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Abstract

Metamorphosis in amphibia is obligatorily dependent upon the thyroid hormones 

triiodothyronine and thyroxine (T3 and T4 , respectively), which can precociously 

induce metamorphosis. This has been exploited advantageously to study both the mode 

of action of these hormones and the biochemical and molecular basis of gene switching 

and cellular modifications which occur during metamorphosis. Recent work from our 

laboratory on thyroid hormone receptors (TRs) has shown that the two isoforms of TR 

known in the frog Xenopus laevis, TRa and TRp, are upregulated differentially at the 

mRNA level, both during natural metamorphosis and precociously in tadpoles exposed 

to T3 . However, very little is known about the properties and dynamics of the 

Xenopus TR proteins. The major goal of my project is to study the role of thyroid 

hormone receptor proteins, which are members of a superfamily of ligand dependent 

transcription factors, in Xenopus during metamorphosis.

To study the ligand and DNA binding properties of Xenopus TR proteins, I have 

prepared in vitro translated TRa and -p, as well as nuclear extracts from the

T3 -responsive Xenopus cell line XTC-2. For high affinity, sequence specific DNA 

binding to occur I have shown that Xenopus TRs require heterodimerisation with 

retinoid X receptors (RXR), which were also synthesised in a cell-free transcription- 

translation system. Polyclonal antibodies against bacterially expressed Xenopus TRs 

and synthetic peptides were generated for use in Western blotting and "supershifting" in 

electrophoretic mobility shift assays (EMSA) with various thyroid hormone response 

elements (TREs).

To explain the phenomenon of autoinduction of Xenopus TR genes, the binding of 

T R a and p proteins to the Xenopus TRP promoter was examined in parallel with 

transfection of various promoter constructs in XTC-2 cells. A TRE with the sequence 

5'-AGGTCATTTCAGGACA-3' spanning the promoter at -5/-I-11 was discovered, to



which TR/RXR heterodimers bound with high affinity. To further analyse 

autoregulation of the Xenopus TRP gene, these studies were extended to examining 

DNA binding properties of dominant negative TR mutants (human and Xenopus), and 

their ability to heterodimerise with Xenopus RX R.

Taken together, my studies emphasise the importance of heterodimerization of two 

nuclear hormone receptor proteins in furthering our understanding of how thyroid 

hormones initiate and regulate amphibian metamorphosis.
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Chapter 1 

Introduction



1.1 Hormones

The term "hormone" was first used by Starling (1904) to describe chemical messengers 

that control diverse physiological functions in man. Hormones are best defined as 

chemical signals, secreted by specific cell types within multicellular organisms, 

commonly known as endocrine organs, which cause phenotypic changes in their target 

cell populations. These signals may act upon the cells releasing the hormone itself, or 

neighbouring as well as distant cell populations. The need for hormonal signals 

presumably arose when multicellular organisms evolved to sizes at which individual 

cells within an organism were too distant for direct communication. The survival 

advantages of cell-cell communication provided strong evolutionary pressure to develop 

and refine these chemical signalling pathways, resulting in increasing complexity of 

hormonal signalling to encompass different roles in different species. Even if the first 

documented account of endocrine activity was in 400 B.C., when Aristotle described the 

effects of castration upon songbirds (Aristotle, 400 B.C.), and some therapeutic use 

was made of endocrine extracts in the 19* century , it was only at the beginning of this 

century that the importance of hormones in the physiology of living organisms started 

to be appreciated.

A wide range of structurally and functionally diverse hormones, both within and across 

species, have been discovered ranging from small, easily diffusible ligands in simple 

multicellular organisms to large polypeptides delivered to their target cell populations in 

higher vertebrates via a complex circulatory system (Baulieu and Kelly, 1990; Loriaux,

1994). The biological processes regulated by hormones span a diverse range of 

activities such as food seeking and satiety, metabolism and calorific economy, growth 

and differentiation, homeostasis, arousal, reproduction, defence, flight, secluding 

behaviour and response to environmental change.



The question of how hormones were capable of triggering changes in intracellular 

metabolism remained unanswered until Sutherland discovered that cytosol, from liver 

slices treated with glucagon or adrenaline contained a hormone inducible heat-stable 

factor, identified as an adenine ribonucleotide, that was capable of activating glycogen 

phosphorylase in vitro (Sutherland and Rail, 1957; Sutherland and Rail, 1958). The 

adenine ribonucleotide was later discovered to be adenosine 3',5’-monophosphate 

(cyclic AMP, or cAMP) by Lipkin et at. (1959). On the basis of these studies, the 

"second messenger" concept of hormone action was put forward. In this scheme, the 

hormone is the first messenger of intercellular communication and is secreted into the 

bloodstream where it can bind to receptors on the surface of its target population of 

cells. This interaction causes the activation of an intracellular second messenger system 

that mediates the hormonal effects upon physiological processes via specific 

intracellular proteins. The discovery of cAMP has been followed by the discovery of a 

wide range of other important second messengers such as inositol-1,4,5-triphosphate, 

Ca^+, cyclic GMP and nitric oxide (reviewed in Berridge and Irvine, 1989; 

Gershengom and Perlman, 1994; Gammeltoft and Kahn, 1994; Schulz and Triggle,

1994).

Downstream of the second messengers are the proteins which act as the final biological 

effectors of the hormonal signal. These proteins are commonly phosphokinases, such 

as the cAMP-activated protein kinase A, which phosphorylate specific target proteins 

such as membrane transport proteins, enzymes involved in glycogen and lipid 

biosynthesis, ribosomal proteins involved in protein synthesis, cell cycle regulatory 

proteins and transcription factors (see Gammeltoft and Kahn, 1994; Darnell et al., 

1990).



The significance of these second messenger systems in the context of primary site of 

hormone action is that the hormone rapidly modulates the activities of membrane 

components, such as adenyl cyclase, G proteins, etc. which are closely associated with 

the hormone receptor located in the target cell's plasma membrane.

1.2 Hormone receptors

The concept that cells possess specific receptors for biologically active molecules was 

first put forward by Langley in 1906 as a result of studies on the actions of nicotine and 

curare. In order for hormones to exert their biochemical effects, they must bind to 

specific receptor molecules in their target cells. In most receptor-ligand systems, the 

ligand causes a conformational change in the receptor, which, via a cascade of 

biochemical events, triggers off a cellular response. Two principal classes of receptor 

are known; those localised within the cell membrane and those present in the nucleus or 

cytoplasm (Baulieu and Kelly, 1990).

1.2.1 Membrane receptors

Although the discovery of cAMP as an intracellular mediator of hormone action in 1957 

provided a link between an extracellular signal and intracellular metabolic effects, direct 

evidence for the presence of specific cell surface receptors for drugs, toxins and 

hormones was not discovered until the 1960s when the biological activity of 

polypeptide hormones, such as insulin, was found to be inhibited by hormone-specific 

antibodies (Pastan et a i, 1966). This suggested that the antibodies were binding the 

hormones in competition with cellular binding sites that mediate the biological activity 

of the hormones. The location of the receptor molecules was further defined by 

experiments showing that peptide hormones retained their activity when covalently 

coupled to large polymeric beads that prevented the intracellular uptake of the hormones 

suggesting an extracellular location for the receptor molecules (Cuatrecasas, 1969).



Additionally, Kono (1969) showed that receptor activity could be ablated by pre

treatment of cells with proteolytic enzymes, at concentrations that left cell integrity 

intact, prior to hormonal treatment. The first direct studies on the interaction of 

hormones with cell surface receptors were performed in 1970 using radiolabelled 

angiotensin (Lin and Goodfriend, 1970) and adrenocorticotropic hormone (ACTH) 

(Lefkowitz et al„ 1970). Although, as more receptor-specific radioligands became 

available, many membrane receptors were studied at the ligand binding level, the low 

cellular abundance of these proteins made structural studies difficult until 1984 when 

the nicotinic acetylcholine receptor (Mishina et al., 1984) and epidermal growth factor 

(EOF) receptor (Ullrich et al., 1984) were cloned and sequenced.

A multitude of cell surface receptors have since been cloned and their structural and 

functional characteristics analysed. As a result of this, three main families of cell 

surface receptor have been identified: a) seven-transmembrane segment receptors, with 

over 1 0 0  members currently known including receptors for adrenaline, serotonin, 

dopamine, odorants and a diverse range of peptides and neuropeptides; b) single

transmembrane segment receptors, with over 50 known members including receptors 

with enzymic activity (tyrosine kinase, serine-threonine kinase, guanylate cyclase and 

phosphotyrosine phosphatase). This family contains the receptors for a wide range of 

polypeptide growth factors, cytokines and peptide hormones such as insulin, epidermal 

growth factor, prolactin and growth hormone; c) four-transmembrane segment 

receptors, which form homo- or hetero-pentameiic complexes surrounding a membrane 

pore, which act as ligand-regulated ion channels, providing a very rapid response to 

ligand binding. Members of this family act as receptors for a number of small 

neurotransmitters such as glycine, glutamate and ATP (for reviews see Darnell et at., 

1990; Gammeltoft and Kahn, 1994)



1.3 Nuclear hormone receptors

1.3.1 Receptors in cytoplasm and nucleus

The first direct evidence for the presence of specific, intracellular hormone-binding 

receptor molecules was provided when radiolabelled hormones of high specific activity 

became available. This breakthrough enabled the detection of specific, high-affinity 

hormone binding sites present in low abundance. Thus, in the 1960s the presence of 

specific, high-affinity binding sites for oestrogen in the cytoplasm and nucleus of 

mammalian uterus was demonstrated by several different groups (Jensen and Jacobson, 

1962; Talwar et a i, 1964; Toft and Gorski, 1966; Korenman, 1968). As radiolabelled 

versions of other steroids, and lipophilic signalling molecules such as thyroid 

hormones, were synthesized, similar specific, high affinity sites were detected and 

characterised at the biochemical level (Oppenheimer et al., 1972; Wilson, 1973, Gupta 

and Bloch, 1976). The fact that the affinity of these hormones, and their synthetic 

analogues, for these binding sites was mirrored by their biological activity, strongly 

suggested that these binding sites, or receptors, mediated the biological activity of 

hormones.

For a better understanding of the nature of these receptors, purification of the proteins 

to near homogeneity was required for structural analysis and immunisation of animals 

to raise specific antibodies. As the receptor proteins were known to be of low 

abundance (typically less than 0 .1 % of total cellular protein), specialised protein 

separation techniques such as affinity chromatography using immobilised ligands 

(Redeuilh et at., 1987), DNA-cellulose and phosphocellulose (Eisen and Glinsmann, 

1978; Wrange et at., 1979; Westphal and Beato, 1980) were used to purify the 

receptors.



Glucocorticoid, oestrogen, androgen and progesterone receptors, can be recovered 

from hormone-deprived cells in two forms, as defined by their behaviour on sucrose 

gradient centrifugation. These consist of a small 4S form, with the ability to bind to 

DNA and phosphocellulose with high affinity, and a larger 9S form which lacks DNA 

binding activity. In the absence of hormone the 9S form of these receptors has been 

shown to be functionally inert multiprotein complexes, which include heat shock 

proteins 56 and 90 (hsp56 and hsp90, respectively). In the presence of hormone, the 

9S multiprotein complexes dissociate and the receptors can be recovered in the 4S form 

(after extraction with 300-400 mM salt) from the nuclear fraction (reviewed by Pratt, 

1992). As well as sequestering this group of steroid receptors in an inactive form, 

other possible roles for the heat shock protein complex that have been suggested are 

presenting the receptor in a form competent to bind ligand (Bresnick et a i,  1989) and 

attachment to, and transport along, the cytoskeletal protein network (Redmond et al., 

1989; Akner et al., 1990).

Binding of hormone by receptor in the cytoplasm and the subsequent tight binding of 

receptor to the nucleus was originally presented in 1968 as the two-step mechanism of 

steroid hormone action (Jensen et al., 1968). This image of cytoplasmic, ligand-free 

receptors being translocated to the nucleus after addition of hormone is now known to 

be not entirely accurate. Immunocytochemical experiments to determine the 

intracellular location of these receptors have provided inconclusive data, as the cell 

fixation technique used can alter the nucleus-cytoplasm distribution of receptor (Case et 

al., 1989; Brink et al., 1992). Although strong evidence exists for the cytoplasmic 

association of steroid receptors with the heat shock protein complex in vivo (Rexin et 

al., 1988; Pratt, 1987), the possibility still exists that the unliganded receptor-heat 

shock protein complex is present within the nucleus. In support of this, unliganded 

oestrogen receptor has been shown to have a nuclear localisation in living cells 

(Welshons et al., 1984; King and Greene, 1984). Hsp90 is known to be present 

within nuclei (Gasc et al., 1990), and co-expression of a recombinant hsp90, with a



strong nuclear localisation signal, causes the nuclear localisation of steroid hormone 

mutants lacking a nuclear localisation signal (Kang et al., 1994). Additionally, in the 

absence of ligand, glucocorticoid receptors overexpressed by cell transfection are 

localised within the nucleus and are associated with hsp90 and hsp70. Point mutations 

preventing ligand or DNA binding did not alter this nuclear localisation, therefore the 

nuclear localisation, in this system, is independent of the ligand or DNA binding 

properties of the receptor (Sanchez et at., 1990).

Intracellular hormone receptors mediate the actions of a diverse range of low molecular 

mass hormones and biologically active lipophilic ligands, which include all steroid 

hormones, thyroid hormones, retinoic acid and vitamin D3 . The ligands of several 

nuclear receptors have not yet been identified, and these are commonly termed "orphan" 

receptors (Laudet et al., 1992a; Detera-Wadleigh and Fanning, 1994). All of the 

nuclear hormone receptors are DNA binding proteins which are capable, when bound 

to specific DNA sequences (hormone response elements or HREs), of functioning 

directly as transcription factors (for reviews see: Parker, 1993; Evans, 1988; Beato 

1989).

1.3.2 Nuclear receptor supergenefamilv

The first information about the genes encoding the nuclear hormone receptors was 

obtained when the cDNA for the human glucocorticoid receptor was cloned by Evans' 

group from an expression libraries, using an anti-glucocorticoid receptor antibody 

(Hollenberg et al., 1985). This receptor, and the human oestrogen receptor cloned by 

Chambon's laboratory (Green et al., 1986), were shown to share sequence homology 

with the viral oncogene w-erbA (Weinberger et al., 1985). Since then many members 

of the nuclear hormone receptor superfamily have been cloned and comparison of their 

cDNAs reveals a modular structure. As well as structural similarities, the members of



the nuclear receptor superfamily share a number of functional properties as discussed 

below.

The nuclear hormone receptor superfamily can be divided into two main subfamilies, 

commonly known as types I and II (Stunnenberg, 1993) (see Figure 1.1). The type I 

receptors are represented by steroid hormone receptors, such as the oestrogen, 

glucocorticoid and androgen receptors. Following hormone binding, type I receptors 

form homodimers which are capable of binding to specific hormone responsive 

elements (HREs) present in the 5' flanking promoter region of their target genes and 

modulating their transcription. In contrast, the type II receptors, such as the thyroid 

hormone (TR), retinoic acid (RAR), retinoid X (9-cw-retinoic acid)(RXR), vitamin Dg 

(VDR) and peroxisome proliferator activated (PPAR) receptors, do not form complexes 

with heat shock proteins and are constitutively present in the nucleus, binding to their 

specific HREs even in the absence of ligand. Additionally, the type II receptors 

preferentially form heterodimers with RXRs which bind DNA with high affinity and 

transactivate target gene promoters (Perlmann et al., 1993; Kliewer et at., 1992; Zhang 

etal., 1992; Durand ef o/., 1992).

The transcriptional activation function of both types of receptor can be strongly 

modified by their phosphorylation state, which constitutes the basis for cross-talk with 

other intracellular signalling pathways linked to membrane receptors (Denner et a i, 

1990; Diamond et at., 1990; Power etal., 1991; Aronica and Katzenellenbogen, 1993; 

Brann et at., 1995). Recent findings also demonstrate that receptor isoform-specific 

cross-talk can occur between cell membrane and nuclear receptors, allowing ligand- 

independent activation of nuclear receptors. Additionally, the glucocorticoid receptor 

has been demonstrated to become hyperphosphorylated (1.5 to 3 fold increase in 

phosphorylation) at seven potential phosphorylation sites within the N-terminal 

transactivation domain, following glucocorticoid treatment of WCL2 cells (Chinese 

hamster ovary cells which overexpress the mouse glucocorticoid receptor) (Bodwell et



DNA LIGAND

A/B C D E/F

Type I Receptors

1 100 100

94 57

1 84 51

90 55

1 60 30

Type II Receptors

1 100

90

49

97

100

85

30

82

100 100

1 97 76

1 100 100

1 92 87

95 86

111 GR

984 MR

918 AR

933 PR(B)

595 ER

490 TRa

456 TRP

427 VDR

462 RARa

448 RARp

454 RARy

462 RXRa

410 RXRp

463 RXRy

Figure 1.1: Members of the nuclear hormone receptor 
superfamily classified as Types I and II receptors.

The general domain structure of receptor proteins is indicated; A/B refers to the 

hypervariable transactivation domain, C the DNA binding domain, D the hinge 

region and E/F the ligand binding domain. Protein size, in amino acids, is shown for 

the glucocorticoid (GR), mineralocorticoid (MR), androgen (AR), progesterone B 

form (PR B), oestrogen (ER), thyroid hormone (TR), vitamin D (VDR), retinoic acid 

(RAR) and 9-cij-retinoic acid (RXR) receptors. Amino acid sequence homology for 

the DNA and ligand binding domains is indicated by percentage numbers within the 

shaded areas; type 1 and ER receptor homology is relative to GR, type II homology is 

relative to TRa, RARa or RXRa.

(Adapted from Williams, 1994b)
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al., 1995). Of the seven sites, five share consensus sequences for cell cycle-dependent 

kinases.

A greater understanding of the interactions among different nuclear hormone receptors 

can be derived from the yeast two-hybrid system which provides a functional assay for 

studying protein-protein interactions (Fields and Song, 1989). Additionally, nuclear 

hormone receptor activity can be reconstituted in the yeasts Saccharomyces cerevisiae 

and Schizosaccharomyces pombe. These organisms provide a well-defined and readily 

manipulated genetic background lacking any known endogenous nuclear hormone 

receptor, including members of the ubiquitous RXR family, (Picard et at., 1990; Hall et 

at., 1993). The Schizosaccharomyces pombe system has been shown to display 

significantly greater transfected receptor activity (2.5 to 12.5-fold) than the 

corresponding Saccharomyces cerevisiae system for a number of retinoid and thyroid 

hormone receptors (Sande and Privalsky, 1994) (See also section 1.4.2).

The relative ease of genetic studies in yeast can also allow the identification of genes 

involved in transactivation at HREs resulting from nuclear hormone receptor binding, 

such as three genes SW Il, SWI2 and SWI3, which are required for glucocorticoid 

receptor transcriptional activity in yeast (Yoshinaga et a i,  1992). These genes are part 

of a SWI-SNF complex which acts as a DNA dependent ATPase required to facilitate 

the binding of many transcription factors to nucleosomal DNA (Peterson and Tamkun,

1995). However, these systems are far from physiological and so care must be taken 

when interpreting results, as demonstrated by the fact that in these systems v-erbA, a 

transcriptional repressor in vertebrate cells, acts as a transcriptional activator (Sande and 

Privalsky, 1994).

1 1



1.3.3 Structure of nuclear hormone receptors

The cloning and sequencing of members of the nuclear hormone receptor 

supergenefamily, and the comparison of their amino acid sequences, has greatly 

enhanced our understanding of the structural and functional relationships between the 

individual members. This has also led to the inclusion, into the superfamily, of a 

number of genes which encode proteins with no currently identified ligand, such as 

chicken ovalbumin upstream promoter transcription factor (COUP-TF) and oestrogen 

related receptors (ERRl and ERR2), which share homology with other nuclear 

receptors (O'Malley and Coneely, 1992). In excess of 50 genes, many encoding more 

than one protein product through alternative splicing, have been identified as members 

of the nuclear receptor superfamily (Laudet et al., 1992a; Detera-Wadleigh and 

Fanning, 1994; Tsai and O'Malley, 1994). These proteins share a modular structure, 

with six functionally distinct regions, A-F as shown in Figure 1.2.

The N-terminal region, A/B, is highly variable across the nuclear receptor superfamily 

and was first shown in 1988 to compromise a transcriptional activation domain (AF) 

for the progesterone receptor (PR) (Tora et al., 1988), and subsequently for other 

members of the nuclear receptor superfamily (Ham and Parker, 1989; Carson-Jurica et 

al., 1990). Some nuclear receptor isoforms, differing only in their A/B domain, such 

as the PR A and B isoforms and the TR pi and p 2  isoforms, display differential 

transactivation abilities (Tora et al., 1988; Hodin et al., 1989). Modulation of 

transactivational activity, by ligand induced phosphorylation of specific serine residues 

in the A/B domain, has been shown for various members of the nuclear receptor 

superfamily such as the glucocorticoid receptor (Bodwell et al., 1995) and the 

oestrogen receptor (All et al., 1993).

The most highly conserved region within nuclear receptors is domain C which is 

responsible for sequence specific DNA binding. This domain consists of a stretch of
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Figure 1.2: Schematic representation of the structural and
functional organization of nuclear hormone receptors.

In this figure, the domains C and E, which are relatively highly 

conserved within this gene family, are represented by boxes. The less 

well conserved domains A/B, D and F are represented by bars. AF 

refers to transcription activation functions (formerly TAF), NLS refers 

to nuclear localization signal.
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6 6 - 6 8  amino acids including nine conserved cysteines, eight of which, in two groups 

of four, being involved in the tetrahedral co-ordination of individual zinc ions to form 

two zinc finger motifs, as shown in Figure 1.3 (Freedman et al., 1988). The zinc 

finger structural motif was first discovered in the Xenopus transcription factor IIIA 

(TFIIIA), where two cysteines and two histidines co-ordinately bind one zinc ion, 

(Miller et at., 1985). The two zinc finger modules are joined primarily through 

interactions between the amphipathic helices formed by amino acids at the base of the 

two fingers. Structural studies, using X-ray crystallography, have shown that the 

amino acids in the C-terminal stem of the first zinc finger form an a  helix that makes 

base contacts in the major groove of the DNA (Luisi et al., 1991). This recognition 

helix coincides with the so-called P-box, that has been implicated in determining DNA 

binding specificity (Umesono and Evans, 1989; Mader et al., 1989a). This binding is 

further stabilised by non-specific contacts by the second zinc finger. Five amino acids 

in the N-terminal stem of the second zinc finger, known as the D-box, stand at a 

potential interface of receptor dimérisation and may be involved in the selection of the 

half-site spacing (Luisi et al., 1991; Mader et al., 1993b; Desvergne, 1994). The 

crystal structure of the heterodimer between the DNA-binding domains of human TRP 

and RX Ra, bound to a thyroid hormone responsive element (consisting of the 

sequence AGGTCATTTCAGGTCA) has recently been resolved (Rastinejad et al.,

1995). The results obtained conclusively prove that RXR binds to this sequence 5’ 

relative to TR, and that the heterodimerisation surfaces are provided by the C-terminal 

zinc finger, and D-box for RXR, and the N-terminal zinc finger and a stretch of amino 

acids C-terminal of both zinc fingers, known as the T-box, for TR.

Immediately C-terminal to the DNA binding domain is the hinge region D. This part of 

the protein is poorly conserved between different members of the superfamily, but may 

be important in allowing the protein to bend or alter configuration. The steroid 

hormone receptors (type I) contain nuclear localisation signal sequences which are 

seven amino acids in length, and homologous to the S V40 antigen nuclear localisation

14
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N-Terminus

P-Box

D-Box
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C

%
O
G

C-Terminus

B) Type I receptors P-box D-box Half-site

GR GSCKV AGRND AGAACA
PR GSCKV AGRND AGAACA
MR GSCKV AGRND AGAACA
AR GSCKV ASRND AGAACA
ER EGCKA PATNQ AGGTCA

Type II receptors

TRa EGCKG KYDSC AGGTCA
TRP EGCKG KYEGK AGGTCA
RAR EGCKG HRDKN AGGTCA
RXR EGCKG RDNKD AGGTCA

\-erbk EGCKG TYDGC AGGTCA

Figure 1.3: Structure of the Zn^+ finger region of the nuclear 

receptor DNA binding domain.

A) Conserved amino acids are shown for the sequence spanning the two zinc fingers 
(I and II), non-conserved amino acids are represented by open circles. The P- and 

D-box are indicated. B) Amino acid sequences for the P- and D-boxes of 
representative members of the nuclear receptor superfamily are displayed.

Consensus DNA half-site sequences are given also.

Adapted from Mester and Baulieu, 1994; Smit-McBride and Privalsky, 1994.
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signal. These sequences, within the hinge region (overlapping the DNA binding 

domain), have been shown to be functional, as mutagenesis of these sequences leads to 

constitutive cytoplasmic localisation (Carson-Jurica et a l, 1990). For the thyroid 

hormone receptors, domain D is important not only for nuclear localisation, but also for 

transactivational regulation - both positive and negative (Lee and Mahdavi, 1993).

Domain E is relatively large (-250 amino acids) and functionally complex, containing 

regions important for heat shock protein association, homo- and hetero dimerisation, 

nuclear localisation, transactivation, intermolecular silencing across the superfamily, 

intramolecular repression and, most importantly, ligand binding (Evans, 1988; Power 

et a i,  1992; Barettino et al., 1994). Although most of these functions require only 

short stretches of amino acids, ligand binding seems to involve a large part of the E 

domain (Carson-Jurica et a i, 1990), since most of the mutations identified in this 

region compromise the ability of the mutated receptor to bind its specific hormone. The 

major dimérisation region of receptors has been localised in the C-terminal half of 

domain E (Fawell et at., 1990; Forman and Samuels, 1990; Stunnenberg, 1993). This 

region contains hydrophobic heptad repeats, that are structurally similar to the leucine 

zipper dimérisation domain, and which were thought to be required for dimérisation to 

occur (Forman et at., 1989; Tone et ai., 1994). However, the recently determined 

crystal structure of homodimerised human RXRa ligand binding domain, shows that 

the dimérisation interface consists of packed a-helices, with the heptad repeats not 

directly contributing to the dimérisation interface (Bourguet et al., 1995). Interestingly, 

the region of the domain E with transactivational activity (AF-2) was shown to be 

incorporated into an a-helical structure (HI 1) that extends out from the surface of the 

ligand-binding domain C-terminus.

Finally, at the C-terminal end of some members of the superfamily is a highly variable 

F domain, for which no role has yet been ascribed. For example, Chambon's
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laboratory has shown that deletion of the F domain of the oestrogen receptor has no 

discernible effect upon its functional activity (Kumar et a i, 1987).

1.3.4 Hormone response elements

As already mentioned (section 1.3.2), the nuclear receptor proteins must bind to 

specific DNA sequences in the promoters of their target genes, known as hormone 

response elements (HREs), in order to exert their biological effects. As would be 

expected with the highly conserved DNA binding domain, each type of nuclear receptor 

binds to similar response elements. However, important differences in the HREs do 

exist between receptor types I and II (see Figure 1.4).

The first HRE to be identified was a short sequence within the murine mammary 

tumour virus (MMTV) promoter (see Yamamoto, 1985) which, when mutated, 

destroyed glucocorticoid responsiveness. When inserted into a heterologous promoter, 

a short oligonucleotide containing this sequence was able to confer glucocorticoid 

responsiveness (Strahle et al., 1987). The glucocorticoid response element (GRE), 

consists of two palindromically arranged half-sites, with the sequence AGAACA, 

AGGACA or, optimally, GGTACA separated by three nucleotides (Carson-Jurica,

1990).

