resuspended in 40 ml of ice cold Tfb 1 (2/5 vol) 

and incubated on ice for 5 minutes. After respinning, the pellet was resuspended in 

4 ml of ice cold Tfb 2 (1/25 of original vol) and the cell suspension snap frozen in 

300 pi aliquots on cardice. Competent cells were stored at -70°C .

1c) Transformation. (Unpublished method of M. Scott and V. Simanis)

Competent cells were thawed on ice. A minimum of 25 pi of cells was added to 

each 10 pi prechilled DNA sample (maximum 1ng DNA/pl cells) and incubated for 

30 minutes on ice. The cells were heat shocked for either 90 seconds at 42°C  or 5 

minutes at 37°C  and incubated at 37°C  for 40 minutes after addition of 4 volumes of 

*F broth. Cells were then spread on L plates containing 50-100 pg/m l am picillin 

which were inverted and incubated overnight. Competent DH1 cells typically gave 

between 10® and 103 bacterial colonies per pg of supercoiled DNA.

H I) Screening colonies for recombinants. (Grunstein and Hogness, 1975)

Recombinant colonies can be identified by probing after immobilisation and 

denaturation on nitrocellu lose m embranes. Bacterial p lates were ch illed by 

incubation at 4 °C , overlayed with M illipore HAWP nitrocellulose filters and the



plate orientated by piercing through the filter into the agar in an assymetric pattern 

with a 19g needle.. The filter was then removed, placed on a clean sheet of 3MM and 

overlayed with a second filter. This was then covered with two sheets of 3MM and 

compressed with a heavy weight. The orientation markers were duplicated on the 

second filter. For library screening the bacterial colonies were spread directly onto 

20cm x 20cm nitrocellulose filters which overlayed agar plates. This was used as a 

master filte r from which two duplicate copies were prepared for probing. Filters 

were left for 7 minutes on 3MM sheets which had been presoaked in 0.5M NaOH, 

1,5M NaCI to denature the DNA. The filters were then neutralised by transferring to 

3MM soaked in 1M Tris-HCI, pH 7.4 for 1 minute and then 1M Tris-HCI, pH 7.4, 

3M NaCI for a further 10 minutes. The filters were then air dried for 1 hour and 

baked in a vacuum oven at 80°C for 2 hours. Probes were prepared from either DNA 

fragments (labelled by nick translation) or oligonucleotides (labelled by kinasing 

the 5' ends) and the filte rs screened using the appropriate prehybrid isation, 

hybridisation and washing conditions described below. Screening was repeated by 

dilution and replating of colonies until duplicate positives identified single colonies. 

These were then selected from the master plate/filter.

2 2 2  PROBE PREPARATION AND PROBING CONDITIONS.

22) DNA fragments.

Restricted DNA fragments were separated on 6% polyacrylamide, 1 x TBE 

gels and visualised by staining in 1 x TBE containing 1 jig /m l ethidium bromide. The 

bands were then excised and eluted into M & G elution buffer by incubation at 37°C 

overnight. The DNA was precipitated from the supernatant by the addition of 2 

volumes of absolute ethanol and 15 minutes centrifugation. The pellet was washed 

with 70% ethanol and resuspended in distilled water. 0.5 ng of purified DNA was 

then nick translated (Rigby et al., 1977) by incubation for 3 hours at 14°C in 50 p.l 

containing 50mM Tris-HCI, pH 7.4, 10mM MgS0 4 , 0.2mM dATP, dGTP and dTTP, 

50 ng/ml BSA, 0.1 mM DTT, 50 jxCi [a - 32P]dCTP, 5 ng/ml DNase and 5 units DNA 

polymerase I. Fragments were then separated from unincorporated label using

Sepharose CI-6B spun columns (as described in Maniatis et al., 1982). Probes 

were denatured by boiling for 5 minutes in the presence of 1 mg/ml denatured 

salmon sperm DNA and snap cooled on ice. The probing conditions were as follows- 

P rehybrid isation- 5 x SSC, 10 x Denhardts solution, 65°C for 3 hours

H yd rid isa tio n - 5 x SSC. 50mM NaPOa. pH 6.5, 0.1% SDS, 100 ^ig/ml
15 x Denhardts solution,

denatured salmon sperm DNA, 50% deionised formamide and

probe, 45°C overnight.

W ash ing- 2 x SSC, 0.1% SDS, 3 x 20 minutes at 65°C.



2k) Oligonucleotides.

Oligonucleotides were labelled by incubation at 37°C  for 30 minutes in 1 x 

kinase buffer containing 50 pCi [y-32P]ATP and 5 units T4 polynucleotide kinase. 

The melting temperature (Tm) of oligonucleotide probes was calculated on the basis 

of 4°C  for each G/C and 2°C  for each A/T. Probes were used directly to screen 

filters in the following buffers-

P rehybrid isation- 0.9M NaCI, 180mM Tris-HCI, pH 8.0, 6mM EDTA, pH 8.0,

0.1% SDS, 5 x Denhardts solution, 50 pg/ml denatured salmon 

sperm DNA, 5°C below the Tm for 2 hours 

H yd rid isa tio n - Overnight incubation at 5°C below the Tm in buffer as above. 

W ashing- 2 x SSC, 0.1% SDS, 3 x 20 minutes at 5°C below the Tm.

223  PREPARATION OF PLASMID DNA.

Plasmid DNA was prepared using both small scale and large scale methods to 

allow  e ither rapid screening of bacteria l co lonies a fte r transform ation, or 

preparation of larger amounts of supercoiled DNA as required for transfection 

experim ents.

2a) P lasm id m in i-preparation (m ini-preps).

Mini-preps frequently yield between 5 and 20 pg of DNA depending on the 

plasmid vector. Experiments have involved use of both the alkaline-lysis miniprep 

method and, more recently, the "CTAB" method of Del Sal, 1988.

i) A lkaline lysis. (Ish-Horowitz and Burke, 1981)

5 ml of L broth was innoculated with a single colony and grown overnight. The 

bacterial pellet from 1 ml of this culture was resuspended in 100 pi of GTE by 

vortexing and 200 pi of 0.2M NaOH, 0.1% SDS was added immediately. After a 5 

minute incubation on ice 150 pi of 5M potassium acetate, pH 4.8 was added and the 

Eppendorf tube was vortexed upside down to ensure good mixing. This was then 

incubated fo r a further 5 m inutes on ice and the DNA extracted using 

phenol/chloroform. The DNA was then precipitated by addition of two volumes of 

absolute alcohol (room temperature). The pellet was recovered by spinning for 5 

minutes at room temperature and washed with 70% ethanol prior to resuspension in 

50 p i o f distilled water. Typically 10 pi of this sample was used for restriction 

digest analysis in the presence of 50 pg/ml DNase-free RNase.

ii) "CTAB" method. (Del Sal et al., 1988)

This method has been used to prepare mini-prep DNA for direct plasmid 

sequencing.The bacterial pellet (prepared as above) was resuspended in 200 pi of 

STET buffer by vortexing and incubated for 5 minutes at room temperature after 

addition of 4 pi of 50 mg/ml lysozyme in 10mM Tris-HCI, pH 8. The tube was



boiled for 40 seconds and then spun for 10 minutes at room temperature. The pellet 

was removed with a toothpick and discarded. The DNA was then precipitated by 

addition of 8 pi of 5% CTAB and vortexing. This was recovered by centrifugation for 

10 m inutes at room temperature and resuspended in 300 pi of 1.2M NaCI by 

vigorous vortexing. The DNA was reprecipitated using ethanol, washed with 70% 

ethanol and resuspended in 50 pi of distilled water. For plasmid sequencing, 2/5 of 

the DNA was denatured by addition of NaOH to give a final concentration of 0.2M and 

incubation at 70°C  for 5 minutes. The single strands were then precipitated on 

cardice by the addition of 12 pi of 5M ammonium acetate, pH 5.4 and 100 pi ethanol.

The pellet was recovered by spinning 10 minutes at room tem perature, 70%
ethanol ^
Awasned, and resuspended in 8 pi of distilled water. Double stranded sequencing was 

carried out exactly according to the protocol of Sequenase (USB).

3b) Plasmid preparation. (Unpublished method of D. Ish-Horowicz ICRF).

A 5 ml overnight culture was innoculated into 400 ml of L broth containing 

100 pg/m l ampicillin and grown at 37°C  until the OD5 5 0  = 1 (approximately 3 

hours). The culture was then grown overnight at 37°C  (maximum of 16 hours) 

after addition of 2 ml of 34 mg/ml chloramphenicol (in ethanol). The cell pellet 

was harvested in 400 ml Sorvall bottles by centrifugation at 7,000g for 10 minutes 

at 4 °C . The bacterial pellet was resuspended in 20 ml GTE and incubated for 10 

minutes at room temperature after addition of 100 pg of lysozyme. 40 ml of freshly 

prepared 0.2M NaOH, 1% SDS was added and the suspension incubated for 5 minutes 

on ice. A further 15 minute incubation on ice followed the addition of 20 ml of 5M 

potassium acetate, pH 4.8. The debris was removed by centrifugation at 7,000g for 

10 minutes at 4°C  and filtration through medical gauze. The plasmid DNA was then 

precipitated by the addition of 48 ml of propan-2-ol and harvested by respinning at 

7,000g for 10 minutes at 4°C . The dried precipitate was resuspended in 8.5 ml TE 

plus 0.75 ml 0.5M EDTA, pH 8 and neutralised by the addition of 200 pi of 1M Tris 

base. 10.5 gm of caesium chloride and 50 pi of 10 mg/ml ethidium bromide was 

added and the volume was adjusted to fill a Beckman 5/8 x 3" Quick-seal centrifuge 

tube. The DNA was banded at 65,000 rpm for 20 hours in a Beckman L3-50 

ultracentrifuge using a 70 Ti rotor. The supercoiled fraction was visualized using a 

low wavelength UV lamp and harvested with a 19g gauge needle and syringe. The DNA 

was mixed with 3 ml of distilled water and then shaken with an equal volume of 

isobutanol. The solvent phase, containing the ethidium bromide, was then discarded 

and the extraction procedure was repeated until the DNA solution was free from 

ethidium bromide (as judged by visualisation under UV). The DNA was then 

precipitated by addition of 2 volumes of ethanol and centrifugation at 10,000g for 

10 minutes at 4°C . The pellet was washed with ice-cold 70% ethanol until all traces



of salt were removed and dissolved in 500 p i o f d istilled water. The DNA 

concentration and purity was determined by measurement of the OD2 6 O ancl OD2 8 O 

as described by Maniatis et al. (1982).

Z 2 A . RESTRICTION MAPPING.

4a) Restriction endonuclease digestion.

Restriction enzyme digests were performed in low, medium or high salt 

buffers according to the suppliers instructions (except for Sma I digestions which 

were performed in 20mM KCI, 6mM MgCl2 , 6 mM Tris-HCI, pH 8 ). Routinely 1 - 2  

pg of DNA was digested at 37°C  (Sma I 25°C) for 1 hour with a 3 fold excess of 

enzyme. The enzyme concentration did not exceed 1/10 of the final volume. 

Digestions were stopped by extraction with an equal volume of phenol/chloroform 

and the aqueous phase transferred to a fresh Eppendorf tube after spinning for 2 

minutes. The DNA was then precipitated by addition of 1/10 volume of 3M sodium 

acetate, pH 5.2 and 2.5 volumes of absolute ethanol at -20°C . 1 pi of 20 mg/ml 

molecular biology grade glycogen was frequently added to aid the precipitation of 

DNA. The tube was then spun for 15 minutes in an Eppendorf centrifuge. The pellet 

was washed with 180 pi of 70% ethanol, respun for 5 minutes and the pellet dried 

and resuspended in distilled water. A number of receptor deletion mutants were 

generated using partial restriction digests. 20 pg of DNA was incubated with 2  units 

of restriction enzyme and aliquots removed, over a range of time points from 5 

minutes to 1 hour, and placed directly into an equal volume of phenol/chloroform to 

quench digestion. The DNA was then analysed by agarose gel electrophoresis and the 

appropriate time point selected.

41i) Agarose gel electrophoresis. (McDonnell et al., 1977)

Agarose [0.8 - 2.0% (w/v)] was dissolved in 1 x TBE by boiling in a 

microwave oven. The solution was cooled to 55°C and ethidium bromide added to give 

1 pg/ml before the gel was poured. DNA loading buffer was added to the sample to 

20% of the final volume and the samples loaded onto the gel submerged in 1 x TBE. 

The gel was run at 7.5 V/cm until the the DNA fragments were well separated. These 

were visualised by illumination with a long wave UV light source and photographed 

using a Polaroid camera. The size of fragments was detemined by comparing their 

mobility relative to restriction fragments of known size (typically A/Hind III + Eco 

Rl or pAT153/Hinf I).

4£) Southern blotting. (Modified from Southern, 1975)

DNA was separated on agarose gels as described above and transferred to 

nitrocellulose as follows. Agarose gels were soaked in 0.5M NaOH, 1.5M NaCI for 30 

minutes to denature the DNA and then neutralised by shaking in 1 M Tris-HCI, pH 8



for 1 hour. The gel was then transferred onto two layers of 3MM presoaked in 20 x 

SSC and supported on a clean glass plate so that the two ends extended into a 

reservoir o f 20 x SSC contained within a tray below the plate. A sheet of 

nitrocellulose was cut to fit the gel, presoaked in water and then 6 x SSC and placed 

over the gel. The edges of the gel were then sealed with Saran wrap to ensure that the 

buffer passed through the gel. This was then covered with a stack of tissues to draw 

the buffer through the gel and overlayed with a heavy weight. The gel was left to blot 

overnight before the filter was removed and allowed to air dry. The DNA was fixed to 

the filter by baking in a vacuum oven for two hours.

22z5 DNA MANIPULATION AND SUBCLONING.

2a) Preparation of vectors.

1 to 2 pg of plasmid DNA was digested with the appropriate restriction 

endonuclease and then extracted with phenol/chloroform, ethanol precipitated and 

washed with 70% ethanol. The DNA was resuspended in 17 pi of water and then 

incubated at 37°C  for 30 minutes after the addition of 2 pi of 10 x ClP buffer and 1 

pi of calf intestinal alkaline phosphatase (20 units). This removes the 5' terminal 

phosphates so that self ligation of the vector cannot occur. The DNA was then re

extracted with phenol/chloroform, ethanol precipitated and 70% ethanol washed. 

Vectors were routinely resuspended to give a final concentration of 10 ng/pl.

5b) Purification of restriction fragments from agarose gels.

Restriction fragm ents were purified from agarose using NA-45 DEAE 

membrane. This was presoaked in TE, pH8 and then inserted into a slot in the gel 

immediately infront of the band of interest. A further piece of membrane was placed 

behind the band to prevent contamination by other fragments. The voltage was then 

reapplied to the gel for 5 minutes allowing the DNA to bind to the paper. This was 

then transferred to an Eppendorf tube containing 200 pi 1M NaCI and the DNA eluted 

by heating to 70°C  for 15 - 30 minutes. The DNA was recovered by ethanol 

precipitation, washed in 70% ethanol and then resuspended in distilled water.

2&) Conversion of 5' overhanging ends to blunt ends.

5' overhanging ends were converted to blunt ends by filling in using the 

Klenow fragment of DNA polymerase I. 1-2 pg restricted DNA was incubated for 30 

minutes at room temperature in a final volume of 20 p i containing 2 p i of 10 x 

repair buffer, 2 p i of each 2mM dNTP stock and 1 p i of Klenow enzyme (5U/pl). 

The DNA was then extracted with phenol/chloroform , ethanol precipitated and 

washed with 70% ethanol.



2b) Bal 31 nuclease digestion.

Bal 31 degrades both 3' and 5' strands of linear DNA molecules. This has been 

used to generate C-terminal receptor deletion mutants in cases where no suitable 

restriction enzyme sites were available. 50 pg of the appropriate receptor cDNA 

were firs t linearised with a unique restriction enzyme and then extracted with 

phenol/chloroform, ethanol precipitated and washed with 70% ethanol The DNA was 

resuspended in 39 pi and 10 pi of 5 x Bal 31 buffer added. The DNA was incubated at 

37 °C  after the addition of 0.5 units (1 pi) of Bal 31. 10 pi aliquots were removed 

from the reaction at 5 minute intervals and quenched in phenol. The digestion 

products were then sized by digestion with suitable restriction enzym es and 

visualised on agarose gels. Bal 31 digested DNA was then cloned into the approriate 

vectors after the ends were blunted (as above, section 2.2-2.5c) and linkered (see 

below, section 2.2-2.5f). Mutant endpoints were subsequently determ ined by 

dideoxy single stranded M13 sequencing.

2£) Oligonucleotide kinasina and annealing.

A number of experiments involved the cloning of annealed oligonucleotides to 

introduce either short coding sequences into mutants or binding sites into reporter 

constructs. The oligonucleotides were synthesised by I. Goldsmith (ICRF) with 

hydroxyl groups at both the 3' and 5' termini. In order to ensure efficient ligation 

the 5' ends were kinased prior to annealing. 10 ng of each oligonucleotide were 

mixed in 10 pi containing 1 pi 10 x kinase buffer, 1 pi 10mM dATP and 1 pi of T4 

polynucleotide kinase (approximately 5 units) and incubated at 37°C  for 30-60 

minutes. The oligonucleotides were then annealed after the addition of 10 pi of 10 x 

TNE buffer and 80 pi of distilled water by heating to 80°C  for 3 minutes followed by 

slow cooling to room temperature.

2 i) L igations.

Ligations were routinely carried out with 20 ng of vector and an equimolar 

ratio of insert. This was generally either a DNA fragment isolated from agarose gels 

or an annealed pair of oligonucleotides. Ligation was in a final volume of 10 pi 

containing 10mM MgCl2, 50mM Tris-HCI, pH 7.5, 1mM dATP, 5mM DTT and 1-10 

units of T4 DNA ligase. Ligations (both blunt and sticky ends) were incubated for 2 

hours at room temperature or overnight at 14°C.

20) Addition of linkers.

Cloning of receptor fragm ents frequently  involved the use o f short 

phosphorylated linkers containing restriction enzyme sites. These were ligated in 

approximately 200 fold excess to 1 pg/kb blunt ended DNA in a final volume of 100 

pi (in the buffer conditions described above) by overnight incubation at room 

tem perature. The DNA was extracted with phenol/chloroform  and then with



chloroform alone. The DNA was subsequently separated from the unligated linkers 

using NACS PREPAC columns as described by the manufacturers. The eluted mix 

[containing both the linkered insert(s) and larger runs of self-ligated linkers] was 

then precip ita ted with ethanol and washed with 70% ethanol before being 

resuspended in distilled water for enzyme digestion. The DNA was digested for 

several hours with 2 0 0  units of enzyme before the linkered insert was purified by 

agarose gel electrophoresis.

2 2 3  M ia -SINQLE-SJRANPEP PIDEQXY SEQUENCING. (Sanger et a l,  1977)

2a) Preparation of single-stranded DNA.

The DNA to be sequenced was cloned into the double stranded replicative forms 

of the bacteriophage M13 vectors M13 mp18 and mp19. These were then used to 

transform the E. coli strain JM101, which were prepared as follows. A single 

colony stored on a minimal media plate was innoculated into 5 ml o f 2 x TY and grown 

at 37°C  overnight. This was then diluted 1/150 and grown for a further 2  hours 

until the OD5 5 0  reached 0.3. The culture was chilled on ice and then spun in a bench 

top centrifuge at 1500g for 10 minutes at 4°C . The cell pellet was resuspended in 

0.5 volumes of ice cold 50mM CaCl2  and incubated for 2 0  minutes on ice. The cells 

were then respun, resuspended in 1/10 of the original volume and 300 pi used for 

each transformation. After 40 minute incubation on ice and 3 minute heat shock at 

37°C  the cells are mixed with 3 ml of H-top agar at 50°C  and a mix containing 200 

pi of fresh bacterial culture, 20 p i 20 mg/ml IPTG and 25 pi 25 mg/ml BCIG and 

plated onto H-plates. Plaques containing the wild-type M13 vectors can complement 

a gene defect in the F plasmid to produce p-galactosidase protein which gives rise to a 

blue phenotype in the presence of BCIG and IPTG. The p-galactosidase gene is 

disrupted by the presence of insert DNA in the M13 vectors and recombinant plaques 

are clear. These were picked using a platinum wire and innoculated into 1.5 ml of a 

1/100 dilution of a freshly prepared overnight culture of JM101. The cell/phage 

suspensions were grown at 400 rpm and 34°C  for 4.5 hours and then transferred to 

Eppendorf tubes. The cells were pelleted by spinning for 10 minutes in an 

Eppendorf centrifuge and 1 ml of the supernatant containing the phage particles 

removed to a fresh tube containing 200 pi of 2.5M NaCI, 20% PEG 6,000. The 

phage particles were harvested by spinning for 1 0  minutes and aspiration of the 

supernatant. To ensure that no PEG remained, the tubes were respun for 2  minutes 

and any remaining liquid removed. The pellet was then resuspended in 100 pi of TE 

and extracted with phenol/chloroform until the interface was clear. The DNA was 

precipitated with ethanol, washed with 70% ethanol and resuspended in 50 pi of 

d istilled water.



£12) Sequencing reactions and electrophoresis.

8 pi of single-stranded M13 DNA was routinely used for sequencing. This 

was annealed in equimolar ratio to the oligonucleotide primer (15 - 25 bp) in a 

final volum e of 10 p i, conta in ing  10mM Tris-H C I,pH  8.4, 5mM M gC l2, by 

incubation at 80°C  for 3 minutes followed by gradual cooling to room temperature. 

2 pi of this annealing mix was then aliquoted to each of 4 Eppendorf tubes containing 

2 pi Polymerase mix and 2 p i of the appropriate d/dd mix and incubated for 20 

minutes at room temperature. After the addition of 2 pi Chase buffer the tube was 

incubated for a further 20 minutes prior to adding 2 pi Sequencing loading buffer. 

The reactions were boiled for 5 minutes to separate the freshly synthesised strands 

from the template and these were analysed on denaturing polyacrylam ide gels 

containing a salt gradient. These were prepared by mixing two solutions:- 

Solution 1 18.4 gms electrophoretic grade urea

6 mis acrylamide stock (38% acrylamide, 2% Bis-acrylamide)

2 mis 10 x TBE

This was made up to 40 mis with distilled water and degassed prior to the 

addition of 58 pi of both 25% AMPS and TEMED.

Solution 2 4.6 gms electrophoretic grade urea

1 gm sucrose

1.5 mis acrylamide stock

2.5 mis 10 x TBE

20 pi 50 mg/ml bromophenol blue

Made up to 10 mis with distilled water, degassed and 12 pi of both 25% AMPS 

and TEMED added.

The gradient was then pre-formed in a 25 ml pippette by taking up 20 ml of 

solution 1 followed by the 10 ml of solution 2 and two air bubbles, which pass 

through the pipette mixing the solutions at the interface. The gel was then poured 

between glass plates separated by 0.1 mm thick spacers and the comb inserted. The 

gel was pre-run for 30 minutes at 2500 V in 1 x TBE before the samples were loaded 

and the gel run for a further 1 - 3 hours. The gel was fixed for 15 minutes in 10% 

methanol, 10% acetic acid, transferred to Whatmann 3MM and dried at 80°C  for 20 

minutes. The labelled bands were visualised by autoradiography using Kodak XAR 

f i l m.

Z 2 J . IN VITRO PROTEIN ASSAYS.

Za) Complementary RNA synthesis. (Modified from Melton et al., 1984)

Complementary RNA (cRNA) was prepared to allow in vitro synthesis of the 

receptor deletion mutants in a rabbit reticulocyte lysate system. Receptor deletion



mutants were subcloned into the vectors pSP64/pSP65 which conta in the 

bacteriophage SP6 promoter. The resultant plasmids were then linearised for cRNA 

synthesis using a unique restriction site 3' of the coding sequence. The linear DNA 

template was then phenol/chloroform extracted, ethanol precipitated and washed 

with 70% ethanol before being resupended in DEPC treated distilled water to give a 

concentration of 1 pg/pl. Templates were transcribed using SP6 polymerase in the 

follow ing reaction mix:-

5-10 pi template DNA 

20 p i 5 x T buffer 

20 pi 5 x CAP buffer

1 pi 1M DTT

48-43 pi DEPC treated water 

4 pi human placental ribonuclease inhibitor

2 pi SP6 polymerase

The reaction was incubated for 1 hour at 37°C  followed by the addition of a 

further 2 pi human placental ribonuclease inhibitor. The DNA template was then 

digested by incubation for 15 minutes at 37°C  after the addition of 2 pi DNase-free 

RNase (23 units/pl). The RNA was then extracted with phenol/chloroform and 

precipitated by the addition of 100 pi 5M ammonium acetate, pH 5.4 and 500 pi 

ethanol, in the presence of 2 pi molecular biology grade glycogen. The mixture was 

chilled on cardice for 20 minutes prior to centrifugation for 20 minutes. The RNA 

pellet was dried and resuspended in 20 p i DEPC treated water before being 

reprecipitated as above. The final pellet was washed with 70% ethanol and 

resuspended in 20 pi DEPC treated water.

Zb) In vitro translations.

cRNA was translated in vitro  both in the presence and absence of 

[35S]methionine using a rabbit reticulocyte lysate. A typical reaction contained 18 

pi rabbit reticulocyte lysate (with ZnCl2 added to 20pM), 1-6 pi cRNA (-500  ng) 

and was made up to 24 pi with DEPC treated water. 9 pi of this reaction mix was 

then removed to a second Eppendorf tube containing 1 pi [3 5S]methionine. These 

reactions were incubated in parallel for 1 hour at 30°C  and stored at -70°C  after 

the addition of glycerol to 15%. Translations labelled with [3 5 S]m ethionine were 

used to assess both the size, purity and yield of receptor mutants. Unlabelled 

translations were used for ligand binding and electrophoretic mobility shift assays. 