The other type I receptors were shown to bind to, and act via, the GRE DNA sequence, 

with the exception of the oestrogen receptor, which binds to the same palindromic 

arrangement of half-sites separated by three nucleotides, but with the half-site sequence 

AGGTCA (Klein-Hitpass et a i, 1986). This suggests a division of the type I receptors 

into two groups on the basis of their DNA binding specificities, with the oestrogen 

receptor set apart from the glucocorticoid, mineralocorticoid, progesterone and 

androgen receptors.
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Type I receptor binding sites Receptor HRE Type

AGGTCANNNTGACCT ER PAL+3

TGTTCTNNNAGAACA GR PAL+3

Type n  receptor binding sites

GGTTCANNNGGTTCA VDR/RXR DR+3 (Osteopontin)

GGGTCANNNNAGGTCC T3R/RXR DR+4 (MMLV LTR)

AGGACANAGGTCA PPAR/RXR DR+1 (Acyl CoA)

GGGTCANGGTTCA RXR/RAR;RXR/RXR DR+1 (Apo A l)

AGGGCANAGGTCA RAR/RXR DR+1 (CRABP I)

AGTTCANNAGGTCA RAR/RXR DR+2 (CRABP I)

GGTTCANNNNNAGTTCA RAR/RXR DR+5 (RARp2)

Figure 1.4: Examples of HREs from different promoters

PAL = palindromic half-site repeat (+ nucleotide spacing); DR = direct repeat of 

half-sites (+ nucleotide spacing); MMLV LTR = Moloney murine leukaemia virus 

LTR; Acyl CoA = Acyl CoA oxidase; CRAB? I = Rat cellular retinoic acid binding 

protein; RARp2  = Retinoic acid receptor Apo Al = Apolipoprotein AL

Adapted from Stunnenberg (1993).
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For the type II receptors, a palindromic sequence TREpal (AGGTCATGACCT), first 

determined for thyroid hormone receptors, has been shown to act as a common HRE 

(Glass et al.y 1988; Umesono et al., 1988; Mangelsdorf et a i,  1990). However, the 

most commonly encountered HRE format for the type II receptors is a direct repeat of 

the half-site AGGTCA, with variable nucleotide spacing. The specificity of binding of 

type n  receptor heterodimers to HREs is mediated by the number of nucleotides 

between the two half-sites, with 3, 4, or 1, 2 and 5 nucleotides giving preferential 

binding and transcriptional responses by vitamin Dg, thyroid hormone and retinoid 

receptors, respectively (Nààr et al., 1991; Rottman et a/., 1991; Umesono et a i,  1991; 

Durand et al., 1992; Stunnenberg, 1993). However, some overlap of binding 

specificities does occur, such as the binding of ubiquitous receptor (UR)-RXR 

heterodimers to a direct repeat of the half-site AGGTCA with a 4 nucleotide spacing, 

with little or no binding of UR to TREpal observed (Song et al., 1994). The preference 

of type n  receptor heterodimers for direct repeat HREs can be, in part, attributed to the 

rotation by -180^ of the DNA binding domain relative to the ligand binding domain in 

RAR, VDR, and TRs, relative to RXRs (Kurokawa et al., 1993). It has also been 

demonstrated that these heterodimers bind to HREs with a distinct polarity, such that 

RXRs occupy the 5' half site preferentially (Mader et al., 1993; Rastinejad et al., 

1995). The functional consequence of this arrangement has been demonstrated by 

experiments studying the effects of 9-cw-retinoic acid and Tg upon the transactivational 

properties of TR/RXR heterodimers. When the activity of TR/RXR heterodimers was 

tested using promoters containing combinations of strong (S, AGGTAA) and weak 

(W, AGGCTG) half-sites arranged as direct repeats with a four nucleotide spacing (SS, 

SW, WS or WW, 5’ to 3', DR+4) (Force et al., 1994), all four DR+4 HREs caused 

transcription to be activated in response to Tg. However, although 9-oj-retinoic acid 

inhibited transcription with SS and SW HREs in the absence or presence of Tg, it had a 

stimulatory effect with a WS HRE in the absence of Tg.
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Some members of the type II nuclear receptor subfamily are able to heterodimerise with 

partners other than the RXRs. An example of this is the binding of TR-VDR 

heterodimers to direct repeats with a 3 (5 -TR-VDR-3 ) or 4 (5'-VDR-TR-3')nucleotide 

spacing, or to inverse palindromic repeats with a 7 nucleotide spacing (5 -TR-VDR-3' 

or 5 -VDR-TR-3 ) (Schrader et al., 1994). In all cases the receptor molecule required a 

-10 fold lower concentration of ligand, for activation, when present in the 3' position. 

Taken together, this suggests that the specificity of hormone action, via the type II 

receptors, within a given cell type, will also depend upon ligand concentration, relative 

expression levels of the different receptors, and the nature of the response element.

1.4 Thvroid hormone receptors

1.4.1 Thvroid hormone action

Thyroid hormones (TH) are biologically active iodothyronines, synthesized in, and 

secreted by, the thyroid gland. The first thyroid hormone to be purified was thyroxine 

(3,3',5,5 -tetraiodo-L-thyronine or T4 ), which was isolated in 1914 by Kendall and its 

structure correctly determined in 1926 by Harington. Subsequently, a more potent 

thyroid hormone, now accepted as the major physiologically active form, 3,3',5- 

triiodo-L-thyronine (T3 ), was identified in 1952 by two independent groups in the 

thyroid gland (Roche et a i, 1952) and in plasma (Gross and Pitt-Rivers, 1952).

Thyroid hormones are known to exert direct effects upon many target tissues including 

the central nervous system, skeletal muscle, pituitary, bone, heart, liver, skin, 

haemopoetic system and kidney as well as playing an important role in the regulation of 

oxidative processes in adult mammalian tissues (see Williams, 1994a). An important 

action of thyroid hormones is also their ability to regulate post-embryonic growth and 

development. This is best illustrated by their pivotal role during amphibian 

metamorphosis (see section 1.5) and the effects of thyroid hormone deficiency during
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mammalian development, leading to cretinism and mental retardation in man and other 

mammals (see Baulieu and Kelly, 1990). Because of the stimulatory effects of Tg and 

T4  upon tissue oxygen consumption (Pitt-Rivers and Tata, 1959; Hoch, 1962), the site 

of action of these hormones was originally believed to be the mitochondria of target 

cells until the discovery of high-affinity, specific nuclear binding sites for thyroid 

hormones.

Thyroid hormones, and other growth and developmental hormones, when administered 

precociously, or to animals experimentally deprived of these hormones, markedly affect 

the protein synthesising activity of their target cells. These hormones, whilst capable of 

enhancing protein synthesis in vivoy were shown to be unable to influence amino acid 

incorporation into protein when added in vitro to cell-free preparations from their target 

cells suggesting that the increased protein synthesis was not a direct hormonal effect on 

ribosomes or other components of the protein synthesising machinery (see Komer, 

1965). This finding led to the observation that RNA synthesis in target cells is very 

sensitive to growth and developmental hormones and that part of the RNA synthesized 

under hormonal control is essential for the biological activity of the hormone. 

Additionally, the use of transcriptional inhibitors such as actinomycin D and a-amanitin 

demonstrated the importance of RNA synthesis in eliciting a hormonal response. The 

ability of these hormones to cause an upregulation of RNA synthesis preceding any 

changes in protein synthesis activity suggested that the hormones were acting via 

regulation of transcription and the effects at the protein level were a downstream event 

(Tata, 1966a). The fact that thyroid hormones were capable of causing a rapid increase 

in cellular RNA synthesis strongly suggested that these hormones exerted their actions 

by controlling gene expression (Tata and Widnell, 1966; Tata and Williams-Ashman, 

1967). Further direct evidence that hormones regulate gene transcription was the 

suggested by the discovery by Karlson in 1963 that, in insect polytene chromosomes, 

the hormone ecdysone induces chromosome "puffs" which designate loci of specific 

RNA synthesis, as shown by pH]uridine incorporation (see Lezzi and Gilbert, 1969).
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1.4.2 Major characteristics of thvroid hormone receptors

A receptor for the thyroid hormones was first detected, using a radioligand binding 

assay, in 1972, and shown to be localised in the nucleus, with mammalian cells 

containing between 2 0 0 0  and 1 0 0 0 0  high affinity thyroid hormone binding sites 

(Oppenheimer et a i, 1972; Oppenheimer et a i, 1974). Further characterisation of the 

ligand binding properties of this receptor revealed an affinity (K<j) for Tg of lO-̂ O-lO-̂  ̂

M, with the relative affinities of different iodothyronine analogues to be 3,3',5- 

triiodothyroacetic acid (TRIAC) > Tg> T4 > 3,3',5'-triiodothyronine (rTg) (Chin, 

1991). This hierarchy of binding correlates well with the biological activity of these 

compounds, as well as with the strong 5'-deiodinase activity in most tissues that 

converts T4  to Tg (Williams, 1994a). As the intracellular concentration of Tg is higher 

than that of T4 , and much higher than that of TRIAC, it is believed to be the main 

ligand binding to the TR in vivo (Brent et al., 1991).

Genes encoding thyroid hormone receptors (TRs) were first cloned by Weinberger et 

al. (1986) from human placental cDNA libraries, and by Sap et al. (1986), from a 

chicken embryonic cDNA library while trying to clone the cellular homologue of the 

viral oncogene \-erbA  (part of the avian erythroblastosis virus genome). The deduced 

amino acid sequences of the cDNAs strongly suggested that the c-erbA  encoded 

proteins were members of the nuclear hormone receptor superfamily. The size of the 

expressed c-erbA  protein was very similar to the previously characterised thyroid 

hormone binding nuclear protein and the in vitro expressed c-erbA protein showed the 

same specificity and affinity for Tg as the biochemically characterised TR. These data 

strongly suggested that c-erbA encoded the TR protein. Later, Brooks et al. (1989) and 

Yaoita et al. (1990) cloned and identified TRs in Xenopus laevis.

Two major isoforms of TRs from chicken embryo and human placenta, encoded by 

two different genes, are designated a  and p, respectively. After the initial cloning of c-
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erbhy different isoforms and sub-isoforms of TRs were cloned (reviewed by Chin,

1991). These different isoforms show differential temporal and positional expression 

at both message (Kawahara et a i, 1991; Sjôberg et a i, 1992; Forrest et a i, 1990) and 

protein (Yen et al., 1992a; Rodd et al., 1992) levels. Additionally, isoform-specific 

activity of TRs has been demonstrated, such as the TRp specific transcriptional 

repression of the thyrotropin-releasing hormone (TRH) promoter in transiently 

transfected primary cultures of chick embryonic hypothalmic neurons (Lezoualc'h et 

al., 1992), and the inability of TRai, in vivo, to compensate for the absence of TRpi 

and p2  during mammalian cochlear development (Bradley et al., 1994).

A requirement for additional factors in the binding of TRs to thyroid hormone response 

elements was suggested by experiments, such as those in which in vitro translated rat 

a  and P TRs were shown to bind to a thyroid hormone response element (TRE) only in 

the presence of factors present in rat liver nuclear extract, some of which led to the 

increased binding of TRs, and were given the generic name of thyroid hormone 

receptor auxiliary factor (TRAP) (Beebe et a i,  1991; Murray and Towle,1989). 

Darling et al. (1991) suggested that TRAP acts by forming heterodimers with TRs. 

Additionally they characterised the TRAP binding domains of the TRs as the ligand 

binding domain and a conserved sequence adjacent to the second Zn^+ finger (amino 

acids 120-149 in rat TRai). They also demonstrated that TRAP could augment the 

binding of the human retinoic acid p and vitamin D3  receptors to their response 

elements.

Later studies on the nature of TRAP suggested that RXRs fulfilled the requirements for 

them to be heterodimeric partners of TRs. Three distinct RXRs have been cloned (a,P 

and y) (Mangelsdorf et a i, 1990; Mangelsdorf et al., 1992), and their homologues have 

been identified in Xenopus (Blumberg et al., 1992, Marklew et al., 1994). 9-cis- 

retinoic acid has been discovered as a physiological ligand (Heyman et al., 1992; Levin 

et al., 1992). RXRa was identified as a TRAP by Kliewer et al. (1992) and Zhang et
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al. (1992) who demonstrated that it formed stable heterodimers with thyroid hormone, 

retinoic acid and vitamin D3 receptors. RXRa also enhanced the transcriptional activity 

of the nuclear hormone receptors at their response elements.

A modified version of the yeast two-hybrid system, the interaction trap (Gyuris et al.,

1993) has recently facilitated the isolation, from a HeLa cell derived cDNA library, of 

15 distinct TR interacting proteins (Trips) which are capable of binding to the C- 

terminal half (domains D,E and F) of human TR(3i in a T3  dependent manner (Lee et 

al., 1995a). Trips 1 to 11 associate with TR only in the presence of T3 whereas the 

opposite is true for Trips 12 to 15. Tripl shares a high degree of homology with Sugl, 

a component of a yeast RNA polymerase II holoenzyme complex, termed the mediator, 

which interacts with the TATA-box binding protein TBP (Lee et al., 1995). It is 

interesting to note that Fondell et al. (1993) found TR to be a strong inhibitor of 

transcription in vitro in the absence of T3  by interfering with the transcription initiation 

complex, but that the addition of ligand relieved this repression.

A further factor that can be involved in modulating the transactivating function of TR is 

its phosphorylation status. Chin's group has demonstrated the importance of protein 

phosphorylation in modulating the activity of TRs, in terms of both DNA binding, and 

transactivation (Sugawara et al., 1994). Thus, hTRfi binds TREs, as a homodimer, 

much more efficiently when phosphorylated, while rat TRai a îd Pi display enhanced 

T3  responsiveness after okadaic acid treatment and loss of T3 responsiveness after H7 

(a broad spectrum protein kinase inhibitor) treatment (Jones et al., 1994). The wider 

significance of changes in the phosphorylation state of TRs and other nuclear hormone 

receptors, is that this mechanism forms the basis of cross-talk between signals acting 

via membrane and nuclear receptors (Denner et al., 1990; Diamond et al., 1990; Power 

et al., 1991; Ali et al., 1993; Aronica and Katzenellenbogen, 1993; Bodwell et al., 

1995; Brann etal., 1995).
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1.4.3 Thvroid hormone response elements

The first discovered thyroid hormone response element (TRE) is found in the promoter 

of the rat growth hormone gene. It was characterised as a functional TR binding site 

spanning the sequence from -180 to -165 relative to the transcriptional start site (Glass 

et al., 1987). Further analysis of this sequence suggested that it consisted of an 

imperfect palindromic repeat of the sequence AGGTCA, the perfect palindromic repeat 

AGGTCATGACCT, or TREpal, was then shown to be a functional TRE as regards 

both DNA binding and conferring Tg responsiveness (Glass et at., 1988).

A diverse range of other TREs have been discovered, which account for both positive 

and negative regulation of gene expression by TRs (see Figure 1.5). In common with 

the other members of the type II receptor superfamily, the TRs interact with response 

elements containing a direct repeat of the consensus half-site with a four nucleotide 

spacer (DR+4), as described in section 1.2.2.. They are also capable of binding an 

inverse palindromic repeat of the same half-site with a six nucleotide spacing (IP+6 ). 

Unlike the type I receptors which bind their response elements exclusively as 

homodimers, the TRs are capable of binding TREs as monomers, homodimers and 

heterodimers (Lazar gf a/., 1991; Williams e ^ / . ,  1991; see Chatteijee and Tata, 1992; 

Yen and Chin, 1994). Although monomeric TR binding is unlikely to be biological 

significance in the presence of heterodimerisation partners, a synthetic binding site for 

mouse TRai, consisting of a single octameric half-site, TA AGGTCA, has been shown 

to be capable of conferring Tg responsiveness (Katz and Koenig, 1993).

Although the consensus HREs, as TREpal, DR+4 and IP+ 6  TREs, are all capable of 

binding to various TR species, there are some differences in their TR binding 

properties. TR homodimers form readily on IP+ 6  and, less efficiently, on DR+4 and 

TREpal sequences (Kurokawa et a i, 1993; Piedrafita et a i, 1995) in the absence of Tg. 

However, addition of Tg disrupts the homodimeric binding of TR to IP+ 6  and DR+4
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DR+4 Elements
TGGGGrfAGGGGAGGA^AGT

c a a g g tgR\g t g a a c g t ( ^ g c

t g g g g t 2 a a g c a g g g a 2 a g a

GCAGGTCATTTCAGGACA

IR+6 Elements

ATTGACCCCAGCTGAGGTCAAG

ATAGACCTCGGCTGAGGACACG

Complex Elements

AÂGGT^AGATCÂGGG^CGÎtecCGC

Promoter

Rat Malic Enzyme (-282 to -261)

Chicken Carbonic Anbydrase (-671 to -652) 

Human Placental Lactogen (-68 to -44)

Xenopus Thyroid Hormone Receptor (-5 to +11)

Chicken Lysozyme Silencer (-2352 to -2331) 

Rat Myelin Basic Protein (-183 to -167)

GAGGTGACAGGAGGACAACAGCCCTG

Rat Growth Hormone (-190 to -166)

Rat a  Myosin Heavy Chain (-127 to -158)

CCAGACAGGTTGACCCTTTTTCTAAGG Mouse Laminin (-477 to -432)
g c t Î a a c c t a g c t c a c c t c

Negative Elements

GCAGGTAGGACTTCA

a a a g g g Æ t g

a a c g g â S a g t g g g t ^ t c

TREpal

Human TSHa (-22 to -7)

Rat Growth Hormone (-25 to -16) 

Mouse TSnp (-20 to -6)

AGGTCATGACCT

Figure 1.5: Sequences of thyroid hormone response elements.

The sequences and half-site orientations for a number of wild-type thyroid hormone response elements 

(TREs) are shown, as present in some well-known TH-regulated genes. TREs can be classified as direct 

repeats with a four nucleotide repeat (DR+4), inverse palindromes with a six nucleotide spacing (IP+6), 

complex elements containing DR+4 and palindromic arrangements, or negative elements depending upon 

the number, sequence and orientation of half-sites. Additionally, a synthetic direct palindromic repeat, 
derived firom the rat growth hormone promoter, is also shown.

(Adapted from Williams, 1994c; Machuca et a i,  1995)
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TREs, but not TREpal. TRs can form homodimers when bound to TREs in the 

absence of ligand but have been shown to be present as monomers when displaced 

from TREs after the addition of ligand. If RXRs are also present, the monomeric TRs 

are able to form TR-RXR heterodimers which are capable of binding TREs with higher 

affinity than TR homodimers. This finding suggests that the binding of TRs to TREs 

as homodimers is likely to be insignificant under conditions where the concentration of 

RXR is not limiting (Ribeiro et a i, 1992; Andersson et al., 1992; Yen et al., 1992b; 

Yen etal., 1994).

Although a large amount of data has been accumulated concerning the binding of TRs 

to various TREs in vitro, information about the in vivo association of TRs with their 

response elements is less comprehensive. It is therefore significant that Force and 

Spindler (1994) have studied the effects of Tg upon protein-DNA interactions in the rat 

growth hormone gene promoter (-220 to +11) by using ligation-mediated PCR to 

facilitate in vivo dimethyl sulphate (DMS) footprinting. Their data showed that Tg 

treatment caused three guanine residues (-158, -168 and -180) within a TRE to become 

hypersensitive to DMS méthylation. The reason why DMS hypersensitivity, rather 

than protection, occurred may be because TRs, when bound to DNA either as homo- or 

heterodimers, cause DNA bending (King etal., 1993; Lu etal., 1993; Shulemovich et 

al., 1995), thus inducing DMS méthylation hypersensitivity (Maxam and Gilbert, 

1980). This finding, along with their observation that the DMS méthylation sensitivity 

of this TRE was very similar in purified DNA and DNA from Tg-deprived cells, 

suggests that Tg treatment increases the occupancy of the TRE. The identity of the 

protein complex(es) causing the DMS hypersensitivity however remains to be 

established.
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1.4.4 Dominant negative thvroid hormone receptors

The first protein with dominant negative TR activity to be discovered was the viral 

oncogene v-erbA (part of the avian erythroblastosis virus genome) which is a fusion 

protein between a viral protein, gag, and chicken c-erbAy with numerous mutations in 

the region homologous to c-erbA (Weinberger et al., 1985). These mutations are found 

in both the DNA and ligand binding domains and prevent high affinity Tg binding from 

occurring (Sap et at., 1989; Damm et at., 1989). The DNA binding specificity of v- 

erbA is subtly different from wild type TRs in that TRs can recognise the TRE half sites 

AGGTCA and AGGACA whereas \-erbA  is unable to bind the sequence AGGACA 

(Chen et at., 1993)

Other, better defined, dominant negative TRs are now known. These include mutated 

versions of human TRPi, discovered in patients suffering from generalised thyroid 

hormone resistance syndrome. Many different sites of mutation, such as amino acid 

substitutions, frame shifts and deletions, have been characterised in the different TRPi 

dominant mutants (Chatteijee etal., 1991; Nagaya et al., 1992; Refetoff etal., 1993; 

CoUingwood et al., 1994). Generally dominant negative activity of TRs correlates well 

with loss of ligand binding, although two human TRPi mutants (L454A and E457A) 

exhibited dominant negative activity whilst retaining the ability to bind Tg (Tone et al.,

1994). An additional dominant negative receptor has been described which consists of 

an alternatively spliced protein product of the TRa gene, c-erbAa2 (Lazar et al., 1988; 

Koenig et al., 1989), in which the C-terminus of the receptor has lost the ability to bind 

thyroid hormones. Besides their clinical significance, dominant negative TRs are very 

useful tools for dissecting various functional domains of thyroid hormone receptors.
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1.5 Thvroid hormones and amphibian metamorphosis

1.5.1 Amphibian metamorphosis

Metamorphosis is a hormonally regulated post-embryonic developmental process which 

is most commonly observed in insects and amphibia (see Gilbert and Frieden, 1981; 

Duellman and Trueb, 1986). In anurans the metamorphic change usually involves a 

transition from an aquatic larval state to a terrestrial adult state, the change being 

dramatic at both morphological and biochemical levels in virtually every tissue of the 

larval organism (see Table 1.1). The process of metamorphosis can be split into three 

main stages: a) premetamorphosis, where marked growth and development of larval 

tissues occurs, but with no metamorphic changes; b) prometamorphosis, which is a 

period of continued growth when the first metamorphic changes begin, including limb 

development; c) climax, when most larval characteristics are lost and the adult 

phenotype is established.

Metamorphosis in amphibia and other lower vertebrates is obligatorily dependent upon 

the thyroid hormones triiodothyronine and thyroxine. Since its discovery by 

Gudematsch in 1912, it has been known for many years that they can precociously 

induce metamorphosis. This ability of thyroid hormones to initiate this process in pre- 

metamorphic tadpoles has been advantageously exploited to study both the mode of 

action of these hormones and the biochemical and molecular basis of many of the 

genetic reprogramming and cellular modifications shown in Table 1 (Beckingham 

Smith and Tata, 1976; Gilbert and Frieden, 1981). More recently, it has been shown 

that exogenous prolactin, or a prolactin-like factor, exerts a "juvenilising" action during 

amphibian metamorphosis, in that it antagonises the inductive action of thyroid 

hormones (White and Nicoll, 1981; Tata, 1993; Kikuyama et a i,  1993). However, 

unlike thyroid hormones, the mode of action of prolactin as a juvenilising hormone in 

amphibia has been poorly understood so far. Nevertheless, the primary advantage of
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Tissue Changes

Brain Structural and functional remodelling

Eye Switch of visual pigment from porphyropsin to rhodopsin

Skin Induction of collagen and 63kDa keratin

Liver Induction of urea cycle enzymes, albumin induction and 
switching from larval to adult haemoglobin

Gut, pancreas Programmed ceU death and replacement

Tails, gills Complete regression

Limb buds Limb formation

Table 1.1: Biochemical and morphological changes induced by thyroid hormone 

during metamorphosis in amphibian larvae.

The table shows examples of tissue and organ specific metamorphic changes 

in Xenopus and other amphibian tadpoles, ranging from total organ regression to de 

novo organ morphogenesis, with varying degrees of tissue remodelling between 

these two extremes.
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metamorphosis in amphibia as an experimental system is that it allows the study of 

post-embryonic development in free-living larvae which are easily accessible for 

manipulation and analysis as the initiation of metamorphosis can be precociously 

induced or prevented by adding one or the other hormone to the water. Furthermore, 

most of the hormonal responses can be reproduced in isolated tissues in organ culture 

(Beckingham Smith and Tata, 1976; Gilbert and Frieden, 1981).

Although metamorphosis has been studied in several amphibian species, much of 

current work is carried out in Xenopus laevis, an organism amenable to easy laboratory 

rearing and standardisation (Nieuwkoop and Faber, 1956; Gilbert and Frieden, 1981). 

The standard method of developmentally staging Xenopus embryos and larvae is that of 

Nieuwkoop and Faber (1956). The onset of metamorphosis (premetamorphosis) can 

be observed by stage 54 when endogenous thyroid hormones (thyroxine and 

triiodothyronine) are first detected in blood (Leloup and Buscaglia, 1977; Tata et at., 

1993). Between stages 55 and 58, under the influence of these hormones, distinct 

developmental changes are initiated in virtually every tissue (prometamorphosis), the 

most striking morphological change being limb development. Metamorphic climax is 

achieved between stages 59 and 6 6 , with rapid tail resorption occurring after stage 62, 

culminating in the froglet stage. The importance of the thyroid hormones in this 

process is underscored by the fact tadpoles are capable of responding to exogenous 

thyroid hormones as early as stage 44 (Tata, 1968), although the hormonal sensitivity 

reaches its maximum at later stages (52-55). The response of even earlier stages of 

Xenopus larvae to thyroid hormones was tested by precocious expression of functional 

Xenopus TR a protein (Old et al. 1992). In these experiments embryos were injected 

with Xenopus TRa transcripts at stage 2, resulting in the early expression of functional 

TR a protein, the concentration of which peaked at stage 12 then gradually declined to 

control levels by stage 20. In the absence of ligand, these embryos developed normally 

but treatment with Tg resulted in a dose-dependent loss of anterior structures.
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1.5.2 Tissue-specific changes in gene expression during metamorphosis

Such diverse responses as tail resorption, limb growth and differentiation, central 

nervous system remodelling, gill resorption, and intestinal restructuring are mediated 

by TH-regulated genes during amphibian metamorphosis (Tata, 1993). Each organ or 

tissue has been pre-programmed to respond differentially to thyroid hormone which 

initiates the expression of each programme via a cascade of regulatory and downstream 

genes. The developmental programmes, which are triggered in response to T3 

treatment, have to be accompanied by changes in activities of several genes, some of 

which are expressed ubiquitously in most tissues, while others selectively mediate the 

tissue specific changes in the phenotype. Many examples of the latter have been 

recorded over the last several decades at the protein level (Weber, 1967; Cohen, 1970; 

Beckingham Smith and Tata, 1976; Gilbert and Frieden, 1981)

Three sets of tissue for which the changes in gene expression, during metamorphosis, 

have been best characterised are the regressing tail, developing limbs, and the intestine. 

Using a PCR-based system of subtractive hybridisation. Brown's laboratory found that 

following Tg-treatment of stage 54 tadpoles, the first detectable morphological changes 

were preceded by the upregulation of approximately 35 genes, 25 of which are 

detectable within 24 hours, and the down-regulation of approximately 10 genes (Wang 

and Brown, 1991; Wang and Brown, 1993; Buckbinder and Brown, 1992; Shi and 

Brown, 1993). Included in the upregulated genes are those encoding collagenase and 

stromelysin-3, catabolic enzymes required for the dissolution of the extracellular matrix 

in the regressing tail. The above changes follow two kinetic patterns for the expression 

of upregulated genes based on the lag period preceding their upregulation; ~4 hours 

termed "early" and > 8  hours termed "delayed". An exception to this was one down- 

regulated gene which displayed a lag period of >24 hours. Between 24 and 48 hours 

after addition of Tg, the complete genetic programme leading to tail regression is 

thought to have been activated.
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A more complex set of changes in gene expression occurs in developing hindlimb 

buds, with more than 128 genes upregulated in stage 52-53 Xenopus tadpoles within 

24 hours of Tg treatment (with 3 identified as responding directly to Tg, i.e. 

independent of protein synthesis). Included in the spectrum of upregulated genes are 

those coding for 4 heat-shock proteins and a number of genes associated with cell 

proliferation. This correlates well with a 50% increase in DNA synthesis, as 

determined by thymidine incorporation, which occurs between 24 and 36 hours 

after Tg treatment and remains at an elevated level. The increased complexity of gene 

expression in the developing hindlimbs, relative to the regressing tail, is not surprising, 

as while all the tail tissues (muscle, skin, notochord, nerves, blood vessels etc.) are 

programmed to regress, the limb buds must develop and differentiate into a similar 

range of tissues de novo, each following distinct developmental pathways.

The changes that occur in tadpole intestine during metamorphosis prepare for the 

transition from a herbivorous to a carnivorous diet. The long, structurally simple 

tadpole intestine is remodelled, losing approximately 90% of its length, and gains a 

new epithelium, with vastly increased quantities of underlying muscular and connective 

tissue (Shi and Brown, 1993; Shi and Hayes, 1994). Within 18 hours of Tg treatment, 

approximately 2 2  upregulated genes and 1 downregulated gene can be detected, with 

the majority of these genes being directly Tg responsive. The downregulation of the 

gene encoding the Xenopus intestinal fatty acid-binding protein gene, which is 

expressed in the intestinal epithelium precedes the degeneration of the larval intestinal 

epithelium, and reaches a minimum level of expression at metamorphic climax (stages 

60-62) before being upregulated in the secondary epithelium (stage 64).

A large number of lytic enzymes, such as collagenase, cathepsins, nucleases, etc. have 

been well characterised over the last several decades as being activated in larval tail 

during natural and TH-induced metamorphosis, both in whole tadpole and organ 

cultures (Tata, 1966b; Weber, 1967: Tata, 1994). It is therefore interesting that
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recently the gene encoding stromelysin-3, an extracellular matrix metalloprotease was 

expressed in the regressing tail and intestine, but not in developing hindlimb, 

suggesting that it is expressed in tissues where metamorphosis involves large-scale cell 

death (Shi and Brown, 1993; Wang and Brown, 1993; Patterton etal., 1995).

Identification of the genes shown to be up- or down-regulated in different tissues 

during natural, or precocious, metamorphosis will allow for a better understanding of 

how different tissues respond to the same hormonal signal.

1.5.3 Hormonal and developmental regulation of Xenopus thvroid hormone receptor 

gene expression

As thyroid hormones are obligatorily required for amphibian metamorphosis to occur, 

information about the temporal and spatial expression of the TRs is vital to our 

understanding of how the thyroid hormones trigger off the diverse range of 

developmental programmes activated in different cell types during metamorphosis. 

Virtually all of the present information available on amphibian TRs is that on Xenopus 

receptors and their genes.

Old's laboratory (Brooks et a i, 1989) was the first to clone a. Xenopus TR cDNA from 

an ovary mRNA preparation. It was identified as encoding the homologue of the 

mammalian and avian TRa. Later, Brown's group cloned the Xenopus TRp cDNA 

and further showed that the Xenopus genome contains two genes for the a  (TRaA and 

TRaB) and two for the p (TRPA and TRpB) isoforms (Yaoita et al., 1990). Both the 

a  and P thyroid hormone receptor mRNAs are approximately 10 kb in length, with 8  

kb of this as 3' untranslated regions. Both a  genes contain 600 bp of 5' untranslated 

region, whereas the P genes contain 5' untranslated sequences ranging between 200 

and 600 bp as a result of extensive alternative splicing of up to 8  different exons (a-i). 

This alternative splicing produces some degree of heterogeneity at the extreme N-
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terminus of the TRP proteins, with each TRP gene (A and B) having two possible 

different N-termini (see Figure 1.6). Interestingly, some of the splice variants, 

especially those including exon g, contain small open reading frames 5' of the true 

initiation codon, which is known to have a repressive effect upon translation (Mueller 

and Hinnesbusch, 1986). The large 3' untranslated sequence ( - 8  kb) and complexity 

of the 5' untranslated region suggests synthesis of TR protein may be regulated at the 

translational level (Yaoita et al., 1990).

Studies on the distribution of TR mRNAs during development in Xenopus reveal very 

high concentrations in early oocytes (Kawahara et al., 1991), which is interesting since 

TRa cDNA was first cloned from ovaries. Measurements of a  and P thyroid hormone 

receptor transcripts during Xenopus development have demonstrated that both a  and p 

messages are first detectable at around stage 40 (Yaoita and Brown, 1990; Kawahara et 

al., 1991). At all stages until metamorphic climax (stages 61-64) the a  transcripts are 5 

to 1 0  times more abundant than the p transcripts, although they are differentially 

regulated as a function of development. Thus, by stage 48, transcripts of the a  genes 

have accumulated to high levels and remain elevated until around stage 63 when the 

abundance of a  transcripts begins to drop sharply, reaching the stable adult levels upon 

completion of metamorphosis at stage 6 6  (froglet). Transcripts of p thyroid hormone 

receptor are upregulated in a manner that mirrors the plasma concentration of T3 

(Leloup and Buscaglia, 1978; Tata et al. 1993), with low levels of P transcripts until 

stages 53 to 54 when the Xenopus tadpole’s thyroid gland begins to secrete thyroid 

hormones. Levels of P transcripts remain constant until mid-metamorphosis (stage 58) 

when a sharp increase in both plasma T3 concentration and levels of p transcripts 

occurs, peaking at stage 61 for P transcripts (the concentration of plasma T3 peaks later 

at stage 64). Beyond this developmental stage, both plasma T3 concentration and the 

level of p transcripts drop swiftly and stabilise at low, but detectable, levels in adult 

Xenopus (Tata a/., 1993).
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( A ) TRp protein Amino acid sequence Splice variant

P A - I M P S S M S I G Y I P A l , 2 ,  3 , 4 .

p A - n M E | G Y I P A 5 , 6 .

p B - I M P S S M S I G Y I P B l , 3 .

P B - n M P S S M S V R L F T A S
A A Q R K K I Q E G D C C
V V L A G K T Q G R F I L I
G A V A R V S j G Y I P

B 2 .

a b e d  e f g h
( B )

p A

P B

D - D - cmnH

b c
HZZHÏ tZHZI—C
Ï O ' 0 -1= 5̂

>o C=H=P-[ > c
c o o

Figure 1.6: Alternative splicing oiXenopus TRp at the mRNA and protein level.

(A) The vertical lines (|) mark the junction between the variable N-termini and 
the constant region of TRp. Splice variants are as shown in (B).

(B) Rectangles a-i represent exons of TRP. PA l- 6  and pBl-3 represent the 
alternatively spliced TRp mRNAs. The small arrows pointing to the right 
represent the translation initiation site of each mRNA.

Adapted from Yaoita et al. (1990).
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Since amphibian metamorphosis can be precociously induced in tadpoles exposed to 

exogenous thyroid hormone, it was of considerable interest to determine whether or not 

low doses of T4  or T3 added to early stages of tadpoles could mimic the changes in TR 

gene expression seen during normal development. Such experiments did indeed reveal 

that T3  caused the accelerated accumulation of TRa and P mRNAs in whole pre- 

metamorphic tadpoles as well as in organ cultures of tadpole tails (Yaoita and Brown, 

1990; Kawahara et a/., 1991; Baker and Tata, 1992). For example, in stage 50 to 51 

tadpoles, addition of 2 nM T3  caused maximal upregulation of a  and p TR transcripts 

within 48 hours, with levels of a  transcripts (initially 10-fold more abundant than P 

transcripts) increasing 2- to 5- fold and levels of P transcripts increasing 20- to 50-fold 

(Kawahara et al., 1991). The Xenopus cell line XTC-2 (Pudney et a i,  1973) showed 

similar induction of a  and P transcripts in response to treatment with doses as low as 1 

nM T3  (Kanamori and Brown, 1992; Machuca and Tata, 1992).

The upregulation of TRp mRNA is among the earliest detectable biochemical responses 

to T3  in Xenopus with an increased concentration of message observed 4 hours after 

hormonal treatment ( 6  hours for TRa message). This period of time has to be 

compared with 40, 70 and 100 hours before the de novo induction of Tg-induced 

albumin, arginase and 63 kDa keratin mRNAs, respectively (Tata et al., 1993). It is, 

however, important to note that, unlike the TH-inducible genes, Xenopus TR genes are 

constitutively expressed early in development and that T3  does not activate them de 

novo.

It is most important to emphasise that all of the above developmental and hormonal 

inductional studies in Xenopus were restricted to measurement of TR mRNAs and not 

proteins. Since functionally, thyroid hormones can only exert their actions, both 

qualitatively and temporally, through the extent of accumulation of the proteins encoded 

by the different TR isoforms, it is particularly important now to focus on the expression 

of functionally active TR proteins.
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Chapter 2 

Materials and Methods

38



The TR expression vectors pSP64AxTRa and pSP64AxTRP were kindly provided by 

Dr. D.D. Brown (Carnegie Institute, Baltimore). cDNAs encoding wild-type and 

mutated human TRpis were kindly provided by Dr. V.K.K. Chatterjee (University of 

Cambridge). cDNAs encoding Xenopus RXRa and -y were kindly provided by Dr. B. 

Blumberg (University of California, Los Angeles) while the cDNA encoding Xenopus 

RXRP was kindly provided by Dr. R.W. Old (University of Warwick, Coventry).



2.1 Materials

All chemicals, restriction enzymes, vectors, molecular weight standards and radioactive 

isotopes used in these studies were obtained from commercial manufacturers, mainly 

Sigma (Poole, U.K.), BDH (Poole, U.K.), Amersham International (Amersham, 

U.K.), New England Biolabs (Beverley, U.S.A.), Boehringer (Mannheim, Germany), 

Stratagene (La Jolla, U.S.A.), Pharmacia (Uppsala, Sweden) and Promega (Madison, 

U.S.A.), unless otherwise stated.

2.2 Buffers

2.2.1 Miscellaneous buffers

2.2.1.1 lOxTBE buffer 

216 g Tris base 

18.6 g EDTA

Make to 2 L with double distilled water.

110 g Qrthoboric acid

2.2.1.2 TE buffer 

10 mM Tris-HCl (pH 8.0) 1 mM EDTA (pH 8.0)

2.2.1.3 Low TE buffer 

10 mM Tris-HCl (pH 8.0) 0.1 mM EDTA (pH 8.0)

2.2.1.4 Universal buffer 

25 mM Tris HCl (pH 7.8) 

100 mM NaCl 

10 mM MgCl2

100 pg/pl BSA 

2 mM P-Mercaptoethanol
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2.2.1.5 Phosphatase buffer 

10 mM Tris-HCl (pH 8.3)

1 mM MgCl2

1 mM ZnCl2

2.2.1.6 MTPBS 

150 mM NaCl 

16 mM Na2 HP0 4

4 mM NaH2 P0 4  

(pH 7.3)

2.2.1.7 5x Double-stranded sequencing buffer

200 mM Tris-HCl (pH 7.5) 100 mM MgCl2

250m M N aa

2.2.1.8 2x HBS (Transfection! 

50 mM HEPES 

lOmMKCl 

12 mM Dextrose

280 mM NaQ

1.5 mM Na2 HP0 4  

(pH 7.12)

2.2.1.9 EMSA buffer 

10 mM K2HPO4 (pH 8 ) 

ImMEDTA 

80 mM KCl 

Im M  DTT

0.5 mM MgCl2  

0.17 mg/ml BSA 

50 ng/pl Poly (dldC) 

10% Glycerol

2.2.1.10 STET

50 mM Tris-HCl (pH 8.0)

0.1% Triton X-100

50 mM EDTA 

8 % Sucrose (w/v)
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2.2.1.11 Luciferase assay buffer 

25 mM Glycyl glycine (pH 8.0) 

5mMATP

15 mM MgSO^ 

1% Triton X-100

2.2.2 Nuclear extract preparation/radioligand binding studies

2.2.2.1 Hypotonic buffer 

10 mM HEPES (pH 7.9) 

10 mM KCl 

ImM  DTT

50 mM Benzamidine 

1 mM Pefabloc SC

2.2.2.2 Extraction buffer 

50 mM HEPES (pH 7.9) 

10% Glycerol (v/v)

50 mM Benzamidine

0.5 M KCl 

ImM  DTT 

1 mM Pefabloc SC

2.2.3 Western blotting

2.2.3.1 Transfer buffer 

10 mM CAPS (pH 11) 10% v/v Methanol

2.2.3.2 Developing buffer 

0.1 M Tris-HCl (pH 9.5)

5 mM MgCl2

0.1 M NaCl

2.2.3.3 Blocking buffer

5% Nonfat milk powder (Marvel, Cadbury)

0.02% Sodium azide in PBS
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2.2.4 Competent cells (Hanahan's method')

2.2.4.1 Hanahan*s buffer 

10 mM MES (pH 6.3)

10 mM CaCl2

3 mM Hexaminecobalt chloride

45 mM MnCl2  

100 mM KCl

2.2.4.2 DTT for competent cells

1 g of DTT dissolved in 2.88 ml of 40 mM CH3 COOK (pH 6.0)

2.2.5 SDS-PAGE buffers

2.2.5.1 Resolving gel mix

10% Acrylamide (30%:0.8% acrylamideibisacrylamide stock solution) 

375 mM Tris-HCl (pH 8.9) 0.1% SOS

2.2.5.2 Stacking gel mix

5.1% Acrylamide (30%:0.8% acrylamideibisacrylamide stock solution) 

125 mM Tris-HCl (pH 6 .8 ) 0.1% SDS

2.2.5.3 2x SDS-PAGE loading buffer 

100 mM Tris-HCl (pH 6.9)

2% SDS

10% v/v P-Mercaptoethanol 

0.1% Bromophenol Blue

2.2.5.4 5x Running buffer 

94 g Tris base 

5 g SDS

Make to 1 L with double distilled water.

15.1 g Glycine
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2.2.5.5 Coomassie stain

10% Acetic acid (v/v) 12.5% Methanol (v/v)

0.25% Coomassie Brilliant Blue R250

2.2.5.6 Coomassie destain

10% Acetic acid (v/v) 12.5% Methanol (v/v)
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2.3 Denaturing Dolvacrvlamide gel electrophoresis (SDS-PAGE^

SDS-PAGE was routinely performed using a Mini Protean II (Bio-Rad) apparatus. In 

short, 50 |il of 10% APS and 5 |il of TEMED were added to 10 ml of resolving gel mix 

and the mixture used to pour 2 gels. Water-saturated butanol was layered over the 

unpolymerised mix which was then left to set. After the resolving gel was 

polymerised, the water saturated butanol was removed and the resolving gel poured (50 

|Lil of 10% APS and 10 p.1 of TEMED mixed with 10 ml of stacking gel mix) before 

inserting combs ( 1 0  well).

Protein samples were mixed with an equal volume of 2 x SDS-PAGE loading buffer 

and placed in a boiling water bath for 3 min prior to loading onto the gels. The gels 

were then electrophoiesed in 1 x running buffer for -40 min then stained in Coomassie 

stain for -30 min followed by destaining for a minimum of 1 h using several changes 

of Coomassie destain.

2.4 Western blotting

Samples were electrophoresed on 10% SDS-PAGE gels then electroblotted at 200 mA 

in transfer buffer for 30 min onto PVDF membranes (Immobilon P, Millipore). The 

membranes for each primary antibody were placed in 50 ml centrifuge tubes on a 

Multimix MM-1 shaking platform (Luckham) and washed with several changes of 

blocking buffer for one hour. The blocked membranes were incubated with primary 

antibody (immune or preimmune serum), diluted (typical V 500) in blocking buffer for 

90 min, then the membranes washed with several changes of blocking buffer 

containing 0.2% Tween-20 for one hour. The secondary antibody (anti-rabbit IgG- 

alkaline phosphatase conjugate. Sigma), diluted V 5000 in blocking buffer, was then 

incubated with the membranes for 90 min. Following this the membranes were washed
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again with several changes of blocking buffer containing 0.2% Tween-20 for one hour 

then washed in PBS.

The membranes were then added to 50 ml of developer ( 8  mg BCIP, 16.5 mg NBT,

1.5 ml formamide, 48.5 ml developing buffer) in a aluminium foil coated box and 

incubated at room temperature until antigen specific bands appeared (usually 5-10 min). 

The membranes were washed with several changes of double distilled water then air 

dried.

2.5 In vitro transcription and translation

In vitro translated proteins (unlabelled or labelled with p^Sjmethionine) were prepared 

directly from supercoiled plasmid DNA (cDNA coding for the protein to be expressed 

was subcloned into pSP64A [Promega], pSP64T or pCS2) using a SP6  TNT 

reticulocyte lysate coupled transcription/translation kit (Promega). p^SjMethionine 

labelled in vitro translated proteins were analysed by SDS-PAGE, followed by 

autoradiography.

2.6 Cell culture (XTC-2 cell line^

The Xenopus cell line XTC-2 (Pudney et al., 1973) was maintained in 75% diluted
(charcoal- stripped)

(v/v) Liebovitz LXV medium supplemented with 10% PCS and antibiotics and L- 

glutamine at 24“C (Smith and Tata, 1991).

2.7 Preparation of XTC-2 cell nuclear extract

A modified version of the technique developed by Dignam et at. (1983) was used. 

XTC-2 cells were pelleted by centrifugation at 170 g for 10 min at 4 C then 

resuspended in cold PBS to 50 ml and repelleted. This was repeated twice (cells were
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counted before second wash) then the pellet was resuspended in a small volume of ice- 

cold PBS and transferred to a 15 ml graduated centrifuge tube before pelleting by 

centrifugation at 300 g for 10 min. The packed cell volume (PCV) was noted and the 

pellet resuspended in 5 x PCV of hypotonic buffer.

The cells were left on ice for 20 min to swell, then pelleted by centrifugation at 300 g 

for 10 min at 4 C and resuspended in 2 x the original PCV of hypotonic buffer. The 

cells were lysed with 10 strokes in a Bounce homogeniser (size B, Kontes) and the 

lysate was immediately centrifuged at 15,000 rpm in a Sorvall HB-4 rotor. The pellet 

was resuspended in extraction buffer using 3 ml for every 10  ̂cells then left on ice for 

45 min. The nuclear extract was centrifuged at 29,000 rpm in a SW50.1 rotor for 1 h 

at 4°C to clear the extract and the supernatant stored in liquid N2 .

2.8 Protein determination

Protein concentrations were determined by the Bradford (1976) method using the Bio- 

Rad protein assay reagent (Bio-Rad Laboratories, USA).

2.9 Radioligand binding studies

A modified version of the technique developed by Inoue et al. (1983) was used, as 

follows. Nuclear extract (50 pi) or in vitro translated protein was incubated with 0.1 

pCi of [^^^I](3')-triiodothyronine (3346 pCi/pg), equivalent to a final concentration of 

0.4 nM, in the presence or absence of a range of concentrations of unlabelled 

triiodothyronine or analogues (5 x lO'^  ̂M to 2.5 x 10-  ̂M) as specific, or non-specific, 

displacing ligands (20 x stock solutions in ethanol, 10 pi added). Extraction buffer 

was added for a final volume of 2 0 0  pi.
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The samples were incubated overnight at 4 C then the bound and free radioligand was 

separated by filtering through Millipore HAWP02500 nitrocellulose filters (0.45 |xm 

pore size) and the filters washed with a total of 17.5 ml of ice-cold extraction buffer. 

The 1 2 5 1  retained on the filters was quantified using a y-counter. The specific binding 

of the radioligand for the receptor was calculated from the difference in filter-bound 

radioactivity between the samples containing no unlabelled triiodothyronine (total 

binding) and those containing 2.5 x 10'^ M triiodothyronine (non-specific binding).

Data were analysed using the methods of Scatchard (1949) and Swidens (1992) to 

obtain information about receptor concentration and receptor-ligand affinity.

2.10 Expression and purification of pGEX (Glutathione-S-Transferase) fusion proteins

A modified version of the technique developed by Smith and Johnson (1988) was 

used, as follows. 100 ml cultures of pGEX construct-transformed JM109 E. coli cells 

were grown overnight and added to 1 L of prewarmed 2 x TY medium and incubated 

at 37 C for 1 h. 1.1 ml of 0.1 MIPTG (0.1 mM final concentration) were added to the 

culture which was incubated at 37®C for a further 5-7 h. The culture was centrifuged 

for 10 min at 3,000 rpm at 4 C, the pellet resuspended in 10 ml of MTPBS, after which 

15 |il of 2.5 M Pefabloc SC (a serine protease inhibitor) were added prior to sonicating 

the bacterial suspension (3 x 10 sec bursts) on ice.

Triton-X-100 was added to 1% and a further 15 |il of Pefabloc SC added and mixed 

well before sedimenting the cell debris for 1 0  min at 15,000 rpm in a refrigerated 

centrifuge. The supernatant was mixed with 5 ml of 50% reduced glutathione-agarose 

beads in MTPBS and incubated at room temperature on a rocker platform for 2 min.

The Glutathione-agarose beads were collected by centrifugation (1 min at 1,000 rpm) 

and washed three times with 50 ml of MTPBS + 1% Triton-X-100 and twice with 50
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ml of MTPBS, before batch eluting the fusion protein from the beads using one bead 

volume of 5 mM reduced glutathione in 50 mM Tris HCl (final pH 7.5). The elution 

step was repeated once more and the two eluates pooled. As required, the pooled 

eluates were concentrated by ultrafiltration (Microsep microconcentrators at 7,500 g).

2.11 End-labelling oligonucleotides with Klenow Fragment

Oligonucleotides were annealed in a solution containing universal buffer by sequentially 

incubating for 5 min at 80°C, 60°C, 37°C and room temperature. The annealed 

oligonucleotides (500 ng) were incubated with the following for 20 min at room 

temperature:

a-[32p]dCTP(800 Ci/mmol) 5 p l

1 0  X universal buffer 2 ^ 1 1

10 mM dA, dG, dTTP 4 111

Klenow DNA polymerase (1-2 U/|il) i p l

HPLC grade H2 O to 2 0  \Ll

The reaction was stopped by incubating at 80 C for 10 min and the labelled probe 

purified by electrophoresis on a 16% non-denaturing polyacrylamide gel run at 10 W. 

The 32p-iabelled probe was eluted from excised bands for 3-4 h at 37 C, or overnight 

at room temperature, with 0.5 M CH3 COONH4 , 0.5% SDS then ethanol precipitated 

before resuspending it at a concentration of 1 0 , 0 0 0  cpm/jxl for use in electrophoretic 

mobility shift assays.
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2.12 Electrophoretic mobility shift assay (EMS A)

A modified version of the method developed by Fried and Crothers (1981) was used. 

Briefly, proteins obtained by pGEX fusion (1-5 |Xg), baculovirus expression (1 pi Sf9 

nuclear extract; prepared in our laboratory by Dr. I. Machuca) or in vitro translation (1- 

5 pi) were preincubated in 20 pi of EMSA buffer for 20 min at room temperature. 

2 0 , 0 0 0  cpm of 32p-labelled oligonucleotides ( 1 0 , 0 0 0  cpm/pl, 0 .2 - 1  ng) or 1 0 , 0 0 0  cpm 

of 32p-iabelled DMS footprinting probe (5,000 cpm/pl) were added to the mixture and 

incubated for 20 min at room temperature. For "supershifting" with specific 

antibodies, antiserum was added and the mixture incubated for a further 2 0  min at room 

temperature. Electrophoresis of the samples on a 4% non-denaturing polyacrylamide 

gel at 10 V/cm (prerun at 10 V/cm for 2 h) was performed before drying the gel and 

submitting it to autoradiography.

2.13 Methvlation interference footprinting

Méthylation interference assays were performed using a modified version of the 

procedure used by Sturm et al. (1987). Probes corresponding to the -200/+87, -955/- 

6 8 8  and -1260/-950 DNA fragments of the Xenopus TRp promoter were prepared 

from constructs with pCAT-Basic (Promega) for -200/+87 subcloned between the 

HindlU and Xbal endonuclease sites, and pBLCAT5 for -955/-688 and -1260/-950 

fragments subcloned between the Hindlll and BamHI sites. Two aliquots of each of 

the three constructs were endonuclease digested to linearise the constructs at one or 

other of the subcloning sites, which were ^^P-labelled using a-P^P]dCTP in a Klenow 

polymerase end-filling reaction using the same buffer as the restriction digestion. The 

32p-labelled linearised DNA was phenol/chloroformed then ethanol precipitated before 

undergoing a second endonuclease digestion at the other subcloning site to produce 

DNA probes labelled at one end only.
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Probes were methylated by DMS treatment (Maxam and Gilbert, 1980). They were 

added in 10 |il of HPLC grade water to 200 |xl of 50 mM sodium cacodylate (pH 7.1), 

1 mM EDTA and methylated by incubation with 1 |il of a freshly prepared V4 0  dilution 

of DMS in ethanol for 15 min at 37X. They were ethanol precipitated twice, after the 

addition of 5 |ig of carrier tRNA, and isolated by electrophoresis on a 6 % non

denaturing polyacrylamide gel. The methylated probes (resuspended to 100,000 

cpm/|il) were used to perform an EMSA using 5 |xl of unlabelled in vitro translated 

protein to separate the free and shifted populations of probe. The free and complexed 

probes were isolated from the gel and purified by successive treatments with 

phenol/chloroform, ethanol precipitation (10 |ig of carrier tRNA), CTAB precipitation 

and a final ethanol precipitation.

The samples were resuspended in 100 |Xl of freshly diluted 1 M piperidine and 

incubated at 90*C for 30 min. The piperidine was removed by four rounds of 

lyophilisation/resuspension in 100 \i\ of HPLC grade water. The radioactivity of the 

samples was checked by Cherenkov counting and equal quantities of free and bound 

probes loaded on 6 % denaturing buffer gradient or 1 0 % denaturing polyacrylamide 

gels, for electrophoresis.

2.14 Agarose gel electrophoresis

Agarose minigels (50 ml 0.6-1.2% agarose w/v in 1 x TBE) were cast and run in 1 x 

TBE, 0.1 jig/ml ethidium bromide at 70 V. DNA was visualised using an UV trans

illuminator.

2.15 Small scale plasmid DNA preparation

Overnight cultured DH5 or JM109 E. Coli cells (1.5 ml) were centrifuged for 1 min in 

a Microfuge then the pellets resuspended in 200 p-l of STET and incubated with 4 p,l of
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lysozyme (50 mg/ml) for 7 min at room temperature. The samples were then placed in 

a boiling water bath for 45-60 sec prior to centrifugation for 15 min. The gelatinous 

pellets were removed using a toothpick and 8  pi of a 5% (w/v) CTAB solution added to 

precipitate the plasmid DNA. After a 5 min incubation at room temperature the samples 

were centrifuged for 3 min in a Microfuge and the resulting pellets resuspended in 300 

pi of 1.2 M NaCl. The DNA was ethanol precipitated and finally resuspended in 20 pi 

of TE containing 40 pg/ml of RNase A.

2.16 Large scale plasmid DNA preparation

Large scale plasmid purifications (200 ml of DH5 or JM109 E. Coli culture) were 

performed using a QIAGEN Plasmid Midi Kit (alkaline lysis of bacteria followed by 

anion-exchange resin purification of supercoiled plasmid DNA). Plasmid quality and 

concentration were determined spectroscopically by measuring the ^260/^280 ratio.

2.17 Dephosohorvlation of DNA fragments

DNA fragments with a 5' overhang were incubated with 1 unit of calf intestinal alkaline 

phosphatase in 1 x phosphatase buffer for 30 min at 3>TC. Blunt-ended or 3' overhung 

DNA fragments were incubated with 1 unit of calf intestinal alkaline phosphatase in Ix 

phosphatase buffer for 15 min at 37"C, and 15 min at 56°C. A further 1 unit of alkaline 

phosphatase was added and the two incubations repeated. The DNA fragments were 

then isolated by agarose gel electrophoresis and purified using Spin X spin columns 

(COSTAR) followed by phenol/chloroform treatment and ethanol precipitation.

5 1



2.18 DNA ligation

DNA fragments were subcloned by mixing 100 ng of insert DNA with phosphatase 

treated vector DNA (1:3 molar ratio) in 10 |il of 1 x T4 DNA ligase buffer containing 1 

unit of T4 DNA ligase. The mixture was then incubated at 16’C overnight before being 

used to transform competent cells.

2.19 Bacterial transformation

Competent cells were prepared using a modified version of the technique developed by 

Hanahan (1985). 100 ml of 2 x TY medium were inoculated with 1 ml of an overnight 

culture of Escherichia coli (JM109) and incubated at 37 “C until a density at Aeoo of 

-0.5 was obtained (1-2 h). The cells were pelleted by centrifugation at 3,000 rpm for 

10 min at 4°C then resuspended in 20 ml of Hanahan's buffer (4°C) and left on ice for 

10 min. They were repelleted under the same conditions, resuspended in 4 ml of 

Hanahan's buffer (4"C) and left for 10 min on ice. A 140 |xl aliquot of DMF was then 

added and after 10 min a further 140 |xl aliquot of DTT added (in 40 mM CH3 COOK 

[pH 6.0]). 5 Min later another 140 |il aliquot of DMF was added and the competent 

cells left on ice for at least 1 h. These cells (200 pi aliquots) were added to 50 ng of 

supercoiled plasmid DNA or 5 pi of a ligation reaction, the mixture incubated on ice for 

30 min and subjected to 2 min of heat shock at 42°C. 400 pi of 2x TY medium 

(prewarmed to 37°C) were added to the heat shocked cells which were incubated at 

37°C for 30-45 min. Aliquots of transformed cells (50-200 pi) were spread onto LB 

agar plates containing 50 pg/ml ampicillin and incubated at 3TC  overnight.
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2.20 Polymerase chain reaction (PCR^

Amplification of specific DNA fragments by PCR was performed using 50 pmoles of 

each oligonucleotide primer, 1 U of Vent DNA polymerase (New England Biolabs) and 

0.2 mM dNTPs in 1 x Vent DNA polymerase buffer (New England Biolabs) to a final 

volume of 50 ill. Thermal cycling was performed (Techne THC-2) as follows. All of 

the reaction components, except the Vent polymerase, were premixed and overlaid by 

30 111 of light mineral oil (Sigma) and preheated to 95*C for 5 min before adding the 

Vent. Thirty cycles of 30 sec at 95'C, 1 min at ~45*C (variable primer annealing 

temperatures) and two minutes at 74°C (5 min for the last cycle) were performed, after 

which the PCR products were analysed by agarose gel electrophoresis.