I k )  TCA precipitation of synthesized proteins.

The efficiency of translation was assessed by precipitation and quantitation of 

proteins synthesized in the presence of [35S]methionine. 2 x 2 pi samples were 

removed from the reaction and quenched by the addition of 0.5 ml of 1M NaOH, 5%



H2 O2  and 10 minute heating at 37°C. 25 pi of 20 mg/ml BSA was added as carrier 

and the proteins precipitated by 30 minute incubation at 4°C  after the addition of 3 

ml of 10% TCA. The precipitated proteins were then recovered by filtration through 

Whatman GF/C glass microfibre filters. The filteiswere air dried and the levels of 

incorporated label determined by liquid scintillation counting.

Zd) SDS polyacrylamide gel electrophoresis of proteins. (Laemmli, 1970)

Proteins were analysed on discontinous polyacylamide gels using the Atto 

corporation AE-6220 dual slab chamber. The gel plates (14cm x 16 cm) were 

separated by 0.75mm spacers and sealed with silicon gaskets. Gels were prepared 

from two solutions forming the resolving and stacking gels respectively. The 

running gel routinely contained between 10-15% acrylam ide (30% acrylamide, 

0.8% bis-acrylamide stock) depending on the size of the proteins, 375mM Tris- 

HCI, pH 8.8 and 1% SDS. The solution was degassed prior to the addition of AMPS to 

0.1% (w/v) and TEMED 0.1% (v/v). The solution was poured between the plates to 

within 3 cm of the top and then overlayed with water saturated isobutanol. Once the 

gel had set (10-30 minutes) the isobutanol was removed and the gel rinsed with 

distilled water. The gel was then rinsed once with the stacking gel solution [4% 

acrylam ide, 125mM Tris-HCI, pH 6.8, 1% SDS, 0.1% (w/v) AMPS and 0.1% 

(v/v) TEMED] before the stacking gel was poured and the comb inserted. The gel was 

always run within 30 minutes of the stacking gel setting. Prior to loading, the 

proteins were reduced by the addition of 4 x Protein loading buffer to give a final 

concentration of 1 x and heating for 2 minutes at 95°C . 10-50 pg of total protein 

was routinely loaded per 6 cm well using 0.3mm flat capillary loading tips. The gel 

was run in 1 x SDS-PAGE buffer at 250V until the bromophenol blue marker 

reached the bottom of the gel. Protein gels were fixed by shaking for 30 minutes in 

10% glacial acetic acid, 30% methanol and then incubated in Am plify for 15 

m inutes before drying. The bands were then visualised by fluorography using Kodak 

XAR film.

Z£) Im m unoprecip ita tion .

15 pi of lysate containing [35S]methionine-labelled receptor was added to 

150 p i containing 20mM Tris-HCI, pH 7.4, 150mM NaCI, 1% Triton-X-100, 1 

mg/ml BSA and 100 pg/ml PMSF. This mix was shaken for 30 minutes at 4°C  after 

the addition of a 50% slurry of protein A Sepharose and then centrifuged for 10 

seconds at 4°C . The supernatant was then divided between Eppendorf tubes 

containing the relevant pre-immune serum or the monoclonal antibodies/polyclonal 

antisera. This mix was shaken gently overnight at 4°C  prior to reincubation with a 

50% protein A sepharose slurry. The mix was then centrifuged, the supernatant 

removed by aspiration and the beads washed three times with 1 ml of 20mM Tris-



HCI, pH7.4, 150mM NaCI. A fter 2 m inute heating In the presence o f 10 pi o f 4 x 

Protein loading buffer the beads were loaded directly onto SDS polyacrylamide gels. 

Zf) Lioand binding. (M odified from Coffer e t al., 1980).

Receptor contain ing lysate preparations were incubated overnight at 4 °C  in 

50 p i contain ing 10mM Tris-HCI, pH 7.4, 1mM EDTA, pH 8, 1mM DTT, 1 mg/ml 

BSA and 16a -[1 2 5 l]Iodoestradiol at a final concentration o f 10-6 to 10‘ 10M. Non 

specific  b inding was determ ined by the inclusion of 10’ 6 M d ie thy ls tilbes tro l in 

parallel reactions. Free steroid was removed by 10 minute incubation at 4 °C  with 

DCC suspension followed by 5 minute centrifugation and the supernatant counted.

Zfl) Band shift assay,
1-5 p i o f in vitro  translated receptor was pre-incubated for 15 min at room 

tem perature in 15 p i containing 1 pg poly-dl.dC : poly-d l.dC , 0.1 mg BSA, 13.3mM 

HEPES, pH 7.4, 67mM KCI, and 13.3% glycerol w ith or w ithout added hormone or 

antihormone. 5 p i (0.05-20 ng) o f radiolabelled o ligonucleotide probe (see below) 

was added and the samples incubated for a further 30 min at room tem perature 

fo llowed by 30 min at 4 °C . Sam ples were then applied d irectly  to pre-run (30 

m inutes a t 100V) 6% polyacryam ide (30%  acrylam ide, 0.8%  bis -acrylam ide 

s tock), 0 .5xTB E  ge ls  (A tto  C orpora tion  A E-6220 dua l s lab  cham ber) and 

electrophoresed in 0.5xTBE at 300V for 60 minutes. Gels were fixed fo r 15 minutes 

in 10% acetic acid, 30% methanol, dried and subjected to autoradiography.

The probes were prepared by annealing oligonucleotides corresponding to 

either the ERE (5'-CTAGAAAGTCAGGTCACAGTGACCTGATCAAT-3') or to a control GRE 

sequence (5'-CT AG AAAGTCAG AAC AC AGT GTTCT GATCAAT-3*1 and then labelling by 

filling in the 5' overhanging ends in the presence o f a two molar excess o f [a -32P] 

dCTP in place of the 2mM dCTP as described in section 2.2-5c

Z2z3. CELL CULTURE METHODS.

M )  Maintenance of cell stocks.

Cells were routine ly m aintained as m onolayer cu ltu res on T-175 tissue 

culture flasks at 3 7 °C  in a humidifying atm osphere o f 10% CO 2  in air. All the cell 

lines used in th is thesis [COS-1, Rat 1, NIH 3T3 D4 and TK" L ce lls (kindly 

provided by M. Freid, G. Stark or ICRF central cell culture services) ] were grown 

in DMEM supplemented with 10% (v/v) foetal ca lf serum (FCS). The stocks were 

subcultured tw ice weekly. Prior to passage the growth media was removed and the 

cell m onolayer washed with 20 ml of PBSA. The cells were then incubated at 37°C  

for 3-5 m inutes with 10 ml o f a prewarm ed 1:5 trypsin/versene mix. W hen the 

cells had detached from the flask the trypsin was inactivated by the addition of 10 ml 

o f serum containing culture media. The cells were then subcultured into fresh media



at a dilution of between 1 in 5 and 1 in 20. Frozen stocks of each cell line were 

prepared after the first passage. Cells were trypsinised as described and pelleted by 

centrifugation at 1500 rpm for 5 minutes. The pellet was resuspended in 9 ml of 

DMEM containing 10% FCS and 1 ml of DMSO added. The cells were then transferred 

to 2.5 ml Nunc freezing vials in 1 ml aliquots. The vials were wrapped in tissue and 

polystyrene and frozen at -70°C  overnight before being transferred to liquid 

nitrogen for long term storage.

fiJa) Charcoal treatment of serum. (Modified from Page and Parker, 1983).

Foetal calf serum is known to contain endogenous steroids (Challis et al., 

1974) that might mask the effects of exogenously added steroids in transfection 

experiments. Serum used for transient transfection was therefore pre-treated with 

dextran-coated charcoal which is known to remove small molecules including steroid 

hormones. 200 ml of dextran-coated charcoal suspension was divided between two 

250 ml disposable centrifuge bottles and the charcoal precipitated by centrifugation 

at 2,000 g for 15 minutes at 4 °C . The supernatant was then removed and the 

dextran-coated charcoal in each bottle resuspended in 250 mis of FCS. This was then 

shaken vigorously for 30 minutes at 55°C  and respun. The serum was decanted into 

bottles containing a fresh dextran-coated charcoal pellet, re-incubated and respun 

as above. The serum was then filte r sterilised using a 0.22 pm  Nalgene 

n itrocellu lose filte r unit.

£g) Transient transfection (tamoxifen rescue).

Cells were seeded for transient transfection at a density between 0.5-5 x 

10^ per 5 cm2 dish in 4 mis of DMEM containing 10% foetal calf serum and 10"3 

M tamoxifen. After 24 hours the cells were transfected by either calcium phosphate 

precipitation or diethylaminoethyl (DEAE) dextran with a total of 10 pg of DNA per 

5 cm2 dish.

I) DEAE-d.extran
The media was removed from the cells by aspiration. The cells were then 

washed twice with DMEM to remove all traces of serum and the DNA was added in 3 

ml of DMEM containing 250 pg/ml DEAE dextran.

II) Calcium phosphate precipitation

Prior to transfection the cells were refed with DMEM containing 10% FCS. 

The precipitate was then prepared by mixing two freshly prepared solutions:- 

Solution A 500 pi 2 x HBS, pH 7.1

10 pi of 70mM sodium phosphate, pH 7.1 

Solution B 500 pi d istilled water

6 0  pi 2  M CaCl2

20 pg of supercoiled plasmid DNA



Solution B was added to A at a rate of 1 drop every 2 seconds while air was 

continuously bubbled through to aid mixing. The mixture was left standing for 30 

minutes to allow the precipitate to form and then 0.5 ml added dropwise to each of 

two duplicate dishs.

The transfection solution/precip itate was incubated with the cells for 6 

hours at 37°C . The media was removed and 2 ml phenol-red free DMEM, 20% 

glycerol was pipetted slowr ly onto the dish followed, 30 seconds later, by the gentle 

addition of 8 mis of phenol-red free DMEM. This mix was removed and the cells 

were washed three times with phenol-red free DMEM and then fed with phenol-red 

free DMEM containing 10% dextran-charcoal treated FCS, 10‘ ®M tamoxifen in the 

presence or absence of 10 '7M oestradiol.

M )  Harvesting cell monolayers.

The transfected cells were harvested when the monolayer was 80% confluent 

- routinely 24 to 48 hours after addition of hormone. The cell monolayer was 

washed three times with PBSA after removal of the media. 1 ml of NTE, pH 7.8 was 

added to each 5 cm2 dish and the cells were scrapped from the dish using a rubber 

policeman. The suspension was then transferred to Eppendorf tubes and spun for 5 

minutes at room temperature to pellet the cells. The supernatant was then aspirated 

and the cell pellet resuspended in 70 pi 250mM Tris-HCI, pH 7.8. This was stored 

at -20°C  until required.

p-galactosidase assay. (Norton and Coffin, 1985).

10 |il o f the cell suspension was transferred to a fresh Eppendorf tube 

containing 40 p i of 0.1% SDS in PBSA and the cells lysed by incubation for 20 

minutes at room temperature. The detergent was then diluted by the addition of 200 

III of PM2 buffer. 20 pi of this extract was then assayed for p-galactosidase activity 

by incubation at 37°C  for 1 hour with 280 p i of PM2-MU. The reaction was 

quenched by the addition of 600 p i of 1M glycine, pH 10.2 and the fluoresence 

measured at 365 nm excitation and 470 nm emission.

8f) Assay of cytoplasmic CAT activity. (Sleigh, 1986).

The remaining 60 pi of cell extract was lysed by 15 minute incubation at 

room temperature after the addition of 7 p i of 5% NP40 in NTE. The extract was 

then heated to 65°C for 10 minutes to denature the endogenous acetyl coenzyme A 

degrading activity of the cells. The cell debris was then pelleted by spinning the 

extract in a Eppendorf centrifuge for 10 minutes at room temperature. 10 pi of the 

supernatant was removed at this stage for the assessment o f the total protein 

concentration using the BioRad protein assay kit according to the manufacturers 

instructions. The remaining supernatant was then transferred to a fresh Eppendorf 

tube and stored at -20°C until required. CAT activity was determined by analysis of



the transfer of the [14 C] acetyl group from [14C]Acetyl Co-A to chloramphenicol. 

Chloramphenicol and its acylated derivatives are soluble in organic solvents whereas 

acetyl Co-A is not. The acetylated chloramphenicol products can therefore be 

separated from the labelled substrate by extraction with ethyl acetate allowing 

d irect quantita tion of CAT activ ity w ithout using chrom atographic separation 

techniques. The assay was set up with 20 pi 8mM chloramphenicol, 20 pi acetyl CoA 

mix (0.1 pCi of [14C]acetyl Co-A in 45mM unlabelled acetyl Co-A) and cell extract 

up to 60 pi. The reaction volume was adjusted to 100 pi with 0.25M Tris pH 7.8 

and then incubated at 37°C  for 1 hour. The reaction was quenched by the addition of 

100 pi of ice cold ethyl acetate and vortexing. This was then spun for 2 minutes in 

an Eppendorf centrifuge and 80 p i of the upper phase transfered directly to a 

scintillation vial. The extraction was repeated with a further 100 pi of ethyl acetate 

and a 100 pi of the upper phase was removed. The organic extracts were pooled and 

counted by liquid scintillation. This assay is only linear up to 55,000 DPM (P. 

Webb, 1987) and therefore extracts with higher activities were routinely diluted 

and reassayed.

£0) Staining cell monolayers for p-oalactosidase activity.

Transient transfection e ffic iency was determ ined by d irect staining of 

transfected cells for p-galactosidase activity. The cell monolayer was rinsed with 

PBSA containing 1 mM MgS0 4  and then fixed by incubation for 5 minutes at room 

temperature with PBSA containing 1mM MgSC>4 , 0.5% glutaraldehyde. The cells 

were washed twice with PBSA containing 1mM MgS0 4  and then incubated for 15 

m inutes at room tem perature in PBSA containing 1mM MgS0 4  to allow all the 

remaining glutaraldehyde to diffuse in the wash buffer. The cells were then washed 

twice more before addition of 1 ml of X-gal solution and incubation at 37°C  for 2 

hours.
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IG THE MOUSE OESTROGEN RECEPTOR.



3.1 INTRODUCTIO N

The primary aim of this chapter is to describe the isolation, characterisation 

and sequencing of cDNA clones encoding the mouse oestrogen receptor. This cloning 

was achieved using a full length cDNA clone, pSP64 OR8 (Green et al., 1986, Greene 

et al., 1986), encoding the human oestrogen receptor, which was kindly provided by 

Dr. G Greene. In addition, data from in vitro and transient transfection assays will 

be presented to confirm that the complete cDNA clone encodes a functional oestrogen 

receptor protein. Since these assays are used for a large proportion o f the 

experiments presented in later chapters their basis and accuracy will be discussed.

3.2 MOUSE OESTROGEN RECEPTOR CLONING.

3 ^ 1  ISOLATION OF cDNA CLONES.

The cDNA library was constructed by R. White (ICRF) in the vector pSP65 

using the method of Gubler and Hoffmann (1983). The human oestrogen receptor 

cDNA was shown to cross-hybridise at high stringency with a mRNA of approximately 

6.5 kb in mouse uterus (a tissue with a high titre of oestrogen receptor). Poly (A)+ 

RNA was isolated from the uteri of 8 to 10 week old Schnieder mice and copied with 

reverse transcriptase using random hexanucleotide primers. The RNA template was 

then digested with RNase H in the presence of DNA polymerase I. Partially digested 

short RNA sequences act as primers for second DNA strand synthesis in this reaction. 

The double-stranded DNAs were then cloned into the Pst I site of pSP65 using dG-dC 

homopolymeric tailing as described by Maniatis et al. (1982) destroying the site. 

These plasmids were then used to transform competent DH5 cells to ampicillin 

resistance.

The library was found to contain approximately 80,000 independent clones 

which were plated onto four 20 x 20 cm filters. Duplicate lifts were then taken from 

these master filters for screening. The probe was prepared by digesting the plasmid 

pSP64 OR8 with Sst I and Hind III which released the cDNA insert as two fragments of 

1.14 and 0.77 kb (Figure 3.1). These fragments were separated on 6% acrylamide 

gels, purified and labelled by nick translation to yield probes S/H 1.14 and S/H 

0.77. The in itia l screen was carried out in 100 ml o f hybridisation solution 

containing 2.5 x 107 DPM each of S/H 1.14 and S/H 0.77. This screen identified 10 

strong duplicate positives which each corresponded to an area of the master filter 

containing approximately 10 colonies. These areas were excised from the filter, 

shaken in 1 ml of L-broth to remove the bacterial colonies and then replated to give 

approximately 100 colonies per 9 cm petri dish. For the second screen duplicate 

filters were probed with either S/H 1.14 or S/H 0.77. This allowed detection of



B G URE3-1 Structure of pSP64 OR8 and the human oestrogen receptor probes.
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The diagram illustrates the structure of the plasmid pSP64 OR8 (upper portion) 

and the probes purified from it for library screening and Southern blotting (lower 

portion). To prepare the probes, pSP64 0R8 was digested with Sst I and Hind III,

Sma I, Bal I or Pst I and the fragments separated on 6% polyacrylamide gels and 

visualised by staining with ethidium bromide. The desired fragments were excised 

from the gel, eluted and recovered by ethanol precipitation prior to labelling by nick 

translation. The resultant probes were named according to the restriction enzyme 

with which they were excised and their size.



single colonies corresponding to each of the 10 positives and gave an indication of the 

extent of the coding sequencesof each clone (Table 3.1).

TABLE 3,1 Colony detection with probes S/H 1.14 and S/H 0.77.

CLONE (pMOR)

PROBE 1 2 3 4 5 6 7 8 9 1 0

S/H 1.14 + + + + +

S/H 0.77 + + + + (+) + + +

Z 2 Z  CHARACTERISATION AND SEQUENCING OF THE cDNA CLONES.

All 10 positive colonies were selected and used to innoculate cultures for the 

large-scale preparation of plasmid DNA. Initially these DNA preparation were 

digested with restriction enzymes flanking the insert (Bam HI and Hind III). When 

analysed by gel electrophoresis alongside size markers, the clones were found to 

range from 200 bp (pMOR2 and 3) to 1.8 kb (pMOR8) in size (see Figure 3.2).

To determine the orientation and extent of these clones the DNA preparations 

were digested with a number of other restriction enzymes and analysed by gel 

electrophoresis and Southern blotting. The Southern blots were probed with much 

smaller nick translated fragments corresponding to the extreme 5' end (Sma 0.4), 

the 3' end (Pst 0.17) or the DNA binding domain (Bal 0.38) of the human oestrogen 

receptor (Figure 3.1). Of the 10 positive clones isolated, two failed to hybridise to 

any of these "Southern blotting" probes. Consequently, the blots were stripped and 

reprobed with S/H 1.14 or S/H 0.77. These probes failed to detect any specific 

hybridising sequences within pMOR4, suggesting that this was not a true positive. In 

contrast, pMOR9 continued to hybridise to S/H 0.77, although the restriction map of 

this clone clearly did not correspond to that of any of the other positives (data not 

shown). The remaining eight clones all hybridised to one or more of the "Southern 

blotting" probes in a manner that was consistent with their cross-hydrisation with 

S/H 1.14 and/or S/H 0.77 in the secondary screen (Table 3.1). The analysis of 

these clones gave rise to an initial restriction map for the mouse oestrogen receptor 

cDNA (Figure 3.2).

On the basis of the restriction map the two largest clones pMOR1 (1.6 kb) and 

pMOR8 (1.8 kb), were predicted to extend sufficiently far both 5' and 3' of the 

"Southern blotting" probes to contain the full coding sequence of the mouse oestrogen



FIGURE 3.2 Structure and restriction map of the oestrogen receptor positive clones 
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Figure 3.2a shows the position o f the human "Southern blotting" probes 

(upper panel) and the extent of eight o f the pMOR cDNA clones (lower panel), 

compared with the concensus restriction map of the mouse oestrogen receptor. The 

remaining two clones (pMOR4 and pMOR9) failed to correspond to this map and are 

not shown. Figure 3.2b shows the size of each of the cDNA inserts.

In order to construct the concensus restriction map the cDNA clones were each 

digested with Hind III and Bam HI, Hind III and Xba I, Xba I, Xba I and Pvu II, Pvu II, 

Pvu II and Eco Rl, Eco Rl, Pst I, Pst I and Hind III or Sst I. The digests were divided 

into three and the resulting fragments separated on 1% agarose gels. These three gels 

were then Southern blotted and probed with either Sma 0.4, Bal 0.38 or Pst 0.17 to 

determine the hybridisation patterns of each clone.
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receptor. These two clones were therefore sequenced using the dideoxy chain- 

term ination method o f Sanger et al. (1977). cDNA fragm ents were in itia lly 

transferred into the M13 vectors mp18 and mp19 using e ither the mapped 

restriction sites (e.g. Xba I - Hind III fragments) or by shotgun cloning of Hae III or 

Alu I fragments. The position and orientation of the Hae III and Alu I fragments was 

determined by sequence comparison with the human oestrogen receptor. This initial 

sequence information allowed the identification and localisation of a number of other 

restriction sites. These sites were used to clone further receptor fragments for 

sequencing. The junction of all fragm ents was confirmed by the cloning and 

sequencing of overlapping fragments.

Sequence analysis of pMOR8 showed that this clone contains a 5' untranslated 

region of 190 bp and a long open reading frame of 1601 bp. This untranslated region 

contains another open reading frame, with the potential to encode an 18 amino-acid 

peptide, that term inates just 50 base pairs upstream of the initiating ATG of the 

receptor. Interestingly, the 5' untranslated regions of the rat (Koike et al., 1987), 

human (Green e t al., 1986), chicken (Krust et al., 1986) and X enopus laev is  

(W eiler et al., 1987) oestrogen receptors also contain one or more short open 

reading frames although there is no obvious conservation of sequence, position or 

length. Using both primer extension and RNase protection assays, R. White (ICRF) 

has shown that the mouse oestrogen receptor has 10 major initiation sites (White et 

al., 1987) and the length of pMOR8 shows that it corresponds to the most abundant of 

these mRNA species.

pMOR1 contained an open reading frame of 1580 bp prior to a termination 

codon and 91 bp of potential 3' untranslated region. A considerable portion of this 

open reading frame (1382 bp) overlaps that of pMOR8 (see Figure 3.2) but pMOR1 

lacks the 5' untranslated region and 217 bp of the 5' end of the open reading frame. 

The mouse oestrogen receptor therefore has a predicted open reading frame of 1797 

bp. This has the potential to encode for a polypeptide of 599 amino acids with a 

molecular weight of 66,940 daltons. The complete sequence and open reading frame 

is shown in Figure 3.3.

2 £ 2  COMPARISON OF THE OESTROGEN RECEPTOR CODING SEQUENCES.

Using the PRTALN program of Lippman and Wilbur the protein sequence of the 

mouse oestrogen receptor was compared with that of the rat (Koike et al., 1987), 

human (Green et al., 1986), chicken (Krust et al., 1986) and X enopus laev is  

(W eiler et al., 1987) oestrogen receptors. Considering the large evolutionary 

distances between some of these proteins a high degree of overall homology was 

maintained across all of the species (97.3%, 88.6%, 77.5% and 75.3%



FIGURE 3.3 Nucleotide and amino acid sequence of the mouse oestrogen receptor.