2.21 DNA sequencing

The dideoxy-mediated chain termination method (Sanger et al., 1977) was used for 

DNA sequencing. Small scale preparations of double-stranded DNA were isolated by 

the CTAB method from bacterial cultures as described in section 2.15. 10 |il of DNA 

were incubated with 10 |xl of 0.5 M NaOH and 5 |il of HPLC grade H2 O at 6 8 X  for 

15 min. 10 |il of 1.5 M CH3 COONH4  and 90 |il of ethanol were added to precipitate 

the DNA and the collapsed, supercoiled DNA was suspended in 25 pi of low TE. To 

anneal the DNA with primer, 2 pi of DNA template were mixed with 2 pi of primer (5 

ng/pl) and 6  pi of 5 x double-stranded sequencing buffer and incubated at 65*C for 5 

min, followed by cooling at room temperature for 10 min. The annealed DNA was 

distributed into 4 wells of a 96-well microtiter plate (2 pl/well). A master mixture was 

prepared as shown overleaf (e.g. for 20 DNA templates).
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a-[32p]dATP (800 Ci/mmol) 11 |il

low TE 77 |il

0.75 |xM each of dC, dG, dTTP 44 |il

T7 DNA polymerase (Pharmacia, 8-10 U/p,l) 4^il

T7 Dilution buffer (Pharmacia) 40 |xl

100 mM DTT 22 |il

2 |Lil Aliquots of this mixture were added to the microtiter plate wells, mixed by a brief 

centrifugation, then incubated at room temperature for 10 min. After about 8  min, 2 |Ltl 

of each appropriate termination mix (80 îM dATP, dCTP, dOTP, dTTP, 50 mM NaCl 

and 10 |iM of a single dideoxynucleotide) were added to the side of the appropriate well 

and mixed with the denatured template by brief centrifugation. The plate was incubated 

at 'iTC  for 15 min, 4 jxl of formamide/dyes (10 ml formamide, 10 mg xylene cyanol 

FF, 10 mg bromophenol blue, 200 |il 0.5 M EDTA [pH 8.0]) added to each well and 

the plate incubated at 85“C for 10 min, before 2-4 |il of the sequencing reactions were 

loaded onto a 6 % denaturing polyacrylamide gel (0.5-2x TBE buffer gradient). The 

samples were electrophoresed at 40 W until the bromophenol blue reached the bottom 

of the gel. The gel was fixed in 10% acetic acid (v/v), 10% methanol (v/v) for 15 min, 

dried and autoradiographed.

2.22 Transfection

Transient transfection of XTC-2 cells was performed by co-precipitation of the plasmid 

DNA with calcium phosphate (Gorman, 1985). Cells (2-3 x 10^) were split into 6 -well 

tissue culture plates (COSTAR) the day before transfection. Two hours before 

transfection the cells were washed and incubated in medium supplemented with 1 0 % 

charcoal-stripped FCS. In a sterile Eppendorf tube, 200 |xl of 0.25 M CaCl2  containing 

4-10 |Lig supercoiled plasmid DNA were added drop wise into 200 pi of 2 x HBS which 

was bubbled with a pipettor to ensure complete mixing. pGL2 (Promega; beetle
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luciferase gene driven by SV40 early promoter) was included as an internal control in 

all transfections. Precipitation was completed in 15 min, the suspension was added 

drop wise to the cells and the tissue culture plate was gently swirled to mix the 

precipitate and medium together. After an overnight incubation the cells were washed 

twice with 3 ml of PBS followed by fresh medium, with or without 10 nM Tg added to 

the cells. After 44-48 h of incubation, cells were harvested in PBS, centrifuged and 

resuspended in 100 |xl of Promega Reporter Lysis Buffer (which allows simultaneously 

assaying both luciferase and CAT activity). Cytoplasmic extracts were obtained by 

three rounds of ffeezing/thawing followed by centrifugation at 4“C at 14,000 rpm and 

retaining the supernatant.

2.23 Luciferase assav

The luciferase activity of the cytoplasmic extracts was determined using a Cinilumat 

luminometer (Berthold) by mixing 10 |xl of extract with 250 p,l of luciferase assay 

buffer in Sarsted No. 55.476 tubes. The luminometer injects 100 |J,1 of 1 mM luciferin 

(pH 6.2) into each tube and immediately measures the light produced during the 

oxidation of the luciferin, the intensity of the light generated being directly proportional 

to the luciferase activity in the cytoplasmic extracts.

2.24 Chloramphenicol acetvltransferase (CAT) assav

The transfection efficiency estimated by luciferase assay, as described above, was used 

to normalise the volume of extract to be included in the CAT assay. In a typical assay, 

the lysate volume was made up to 120 |il with Reporter Lysis Buffer, heated at 65“C 

for 10 min and left to cool to room temperature. ^^C-Chloramphenicol ( 1 |il, 35-55 

mCi/mole; Amersham International) and n-butyryl coenzyme A (5 (il, 5 mg/ml) were 

added and the mixture incubated at 37°C for 2 h. The reaction mixtures were extracted 

with 0.5 ml of ice-cold ethyl acetate with the upper organic phase recovered and dried
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down in a Speedvac evaporator. The samples were resuspended in 25 p,l of ethyl 

acetate by gentle vortexing and spotted onto a thin layer chromatography (TLC) plate 

(Sigma). TLC plates were developed in a chromatography tank preequilibriated with 

19:1 chloroformimethanol, dried and exposed to BioMax autoradiography film 

(Kodak).

TLC products were quantified by scoring the position of individual products on the 

TLC plate by superimposing the autoradiogram. The TLC plate was cut along the 

scored lines and the ^^C content of the individual products determined by liquid 

scintillation counting.

2.25 Autoradiographv

For autoradiography of gels containing ^^P-labelled samples, X-OMAT AR or LS films 

(Kodak) were routinely pre-flashed before exposure at -80“C for 2-72 h before being 

processed in a PPM 2100 X-ray processor (Fuji). For gels containing 35S-labelled 

samples, BioMax MR film (Kodak) was exposed for between 30 min and 4 h before 

being processed.
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Chapter 3

Properties of natural and recombinant Xenopus 
thyroid hormone receptors
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3.1 Introduction

The first studies to try and identify receptor molecules for the thyroid hormones were 

performed in the late 1950s and early 1960s (Tata, 1958; Lissitzky et a i, 1960; Tata, 

1962; Tata et al., 1962a). These experiments examined the ability of radiolabelled 

thyroid hormone to bind to subcellular fractions of rat liver and skeletal muscle and 

discovered binding sites in the cytosolic fractions. However, due to their high binding 

capacity and low affinity, these thyroid hormone binding sites were thought unlikely to 

be authentic thyroid hormone receptors. Other studies in the early 1960s demonstrated 

that all subcellular fractions of liver and muscle bound radiolabelled thyroid hormones, 

with the nuclear, mitochondrial and microsomal fractions containing the highest 

proportion of binding sites (Tata et a l, 1962a; Tata et al., 1962b).

In the decade that followed, studies on the mechanisms of thyroid hormone action 

showed that these hormones are capable of causing a rapid increase in cellular RNA 

synthesis, strongly suggesting that they exerted their actions by controlling gene 

expression and so were acting at the nuclear level (Tata and Widnell, 1966; Tata and 

Williams-Ashman, 1967). The availability of radiolabelled thyroid hormones of higher 

specific activity allowed more sensitive ligand binding experiments to be performed and 

in 1972 Oppenheimer et al. demonstrated the presence of a high affinity, low binding 

capacity (2 , 0 0 0  to 1 0 , 0 0 0  sites/cell) population of thyroid hormone binding sites in rat 

liver nuclei (Oppenheimer gr a/., 1972; Oppenheimer ef a/., 1974).

Further biochemical characterisation of the thyroid hormone receptor during the 1970s 

and 1980s showed that it was tightly associated with chromatin, and heterogeneous in 

nature, varying in size from 47 to 57 kDa. The ligand binding characteristics of the 

receptor were further analysed showing that it bound Tg with an affinity of lO ^^-lO'^i 

M (Kd), with the relative affinities of different iodothyronine analogues to be; 3,3',5- 

triiodothyroacetic acid (TRIAC) > 3,3',5-triiodothyronine (Tg) > 3,3',5,5'-
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tetraiodothyronine (T4 ) > 3,3',5'-triiodothyronine (rTg). The relative affinities of these 

thyroid hormones and their analogues for this receptor correlated well with their 

respective biological activities suggesting that the high affinity nuclear binding sites 

were responsible for the biological activity of the thyroid hormones (see Chin, 1991; 

Williams, 1994a).

The genes encoding thyroid hormone receptors (c-erbA) were first cloned from human 

placental (Weinberger et al. 1986) and chicken embryonic (Sap et al. 1986) cDNA 

libraries in 1986 and shown to be cellular homologues of the viral oncogene \-erbA, 

suggesting that the c-erbA encoded proteins were members of the nuclear hormone 

receptor superfamily. The sizes of the expressed c-erbA proteins (52 and 55 kDa for 

the human c-erbA, 40 and 46 kDa for the chicken c-erbA) were very similar to the 

previously characterised thyroid hormone binding nuclear protein and the in vitro 

expressed c-erbA  proteins showed the same specificity and affinity for T3  as the 

biochemically characterised TR. Cloning of TRs from other species has suggested that 

there are two different TR genes, designated TRa and TRp, located on different 

chromosomes, with alternative splicing of the products of these genes generating 

different TR isoforms (see Chin, 1991; Williams, 1994a). Compared with the 

extensive information available on the structure and function of mammalian TRs (see 

Chin, 1991; Williams, 1994b), relatively little was known about the amphibian TR 

genes and their products until more recently (Tata et al., 1993).

The cloning of the TRa and P genes of Xenopus laevis, by the laboratories of Old and 

Brown (Brooks et al., 1989; Yaoita and Brown, 1990), has allowed the role of thyroid 

hormones, and their receptors, during metamorphosis to be studied at a molecular level. 

Although the hormonal and developmental regulation of Xenopus TR a and P mRNAs 

have been studied both in vivo (Yaoita and Brown, 1990; Kawahara et al., 1991; Tata 

et al., 1993), and in Xenopus cell lines (Kanamori and Brown, 1992; Machuca and 

Tata, 1992), relatively little is known about the Xenopus TR proteins.
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In order for the protein products of the Xenopus TR genes to act as ligand inducible 

transcription factors, they must be capable of binding TH with high specificity and 

affinity as demonstrated for endogenous nuclear TRs in other species (Oppenheimer et 

al., 1972; Oppenheimer et al., 1974; see Oppenheimer, 1983; Williams, 1994b; see 

Chin, 1991) and later for individual recombinant TR isoforms (Weinberger et al. 1986; 

Sap et al. 1986). To date, the only study of Xenopus TR ligand binding properties has 

been performed in Old's laboratory where Xenopus TR a protein expressed in COS 

cells ox Xenopus oocytes was shown to exhibit high affinity (K<i of 0.12 nM), saturable 

binding of radiolabelled Tg (Brooks et al., 1989; Old et al., 1992).

In this chapter 1 first examine the ligand binding properties of in vitro translated 

Xenopus TR proteins using a cell-free coupled transcription/translation system with the 

expression vectors encoding xTRa and P, in the absence or presence of their 

homologous heterodimerisation partners, the RXRs. Next, to determine the ligand 

binding properties of Xenopus TR proteins as present in the cell, the binding of 

[125i]X3 to nuclear extracts prepared from the Tg rosponsivo Xenopus cell line XTC-2 

was studied.

Additionally the binding of [^^IjTg to a bacterially expressed glutathione-S-transferase 

{G ^TyXenopus  TRP fusion protein and nuclear extract from insect Sf9 cells (a 

Spodoptera frugiperda cell line), infected with a recombinant baculovirus expressing 

Xenopus TRp, has been examined.
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3.2 Results

3.2.1 Specific binding of bv in vitro transcribed/translated TRs

Recombinant Xenopus TRa and TRp, as well as a heterodimerisation partner, RXRy, 

were synthesized from their cDNAs for their use in binding studies. Initially

these proteins were prepared in vitro in a coupled transcription-translation system and 

labelled with [^^SJmethionine. As shown in Figure 3.1, Xenopus T R a, TRp and 

RXRy are translated in vitro with similar efficiencies and display the expected molecular 

mass (~45 kDa for the TRs and -60 kDa for the RXR) (Brooks et al., 1989; Yaoita and 

Brown, 1990; Blumberg et al., 1992).

To test whether the in vitro trmslaitd Xenopus TRs possessed the same ligand binding 

properties as their in vivo counterparts in mammalian species (see Chin, 1991; 

Williams, 1994b), displacement binding studies were performed using as the

radioligand (see Figure 3.2). Both xTRa and xTRP were shown to bind T3  in a 

specific and displaceable manner with K^s of 0.65 nM and 1.4 nM respectively. The 

specificity of Tg binding was verified by comparing the abilities of equal concentrations 

(10 nM) of Tg and rTg to displace from xTRa and xTRp. In both cases 10

nM Tg caused a marked reduction in [i25l]TTg binding (78% for xTRa and 81% for 

xTRP), while 10 nM rTg, an analogue of Tg which has virtually no biological activity 

and is known to bind TRs with lower affinity (see Baulieu and Kelly, 1990), was only 

capable of reducing [^^I]Tg binding by -5% for both receptors.

TRs have been demonstrated, in vitro, to be present preferentially as heterodimers with 

RXRs, when bound or unbound to DNA (Marks et al., 1992; Hallenbeck et al., 1992). 

It raised the possibility that TR-RXR heterodimers might bind T3  with a different 

affinity to that observed with the TRs in Fig. 3.2. To test this possibility, displacement 

binding studies were performed, using as a specific radioligand, with in vitro

61



86kDa. ■ 

55kDa.’

30kDa.-

1 1  I

Figure 3.1: SDS-PAGE of in vitro transcribed/translated S]methionine 

labelled Xenopus TRa, TRp and RXRy.

Xenopus TRa, TRP and RXRy were synthesized in vitro from the TR expression vectors 

pSP64AxTRa and pSP64AxTRp (from Dr. D. D. Brown, Carnegie Institute, Baltimore) and 

xRXRy-pSP64T, using a rabbit reticulocyte lysate coupled transcription/translation system (TNT

SP6 reticulocyte lysate, Promega) in the presence of [^^Sjmethionine. The translation products 

were analysed by SDS-PAGE after which the gel was dried and autoradiographed (30 minute 

exposure using BioMax MR film, Kodak).
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Figure 3.2: Specific binding of 11X3 by in vitro transcribed/translated 
Xenopus TRa and P

(A) Displacement binding studies, using I]Tg, were performed using 2pi of in vitro 
transcribed/translated Xenopus TRs a  and P preparations.

(B) Specificity of ligand binding by in vitro transcribed/translated Xenopus TRs a  and p was 
determined by examining the relative abilities of equal concentrations (lOnM) of Tg and

reverse Tg (rTg) to displace[^^  ̂I]Tg binding.
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transcribed and translated xTRa and xTRp in the presence or absence of xRXRy or an 

equal volume of unprogrammed rabbit reticulocyte lysate. As can be seen in Figure 

3.3, the affinity of the Xenopus TRs was thus found to be unaffected by the presence 

of xRXRy.

Thus, the in vitro transcribed and translated Xenopus TRa and TRP exhibit ligand 

binding properties which are comparable to those observed for in vitro transcribed and 

translated TRs of other species (Sap et al., 1986; Weinberger et al., 1986). The 

presence of an appropriate heterodimerisation partner, xRXRy, had no effect upon the 

T] binding affinities of the two TRs.

3.2.2 Specific binding of T  ̂bv nuclear extract prepared from XTC-2 cells

It was next decided to compare the ligand binding properties of the recombinant xTRs 

with the natural receptors present in the cell nucleus. For this purpose, the Xenopus 

cell line XTC-2 was chosen as it has been previously shown in our laboratory to 

respond to Tg treatment by differentially upregulating the mRNAs for xTRa and xTRp 

in a similar manner to that observed in vivo during precociously induced 

metamorphosis in whole tadpoles (Kawahara etal., 1991; Machuca and Tata, 1992).

For the purpose of comparing ligand binding characteristics, XTC-2 cells were grown 

in cell factories and nuclear extract then prepared for use in binding studies.

The identification of high affinity, saturable binding sites for Tg in this cell line was 

demonstrated by saturation binding experiments in which XTC-2 nuclear extract was 

incubated with increasing concentrations of in the absence or presence of a

large excess (2.5 |iM relative to 0.1-0.52 nM of [^^^IjTg) of unlabelled T3  (see Figure 

3.4). Scatchard analysis of the Tg binding data showed that the TR population within 

XTC-2 cells binds Tg with an affinity of (Kd) of 0.3 nM and a binding site 

concentration (Bmax) of 1 2 2  pM, corresponding with a value of 445 specific, high
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Figure 3.3: Specific binding of I]Tg by in vitro transcribed/translated 

Xenopus TRa and p in the presence or absence of RXRy.

Displacement binding studies were performed with aliquots (2|il) of in vitro 

transcribed/translated Xenopus TRa (A) and TRP (B) in the presence or absence of in vitro 

transcribed/translated Xenopus RXRy (2pl). Unprogrammed rabbit reticulocyte lysate (2|xl) 

was included in the assay when xRXR was not used.
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Figure 3.4: Saturation binding of I]Tg to XTC-2 nuclear extract.

Saturation binding studies were performed by determining the ratio of bound to free 

I]Tg in aliquots of nuclear extract (50)0.1), prepared from XTC-2 cells grown in cell

factories (~3 x 10^/cell factory) (Multi Tray Unit, Nunc, Gibco BRL), incubated with 

increasing concentrations of [̂ 5̂ (i,o  % 10’ ®̂ to 5.2 x 10"̂ ®M) in the absence or

presence of an excess (2.5 x lO'^M) of unlabelled Tg. Data is represented as a Scatchard

analysis (A) and, inset, a saturation curve (B).
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affinity binding sites for T3 per cell. When combined with Bmax data from 

displacement binding experiments, a final value of 449± 28 (s.e.m., n = 5) T3 binding 

sites per cell was obtained. When XTC-2 cells were pre-treated with 2.5 nM T3 for 72 

hours no difference was observed in T3 affinity between T3 -treated and control cells 

(Figure 3.5), with a Kj of 0.35 nM under both conditions.

It was nevertheless thought necessary to determine whether T3  pre-treatment would 

alter the concentration of TR in XTC-2 cells. For this purpose, nuclear extract was 

prepared from XTC-2 cells treated for 0, 2, 24, 48 or 72 hours with 2.5 nM T3 . As 

shown in Figure 3.6, there was a constant 50% decrease in the number of T3 binding 

sites following T3 pretreatment. This result is probably due to the retention, during 

nuclear extract preparation, of significant quantities of unlabelled T3 , thus causing an 

underestimation of the true number of binding sites. Attempts to remove the T3  from 

the nuclear extract by dialysis (24 hours at 4°C against several changes of nuclear 

extraction buffer) were unsuccessful. After dialysis, total levels of specific T3  binding 

were found to be -70% of their initial value for nuclear extracts prepared from control 

and T3  treated XTC-2 cells but the relative values for the specific binding remained 

unchanged.

3.2.3 Specific binding of T^ by Xenopus TRP expressed in bacteria and in baculovirus

Since it was not possible to study the binding characteristics of the individual TRs in 

the XTC-2 nuclear extracts, further investigations were carried out with recombinant 

TRP expressed in bacteria and in an eukaryotic system. TRp was chosen, rather than 

T R a, as its expression at the message level is more strongly upregulated by T3 - 

treatment both in tadpoles (Yaoita and Brown, 1990; Kawahara et al., 1991) and in cell 

lines (Kanamori and Brown, 1992; Machuca and Tata, 1992), suggesting that, of the 

two Xenopus TRs, it plays a more important role in the hormonal regulation of 

metamorphosis.
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Figure 3.5: Specific binding of to XTC-2 nuclear extract.

Displacement binding studies were performed upon aliquots of nuclear extract (50|il) 

prepared from XTC-2 cells that had been treated with 2.5 nM Tg in ethanol, or an

equivalent volume of ethanol, for 72 hours prior to harvesting (control cells).
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Figure 3.6: The effect of treatment of XTC-2 cells upon their nuclear TR content.

Displacement binding studies were performed upon 50pl of nuclear extract, prepared 

from XTC-2 cells grown in cell factories and treated for 0 ,2 ,2 4 ,4 8  or 72 hours with 2.5 

X lQ-9 M T3 , and the specific binding of determined.

Three independent experiments were performed for the 0, 2,24 and 48 hour time points, 

and once for the 72 hour timepoint.
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The bacterial system comprised of an expression vector for TR^ prepared by inserting a 

Vent PCRed cDNA for Xenopus TRP into the EcoRl site of the prokaryotic expression 

vector pGEXlN (Pharmacia) in order to produce enough pure protein to use for rabbit 

immunisations to raise polyclonal antibodies (Smith and Johnson, 1988). The 

expression vector thus obtained, TplN, produces a fusion protein between glutathione- 

S-transferase (N-terminal) and Xenopus TRp (C-terminal).

The fusion protein was purified using glutathione agarose beads, as described in 

section 2.10. When analysed by SDS-PAGE, it was shown to consist of one major 

protein of the expected size of -70 kDa for a glutathione-S-transferase-TRp fusion 

protein. This preparation of protein (following dialysis against PBS) was used to 

immunise rabbits and polyclonal antiserum (anti-xTRp-pGEX) against the fusion 

protein was raised. When a western blot of the fusion protein, and bacterially 

expressed glutathione-S-transferase, was performed using this antiserum, a strong 

band appeared at the expected size for the fusion protein (-70 kDa) but several smaller 

bands appeared also (see Figure 3.7). These smaller bands could well be partially 

degraded fusion protein in which immunogenic epitopes are still present. The lower 

molecular mass bands are unlikely to be due to co-purified bacterial proteins, to which 

antibodies have also been raised, since similar bands were not produced with the 

bacterially expressed glutathione-S-transferase, without the xTRP insert.

When T3 -binding was examined, the bacterial fusion protein was shown to retain 

ligand binding properties similar to those of the in vitro translated TRP (see Figures 3.2 

and 3.3). As shown in Figure 3.8, high affinity binding specific for T3 was 

displaceable by Tg, but not by the same concentration of rTg. Glutathione-S- 

transferase alone was unable to specific bind Tg so the ligand binding properties of the 

fusion protein can be solely attributed to the TR region of the protein.
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Figure 3.7: Expression of Xenopus TRp as a glutathione-S-transferase (GST) fusion 
protein (xTRPpGEX)

The bacterially expressed Xenopus TR^-GST fusion protein xTR^pGEX was purified as described in 

Section 2.10. The purified protein, and bacterially expressed GST (pGEX) purified in parallel, was then 
resolved by SDS-PAGE (10% gel) and stained using Coomassie Blue (A). The same protein preparations 

were resolved by SDS-PAGE (10% gel) then analysed by Western blotting, using a polyclonal anti- 
xTRPpGEX antiserum (B).
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Figure 3.8: Displacement binding of Tg to xTRppGEX fusion protein.

(A) Displacement binding studies using I]Tg as the radioligand, and 

different concentrations of unlabelled Tg(5 x 10'^^ to 2.5 x 10"  ̂M) as the 
displacer, were performed with 2.5 pg of xTRppGEX.

(B) Competition binding studies using I]Tg were performed with either 
xTRPpGEX., using (i) lOpM Tg (ii) or rTg as competitior and (iii) pGEX 
(glutathione-S-transferase) using lOpM Tg as competitor.
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Another source of recombinant Xenopus TRp expressed in an eukaryotic system, was 

nuclear extract prepared from Sf9 cells infected by wild type baculovirus or a 

recombinant baculovirus expressing Xenopus TRp under the control of the polyhedrin 

promoter (prepared in our laboratory by Dr. I. Machuca) (see Summers and Smith, 

1987). Such a preparation would indicate if post-translational modifications were 

involved in ligand binding. Due to limited quantities of the nuclear extracts a full 

characterisation of the ligand binding properties of the TRp under these conditions 

could not be determined. However, it was shown that the extract prepared from Sf9 

cells infected with recombinant baculovirus was capable of binding Tg in a displaceable 

manner while the wild type infected and mock infected Sf9 cells did not share this 

property (see Figure 3.9). Thus, it appears from the limited information available that 

post-translational modifications that are known to occur in eukaryotic cells may not play 

a significant role in T3  binding.

3.2.4 Immunological detection of TR protein within XTC-2 cells

To complement the identification of TR proteins within XTC-2 cells it was of interest to 

see if TR protein could be detected immunologically, using the anti-xTRp-pGEX 

polyclonal antiserum, generated against the full length Xenopus TRP-glutathione-S- 

transferase fusion protein. This antiserum should be capable of detecting both TRa 

and p due to the high degree of conservation at the amino-acid level between the two 

proteins (Yaoita and Brown, 1990). As a positive control, nuclear extract prepared 

from Sf9 cells infected by a xTRp-expressing recombinant baculovirus was used. As 

shown in Figure 3.10, a single band was detected by Western blotting in the nuclear 

extract prepared from xTRp expressing Sf9 cells. The mobility of this band is 

consistent with it representing xTRp. When XTC-2 nuclear extract is used, a single 

weak band was detected with a lower mobility than that observed in the XTC-2 nuclear 

extract The specificity of these bands was checked by Western blotting using the pre- 

immune rabbit serum.
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Figure 3.9: Specific binding of T3 to nuclear extract prepared from Sf9 
cells infected by a recombinant baculovirus expressing Xenopus TRp

Displacement binding study showing the binding of IJTg to Sf9 (a Spodoptera

frugiperda cell line) nuclear extract ( 8  pg), prepared from uninfected cells and cells 

infected by either a recombinant baculovirus expressing xTRp or wild type (wt) 

baculovirus . The specificity of the binding was checked by using 2.5 x lO'^M T3  as a 

competitor.
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Figure 3.10: Analysis of TR proteins present in XTC-2 cells, and Sf9 cells 
expressing Xenopus TRp, by Western blotting.

Western blots were performed upon nuclear extracts prepared from XTC-2 cells and Sf9 cells 
infected with a recombinant baculovirus expressing XenopusTR^. As a positive control the 
bacterially expressed fusion protein, xTRppGEX was used. Nuclear extract prepared from 
XTC-2 cells (control) and Sf9 nuclear extract, from xTRp expressing cells, were Western 
blotted with polyclonal anti-xTRPpGEX antiserum (A) or pre-immune serum (B).

To test whether the TR population in XTC-2 cells was altered following Tg-treatment, 50pg of 
nuclear extracts from control and 2,24 or 48 hours 2.5 nM Tg-treated XTC-2 cells, as well as 
the positive control xTRPpGEX, were Western blotted using polyclonal anti-xTRPp>GEX 
antiserum (C) or pre-immune serum (D).
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To test whether changes in TR protein concentration occur in XTC-2 cells following 

Tg-treatment, nuclear extract was prepared from XTC-2 cells treated for up to 48 h with 

2.5 nM Tg and the TR content examined by Western blotting with anti-xTR|3-pGEX 

polyclonal antiserum (see Figure 3.10). A single specific band of equal intensity could 

be detected in nuclear extract from XTC-2 cells treated for 0, 2, 24 or 48 h with Tg, 

suggesting that the TR protein content of XTC-2 cells is not modulated for at least 48 h 

after treatment with physiological concentrations of Tg.

3.3 Discussion

Before undertaking detailed studies on DNA binding and heterodimerisation with 

RXRs, it was essential to establish that recombinant Xenopus TRs to be used for such 

investigations possessed the same high affinity binding characteristics as those 

generally found for TRs from other species. Different preparations of Xenopus TRs 

have had their ligand binding properties tested, and while some minor differences in the 

affinity of T3 binding have been detected, all of the preparations tested have displayed 

specific high affinity T3 binding similar to that observed for recombinant TRs from 

chicken and man (Sap et al., 1986; Weinberger et al., 1986). The first source of 

recombinant Xenopus TRs to be studied were the in vitro translated TRa and p. The 

lower intensity of the band on the autoradiogram representing xTRp, relative to xTRa 

and xRXRy, may be due to the lower methionine content of xTRP (10 methionine 

residues as opposed to 16 and 17 residues for xTRa and xRXRy respectively). The 

doublet of bands observed for xTRa, and the minor bands observed for xRXRy, is 

probably due to translation being initiated from alternative start sites within the coding 

region.