50
A TCA CAC ACC GCG CCA CTC GAT CAT TCG AGC ACA TTC CTT CCT TCC GTC TTA

100
CTG TCT CAG CCC TTG ACT TCT ACA AAC CCA TGG AAC ATT TCT GGA AAG ACG CTC

150
TTG AAC CAG CAG GGT GGC CCA CGC GCT GCT GAG CCC TCT GCG TGC GCG GGG AGC

CAG TCT GTA ACT CGC CGG

GCC TCG GGA ATG GCC TTG 
Ala Ser Gly MET Ala Leu

ACC CGC CCG CAG CTC AAG 
Asn Arg Pro Gin Leu Lys

GAC AAC AGC AAG CCC ACT 
Asp Asn Ser Lys Pro Thr

AAC GCC GCC GCC GCC GCC 
Asn Ala Ala Ala Ala Ala

GGC ATC GCC TAC GGC CCC
Gly lie Ala Tyr Gly Pro

500
GGG GCT TTC CCC CAG CTC
Gly Ala Phe Pro Gin Leu

550
CCG CCG CCG CAG CTG TCT
Pro Pro Pro Gin Leu Ser

600
TAC CTG GAG AAC GAG CCC
Tyr Leu Glu Asn Glu Pro

650
TTC TAC AGG TCT AAT TCT
Phe Tyr Arg Ser Asn Ser

700
AGC AGT AAC GAG AAA GGA
Ser Ser Asn Glu Lys Gly

CTG CCA CTT ACC ATG ACC 
MET Thr

250
CTG CAC CAG ATC CAA GGG
Leu His Gin lie Gin Gly

300
ATG CCC ATG GAG AGG GCC
MET Pro MET Glu Arg Ala

350
GTG TTC AAC TAC CCC GAG
Val Phe Asn Tyr Pro Glu

pMOR1 5' END
400 T

GCC GCC GCC GCC TCG GCG
Ala Ala Ala Ala Ser Ala

450
GGG TCG GAG GCG GCC GCC
Gly Ser Glu Ala Ala Ala

AAC AGC GTG TCG CCT AGC 
Asn Ser Val Ser Pro Ser

CCT TTC CTG CAC CCG CAC 
Pro Phe Leu His Pro His

AGC GCC TAC GCC GTG CGC
Ser Ala Tyr Ala Val Arg

GAC AAT CGA CGC CAG AAT
Asp Asn Arg Arg Gin Asn

AAC ATG ATC ATG GAG TCT
Asn MET lie MET Glu Ser

200
ATG ACC CTT CAC ACC AAA 
MET Thr Leu His Thr Lys

AAC GAG CTG GAG CCC CTC 
Asn Glu Leu Glu Pro Leu

CTG GGC GAG GTA TAC GTG 
Leu Gly Glu Val Tyr Val

GGC GCC GCC TAC GAG TTC 
Gly Ala Ala Tyr Glu Phe

CCG GTC TAC GGC CAG TCG 
Pro Val Tyr Gly Gin Ser

TTC AGT GCC AAC AGC CTG 
Phe Ser Ala Asn Ser Leu

CCG CTG ATG CTG CAG CAC 
Pro Leu MET Leu Gin His

GGC CAG CAG GTG CCC TAC 
Gly Gin Gin Val Pro Tyr

GAC ACC GGC CCT CCC GCC 
Asp Thr Gly Pro Pro Ala

GGC CGA GAG AGA CTG TCC
Gly Arg Glu Arg Leu Ser

750
GCC AAG GAG ACT CGC TAC
Ala Lys Glu Thr Arg Tyr
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TGT GCC GTG TGC AAT GAC 
Cys Ala Val Cys Asn Asp

GAA GGC TGC AAG GCT TTC 
Glu Gly Cys Lys Ala Phe

TGT CCA GCT ACA AAC CAA
Cys Pro Ala Thr Asn Gin

GCC TGT CGG CTG CGC AAG
Ala Cys Arg Leu Arg Lys

AAA GAC CGC CGA GGA GGG
Lys Asp Arg Arg Gly Gly

GAA GGC CGA AAT GAA ATG 
Glu Gly Arg Asn Glu MET

CCA AGC CCT CTT GTG ATT
Pro Ser Pro Leu Val lie

1150
ACA GCT GAC CAG ATG GTC
Thr Ala Asp Gin MET Val

1200
TCT GAA TAT GAT CCT TCT
Ser Glu Tyr Asp Pro Ser

1250
ACC AAC CTA GCA GAT AGG
Thr Asn Leu Ala Asp Arg

1300
CCA GGC TTT GGG GAC TTG
Pro Gly Phe Gly Asp Leu

50
TGG CTG GAG ATT CTG ATG
Trp Leu Glu lie Leu MET

AAG CTC CTG TTT GCT CCT 
Lys Leu Leu Phe Ala Pro

GAA GGC ATG GTG GAG ATC 
Glu Gly MET Val Glu lie

TAT GCC TCT GGC TAC CAT 
Tyr Ala Ser Gly Tyr His

TTT AAG AGA AGC ATT CAA
Phe Lys Arg Ser lie Gin

TGC ACC ATT GAC AAG AAC
Cys Thr lie Asp Lys Asn

950
TGT TAC GAA GTG GGC ATG
Cys Tyr Glu Val Gly MET

1000
AGA ATG TTG AAG CAC AAG
Arg MET Leu Lys His Lys

1050
GGT GCT TCA GGA GAC ATG
Gly Ala Ser Gly Asp MET

1100
AAG CAC ACT AAG AAG AAT
Lys His Thr Lys Lys Asn

AGT GCC TTG TTG GAT GCT
Ser Ala Leu Leu Asp Ala

AGA CCC TTC AGT GAA GCC
Arg Pro Phe Ser Glu Ala

GAG CTG GTT CAT ATG ATC 
Glu Leu Val His MET lie

AAT CTC CAT GAT CAG GTC 
Asn Leu His Asp Gin Val

ATT GGT CTC GTC TGG CGC
lie Gly Leu Val Trp Arg

AAC TTG CTC CTG GAC AGG
Asn Leu Leu Leu Asp Arg

TTT GAC ATG TTG CTT GCT
Phe Asp MET Leu Leu Ala

800
TAT GGG GTC TGG TCC TGC
Tyr Gly Val Trp Ser Cys

850
GGA CAC AAT GAC TAC ATG
Gly His Asn Asp Tyr MET

900
CGG AGG AAG AGT TGC CAG
Arg Arg Lys Ser Cys Gin

ATG AAA GGC GGC ATA CGG
MET Lys Gly Gly lie Arg

CGT CAG AGA GAT GAC TTG
Arg Gin Arg Asp Asp Leu

AGG GCT GCC AAC CTT TGG
Arg Ala Ala Asn Leu Trp

AGC CCT GCC TTG TCC TTG
Ser Pro Ala Leu Ser Leu

GAA CCG CCC ATG ATC TAT 
Glu Pro Pro MET lie Tyr

TCA ATG ATG GGC TTA TTG 
Ser MET MET Gly Leu Leu

AAC TGG GCA AAG AGA GTG
Asn Trp Ala Lys Arg Val

13
CAC CTT CTC GAG TGT GCC
His Leu Leu Glu Cys Ala

1400
TCC ATG GAA CAC CCG GGG
Ser MET Glu His Pro Gly

1450
AAT CAA GGT AAA TGT GTG
Asn Gin Gly Lys Cys Val

1500
ACG TCA AGT CGG TTC CGC
Thr Ser Ser Arg Phe Arg



ATG ATG AAC CTG CAG GGT 
MET MET Asn Leu Gin Gly

AAT TCC GGA GTG TAC ACG 
Asn Ser Gly Val Tyr Thr

GAC CAC ATC CAC CGT GTC 
Asp His H e  His Arg Val

GCC AAA GCT GGC CTG ACT 
Ala Lys Ala Gly Leu Thr

CTC ATT CTT TCC CAT ATC
Leu lie Leu Ser His lie

pM0R8 3' END
▼ l i

AAC ATG AAA TGC AAG AAC
Asn MET Lys Cys Lys Asn

1850
GAT GCC CAC CGC CTT CAT
Asp Ala His Arg Leu His

1900
CCC AGC CAG ACC CAG CTG
Pro Ser Gin Thr Gin Leu

GAA GAG TTT GTG TGC CTC
Glu Glu Phe Val Cys Leu

1600
TTT CTG TCC AGC ACC TTG
Phe Leu Ser Ser Thr Leu

1650
CTG GAC AAG ATC ACA GAC
Leu Asp Lys lie Thr Asp

1700
CTG CAG CAG CAG CAT CGC
Leu Gin Gin Gin His Arg

1750
CGG CAC ATG AGT AAC AAA
Arg His MET Ser Asn Lys

00
GTT GTG CCC CTC TAT GAC 
Val Val Pro Leu Tyr Asp

GCC CCA GCC AGT CGC ATG 
Ala Pro Ala Ser Arg MET

GCC ACC ACC AGC TCC ACT 
Ala Thr Thr Ser Ser Thr

1550
AAA TCC ATC ATT TTG CTT 
Lys Ser lie lie Leu Leu

AAG TCT CTG GAA GAG AAG 
Lys Ser Leu Glu Glu Lys

ACT TTG ATC CAC CTG ATG 
Thr Leu lie His Leu MET

CGC CTA GCT CAG CTC CTT
Arg Leu Ala Gin Leu Leu

GGC ATG GAG CAT CTC TAC
Gly MET Glu His Leu Tyr

CTG CTC CTG GAG ATG TTG 
Leu Leu Leu Glu MET Leu

GGA GTG CCC CCA GAG GAG 
Gly Val Pro Pro Glu Glu

TCA GCA CAT TCC TTA CAA 
Ser Ala His Ser Leu Gin

1950
ACC TAC TAC ATA CCC CCG GAA GCA GAG GGC TTC CCC AAC ACG ATC TGA GAG CTC 
Thr Tyr Tyr lie Pro Pro Glu Ala Glu Gly Phe Pro Asn Thr lie

2000  2 
CCA GGC TCC CCG AAA GGT TCT GAG AAT CCC TGC AAC ATT TTA CCC ATG TCA TGT

050
ATG ACT AGC AGA ATT CTG TCT CCT GCG T

The nucleotide sequence of pMOR1 and pMOR8 was determined by di-deoxy 

sequencing. The sequence and nucleotide numbers shown are a composite derived from the 

two clones. pMOR1 and pMOR8 lack the 5' and 3' portions of this sequence respectively 

and the limit of these clones is marked. The amino acid sequence is shown, as is the coding 

sequence of the potential short upsteam open reading frame which is underlined.



respective ly). However, closer exam ination showed that this homology was 

concentrated in particu lar regions of the receptor, the boundaries o f which 

corresponded roughly with the A-F subdivisons of Krust et al. (1986). The amino 

acid homology of these six regions is shown in Figure 3.4.

FIGURE 3.4 Sequence comparison of the oestrogen receptor species.

RECEPTOR SPECIES 
(No. of residues)

MOUSE B C B  D

(37 aa) (146 aa) (83 aa) (39 aa) (251 aa) (43 aa)

RAT 100% 93% 100% 97%
(147 aa)

99% 95%

HUMAN 95% 80% 100% 80%
(141 aa)

96% 60%

CHICKEN 81% 49% 100% 49%
(136 aa)

94% 49%

XENOPUS 57% 58% 99% 42%
(137 aa) (36 aa)

81% 26% 
(42 aa)

The sequence of region C, the zinc finger containing DNA binding domain, is 

entirely conserved between the mouse, human, chicken and rat receptors suggesting 

that it is critical for receptor function. This is supported by the observation that 

there is only one amino acid change (asparagine to serine) in the DNA binding domain 

of the Xenopus laevis receptor despite the fact that 46 silent nucleotide substitutions 

(relative to the mouse sequence) are found in this region.

A high degree of homology is also found in the ligand binding domain, region E, 

(99%, 96%, 94% and 81% respectively) but the level of conservation within the 

remaining regions (A, B, D and F) begins to break down as the evolutionary distance 

between the species increases. The initial comparison of the human and chicken 

receptor sequences (Krust et al., 1986) showed that region A was also well 

conserved (87%), implying that it contains an important receptor function. W hilst 

this high homology is maintained between the mouse and the rat, human and chicken 

receptors (100%, 95%, and 81% respectively) it is considerably reduced in the 

evolutionary distant Xenopus laevis receptor (57%). This reduced homology is



similar to that found of regions B, D and F, which were predicted to be less important 

for oestrogen receptor function (Kumar et al., 1986).

3.3 EXPRESSION OF THE MOUSE OESTROGEN RECEPTOR.

In order to generate a construct containing the complete open reading frame of 

the mouse oestrogen receptor it was necessary to replace the incomplete 5' sequences 

of pMOR1 with those of pMOR8. This cloning was achieved using the unique Xba I site 

(position 1202) which is contained within the coding sequence of both clones and a 

unique Nae I site which lies 14 bp upstream of the initiating ATG in pMOR8. The 5' 

sequences of pMOR8 were therefore isolated as a Nae l-Xba I fragment and 

transferred into pMOR1, which had been digested with Bam HI, repaired to give a 

blunt end, and then digested with Xba I (Figure 3.5). The resultant plasmid, 

pMORlOO, contains the full coding sequence of the receptor but lacks both the short 

upstream open reading frame and the 5' dG-dC tail, which may have interfered with 

either transcription or translation of the receptor. The ability of this cDNA to encode 

a funtional oestrogen receptor was then confirmed by both in vitro and transfection 

assays.

1 IN VITRO ASSAYS.

In 1984 Melton et al. described an in vitro transcription system utilising 

the bacteriophage SP6 polymerase, which initiates transcription solely from an SP6 

promoter. pSP64 and pSP65 were constructed to generate cloning vectors which 

contain the SP6 promoter immediately upstream of a polylinker sequence. Thus, 

addition of SP6 polymerase in the presence of ribonucleotides can be used to direct 

the in vitro synthesis of cRNA corresponding to any DNA fragment cloned within 

these vectors. The method of Melton et al. (1984) can be modified to include an 

excess of the RNA Cap structure analogue, m7G(5')ppp(5')G, which is incorporated 

in preference to guanosine 5' triphosphate at the first base of the cRNA. Such capped 

RNA's are norm ally transla ted w ith higher e ffic iency than the ir uncapped 

equivalents. cRNA synthesis reactions are usually performed with plasmid templates 

which have been linearised at the 3' end of the insert to prevent cycling of the 

polymerase. The pMORlOO template was routinely linearised with Hind III prior to 

cRNA synthesis. The cRNA yield was determined (by measurment of the OD2 6 0 ) to be 

aproximately 2-4 pg/5 pg linearised template.

3 ,3-1 a) Optim isation of translation reactions.

To optimise the translation conditions, varying amounts of both uncapped and 

capped RNA were translated in a rabbit reticulocyte lysate system in the presence of 

[35S]methionine alongside control tobacco mosaic virus (TMV) RNA. Duplicate
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FIGURE 3.5 Construction of pMORIOO.

pMOR8 (2|ig) was digested with Nae i and Xba I and the reaction products 

separated on a 1% agarose gel. A fragment corresponding to approximately 1 kb in 

size was identified by comparison with X/Hind III + Eco Rl markers and purified by 

binding to NA-45 paper. The fragm ent was eluted and recovered by ethanol 

precipitation. The vector was prepared by digesting 2pg of pMOR1 with Bam HI. The 

5' overhanging end was then repaired using the Klenow fragment of DNA polymerase I 

and the DNA extracted with phenol/chlorophorm and ethanol precipitated before 

fu rthe r d ig es tio n , w ith Xba I. The p roducts  were re -ex trac ted  with 

phenol/chloroform  and reprecipitated before being incubated with calf intestinal 

alkaline phosphatase to remove the 5' phosphates. The resulting vector preparation 

was re-extracted and precipitated before ligation with the insert in a 1:1 ratio. The 

ligation mix was used to transform competent DH1 cells to ampicillin resistance and 

the resultant colonies screened by mini-preparation of DNA and restriction enzyme 

digestion for the appearance of a third Sma I site (at position 456} which was 

derived from the cDNA insert of pMOR8.

The shading used in the figure is as follows:-

CODING SEQUENCE

NON-CODING SEQUENCE

SHORT UPSTREAM OPEN READING FRAME

dG.dC HOMOPOLYMERIC TAIL
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3 )  Gel electrophoresis
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samples were removed after translation for 0, 30 or 60 minutes and the levels of 

incorporated [35S]methionine determ ined by d irect counting of TCA precipitated 

proteins. The resulting average DPM precipitated at each time point are presented in 

Figures 3.6a and b. Protein production from all the cRNA samples continued to 

increase throughout the 60 minute time course (3.6b). To determine the efficiency 

of translation of each cRNA sample, the protein yields at 60 minutes were directly 

compared over the range of input RNA levels (Figure 3.6c). From Figure 3.6c it is 

clear that the pMOR100 capped cRNA is translated with a sim ilar efficiency to the 

control TMV RNA although the total protein synthesized was not directly proportional 

to input RNA levels. Maximum yields were obtained with 0.5 pg of input RNA per 28 

p i translation and the addition of further RNA (total 1 pg) resulted in a small 

(-15% ) inhibition o f translation. By comparing the levels o f [35S ]m e th io n in e  

precipitated from the translation of 0.5pg of capped RNA or no RNA (Figure 3.6a) the 

yie ld o f receptor protein from this "optimum reaction" was calculated to be 

0 .07pm o les /p l of translate (Figure 3.7). This yield is sim ilar to that found for the 

in vitro translation of the human oestrogen receptor (0.05 - 0.1 pm ole/pl) by 

Kumar et al. (1986) and the rat g lucocorticoid receptor (0.01-0.04 pmole/pl) by 

Rusconi and Yamamoto (1987).

In contrast to the capped RNA samples, the protein yield from the uncapped 

RNA was directly proportional to the input levels. However, the efficiency of 

trans la tion  was very much reduced com pared w ith  its capped equ iva lent 

(approximately 9 fold with 0.5 pg input RNA). As a result of these experiments 

cRNA was routinely transcribed in the presence of the RNA cap structure analogue 

and translations were performed for 60 minutes with 0.5 pg of the cRNA.

3.3-1 b) Demonstration that pMORIOQ encodes a functional oestrooen receptor,

The products of translation reactions, carried out in the presence or absence 

of capped pMOR100 cRNA, were also examined by SDS-PAGE. In these experiments a 

single major protein product of approximately 67 kilodaltons, the predicted size for 

the receptor, was observed in the pMOR100 primed, but not the unprimed, lysate 

(see Figure 4.12 for example). To confirm that this protein was oestrogen receptor, 

the products of primed and unprimed translations were immunoprecipitated with the 

monoclonal antibodies H222 or H226 (kindly provided by G. Greene with the 

permission of Abbot International). These antibodies were raised against purified 

human oestrogen receptor, from MCF7 breast cancer cells, but have subsequently 

been shown to cross-react with a number of other species including mouse. Both 

H222 and H226 immunoprecipitated the major 67 kD protein from pMOR100 cRNA 

primed, but not control, lysate (data not shown) confirm ing that pMOR100 encodes 

oestrogen receptor protein.



FIGURE 3.6 Optimisation of in vitro translation conditions

i f i a

RNA SAMPLE INPUT t=0 MINS t=30 MINS t=60 MINS

NO RNA - 1854 2458 4632

UNCAPPED 0.25 pg 898 14338 24498

0.5 pg 738 20372 42534

1.0 pg 1488 36328 62514

CAPPED 0.25 pg 2074 37338 59536

0.5 pg 3486 184976 355568

1.0 pg 1354 201534 288522

TMV 0.25 pg 960 28584 79350

contro l 0.5 pg 4452 138086 341366

1.0 pg 2276 51354 241278
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cRNA was synthesized in the absence or presence of the RNA cap structure 

analogue, m7G(5')ppp(5')G, and then quantitated by measurement of the O.D2 6 O 

alongside the control TMV RNA, provided with the Amersham rabbit reticulocyte 

lysate. Translations were carried out in a total volume of 28p.l containing 20|il of 

rabbit reticulocyte lysate, 3pl [35S]methionine and 0, 0.25, 0.5 or 1pg of either 

uncapped, capped or TMV cRNA. 2 x 2pJ samples were removed after 0, 30 or 60 

minute incubations at 30°C and quenched by the addition of 1M NaOH/5% H2 O 2 . The 

proteins were then precipitated by the addition of 3mls of 10% TCA in the presence 

of 100p.g of carrier protein (BSA), recovered by filtration using glass fibre filters 

and the incorporated label quantitated by liquid scintillation counting. The DPM 

precipitated from duplicate samples were in good agreement (<10% variation, data 

not shown) and the average values are shown in the Table 3.6a.

These data were plotted against the time of incubation for each sample and the 

resultant graph is shown in 3.6b. Since the protein yield continued to increase with 

time throughout the 60 minute reaction the maximum protein yield arising from 

each RNA sample was then plotted over the range of input levels as shown in 3.6c.



FIG URE.3 ,7 Calculation of mouse oestrogen receptor protein yield,

A sample calculation o f oestrogen receptor protein yield from the in vitro 

translation of capped RNA using the data shown in Figure 3.6.

a) Number of moles of labelled methionine incorporated.

DPM (t=60 mins.) 2/28|xl 0.5pg capped RNA = 3 5 5 5 6 8

DPM (t=60 mins.) 2/28^1 unprimed translation = 4632

Total oestrogen receptor protein synthesized = 350936 x 28/2

4913104 DPM

Since 1|iCi of [35S]methionine = 2.2 X 106 DPM

The pMOR100 dependent protein synthesized contains 4913104  = 2 .23 jiC i
2.2 X 106

The specific activity of [35S]methionine = 1000 Ci/mmol

The protein synthesised therefore contains 2.23 X 1 0 '12 moles of [35S]m ethionine

h) Number of moles of receptor protein synthesised.

The 28pl reaction contained 30(iCi of [35S]m ethionine

Thus, the number of moles of [35S]methionine in the reaction mix = 3 x 10 '11 m oles 

and the concentration of [35S]methionine in the reaction mix = 1.07 x 10 '6M

The lysate contains unlabelled methionine at a concentration of 28 x 10 '6M.

Thus, the ratio o f [35S]methionine to unlabelled methionine in the reaction = 0.038 

The number of moles of methionine incorporated = 2.23 x 1 0 '12 /  0.038

= 58.68 x 1 0 '12

Since the receptor contains 30 methionine residues the number of moles of receptor 

produced in this 28 jil reaction = 58.68 x 1 0 '12 /  30 = 1.956 x 10"12

THE NUMBER OF MOLES OF RECEPTOR PROTEIN/ul TRANSLATION = 0.07 pmoles.



The in vitro synthesized mouse oestrogen receptor was also tested for its 

ability to bind oestradiol with high affinity. In these experiments, the receptor was 

translated in the absence of [35S]methionine and then incubated overnight with a 

range of [125l]iodoestradiol concentrations, in the presence or absence o f the 

unlabelled oestradiol competitor, diethylstilbestrol. Figure 3.8 shows a binding 

curve plotted using the average specific binding calculated in four such experiments. 

This data was used to perform a Scatchard analysis (shown in the inset to Figure 3.8) 

which generated a dissociation constant (Kd) of approximately 10_10M. This value 

corresponds closely to reported values for endogenous oestrogen receptor (Gorski and 

Gannon, 1976).

FIGURE 3,8 Oestradiol binding of the in vitro translated mouse oestrogen receptor.
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The mouse oestrogen receptor was translated in vitro in the absence of 

[35S]methionine and 5pJ aliquots were then incubated in duplicate with either 0.06, 

0.2, 0.5, 0.8 or 2nM [125l]iodoestradiol, in the presence or absence of 10‘ 6M 

diethylstilbestrol. Free steroid was then removed with dextran-coated charcoal and 

the non-specific  binding (m easured in the presence o f the cold com petitor 

d iethylstilbestro l) subtracted. The specific binding calculated from four sim ilar 

experiments was averaged and used to plot the binding curve shown in Figure 3.8 and 

the Scatchard analysis shown in the inset.



2*2£  TRANSFECTION ASSAYS.

Genes encoding proteins of interest can be introduced, e ither stably or 

transiently, into cultured mammalian cells. In transient experiments, the gene in 

question is not necessarily integrated into the chromatin of the recipient cell but does 

enter the nucleus where it is expressed. Expression of this input DNA can be detected 

within 12 hours of uptake and continues for 80-100 hours after transfection. A 

number of different transfection techniques are available and the choice is dependent 

upon the recipient cell line used.

The transcriptional activity of the mouse oestrogen receptor cDNA clone was 

originally tested by J. Ham (ICRF) using transient transfection assays. The method 

and results of these experiments are presented here since they were used to design 

the transfection protocol for receptor deletion mutants (See Chapter 4).

3.3-2a) Selection of a recipient cell line and marker oene.

Expression of the receptor in transient transfection experiments required:-

1) a eukaryotic expression vector,

2) an oestrogen receptor negative cell line and

3) a suitable oestrogen responsive marker gene.

The eukaryotic expression vector pJ3£2 (kindly provided by J. Morgenstern), 

containing the early promoter and enhancer, small-t intervening sequence and large 

T polyadenylation signal of the simian virus (SV) 40 (see Figure 4.4), was selected 

for expression of the mouse oestrogen receptor and the cDNA insert of pMORlOO was 

transferred into this vector as an Eco Rl fragment. Having selected an SV40 based 

expression vector, COS-1 cells were chosen as the oestrogen receptor negative 

recipient cell line. This line was derived from monkey CV-1 cells by transformation 

with orig in defective SV40 DNA (Gluzman, 1981). The cells contain a single 

intergrated copy of the SV40 early region and express the large T antigen. This 

protein interacts with the SV40 origin of replication to facilitate the initiation of 

replication of the double-stranded circular viral genome. Since the SV40 origin of 

replication overlaps the early promoter, SV40 based vectors like pJ3Q, replicate to 

very high copy number when transfected into COS-1 cells. We would therefore 

predict that the oestrogen receptor would be expressed from pJ3MOR at high levels 

in these cells.

When these experiments were carried out, few oestrogen responsive marker 

genes were available. However, using progressive 5' and 3' deletions Klein-HitpaG 

et al. (1986) had previously demonstrated that a 35 base pair sequence of the 

Xenopus laevis vitellogenin A2 promoter (-331 to -297) was capable of mediating a 

strong oestrogenic response when transiently transfected into the oestrogen receptor 

positive human breast cancer cell line MCF-7 (see Chapter 1). A double-stranded



oligonucleotide containing this oestrogen response element (ERE) was therefore used 

to construct a chimaeric oestrogen-responsive reporter, pERE-TK-CAT (work of R. 

White, ICRF). This 35 bp sequence was subcloned into the reporter pSP65TKCAT 

(Webb, 1987) immediately upstream of the herpes simplex thym idine kinase (tk) 

promoter sequences from -250 to +8 which drive the CAT gene coding sequences. 

The transcriptional activity of the receptor was therefore assessed as its ability to 

increase the levels of CAT protein expressed by the cotransfected reporter.

3.3-2b) Transcriptional activity of the mouse oestrogen receptor.

In order to maximize the receptor response to added oestradiol the recipient 

cells must be cultured in the absence of endogenous steroids. All foetal calf serum 

(FCS) used for these experiments was therefore preincubated with dextran-coated 

charcoal to remove any endogenous steroids. In addition, Berthois et al. (1986) 

have shown that phenol red, the pH indicator contained within the majority of tissue 

culture media, acts as a weak oestrogen. Thus, the COS-1 cells were routinely 

cultured in phenol red-free DMEM containing 3% dextran-coated charcoal treated 

FCS (DCFCS). For the transfection, cells were plated at a density of 3 x 105 per 5 

cm tissue culture dish and then transfected in duplicate using diethylam inoethyl 

(DEAE) dextran. After 6 hours the cells were glycerol shocked to improve the uptake 

of DNA and washed three times. The cells were then cultured in the absence or 

presence of 10'8 M oestradiol for two days prior to harvesting. CAT activity was 

determined using the method of Sleigh (1986) which assesses the transfer of the 

[1 4 C] acetyl group from [1 4 C]acetyl Co-A to chloram phenicol. The acylated 

chloramphenicol is separated from the labelled substrate by solvent extraction and 

the levels of incorporated label determined directly by liquid scintillation counting.

In one such experiment 5 cm dishes of COS-1 cells were transfected in 

duplicate with 5 pg of the reporter pERE-TK-CAT, pJ3MOR ranging from 0 to 2 pg 

and added pJ3Q carrier to give a total of 10 pg of DNA. The CAT activity arising from 

duplicate dishes was averaged and plotted against the input level of pJ3MOR (Figure 

3.9). When cotransfected with pJ3£2, the reporter gave rise to a low basal level of 

CAT activ ity that was not altered by the addition of oestradiol. In contrast, 

cotransfection with the receptor resulted in a stim ulation of CAT activity that 

increased with increasing input of pJ3MOR to reach a maximum between 0.5 and 2 

pg. W hilst the total stimulation of CAT activity observed in this experiment was up 

to 100 fold, the majority of this activity (40 fold) was detected in the absence of 

added oestradiol. In sim ilar experiments (data not shown) the receptor failed to 

stimulate pSP65TKCAT, indicating that the receptor activity observed in the absence 

of oestradiol is dependent upon the presence of a functional response element.



FIGURE 3.9 Titration of reporter response to input levels of receptor expression

vector.
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COS-1 cells were transfected in duplicate using DEAE Dextran with 5p.g of 

pERE-TK-CAT, 0, 0.5, 5, 50, 500 or 2000 ng of pJ3MOR and added pJ3Q to give a 

total of 10|ig of DNA. After 6 hours the cells were glycerol shocked, washed and then 

cultured in the absence or presence of 10_8M oestradiol for 2 days before harvesting 

and determination of CAT activities. The graph (3.9a) shows the average CAT activity 

(DPM) arising from duplicate dishes over the range of input levels of pJ3MOR.

These data have been used to calculate the relative oestradiol independent, oestradiol 

dependent and total induction factors shown in the table below (3.9b).

- OESTRADIOL 
+ OESTRADIOL



In order to confirm that this "oestradiol independent" activity was not arising 

from low levels of endogenous oestrogens these transfections were repeated in the 

presence of increasing concentrations (10‘ 11 to 1 0 '6M) of the anti-oestrogen 4- 

hydroxytam oxifen (W hite et al., 1987). Somewhat surprisingly, this antagonist 

failed to reduce the oestradiol independent activity even at a concentration of 10 '6M. 

In contrast, increasing concentrations of 4-hydroxytamoxifen continually reduced 

the induction observed in the presence of oestradiol until it reached the level of the 

oestradiol independent activity at 10 '7M 4-hydroxytamoxifen. Further increases in 

the concentration of 4-hydroxytamoxifen beyond this point had no affect on the 

induction of CAT. Interestingly, when the human oestrogen receptor cDNA, pOR8, was 

subcloned into pJ3Q and tested in similar transfection experiments it gave rise to 

sim ilar inductions (2 fold) in the presence of oestradiol but had no activity in the 

absence of addded steroid. This result suggests that there may be an intrinsic 

difference between the human and mouse oestrogen receptor clones.

2lA  c o n c l u s i o n s .

This chapter has described the isolation and characterisation of cDNA clones 

corresponding to the mouse uterus oestrogen receptor mRNA. Nucleotide sequence 

analysis predicts the the full lenght cDNA encodes a 599 amino acid polypeptide that 

has a high overall homology with the rat (97%) human (88%), chicken (77%) and 

Xenopus (75%) oestrogen receptors. When expressed in vitro, the full lenght cDNA 

gave rise to a major protein product, of the predicted size for the oestrogen receptor, 

that bound oestradiol with a sim ilar affin ity (Kd = 1 0 _10M) to the endogenous 

receptor. Furthermore, when expressed by transient transfection into COS-1 cells, 

which lack endogenous oestrogen receptor, the mouse oestrogen receptor was able to 

stimulate a chimaeric reporter, containing an oestrogen response element derived 

from the vitellogenin A2 gene, in response to added oestrogens. Interestingly, this 

la tter assay also showed that the mouse oestrogen receptor had considerable 

oestradiol independent transactivational activity (between 3 and 40 fold) that was 

not reduced by addition of the anti-oestrogens 4-hydroxytamoxifen or tamoxifen.
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CHAPTER 4

B & W R P .B lP T in iM a l a

THE MOOSE OESTROGEN RECEPTOR,



4.1 IN TR O D U C TIO N .

The main aim of this chapter is to identify the sequences responsible for the 

transactiva tiona l activity of the mouse oestrogen receptor, using a deletion 

mutagenesis approach. In order to undertake this analysis it was first necessary to 

design a transient transfection system that was sufficiently responsive to allow 

assessment of the transcriptional activity of the receptor, and subsequent receptor 

deletion mutants.

4.2 ESTABLISHMENT OF A TRANSIENT TRANSFECTION ASSAY SYSTEM.

The results of experiments described in Chapter 3 suggest that transient 

transfection into COS-1 cells was not suitable for assessing the transcriptional 

activity of the receptor. In particular, an oestradiol dependent induction of less than 

5 fold was observed in these cells suggesting that it would be difficult to detect subtle 

differences in the transcriptional activity of mutants.

4 2 z l SELECTION OF A SUITABLE CELL LINE.

In order to develop a more sensitive assay system the ability of the receptor to 

stimulate pERE-TK-CAT was tested using a number of different cell lines. To ensure 

that the "oestradio l independent" activity observed in the in itia l transfection 

experim ents did not result from any residual steroid remaining in the stripped 

serum, all subsequent transfections were conducted using tamoxifen rescue; a method 

adopted by a number of groups when examining the activity of oestrogen responsive 

genes. This involves routine culture in 10*6M tam oxifen, a concentration of 

antioestrogen sufficient to fully compete with any endogenous steroids but not with 

the 10 '7M oestradiol used for hormone induction.

Rat 1, NIH 3T3 D4 and Tk_ L cells were each plated at a density of 4 x 105 per 

5 cm dish alongside with the control COS-1 cells. Each cell line was then transfected 

in quadruplicate with either 5 pg pSP6-TK-CAT + 2 pg pJ3£2, 5 pg pERE-TK-CAT + 

2 pg pJ3Q or 5 pg pERE-TK-CAT + 2 pg pJ3MOR using either DEAE dextran (in the 

case of COS-1 cells) or calcium phosphate precipitation. After 6 hours the cells 

were glycerol shocked and then cultured in duplicate in media containing 10*6M 

tam oxifen or 1 0 '6M tam oxifen + 10’ 7 M oestradiol. All four cell lines were 

harvested after 48 hours, when between 50 and 80% confluent, and the induced CAT 

activities (Figure 4.1) were determined using the method of Sleigh (1986).

In all the cell lines tested, the activity of pERE-TK-CAT in the absence of 

added receptor plasmid, was sim ilar to, or lower than, that of the progenitor 

reporter, pSP6-TK-CAT (See Figure 4.1a and c). This, and the observation that 

oestradiol did not significantly alter the basal activity, confirmed that the Rat 1, NIH
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FIGURE 4.1 Comparison of the relative magnitude of oestadiol independent and 

dependent receptor activities in COS-1. Rat 1. NIH 3T3 D4 and Tk- L cells.

The four cell lines were transfected as shown (4.1a) and then cultured in the 

presence of 1 0 '6M tamoxifen or 10"6M tamoxifen + 10 '7M oestradiol for two days 

prior to harvesting and determination of CAT activity (DPM). The values shown in this 

table are corrected DPM/30 pi extract and represent the average of duplicate dishes.

The magnitude of the relative oestradiol independent, oestradiol dependent and 

total induction factors for each cell line are shown in both numerical form (4.1b), 

where the basal activity of the reporter was taken to be the average of the minus and 

plus oestradiol values, and graphical form (4.1c).

f L la )

REPORTER pSP6-TK-CAT

pJ3Q

pERE-TK-CAT

pJ3Q

pERE-TK-CAT

pJ3MOR

OESTRADIOL - + - + - +

COS-1 2988 3195 1055 1819 7129 10121

Rat 1 1738 1196 321 395 8200 34097

NIH 3T3 D4 197 149 121 51 1398 17051

T k - L cells 29560 30660 13380 28680 226340 1123960

INDUCTION e2 INDEPENDENT e2 DEPENDENT TOTAL

COS-1 4 .7 1.4 6.6

Rat 1 2 4 4 100

NIH 3T3 D4 1 6 12 192

Tk- L cells 1 0 5 50
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pSP6-TK-CAT - 

and pJ3 + 

pERE-TK-CAT - 

and pJ3 + 

pERE-TK-CAT - 

and pJ3MOR +

□
□

-----1-----
1 0 0 0 0

----- 1-----
2 0000 30000

Rat 1 ce lls

pSP6-TK-CAT 

and pJ3 

pERE-TK-CAT 

and pJ3 

pERE-TK-CAT 

and pJ3MOR

+

+

0 1 0 0 0 0 20000 30000

NIH 3T3 D4

pSP6-TK-CAT 

and pJ3 

pERE-TK-CAT 

and pJ3 

pERE-TK-CAT 

and pJ3MOR

1 0000 2 0000 30000

T k - L C e lls

pSP6-TK-CAT - 

and pJ3 + 

pERE-TK-CAT - 

and pJ3 + 

pERE-TK-CAT - 

and pJ3MOR +
------ 1------
600000 1200000

The values along the x axis represent corrected DPM/30 pi extract and the - 

and + along the y axis indicate culture in the absence or presence of 1 0 '7M 

oestradiol. The data for L cells is plotted on a different scale from that of the COS-1, 

Rat 1 and NIH 3T3 D4 cells.



89

3T3 D4 and Tk* L cell lines contained little or no endogenous oestrogen receptor.

In good agreement with previous experiments, the receptor showed little 

activity in COS-1 cells, with only 1.4 fold oestradiol dependent inductions (Figure 

4.1b). In contrast, the receptor dependent stim ulation of pERE-TK-CAT was 

dramatically increased when analysed in the Rat 1, NIH 3T3 D4 or Tk* L cells (total 

inductions between 50 and 200 fold) although a large proportion of this activity 

remained independent of oestradiol (Figure 4.1a and b). Interestingly, the relative 

magnitude of the oestradiol independent and dependent activities varied considerably 

between these three cell lines. The NIH 3T3 D4 cells were finally selected as the test 

line because they displayed the largest oestadiol dependent induction of pERE-TK-CAT 

(16 fold) and yet the hormone independent induction remained sufficiently large (12 

fold) to detect the effects of mutations upon either of these activities.

4.2-2 OPTIMISATION OF THE REPORTER RESPONSE.

In 1987 Parslow et al. identified a octonucleotide sequence, similar to that 

found within the immunoglobulin gene promoters, -142 bp from the start site of 

transcription of the herpes simplex virus thymidine kinase (tk) promoter. Since 

this sequence has been found to inhibit the activity of nearby eukaryotic enhancers in 

non-B cells, a new chimaeric oestrogen responsive reporter was constructed which 

lacked the octomer sequence. Essentially, the oestrogen response element of pERE- 

TK-CAT was transferred into pBLCAT2, a CAT based reporter gene which contains the 

tk promoter sequences from -105 to +51 relative to the transcriptional start site 

(Luckow and Schutz, 1987). The resulting clones, pERE(R)-BLCAT and pERE(W)- 

BLCAT, contained a single oestrogen response element in either orientation relative to 

the promoter sequences. These reporters were then tested by transient transfection 

into NIH 3T3 D4 cells alongside the original pERE-TK-CAT (Figure 4.2).

In this experiment the hormone independent activity of the receptor was very 

low. A comparison of all transfection data (not shown) indicated that this activity 

was routinely reduced in cells harvested at 24 hours rather than at the usual 48 

hours. Despite this observation, it was clear that the levels of both the basal activity 

and the hormone independent inductions of pERE(R)-BLCAT and pERE(W)-BLCAT 

were sim ilar to those of pERE-TK-CAT. In contrast, the oestradiol dependent 

receptor activity was greatly increased when assayed using either pERE(R)-BLCAT 

or pERE(W)-BLCAT in place of pERE-TK-CAT. Since these two constructs had 

sim ilar activity pERE(R)-BLCAT (from now on referred to as pERE-BLCAT) was 

selected as the test reporter because it contains the response element in its natural 

orientation relative to the promoter sequences.



FIGURE 4.2 Comparison of the receptor activation of the reporters pERE-TK-CAT. 

pERE(R)-BLCAT and pERE(W)-BLCAT.

207
183
911

pERE-TK-CAT + pJ3ft +

pERE-TK-CAT + pJ3MOR 7597+

508
533
1048

pERE(W)-BLCAT + pJ3Q +

pERE(W)-BLCAT + pJ3MOR
37722+

453 

1073 
I  2091

pERE(R)-BLCAT + pJ3ft +

pERE(R)-BLCAT + pJ3MOR
43429+

1 0000 20000 300000 40000 50000

Average corrected CAT activity (DPM)

The NIH 3T3 D4 cells were transfected in quadruplicate with 5 pg of either 

pERE-TK-CAT, pERE(R)-BLCAT or pERE(W)-BLCAT and 2 pg of either pJ3Q or 

pJ3MOR. The cells were then glycerol shocked and cultured in media containing 

1 0 '6M tamoxifen, in the absence (-) or presence (+) of 10‘ 7M oestradiol, for 24 

hours prior to harvesting. The resulting levels of CAT activity were determined 

using the method of Sleigh (1986), corrected for background and then averaged for 

duplicate dishes.



4.2-3 TITRATION OF THE REPORTER RESPONSE TO INPUT RECEPTOR LEVELS

To accurately assess the effects of mutations upon the transcriptional activity 

of the receptor it was necessary to demonstrate that, under the test conditions used, 

the CAT activity produced from the reporter was directly proportional to the 

transcriptional activity of the receptor species. To select a suitable level at which to 

test deletion mutants, the reporter response was assayed over a range of input 

receptor levels. pERE-BLCAT (5 pg) was cotransfected with 0, 0.1, 0.3, 1 or 5 pg 

of pJ3MOR. In each case, pJ3Q was added to give a total of 10 pg of DNA to ensure 

that receptor expression at higher input levels was not affected by the limiting 

concentration of any cellular transcription factor(s). Since the glycerol shock was 

found to remove some of the cells in previous experiments, this step was omitted 

from the method. The cells were harvested after 48 hours induction in media 

containing 1 0 '6M tamoxifen in the absence (-) or presence (+) of 10*7M oestradiol 

and then assayed for both CAT activity and total protein concentration. These latter 

values were used to correct for variations in cell number between dishes and the 

relative CAT activities (average DPM/pg total protein) plotted against input receptor 

plasmid levels (Figure 4.3).

FIGURE 4.3 Titration of pERE-BLCAT response to increasing levels of input

IfiESPlPf-PlaSIML

0)

o
DC

30000

o. 2 0 0 0 0  -

CDn.
10000  -

2 3 4 61 50

+ Oestradiol 
- Oestradiol

Input levels of pJ3MOR (pg)

In this experiment, the oestradiol dependent induction increases in a linear 

manner with input pJ3MOR levels up to 0.5 pg, but begins to plateau as the input 

DNA levels exceeds this point. Thus, on the basis of these data 0.3 pg was selected as 

the optimum level of input receptor construct at which to test mutants.



4.3 IN ITIAL RECEPTOR MUTAGENESIS.

4JL1 STRATEGY.
The mutagenesis of both the oestrogen and glucocorticoid receptors, described 

in Chapter 1, supported the proposal that the zinc finger containing region, region C, 

and the large hydrophobic sequence, region E/F, contained the DNA and ligand binding 

domains respectively. However, when the mutagenesis of the mouse oestrogen 

receptor was initiated, only the glucocorticoid receptor deletion mutants had been 

tested for transcriptional activity (see Chapter 1). These analyses indicated that the 

DNA binding domain retained some residual activity but that the major activation 

domain was located within the N-terminus of the receptor. To determine whether the 

mouse oestrogen receptor functions in a similar manner, mutagenesis was initiated 

by the preparation of four basic deletion mutants lacking either the N-terminal 88 

or 120 amino acids, the C-terminal 283 amino acids or a combination of both N- and 

C-term inal deletions.

4.3-2 PREPARATION OF A EUKARYOTIC CASSETTE-VECTOR SYSTEM.

Before preparing receptor deletion mutants it was necessary to design a 

system which would allow the initiation and/or termination of N- and/or C-terminal 

deletions. This was achieved by modifying the eukaryotic expression vector, pJ3Q, 

to generate a three vector series, pJ3 ORF1, 2 and 3, which allows the initiation and 

term ination of any incomplete open reading cloned within the polylinker. These 

vectors were generated by subcloning double-stranded oligonucleotides. The first 

oligonucleotide pair, encoding termination codons in each of the three potential open- 

reading frames, was cloned as a Bgl ll-Kpn I fragment into the 3' end of the pJ3Q 

polylinker (Figure 4.4). The polylinker sequence of the resulting vector, pJ3 

TERM, was then verified by di-deoxy sequencing. Since a 14 base pair leader 

sequence appeared to be sufficient for efficient expression of the native receptor in 

transient transfection assays the translation start sites of pJ3 ORF1, 2 and 3 were 

generated using double-stranded oligonucleotides containing this leader sequence, the 

first three receptor codons and an additional 0, 1 or 2 base pairs of the mouse 

oestrogen receptor sequence. These were subcloned as Sal l-Bam HI fragments and 

then verified by di-deoxy sequencing (Sanger et al., 1977).

4.3-3 MUTANT PREPARATION.

The initial four deletion mutants (Figure 4.5) were prepared by subcloning 

convenient DNA fragments, from pMOR8 or pMORlOO into the appropriate pJ3 based 

expression vector, as described in Appendix 1. In each case the non-receptor coding 

sequence, generated between the N- and/or C-terminal endpoints and the initiation



93



FIGURE 4.4 Construction of the eukaryotic cassette vector system.

Oligonucleotides 9 4 '-JL and 942-JL were kinased with T4 DNA kinase and then 

annealed (by heating to 80CC and slow cooling) to generate the fragment:-

G T A C C G A T A T C T A A C G T G A G C T A G A G A T C
G C T A T A G A T T G C A C T C G A T C T

This fragment was subcloned into pJ3Q that had been digested with Kpn I and 

Bgl II and treated with calf intestinal alkaline phosphatase to prevent self ligation. The 

ligation mix was used to transform competent DH1 cells. The resultant clones were 

screened by m ini-preparation of DNA and restriction enzyme digestion for the 

presence of the Eco RV site contained within the double-stranded oligonucleotide. The 

polylinker sequence of a positive clone was subcloned into the M13 vector mp18 as a 

Hind Ill-Pst I fragm ent to allow the preparation of single-stranded template for 

sequencing. Both of the clones selected contained the predicted sequence. This vector, 

named pJ3 TERM, was then used to prepare pJ3 ORF1, 2 and 3. Oligonucleotides 858- 

JL/861-JL, 859-JL/862-JL and 860-JL/863-JL were kinased and annealed to 

generate three fragments:-

C G G C T G C C  A C T  T A C C  A T G  A C C  A T G  G G A T C  
A G C T G C C G A C G G T G A A T G G  T A C  T G G  T A C  C

C G G C T G C C  A C T  T A C C  A T G  A C C  A T G  A G G A T C  
A G C T G C C G  A C G G T G  A A T G G  T A C  T G G  T A C  T C

C G G C T G C C  A C T  T A C C  A T G  A C C  A T G  A C  G G A T C  
A G C T G C C G  A C G G T G A A T G G  T A C  T G G  T A C  T G C

These fragments were subcloned into pJ3 TERM which had been digested with 

Sal I and Bam HI and treated with calf intestinal alkaline phosphatase. Transformation 

of competent DH1 gave a 5-10 fold increase over background and the polylinker region 

of several independent clones was transferred as a Hind lll-Eco Rl fragment into mp18. 

The resulting plaques were used to prepare single-stranded DNA for dideoxy sequencing 

and clones containing the correct oligonucleotide sequence were selected.

The shading used for the sequences of the pJ3£2 based vectors is as follows:-

pBR ori. pBR322 ORIGIN OF REPLICATION 

p-LACTAMASE GENE

SV40 ORIGIN OF REPLICATION 
AND EARLY PROMOTER

’ / / / / / / /  \ \  \ \ \ \ \
• X /  /  s s /  s 
\  \  S \  N \  \

V / s / s s / s

'•/Z'SZ'Sts'Ss'-SZ-st

SV40 SMALL t 
INTERVENING SEQUENCE

SV40 LARGE T 
POLYADENYLATION SIGNAL
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and/or termination codons, were confirmed by dideoxy sequencing (see Appendix 1). 

The encoded proteins were named to indicate the receptor residues they retain, for 

example MOR121-315 describes a mutant receptor consisting of residues 121-315. 

The plasmid names of these mutants, for example pJ3 MOR121-315, also denote the 

origin of the backbone vector.

FIGURE 4 ,5 Diagrammatic representation of the initial receptor deletion mutants.

MOR wt

MOR89-599

MOR121-599

MOR1-339

MOR121-315

A B C D E F

C D E F

D

4.3-4 TESTING THE TRANSCRIPTIONAL ACTIVITY OF THE INITIAL MUTANTS.

The transcriptional activity of these four deletion mutants, relative to that of 

the wild-type receptor, was tested a number of times in NIH 3T3 D4 cells using the 

reporter pERE-BLCAT. Figure 4.6 shows the results of two such transfection 

experiments which were harvested either 24 or 48 hours after hormone treatment.

After 24 hours induction the oestradiol independent activity of the receptor 

was barely detectable (as previously observed) but the total stim ulation was 

sufficiently large to detect differences in the activity of deletion mutants. In this 

experim ent both C-term inal deletion mutants, MOR1-339 and MOR121-315, 

appear to be inactive. In contrast, the N-terminal deletion mutants, MOR89-599 

and MOR121-599, give rise to higher activities than the wild-type receptor. These 

observations suggest that the major transactivation domain of the mouse oestrogen 

receptor is located in the C-terminus of the protein and are therefore in sharp 

contrast to the results of the initial glucocorticoid receptor mutagenesis (described 

in Chapter 1).

After 48 hour hormone treatment it became poss: ible to detect a significant 

oestradiol independent activity (16 fold) arising from the wild-type receptor. The
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presence of this activity showed that the effects of N- and C-terminal deletions were 

not as simple as the previous experiment (24 hour induction) suggested. Whilst the 

oestradiol induced activity of MOR89-599 and MOR121-599 was considerably 

larger than that of the wild-type receptor, it is clear that these protein species do 

not retain wild-type activity since they displayed little activity in the absence of 

oestradiol (3 fold). In addition, the previously inactive C-terminal deletion mutant, 

MOR1-339, gave rise to a 5 fold constitutive stimulation of CAT activity. Despite its 

low activity (less than 1.5% of the wild-type total) it is possible that this mutant is 

equivalent to the constitutively active C-terminal deletion mutants of the rat and 

human glucocorticoid receptor described in Chapter 1. At these very low levels (3 

fold oestradiol independent for the N-terminal deletion mutants, 5 fold for MOR1- 

339 and 2 fold for MOR121-315) it is d ifficu lt to determ ine whether or not 

mutants are active. In order to assess whether these inductions are significant, pJ3 

MOR89-599, pJ3 MOR1-339 and pJ3 MOR121-315 were tested alongside wild- 

type over the full range of input receptor plasmid levels. The transfection was 

performed with 0.5 pg of pJ3pgal in addition to the normal 10 pg of total DNA per 5 

cm dish. The (3-galactosidase activity arising from this plasmid was used in this, and 

all subsequent experim ents, as an internal control for both cell number and 

transfection efficiency.

While the results of this experiment remained entirely consistent with the 

previous transfection data, the increased magnitude of the hormone independent 

inductions was sufficient to distinguish between active and inactive mutants. Despite 

the high efficiency of this transient transfection, with maximum induction factors 

reaching almost 1000 fold, MOR121-315 failed to show any significant stimulation 

of the reporter pERE-BLCAT (data not shown). The relative CAT activities induced by 

MOR89-599, MOR1-339 and the wild-type receptor are shown in Figure 4.7a. The 

oestradiol independent inductions are also shown on a expanded scale (4.7b) to allow 

better comparison of the effect of mutations on this activity.

While the total activity of MOR89-599 was sim ilar to that of the wild-type 

receptor, the data shown in 4.7b supports the previous conclusion that deletion of the 

N-terminal receptor sequences abolishes the oestradiol independent transcriptional 

activity. In addition, the constitutive activity of the C-term inal deletion mutant, 

MOR1-339, was of sufficient magnitude to account for this oestradiol independent 

activity. Since MOR121-315 was inactive these results suggested that the receptor 

contains two discrete transactivation domains. The first is contained within the N- 

terminal receptor sequences and appears to function in the absence of any added 

oestradiol. The second domain is contained within the C-terminal portion of the 

receptor and is entirely dependent upon oestradiol for its activity.



FIGURE 4.7 Analysis of MOR89-599 and MOR1-339 stimulation of pERE-BLCAT 

for input receptor plasmid levels of 0-5 yia.
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NIH 3T3 D4 cells were transfected in duplicate with 5 ^ig pERE-TK-CAT, 0.5 

pg pJ3pgal, 0, 0.1, 0.3, 1, 3 or 5 pg of receptor plasmid and added pJ3Q to give a 

total of 10.5 pg of DNA. The cells were then cultured in 10 '6M tamoxifen or 10 '6M 

tamoxifen + 10’7M oestradiol for two days prior to harvesting and determination of 

CAT and p-galactosidase activity. The relative CAT activity shown represents the 

average DPM/unit p-galactosidase activity of duplicate dishes. For MOR1-339 the 

relative CAT values were not altered in the presence of oestradiol and the relative CAT 

activity shown is an average of the minus and plus oestradiol duplicates.