The significance of the difference in T3 binding affinity between xTRa (0.65 nM) and 

P (1.4 nM) is uncertain as it may be specific for the in vitro translated receptors only. 

The affinity of T3 binding is slightly lower than that described for TRs in other species
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and for xTRa transiently expressed in COS cells or Xenopus oocytes (Brooks et al., 

1989; see Chin, 1991; Williams, 1994b), which suggests that the in vitro 

transcribed/translated receptors may be lacking post-translational modifications (Jurutka 

et at., 1993; Kuiper et al., 1993) which occur in vivo and this may be responsible for 

the minor differences in T3  binding properties observed.

Heterodimerisation of TRs with RXRs, as well as being required for high affinity 

binding of TRs to TREs (Kliewer et al., 1992; Zhang et al., 1992), has also been 

shown to enhance Tg-induced changes in TR structure (Yen et al., 1993; Leng et al., 

1993; Bendik and Pfahl, 1995). As the conformational changes are centred around the 

ligand binding domain, as demonstrated by limited proteolysis studies (Leng et al., 

1993), the possibility had existed that the xTRs would have exhibit different Tg-binding 

properties in the presence of xRXRy. As no differences in Kd were observed between 

in vitro translated xTRs in the absence and presence of xRXRy, the conformational 

changes following T 3 binding are more likely to reflect the transition from a 

transcriptional repressor, in the absence of ligand, to a transcriptional activator 

(Bendick and Pfahl, 1995; Roberts and Green, 1995). Thus, the affinity of the xTR 

proteins for ligand does not appear to be affected by the absence or presence of 

heterodimerisation partners, at least within an in vitro setting.

At the level of transcripts it is known that T3 strongly upregulates both a  and P TR 

mRNAs in XTC-2 cells (Kanamori and Brown, 1992; Machuca and Tata, 1992; Tata et 

al., 1993) with maximal upregulation occurring within 24 hours, making this Xenopus 

cell line a convenient source of correctly post-translationally modified xTRs. The 

population of xTRs within this cell line has a slightly higher affinity for T3 (0.3 nM) 

than either of the two in vitro translated xTRs. This difference suggests that post- 

translational modification of these proteins does occur in Xenopus cells and can modify 

their ligand-binding properties. Unfortunately, due to their similar T3 -binding
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affinities, the relative quantities of these two TR isoforms in XTC-2 cells cannot be 

quantified on the basis of ligand binding experiments.

Although the upregulation of Xenopus  TRs -a  and -p has been previously 

demonstrated at an mRNA level, it is important to see if this increase is reflected at the 

protein level as TRs are often differentially expressed at mRNA and protein levels 

(Bigler and Eisenman, 1988; Rodd et al., 1992; Schwartz et al., 1994). Treatment of 

XTC-2 cells for up to 72 hours with physiological concentrations of Tg (Leloup and 

Buscaglia, 1977; Tata et al., 1993) did not affect the Tg-binding affinity of the xTR 

population or significantly alter the number of high-affinity binding sites. The nuclear 

extract prepared from XTC-2 cells pretreated with Tg for 2 hours serves as a useful 

control, as any effects upon the number of apparent binding sites that occur this rapidly 

are unlikely to be explainable in terms of a transcriptional effect, as the first detectable 

upregulation of TRp mRNA occurs 4 hours after Tg treatment (Kanamori and Brown, 

1992; Machuca and Tata, 1992). No significant difference in specific binding was 

observed between XTC-2 cells treated for 2 to 48 hours with 2.5 nM Tg. By 48 hours 

of Tg treatment upregulation of TR mRNAs is completed but no corresponding 

difference in the number of Tg binding sites is observed. Studying the xTR population 

of XTC-2 cells by Western blotting using the polyclonal antisera raised against xTRp

pGEX, a principal band can be detected, which matches the expected size of xTRa 

rather than TRp, but is the same in control and Tg-treated cells suggesting either that no 

change has occurred in the TR population, or that the changes are too subtle to be 

detected without high-specificity antibodies against both xTRs. Although Tg treatment 

of XTC-2 cells is capable of upregulating the mRNAs for Xenopus TRs (2-3 fold for 

T R a and 30-50 fold for TRP), no corresponding increase in TR protein could be 

detected either by ligand binding or immunological techniques for up to 72 hours after 

treatment. This strongly suggests that the upregulation of the Xenopus TR mRNAs is 

not reflected at the protein level.

78



Chapter 4

Analysis of the DNA binding properties of 
Xenopus thyroid hormone receptors
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4.1 Introduction

Steroid and thyroid hormones have been known since the 1960s to regulate specific 

protein synthesis in their target tissues (Karlson, 1963; Komer, 1965; Tata, 1966a; 

Tata and Widnell, 1966; Tata and Williams-Ashman, 1967). Where the hormone exerts 

a strong growth and developmental action, protein synthesis is largely controlled at the 

transcriptional level. In order to influence gene transcription directly, specific hormone 

receptors must interact with their target genes via binding sites in the promoters of these 

genes, known as hormone response elements (HREs). In 1981 the first HRE was 

identified by Buetti and Diggelmann as a short sequence within the murine mammary 

tumour virus (MMTV) promoter which, when mutated, abolished the glucocorticoid- 

responsiveness of the promoter (see Yamamoto, 1985). HREs have since been 

identified for other members of the nuclear hormone receptor superfamily (see Section 

1.3.4).

A thyroid hormone response element (TRE) was first identified in 1987 by Glass et al. 

who showed that the -180 to -165 region of the rat growth hormone gene promoter 

could confer Tg-responsiveness upon a thymidine kinase minimal promoter, and that 

this sequence could be bound by TRs in vitro. Further analysis of this sequence 

suggested that it consisted of an imperfect palindromic repeat of the sequence 

AGGTCA. The perfect palindromic repeat AGGTCATGACCT, or TREpal, was then 

shown to be a functional TRE in the rat growth hormone gene promoter, as regards 

both DNA binding and conferring T3 responsiveness (Glass et al., 1988). The TRs 

can also bind to response elements containing a direct repeat of the consensus half-site 

AGGTCA with a four nucleotide spacer (DR+4) (Nâar et al., 1991; Rottman et al., 

1991; Umesono et al., 1991; Durand et al., 1992; Stunnenberg, 1993). Other TREs 

have been identified including an inverse palindromic repeat of the consensus half-site 

with a six nucleotide spacing (IP4-6 ) and more complex arrangements of the same half

site (see Figure 1.5, see Williams, 1994c). It is now widely accepted that the
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functionally active TR, especially when its action is mediated via DR+4 TRE, is a 

heterodimer with one of the isoforms of the retinoid receptor RXR (Perlmann et al., 

1993; Kliewer et al., 1992; Zhang et al., 1992; Durand et al., 1992). Hence any 

analyses of the DNA-binding properties of TRs should take into account he association 

between TRs and RXRs.

Although the thyroid hormones T3  and T4  have long been known to be obligatorily 

required for amphibian metamorphosis to occur (see Beckingham Smith and Tata, 

1976; Gilbert and Frieden, 1981), it was not until the cloning of Xenopus TRa in 1989 

(Brooks et al., 1989), and the subsequent cloning of Xenopus TRp (Yaoita et al., 

1990), that amphibian TRs have been amenable for study in vitro. Although the ligand 

binding properties of the Xenopus thyroid hormone receptors have been examined (see 

Chapter 3; Brooks et al., 1989), their specific DNA binding properties have not been 

well characterised.

In this chapter, the ability of Xenopus TRa and TRp to bind to TREs, in the absence 

and presence of Xenopus RXRs has been examined. The TRs and RXRs used in these 

studies were either prepared by in vitro transcription and translation or expressed in, 

and purified from, bacteria as a glutathione-S-transferase fusion protein. Additionally, 

nuclear extracts from cell-lines expressing endogenous TRs (XTC-2), or exogenous 

TRs (xTRP-expressing recombinant baculovirus infected Sf9 cells), were examined for 

their ability to specifically bind to well-defined TREs.
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4.2 Results

4.2.1 DNA-binding properties of bacterially expressed xTRppGEX protein

As shown in the electrophoretic mobility shift assay (EMSA) in Figure 4.1, Xenopus 

TRp as the bacterially expressed fusion protein xTRPpGEX binds ^^P-labelled TREpal 

oligonucleotide probe. Many DNA-protein complexes can be observed and their 

protein-DNA interactions shown to be specific by virtue of increasing concentrations of 

unlabelled TREpal oligonucleotide competing with the electrophoretically shifted 

labelled protein-DNA complexes. Equivalent concentrations of unlabelled oestrogen 

response element (ERE) (Walker et a i, 1984) oligonucleotide, consisting of two copies 

of the TRE half-site AGGTCA arranged as a direct palindromic repeat with a three 

nucleotide spacing (PAL+3), were unable to compete away the protein-DNA 

complexes. This suggests a high degree of sequence specificity of interaction as the 

two sequences are identical except for a 3 nucleotide spacer in the ERE. To check that 

the glutathione-S-transferase (GST) portion of the fusion protein lacked any intrinsic 

DNA-binding activity, GST was expressed and purified in an identical manner to the 

fusion protein and shown to be unable to bind to the ^^P-labelled oligonucleotide probe 

(see Figure 4.1).

As the fusion protein xTRppGEX was shown by EMSA to specifically bind to a ^^P- 

labelled TRE probe, it was of interest to see if the rabbit polyclonal antiserum generated 

against this protein was capable of "supershifting" the protein-DNA complexes 

observed by EMSA. As shown in Figure 4.2, the xTRppGEX-TREpal complexes 

observed in bandshifts exhibit progressively decreasing electrophoretic mobilities in the 

presence of increasing concentrations of anti-xTRPpGEX polyclonal antiserum. 

Equivalent concentrations of pre-immune rabbit serum did not cause similar 

supershifting of the protein-DNA complexes. From this experiment, an optimal
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Figure 4.1: EMSA showing the specific binding of TREpal by 
Xenopus TRp-glutathione-S-transferase fusion protein 
(xTRPpGEX).

To test their ability to specifically bind to a TRE sequence, 0.5 pg of bacterially 

produced Xenopus TRp-glutathione-S-transferase (xTRppGEX), or glutathione-S- 

transferase (pGEX), was incubated for 20 min at room temperature in the presence of 
increasing concentrations of unlabelled specific (TREpal), or non-specific (ERE),

competitors. At the end of the incubation, 10,000 cpm of a ̂ ^P-labelled-consensus 

TREpal oligonucleotide (5’-GATCCGATTCAGGTCATGACCTGAGATC-3’) were 

added as probe and the mixture incubated for a further 30 min at room temperature. 

Samples were then electrophoresed and the gel autoradiographed as described 

previously (see Sections 2.12 and 2.25).
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Figure 4.2: EMSA demonstrating the ability of anti-xTRppGEX 
antiserum to "supershift" xTRPpGEX protein-DNA complexes,

To test its ability to specifically bind to a TRE sequence, 0.5 pg of bacterially produced 

Xenopus TRp-glutathione-S-transferase (xTRPpGEX) was incubated for 20 min at room

temperature. At the end of the incubation, 10,000 cpm of a ^^P-labelled -consensus 

TREpal oligonucleotide (5'-GATCCGATTCAGGTCATGACCTGAGATC-3’) were 

added as probe and the mixture incubated for 30 min at room temperature. Finally, 
different dilutions of anti-xTRppGEX antiserum, or preimmune serum, were added to the 

samples which were then incubated at room temperature fw a further 30 min before gel 

electrophoresis, and the gel autoradiographed as described previously (see Sections 2.12 
and 2.25).
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dilution of anti-xTRppGEX antiserum for supershifting experiments was determined to 

be 1/200.

4.2.2 DNA-binding properties of Xenopus TRp expressed in baculovirus

The binding of nuclear extract from Sf9 cells infected with a xTRP-èxpressing 

recombinant baculovirus to a ^^P-labelled TREpal probe was next examined, as shown 

in Figure 4.3. One main protein-DNA complex was present, as well as a minor 

complex of slightly lower electrophoretic mobility, and a second minor complex of 

higher electrophoretic mobility. All three protein-32p-iabelled TREpal complexes were 

efficiently competed away by a 100-fold molar excess of unlabelled TREpal 

oligonucleotide, but not an equivalent concentration of unlabelled ERE oligonucleotide. 

The ability of the anti-xTRppGEX polyclonal antiserum to interact with the 

baculovirus-expressed Xenopus TRp was also examined. In the presence of 1 /2 0 0  

diluted antiserum an additional major protein-DNA complex of a lower electrophoretic 

mobility could be seen, which was absent when pre-immune serum was used at a 1 /2 0 0  

dilution. These results demonstrate the specificity of the preparation and that the anti- 

xTRPpGEX polyclonal antiserum is capable of binding to Xenopus TRp expressed in a 

eukaryotic system.

4.2.3 DNA-binding properties of in vitro transcribed and translated Xenopus TRa. 

TRP^ RXRg, RXRg and RXRy

In addition to the two sources of rtcombinani Xenopus TRs examined above, Xenopus 

T R a and TRp, as well as their heterodimerisation partners Xenopus RXRa, RXRP 

and RXRy, were generated by in vitro transcription and translation (see Figure 4.4). 

The DNA-binding abilities of the xTRs, alone and in different combinations with 

xRXRs were next examined. Due to its low efficiency of translation, relative to the
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Figure 4.3: EMSA showing the specific binding of nuclear extract 
prepared from Sf9 cells expressing Xenopus TRp via a recombinant 
baculovirus.

Xenopus TR  ̂was expressed in insect Sf9 cells, following infection by a recombinant 

baculovirus, and nuclear extract prepared. 8 |ig of this nuclear extract was incubated for 

2 0  min at room temperature in the absence or presence of a 1 0 0 -fold molar excess of 
unlabelled specific (TREpal), or non-specific (ERE), competitors. At the end of the

incubation, 10,000 cpm of a ^^P-labelled-consensus TREpal oligonucleotide (5’- 

GATCCGATTCAGGTCATGACCTGAGATC-3') were added as probe and the 

mixture incubated for 30 min at room temperature. Where indicated, anti-xTR^pGEX 

antiserum, or preimmune serum, at a 1 / 2 0 0  dilution was added to samples, which were 
then incubated for a further 30 min before electrophwesis and the gel autoradiographed 

as described previously (see Sections 2.12 and 2.25).
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Figure 4.4: SDS-PAGE of in vitro transcribed/translated S]methionine 

labelled Xenopus TRs -a and -p, and RXRs - a - p  and -y.

Xenopus TRa, TRp and RXRo, RXRp and RXRy were synthesized vitro from the TR 

expression vectors pSP64AxTRa and pSP64AxTRp (kindly provided by Dr. D. D. Brown, 

Carnegie Institute, Baltimore) and the RXR expression vectors xRXRa-pSP64T, xRXRP- 

pSP64A and xRXRy-pSP64T, using a rabbit reticulocyte lysate coupled transcription/translation 

system (TNT SP6  reticulocyte lysate, Promega) in the presence of [^^Sjmethionine. The 

translation products were analysed by SDS-PAGE after which the gel was dried and 

autoradiographed (30 minute exposure using BioMax MR film, Kodak).
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other two Xenopus RXRs, the DNA-binding properties of recombinant Xenopus 

RXRP were not examined.

Initially, the DNA-binding properties of the in vitro translated proteins were examined 

by EMSA, along with baculovirus-expressed xTRp as a positive control (see Figure 

4.5). Three different ^^P-labelled oligonucleotide probes were used, comprising of 

TREpal, DR+1 or DR+4 motifs. The TR proteins would be expected to bind more 

efficiently to the TREpal and DR+4 oligonucleotides, and the RXR proteins to 

preferentially bind to the DR+1 oligonucleotide. The baculovirus-expressed 

TRp bound TREpal and DR+4 32p-iabelled probes efficiently, forming one major, and 

two minor, DNA-protein complexes. With the DR+1 probe, as with the TREpal and 

DR+4 probes, three DNA-protein complexes, albeit of low-affinity, were detected.

As can also be seen in Figure 4.5, the in vitro translated Xenopus TR a protein bound
putative putative

the DR+4 probe very efficiently as botn monomer and homodimer. This monomeric

and homodimeric DNA-binding could also be detected with a TREpal probe, but only 

monomer binding was observed with a DR+1 probe. The in vitro translated Xenopus 

TRp protein binds the ^^P-labelled probes much less efficiently than the TRa with 

binding only being observed for the DR+4 probe, and then only as homodimers. The 

electrophoretic mobility of the homodimeric complex is similar to the major band 

observed with the baculovirus-expressed Xenopus TRp. Differential DNA-binding 

properties were also observed for Xenopus RXR-a and -y. In these experiments, 

RXRy bound all three of the probes more efficiently than did RXRa, the effect being 

most pronounced with the DR+1 probe. The differences observed between the DNA- 

binding properties of the Xenopus TRs and RXRs were unexpected, as the DNA- 

binding domains are well conserved between the two TRs (Yaoita et a i, 1990), and the 

RXRs (Blumberg et al., 1992; Marklew et al., 1994).
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Figure 4.5: EMSAs showing the binding of baculovirus-expressed Xenopus 
TRP, and in vitro translated Xenopus TR-a and -P, and RXR-a and -y, to 
different H R Es.

Nuclear extract (Spg), prepared from xTR^-recombinant baculovirus infected Sf9 cells (baculo.), 

and Ipl each of in vitro (i.v.t) translated Xenopus TRa and -P, and RXRa and -y, were incubated 

for 20 min at room temperature. At the end of the incubation, 10,000 cpm of a ^^-labelled 

oligonucleotide, comprising of TREpal (5 -G ATCCGATTC A3GTCATG ACCTG AG ATC-3 ), 
DR+1 (5'-TGGTAAGGTCATAGGTCACCACA-3 ) or DR+4 TRE (5 -TGGTAAGGTCAAGT 

AAGGTCACCACA-3') sequences, were added as probe and the mixture incubated for a further 30 
min at room temperature. Samples were then electrophoresed and the gel autoradiographed as 

described previously (see Sections 2.12 and 2.25).
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To test the identity of the DNA-protein complexes observed with the in vitro translated 

Xenopus TR proteins by EMSA, supershifting experiments were performed using anti- 

xTRppGEX antiserum (see Chapter 3), and polyclonal antisera raised against amino 

acids 1-32 of Xenopus TRa (anti-xTRa), and a fusion protein between amino acids 

112-191 of Xenopus TRP and glutathione-S-transferase (anti-xTRP) (prepared by Dr. 

I. Machuca in our laboratory). All of the antisera were used at a V 200 dilution. As 

shown in Figure 4.6, in vitro translated Xenopus TRa formed two protein-DNA 

complexes, which were supershifted by all three antisera. The anti-xTRp antiserum 

supershifted the complexes more efficiency than either of the other two antisera. The in 

vitro translated Xenopus TRP formed a single discrete DNA-protein complex, which 

was supershifted by anti-xTRp and, less efficiently by anti-xTRppGEX, but not anti- 

xTR a. The DNA-protein complexes observed with the baculovirus-expressed 

Xenopus TRp showed an almost identical supershifting profile to that observed for the 

in vitro translated Xenopus TRp. These results show that the anti-xTRa antiserum 

exhibits TR-isoform specificity, only detecting Xenopus TRa, while the two antisera 

generated against Xenopus TRp are capable of detecting both TR isoforms. All three 

antisera are capable of detecting monomeric and homodimeric TR complexes.

Having demonstrated that the individual in vitro translated Xenopus TR proteins are 

capable of binding independently to TREs, with TRa forming monomeric and 

homodimeric complexes more readily than TRp, the ability of these proteins to form, 

and bind to DNA, as RXR heterodimers was examined. As shown in Figure 4.7, 

while Xenopus TRa, and RXRs -a  and -y, individually displayed slight TRE binding, 

strongest binding was observed for heterodimers between the TRs and the RXRs. All 

four TR-RXR combinations examined (TRa-RXRa, TRa-RXRy, TRP-RXRa, TRp- 

RXRy) exhibited strikingly similar high-affinity TRE-binding properties, with the 

heterodimers binding to the ^^P-labelled probe with higher affinity than any of the 

homodimers. Although the monomeric and homodimeric binding of TREs to TRP is 

considerably less efficient than that by TRa, the two TRs bind to TREs with equal
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Figure 4.6: EMSAs showing the specificity of smiï-Xenopus TR antisera for 
recombinant Xenopus TR-a and -p.

Nuclear extract prepared from xTRP-recombinant baculovirus infected Sf9 cells (baculo.) and Ijul 

each of in vitro translated (i.v.t.) Xenopus TR-a and -p was incubated for 20 min at room 

temperature. At the end of the incubation, 10,000 cpm of a ^^P-labelled-consensus TREpal 

oligonucleotide (5'-GATCCGATTCAGGTCATGACCTGAGATC-3') were added as probe and the 
mixture incubated for 30 min at room temperature. Where indicated, preimmune serum 

(preimmune) or immune serum was added (anti-xTRo, anti-xTRp, anti-xTRPpGEX), or not 

(control) and the samples incubated few a further 30 min before undergoing electrophoresis and the 
gels autoradiographed as described previously (see Sections 2.12 and 2.25).

The immune sera used were polyclonal antisera raised against a peptide comprising amino acids 1- 

32 of Xenopus TRa (anti-xTRa)*, a bacterially produced fusion protein between Xenopus TRP 

amino acids 112-191 and glutathione-S-transferase (anti-xTRp)*, and xTRPpGEX..

* = Prepared by Dr. I. Machuca in our laboratory.

91



xTRa
xTRP
xRXRa
xRXRy

Probe

Figure 4.7: EMSA showing the ability of recombinant Xenopus TR-a 
and -p to efficiently form heterodimers with recombinant Xenopus RXR- 
a  and -y in binding TREpal.

Different combinations of 1 |xl of in vitro translated Xenopus TRs -a and -p, and RXRs -a 

and -Y, were incubated for 20 min at room temperature. At the end of the incubation, 10,000 

cpm of a 32p-iabelled TREpal (5'-GATCCGATrCAGGTCATGACCTGAGATC-3’) 

oligonucleotide were added as probe. The mixture was then incubated for a further 30 min at 

room temperature, samples electrophoresed and the gel autoradiographed as described 
previously (see Sections 2.12 and 2.25).
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efficiency when heterodimerised with RXRs. Although individual TR monomers and 

homodimers could be supershifted by anti-TR antibodies, for reason not yet clear, no 

supershifting of heterodimeric DNA-protein complexes could be detected with any of 

the three antibodies. It is of interest that when heterodimerisation between TRa and 

TRp, and between RXRa and RXRy, was examined in the same EMSA experiment, 

the binding of the homodimeric complexes was inhibited, with lower quantities of TRa 

and RXRy homodimeric binding detected and no new DNA-protein complexes 

forming. These results suggest that little, if any, heterodimerisation among isoforms of 

TR and RXR occurs, and that the Xenopus TR proteins preferentially bind TREs as 

heterodimeric complexes (see Figure 4.7)..

The homodimeric binding of TREs to TRs has been demonstrated to be disrupted by 

the presence of T3 in other systems (Andersson et al., 1992; Yen et al., 1992b; 

Piedrafita et al., 1995), with no effect upon the binding of TR-RXR to DNA (Yen et 

al., 1992b). As shown in Figure 4.8, DR+4 TRE-binding by Xenopus TRa was 

shown to be disrupted by T3 when present as a homodimer, but not when bound to 

DNA as a heterodimer with Xenopus RXR-a or -y. The ability of T3 to disrupt the 

binding of homodimeric Xenopus TRp could not be determined due to the absence of a 

detectable homodimeric DNA-binding complex in the absence of T3 .

4.2.4 DNA-binding properties of XTC-2 nuclear extracts

Having examined the DNA-binding properties of a range of recombinant Xenopus 

TRs, it was of interest to compare these with endogenous Xenopus TRs. The Xenopus 

cell line XTC-2 was chosen for this purpose as it has been shown, by ligand binding 

techniques, to contain functional TR protein (see Chapter 3). Additionally, both xTRa 

and xTRP mRNAs are upregulated in XTC-2 cells in an almost identical manner to that 

observed in vivo following T3 -treatment of pre-metamorphic (stage 50/51) tadpoles 

(Kawahara^fn/., 1991; Machuca and Tata, 1992).
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Figure 4.8: EMSA demonstrating the effect of T3  upon the binding 
by recombinant Xenopus TR-a and -P, in the absence and presence 
of Xenopus RXR-a and -y, of DR+4 TRE.

One |il of in vitro translated Xenopus TR-a or P was incubated for 20 min at room 

temperature, with or without Ifxl of in vitro translated xRXR-a ot -y, in the absence or 

presence of lO'^M T3 . At the end of the incubation, 10,000 cpm of a ^^P-labelled -

consensus DR+4 TRE (5'-TGGTAAGGTCAAGTAAGGTCACCACA-3') were added as 

probe and the mixture incubated for a further 30 min at room temperature. Samples were 

then electrophoresed and the gel autoradiogr^hed as described previously (see Sections

2.12 and 2.25). Hetero = heterodimer. Homo = homodimer. Mono = monomer.
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Figure 4.9: EMSA showing the specific binding of TREpal by nuclear 
extract prepared from XTC-2 cells at different times following Ty 
treatment.

XTC-2 cells were cultured in cell factories (~3 x 10̂  cells) and treated with 2.5 nM T3  for 0,2,

24, or 48 h before being harvested and nuclear extract prepared (see Section 2.7). The nuclear 

extracts were then examined by EMSA, 50 pg of nuclear extract being incubated for 20 min at 

room temperature in the absence, or presence of a 1 0 0 -fold molar excess of unlabelled specific 
(TREpal), or non-specific (ERE) competitors. At the end of the incubation, 10,000 cpm of a 

32p.labelled TREpal oligonucleotide (5 -GATCCGATTCAGGTCATGACCTGAGATC-3 ) 

were added as probe, and the mixture incubated for 30 min at room temperature before being 

electrophoresed, and the gel autoradiographed as described previously (see Sections 2.12 and 
2.25).
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Nuclear extracts were therefore prepared from batches of XTC-2 cells that had been 

treated with 2.5 nM T3 for times ranging from 2 to 48 h, or treated with vehicle alone 

(0.1% ethanol). As shown in Figure 4.9, these nuclear extracts (50 fig protein) were 

then tested for their ability to bind ^^P-labelled TREpal oligonucleotide probe. Two 

main protein-DNA complexes could be resolved, both of which display a lower 

electrophoretic mobility than that observed for the recombinant xTR proteins described 

above. The protein-DNA complexes were competed away by a 100-fold molar excess 

of unlabelled TREpal oligonucleotide, but not an equivalent concentration of unlabelled 

ERE oligonucleotide. The complex with the lowest electrophoretic mobility was less 

well competed away by the unlabelled TREpal oligonucleotide than the other two 

protein-DNA complexes. These results confirm the presence of nuclear components 

that can specifically bind TREpal. While XTC-2 cells have been shown to contain 

protein complexes capable of specifically binding to a TRE, the composition of these 

complexes is unclear. Attempts to directly detect the presence of TR protein by 

supershifting have been unsuccessful. However, as the antisera are unable to detect 

heterodimers of in vitro Umslaicd Xenopus TRs and RXRs, this is not unexpected.

4.3 Discussion

Although the Xenopus TR proteins have shown to be functionally similar to their 

mammalian and chicken counterparts in terms of ligand-binding (see Chapter 3; Brooks 

et al., 1989; see Chin, 1991), knowledge of their DNA-binding characteristics is more 

limited. The results described in this chapter demonstrate that recombinant and 

endogenous Xenopus TRs and RXRs are capable of binding TREs in a comparable 

manner to that observed for their mammalian and chicken counterparts.

The bacterial fusion protein xTRfpGEX has been shown to bind, in a specific manner 

to an oligonucleotide containing the sequence AGGTCATGACCT (TREpal) which is 

known to act as a classical TRE (Glass et al., 1987; Glass et al., 1988; Umesono et al.,
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1988; Mangelsdorf et al., 1990). The multiple protein-DNA shifted complexes seen in 

Figure 4.1 may be due to partial degradation, or truncated translation products of the 

full-length fusion protein. However, several protein-DNA complexes are present that, 

due to the number of bands and the small size of the EMSA probe (28 base pairs, with 

one TREpal sequence), cannot be explained solely in terms of homodimeric and higher 

order complexes binding to the probe. The glutathione agarose-purified fusion protein 

preparations contain some smaller bands, probably truncated, or partially degraded 

xTRppGEX. As the DNA-binding domain (DBD) of TRs retains its DNA-binding 

activity when bacterially expressed (Rastinejad et al., 1995), it is possible that the 

multiple TR-protein complexes can be explained in terms of different populations of 

truncated or degraded fusion protein, with intact DBDs, binding to the TREpal probe. 