The oestradiol independent and total activities of MOR89-599 and MOR1- 

339, relative to those of the wild-type receptor, are plotted in Figure 4.7a. Figure 

4.7b shows the oestradiol independent activity of these mutants on an expanded scale.



4.4 THE EFFECT OF THE REPORTER ON THE ACTIVITY OF THE RECEPTOR.

4.4-1 STRATEGY.

In the light of the high degree of homology found between the oestrogen and 

g lucocortico id receptors, the apparent difference in the location of the major 

transactivation domain was surprising. It was therefore considered possible that the 

number and location of transactivation domains is conserved throughout the steroid 

receptor superfam ily but that their activity is modulated by the nature of the 

upstream elements present within the test promoter. To determine whether the 

activity and therefore, the apparent location of the oestrogen receptor transactivation 

domains is influenced by the promoter environment, the receptor deletion mutants 

were tested for their ability to activate a second oestrogen responsive reporter. In 

order to eliminate the possibility that any alterations in activity might arise from 

changes in the nature of the receptor binding site, the vitellogenin A2 promoter was 

selected as the most suitable test system. The reporter plasmid used for this study, 

pA2(-821 /+14)C A T (K le in -H itpaB  et al., 1986; kindly provided by G. Ryffel), 

contains the vitellogenin A2 promoter sequences from -821 to +14 cloned upstream 

of the CAT marker gene (see Chapter 1, Section 1.3-2).

TESTING RECEPTOR ACTIVATION OF pA2(-821/+14)CAT.

Before testing the receptor deletion mutants, the activity of this reporter was 

tested over a range of input w ild-type receptor levels (Figure 4.8) in a sim ilar 

manner to pERE-BLCAT. In these experiments, the oestradiol induced activity of 

pA2(-821/+14)CAT was very much reduced relative to that of pERE-BLCAT. This 

reduction is likely to result from both the activity of the inhibitory elements and the 

lower number of positive UPE's contained w ithin this prom oter (Chapter 1). 

However, the basal activity of pA2(-821/+14)CAT was sufficiently high to show 

that the receptor failed to activate this reporter in the absence of added oestradiol.

Because of the reduced activity of this promoter the receptor deletion mutants 

were tested, alongside the wild-type receptor, using 1 pg of input receptor plasmid 

(Figure 4.9). As before, the receptor was unable to stimulate pA2(-821/+14)CAT 

in the absence of added oestradiol. Consistent with this observation, the C-terminal 

deletion mutant, MOR1-339, was com plete ly inactive in these experim ents, 

suggesting that the N-terminal domain was unable to activate transcription of the 

vitellogenin promoter. However, deletion of the N-terminal 88 or 120 amino acids 

of the wild-type receptor reduced its oestradiol dependent activity from 20 to only 3 

fold. This would therefore suggest that the N-terminal transactivation domain is 

required for maximal stim ulation of the v ite llogenin  A2 prom oter but that it 

cooperates in some manner with the C-terminal domain.



FIGURE 4.8 Titration of pA2(-821/+14)CAT response to increasing levels of input

receptor plasmid.
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Input levels of pJ3MOR (jj.g)

pA2(-821/+14)CAT (5 pg) was transiently transfected into NIH 3T3 D4 

cells along with 0.5 pg pJ3pgal, 0.1, 0.3, 1, 3 or 5 pg of pJ3MOR and sufficient 

pJ3Q to give a total of 10.5 pg of DNA per 5 cm dish. Duplicate dishes were cultured 

for 48 hours in phenol red-free media, containing 10_6M tamoxifen (- oestradiol) 

or 1 0 '6M tamoxifen plus 10*7M oestradiol (+oestradiol), prior to harvesting. The 

resulting relative CAT activity were corrected for backgroud counts, normalised for 

transfection efficiency (using the p-galactosidase activity) and then averaged for 

duplicate dishes.



FIGURE 4.9 Transactivation of pA2(-821/+14^CAT bv the mouse oestrogen

receptor deletion mutants.
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INDUCTION
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MOR wt A B C D E F 1 20

MOR89-599 C D E F 1 3

MOR121-599 C D E F 1 3

NIH 3T3 D4 cells were transfected in quadruplicate with 5 pg of pA2(- 

821/+14)CAT, 0.5 pg of pJ3p-gal, 3.5 pg of pJ3Q and 1 pg of either pJ3Q, 

pJ3MOR, pJ3MOR89-599, pJ3MOR121-599 or pJ3MOR121-315. The cells were 

then cultured in duplicate for 48 hours in phenol red-free DMEM containing 10% 

DCFCS and either 10‘6M tamoxifen or 10"6M tamoxifen + 10 '7M oestradiol.

The resulting levels of CAT activ ity were corrected for background, 

normalised for transfection efficiency (using the p-galactosidase values) and then 

averaged for duplicate dishes. The induction factors were calculated by dividing the 

relative CAT activity of each mutant by the average of the minus and plus oestradiol 

values of pA2(-821/+14)CAT alone.



4.5 SEPARATE ANALYSIS OF THE TWO TRANSACTIVATION DOMAINS.

4.5-1 STRATEGY.

The extensive mutagenesis of cloned transcription factors has shown that these 

proteins are generally modular in structure and that the activation region(s) remain 

active when linked to a heterologous DNA binding domain (see Chapter 1). By 

generating similar fusion contructs it should therefore be possible to confirm that 

the N- and C-terminal sequences of the mouse oestrogen receptor contain discrete, 

independently functioning activation domains. In order to conduct these experiments 

R. Treismann kindly provided pSVpLEX, a pUC12 based plasmid that contains the 

coding sequence of the 87 amino acid DNA binding domain of Lex A (see Appendix 1, 

Figure A1.4).

MUTAGENESIS.

pSVpLEX is not a eukaryotic expression vector but it contains both the SV40 

enhancer and the p-globin promoter fused to the coding sequence of the N-terminal 

87 amino acids of Lex A. Although the initial aim was to generate chimaeric fusion 

constructs in the pJ3Q based eukaryotic expresssion vectors, the method used to 

generate pSVpLEX makes it impossible to isolate the Lex A coding sequence intact. 

However, by transferring an in-frame termination codon, SV40 small t intervening 

sequence and large T polyadenylation signal from pJ3 TERM into pSVpLEX (see 

Appendix 1) it was possible to modify this plasmid to form the expression vector, 

pLex DBD.

The chimaeric constructs, pLex-MOR N180 and pLex-MOR C315, were both 

prepared using convenient restriction enzyme sites as described in Appendix 1. 

Essentially, sequences encoding residues 1-180 (regions A and B) or 315-599 

(regions E and F) of the mouse oestrogen receptor were transferred to the C- 

terminus of the Lex A DNA binding domain using Hind III linkers to maintain the 

correct open reading frame. The encoded fusion proteins, Lex-MOR N180 and Lex- 

MOR C315, therefore contain a short linking sequence (VDLQPKLGLPLT or VDLQPKL 

respectively) between the Lex A DNA binding domain and the putative transactivation 

domains.

4.5-3 TESTING THE TRANSCRIPTIONAL ACTIVITY OF THE CHIMAERAS.

Experiments described in the preceeding sections have shown that the activity 

of the two oestrogen receptor transactivation domains is dependent upon the test 

reporter system used. While they independently activate the reporter pERE-BLCAT, 

activation of pA2(-821/+14)CAT appears to require a cooperative interaction of 

these two domains. This suggests that the activity of the Lex A-receptor chimaeras



may also vary according to the reporter but they are likely to activate one containing 

the tk promoter sequences. It was therefore decided to modify pERE-BLCAT to 

generate a new Lex A reporter system rather then testing the mutants ability to 

activate existing reporters. Essentially, the oestrogen response element of pERE- 

BLCAT was replaced with a single Lex operator, GTACTGTATGTACATACAGTAC, to 

generate the reporter pLex OP-BLCAT.

The fusion proteins were tested for their ability to activate pLex OP-BLCAT, 

relative to the control Lex A DNA binding domain, by transient transfection into NIH 

3T3 D4 cells. The results of one such transfection are shown in Figure 4.10.

In the absence of oestradiol the wild-type receptor gave rise to a 5 fold 

stimulation of pERE-BLCAT. This activity was increased by a further 10 fold upon 

the addition of oestradiol. As expected the basal activity of pLex OP-BLCAT was very 

similar to that of pERE-BLCAT (data not shown). Cotransfection with pLex DBD did 

not aiter this basal activity confirming that the Lex A DNA binding domain itself does 

not retain any transactivational activity. Surprisingly, when fused to the Lex A DNA 

binding domain, the N-terminal 180 receptor residues failed to stimulate pLex OP- 

BLCAT. However, analysis of the C-terminal fusion protein, Lex-MOR C315, showed 

that this mutant was capable of increasing the levels of CAT activity in an oestradiol 

dependent manner, with a sim ilar activity (42 fold) to that observed for the wild- 

type receptor (51 fold) in the same experiment. Furthermore, in contrast to the 

wild-type, this mutant was completely inactive in the absence of oestradiol. This 

therefore confirms that the C-terminal receptor sequences contain an oestradiol 

dependent transactivation domain that can function in the absence of any other 

receptor residues. In addition this result suggests that the N-terminal boundary of 

both this transactivation domain and the ligand binding domain lies either at, or C- 

terminal of, residue 315.

The apparent inactivity of the N-terminal fusion protein, Lex-MOR N180, 

may result indirectly from incorrect protein folding, subcellular localisation or lack 

of DNA binding, rather than lack of transcriptional activity. To try and eliminate 

these possibilities the N- or the C-teminal fusion constructs were cotransfected with 

an SV40-CAT based reporter plasmid, VV(X)CO (kindly provided by K. Yamamoto), 

which contains a single Lex A operator positioned over the CAP site of the SV40 

promoter (Godowski et al., 1988). Whilst functional proteins containing the Lex A 

DNA binding domain should repress the levels of CAT activity arising from this 

reporter, neither pLex-MOR N180 or the positive control (pLex-MOR C315 in the 

presence of oestradiol) altered its activity (data not shown). Therefore these 

experiments failed to yield any information as to why pLex-MOR N180 is unable to 

stimulate the rate of transcription of pLex OP-BLCAT.
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FIGURE 4.10 Analysis of the chimaeric receptor proteins.
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NIH 3T3 D4 cells were transfected in quadruplicate with 0.5 jig  of pJ3(3-gal,

4.2 jig  of pJ3Q and either 5 pg of pERE-BLCAT + 0.3 pg of pJ3Q/pJ3MOR or 5 pg 

pLex OP-BLCAT + 0.3 pg pLex DBD/pLex-MOR N180/pLex-MOR C315. The cells 

were then cultured in duplicate for 48 hours in phenol red-free media containing 

either 10 '6M tamoxifen or 10 '6M tamoxifen + 10 '7M oestradiol.

The resulting levels of CAT activ ity were corrected for background, 

normalised for transfection efficiency (using the p-galactosidase values) and then 

averaged for duplicate dishes. The induction factors were calculated by dividing the 

relative CAT activity of each mutant by the average of the minus and plus oestradiol 

values of the reporter alone.
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4.6 MAPPING THE C-TERM INAL TRANSACTIVATION DOMAIN.

4.6-1 FURTHER MUTAGENESIS.

The chimaeric receptor experiments have demonstrated that the C-terminal 

portion of the receptor contains a discrete oestradiol dependent transactivation 

domain, the N-terminal boundary of which lies either at, or C-terminal of, residue 

315. In order to map the C-terminal boundary of this domain progressive deletion 

mutants were prepared from pJ3 MOR121-599 using either unique restriction 

enzyme sites or Bal 31 nuclease digestion as described in Appendix 1. The resultant 

fragments were subcloned into pJ3 TERM using Eco Rl linkers, and the deletion 

endpoints and additional non-receptor coding sequences were determined by M13 

single-stranded dideoxy sequencing (see Appendix 1). As before, the mutants 

plasmids and the encoded proteins were named according to the receptor residues they 

retain (see Figure 4.11).

4.6-2 TESTING THE COMPLETE DELETION MUTANT SERIES.

The transcriptional activity of the complete series of deletion mutants was 

tested by cotransfection with pERE-BLCAT and pJ3(3-gal into NIH 3T3 D4 as 

previously described. Figure 4.11 shows the induction factors determined for such 

transfection assay.

In this experiment the wild-type receptor gave rise to large inductions in 

both the absence (55 fold) and presence (461 fold) of oestradiol and the activity of 

the initial deletion mutant series was consistent with previous results. As expected, 

since they lacked the N-terminal domain, the new deletion mutants were all unable to 

stimulate pERE-BLCAT in the absence of oestradiol. W hilst a number of these 

mutants retained significant oestradiol dependent activity, the progressive deletion of 

C-term inal sequences from MOR121-599 resulted in sequential reduction in the 

magnitude of this response. This makes it difficult to accurately assign a C-terminal 

boundary to this oestradiol dependent transactivation domain. However, both 

MOR121-569 (retaining 13 residues of region F) and MOR121-552 (lacking 4 

residues of region E) gave rise to large inductions (672 and 193 respectively) 

suggesting that these mutants retain all or the majority of this domain. In contrast, 

deletion of 18 residues of region E (MOR121-538) results in almost complete loss 

of oestradiol dependent activation and the deletion of a further 31 amino acids 

(MOR121-507) abolishes it completely. These results suggest that residues 

between 552 and 538 play a major role in the function of this domain although the 

reduction in activity resulting from the deletion of amino acids between 569 and 552 

suggests that sequences within this region may contribute to the magnitude of the 

response. However, since the C-terminal transactivation domain is only active in the



FIGURE 4.11 Transcriptional activation of pERE-BLCAT bv the mouse

oestrogen receptor deletion mutants.
INDUCTION

Oestradiol Total 
Independent

MOR121-315 

MOR121-339 

MOR121-384 

MOR121-403 

MOR121-428 

MOR121-498 

MOR121-507 

MOR121-538 

MOR121-552 

MOR121-569

D

D

c D

c D

C D

MOR wt A B C D E F

MOR89-599 C D E F

MOR121-599 C D E F

MOR1-339 A B C D

C D

C D

C D

C D E

55 461

3 846

2 888

10 11

8

193

672

NIH 3T3 D4 cells were transfected in quadruplicate with 5 pg of pERE-BLCAT 

0.5 pg of pJ3J3-gal, 4.2 pg of pJ3Q and 0.3 pg of either pJ3Q/ pJ3MOR, or the 

receptor deletion mutants. The cells were then cultured in duplicate for 48 hours in 

phenol red-free DMEM containing 10% DCFCS and either 10 '6M tamoxifen or 10* 

6M tamoxifen + 10 '7M oestradiol.

The resulting levels of CAT activ ity were corrected for background, 

normalised for transfection efficiency (using the p-galactosidase values) and then 

averaged for duplicate dishes. The induction factors were calculated by dividing the 

relative CAT activity of each mutant by the average of the minus and plus oestradiol 

values of pERE-BLCAT alone.



presence of oestradiol, the essential sequences identified may form a portion of the 

ligand binding domain rather than being directly required for transactivation. Thus, 

the ligand binding properties of these mutants must be determined before the C- 

terminal boundary of this domain can be ascribed.

4.7 IN  VITRO ANALYSIS OF RECEPTOR DELETION MUTANTS.

4 Z i l  STRATEGY.

A number of attempts have been made to determine the ligand binding activity 

of cytosol preparations from transiently transfected cells. However, it has not been 

possible to detect even the wild-type receptor in these experiments (data not shown) 

suggesting that the average receptor levels are extremely low. To determine the 

effic iency of transfection 5 cm dishes of NIH 3T3 D4 cells were transiently 

transfected with 0.5 pg of pJ3(3-gal and 9.5 pg pJ3£2 and then cultured for 48 hours 

before being fixed and stained for p-galactosidase activity. These experiments showed 

that the DNA was taken up by approximately 1 in every 100 cells (data not shown). 

This efficiency is sufficiently high to suggest that it could not be greatly improved 

upon and that it would therefore not be possible to directly test the ligand binding 

activity of transiently transfected receptor species. However, previous experiments 

(described in Chapter 3, Section 3.3-1) have shown that the in vitro transcription 

and translation of the wild-type mouse oestrogen receptor produces a major protein 

product, of the correct size for the receptor, that binds oestradiol with high affinity. 

This system was therefore selected to examine the ligand and DNA binding properties 

of the deletion mutant series.

4.7-2 IN VITRO TRANSLATION.

To prepare cRNA for in vitro translation, each mutant was transferred, along 

w ith the in itia tion  and/or term ination  sequences, into a su itab le  in vitro  

transcription vector. The inserts were therefore subcloned as either Hind lll-Eco Rl 

fragm ents (MOR89-599 and MOR121-599) or Hind lll-B g l II fragm ents (all C- 

terminal deletion mutants) into pSP64 which had been digested with Hind III and Eco 

Rl or Hind III and Bam HI, and treated with calf intestinal alkaline phosphatase. 

Mutants generated using the Bal 31 nuclease contained an internal Bgl II site and 

were isolated by partial Bgl II digestion. The resulting plasmids, named pSPMOR, 

were verified by restriction enzyme digestion and linearised with either Eco Rl or 

Sst I prior to cRNA synthesis.

Initially each mutant was translated in a rabbit reticulocyte lysate system in 

the presence of [35S]methionine and the resulting proteins examined by SDS-PAGE 

alongside labelled protein markers (Figure 4.12). The translations gave rise to a



FIGURE 4 .1?  SDS-Polvacrvlam ide gel e lectrophoresis of the in vitro  translated

mouse oestrogen receptor deletion mutant series.

14 —  -

Capped RNA was synthesised using SP6 polymerase and translated in a rabbit 

reticulocyte lysate containing [35S]methionine. 1 jil aliquots of control lysate (Con 

RRL) or in vitro translated receptor were analysed on 10% (wt/vol) acrylamide 

gels and the resultant bands visualised by fluorography. Mutants *1 and *2 will be 

described in Chapter 5.



major protein product that corresponded to at least 80% of the total protein 

produced. In all cases this species was of the predicted size for the mutant receptor.

4.7-3 LIGAND BINDING ACTIVITY OF THE RECEPTOR DELETION MUTANTS.

The ligand binding activity of in vitro synthesized receptor deletion mutants

was tested in collaboration with S. Fawell (ICRF). Translations were routinely

carried out in parallel in the absence and presence of [35S]methionine and the yield

of labelled reactions analysed on SDS-PAGE gels prior to testing unlabelled

translation products for oestradiol binding. Receptor containing translations were

initially incubated in duplicate with 10*9M [125l]lodoestradiol in the presence or

absence of an excess of the unlabelled competitor, diethylstilbestrol (Figure 4.17).

As expected, deletion of the N-terminal receptor sequences generated mutants which

bound oestradiol with high specificity. In addition, this assay showed that C-terminal

receptor residues could be deleted to 538 without apparent loss of ligand binding

activity, although subsequent deletion to 507 (MOR121-507) abolished oestradiol

binding. Whilst these results suggest that the reduced transcriptional activity of 
not

MOR121-538 d id yesu lt indirectly from a disruption of the ligand binding domain, 

the concentration of [125l]lodoestradiol used in these experiments (10 fold higher 

than the apparent Kd of the in vitro translated wild-type receptor) may have failed 

to detect an alteration in the affinity of the MOR121-538 for oestradiol. Oestradiol 

binding was therefore assessed over a range of input ligand concentrations to 

determine binding constants for the in vitro translated mutant receptor species. 

Figure 4.13a shows oestradiol binding curves and Scatchard analyses for the C- 

term inal deletion mutants, MOR121-552 and MOR121-538 alonside those of the 

wild-type receptor. Kd's were also determined for MOR121-599 and MOR121-569 

and the final values for all of these mutants are shown in Figure 4.13b.

Deletion of 121 N-term inal (MOR121-599) and/or up to 47 C-term inal 

(M OR121-552) residues did not a lter the affin ity of the in vitro  translated 

receptor for oestradio l. Deletion of a further fourteen C-term inal residues 

(MOR121-538) reduced the affinity of the receptor for oestradiol from 0.1 OnM to 

0.30nM but under the conditions of the transient transfection this mutant should be 

fully saturated with oestradiol. The next deletion mutant, MOR121-507, had no 

detectable oestradiol binding activity, even at concentrations exceeding 10 nM. These 

results therefore suggest that the C-terminal boundary of the ligand binding domain 

is located between residues 538 and 507 and that the loss of transcriptional activity 

observed on deletion to 538 results from loss of residues which directly contribute 

to the C-terminal transactivation domain.



FIGURE 4.13 Liaand binding activity of the C-terminal receptor deletion mutants
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Receptor deletion mutants were translated in vitro and 5pJ aliquots were 

incubated overnight in duplicate with the indicated concentration of ligand. Free 

steroid was then removed using dextran-coated charcoal. Non-specific binding 

(typically less than 2%), measured in the presence of an excess of the unlabelled 

competitor diethylstilbestrol, was subtracted and the values shown are for specific 

binding. 4.13a) shows typical binding curves and Scatchard analyses for MOR121- 

552 (2) and MOR121-538 (3) alongside those of the w ild-type receptor (1). In 

the inset b/f represents the ratio of bound to free probe. The lower number of 

binding sites for MOR121-538 in this figure reflects the reduced amounts of input 

protein. 4.13b) shows the calculated dissociation constants for these mutants and 

also MOR121-599 and MOR121-569.

MOR121-552 (2) 
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4.7-4 DNA BINDING ACTIVITY OF THE RECEPTOR DELETION MUTANTS.

In order to analyse the effects of ligand binding on the DNA binding activity of 

the mouse oestrogen receptor, a band shift assay was established using a 35 base pair 

oligonucleotide derived from the oestrogen response element of the Xenopus laevis 

vitellogenin A2 promoter as the probe (S. Fawell, ICRF). When tested in this assay 

the in vitro translated wild-type receptor gave rise to an ERE-receptor complex in 

the absence of any oestradiol (Figure 4.14a, Lane 1). This complex could be 

specifically competed with an 20 fold excess of unlabelled ERE (Figure 4.14a, Lane 

6) and "supershifted" by the antisera MP16, which was raised against a peptide 

derived from residues 130-142 of the mouse oestrogen receptor, (Figure 4.14a, 

Lane7) indicating that it was due to receptor and not an unrelated protein. While the 

addition of hormone had no effect on the intensity of the shifted complex the agonists 

oestradiol and diethylstilbestrol generated reproducibly faster migrating species 

(Figure 4.14a, Lanes 2 and 5). In contrast, the anti-oestrogens, tamoxifen and ICI 

164384, reduced the mobility of receptor-ERE complex relative to the unliganded 

receptor (Figure 4.14a, Lanes 3 and 4).

Although this result suggests that oestradiol does not alter the affinity of the 

in vitro translated receptor for the response element, the single probe concentration 

used in this first experiment (2.5 nM) may not have been low enough to detect subtle 

alterations in binding activity. The amount of complex formed in the absence and 

presence of oestradiol was therefore tested over a range of probe concentrations from 

0.125 to 12.5 nM (Figure 4.14b). At all concentrations the unliganded and 

oestradiol-complexed receptor shifted equivalent amounts of probe, clearly showing 

that oestradiol does not alter the affinity of the in vitro synthesised receptor for its 

response element.

The highly specific, oestrogen independent, ERE-binding activity of the wild- 

type receptor observed in these experiments suggested that the band shift assay might 

be sufficiently sensitive to allow a quantitative assessment of the DNA binding 

properties of the receptor deletion mutants. Initially, in vitro translated receptor 

deletion mutants were tested using a single concentration (1 nM) of labelled ERE 

probe (Figure 4.15). Deletion of the N-terminal receptor sequences (MOR89-599 

and MOR121-599) or up to 61 C-terminal residues (MOR121-569, MOR121-552 

and MOR121-538) resulted in mutant-ERE complexes with increased mobility, 

consistent with their decreased size. The intensity of these complexes was similar to 

that of the wild-type receptor suggesting that these mutants retained similar DNA 

binding activity. However, deletion of further C-terminal residues to 507 abolished 

receptor-ERE complex formation although the deletion endpoint was located over 200





FIGURE 4,14 Effect of ligand upon the ERE binding activity of the in vitro translated

m ouse oestrogen receptor,

The mouse oestrogen receptor was transcribed and translated in vitro using the 

optimum conditions established in Chapter 3. 1 pi unlabelled aliquots were then tested 

in the band shift assay (as described in the methods) using a 35 bp [32P ]-labe lled  

double stranded oligonucleotide probe (5'-CT AG A AAGT C AGGT CAC AGT G ACCT GAT C AAT-3') 

which encompasses the oestrogen response element of the Xenopus laevis vitellogenin 

A2 promoter.

Figure 4.14a.

The binding reactions were carried out with 0.5 ng of probe after preincubation

w ith : -

lane 1, no added hormone; 

lane 2, 10’8M oestradiol; 

lane 3, 10_6M tam oxifen; 

lane 4, 10 ‘ 7M ICI 164384; 

lane 5, 1 0 '7M d ie thy ls tilbestro l; 

lane 6, 20 ng unlabelled ERE; 

lane 7, 2 pi MP16.

Figure 4 .14b.

After preincubation in the absence (-) or presence (+) of 10 '8M oestradiol the 

in vitro translated receptor was tested with ERE probe concentrations of:-

lane 1, 2.5 fmol; 

lane 2, 5 fmol; 

lane 3, 25 fmol; 

lane 4, 100 fmol; 

lane 5, 250 fmol.
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FifiHRE 4.15 DNA binding activity of the mouse oestrogen receptor deletion mutants

Control lysate (Con RRL) or unlabelled in vitro translated receptor deletion 

mutants were tested in the band shift assay with 0.5 ng of the 35 base pair ERE- 

containing probe. The levels of input receptor (0.5-2 pi) were normalised by 

analysing the amount of [35S]methionine-labelled receptor synthesised in parallel 

translations.