In support of this hypothesis is the observation that the multiple protein-DNA 

complexes are competed away from the probe with equal efficiencies by unlabelled 

TREpal oligonucleotides (see Figure 4.1). It is also possible that some of the bands 

may be due to homodimerisation of the TR protein (Lazar et a i,  1991) This assumes 

that the N-terminal end of the fusion protein (corresponding to glutathione-S- 

transferase) does not sterically interfere with dimérisation mediated by the TRP region 

of the protein.

The suitability of the baculovirus system for expressing TRs has been demonstrated by 

several independent groups who have used this expression system for human TRPi 

and showed that it was functional in ligand and DNA-binding characteristics which are 

virtually indistinguishable from TRs extracted from mammalian cells (Barkhem et al., 

1991; Collingwood et al., 1991; zu-Putlitz et al., 1991). As the Sf9 cell line lacks any 

TR-like activity, the three protein-DNA complexes observed with TREpal, DR+1 and 

DR+4 probes can be attributed to the baculovirus expressed xTRP (see Figures 4.3 and 

4.5). Although no RXRs have been discovered to date in insect cells, a homologous 

gene, ultraspiracle (usp) has been cloned (Oro et al., 1990) and its encoded protein 

shown to be capable of functionally substituting for RXRs as a heterodimerisation
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partner (Thomas et al., 1993). However, the electrophoretic mobility of the major 

DNA-protein complex suggests that it corresponds to the homodimeric binding of 

Xenopus TRp.

Both Xenopus TRs, when expressed by an in vitro translation system, bind to TREpal 

and DR+4 TRE sequences in the absence of RXRs, with the xTRp binding with much 

lower efficiency than the xTRa. The differential efficiencies with which the in vitro 

transcribed/translated individual TRs and RXRs bound to the different HREs (TREpal, 

DR+1, DR+4) as homodimers and monomers, suggest substantial isoform-specific 

differences in DNA-binding ability. In the absence of heterodimerisation partners, 

Xenopus  TR a is likely to be the dominant TRE-binding species, unless post- 

translational modifications increase the DNA-binding affinity of Xenopus TRp, as 

shown for human TRPi (Sugawara et al., 1994). As TR proteins from other species 

have been shown to bind TRE sequences preferentially as heterodimers with RXRs 

(Durand et al., 1992; Kliewer et al., 1992; Zhang et al., 1992; Perlmann et al., 1993), 

the use of in vitro translated xTRs and xRXRs in EMSAs allows the TRE-binding 

properties of defined heterodimeric complexes to be studied. The high DNA-binding 

affinity of the TR-RXR heterodimers, suggests that when RXR protein is not present in 

limiting concentrations, the TR-RXR heterodimers will be the predominant TRE- 

binding species in an intracellular environment. It is worth noting that only the two 

DNA-protein complexes of highest electrophoretic mobility observed with the 

baculovirus-expressed Xenopus TRP were efficiently supershifted by the antisera (see 

Figure 4.6), thus suggesting that these correspond to homodimeric and monomeric 

forms of TRp.

Thyroid hormone has been shown to alter the DNA-binding properties of TRs, 

disrupting the binding of homodimers, but not heterodimers with RXR, and increasing 

the electrophoretic mobility of the DNA-protein complexes (Andersson et al., 1992; 

Piedrafita et al., 1995). This effect was observed for Xenopus TRa, with 100 nM Tg
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preventing homodimeric binding and increasing the electrophoretic mobility of the 

monomeric and heterodimeric DNA-protein complexes. As Xenopus TRp homodimers 

poorly bind DR+4 TRE in the absence or presence of T3 , the affect of ligand upon the 

ability of Xenopus TRp homodimer to bind TRE could not be determined.

An examination of the binding of nuclear extract prepared from XTC-2 cells which had 

been treated for up to 48 h with T3  showed that both DNA-protein complexes formed 

are larger than those observed for either of the individual recombinant TRs (see Figures 

4.7 and 4.9). The diffuse nature of the DNA-protein complex of the highest 

electrophoretic mobility may be due to the presence of multiple DNA-protein species 

with similar electrophoretic mobilities. Two possible explanations for the large size of 

these complexes are post-translational modifications of the TRs (Jones et al., 1994; 

Sugawara et a i, 1994), thus increasing their size and decreasing their electrophoretic 

mobility or, more likely, that the TRs are present as heteromeric complexes with other 

proteins such as the RXRs. However, the inability of any of the available anti- 

Xenopus TR antibodies to cause any supershifting makes definitive characterisation of 

the individual DNA-protein complexes impractical at this time.
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Chapter 5

Analysis of the structure and function of the 
Xenopus TRpA promoter to explain its

autoinduction
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5.1 Introduction

Upregulation of transcription of both Xenopus TR genes, during both natural and 

precociously Tg-induced metamorphosis has been unambiguously demonstrated (Yaoita 

and Brown, 1990; Kawahara et aL, 1991). The early kinetics of this autoinduction is 

thought to be a consequence of liganded TR acting directly upon the promoters of the 

Xenopus TRa and P genes (Kanamori and Brown, 1991). As the mRNAs encoding 

TRp are more strongly upregulated by Tg than those encoding TRa, it was decided to 

study the Xenopus TRp promoter in an attempt to better understand the mechanism of 

this autoinduction. Two transcription start sites have been identified for each Xenopus 

TRP gene, one located upstream of exon a and one upstream of exon b, suggesting the 

presence of two separate promoters (Shi et al., 1992). The transcripts containing exon 

b, unlike those containing exon a, are upregulated following T3  treatment, thus 

implying that the exon b promoter is required for TRp autoinduction to occur in 

Xenopus cells. This chapter focuses on the characterisation of putative thyroid 

hormone response elements (TREs) within the Xenopus TRPA exon b promoter by 

studying the interactions of Xenopus TRs, alone and as heterodimers with Xenopus 

RXRs, with the promoter region. The results of these investigations would then be 

correlated with functional data obtained from transfection experiments utilising 

Xenopus TRPA promoter-CAT plasmid constructs transfected into the Xenopus cell 

line XTC-2 (Machuca et al., 1995).

Towards this end, a A.GEM-11 construct containing a 10 kb Xenopus genomic clone, 

including exon b of the TRP gene, was obtained (a kind gift from Dr. D. D. Brown, 

Carnegie Institute, Baltimore). As depicted in the physical map represented in Figure 

5.1, an E coR l fragment containing 1.6 kb of sequence immediately 5' of the 

transcriptional start site of exon b was subcloned into pKS to generate the plasmid 

pKEGv4, then 3’ deleted and subcloned into pBasicCAT to provide two constructs 

spanning the regions of the promoter corresponding to -1600/+10 and -1600/+87
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Figure 5.1: Partial physical map of the A.GEMllGv4 genomic clone and 

cloning strategy for the Xenopus TRpA promoter.

From the genomic clone AGEMl lGv4 an EcoKL fragment was subcloned into pKS to 

generate the plasmid pKEGv4. TheEcoRI insert was then progressively 3' deleted, 

leaving inserts containing -1.6kb of sequence immediately 5' of the Xenopus TR^ exon b. 

These promoter fragments were then subcloned into pBasicCAT, between the Hindlll and 

Sail sites .(modified by Klenow polymerase) to generate the plasmids pbCAT (-16(X)/+10) 

andpbCAT(-1600/+87).
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(relative to the transcription start site for exon b). Other CAT constructs were produced 

containing 5' deleted regions of the promoter, or discrete promoter fragments in an 

attempt to localize functional TRE sequences (transfections and construct preparations 

were performed in our laboratory by Dr. I. Machuca).

5.2 Results

5.2.1 Sequence of the Xenopus TRpA promoter

The 1.6 kb promoter region immediately 5' of the TRPA exon b start site, spanning the 

region -1603 to +46, was sequenced by Dr. I. Machuca and is displayed in Figure 5.2. 

The TRPA exon b promoter lacks a TATA box sequence in the expected position 

relative to the transcriptional start sites of exon b. However, a GC rich region is 

present approximately 33 bp upstream of the +1 start site, and several Spl binding sites 

are also found at several locations in the promoter.

Further examination of the promoter sequence showed the presence of several short 

sequences with varying degrees of homology to previously identified TREs. The 

variability in the sequences of TREs identified in other promoters (see Figure 1.5) 

suggests that the identification of putative TREs purely on the basis of sequence data is 

not a sufficient criterion for functional response elements. However, two regions of 

the promoter were identified as putative TREs on the basis of homology with 

previously established TREs. These regions comprise of two DR+4 sites, one distal at 

-795/-780 and one proximal at -5/+11, as indicated in Figure 5.2. The distal DR+4 

contains one near-perfect half site (AGGTAA) four bases 5' of a slightly degenerate 

partner (GGGTTA), while the proximal DR+4 contains two perfect half-sites. Also 

noteworthy is the presence of a degenerate DR+1 motif present at -1056/-1044 which 

might be capable of acting as an RXR responsive element (RXRE).
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- 1 6 0 3  G A A T T C T A G C  T G À T T G C C C T  G A T G C T C T A G  T G T C T T T G C T  T C T T T G G A T G  A C C C A G G C A T

- 1 5 4 3  T G C T T G G A G C  T T A G C C T G A T  G T T C T G C T G T  T G C T G C A G T C  T G C ^ G G T ^ G  A T T G G T T G T T

- 1 4  8 3  G G C T A T G T A T  T T A T A A T A C C  T T A T G T G C C C  T C A G C C A G G G  C C G G A A C T A G  G G A A T G G C A G

- 1 4  2 3  A A T A G G C A T C  T G C C T A C A G T  G G A G T A A C T A  C C A G G G G A G C  A G G G G G T G C G  A T T G G G C C A G

- 1 3  6 3  G G C C T G C A C C  C C G T C A G G C C  T C G C G C G C C A  T T G A C T T C T T  T G T A A T T C T G  G G C G T A C G G A

- 1 3  0 3  G G G ( | g G C G G ^  G g 4 c C G C C ^  C C T C T A G T T A  C G T T A C T G T C  T G C C T A G G T T  G C A A A G A T j @

- 1 2 4 3  | g c g g < 3 g g g g t  g g t g c t g t g c  a g g t a c t t a a  c a t t t g t c t g  c c t a c c c c t a  g t c t a t c t c t

- 1 1 8 3  C T T G C T C C T G  C T G C C T C T T T  C C T C A G T T G T  G C C T G C T T G C  T T G C T A C C C C  G T G C A C A C A A

- 1 1 2 3  C A T C A T A C A G  T A G T G C A G G C  A T G T G T A C C C  A C A G G G G C ^ ^  G T ^ G G T G G C  C G G C C G G T T T

- 1 0 6 3  G C C T X @ 3 G T G  G C A G G l W G C  T T G G C C C G C C  T A T T A T A G T T  T A G A A A G T G G  G C C C T C A G C C

1 0 0 3  T A A G G T T T T C  ^ G G C G G C j G C C  C T G T T A T C C C  A G T C T G A C A C  T G C C G A C C T C  G A A C T C T T C T

- 9 4 3  T C G C G G G T G G  C G T C A A A T G C  C G G C T T C T G A  C T T C T G G G T T  C G T C T T T T A T  A G A T G C T G C A

- 8 8 3  C C T G C T C G C C  C C A T C C C T T T  T G T G A C T T C A  T C A G C G G C A C  A G G T C T A T A A  A A G C A A C C T G

- 8 2 3  G C A G T C G G A T  G C G G G C G G G C  GCGGGCTf^  0 g ^ G G T C G  G G G A A A T A C C

- 7 6 3  A A C C T G C A C A  T C A C T A C C G G  A C T G G C A A T C  T G T G G G T T C T  G G C A T A T G C C  A G A G A G G C T G

- 7 0 3  C T G T A A C A T G  C C A T A G T C A T  T A T T T A G T G G  G C T G G T G G G G  A G C T G A G T G G  G T C C T T G T G T

- 6 4 3  A C T T G G A A T G  C C A G G G C C T A  T T T T G A A T C C  C A G T C C A G A C  C T G C A G A C A C  A C A C A A A C C C

- 5 8 3  C C A A T C C T G C  A A C T G C C C C A  C A G C C C T T A T  G G G T C T T C A C  T C A G G C T C T T  A T T T T C C T G C

- 5 2 3  A G A T T C T G T T  T A G T T G T T A C  T G A A T A A G C C  C T G C T G C T T C  C A A G C T G C A C  T C T C C C T G T G

- 4  6 3  T G A C T G A A G A  G G C G C A G G C T  G G C T G A G T T A  A T A T A G T G A A  T A A A G T A C C C  C C T C T T G T A A

- 4  0 3  A A T A T A A G G A  T A T T A T A A G T  T A C C G A G G A G  T T T C A T G A C C  A T A T A A A A A C  A C G A G G C C G A

- 3 4 3  A G G C C G A G T G ^ T T T T T A T A C ^ G G T ^ T G G A A  C T C C C ^ T O T A ^ T T C T A A T A  T C C T C G T A T T

- 2  8 3  T T A C A A C T G G  G G G T A C T T T A  A T T A A T T A T A  A T A C A C A C A T  T T C A G T G A G T  T C A T G T G A C A

- 2 2 3  G A A A T T A C A T  C A C T A C T C A C  C G T T A T A A C T  G A T G A C A T C A  C T A C T C A C C G  T T T A T A A G G A

- 1 6 3  T A T A A T T T A C  A G G A T A T T C A  T G G C T T T T G T  G T A T T A T A T A  T A T G T A T G T A  T A C A G T A A G C

- 1 0 3  T G C C T G T G T C  T A T A C T G A T G  G G A T G G G A A G  C A G A G G C T G C  C C G A C C C C T C  C T C T T G A T T C
i l l

- 4 3  T C ( | C C G C C ( j c  C C C T A T C C T T  G T T C G T C C T C  C C T A G G C ^ 0 0  A < ^ C C C A G C

+ 1 8  G C C C T G G T G C  A C G A T C A G C T  G T A G A T C T C C

Figure 5.2: Nucleotide sequence of the Xenopus TR(3A promoter.

No obvious TATA or CAAT box was found in this sequence, but five Spl sites 
(boxed) were discovered. Two alternative transcription start sites are indicated by bent 

arrows, one at -275 determined by transcription studies in Xenopus oocytes (Dr. A.
Wolffe, personal communication) and the other at +1, determined in tadpoles 

undergoing metamorphosis. TRE half-sites at -1500/-1495, -1083/-1078, -306/-301 
and -322/-317 are circled and the two DR+4 TRE sequences at -1931-111 and -5/+11 

are also indicated (dait shading). The DR+1 sequence at -1056/-1044 is present within 

the lightly shaded box.
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5.22  Ti responsiveness of the Xenopus TRpA promoter

Having identified several possible sites of interaction with TR within the Xenopus 

TRpA promoter sequence, their functionality was then assessed by transfecting various 

promoter-CAT constructs into iht Xenopus cell line XTC-2 and then analysing their T3 

responsiveness (data obtained by Dr. I. Machuca and Dr. S. Ulisse in our laboratory).

Initially the two pbCAT constructs spanning the promoter regions -1600/+10 and 

-1600/+87 were transfected into XTC-2 cells. The T3  responsiveness of the transfected 

cells was examined by CAT assays, which showed that both constructs contain 

sequences capable of acting as TREs (Figure 5.3). The construct containing the 

sequence -1600/+87 displayed a stronger response to T3  treatment than the shorter 

construct, suggesting that the putative TRE sequence at -5/+11 can act as a functional 

TRE, and that the loss of a single base from the 3' of the TRE affects its functional 

activity. To further examine this observation, pbCAT constructs containing the 

promoter sequences spanning -1600/+87 and -200/+87 were transfected into XTC-2 

cells and their T3 responsiveness determined (Figure 5.4). This result clearly 

demonstrates that a functional TRE is present within the -200/4-87 region of the 

promoter, presumably located at -5 /4-1 1.

When sequentially 5' deleted fragments of the -1600/4-10 promoter-CAT construct were 

tested for their T3 responsiveness by transfection into XTC-2 cells, loss of the most 

distal 600 bp of the promoter caused a significant decrease in the T3 inducibility and a 

further 300 bp deletion abolished the remaining T3 inducibility (Figure 5.3). These 

data, therefore, suggest the presence of at least two functional TREs within the 

promoter sequence spanning -1600/4-87, one proximal to the start site (putatively 

-5/4-11) and one distal, located between -1600 and -700.
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-1600/+87 -1600/+10 -1000/+10 -700/+10

DNA fragment in CAT construct

Figure 5.3: T3  responsiveness of the Xenopus TR(3A promoter and

5’ deleted mutants derived from it, as determined by cel! 
transfection.

Xenopus XTC-2 ceils were transfected with lOpg of pBasicCAT constructs 

containing either full length TRpA promoter (-1600/+87 or-1600/+10) or deleted 

mutants derived from the -1600/+10 fragment. As an internal control of transfection 

efficiency, 2̂ ig of pRSV/L (Rous Sarcoma Virus LTR driving expression of a 

luciferase gene) was co-transfected. Each sample was duplicated, and the CAT assay 

was normalised against the luciferase activity. The absolute chloramphenicol 

acétylation was determined (represented here as the percentage of total 
chloramphenicol) for control and Tg-treated XTC-2 cells.
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Figure 5.4: CAT assay showing T 3 responsiveness of the -1600/+87 

Xenopus TRpA promoter relative to the -200/+87 region of the 

promoter.

Xenopus XTC-2 cells were transfected with 25pg of pBasicCAT constructs 

containing either full length TR^A promoter (-1600/+87) or the promoter sequence 

encompassing -200/+87. As an internal control of transfection efficiency, 2pg of 

pRSV/L (Rous Sarcoma Virus LTR driving expression of a luciferase gene) was co

transfected. CAT assays (single for -1600/+87, duplicate for -200/+87) were 
normalised against the luciferase activity. The absolute chloramphenicol acétylation 

was determined (represented here as the percentage of total chloramphenicol) for 
control and Tg-treated XTC-2 cells.
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In order to better characterize the distal TRE site, discrete promoter fragments (-1260/- 

950, -9557-688 and -520/-280) were subcloned into the vector pblCAT5 (Boshart et al., 

1992), a CAT reporter plasmid containing a minimal thymidine kinase promoter (to 

raise the basal activity of the promoter fragments). These constructs, when transfected 

into XTC-2 cells, were tested for their T3  responsiveness and, of the three, only the 

construct containing the-1260/-950 region of the promoter was shown to increase CAT 

activity in response to treatment with 1 nM T3 (these data are summarized in Table 5.1). 

The functional data obtained for the Xenopus TRpA promoter sequence suggest that 

TREs are present proximal to the transcription start site (-5 /4-1 1 ) and, more distally, 

within the region spanning -1260/-950. The distal TRE is less well defined than the 

proximal TRE, with no classical TRE sequences present within this region. To 

complement these functional data, the binding of Xenopus TR proteins to different 

regions of the Xenopus  TRPA promoter has been examined directly using a 

combination of electrophoretic mobility shift assays and footprinting techniques, as 

described below.

5.2.3 Interaction of recombinant Xenopus TRs and RXRs with the Xenopus TRPA 

promoter

5.2.3.1 Electrophoretic mobilitv shift assavs (EMSAs")

Since it is now widely accepted that the functionally active receptor is the heterodimer 

between TR and RXR, although TR homodimers can also interact with some TREs, the 

binding of Xenopus TRs -a  and -P to various DNA sequences was examined both in 

the presence and absence of RXR. In order to study the binding of Xenopus TRs and 

RXRs to the TRPA promoter, fragments of the promoter corresponding to -1260/-950, 

-9557-688, -5207-280, -200/4-10 and -200/4-87 were end labelled with (using 

Klenow DNA polymerase) for use as probes in EMSAs ("bandshifts"). For these
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Transfected DNA
T3  inducibility following 

transfection (fold CAT stimulation)

(-1600/+87)pbCAT 2.5

(-200/+87)pbCAT 2.3**

(-1600/+10)pbCAT 2.5

(-1000/+10)pbCAT 1.4

(-700/+10)pbCAT 1 . 0

(-1260/-955)tkCAT 3.0*

(-955/-688)tkCAT 1 .0 *

(-520/-280)tkCAT 1 .0 *

(-200/+87)tkCAT 2 .0 **

Table 5.1: T3 inducibility of xTR^A promoter fragments transfected into XTC-2 

cells as CAT constructs.

XTC-2 cells were transfected with a range of Xenopus TRP A promoter fragment-CAT constructs 

(5pg/well, lOpg/well*, 25pg/well**). The pbCAT constructs were generated using pBasicCAT 

(Promega) while tkCAT constructs were generated using pblCAT5 (containing a minimal thymidine 

kinase promoter)(Boshart et al.y 1992). Following transfection, the cells were cultured for 36 hrs in the 

absence or presence of InM T3 . CAT activity was then measured in the cell extracts as described in

section 2.24.
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studies, the interaction of these labelled probes was examined with recombinant 

Xenopus TRa and -|3, and RXRa and -y, proteins (synthesised in vitro).

As TR-RXR heterodimers are known to bind to TRE sequences more efficiently than 

homodimeric, or monomeric, TRs (Kliewer et al., 1992; Zhang et at., 1992), the 

binding of Xenopus TRs (a  and p) and RXRs (a  and y), alone or as heterodimers, to a 

region of the Xenopus TRPA promoter was examined. Using the -1260/-950 promoter 

fragment, which was shown to be Tg-responsive when transfected into XTC-2 cells, 

shows that the four recombinant receptors in isolation are able to bind the probe poorly, 

if at all (Figure 5.5). However, relatively strong binding to the probe was observed for 

the TRa/RXRa and TRa/RXRy heterodimers, with weaker binding observed for the 

two TRP heterodimers (slightly weaker for the TRp/RXRa heterodimeric complex). 

As strong binding of TRs to the probe only occurred in the presence of a 

heterodimerisation partner, competition experiments were performed to examine the 

relative affinity of TR-RXR binding to the three more distal probes (-1260/-950, -955/- 

6 8 8  and -520/-280).

Since EMSA results were virtually the same for RXRa and -y, in most of the data 

presented henceforth only deal with RXRy as the heterodimerisation partner for both 

TR a and TRp. Competition bandshifts were performed to establish the specificity of 

binding of TRE constructs by the heterodimers. The unlabelled DNAs used as 

competitors in these experiments were oligonucleotides containing either a TREpal 

motif or a Xenopus C/EBP (CCAAT/enhancer binding protein) response element 

(c/EBPRE) which were used in a 5, 10 or 100 fold molar excess over the radioactive 

probes. As shown in the EMSA of Figure 5.6, strong complexes were formed 

between the -1260/-950 and -955/-688 probes and both TR a and TRp, albeit only as 

heterodimers with RXR, their binding being strongly competed out by a 100-fold 

excess of unlabelled TREpal but not c/EBPRE. The -520/-280 probe bound TR very 

poorly, relative to the other two probes, irrespective of the absence or presence of
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xTRa
xTRp

xRXRa
xRXRy

+ + + ..................................

-  +  +  +  - -

Free probe

Probe: -1260A950

Figure 5.5: EMSA demonstrating that xTRa and -p preferentially bind 

the distal xTRpA promoter fragment as heterodimers with xRXRa and - 

y rather than as monomers or homodimers.

Different combinations of Ipl each of in vitro translated xTRa, xTR|3, xRXRa and xRXRy 

were incubated for 20 min at room temperature. At the end of the incubation, 10,000 cpm of 

a ̂ ^P-labelled -1260/-950 DNA fragment of the xTR pA promoter was added as probe, and 

the mixture incubated at room temperature for a further 30 min. Samples were then 
electrophoresed and autoradiographed, as previously described (see Sections 2.12 and 2.25).
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TREpal o  o a g § in O o  o

c / E B P R E  0  0  0  0  0  l O O x  0  0  0  0  0  l O O x  0  0  0  0  0  l O O x
x R X R y  -  +  +  +  +  +  -  +  +  +  +  +  -  +  +  +  +  +

xTRa

*4 H D

F r e e  p r o b e

xTRp W'l M H D

F r e e  p r o b e

P r o b e : - 1 2 6 0 / - 9 5 0 - 9 5 5  /  - 6 8 8 - 5 2 0  /  - 2 8 0

Figure 5.6: EMSA showing the strong specific binding of heterodimers 

of recombinant xTRa and -p with xRXRy proteins to two distal 

elements in the xTRPA promoter.

One pi of in vitro translated xTRa and xTRp, in the absence or presence of Ipl of xRXRy, 

was incubated for 20 min at room temperature. The specificity of DNA-protein interactions 

was assessed by including unlabelled consensus TREpal at 5-, 10- and 100-fold excesses, or 
a 100-fold excess of the non-specific Xe/jopwj C/EBP response element (c/EBPRE), in the

samples as competitiors. At the end of the incubation, 10,000 cpm of ^^P-labelled -1260/- 

950, -955/-68S or -520/-280 DNA fragments of the xTRp A promoter were added as probe, 

and the mixture incubated at room temperature for a further 30 min. Samples were then 

electrophoresed and autoradiographed, as previously described (see Sections 2.12 and 2.25).
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RXR. These results show that specific binding sites for TRs are present within the 

-1260/-950 and -955/-68S probes, but not within the -520/-280 xTRpA sequence. As 

the DNA-binding properties of TR-RXR heterodimers are independent of the absence 

or presence of ligand (see Figure 4.8; Yen et al., 1992b), no T3 was included in the 

EMSAs.

To study the more proximal TRE in the xTRpA promoter (putatively -5/+11), EMSAs 

were performed using the -200/+10 and -200/+87 region of the promoter as probes (see 

Figure 5.7). Both of these probes were bound to TRa and -P with high affinity in the 

presence of RXR, while TRa also bound the probe weakly as a monomer. The 

specificity of binding was demonstrated by the efficient competition for binding by 

unlabelled TREpal, but not c/EBPRE. As the -200/+10 probe does not contain the last 

3' nucleotide of the DR+4 motif at -5/+11, it was of interest to note that this probe 

binds TR/RXR heterodimers less efficiently than the -200/4-87 probe, as can be seen 

from the larger quantity of residual free probe relative to that observed with the 

-200/4-87 probe.

In an attempt to better characterise the TR binding sites in the xTRPA promoter 

fragments that contain putative functional TREs (-200/4-87 and -1260/-950), 

oligonucleotide probes were prepared encompassing the most likely candidate 

sequences within these regions of the promoter, namely the -5 /4 -1 1 (DR4-4 ) and -1056/- 

1044 (DR4-I) sequences. These probes were then used in bandshift assays to test their 

ability to specifically bind to TR-RXR heterodimers (see Figure 5.8). The 28mer 

oligonucleotide probe containing the -5/4-11 sequence of the promoter bound both TRs 

as efficiently as the -200/4-87 promoter fragment with the same competition profile with 

TREpal and c/EBPRE, thus proving that the DR-i-4 motif in the -200/4-87 fragment of 

the promoter is the region that binds to TR-RXR heterodimers. In contrast, the 23mer 

oligonucleotide probe containing the -1056/-1044 region of the promoter, which 

comprises the DR-fl RXRE, bound both TRs poorly, if at all, irrespective of whether
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Figure 5.7: Specific binding of the proximal DR+4 TRE in the xTRpA 

promoter to recombinant xTRaand -p with or without recombinant 

xRXRy.

One |j1 of in vitro translated xTRa and xTRp in the absence or presence of Ipl of xRXRy, 

was incubated for 20 min at room temperature. The specificity of DNA-protein interactions 

was assessed by including unlabelled consensus TREpal at 5-, 10- and 100-fold excesses, or 
a 100-fold excess of the non-specificXenopwi C/EBP response element (c/EBPRE), in the 

samples as competitiors. At the end of the incubation, 10,000 cpm of ^^P-labelled -200/+10 

or -200/+87 DNA fragments of the xTR^A promoter were added as probe, and the mixture 

incubated at room temperature for a further 30 min. Samples were then electrophoresed and 

autoradiographed, as previously described (see Sections 2.12 and 2.25).
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Figure 5.8: Interaction between xTR-xRXR heterodimers and synthetic 

oligonucleotides corresponding to DR+4 and DR+1 sites in the xTRpA 

promoter.

One pi of in vitro translated xTRa and xTRp, in the absence or presence of Ipl of xRXRy, 

was incubated for 20 min at room temperature. The specificity of DNA-protein interactions 

was assessed by including unlabelled consensus TREpal at 5-, 10- and 100-fold excesses, or 
a 100-fold excess of the non-specific Xc/iopwj C/EBP response element (c/EBPRE), in the

samples as competitiors. At the end of the incubation, 10,000 cpm of ^^P-labelled 28-mer 

oligonucleotides corresponding to the proximal DR+4 TRE (5-CTAGGCAGGTCATTTCA 

GGACAGCCCAG-3'), or the DR+1 element at -1056/-1044 (5'-TTTGCCTAGGGTGCCA 
GGTCAGCAGCTTGGC-3'), were added as probe, and the mixture incubated at room 

temperature for a further 30 min. Samples were then electrophoresed and autoradiographed, 
as previously described (see Sections 2.12 and 2.25).
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RXRy was present. To test whether cryptic TRE half-sites were present 5' or 3’ of the 

DR+1 sequence, forming a degenerate TRE that could be recognised by the 

heterodimers, two oligonucleotide probes were prepared containing either the 5' half

site of the DR+1 and sequence immediately 5', or the 3' half-site of the DR+1 and 

sequence immediately 3'. No binding of these probes to TR-RXR heterodimers was 

detected.

As the above binding studies were performed using recombinant TRs and RXRs in 

solution, it was thought important to verify whether or not similar heterodimeric 

complexes were present within XTC-2 cells, which were used for the transfection 

experiments. Using the -5/+11 DR+4 oligonucleotide probe in combination with XTC- 

2  nuclear extract, a band was produced with a similar mobility to that observed for the 

recombinant TR/RXR complexes (see Figure 5.9). The affinity of binding observed 

was higher than observed for the recombinant TR/RXR binding, as a 5-fold excess of 

unlabelled TREpal was able to almost completely compete away the complex. In 

contrast, the -1056/-1044 DR+1 oligonucleotide probe was poorly bound by the XTC- 

2 nuclear extract, suggesting that RXR homodimers, if they exist within XTC-2 cells, 

either are present in very low quantities or do not bind to this DR+1 motif.

5.2.3.2 DMS méthylation interference footprinting

EMSA results have demonstrated the presence of specific TR binding sites in fragments 

of the xTR|3A promoter. In an attempt to further analyse the interactions between 

Xenopus TRs and the TRgA promoter, and check for the presence of multiple TR 

binding sites within the individual probes, footprinting assays were performed using 

the -1260/-950, -955/-688 and -200/+87 probes in the presence of recombinant 

TR/RXR.
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Figure 5.9: Strong specific binding of the proximal DR+4 TRE, but not 

DR+1 RXRE, in the xTR^A gene promoter to xTR-RXR heterodimers 

in XTC-2 cell nuclear extract.

The ^2p-labelled oligonucleotides containing the xTR^A gene promoter sequences at a) - 

11/+17 (DR+4) and b) -1064/-1037 (DR+1) were added to 50pg of XTC-2 cell nuclear 

extract in the presence of the unlabelled olidonucleotides TREpal and c/EBPRE as specific 

and non-specific competitors, respectively, at 5-, 25-, and 50-fold molar excesses. The 

samples were electrophoresed and autoradiographed, as previously described (see Sections

2.12 and 2.25).
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Figure 5.10: DMS méthylation interference footprinting analysis of TR- 

RXR binding to the Xenopus TRpA promoter.
The binding by Xenopus TRp-RXRa of A) -200/+87, B) -955/-688 and C) -1260/-950 

promoter fragments was analysed by DMS méthylation interference footprinting. ^^P- 

labelled promoter fragments were methylated by DMS treatment, then 200,000 cpm used in 
EMSAs in the presence of 5pl each of in vitro translated Xenopus TRp and RXRo. The 

shifted and residual probe populations were isolated from the EMSA gels and chemically 

cleaved at methylated guanine residues by piperidine treatment. The cleaved probes were 
then electrophoresed on a denaturing 10% polyacrylamide gel. For each of the footprints, the 

outer two lanes represent digested residual probe (5,000 cpm) and the central lane represents 
digested probe that bound to TR-RXR (5,000 cpm). Specific, protected guanine residues in 

the promoter sequence, where TR-RXR binding has occurred, are indicated by arrows.
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The principle behind this footprinting technique is that guanine residues in a 

radiolabelled probe can be methylated at the N7 position by treatment with dimethyl 

sulphate (DMS) (Maxam and Gilbert, 1980). In general, modification of bases that 

normally form a contact with a bound protein will disrupt complex formation, so probe 

molecules that contain modified residues in a protein-binding site will be unable to bind 

to the specific protein (Siebenlist and Gilbert, 1980). By using the methylated probe in 

a EMSA, the shifted DNA-protein complexes will select for a probe population that 

lacks methylated guanine residues within the protein-binding site. Piperidine treatment 

of the shifted and residual ^^P-labelled probe populations causes cleavage of the DNA 

backbone at methylated sites. By comparing the probe fragments obtained from the 

shifted and residual probe populations, DMS méthylation interference footprinting 

allows DNA-protein interactions to be detected at single base pair resolution, thus 

allowing the TR binding sites within the TRfA promoter to be precisely located. As 

shown in Figure 5.10, binding of TR/RXR was detected, with the -200/+87 and, to a 

lesser extent, -9557-688 probes. The protected sites correspond exactly to the location 

of guanine residues present in the DR+4 motifs of these probes with no other binding 

sites observed. No binding of TR/RXR to the -1260/-950 probe could be detected by 

footprinting, despite the binding previously observed in bandshifting assays.

5.3 Discussion

Despite the wealth of information about the structure, function and expression of 

thyroid hormone receptors, and other members of the nuclear receptor superfamily, 

relatively little is known about the promoters of their genes. Besides the Xenopus 

TRpA gene promoter studies here, the promoters for the genes encoding the human 

TRa and -p receptors, from upstream of the transcription start site into the first exon, 

have been cloned and analyzed (Laudet et al., 1992b; Sakurai et at., 1992; Suzuki et 

a i, 1994; Sakurai at a/., 1995).
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The initial goal of the studies described here was to examine the mechanisms by which 

the Xenopus TRp genes undergo autoinduction during natural and Tg-induced 

metamorphosis (Yaoita and Brown, 1990; Kawahara et al., 1991; Baker and Tata, 

1992). Due to the rapid kinetics of Xenopus TRp mRNA upregulation in response to 

Tg treatment (Yaoita and Brown, 1990; Kawahara et al., 1991; Baker and Tata, 1992; 

Kanamori and Brown, 1992; Machuca and Tata, 1992), it seemed likely that the 

autoinductive process was a direct effect of TR upon the Xenopus TRp promoters 

rather than Tg/TR-mediated expression of intermediate transcription factors, which 

would then upregulate xTRp expression. With this in mind, it was of interest to 

determine whether TREs are present in the Xenopus TRpA promoter and, if so, if 

Xenopus TRa and P would bind to them and are functional.

As the upregulation of TRP mRNA in response to Tg treatment has been shown to be 

mediated by the exon b promoter (Shi et at., 1992), the sequence spanning from -1.6 

kb, relative to the transcription start site, to the beginning of this exon was isolated and 

studied here. As the location of the transcription start site at +1 in the Xenopus TRPA 

promoter sequence has been determined by indirect primer extension analyses, the exact 

site of initiation of transcription of this gene is not definitively established (Yaoita et at., 

1990; S h ie ta l,  1992).

The Xenopus TRpA gene promoter sequence contains two DR+4 TRE motifs, one 

located at -5/+11 and the other at -795/-780, as well as a number of individual TRE 

half-site sequences, located at -1500/ 1495, -1083/-1078, -306/-301 and -322/-317 that 

show varying degrees of degeneracy. The possibility of these acting as TREs cannot 

be immediately discounted as the flanking sequences could also contain very degenerate 

half sites with the correct spacing and, additionally, individual half sites have been 

demonstrated to be capable of acting as functional TREs (Katz and Koenig, 1993).
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As the intracellular environment of the cell is known to be important for transcriptional 

regulation (see Diamond et al., 1990), iht Xenopus cell line XTC-2 was chosen for 

TRp promoter-CAT transfection experiments as it is known to strongly upregulate 

endogenous TRP mRNA concentration in response to Tg treatment (Machuca and Tata, 

1992). Furthermore, this autoinduction is among the most rapid responses of Xenopus 

tadpole tissues and cell lines to the hormone in which the xTRp genes behave as direct 

response genes (Yaoita and Brown, 1990; Kanamori and Brown, 1991; Kawahara et 

at., 1991; Machuca and Tata, 1992; see Tata et at., 1993). The relatively small extent 

of upregulation of full-length TRP promoter-CAT reporter activity in XTC-2 cells 

observed in these studies (see Figures 5.3 and 5.4; Table 5.1) may be accounted for by 

a relatively high basal activity. Unliganded TRs are known to suppress basal 

transcriptional activity, the addition of T3 leading to de-repression, in cell-free 

transcription systems (Barettino et at., 1993; Fondell et a l, 1993). The high basal 

activity we observe may explain why T3 only caused a modest transcriptional 

upregulation in XTC-2 cells. The possibility that the high level of basal activity from 

the promoter is due to the lower levels of TR protein in XTC-2 cells relative to 

mammalian cells (see Section 3.2.2; Oppenheimer et at., 1972; Oppenheimer et at., 

1974) is unlikely as the same amount of TR protein present in XTC-2 cells is able to 

strongly upregulate (-50-fold) expression from the endogenous TRP promoter in the 

presence of T3 . Another possible explanation for the high basal activity, for which 

there is no published evidence, may reside in the inefficient nucleosomal assembly on 

the double-stranded DNA reporter constructs used for transfection. In unpublished 

observations, nucleosomal structures form efficiently and the basal activity of the 

reporter is greatly reduced when single-stranded DNA constructs are transfected (Dr. 

A. Wolffe, National Institutes of Health, personal communication).

Sequential 5' deletions of the xTRpA gene promoter suggests the presence of at least 

two functional TREs, one distal (between -1600 and -700) and one proximal (between 

-200 and +87) (see Figure 5.3; Table 5.1). This finding is similar to the observation by
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Suzuki et al. (1994) that the human TRPi promoter contains two functional TREs, one 

distal (-885/-S69) and one proximal (-184/-171). The location of the more distal of the 

two TREs in the Xenopus promoter was further narrowed down, by using discrete 

fragments of the TRp promoter in CAT reporter constructs, and shown to be located in 

the -1260/-950. The distal DR+4 motif (-795/-780) was shown to be functionally 

inactive, upon transfection of XTC-2 cells, when present in a CAT construct containing 

the -955/-688 region of the promoter. The inability of this DR+4 to act as a functional 

TRE may be due to the degeneracy of the 3' hexanucleotide half-site (GGGTTA).

My EMSA experiments with recombinant xTRa and -p proteins (see Figures 5.5 to 

5.9) demonstrated that both are almost equally capable, when heterodimerised with 

xRXRa or -y, of strongly and specifically binding to TRPA promoter fragments that 

contain functional TRE sequences (-1260/-950 and -200/+87), as well as non

functional TRE-like sequences (-9557-688). The Xenopus TRs and RXRs were shown 

to only bind to these fragments efficiently as TR/RXR heterodimers, as reported by 

others for TREs in other experimental systems (Marks et at., 1992; Mader et at., 1993; 

see Stunnenberg, 1993). The use of oligonucleotide probes (Figures 5.8 and 5.9), to 

determine the location of the functional TRE sequences within the two Tg-responsive 

promoter fragments (-1260/-950 and -200/+87), demonstrated that the proximal TRE is 

located in the sequence -5/+11. This finding is in agreement with the observation that 

the -1600/+10 promoter-CAT construct was less Tg-responsive than the corresponding 

-1600/+87 construct. The strong in vitro binding by TR-RXR heterodimers observed 

in the EMSAs with the -200/+87 fragment of the promoter, and the footprint at -5/+11 

is compatible with the functional data obtained and with the observations of Ranjan et 

al. (1994). The distal TRE remains less well defined, as oligonucleotide probes 

spanning the region around the -1056/-1044 DR+1 motif were not bound by 

recombinant TR-RXR heterodimers or XTC-2 nuclear extract, and no protected bands 

were observed in footprinting studies using the -1260/-950 fragment of the promoter 

(Figure 5.10). This suggests that a cryptic TRE could be present at the extreme 5' or 3'
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end of the probe, as binding to these sites, detectable in EMSAs, would not be resolved 

on a footprinting gel.

As the transcription start site (+1) of the promoter has not been conclusively determined 

(Yaoita et al., 1990; Shi et at., 1992), the possibility remains that the proximal TRE in 

the Xenopus TR|3A gene promoter may not be directly located over the transcription 

start site. As TRs bind to TREs in the absence or presence of ligand, receptor-occupied 

TRE over the transcription start site might be expected to sterically interfere with the 

formation of the pre-initiation complex (see Levine and Manley, 1989). An alternative 

start site, in Xenopus oocytes, has been located at -275 in the TRP promoter (Dr. A. 

Wolffe, National Institutes of Health, personal communication), but it is not known if 

this alternative start site is functional in vivo.

In order to assess the importance of the two Xenopus TRs in the regulation of xTRP 

autoinduction, it was decided to determine their roles in TRP autoinduction during 

natural or precociously induced metamorphosis by specifically inactivating the TRs in 

vivo. Studies with natural and synthetic dominant negative TRs were therefore 

initiated, as described in the following chapter.
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Chapter 6

DNA-binding properties of Xenopus and human 
dominant negative thyroid hormone receptors
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6.1 Introduction

Studies of TR gene expression during both natural and precociously induced amphibian 

metamorphosis have demonstrated that autoinduction of TR mRNA, in response to 

thyroid hormone, occurs in vivo and is reproducible in Xenopus cell lines (Yaoita and 

Brown, 1990; Kawahara et a/., 1991; Baker and Tata, 1992; Kanamori and Brown, 

1992, 1993; Machuca and Tata, 1992; Machuca et oA, 1995). It has been suggested 

that TR autoinduction may be essential for the onset of metamorphosis. This 

possibility is strengthened by the observation that exogenous prolactin, which can 

block the onset of metamorphosis, also prevents the upregulation of Xenopus TR 

mRNAs and, additionally, the autoinduction of TR message is amongst the earliest 

detectable events during metamorphosis (Tata et al., 1993; Tata, 1994). However, 

these data do not provide direct evidence for the importance of upregulation of TR in 

the induction of metamorphosis. An unambiguous role for TRs during Xenopus 

metamorphosis would be best established by blocking the action of TRs.

The ideal way to block the action of TRs would be the transgenic approach. If 

transgenic Xenopus could be produced with TRa, and/or TR|3, knocked out via 

homologous recombination, then the role of TRs in amphibian metamorphosis could 

then be conclusively determined. Due to the long generation time and pseudotetraploid 

genome of Xenopus (Graf and Kobel, 1991), the transgenic approach is not a practical 

option for studying the function of TRs during amphibian metamorphosis. An 

alternative method for inactivating Xenopus TRs is the use of dominant TR negative 

mutants.

The first dominant negative TR to be discovered was the viral oncogene v-erbK (part of 

the avian erythroblastosis virus genome) which is a fusion protein between a viral 

protein, gag, and a chicken proto-oncogene, c-erbA, with numerous mutations in the
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region homologous to c-erbA. These mutations are found in both the DNA and ligand 

binding domains and lead to loss of T3 binding (Sap et al., 1989; Damm et al., 1989).

The discovery of mutant forms of human TRPi in patients suffering from generalised 

thyroid hormone resistance syndrome has provided more potent dominant negative 

thyroid hormone receptors. These mutations in the different TRPi dominant mutants 

include amino acid substitutions, frame shifts and deletions (Usala et al., 1988; 

Refetoff et al., 1993; Chatterjee et al., 1991; Collingwood et al., 1994). All such 

mutations typically lead to a substantial or total inability to bind thyroid hormones 

without affecting the DNA binding properties, while inhibiting transactivation via TREs 

by the wild-type TRa and p.

As a pre-requisite for undertaking experiments in vivo towards assessing the 

importance of TR upregulation during metamorphosis it was decided to test the 

interactions between these dominant negative TR mutants and wild-type Xenopus TRs. 

This was carried out by a combination of transfection experiments, testing the ability of 

these mutants to block transactivation from TRE-CAT promoter constructs (transfection 

experiments were performed by Dr. S. Ulisse), and protein-DNA binding assays; to 

determine the binding of the dominant mutant receptors to TREs relative to the wild- 

type receptors. As the ability to heterodimerise with RXRs has been shown to be 

essential for the dominant negative properties of the mutated hTRPis (Collingwood et 

al., 1994; Hao et al., 1994; Yen et al., 1994), the ability of these mutants to 

heterodimerise with Xenopus RXRs was also examined.

The dominant negative mutants studied here are: a) two human TRPi mutants, a 

frameshift mutation at the C-terminal by a 7 nucleotide insertion (fs-hTRPi) and one 

containing a 9 amino-acid deletion from the C-terminal (A-hTRPi), b) v-erbA, and c) a 

synthetic Xenopus TRp mutant containing a 7 amino acid C-terminal deletion with the
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deleted mutant (A-hTRPj)
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Figure 6.1: Schematic representation of the dominant negative TRs 
used
A schematic representation of wild-type and mutant human, Xenopwi and chicken TRs is shown.

The deleted human TRPj (A-hTR^j) is characterized by an artificial deletion of the last 9 amino

acids. The frameshift human TRPj (fs-hTRp^) shows a 7 nucleotide duplication after amino-acid

447, with the generation of a new stop codon at amino-acid 464. The artificially muiaitd Xenopus 
TRP (mt-xTRP) is characterized by the replacement of the last 11 amino acids with 4 amino-acids of 

which only the last (L362) corresponds to that in the wild-type /lopwj TRp (wt-xTRP). The v- 

erbA oncogene shows C- and N- terminal deletions along with 13 internal mutations (arrows in the 

figure), compared with the wild-type chicken TRoj (wt-cTRaj). Note also the viral gag sequence

fused at the N-terminus of v-erbk. Numbers denote amino acids; DBD, DNA-binding domain; 
HBD, hormone-binding domain.
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last 11 amino-acids (FPPLFLEVFED) were replaced by four amino-acids (LSSL). 

The structure of these dominant negative receptors is represented in Figure 6.1.

6.2 Results

6.2.1 Dominant negative activity of human and Xenopus TRp mutants and v-erbk  

overexpressed in human and Xenonus cell lines

It has been previously demonstrated (Chatterjee et al., 1989) that a human 

choriocarcinoma derived cell-line, JEG-3, expresses endogenous TR proteins at a level 

insufficient to mediate Tg activation of a TRE-tk-CAT construct. For this reason, this 

cell-line can be used for expression experiments comparing the activities of wild-type 

and mutant TRs following transfection and overexpression. With this in mind, the 

dominant negative activities of fs-hTRPi, A-hTRfi and mt-xTRp were examined in 

JEG-3 cells co transfected with either wild-type human or Xenopus TRp, and a TRE- 

tk-CAT reporter construct (a single copy of a palindromic direct repeat TRE, 

AGGTCATGACCT, upstream of the thymidine kinase minimal promoter in pBL- 

CAT2).

The results (see Figure 6.2 and Table 6.1) show that overexpression in JEG-3 cells of 

the wild-type human TRPi (1 pg/well) caused a 9.3-fold stimulation of CAT activity 

following Tg treatment (10 nM for 44-48 hours). Coexpression of either of the two 

human TRPi mutants (5 pg/well) strongly inhibited the Tg stimulation of CAT activity, 

as previously described (Chatterjee et at., 1991; Adams et a i, 1994), reducing it to 1.7- 

and 2.2-fold for the deleted and frameshifted mutants, respectively. When the 

Xenopus wild-type receptor was overexpressed in JEG-3 cells (1 pg/well), a smaller 

(2.4-fold) but reproducible stimulation of CAT activity was observed following Tg 

treatment (10 nM for 44-48 h). Coexpression of either of the two human TRPi 

mutants (5 pg/well), or the Xenopus TRP mutant (5 pg/well), completely abolished the
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Figure 6.2; Effects of coexpression of the mutated human and Xenopus TRps 

on the wild-type human and Xenopus TRp-mediated T3  activation of TRE-tk- 

CAT reporter in human JEG-3 cells.

JEG-3 cells (2 x 10  ̂cells/well) were transfected with 4 pg of a TRE-tk-CAT construct along with 

either A) 1 pg of wt-hTR^j (upper panel) or B) 1 pg of wt-xTRp (lower panel) in the absence or 

presence of 5 pg of A-hTR^j, fs-hTRpj or mt-xTRp. After transfection the cells were cultured for 

48 h with or without 10 nM T3 . CAT activity was then determined as described in Chapter 2. Bas = 

basal activity (Assay performed by Dr. S. Ulisse).
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Transfected DNA CAT activity (% acétylation) Fold InCTease

Basal T3

Wt-hTRp 1 0.44 4.1 9.3

Wt-hTRp j + A-hTRp j 0.40 0 . 6 6 1.7

Wt-hTRp 1 + fs hTRpi 0.42 0.93 2 . 2

wt-xTRp 0.47 1.14 2.4

wt-xTRP + A-hTRpi 0.41 0.43 1 . 0

wt-xTRp + fs-hTRP 1 0.39 0.37 1 . 0

wt-xTRp + mt-xTRp 0.37 0.41 1 . 1

Table 6.1: Dominant negative activities of mutant human and Xenopus TRps on basal 

and T3- activated transcription of TRE-tk-CAT reporter gene in human JEG-3 cells.

JEG-3 cells were transfected with TRE-tk-CAT (4pg/well) and either wt-hTRp \ (Ipg/well) or wt-xTRp

(Ipg/well) in the absence or presence of A-hTRpj (5pg/well), fs-hTRpi (5pg/well), mt-xTRp

(Spg/well). Following transfection, the cells were cultured for 44-48h in the absence or presence of 

lOnM T 3 . CAT activity was then measured in the cell extracts as described in section 2.24. Data are

representative of three independent experiments.
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Ts dependent induction of CAT activity by the wt-xTRp. Besides showing that the 

Xenopus TRp mutant acts in a dominant negative manner, these data demonstrate that 

the two human TRPi mutants retain their dominant negative activity when coexpressed 

with wild-type Xenopus TRp.

To further study the usefulness of these dominant negative receptors, their ability to 

block the activity of the endogenous TRs present within the Tg-responsive Xenopus 

cell-line XTC-2 was tested. Figure 6.3 and Table 6.2 show the dominant negative 

activities of fs-hTRpi, A-hTRpi, mt-xTRp and \-erbA  examined in XTC-2 cells co

transfected with the reporter construct p(-1600/+87)xTRpCAT (a single copy of the 

Xenopus TRP promoter, from -1600 to +87 base pairs, in pBasic-CAT). In the 

absence of cotransfected dominant negative TRs, XTC-2 cells transfected with p(- 

1600/+87)xTRpCAT exhibited a 3- to 4-fold increase in CAT activity following Tg 

treatment (10 nM for 44-48 h). Overexpression of fs-hTRpi (4 pg/well), A-hTRpi (4 

|ig/well) or mt-xTRp (4 pg/well) substantially lowered the basal activity, and 

completely abolished the Tg responsiveness of the Xenopus TRP promoter reporter 

construct. Only modest inhibition of both basal activity and Tg responsiveness was 

observed (Tg stimulation reduced from ~3-fold to ^-2-fold), for \-erbA  ( 8  |Lig/well) in

XTC-2 cells.

6.2.2 Heterodimerisation of wild-tvpe and mutant TRP proteins with Xenopus RXR

In order to better characterize the mechanism of dominant negative activity by the 

human and Xenopus TRP mutants, and v-erbAy an analysis of the homodimerisation 

and heterodimerisation with xRXRs of these receptors was undertaken. For this 

purpose, in vitro transcribed/translated human and Xenopus TRs, both wild-type and 

mutant, and v-erbAy with Xenopus RXRy were used. In Chapter 4 it was shown that 

xRXR-a and -yhave virtually the same heterodimerisation affinities for xTRs. In order 

that equivalent amounts of recombinant wild-type and mutant receptors be used for
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Figure 6.3: Dominant negative effects of A) mutated human TRP^s, and B) 

Xenopus TRp and \-erbA  on basal (Bas) and Tj-induced transcription of CAT 

reporter gene in XTC-2 cells.

XTC-2 cells (2 x 10̂  cells/well) cultured in 6 -well plates were transfected with p(-1600/+87)xTRP- 

CAT and pGL2-Control luciferase reporter genes in the absence or presence of 5 |og of A-hTRPj, fs- 

hTRpj, mt-xTRp or \-erbk  expression vectors using the calcium phosphate-DNA coprecipitation

procedure. After an overnight incubation, cells were washed and cultured for 44-48 h with or 
without 10 nM Tg. CAT activity was then determined as described in Chapter 2 (Assay performed

by Dr. S. Ulisse).
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Transfected DNA CAT activity (% acétylation) Fold Increase

Basal T3

Control 0.65 2.45 3.7

A-hTRPi 0.25 0.25 1 . 0

fs hTRPi 0.24 0.26 1 . 1

Control 0.39 1 . 2 2 3.1

mt-xTRP 0 . 2 2 0.25 1 . 1

\-erbA 0.33 0.73 2 . 2

Table 6.2: Dominant negative activities of mutant human TR^s, mutant Xenopus 

TRp and \-erbA on basal and T3- activated transcription of Xenopus TRp 

promoter-CAT reporter gene construct in Xenopus XTC-2 cells.

XTC-2 cells were transfected with the p(-1600/+87)xTRP-CAT (4pg/well) in the absence or presence of 

A-hTRpi (4|og/well), fs-hTRpj (4|ig/well), mt-xTRp (4pg/well) or v-erbA (8 pg/well). Following

transfection, the cells were cultured for 44-48h in the absence or presence of 10 nM T3 . CAT activity

was then measured in the cell extracts as described in section 2.24. Data are representative of three 

independent experiments.
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comparison, it was important to consider the relative efficiencies of translation of the 

relevant mRNAs As can be seen from Figure 6.4, the two Xenopus TRPs were 

translated with very similar efficiencies, as were the three human TRPis which, in a 

similar manner to wild-type xTRa, produced a doublet of bands of equal intensity. In 

contrast, \-erbA  was translated more efficiently than any of the other TRs studied here.

The DNA binding properties of these complexes to the -11/+5 DR-i-4 TRE of the 

Xenopus TRpA promoter was examined by electrophoretic mobility shift assays. 

Initially the ability of the wild-type and mutant human TRPis, in the presence or 

absence of Xenopus RXRy, to bind a ^^p-iabelled probe consisting of the -200/+87 

region of thQ Xenopus TRPA promoter, which comprises the -5/+11 DR+4 TRE, was 

examined. As shown by the retarded protein-DNA complexes formed in the absence of 

RXRy, the probe bound to homodimers of both wild-type and mutant human TRs (see 

Figure 6.5). The human TRPi receptors bound to the probe as homodimers more 

efficiently than did xTRp. Of the three human TRPi receptors examined, the wild-type 

receptor appeared to bind the probe slightly less efficiently than either of the two natural 

mutant receptors. However, this difference could be due to small variations in the 

amount of specific TR protein in different samples. In contrast, when Xenopus RXRy 

is present, all of the receptors preferentially formed heterodimeric complexes with 

similar efficiency. As well as the main heterodimeric band, an extra protein-DNA 

complex with lower electrophoretic mobility was observed for all of the receptors.

To test the specificity of binding of the TR-RXR heterodimers to the TRE, a 100-fold 

molar excess of a specific (28mer oligonucleotide containing the -5/+11 DR+4 TRE 

from the Xenopus TRp promoter) or non-specific (28mer oligonucleotide containing 

the Xenopus C/EBP response element, see Xu and Tata, 1992) were synthesised to be 

used as competitor DNA. All of the TR-RXR heterodimeric complexes, including the 

non-characterised lower mobility band, were not present in the presence of excess 

specific oligonucleotide but their formation was unaffected by excess non-specific
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Figure 6.4: Autoradiograph of in vitro translated SJmethionine labelled wt- 
xTRP, mt-xTRp, wt-hTRPi, A -hTRPi, fs-hTRP  ̂ and y-erbA analysed by

SDS-PAGE.

Xenopus (wt-xTRP and fs-xTRp) and human TRs (wt-hTRPi, A-hTRPj and fs-hTRPj), along with 

\-erbA, were synthesized in vitro using a rabbit reticulocyte lysate coupled transcription/translation 

system (TNT SP6  reticulocyte lysate, Promega) in the presence of SJmethionine. All six proteins 

were then analysed by SDS-PAGE followed by autoradiography. Protein products of the wild-type 
and mutant TRP cDNAs were present in comparable quantities (y-erbA protein being more 

abundant) and were of the expected molecular mass.
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Figure 6.5: Heterodimerisation of the wild-type and mutated human TRps with 

Xenopus RXRy and binding of DR+4 TRE (-200/+87) of Xenopus TRP 

promoter.