Mutant *1 will be described in Chapter 5.



amino acids away from the DNA binding domain (see Chapter 1, Section 1.4-2).

The non-binding mutants have been retested with probe concentrations up to 

10OnM and M O R121-507, M O R121-428, M O R121-403, M O R121-384 and 

MOR121-315 consistently failed to give any detectable complex formation in the 

band shift assay (data not shown). Although MOR121-339 failed to give any 

detectable complex formation when initially tested (Figure 4.15) further analysis 

showed that this mutant contains sufficient sequences to bind specifically to the 

oestrogen response element when tested at higher probe concentrations (Figure 

4.16). This activity is highly variable and appears to be dependent upon an 

extremely high efficiency of translation as well as the concentration of the probe.

To determine their affinity for the ERE the receptor deletion mutants were 

tested in band shift experiments over a wide range of probe concentrations. Figure 

4.16a shows examples of such assays conducted with the wild-type receptor and the 

small DNA binding mutant, MOR121-339. Apparent Kd's were then calculated by 

Scatchard analysis of the concentrations of bound and free probe (Figure 4.16b).

In these experiments the wild-type receptor and the transcriptionally active 

deletion mutants, MOR121-599, MOR121-569 and MOR121-538 all bound to the 

concensus oestrogen response element with an affin ity of approximately 1 0 '9M 

(Figure 4.16). In contrast, the small DNA binding mutant, MOR121-339, binds to 

the ERE with more than 10 fold reduced affinity. These results therefore indicate 

that a region between residues 507 and 538 of the hormone binding domain increases 

the affin ity of the receptor for its response element. Like ligand binding this 

observation must be taken into account when interpreting the transient transfection 

data.

4.8 CONCLUSIO NS

The aim of this chapter was to use deletion mutagenesis to map the regions of 

the mouse oestrogen receptor that are responsible for transcriptional activation. 

This analysis suggests that the receptor contains two discrete transactivation 

domains. The major domain is present in the C-terminal portion of the receptor and 

is dependent upon oestradiol for its activity. By fusing this region to the DNA binding 

domain of the bacterial repressor Lex A, it has been possible to demonstrate that it 

can function in the absence of other receptor sequences although it clearly overlaps, 

and is partial dependent upon, the ligand binding domain. However, these two domains 

are not entirely coincident since deletion of the 14 receptor residues between 552 

and 538 (PLYDLLLEMLDAHR) results in an appreciable loss of transactivation with 

little  a lteration in the receptors a ffin ity for oestradio l (F igure 4.17). Since 

MOR121-552 and MOR121-538 also bind to the oestrogen response element with
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FIGURE 4.16 DNA binding affinity of the wild-type receptor and MOR121-339.

The wild-type receptor and the small DNA binding mutant, MOR121-339, were 

translated in vitro and then analysed in the band shift assay over the indicated range of 

ERE probe concentrations (left hand panels). In both cases the higher concentrations 

(6 and 12 ng of ERE) were generated by diluting the labelled ERE probe with unlabelled 

double-stranded oligonucleotide. This accounts for the apparent peak in the amount of 

complex formation at 2 ng of probe and then gradual reduction In detectable complexes 

at 6 and then 12 ng. The resultant gels were fixed and dried and the levels of 

radioactivity contained within the receptor-ERE complexes and the unbound ERE probe 

quantitated by directly scanning the gel with an Ambis Systems p-scanner. Control 

lysate was also tested at each probe concentration (data not shown) and the equivalent 

position in this control lysate gel was scanned to determine the background counts for 

each of the bound probe values. The corrected bound probe values were then adjusted to 

account for any reduction in specific activity resulting from dilution of the probe and 

used to plot the binding curves and Scatchard analyses shown in the right hand panels.

In the inset, b represents the concentration of bound probe and b/f the ratio of bound to 

free probe.
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wild-type affinity (Figure 4.17) these 14 residues must directly contribute to the 

C-term inal transactivation domain. The precise role of ligand binding in the 

activation of this domain is not clear but the increased mobility of the receptor-ERE 

complex suggests that the agonist binding causes the receptor to undergo a 

conformational change. This may result in the formation and/or exposure of the 

C-terminal transactivation domain. In contrast, the antagonist tamoxifen decreases 

the mobility of the receptor-ERE complex suggesting that it induces a distinct 

conformational change that allows specific DNA binding but precludes the formation 

of a functional C-terminal activation domain.

The activity of the second, N-terminal, transactivation domain is much less 

well defined. When tested for its ability to stimulate pERE-BLCAT the N-terminal 

domain functioned in an oestradiol independent manner that was sufficient to account 

for the hormone independent activity of the w ild-type receptor in the same 

experiment. However it has not been possible to map the boundaries of this domain 

or demonstrate that it can function in the absence of other receptor sequences since it 

remained completely inactive when fused to the Lex A DNA binding domain.

Finally, these transient transfection experiments have shown that a number 

of the receptor deletion mutants differentially activate the target reporters pERE- 

BLCAT and pA2(-821/+14)CAT. When tested for its ability to activate the 

v ite llogenin  prom oter sequences of pA2(-821/+14)CAT the N-term inal domain 

failed to function independently, accounting for the lack of hormone independent 

activity observed for the wild-type receptor in this test system. However, the N- 

term inal portion is not dispensible since maximal activation of the vitellogenin 

prom oter sequences of pA2(-821/+14)CAT required a cooperative interaction 

between the N- and C-terminal transactivation domains. Since the single oestrogen 

response element of pA2(-821/+14)CAT is identical to that of pERE-BLCAT, the 

differential activity of receptor deletion mutants suggests that the activity of these 

two transactivation domains is modulated by the upstream elements present within 

the test promoter.
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5.1 IN T R O D U C T IO N .

Analysis of the mouse oestrogen receptor deletion mutants in the band shift 

assay (Chapter 4.7-4) demonstated that:-

a) whilst residues 121-339 are sufficient to bind specifically to the oestrogen 

response element, this binding occurs with more than 10 fold reduced affinity 

relative to the wild-type receptor,

b ) high affinity binding is dependent upon sequences within the C-terminus of the 

receptor that are located between 507 and 538.

It was therefore proposed that this C-terminal domain is responsible for 

receptor dimerisation and that this is essential for high affinity DNA binding. The 

aim of this chapter is to identify the extent of this C-term inal region and to 

determine its role in receptor dimerisation and/or DNA binding. This work was 

carried out in collaboration with S. Fawell and R. White (Molecular Endocrinology, 

ICRF).

5.2 IDENTIFICATION OF A PUTATIVE DIMERISATION MOTIF.

A sequence alignment of the C-terminal portion of members of the steroid 

receptor superfamily revealed a conserved heptad repeat of hydrophobic residues 

that coincided with the 507-538 region of the mouse oestrogen receptor (Figure

5.1). This conserved repeat .is predicted by the Chou-Fasman algorithm to be 

a -he lica l in structure and contains additional hydrophobic residues in the 3/4 

position suggesting that this region may mediate receptor dimerisation by forming a 

coiled-coil like motif (as described in Chapter 1, section 1.2-2). This hypothesis 

is indirectly supported by the observation that a search of the Protein Identification 

Resource data base with a concensus sequence derived from the steroid receptor 

a lignm ent, R FYQ LLXLLD SD R XI (with no mismatch allowed for the underlined 

residue), identified the coiled-coil motifs of both dystrophin and tropomyosin, in 

addition to the steroid receptors themselves.

5.3 MUTAGENESIS OF THE CONSERVED MOTIF.

5.3-1 EFFECTS ON DNA AND LIGAND BINDING.

To test whether the hydrophobic residues of the conserved motif are required 

for receptor dim erisation, and thereby indirectly for high a ffin ity DNA binding, 

amino acid mutations were introduced into the mouse oestrogen receptor sequence 

using either o ligonucleotide directed in vitro mutagenesis or double stranded 

oligonucleotide cloning as described in Appendix 2. The resulting point mutants were 

named to indicate the mutated amino acid, its position in the native receptor and the
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substituting residue; for example L-511R refers to a single amino acid change, 

leucine-511 to arginine, in the wild-type receptor.

Initially the four positions of the heptad repeat (leucine-511, isoleucine- 

518, g lycine-525 and m ethionine-532) were each separately substitu ted with 

arginine and the resulting mutants (L-511R, 1-518R, G-525R and M-532R) 

tested for DNA binding alongside the wild-type receptor in band shift assays (Figure

5.2). Substitution of either the leucine or the isoleucine within the N-terminal half 

of the m otif resulted in a dram atic reduction in DNA binding but, somwhat 

surprisingly, mutation of the glycine or methionine had little or no effect on the 

binding activity of the receptor. Analysis of these four mutants in a one point ligand 

binding assay also indicates that mutation of the two central residues, 1-518R and 

G-525R, abolished the ligand binding activity of the receptor (Figure 5.5).

Since neither of the C-terminal substitutions appear to alter the DNA binding 

activity of the receptor these residues were both mutated to aspartate. However, the 

resulting double mutant, G-525D.M-532D, still bound to DNA with almost wild- 

type affin ity whilst the equivalent double mutation in the N-term inal portion, L- 

511 D.I-518D, abolished receptor binding (Figure 5.2). In addition, the essentially 

w ild-type DNA and ligand binding activity of the quadruple mutant L-529A.M- 

532A .C -534A .V537A (Figure 5.5) further suggests that residues w ith in the 

C-terminal half of the conserved motif are not directly required for the high affinity 

DNA binding activity.

To determine whether the overall structure of this motif was important for 

high affinity DNA binding, mutations were introduced to disrupt the helical phasing 

of the N- and C-terminal portions of the motif. Introduction of a single alanine 

residue between histidine-520 and methionine-521 (H-520.A.M-521) or deletion 

of methionine-521 and serine-522 (AM-521 ,S-522) were predicted to be most 

destructive since these mutations would bring charged residues into the hydrophobic 

face of the putative a-helix. However, both mutants continued to bind to DNA with 

essentially wild-type affin ity (Figure 5.2). Interestingly, whilst the insertion had 

no effect upon the ligand binding activity of the receptor deletion of histidine-520 

and methionine-521 abolished this activity (Figure 5.5).

Since none of the C-terminal mutations significantly altered the DNA binding 

activity of the receptor a further C-terminal deletion mutant was constructed by 

inserting a term ination codon into MOR121-599 im m ediately a fte r serine-522. 

When translated in vitro the resultant mutant, pSPMOR121-522, gave rise to a 

protein product of the predicted size (shown as mutant *1 in Figure 4.12). As 

expected M OR121-522 was unable to bind to oestrad io l (F igure 5.5) but 

surprisingly it bound only weakly to DNA (see *1 in Figure 4.15). The construction



FIGURE 5.2 DNA binding activity of the mouse oestrogen receptor point mutants

Point mutations were introduced into the proposed dimerisation domain of the 

wild-type receptor as described in Appendix 2. The resulting mutants were then 

transcribed and translated in vitro using the optimum conditions established in 

Chapter 3. Translations were conducted in parallel in the presence or absence of 

[35S]methionine and labelled reactions analysed by SDS-PAGE. These data were used 

to normalise input levels of unlabelled receptor (0.5-2 pi) in the band shift assay. 

This was performed using 0.5 ng of ERE probe exactly as described in the methods.
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of the "Bal 31" deletion mutants generated three alternative short non-receptor 

sequences at the C-terminus (see Appendix 1). Since the mutants retaining wild- 

type DNA binding affin ity (MOR121-569, MOR121-552 and MOR121-538) all 

share the same non-receptor sequence it was considered possible that this sequence 

might be contributing in some way to the DNA binding activity of these mutants. To 

demonstrate that this was not the case, pSPMOR121-538 was reconstructed in a 

sim ila r manner to pSPMOR121-522 to give an in-fram e term ination codon 

immediately after residue 538. When tested in the band shift assay this new mutant 

continued to bind to DNA with the same affinity as the wild-type receptor (data not 

shown). These results therefore suggest that, while single and multiple mutations 

within the C-terminal portion are not deleterious, receptor sequences between 522 

and 538 appear to be required in some way for efficient DNA binding.

To examine the role of sequences at the N-terminal portion of the conserved 

motif the highly conserved arginine was substituted with alanine to generate the 

mutant R-507A. Like L-511R this mutation resulted in a dramatic loss of DNA 

binding (Figure 5.2) but had no effect on the ligand binding activity of the receptor 

(F igure 5.5).

5.3-2 EFFECTS ON DIMERISATION

To determine whether loss of DNA binding activity correlates with disruption 

of dimer formation, receptor mutant dimerisation was examined in both the presence 

and absence of DNA using the N-terminal deletion mutant MOR121-599. Receptor 

dimerisation in the presence of DNA was assayed as the ability of mutants to form 

heterodimers in band shift experiments similar to those of Hope and Struhl (1987) 

desribed in Chapter 1. When tested in this assay a cotranslation of the wild-type 

receptor and MOR121-599 formed three receptor-DNA complexes corresponding to 

a wild-type homodimer, a wild-type/MOR121-599 heterodimer, and a MOR121- 

599 homodimer (Figure 5.3).

Dimer formation in the absence of DNA was assessed in a selective immuno- 

precipitation assay using the anti-peptide antisera, MP15 and MP16. MP15 was 

raised against a peptide corresponding to residues 17-28 of the mouse oestrogen 

receptor and therefore fails to recognise the N-terminal deletion mutant MOR121- 

599 whilst specifically immunoprecipitating the w ild-type receptor (Figure 5.4). 

In the same experiment the positive control MP16 (raised against MOR residues 

130-142) immunoprecipitated both protein species (Figure 5.4). However, when 

cotranslated with the intact receptor, MOR121-599 could be immunoprecipitated 

by MP15 indicating that it had formed a stable complex with the wild-type in 

solution (Figure 5.4).



FIGURE 5.3 Ability of the oestrogen receptor -Point mutants to dimerise in the

presence of DNA.

Cotranslated with MOR121-599

# / V  / / / V /N &  N V 3 C> ^  O *  V  ^

<4

<4

m  m •4
Wild-type receptor and the receptor point mutants were cotranslated with the 

N-terminal deletion mutant MOR121-599. 2 jil aliquots were then tested in the 

band shift assay alongside the wild-type receptor and MOR121-599 using 0.5 ng of 

the ERE probe. Arrowheads mark the full-length and truncated homodimer-DNA 

complexes whilst the arrow indicates the position of the intermediate heterodimer 

species.



FIGURE 5.4 Ability of the oestrogen receptor point mutants to dimerise_in the

absence of DNA.

Cotranslated with 121-599 and 
immunoprecipitated with MP15

I-------------------------------------------------------------------------- 1

MOR1-599 MOR121-599 <bN

     # / / / / / / /PI MP15 MP16 PI MP15 MP16 V  v ' v °  0> ^  v  O

Wild-type receptor and the receptor point mutants were translated, either 

separately or together with the N-terminal deletion mutant MOR121-599, in the 

presence of [35S]methionine. 5 pi aliquots were then immunoprecipitated with 

either preimmune serum (PI), MP15 (epitope at residues 17-28) or MP16 

(epitope at residues 130-142) as shown.
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The receptor point mutants were each cotranslated with MOR121-599 and 

the products tested in both the band shift and immunoprecipitation dimerisation 

assays. The single (G-525R and M-532R) and double (G-525D.M-532D) point 

mutations within the C-terminal half of the motif did not alter the receptors ability 

to form heterodimers in either the presence (Figure 5.3) or the absence (Figure 

5.4) of DNA. Similar results were obtained for all other mutants (H-520,A,M-521 

and AM-521 ,S-522) retaining essentially w ild-type DNA binding activity (Figure

5.3). In contrast, all of the single (R-507A, L-511R and 1-518R) and double (L- 

511D.I-518D) N-terminal mutants were unable to bind to DNA as heterodimers 

(Figure 5.3) or to co-immunoprecipitate (Figure 5.4) with MOR121-599. Taken 

together these d im erisation assays therefore confirm  that there is a direct 

correlation between the ability of mutants to dimerise and their ability to bind to 

DNA.

5.4 MAPPING THE EXTENT OF THE DIMERISATION DOMAIN.

Critical residues for receptor dimerisation, and thereby high affinity DNA 

binding, have been mapped between arginine-507 and isoleucine-518. This 

therefore suggests that only the N-terminal portion of the conserved hydrophobic 

motif is located within the dimer interface although the weak DNA binding activity of 

MOR121-522 suggests that the C-terminal portion may contribute in some other 

way to the generation or stability of the dimerisation domain. Since this C-terminal 

half does not appear to be directly involved in forming the dimer interface the 

dim erisation domain is unlikely to resemble the coiled-coil structure orig inally 

predicted. However, the original steroid receptor sequence alignment also detected a 

second, less conserved motif (MOR residues 478-492). This is positioned upstream 

of the N-term inal portion to form a motif that resembled the helix-loop-helix 

dimerisation domain originally noted by Murre et al. (1989) which is also contains 

a four-three hydrophobic repeat (see Chapter 1, section 1.2-2).

To test whether the putative amphipathic a-helix, located between residues 

478 and 492, was involved in oestrogen receptor dimerisation, the two in-frame 

Pst I sites (positioned at nucleotides 1520 and 1711) were used to delete residues 

444-500 from the w ild-type receptor. When translated in vitro the resultant 

mutant, pS P M O R I-443,501-599, gave rise to a protein product of the predicted 

size (shown as mutant *2 in Figure 4.12) which bound to the ERE in a similar 

m anner to the other active C-term inal deletion mutants (Figure 5.6). This 

therefore suggests that the sequences required for receptor dimerisation are located 

C-terminal of residues 501. Furthermore, the DNA binding activity of this internal 

deletion mutant indicates that there is some degree of flexiblity in the relative linear



FIGURE 5,6 DNA binding activity of M 0R1-443.501-599.

5 .6 a )

MOR1-443, 501-599 A B p D| r

443 501

Figure 5.6a shows the diagrammatic structure of the internal deletion mutant 

MOR1-443,501-599. This was transcribed and translated in vitro  and then tested 

in the band shift assay alongside the wild-type receptor and the C-terminal deletion 

mutants, using 0.5 ng of the ERE probe (5.6b).



positioning of the dimerisation and DNA binding domains. This latter observation 

suggests that the readdition of MOR residues from 501-599 might also induce the 

inactive partial C-terminal deletion mutants to bind to DNA.

The extent of this C-terminal receptor dimerisation domain was therefore 

investigated by analysing fusion proteins in which the putative dimerisation domain 

was linked to the non-dimeric C-term inal deletion mutants MOR121-384 and 

MOR121-403 (see Figure 5.7 for mutant construction). Since residues essential 

for w ild-type receptor dimerisation all mapped to the N-terminal portion of the 

conserved hydrophobic heptad repeat, a 22 amino acid peptide, corresponding to 

amino acids 501-522 of the mouse oestrogen receptor, was selected as the putative 

dim erisation motif (DM). This peptide was suffic ient to restore DNA binding 

activity when fused to MOR121-384 (Figure 5.7) despite the fact that its position, 

in the linear sequence, relative to the DNA binding domain, was altered by 117 

amino acids. Fusion of this motif also induced MOR121-403 to bind to DNA (Figure 

5.7) although the affinity and/or stability of the resulting complex was very much 

reduced relative to MOR121-384DM. Variations in the ability of residues 501- 

522 to restore high affinity DNA binding activity may, at least in part, reflect 

differences in the three dimensional positioning of the DNA binding domains in the 

resulting dimer.

The ability of the peptide 501-522 to promote DNA binding by inducing 

dimerisation was demonstrated by analysing the formation of heterodimers in the 

band shift assay. These experiments were conducted with the mutant MOR89- 

384DM (see Figure 5.8) in which the linear positioning of the dimerisation and DNA 

binding domains is identical to that in MOR121-384DM. While MOR89-384 fails 

to bind in the band shift assay (data not shown) MOR89-384DM binds to form a 

com plex of reduced mobility relative to M OR121-384DM, consistent with its 

increased size (Figure 5.8, compare lanes 1 and 4). When MOR89-384DM and 

MOR121-384DM were cotranslated, three receptor-DNA complexes were observed 

in a 1:2:1 ratio corresponding to M OR121-384DM  hom odim er, MOR121- 

384DM/MOR89-384DM heterodimer and MOR89-384DM homodimer (Figure 5.8, 

Lane 3). In contrast, little or no heterodimers were observed when these mutants 

were seperately translated and mixed (Figure 5.8, Lane 2) demonstrating that they 

form stable dimers in solution.

To confirm that the dimerisation motif of MOR121-384DM functions in a 

sim ilar manner to that within the native receptor, single point mutations were 

introduced into the peptide and the resulting fusions retested in the band shift assay 

(Figure 5.9). Substitution of either arginine-507 with alanine (MOR121-384DM, 

R-507A), leucine-511 with arginine (MOR121-384DM, L-511R) or isoleucine-





FIGURE 5.7 DNA binding activity of mouse oestrogen receptor fusion proteins

Figure 5.7a shows the diagramm atic structure of the receptor deletion and 

fusion proteins tested in this gel retardation experiment. The unique Eco Rl site located 

immediately after the last receptor codon of pSP MOR121-384 and pSP MOR121-403 

was used to clone a double stranded oligonucleotide encoding the dimerisation motif, 

501-LQQQHRRLAQLLLILSHIRHMS-522, followed by a termination codon and a unique 

Sst I site for linearisation prior to cRNA synthesis. The resulting fusion constructs, 

pSP MOR121-384DM and pSP MOR121-403DM, therefore contains a Glu-Phe linker 

(encoded by the Eco Rl site) between the last receptor codon (either 384 or 403) and 

the dimerisation motif (labelled DM).

Receptor mutants were transcribed and translated in vitro using the optimum 

conditions established in Chapter 3. Equal aliquots of unlabelled receptor proteins 

(normalised by assessing proteins synthesised in parallel translations in the presence 

of [35S]methionine) were tested in the band shift assay using 1 ng of the 35 base pair 

ERE probe (Figure 5.7b).
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FIGURE 5.8 Dimerisation activity of the receptor fusion proteins

pSP MOR89-384DM (Figure 5.8a) was generated by transferring the N- 

term inal sequences of MOR89-599 into pSP MOR121-384DM as a Hind Ill-Xba I 

fragment. Separate and cotranslations of MOR121-384DM and MOR89-384DM were 

then analysed in the band shift assay using 1 ng of the ERE probe (Figure 5.8b). The 

binding reactions were carried out exactly as described in the methods but were then 

applied to 8% acrylamide,1 X TBE gels and electrophoresed in 1X TBE at 300V for 2.5 

hours. Binding reactions contained:-

Lane 1, MOR121-384DM alone

Lane 2, separate translations of MOR121-384DM and MOR89-384DM,

Lane 3, a cotranslation of MOR121-384DM and MOR89-384DM,

Lane 4, MOR89-384DM alone.

The MOR121-384DM and MOR89-384DM homodimer-DNA com plexes are 

marked with arrows and the complex * corresponds to a lysate specific binding protein.
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EJGURE, 5.9 Effect of point mutations within the dimerisation motif

of MOR121-384DM.

Double stranded oligonucleotide cloning was used to introduce specific point 

m utations into the dim erisation m otif o f MOR121-384DM (Figure 5.9a). These 

changes were then verified by dideoxy sequencing. The resultant constructs were 

named according to the changed amino acid and its position in the wild-type receptor 

followed by the substituting residue. In vitro translations were then conducted in 

parallel in the presence and absence of [35S]methionine and the labelled reactions were 

analysed by SDS-PAGE to normalise the levels of unlabelled receptor. Equivalent 

levels o f receptor protein were then tested in the band shift assay under normal 

conditions using 1 ng of the ERE probe (Figure 5.9b).
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518 with arginine (MOR121-384DM, 1-518R) resulted in a marked reduction in 

DNA binding activity (Figure 5.9) similar to that previously observed in the native 

receptor (Figure 5.2). Therefore, the function of the dimerisation motif appears to 

be retained when it is repositioned in the fusion protein.

5.5 C O N C LU S IO N S .

The analysis of point mutations within the w ild-type mouse oestrogen 

receptor has located residues required for dimerisation (and thereby DNA binding) 

and/or ligand binding activity within the heptad repeat of hydrophobic residues that 

is conserved in other members of the nuclear receptor family (Figure 5.5). Whilst 

these two functional domains overlap they are not entirely coincident since a number 

of mutants, for example R-507A, L-511R and G-525R, retain one of these two 

functions. Furthermore, this suggests that these three particular point mutations do 

not significantly alter the tertiary structure of the protein and that therefore, the 

mutated residues are likely to be directly involved in either dimerisation (arginine- 

501 , leucine-511) or ligand binding (glycine-525).

Critical residues for ligand binding have been mapped within both the N- 

(isoleucine-518) and C-(glycine-525) term inal portions of the motif. Thus, the 

conservation of amino acids in the C-terminal half of the motif appear to reflect 

their role in ligand binding rather than dimerisation. In addition, the inactivity of 

the deletion mutant AM-521 ,S-522 indicates that one or both of these residues also 

contribute to the ligand binding activity of the oestrogen receptor. However, it is not 

clear whether these residues are directly required for this interaction or whether 

they function indirectly to maintain the spacing and/or structure of this domain.

Critical residues for dimerisation, and subsequent DNA binding, extend from 

arginine-507 to isoleucine-518 and a 22 amino acid peptide encompassing this 

region was shown to be sufficent to induce non-dimeric C-terminal deletion mutants 

to bind to DNA. This suggests that residues between 501 and 522 form a major 

portion of the MOR dimer interface and this is therefore unlikely to correspond to 

either the coiled-coil or helix-loop-helix dimerisation motifs.
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6.1 IN T R O D U C T IO N .

This thesis has described the isolation of cDNA clones encoding the mouse 

oestrogen receptor (White et al., 1987). These have been used to generate a series of 

receptor deletion mutants that have been expressed both in vitro  and transient 

transfection assays in order to identify the receptor sequences required for DNA 

binding, ligand binding, dimerisation and transactivation (see Figure 6.1; Lees et al. 

1989; 1990; Fawell et al., 1990). These experiments have shown that receptor 

residues 121-339, which contain two putative CC-CC zinc fingers, are sufficient for 

sequence specific DNA binding. However, high affinity binding clearly requires the 

presence of an apparently novel dimerisation motif, which is located more than 250 

amino acids from the DNA binding domain, within the C-term inal portion of the 

receptor. Furthermore, this C-terminal domain also contains sequences which are 

d irec tly  required for e ither ligand binding or the oestrad io l dependent 

transcrip tiona l activation of oestrogen responsive prom oters. However, the 

identification of the C-terminal boundary of these sequences, suggests that whilst 

these ligand binding and oestradiol dependent transactivation dom ains clearly 

overlap, they are not entirely coincident (see Figure 6.1). In addition, the receptor 

contains a second, N-terminal transactivation domain, that can activate some, but not 

all oestrogen responsive promoters, in an oestradiol independent manner. Since the 

activity of the C-terminal transactivation domain also appears to be modulated by the 

test promoter, these results suggest that the two oestrogen receptor transactivation 

domains have differing abilities to cooperate with heterologous transcription factors.

The aim of this chapter is to review these data in the light of other studies and 

to discuss their implications for the models of steroid hormone action.

FIQURE 6.1 Location of functional domains within the mouse oestrogen receptor.
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6.2 DNA BINDING. LIGAND BINDING AND DIMERISATION DOMAINS.

When cDNA clones encoding the steroid receptors were originally isolated, a 

num ber of groups proposed that DNA binding might be mediated by the highly 

conserved domain, region C, that contains two putative CC-CC zinc finger motifs (see 

Chapter 1, Section 1.4-2). This hypothesis was directly supported by the initial 

mutagenesis experiments of Godowski et al. (1986) which demonstrated that amino 

acids 407-556 of the rat glucocorticoid receptor (rGR), encompassing region C, 

were sufficient for sequence specific DNA binding (see Chapter 1, Section 1.4-2). 

Subsequently, Freedman et al. (1988) have expressed this region in E. co ll and 

shown that the DNA binding activity of the resulting 19 kD peptide was absolutely 

dependent upon e ither Z n (ll)  o r C d (ll). Furtherm ore, a tom ic absorption 

spectroscopy and extended X-ray absorption fine structure (EXAFS) showed that each 

peptide molecule contained approximately two atoms of zinc which were each 

tetrahedrally coordinated by four invariant cysteine residues. This suggests that the 

DNA binding domain of the steroid receptors may form a structure similar to that of 

the CC-HH zinc fingers of TFIIIA rather than resembling the binuclear cluster motif 

that is formed by the CC-CC zinc fingers of GAL4 (see Chapter 1, Section 1.2-2).

Subsequently, Tsai et al. (1988) have used band shift and methylation 

interference assays to examine how the E. coli expressed rGR DNA binding domain 

interacts with an imperfect GRE (TGTACANNNTG TTC T l. which was derived from the 

tyrosine amino-transferase gene. This study showed that, at low concentrations, this 

peptide bound as a monomer to the perfect TGTTCT half site, but as the protein 

concentration increased, a second receptor species bound cooperatively to the 

remaining half site to form a dimeric receptor-DNA complex. Interestingly, in the 

same experiments purified GR consistently bound to form a single receptor-DNA 

complex in which both half sites were occupied, suggesting that the native receptor 

forms stable dimers in solution.

A number of groups have extended the "domain swap" experiment of Green and 

Chambon (1987; see Chapter 1, Section 1.4-2) to determine which residues of the 

DNA binding domain are responsible for discrim inating between the glucocorticoid 

and oestrogen response elements. Initially Green et al. (1988) demonstrated that 

the oestrogen receptor (OR) could be induced to stimulate a GRE containing reporter 

by exchanging the first (Cl, see Figure 6.2) but not the second (Cll) zinc finger of 

the human oestrogen receptor (hOR) for that of the human glucocorticoid receptor 

(hGR). Since deletion of the C ll abolished receptor activity, these results suggest 

that the second finger contributes to DNA binding activity in a non-specific manner 

whilst the first finger is responsible for sequence recognition.



Subsequently a number of groups have swapped individual residues between 

the firs t fingers of the oestrogen and g lucocortico id  receptors allow ing the 

identification of three residues at the base of this first finger (highlighted in Figure 

6.2) which appear to discrim inate between the glucocorticoid (Q , S and V) and 

oestrogen (E, G and A) response elements (Mader et al., 1989, Umesono and Evans, 

1989, Danielsen et al., 1989). The role of these residues in determining target 

specificity, is further supported by the observation that the glycine, serine and 

valine residues of the GR are also entire ly conserved w ith in the androgen, 

progesterone and mineralocorticoid receptors, which also act through GRE's (see 

Chapter 1, Section 1.3-1). This therefore suggests that the retinoic acid and thyroid 

hormone receptors, which both contain two (glutamic acid and glycine) of the three 

OR-specific residues, might act by binding to ERE-like sequences.

FIGURE 6.2 Cl subregion of the oestrogen and glucocorticoid receptors.
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This figure shows the sequence of the Cl "zinc finger" of the oestrogen 

receptor (amino acids 187-219 of the mouse sequence) along with the variant 

glucocorticoid receptor residues. Those residues that are not conserved between the 

oestrogen and glucocorticoid receptors are shown in a larger type-face and the 

residues responsible for response element discrimination are highlighted.



Subsequent studies have shown that the thyroid hormone receptor can bind to 

an ERE but it is unable to stimulate the transcription of ERE-containing genes (Glass 

e t al., 1988). However, both the retinoic acid and thyroid hormone receptors appear 

able to stimulate the transcription of reporters containing ERE-like sequences that 

lack the 3 base pair gap between the inverted TGACC repeats (Glass et al., 1987; 

Umesono et al., 1988). Interestingly, de The et al. (1989) have recently identified a 

retinoic acid response element within the retinoic acid receptor J3 gene and shown that 

it contains a perfect direct repeat of the motif GTTCAC. Clearly, further experiments 

are required to determine whether the retinoic acid and thyroid hormone receptors 

recognise direct and/or indirect repeats and whether they bind to these as dimers.

Although this thesis does not directly examine the specificity of DNA binding, 

the analysis of mouse oestrogen receptor (MOR) deletion mutants in the band shift 

assay has confirmed that a small mutant encompassing the zinc finger region is 

sufficient for sequence specific DNA binding. However, this study also indicates that 

high affinity binding requires the presence of C-terminal receptor residues which 

are responsible for receptor dimerisation. These findings are entirely consistent 

with two other studies, which further suggest that steroid receptor dimerisation is 

hormone dependent. Firstly, hOR deletion mutants, contained within extracts from 

transiently transfected cells, have been tested for DNA binding activity in a band shift 

assay (Kumar and Chambon, 1988). Mutants retaining an intact hormone binding 

domain were found to bind to the ERE as dimers, which were formed stably in solution 

in a hormone dependent manner. In contrast, complete removal of the hormone 

binding domain allowed ERE binding in the absence of oestradiol but these mutants had 

reduced affinity for DNA and were unable to form stable dimers. Secondly, Guiochon- 

Mantel et al. (1989) have shown that progesterone receptor mutants, lacking both 

the ligand inducible and constitutive nuclear localisation functions, could undergo 

hormone dependent nuclear localisation by interaction with the wild-type receptor. 

This interaction did not require either the N-terminus or the zinc finger region but 

was dependent upon the presence of an intact hormone binding domain and either 

progestins or antiprogestins.

Point mutagenesis has allowed the identification of specific residues that are 

required for the dimerisation and/or ligand binding activity of the MOR and shown 

that these functional domains overlap (see Chapter 5). Furthermore, this study 

shows that receptor residues 501-522 are sufficient to restore the DNA binding 

activity of C-terminal deletion mutants, and therefore suggests that this 22 amino 

acid domain encodes the a major portion of the MOR dimer interface. This sequence is 

well conserved throughout the ligand-inducible receptor superfam ily (see Figure



5.1) and is contained within a region of the retinoic acid and thyroid hormone 

receptors that is required for their heterodimerisation (Glass et al., 1989; Forman 

et al., 1989), suggesting that it may form a common dimerisation domain within 

these receptors.

Two structures have been im plicated in the dim erisation of eukaryotic 

transcription factors, the leucine zipper and the helix-loop-helix motif; both of 

which are located immediately adjacent to the DNA binding domain (see Chapter 1). 

Since the conserved steroid receptor dimerisation motif does not correspond to either 

of these structures (see Chapter 5) and is positioned more than 250 amino acids 

from the DNA binding domain it appears to represent a third class of eukaryotic 

transcription factor dimerisation domain.

On the basis of both sequence and functional homology (see below), our group 

has proposed that the structure of this motif may be similar to that of a major dimer 

interface of uteroglobin (Fawell et al., 1990; Lees et al. 1990). This dimeric 

protein binds progesterone with high specificity (Beato and Baier, 1975) and shows 

lim ited sequence sim ilarity with the hormone binding domain of the progesterone 

receptor (see Figure 6.3).

FIGURE 6.3 Comparison of the conserved dimerisation motif of the progesterone and 

oestrogen receptors with a major component of the dimer interface of uteroglobin.
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This figure is labelled to indicate the structural features of uterglobin and 

residues which are conserved between the progesterone receptor and uteroglobin 

(filled circles) or represent conservative changes (open circles). The hydrophobic 

residues identified by the original sequence comparison o f the oestrogen and 

progesterone receptors have been boxed.



X-ray diffraction analysis shows that the uteroglobin monomers, which 

comprise four regions of irregular a-helix and four p-turns, dimerise to form a 

g lobular protein with an internal hydrophobic cavity, that is proposed to bind a 

single molecule of steroid (Mornon et a l., 1980; Morize et al., 1987; Bally and 

Delettre, 1989). W ithin this structure a major part o f the dim er interface is 

generated by the antiparallel interaction of helix 3, p-turn 2, which is formed by 

residues 39 to 49 of the protein (see Figure 6.3). Amino acids contributing key 

in term o lecu la r hydrogen bonds w ith in th is region (g lu tam ine-40, lysine-43, 

asparagine-46 and serine-47) are well conserved in the progesterone receptor and 

this domain shows limited sequence homology with a region of the steroid receptors 

that corresponds to a major portion of the dimerisation motif identified in this study 

(see Figure 6.3). Furthermore, a number of the residues proposed to form the 

progesterone binding pocket of uteroglobin (glycine-38, methionine-41, leucine- 

45 and leucine-48) are also well conserved in both the progesterone and oestrogen 

receptors (see Figure 6.3). Since the site directed mutagenesis of the MOR suggests 

that oestradiol might bind at, or within, the dimer interface these residues may play 

a conserved role in steroid binding. Because the steroid receptors share a 

considerable degree of both sequence and functional homology with uterglobin, our 

group has therefore proposed that the conserved steroid receptor dimerisation motif 

may form a uteroglobin-like structure that is stabilised by ligand binding (Fawell e t 

al., 1990; Lees et al. 1990).

Whilst the high degree of sequence conservation within the members of the 

ligand-inducib le  receptor fam ily suggests that th is m otif m ight represent a 

conserved dimerisation domain, it is difficult to envisage how a single mechanism of 

dimerisation could align the DNA domains of the retinoic acid receptor in a different 

orientation to those of the steroid receptors, to allow it to bind to response elements 

containing direct rather than indirect repeats. Additional mutagenesis is therefore 

required to determine whether this conserved motif mediates the dimerisation of all 

members of the ligand-inducible receptor family or whether it is limited to just the 

oestrogen receptor or steroid receptor families.

If this dimerisation motif functions in a sim ilar manner to those of other 

eukaryotic transcription factors, it is likely to contain residues that control the 

specific ity of dim erisation (see Chapter 1, Section 1,2-2). W hilst there is no 

evidence to suggest that the steroid receptors form anything other than homodimers, 

Glass et al. (1989) have shown that the retinoic acid and thyroid hormone receptors 

can form heterodimers, and that this association alters the transcriptional activity of 

these receptors. This therefore suggests that the specificity of dimerisation may play



an important role in modulating the activity of at least some members of the ligand- 

inducible receptor family.

6.3 TRAN SC R IPTIO N AL ACTIVATION DOMAINS.

The transcrip tional activity o f MOR deletion mutants suggests that the 

receptor contains two discrete transactivation domains whose relative activities vary 

according to the responsive promoter. The first domain, located in the N-terminus of 

the receptor, appears to function in a constitutive manner that is suffic ient to 

account for the oestradiol independent activity of the wild-type receptor. The second 

transactivation domain overlaps both the ligand binding and dimerisation domains and 

its activity is entirely dependent upon oestradiol. However, these three domains are 

not entirely coincident since this study has identified a 14 amino acid stretch 

(residues 538-552) that is not required for effic ient DNA or ligand binding but 

which appears to be essential for the activity o f this C-term inal transactivation 

dom ain. Since this 14 amino acid region forms only part of the C-term inal 

transactivation domain, it is difficult to make any firm conclusions about the possible 

structure of this motif. However, this small region does not contain an unusual 

number of either acidic, glutamine or proline residues suggesting that it does not 

correspond to any previously identified transactivation domain (see Chapter 1) and 

may therefore represent a novel activation motif. These findings are directly 

supported by the human oestrogen receptor studies described below.

In 1987 Kumar et al. tested the transcriptional activity of hOR mutants using 

two ch im aeric CAT based reporters; v it-tk-C AT (conta in ing X e n o p u s  la e v is  

vitellogenin A2 promoter sequences from -331 to -87, fused immediately upstream 

of pBLCAT2; Klein-Hitpap et al., 1986) and pS2-CAT (containing the pS2 promoter 

sequences from -1100 to +10). Although the hOR clone, A.OR8, was completely 

inactive in the absence of added oestradiol (see below), deletion of the hormone 

binding domain generated a mutant that constitutively stimulated these reporters 

with 5-10%  of the activity o f the induced w ild-type receptor. Furtherm ore, 

deletion of the N-term inal A/B region did not alter activation of vit-tk-C AT but 

severely impaired stimulation of the pS2 promoter. These results therefore support 

the existence of N- and C-terminal transactivation domains and confirm that the N- 

terminal domain is necessary for optimal stimulation of some, but not all, oestrogen 

responsive genes.

Subsequently, W aterman et al. (1988) have proposed that the hOR DNA 

binding domain retains a low level constitutive activity in a similar manner to that of 

the GR (see Chapter 1, Section 1.4-2). However, this conclusion was based upon the



observation that deletion of either the N-, or the C-terminus o f the receptor failed to 

abolish transactivation. Since no evidence was presented to indicate that that DNA 

binding domain itself was transcriptional active, this data equally supports the 

existence of two transactivation domains.

By generating chimaeric receptor fusion proteins, this study has confirmed 

that the oestradiol inducible transactivation domain of the MOR remains active when 

fused to a heterologous (Lex A) DNA binding domain (see Chapter 4, Section 4.5-3). 

This is entirely consistent with the results of W ebster et al. (1988) which showed 

that the hormone binding domain of the hOR could activate the transcripition of 

GAL4-responsive promoters when fused to the GAL4 DNA binding domain. In addition, 

W ebster et al. (1989) demonstrated that this ligand inducible transactivation domain 

is not encoded by any single exon, suggesting that, unlike the eukaryotic activating 

regions identified to date, it does not exist as a discrete domain. Furthermore, the 

band shift assays of this (see Chapter 4, Section 4.7-3) and other studies (Kumar 

and Chambon, 1988) have shown that the mobility of the receptor-ERE complex is 

increased by oestradiol binding, suggesting that this induces the receptor to undergo a 

conformational change. Taken together, these results suggest that the oestradiol 

dependent transactivation domain may be formed from dispersed C-terminal residues 

that are only brought together by this agonist induced conformational change.

Deletion mutagenesis of both the mouse (see Chapter 4) and human (Kumar et al.,

1987) oestrogen receptors suggests that the N-terminal portion contains a second 

transactivation domain. This has been directly confirmed by Webster et al. (1989) 

who demonstrated that the N-terminal 182 amino acids of the hOR can stimulate 

transcription of a GAL4 responsive promoter when fused to the GAL4 DNA binding and 

dimerisation domain. It is not clear why the equivalent region of the mouse oestrogen 

receptor (1-180) was completely inactive when fused to the N-terminal 87 amino 

acids of Lex A. However, the resulting chimaera, LexMOR N180, does not contain a 

functional dimerisation domain and may therefore fail to bind to DNA with sufficient 

a ffin ity  and/or s tab ility  for the N -term inal dom ain to activate  transcrip tion . 

C learly, further mutagenesis is required to map sequences responsible for the 

transcrip tiona l activ ity of this N-term inal domain, but an in itia l analysis of its 

properties suggests that it is structurally and functionally distinct from both the C- 

terminal transactivation domain and an acid blob motif (Tora et al., 1989a).

Extensive mutational analysis has also been used to map the transactivation 

domains of the GR (see below). Whilst the initial studies showed that this receptor 

contained a major transactivation domain within the N-terminus [termed both enh 2 

and x i ] and a weak transactivation domain within the DNA binding domain [termed



enhancer (enh) 1; see Chapter 1, Section 1.4-2], further analyses have mapped a 

third transactivation domain within the C-terminus of the receptor. Figure 6.4 

shows the location of these domains, in comparison to those identified within the 

mouse oestrogen receptor.

A number of groups have used both random (Schena et al., 1989) and site 

directed (Hollenburg and Evans, 1988) mutagenesis in order to map sequences that 

are responsible for the transcriptional activity (e n h l) of the DNA binding domain. 

In almost all cases, these mutations reduced or abolished the transcriptional activity 

o f this domain by altering its DNA binding activity. However, Schena et al. (1989) 

did identify three mutations, which affected a cluster of residues immediately after 

the second zinc finger, that did not alter the DNA binding affin ity but abolished 

transcriptional activation in yeast, suggesting that they directly contributed to e n h l. 

Since these, but no other mutants had different activities in yeast and mammalian 

cells, the authors proposed that this region interacts, via protein-protein contacts, 

with factors that vary between these two cell types.

Since the residual activity of enh 1 made it d ifficult to accurately map the 

sequence requirments of the additional activating regions, Godowski et al. (1988) 

replaced the DNA binding domain of the rGR with that o f Lex A. The resultant fusion 

protein, NLxC, behaved as a classical enhancer binding protein, to activate chimaeric 

promoters, containing a single Lex A operator either up- or downstream of the 

transcriptional start site, in a glucocorticoid dependent manner. Consistent with the 

initial studies, deletion o f the hormone binding domain generated a constitutive 

activator, NLx, that transactivated as efficiently as NLxC itself. Further deletion of 

NLx demonstrated that residues 106-318 of the rGR were sufficient to account for 

the m ajority of enh2 activity (see Figure 6.4). Furtherm ore, s im ilar deletion 

mutagenesis studies have identified a "major" transactivation domain within the 

equivalent region of both the mouse (Danielsen et al., 1988) and human ( i n  

Hollenberg and Evans, 1988) glucocorticoid receptors (see Figure 6.4). In contrast 

to the N-terminal sequences of the OR, this conserved GR transactivation domain is 

predominately acidic in nature and has been proposed to function in a similar manner 

to the acid blobs of GAL4 and GCN4.

Interestingly, Godowski et al., (1988) have shown that deletion of the enhl 

region of NLxC fails to abolish the transcriptional activity of this mutant, suggesting 

that the receptor contains a third transactivation domain that is located within the C- 

terminus. Whilst the authors were unable to directly demonstrate the activity of this 

C-terminal motif, both Webster et al. (1988) and Hollenburg and Evans (1988)
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have shown that the hormone binding domain of the hGR can activate the 

transcripition of GAL4-responsive promoters, in a hormone dependent manner, when 

fused to the GAL4 DNA binding domain. This therefore suggests that the C-terminal 

sequences of the oestrogen and glucocorticoid receptors might share a common, ligand 

inducible transactivation domain motif.

Hollenburg and Evans (1988) have proposed that the ligand inducible 

transcriptional activity of the hGR arises from a small region, termed X2 [although it 

is c learly d ifferent from the region o rig ina lly  designated X2 by G i^ueree f al. 

(1987)], at the N-terminus of the hormone binding domain (amino acids 526-556; 

see Figure 6.4), which is highly acidic in nature. By analysing the activity of 

mutants containing either deletions or tandem duplications of this region, the authors 

have shown that this domain was transcriptionally active (2-3 fold) and could be 

functionally replaced by a synthetic amphipathic a-helix of sim ilar size without a 

significant alteration in the magnitude of activation. However, whilst 1 2  is clearly 

active, it does not function alone and is therefore likely to form only a small portion 

of the C-terminal activation surface.

Although the studies described above suggest that there may be some differences 

in the type and location of transactivation domains found within the oestrogen and 

glucocorticoid receptors, Meyer et al. (1989) have shown that the liganded oestrogen 

receptor was able to repress the transcriptional activity of the glucocorticoid and 

progesterone receptors without binding to either the receptors or the responsive 

promoter. This therefore suggests that the transcriptional activity o f the steroid 

horm one receptors depends upon the ir ab ility  to in teract w ith a common, 

functiona lly  lim iting transcrip tion factor(s). This conclusion d irectly  supports 

previous analyses of a rtific ia l horm one-responsive reporte r contructs which 

suggested that the steroid receptors are able to interact synergistically with a wide 

range of heterologous transcription factors (Strahle et al., 1988; Schule et al.,

1988). However, these studies showed that there is considerable variation in the 

magnitude of this cooperation, suggesting that the receptors interact more efficiently 

with some factors than others. Furthermore, this thesis has shown that the relative 

activ ity o f the MOR N- and C-term inal transactivation dom ains appears to be 

influenced by the test promoter, suggesting that the individual domains within the 

receptor also have differing abilities to cooperate with other transcription factors 

(see Chapter 4, Section 4.5). This conclusion is directly supported by other studies 

of both the oestrogen and glucocortiocid receptors. Firstly, Chambon and coworkers 

have tested the ability of the N- and C-terminal transactivation domains of the hOR to 

activate a variety of d ifferent oestrogen responsive reporters in a num ber of



different cell lines (Boquel et al., 1988; Tora et al., 1989a). These studies showed

that the relative activity of the N- and C-terminal transactivation domains varied

enormously from one cell type to another, and that this was largely due to variations

in the activ ity of the N-term inal domain which was highly cell type specific.

Furtherm ore, the C-term inal transactivation dom ain was found to synergise

effic iently w ith a wide range of heterologous transcription factors, whilst the

activity o f the N-terminal domain was not significantly altered by the presence of

any of the UPE's tested. Secondly, the relative activity of the N- and C-terminal GR

deletion mutants was found to vary considerably from one study to another (for

example Hollenburg and Evans, 1988; Godowski et al., 1988) suggesting that their

activity may also be modulated by the cell type and/or reporter context. Taken

together these results suggest that the activity of the steroid receptors can vary from

cell type to cell type and test promoter to test promoter, depending upon the

concentration of the steroid receptor, the activity and abundance of the other
to

hetero logous transcrip tion factors and the ability  o f these factors Xsynergise 

efficiently with one or more of the receptor's transactivation domains.

Although interaction with other transcription factors appears to increase the 

activity o f the steroid hormone receptors, it is not clear how they act to stimulate the 

rate of transcription of responsive genes. However, Klein-HitpaB et al. (1990) 

have shown that the chicken progesterone receptor appears to stimulate the In vitro 

transcription of a chimaeric PRE-containing promoter by facilitating the formation 

of the pre-initiation complex. This therefore suggests that the steroid receptors 

might directly interact with a component of this complex, in a sim ilar manner to the 

eukaryotic transcription factors ATF and GAL4 (see Chapter 1, Section 1.2-2).

6.3 THE ROLE OF STEROID IN RECEPTOR ACTIVATION.

The classical model of steroid hormone action suggests that the role of ligand is 

to induce the receptor to bind to its response element so that it can stimulate the 

expression of hormone responsive genes. This model is directly supported by the 

genomic footprinting experiments of Becker et al. (1986) which showed that the GR 

only binds to the tyrosine aminotransferase gene in vivo in the presence of steroid. 

Subsequent GR mutagenesis studies have shown that deletion of the hormone binding 

domain generates a receptor species that retains sim ilar transcriptional activity to 

the wild-type receptor but is able to function in the absence of added steroid (see 

Chapter 1, Section 1.4-2). This therefore suggests that the unliganded hormone 

binding domain might act to repress the activity of the receptor in the absence of 

steroid. Furthermore, studies have shown that the hormone binding domain of either



the glucocorticoid (Picard et al., 1988) or oestrogen (Eilers et al., 1989) receptor 

is also capable o f rendering heterologous, non-DNA binding proteins hormone 

dependent. This suggests that the repressive activity of this domain is relatively 

independent of protein structure and is therefore unlikely to involve masking of the 

native receptor's DNA binding domain, as original models proposed (Kumar et al., 

1986). This observation has therefore lead a number of groups to propose that the 

unliganded receptor is prevented from binding to DNA in the absence of steroid, 

because it is complexed, through specific contacts in the hormone binding domain, to 

the heat shock protein, hsp 90. Despite the apparent steroid independence of both the 

DNA binding and transcriptional activity of the MOR (discussed below), this model of 

steroid hormone action is supported and extended by this, and other related studies 

(see Figure 6.5).

Firstly, analyses o f subcellu lar localisation of the transiently transfected 

glucocorticoid (Picard and Yamamoto, 1987) and progesterone (Guiochon-Mantel e t 

al., 1989) receptors and the DNA binding activity of the hOR, contained within 

extracts of transfected cells (Kumar and Chambon, 1988), indicate that hormone 

binding is required to induce the receptor to dimerise and, where relevant (see 

Chapter 1), to undergo nuclear localisation. Whilst the band shift assays described 

in this thesis, indicate that the MOR is able to dimerise and bind to DNA, in vitro, in a 

hormone independent manner, initial experiments have confirmed that the in vitro 

translated receptor is not complexed with hsp 90 (P. Danielian, ICRF, personal 

communication), and is therefore, presumably fully derepressed in the absence of 

steroid. Moreover, similar hormone independent DNA binding has also been observed 

with purified progesterone (Bailly et al., 1986) or g lucocortico id (W illmann and 

Beato, 1986) receptors, leading a number of groups to propose that hsp 90 is lost 

during purification. Taken together, these results therefore suggest that steroid 

binding acts to release the monomeric receptor from its association with hsp 90, 

allowing it to dimerise so that it can recognise and bind to DNA with high affinity (see 

Figure 6.5).

W hilst the lack of hsp 90 binding can account for the hormone independent 

DNA binding activity of the in vitro translated receptor, it does not explain why the 

mouse, but not the human, oestrogen receptor has considerable transcriptional 

activity in the absence of added oestradiol, that cannot be repressed by the addition of 

antagonists such as tamoxifen and 4-hydroxytamoxifen (see Chapter 3, Section 3.3- 

2 and Chapter 4). However, these findings have been confirmed by a number of other 

studies which suggest that they result from two distinct hormonal effects (described 

below). Firstly, Tora et al. (1989b) demonstrated that the human oestrogen
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receptor cDNA clone, pOR8, contains a single point mutation (that was introduced as a 

cloning artifact) which decreases the affinity of the receptor for oestradiol at 25°C , 

but not at 4°C . Since the transcriptional activity of this mutant human receptor 

species is entirely dependent on the addition of oestradiol, Tora et al. (1989b) 

proposed that the apparent oestradiol independent activity of the chicken receptor in 

the same experim ent might result from its ability to bind very low levels of 

endogenous steroid which remained in the stripped serum. This hypothesis therefore 

suggests that the "oestradiol independent" activity of the MOR in the initial COS-1 

cell transfections (see Chapter 3, Section 3.3-2) may result from the presence of 

residual oestradiol within the serum, even though radioimmunoassays failed to detect 

any steroids in the media used for these transient transfection experiments (M. 

Parker, personal communication). Secondly, Chambon and coworkers have shown 

that the antagonist, 4-hydroxytamoxifen, could induce the hOR, contained within cell 

extracts, to bind to DNA in band shift assays (Kumar and Chambon, 1988) and the 

GAL4-hOR hormone binding domain chimaera to repress the activity o f GAL4, 

presumably by binding to and blocking the GAL4 binding site (Webster at al., 1988). 

Taken together, these experim ents therefore suggest that antagonists, like 4- 

hydroxytamoxifen and tamoxifen, induce the receptor to dimerise, so that it can now 

recognise and bind to DNA with high affinity, but clearly preclude the activation of 

the C-term inal transactivation domain (see Figure 6.5b). This hypothesis is 

indirectly supported by the observation that tamoxifen reduces the mobility of the 

MOR-DNA complex in the band shift assay (see Chapter 4, Figure 4.14), suggesting 

that it induces a conformational change within the receptor that is distinct from that 

resulting from oestradiol binding. Since considerable "oestradiol independent " 

activity was observed when the MOR was tested in the tamoxifen rescue transient 

transfection experiments (see Chapter 4), these results suggest that stimulation of 

DNA binding is suffic ien t to activate the N-term inal transactiva tion  dom ain, 

confirming that it is fully formed in the absence of oestradiol (see Figure 6.5b).

This thesis has identified a single point mutation (glycine-525 to arginine) 

that abolishes the ligand binding activity of the MOR without altering its in vitro 

d im erisation or DNA binding activity, suggesting that this mutation disrupts the 

ligand binding domain w ithout significantly altering the tertiary structure o f this 

protein. However, this mutation was found to completely abolish the transcriptional 

activity o f the wild-type receptor (P. Danielian, personal communication), directly 

supporting the hypothesis that steroid binding is essential for receptor activation in  

vivo.



In summary, these results suggest that ligand binding is required for two 

different events in receptor activation (see Figure 6.5). Firstly, both agonists and 

partial antagonists induce the receptor to dimerise, via a process that is proposed to 

involve the dissociation of hsp 90, so that it can now bind to its response element 

with high affinity. Secondly, agonist binding appears to be essential to activate the 

C-term inal transactivation domain (see Figure 6.5a). It is not clear how this 

activation occurs but most groups favour a model in which agonist binding induces a 

conformational change within the C-terminus of the receptor that brings together 

dispersed residues to form this transactivation domain.
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INTRODUCTION.

This appendix describes the construction of both the deletion and the 

chimaeric receptor mutants described in Chapter 4. The key to the shading in these 

figures is as follows:-

pBR ori.

■: v. •: v, •: v.-:\

pBR322 ORIGIN OF REPLICATION

B-LACTAMASE GENE

SV40 ORIGIN OF REPLICATION 
AND EARLY PROMOTER

/ / / / / / /

/ / / / / / /
\ \ \ \ \ \ \ \SSSSSSS SV40 SMALL t INTERVENING SEQUENCE

SV40 LARGE T POLYADENYLATION SIGNAL

MOUSE OESTROGEN RECEPTOR 
CODING SEQUENCE

MOUSE OESTROGEN RECEPTOR 
NON-CODING SEQUENCE

SHORT UPSTREAM OPEN READING FRAME 

dG.dC HOMOPOLYMERIC TAIL

A  A  A  A  A  A

iacZa GENE

Lex A DBD SEQUENCE ENCODING THE N-TERMINAL 
87 AMINO ACIDS OF LEX A

Where relevant, the non-receptor coding sequences between the mutant 

endpoints and the initiation and/or termination codons of the pJ3 based vectors are 

shown in plain text, whilst the genuine receptor sequences are shown in bo ld .



DELETION MUTANT CONSTRUCTION. 

pJ3 MOR1-339 (Figure A1.1L

2|ig of pMOR8 was digested with a Nae I and Xba I and the 5' overhanging end 

repaired with the Klenow fragment of DNA plymerase I. The digestion products were 

then separated on a 1% agarose gel and the 1 kb insert purified using NA-45 paper. 

The resulting fragment was subcloned into pJ3 TERM which had been digested with 

Sma I and treated with calf intestinal alkaline phosphatase. The ligation mix was used 

to transform competent DH1 cells and the resulting colonies were screened for the 

presence of the correctly orientated insert by double digestion of mini-prep. DNA 

with Not I and Bam HI. The polylinker sequence was then transferred as a Hind III- 

Eco Rl fragm ent into the M13 sequencing vectors mp18 and mp19 in order to 

prepare single-stranded DNA templates. The coding sequence between the C-terminal 

receptor residues and the termination codon of pJ3 TERM was then confirmed to be:-

TCT AGG GGC GAG CTC GAA TTC ATC GAT GGT ACC GAT ATC TAA 
Ser Arg Gly Glu Leu Glu Phe lie Asp Gly Thr Asp lie

pJ3 MOR121-315 (Figure A1.2L

2pg of pMORlOO was digested with Pvu II and the products separated on a 

1.5% agarose gel. The 586 bp Pvu II fragment was purified using NA-45 paper and 

subcloned into pJ3 ORF2 which had been digested with Sma I and treated with calf 

intestinal a lkaline phosphatase. Recombinant colonies were identified by the 

presence of a third Bgl I site and the size of the resulting fragment was used to select 

inserts in the correct orientation. The inserts from two independent recombinants 

were then cloned into mp18 as a Hind lll-Bgl II fragment and the sequence of both the 

3' and 5' ends determ ined using the resulting single-stranded tem plates. This 

confirmed that the "initiation oligonucleotide” was in the same open reading frame as 

the receptor sequences. The N- and C-terminal coding sequences of this mutant is:-

C-TERMINUS-

1 3 121
ATG ACC ATG AGG ATC CCC £ I G  -
Met Th r Met Arg lie Pro Leu --

N-TERM INUS-

315
ACA fiGGGCG ACCTCG AAT TCA TCG ATG GTACCG ATATCT AAC GTG AGCTAG 
T h r Gly Ala Thr Ser Asn Ser Ser Met Val Pro lie Ser Asn Val Ser .
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FIGURE A1.1 Construction of pJ3 M O R1-339

pMOR8
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3 )  C o n v e rs io n  to b lun t  ends

4 )  G e l  e le c t ro p h o re s is

5 )  F ra g m e n t  p u r i f i c a t io n

A m p
pJ3 TERM

SV40 1 IVS SV40 T poly A site
ea rly  p rom oter

TERM

i  w x  a; to co m o
3 2

1028 bp

Nae I
( 1 7 4 )

Not I
(457)
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FIGURE A1.2 Construct ion of dJ3 M O R131-315 .
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Bgt

pBR ori.

A m p
pJ3 MOR121-315
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ORF2 TERM
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pJ3 MOR89-599 (Figure A1.3).

2|ig of pMORlOO was digested with Not I and Eco Rl and the 1.6 kb fragment 

isolated from a 1% agarose gel. The insert was then subcloned into pJ3 ORF1 which 

had been digested with Sma I and Eco Rl and treated with calf intestinal alkaline 

phosphatase. Mini-preparations of DNA from the resultant colonies were digested 

with Bgl II to identify recombinants. The insert was transferred into mp18 as a Hind 

lll-Eco Rl fragment and the sequence of the 5' end confirmed as being:-

1 3 89
ATG ACC ATG GGA TCC C C fi QQQ -- 

Met T h r Met Gly Ser Pro A la --

pJ3 MOR121 -599 (Fioure A1.4).

2 |ig  of pMORlOO was digested with Bgl I and Eco Rl and the 1.4 kb insert 

purified by gel electrophoresis. pJ3 MOR121-315 was completely digested with Eco 

Rl and the DNA extracted with phenol/chloroform and precipitated with ethanol. The 

DNA was then partially digested with Bgl I for 0, 5, 10, 15, 30 or 60 minutes and a 

proportion of DNA from each time point monitored by gel electrophoresis. The 

majority of the 30 minute sample was judged to contain only a single Bgl I cleavage 

per molecule and the remainder of this preparation was treated with calf intestinal 

alkaline phosphatase to remove the 5' phosphates. The vector and insert were then 

ligated and the mixture used to transform  com petent DH1 cells to am picillin 

resistance. Mini preparations of DNA were digested with Bgl I or Bgl II to identify 

recombinant colonies.



FIGURE A1.3 Construction of pJ3 MOR89-599.
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FIGURE A1.4 Construction of pJ3 M O R121-599 .
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1) Bgl I digestion
2) Eco Rl digestion
3) Gel electrophoresis
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Additional C-terminal deletion mutants. 

a) Restriction enzyme digestion.

pJ3 MOR121-599 was digested with either Xba I (pJ3 MOR121-339), Xho I 

(pJ3 MOR121-384), Sma I (pJ3 MOR121-403) o r Bgl II (pJ3 MOR121-428) 

and any overhanging 5' ends repaired using the Klenow fragment of DNA polymerase I. 

The digestion products were ligated with Eco Rl linkers, purified using NACS columns 

and then digested with Hind III and Eco Rl. The inserts were isolated by gel 

purification and then subcloned into pJ3 TERM which had been digested with Hind III 

and Eco Rl and treated with calf intestinal alkaline phosphatase. The ligation mix was 

used to transform competent DH1 cells and recombinants were selected by restriction 

enzyme digestion of mini prep. DNA. The inserts were then transferred into the M13 

vector, mp18, to allow the preparation of single-stranded template DNA for dideoxy 

sequencing and the non-receptor coding sequence between the C-terminal receptor 

residue and the termination codon of these mutants was confirmed to be:-

MOR1 21 -339  AQG GAA TTC ATC GAT GGT ACC GAT ATC TAA
Arg Glu Phe lie Asp Gly Thr Asp lie •

M O R 121 -384  GAG GAA TTC ATC GAT GGT ACC GAT ATC TAA
Glu Glu Phe lie Asp Gly Thr Asp lie •

M O R 121 -403  £QG GAA TTC ATC GAT GGT ACC GAT ATC TAA
Pro Glu Phe lie Asp Gly Thr Asp lie •

MOR1 21 -428  A IC  GGA ATT CAT CGA TGG TAC CGA TAT CTA ACG TGA
lie  Gly lie His Arg Trp Tyr Arg Tyr Leu Thr •

a) Pal 31 digestion.
Since no suitable restriction sites were availab le , sm alle r C -term inal 

deletions were prepared using the nuclease Bal 31. pJ3 MOR121-599 was digested 

with Eco Rl and the DNA extracted with phenol/chloroform and precipitated with 

ethanol. The DNA was then incubated with Bal 31 for 0, 5, 10, 15, 20, 25 or 30 

minutes before the reaction was quenched by the addition of phenol/chloroform. A 

proportion of DNA from each time point was then digested with Bgl II and analysed by 

gel e lectrophoresis alongside U H ind III + Eco Rl size markers to determine the



extent of deletions. The 10, 15, 20 and 30 minute points were judged to contain 

suitable deletions and the remaining DNA was subcloned into pJ3 TERM using Eco Rl 

linkers exactly as described above. A number of colonies were selected from each 

time point and the extent of each deletion, and the additional non-receptor coding 

sequences, were determined by M13 single-stranded dideoxy sequencing to be as 

fo llo w s :-

MOR1 2 1 -49 8  QGG AAT TCA TCG ATG GTACCG ATATCTAACGTG AGCTAG
Arg Asn Ser Ser Met Val Pro lie Ser Asn Val Ser •

M O R 121 -5 0 7  £GG AAT TCA TCG ATG GTACCG ATATCT AACGTG AGCTAG
Arg Asn Ser Ser Met Val Pro lie Ser Asn Val Ser •

M O R 121 -538  S IS  GGA ATT CAT CGA TGG TAC CGA TAT CTA ACG TGA
Val Gly lie His Arg Trp Tyr Arg Tyr Leu Thr

MOR1 21 -552  CQC GGA ATT CAT CGA TGG TAC CGA TAT CTA ACG TGA
A rg  Gly lie His Arg Trp Tyr Arg Tyr Leu Thr •

M O R 121 -569  CAS GGA ATT CAT CGA TGG TAC CGA TAT CTA ACG TGA
G in Gly lie His Arg Trp Tyr Arg Tyr Leu Thr •



CONSTRUCTION OF THE CH1MAER1C RECEPTOR PLASMIDS.

pSVpLEX contains both the SV40 enhancer, p-globin promoter and the coding 

sequence of the N-terminal 87 amino acids of Lex A. These sequences have been 

subcloned into the polylinker region of the plasmid pUC12, disrupting the coding 

sequence of the marker gene LacZa and destroying the restriction sites at the junction 

of the p-globin and Lex A sequences (Figure A1.5). pSVpLEX was therefore adapted to 

form a suitable expression vector and the putative transactivation domains of the 

mouse oestrogen receptor were cloned C-terminal to the Lex A DNA binding domain. 

In pSVpLEX the Lex A coding sequence is followed by three unique restriction enzyme 

sites, Sal I, Hinc II and Hind III, prior to the remainder of the LacZa gene (Figure 

A1.5). Hind III was selected as the most appropriate cloning site since it is not 

contained within the mouse oestrogen receptor coding sequence and can be purchased 

as 8, 10 or 12 base pair linkers (Biolabs.) so that the distance between the Lex A 

DNA binding domain and the receptor coding sequences can be adjusted to maintain the 

open-reading frame.

FIGURE A1.5 Diagrammatic representation of pSVpLEX,

pBR ori

pSVpLEX
LacZ ct gene

Lex A DBD[3 -globin promoterSV40

m m

Stu I
_ -N c r r r  L|NKER 

CC ATG AAG GCC GGTCGACCT GCAGCCCAAGCTT 
Sal l/Hinc

GAA CCA ACG GCC
Hind



pLex DBD (Figure A1.6).

2 pg of pJ3 TERM was digested with Eco RV and the DNA recovered by 

extraction with phenol/chloroform and precipitation with ethanol. The DNA was then 

ligated with Hind III linkers, separated from the unligated linkers using a NACS 

column and then digested with Hind III and Pvu I. The digestion products were then 

separated on a 1% agarose gel and the insert isolated using NA45 paper.

To prepare the vector, pSVpLEX was fully digested with Hind III and the DNA 

extracted with phenol/chloroform and precipitated with ethanol. The DNA was then 

partially digested with Pvu I for 0, 5, 10, 15, 30 or 60 minutes and a proportion of 

DNA from each time point monitored by gel electrophoresis. The 15 minute sample 

were judged to contain only a single Pvu I cleavage per molecule and the remainder of 

this preparation was treated with calf intestinal alkaline phosphatase to remove the 

5' phosphates. The vector and insert were then ligated and the mixture used to 

transform competent DH1 cells to ampicillin resistance. The resulting colonies were 

screened for recombinants by digesting mini-prep. DNA with Bgl II.

pLex-MQR N18Q (Figure A1.7).
2 pg of pMOR8 was fully digested with Nae I and Hinf I and the 5' overhanging 

end converted to blunt using the Klenow fragment of DNA polymerase I. The digestion 

products were then ligated with Hind III linkers, separated from the unligated linkers 

using a NACS column and then digested with Hind III. The resulting fragments were 

then separated on a 1% agarose gel and the desired 526 bp fragment isolated using 

NA-45 paper. The insert was then recovered by ethanol precipitation and subcloned 

into pLex DBD which had been digested with Hind III and treated with calf intestinal 

alkaline phosphatase. The ligation mix was used to transform competent DH1 cells to 

ampicillin resistance and recombinant clones were identified by restriction enzyme 

digestion and sequenced to confirm both the 5' and 3' non-receptor sequences (see 

Section 4.5-2).

pLex-MOR C315 (Figure A1.8).

30 pg of pJ3MOR was completely digested with the restriction enzyme Pvu I 

and the DNA was recovered by phenol/ch loroform  extraction  and ethanol 

precipitation. The DNA was then partially digested with Pvu II for 0, 5, 10, 15, 30 

and 60 minutes and a proportion of the DNA from each time point monitored by gel 

electrophoresis. The 10 and 15 time points contained the highest proportion of the 

desired 2.4 kb Pvu l-Pvu II fragment and the remainder of these two preparations
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FIGURE A 1.6 Construction of pLex DBD
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FIGURE A1.7 Construction of pLex-M O R  N 180
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was pooled before being ligated with Hind III linkers. The DNA was then separated 

from the unligated linkers using a NACS column and digested with Hind III. The 

digestion products were separated on a 1% agarose gel and the insert isolated using 

NA-45 paper. This insert was then subcloned into the pSVpLEX/Hind III + partial 

Pvu I vector preparation used to generate pLex DBD. The ligation mixture used to 

transform competent DH1 cells to ampicillin resistance and the resulting colonies 

were screened for recombinants by digesting mini-prep. DNA with Bgl II. The coding 

sequence linking the Lex A DNA binding domain and the C-terminal receptor residues 

was then confirmed by M13 single-stranded dideoxy sequencing (see Section 4.5-2).
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FIGURE A1.8 Construction of pLEX-M O R C315.

pBR on

PvupJ3MOR

SV40 t IVS SV40 T poly A site

Z  3 BarrtfTl/Nae I 
-  -  FUSION

PVU It 
( 5 4  8 )

PVU II
( 1 1 3 4 )

PVU II

1) Pvu i digestion

2) Partial Pvu II digestion

3) Addition of Hind III linkers

4) Digestion of Hind III linkers

5) Gel electrophoresis

6) Fragment purification

Pvu I

pBR ori.

pSVP LEX

Pvu

Lex A DBDl-g lo b in  prom oter

Hind III 
LINKER

SV40 t IVS poly A site Amp

T T
P 9 ■? ”°  ® 3  —
ZD —  ~

Pvu I

1) Hind III digestion

2) Partial Pvu I digestion

3) Removal of 5' phoshates

Ligatio

Pvu I
poly A site

p L e x - C 3 1 5 SV40 t IVS

if X

pBR ori.

i-g lo b in  p rom oter Lex A DBD



I /  o



INTRODUCTION.

This appendix describes the preparation of the site directed mutants used to 

map sequences required for the dimerisation, DNA and/or ligand binding activity of 

the mouse oestrogen receptor. In all of the figures mutated nucleotides are printed in 

either plain or bo ld  small caps to indicate that this new sequence encodes either 

conservative or non-conservative amino acid changes respectively. S im ilarly 

mutated amino acids are also printed in bo ld  type face.

MUTAGENESIS.

The 5' sequences of the receptor cDNA were subcloned as a 750 base pair Xho 

l-Kpn I fragment from pJ3MOR into M13 mp18 which had been digested with Sal I 

and Kpn I and then treated with calf intestinal alkaline phosphatase. The resulting 

construct was then used to produce single stranded DNA for oligonucleotide directed 

mutagenesis using the Amersham International In Vitro Mutagenesis Kit.

The DNA sequence encoding the conserved heptad motif contains two useful 

cloning sites, a unique Cel II site at nucleotide 1711 and a Pst I site at nucleotide 

1691 (although this enzyme also cuts at 1520) but there are no restriction enzyme 

sites at the 3' end of the motif. Mutagenesis was therefore initiated by changing T- 

1801 and G-1804 to G and A respectively (using the oligoncleotide OR-Kpn I shown 

in Figure A2.1) to generate a unique Kpn I site at position 1805 (corresponding to 

amino acid 538) without altering the coding sequence of the receptor. The resulting 

construct pMORNK (see Figure A2.1) was then used for all subsequent mutagenesis.

FIGURE A2.1 Erfiparalipn..oL pMQRM K.

532 538 543
MET Lys Cys Lys Asn Val Val Pro Leu Tyr Asp Leu Leu Wild-tvD© nucleotide
ATG AAA TGC AAG AAC GTT GTG CCC CTC TAT GAC CTG CTC and amino acid
TAC TTT ACG TTC TTG CAc CAt GGG GAG ATA CTG GAC GAG seauence

3' -CG TTC TTG CAc CAt GGG GAG ATA C-5' OR-Kpn I oligonucleotide.

532 538 543
MET Lys Cys Lys Asn Val Val Pro Leu Tyr Asp Leu Leu MORNK nucleotide
ATG AAA TGC AAG AAC GTcr GTa CCC CTC TAT GAC CTG CTC and amino acid
TAC TTT ACG TTC TTG CAc CAt GGG GAG ATA CTG GAC GAG sequence

Kpn I



The four initial single point mutations, L-511R, 1-518R, G-525R and M- 

532R, were all generated using oligonucleotide directed mutagenesis as shown in 

Figures A2.2 and A2.3. In the case of 1-518R and G-525R, the mutagenesis also 

introduced a unique Nde I site at position 1743 that preserved the amino acid 

sequence of the receptor. These mutated C-terminal MOR sequences (including the 

Kpn I site insertion) were then transferred as 520 base pair Bgl ll-Sst I fragments 

into pMORlOO that had been been digested completely with Bgl II and partially with 

Sst I before being treated with calf intestinal alkaline phosphatase.

The remaining single (R-507A), double (L-511D, 1-518D and G-525D.M- 

532D), and quadruple (L-529A,M -532A,C-534A,V-537A) point mutants were all 

prepared by cloning annealed oligonucleotide pairs directly into these pMORlOO 

based contructs as shown in Figure A2.4. This method was also used to prepared the 

insertion and deletion mutants H-520,A,M-521 and AM-521 ,S-522 (Figure A2.5).

Each of these mutants were linearised with Hind III and translated in vitro 

exactly as previously described for pMORlOO.
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FIGURE A2.4 Preparation of the remaining point mutants.

R-507A (Cloned into Cel II + partial Pst I digested pSPMORNK)

507
n Gin Gin His Arg Ala Leu A1
G CAG CAG CAT CGC gcg CTA GC

AC GTC GTC GTC GTA GCG cgc GAT CGA GT
Pst I Cel: II

L -511 D .I-518D  (Cloned into Cell II + Nde I digested pSPI-518R)

511 518
a Gin A s p Leu Leu H e Leu Ser His A s p Arg Hi
T CAG gaC CTT CTC ATT CTT TCC CAT gaC CGG CA

C
C e l II

ctG GAA GAG TAA GAA AGG GTA ctG GCC GTa t
Nde 1

G -525D.M -532D (Cloned into Nde I + Kpn I digested pSPG-525R)

525 532
s Met Ser Asn Lys A s p Met Glu His Leu Tyr Asn A s p Lys Cys Lys Asn Val Val P
t ATG AGT AAC AAA GaC ATG GAG CAT CTC TAC AAC gac AAA TGC AAG AAC GTg GTa C

AC TCA TTG TTT CtG TAC CTC GTA GAG ATG TTG ctg TTT ACG TTC TTG CAc
NdeI Kpn I

L -529A .M -532A .C -534A .V-537A  (Cloned into Nde I + Kpn I digested pSPG-525R)

525 532
s Met Ser Asn Lys GLY Met Glu His Ala Tyr Asn Ala Lys Ala Lys Asn Ala Val P
t ATG AGT AAC AAA GGC ATG GAG CAT get TAC AAC get AAA get AAG AAC Gcg GTa C

AC TCA TTG TTT CCG TAC CTC GTA cga ATG TTG cga TTT cga TTC TTG Cgc
NdeI Kpn I
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