One pi of in vitro translated wt-xTRp, wt-hTRPj, A-hTRPj or fs-hTRpj was incubated for 20 min at 

room temperature with Ipl of in vitro translated xRXRy. At the end of the incubation, 10,000 cpm of 

the labelled -200/+87 fragment of the xTRp promoter were added as probe and incubated for a 

furthCT 2 0  minutes at room temperature in the absence or presence of 1 0 0 -fold molar excess of non

radioactive DR+4 (DR4) or c/EBPRE as specific and non-^cific competitors. Samples were then 
electrophoresed and the gel autoradiographed as described previously (Machuca^/ al., 1995).
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oligonucleotide. It can be concluded from these data are that the human wild-type and 

the two mutant TRpis form heterodimeric complexes with Xenopus RXRy with an 

efficiency comparable to that observed for Xenopus TRP, and that these human TRpi- 

RXR heterodimers are capable of binding to a TRE present within the Xenopus TRP 

promoter as efficiently as Xenopus TRp-RXR heterodimers.

A similar series of EMS A experiments was performed for the mutated Xenopus TRp 

and v-erbA as shown in Figure 6 .6 A. In the absence of RXR, as with the wild-type 

receptor, virtually no binding of the DR+4 TRE (-200/+87) of xTRpA promoter was 

observed for the muiaited Xenopus TRp homodimer. In contrast, v-erbA bound to the 

probe as a homodimeric complex, producing a shifted protein-DNA complex of similar 

intensity to that observed for the human wild-type and mutant TRPis under the same 

conditions (see Figures 6.5 and 6 .6 A). When Xenopus RXRy was also present, the 

mutated Xenopus TRp bound strongly to the DR+4 TRE probe in a manner 

indistinguishable from that observed for the wild-type receptor. Whilst y-erbA also 

heterodimerized with the Xenopus RXRy, the interaction, either between y-erbA and 

RXR or between the heterodimer and the probe, is substantially lower than that with the 

wild-type or mutant human and Xenopus TRs. The binding of y-erbA in the presence 

of Xenopus RXRy to an alternative labelled probe, TREpal (AGGTCATGACCT), was 

also examined (see Figure 6 .6 B). When the ability of y-erbA, y^iihXenopus RXRy, to 

bind to TREpal was tested, again the y-erbA was found to bind the probe very weakly 

compared with the wild-type and mxWmiXenopus TRPs (about 20% as determined by 

densitometric analysis). Therefore, the weak DNA binding properties of y-erbA- 

Xenopus RXRy heterodimers are independent of the TRE used.

Having established the ability of the mutated human and Xenopus TRps to 

heterodimerise efficiently with Xenopus RXRy, the affinity with which these mutated 

and wild-type heterodimers bound DNA was examined. This was accomplished by 

specific competition with increasing concentrations of unlabelled DR+4 (-5/+11
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Figure 6 .6 : Heterodimerization activity of wild-type and mutant xTRps and v- 

erhk with the Xenopus RXRy bound to two different TREs.

One pi of in vitro translated wt-xTRp, mt-xTRp or \-erbA was incubated for 20 minutes at room 

temperature with Ipl of in vitro translated xRXRy At the end of the incubation, 10,000 cpm of the 

52p-iabelled -200/+87 fragment of the xTRP promoter (A) or 10,000 cpm of the 32p-iabelled 

TREpal oligonucleotide (B) were added as probe and incubated for a further 20 minutes at room 

temperature in the absence or presence of 100-fold excess of non-radioactive specific (DR+4) or non
specific (c/EBPRE) competitiors. Samples were then electrophoresed and the gel autoradiographed.
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Figure 6.7: Competiton between DR+4 and TREpal oligonucleotide TREs for 

heterodimers of wt-xTRP, wt-hTRpi, A-hTRPj, fs-hTRpj, mt-xTRp or \-erbA 

with Xenopus RXRy bound to the ^^P-labelled -200/+87 DNA fragment of the 

Xenopus TRp promoter (DR+4) as probe.

The various wild-type and mutant TRps and \-erbA, along with xRXRy were incubated with the 

labelled -200/+87 probe in the absence or presence of increasing concentrations of either a DR+4 
(DR4) or a TREpal oligonucleotide as competitor. At the end of the incubation period samples were 

electrophoresed and the gel autoradiographed. The migration of heterodimers is indicated by arrows.
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Xenopus TRpA promoter oligonucleotide) or TREpal for the binding of heterodimers 

to the Xenopus TRpA promoter -200/+87 probe (Figure 6.7). The binding of the 

labelled probe to the wild-type xTRp-xRXRy was efficiently competed by a 5-fold 

molar excess of unlabelled DR+4, but much less efficiently by the unlabelled TREpal 

oligonucleotide. A very similar competition profile was observed for the wild-type 

human TRPi and mutated human and Xenopus  TRps when using the DR+4 

oligonucleotide as a competitor. However, the competition by the unlabelled TREpal 

oligonucleotide for the wild-type and mutated human TRpi heterodimers with xRXRy 

was more efficient than for the Xenopus TRP-xRXRy heterodimers. A very different 

competition profile was observed with v-gr6 A-xRXRy heterodimers in that neither the 

DR+4 nor the TREpal oligonucleotides were able to efficiently compete with the 

heterodimeric binding to the -200/+87 labelled probe. It seems then that the dominant 

negative activity of the different TR mutants examined here correlates well with their 

relative DNA-binding efficiency, with the mutant human and Xenopus TRps acting as 

strong dominant negative mutant receptors, as well as their interaction with the 

Xenopus TRp promoter as heterodimers with xRXRy. In contrast to this, \-erbA  

exhibited weak dominant negative activity and bound poorly to the natural Xenopus 

TRE, relative to the other wild-type and mutant TRs.

6.3 Discussion

Many mutations in the human TRp gene in patients with Generalised Thyroid Hormone 

Resistance Syndrome, have been shown to produce mutant receptor proteins which act 

in a dominant negative manner (Usala et al., 1988; Chatterjee et a i,  1991; Refetoff et 

al., 1993; Collingwood et al., 1994; Williams, 1994d). Mechanisms that have been 

proposed for this dominant negative activity include a) competition with wild-type 

receptors for binding to TREs, b) formation of inactive heterodimers with RXRs or 

other auxiliary proteins, and c) squelching of limiting quantities of transcriptional
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coactivators (Yen and Chin, 1994). However, the relative importance of these different 

mechanisms in establishing the dominant negative phenotype remains unclear.

Among the various mechanisms of dominant negative activity is the strong possibility 

of sequestration of limiting amounts of nuclear factors required for transactivation by 

the wild-type receptor. Such nuclear factors may also function as heterodimerisation 

partners as do the RXRs. In this context, v-erbA and human dominant negative mutant 

TRpis which heterodimerise with human and mouse RXRs, lose dominant negative 

activity if mutations prevent heterodimerisation with RXR (Yen et a i, 1994; Hao et al., 

1994; Collingwood et a i, 1994). Competition for coactivators that couple DNA-bound 

TRs to the basal transcription machinery may also play a role as recent results from 

Chin's laboratory show that oestrogen and glucocorticoid receptors, neither of which 

heterodimerise with TRs or RXRs, are capable of blocking Tg-induced transactivation 

by TRs, while leaving the repression of basal transcription by unliganded TRs 

unaffected (Yen et at., 1995). In support of the other possibility of competition for 

DNA binding sites is the finding that human TRP mutants lose their dominant negative 

activity when additional mutations in the DNA binding domain are introduced, thus 

preventing DNA binding fi-om occurring (Nagaya et at., 1992). In the case of \-erbA, 

there are additional mutations which both inhibit its DNA binding activity and suppress 

its dominant negative activity (Damm et at., 1989). One possible explanation for the 

weak binding of \-erbA  to the xTRpA promoter DR+4 TRE is that the result observed 

for w-erbA is due to the nature of the probe used, since the TRE contained within the 

probe has the sequence AGGTCATTTCAGGACA and w-erbA is known to bind very 

poorly to the half site sequence AGGACA (Desvergne, 1994).

Although the dominant negative activity of the two human TRPi mutants used here has 

been demonstrated in human cell lines (Chatterjee et al., 1991; Collingwood et al., 

1994), this study represents the first examination of their dominant negative activity in 

Xenopus cells, as well as that of an artificially generated Xenopus TRp mutant, tested
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in both human (JEG-3) and Xenopus (XTC-2) cell lines. All three of these mutant 

TRPs exhibited equivalent dominant negative activity when transfected into JEG-3 or 

XTC-2 cells, being capable of drastically, or totally, inhibiting the T3 responsiveness of 

endogenous (XTC-2) or co-transfected (JEG-3) wild-type TRs. In contrast, \-erbA  

has a relatively weaker dominant negative activity in XTC-2 cells compared with the 

other human and Xenopus mutants. It is worth noting that w-erbA displays differing 

degrees of dominant negative activity, depending upon the cell type transfected (Sap et 

al., 1989; Damm et al., 1989; Yen et al., 1994). In my experiments, the weak 

dominant negative activity of y-erbA in XTC-2 cells correlated well with the relatively 

poor heterodimerisation with Xenopus RXR and subsequent TRE binding. The strong 

dominant negative activity of the human and Xenopus TRP mutants in XTC-2 cells was 

paralleled by their ability to form xRXRy heterodimers and binding to TREs as 

efficiently as the wild-type TR proteins.
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Chapter 7 

General discussion
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7.1 Overview

The post-embryonic developmental process of amphibian metamorphosis is admirably 

suited for studying how thyroid hormones (T4  and T3 ) control diverse biochemical and 

morphological changes (Beckingham Smith and Tata, 1976; Gilbert and Frieden, 

1981). Underlying this diversity is the fact that all effects of thyroid hormones are 

mediated via specific receptors, encoded by two genes, TR a and TRp (Sap et al., 

1986; Weinberger et a i,  1986). Xenopus homologues of TR a and TRP were 

cloned and isolated by the laboratories of Old and Brown, respectively (Brooks et at., 

1989; Yaoita et a i, 1990). Many recent studies have focused on the regulation of 

expression of TR genes during natural or precociously Tg-induced metamorphosis, in 

Xenopus tissues (Yaoita and Brown, 1990; Kawahara et at., 1991; Baker and Tata, 

1992; Shi and Brown, 1993; Wang and Brown, 1993; Patterton and Shi, 1994; Rabelo 

et a i,  1994; Shi et al., 1994; Shi and Hayes, 1994; Machuca et al., 1995; Patterton et 

al., 1995). An important feature to emerge from these investigations is that T3 

upregulates its own receptor mRNA, by 30- to 50-fold in the case of xTRp, and that 

this autoinduction is among the most rapid response to Tg in all studies of whole larvae, 

organ cultures or Xenopus cell lines. However, these studies have been restricted to 

how thyroid hormones affect their expression at the mRNA level but not of the 

expression of the encoded proteins. Although much can be learned about the molecular 

mechanisms underlying metamorphosis by analysing transcription, the temporal, spatial 

and quantitative expression of the protein products of these genes may not mirror the 

expression of their mRNAs. An example of this is the differential expression of the 

Xenopus liver-type L-arginase mRNA and protein during metamorphosis, when high 

levels of mRNA were detected in Xenopus tadpoles undergoing metamorphosis but 

high concentrations of protein could only be detected in adult liver (Xu et al., 1993a).

The paucity of information on Xenopus TR proteins prompted the studies reported in 

this thesis, in an attempt to better understand their role in activating the cascade of gene
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transcription underlying metamorphosis. In most mammalian tissues or cells there are 

about 2,000 to 10,000 molecules of TR proteins (see Section 3.2.2; Oppenheimer et 

al., 1972; Oppenheimer et at., 1974). Since the levels of TR proteins in Xenopus cells 

were much lower ('-450/cell) recombinant TRs had to be produced by different 

procedures, each with its own advantages. For example, bacterially expressed 

recombinant TR-fusion proteins has enabled the production of sufficiently large 

quantities of purified human TR for the generation of antibodies (Lin et al., 1991; 

Ichikawa et al., 1992) and for detailed structural studies. A recent example of the latter 

is the determination of the high-resolution structure, by X-ray crystallography, of the 

DNA-binding domains of TR and RXR bound as a heterodimer to a DR+4 TRE 

(Rastinejad et al., 1995). The insect baculovirus expression system has also been used 

to overexpress many different nuclear hormone receptors in a functionally active form 

(Srinivasan and Thompson, 1990; Brown and Sharp, 1990; Ross et al., 1991; 

Barkhem et al., 1991; Christensen et al., 1991). In vitro transcribed and translated 

Xenopus TRs allowed the ligand- and DNA-binding properties of both TR proteins to 

be examined as monomers or homodimers and also as heterodimers with in vitro 

transcribed and translated Xenopus RXRs, thus providing detailed information on the 

functional characteristics of individual TR and TR-RXR species (see Chapters 4 to 6 ; 

Machuca et al., 1995).

TR proteins were initially assayed by radioligand-binding techniques, both for 

endogenous receptors (Oppenheimer et al., 1972; Oppenheimer et al., 1974; see 

Oppenheimer, 1983; Williams, 1994b; see Chin, 1991), and later for individual 

recombinant TR isoforms (Weinberger et al. 1986; Sap et al. 1986), with K j values 

typically being -'10"^® to 10-̂  ̂M. It was essential for my studies to establish whether 

recombinant and endogenous Xenopus TRs possessed the same ligand binding 

characteristics as those generally found for TRs from other species before studying 

their DNA-binding and transactivational properties. To date, the only study of ligand 

binding properties of Xenopus TR was performed in Old's laboratory with Xenopus

145



TR a protein expressed in COS cells or Xenopus oocytes which exhibited high affinity 

for T3 (Kd of 0.12 nM). My results for the binding of to in vitro transcribed

and translated Xenopus TRa and TRP showed it to be both specific, and of high- 

affinity, with KjS of 0.65 nM and 1.4 nM, respectively (see Figure 3.2). The 

significance of the difference in Kd for T3 between xTRa and xTRP is uncertain and 

may reflect a lack of, or inappropriate, post-translational modifications such as 

phosphorylation, when these are prepared by in vitro translation (Jurutka et al., 1993; 

Kuiper et al., 1993). It is worth noting that the phosphorylation state of TRs, and other 

nuclear hormone receptors, has been demonstrated to strongly modulate their 

transactivational activity (Power et al., 1991; Jones et al., 1994; Bodwell et al., 1995; 

Brann et al., 1995).

The heterodimerisation of TRs with RXR has been shown to enhance conformational 

changes in the ligand-binding domain that occur after T3 has been bound (Yen et al., 

1993; Leng et al., 1993; Bendik and Pfahl, 1995), raising the possibility that the 

ligand-binding properties of the in vitro translated xTRs might be modulated by the 

presence of RXR protein. However, in the studies reported here, the presence of 

Xenopus RXRy was unable to noticeably alter the Kd of xTRa or xTRP for 

(see Figure 3.3), demonstrating that the ligand-binding properties of the xTR proteins 

are independent of association with RXR.

Since in vitro translated proteins often lack post-translational modifications that occur in 

an intracellular environment (Jurutka et al., 1993; Kuiper et al., 1993), the ligand- 

binding characteristics of Xenopus TR proteins expressed in eukaryotic systems were 

examined next. The affinity of TR in XTC-2 cells for [^^^I]T3 (Kd = 0.3 nM) was thus 

found to be higher than that of the in vitro translated Xenopus TR isoforms (see 

Figures 3.2 and 3.5). This suggests that post-translational modifications, most likely 

phosphorylation, of the Xenopus TRs can alter the ligand-binding properties of the 

receptors in these cells. The Xenopus TRp, expressed in Spodoptera frugiperda Sf9
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cells using a baculovirus vector also showed high levels of specific binding

(see Figure 3.9).

One of the earliest biochemical events occurring during amphibian metamorphosis, 

whether natural or precociously induced with T3 , is the marked (30- to 50-fold), and 

rapid (< 6  h) upregulation of TRp and, to a lesser extent (2- to 3-fold upregulation), 

T R a mRNAs in many tissues (Yaoita and Brown, 1990; Kawahara et al., 1991). 

Autoinduction of the Xenopus TR mRNAs has also been reproduced in XTC-2 cells, 

with both TR a and TRp mRNAs being upregulated in response to physiological 

concentrations of T3 (1 nM), in a remarkably similar manner to that observed in vivo 

(Machuca and Tata, 1992). Since Xenopus TR proteins could be detected in these cells 

(see Figures 3.4 and 3.10), it was of interest to see if the autoinduction observed at the 

message level is mirrored by an increase in TR protein levels. Treatment of XTC-2 

cells with 2.5 nM T3 for 2 h caused a ~50% decrease in the number of specific [^^^I]T3 

binding sites (see Figure 3.6). As the earliest effects on TR mRNA in this cell line are 

not detected until 4 hours after T3 treatment (Machuca and Tata, 1992), the decrease in 

[1 2 5 j ] 7 2  binding sites may be due to the cellular TR protein population being pre- 

complexed with T3 . No significant difference in specific binding was observed 

between XTC-2 cells treated for 2 to 48 hours with 2.5 nM T3  suggesting that no net 

change in the total TR protein population of XTC-2 cells has occurred, even though 

mRNA autoinduction has reached a maximal level by 48 h. The possibility of post- 

translational regulation is supported by the fact that the mRNAs for TR a and some of 

the 5' TRP splice variants, especially those including exon g, contain small open 

reading frames 5' of the true initiation codon (Brooks et at., 1989; Yaoita et at., 1990), 

which are known to have a repressive effect upon translation (Mueller and 

Hinnesbusch, 1986). The a  and P thyroid hormone receptor mRNAs are very large in 

Xenopus, with 8  out of 10 kb made up of 3’ untranslated regions. The large 3' 

untranslated sequence ( - 8  kb) and the complexity of the 5' untranslated region (600 bp 

for TRa and 200-600 bp for TRP, with extensive splicing) further suggest regulation
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of TR protein synthesis at the translational level (Yaoita et al., 1990). In agreement 

with the [i^SjT^-binding results obtained, no marked changes in TR protein expression 

could be detected immunologically in XTC-2 cells for up to 48 h after Tg-treatment. As 

the antiserum used is non-selective between TRa and TRp, it is not possible to 

definitively identify which of the two TRs is represented by the specific band observed 

by Western blotting, as seen in Figure 3.10.

Other examples are known in which TRs are differentially expressed at mRNA and 

protein levels. For example, in developing rat liver rTRa% has been shown to account 

for virtually all the TR protein in foetal liver, with protein levels increasing 

approximately 2-fold shortly after birth, after which they remain constant (Rodd et a l, 

1992). In contrast, rTRai mRNA levels are at their highest during foetal development, 

falling by 50-75% in adult rats. Although rTRPi mRNA is present in the liver during 

foetal development, no rTRpi protein could be detected immunologically until after 

birth. Another example is the finding that during the development of chick erythroid 

precursors, cTRa mRNA levels remain constant while a 3- to 5-fold upregulation of 

cTRa protein occurs (Bigler and Eisenman, 1988).

Many thyroid hormone responsive elements (TREs), which mediate the transcriptional 

effects of Tg have now been identified (see Williams, 1994c). However, although 

transfection experiments have shown that the TR proteins in Xenopus can regulate 

transcription from promoters containing TRE sequences (Machuca and Tata, 1992; 

Machuca et at., 1995), it was important to demonstrate that the DNA-binding properties 

of Xenopus TR proteins are comparable to those observed for TRs from other species 

(Glass et al., 1988; Durand et al., 1992; Kliewer et al., 1992; Zhang et al., 1992; 

Perlmann et a i, 1993; see Williams, 1994c). The TRE sequences used in these studies 

were the classical palindromic TREpal (Glass et al., 1988) and the direct repeat 

hexamer motif with four nucleotide spacer, DR+4 (Naar et al., 1991; Umesono et al., 

1991).
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Although Xenopus TRa and TRp, both in the absence or presence of RXR, display 

almost identical [^^^jTg-binding properties, a major difference was observed between 

the DNA-binding properties of Xenopus TRa and TRP in the relative inefficiency of 

TRP to bind to TREpal and DR+4 as a monomer or homodimer. However, both TRs 

bound slightly more efficiently to DR+4 TRE than TREpal (see Figure 4.5). As human 

TRpi has been shown to bind poorly to TREpal or DR+4 TREs as a homodimer when 

hypophosphorylated (Sugawara et a i, 1994), it is possible that this is also responsible 

for the poor DNA-binding properties of in vitro translated Xenopus TRp. The TR- 

RXR heterodimeric complexes, when bound to a ^^P-labelled probe, display a lower 

electrophoretic mobility than the TR homodimer-probe complexes in EMSA, thus 

allowing the different protein-DNA complexes to be identified. However, both TRs 

bind to the TREs tested much more efficiently in the presence of Xenopus RXRs, with 

Xenopus TRP-RXR heterodimers binding to TREs as efficiently as the corresponding 

T R a heterodimers (see Figure 4.7). The ability of RXRs to strongly enhance the 

binding of TRs to their response elements has been well established (Yu et al., 1991; 

Bugge et al., 1992; Kliewer et al., 1992; Marks et al., 1992; Zhang et al., 1992).

Having demonstrated that recombinant Mopwj TRs are capable of binding to TREpal 

and DR+4 sequences, with similar properties to those observed with TRs from other 

species (Glass et a i, 1988; Durand et a i, 1992; Kliewer et a i, 1992; Zhang et a i, 

1992; Perlmann et a i, 1993; see Williams, 1994c), it was then important to examine 

the ability of endogenous Xenopus TR proteins to bind to DNA in a TRE-specific 

manner. The cell line XTC-2 was chosen as a source of endogenous Xenopus TR 

proteins, as ligand-binding studies have demonstrated the presence of TR protein. As 

shown in Figure 4.9, the same pattern of protein-DNA complexes displayed in 

bandshift assays by nuclear extracts from XTC-2 cells, treated or not with Tg, is in 

agreement with the ligand-binding and immunological data. A possible explanation for 

the larger size of DNA-protein complexes formed with nuclear extract, relative to that of 

the in vitro translated Xenopus TR homo- and heterodimers, is that proteins other than
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TR and RXR are also present in the protein-DNA complexes formed with nuclear 

extracts. However, until isoform specific anü-Xenopus TR and RXR antibodies 

become available, the composition of these TREpal-protein complexes will remain 

uncertain.

Among the earliest biochemical responses to Tg-treatment in Xenopus  is the 

upregulation in all tissues of the mRNAs encoding TRa and TRp, the induction of 

TRp being ~ 10-fold higher than observed for TRa both in vivo and in vitro (Kawahara 

et a i, 1991; Machuca and Tata, 1992). As the exon a promoter is not responsive to T3 - 

treatment, the exon b promoter must be responsible for the autoinduction of Xenopus 

TRp during metamorphosis (Shi et al., 1992; Kanamori and Brown, 1992).

An examination of the sequence up to 1.6 kb upstream of the Xenopus TRPA gene 

promoter identified a number of potential TRE motifs. The promoter sequence 

contains two DR+4 TRE motifs, one located at -5/+11 and the other at -795/-780, as 

well as a number of isolated TRE half site sequences, located at -1500/-1495, -1083/- 

1078, -306/-301 and -322/-317 that show varying degrees of degeneracy (see Figure 

5.2). The possibility of these acting as functional TREs cannot be immediately 

discounted as the flanking sequences could contain very degenerate half sites with the 

correct spacing. It is worth noting that individual half sites have been demonstrated to 

be capable of acting as functional TREs (Katz and Koenig, 1993). Transfection 

experiments performed in Xenopus cell lines identified a functional TRE around the 

transcriptional start site (See Figure 5.4; Ranjan et at., 1994; Machuca et at., 1995), as 

well as a more distal TRE located within the -1260/-955 region of the promoter 

(Machuca era/., 1995).

The use of protein-DNA binding assays can effectively complement the functional data 

obtained from reporter-construct transfection experiments. In all the protein-DNA 

binding assays that I have carried out, Xenopus TRs were incapable of binding
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efficiently as monomers or homodimers to any of the ^^P-labelled DNA probes used 

(see Figures 5.5 and 5.6). However, TR-RXR heterodimers strongly bound the 

-200/+87 promoter fragment (see Figure 5.7). A perfect DR+4 sequence (5'- 

AGGTCA r r i  CAGGACA-3') spans the -5/+11 region of the promoter, and disruption 

of this sequence decreases Tg-responsiveness in transfection assays (See Figure 5.3; 

Ranjan et al., 1994; Machuca et at., 1995). Further evidence that this sequence is a true 

TRE was obtained with 32p.labelled oligonucleotide probes containing the -5/+11 

sequence which were bound very efficiently, and specifically by in vitro translated TR- 

RXR heterodimers, and by XTC-2 nuclear extract (see Figure 5.8 and 5.9). 

Additionally, footprinting analyses could detect no other TR-RXR binding sites within 

the -200/+87 promoter fragment (see Figure 5.10). This TRE is the first amphibian 

TRE to be identified and is structurally similar to other TRE sequences observed in the 

promoters of directly Tg-responsive genes in other species (see Figure 1.5). The distal 

TRE is less well defined, as although the -1260/-955 promoter fragment was efficiently 

bound by in vitro translated TR/RXR heterodimers, footprinting analyses failed to 

reveal a binding site in this region of the promoter. The most likely explanation is that 

the TRE could be located at the extreme 5' or 3' end of the -1260/-950 fragment, and 

while functionally active shares little structural similarity to consensus TRE sequences.

Upregulation of TRp in response to Tg treatment is not a phenomenon restricted to 

Xenopus; other amphibia such as Rana catesbeiana (Helbing et at., 1992), cultured rat 

cerebral astrocytes and human pituitary cells (both in vivo and derived cell lines) also 

exhibit Tg-mediated upregulation of TRPi message (Lebel et a i, 1993; Hodin et al., 

1990). The cloning of the human TRPi gene promoter in 1992 by DeGroot's 

laboratory (Sakurai et al., 1992), and subsequent functional analyses in COS-1 cells, 

have identified a distal, weakly active TRE (-890/-866), and a more potent proximal 

TRE (-190/ 166) (Suzuki et al., 1994; Sakurai et a i, 1995). Although th& Xenopus 

TRpA exon b promoter also contains two TREs, the proximal TRE being more potent
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of the two both functionally and in terms of DNA-binding, there are fundamental 

differences between the human and Xenopus promoters.

A major difference between the two promoters is the absence of a recognisable TATA 

box in the Xenopus TRPA promoter while a TATA box is present 26 base pairs 

upstream of the human TRPi transcriptional start site (Sakurai et al., 1992). Although 

the proximal TREs of the human and Xenopus promoters both consist of direct repeats 

of the half-site AGGTCA, in the human TRE the half-sites are separated by a three 

nucleotide spacer (DR+3), rather than the classical DR+4 motif found in the Xenopus 

TRE. This DR+3 TRE, although an ideal conformation for the binding of vitamin D 

receptor-RXR, rather than TR-RXR, heterodimers (Umesono et al., 1991), binds to 

TR-RXR more efficiently than TR-TR or RXR-RXR homodimers (Miyamoto et al., 

1994; Sakurai et al., 1995). An additional difference lies in the positioning of the 

proximal TREs, with the human TRE located -180 base pairs upstream of the 

transcriptional start site while the Xenopus  TRE is located directly over the 

transcriptional start site. However, the location of the transcription start site at +1 in the 

Xenopus TRpA promoter sequence remains putative, since it has been determined by 

indirect primer extension analyses with RNA from stage 50-60 tadpoles (Yaoita et al., 

1990; Shi et al., 1992). However, a GC-rich region is present approximately 33 bp 

upstream of the +1 start site. Other eukaryotic promoters lacking a TATA box, but 

containing a GC-rich region instead, have been described, including the promoters of 

the chicken progesterone receptor (Huckaby et al., 1987; Jeltsch et al., 1990) and the 

human glucocorticoid receptor (Zong et al., 1990; Encio and Detera-Wadleigh, 1991). 

It is not uncommon for such promoters to generate transcripts with multiple 5'-ends, as 

observed for Xenopus TRP (Yaoita and Brown, 1990; Beebee and Burke, 1990; Shi et 

al., 1992).

The presence of several Spl binding sites located in the Xenopus TRpA and human 

TRPi promoters (see Figure 5.2) may be important in terms of Tg-mediated regulated
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expression of the human and Xenopus TRp. TR and Spl have been shown to interact 

functionally in the human epidermal growth factor receptor gene promoter, in which 

TRs were able to inhibit Spl-mediated transcription, and vice versa (Xu et al., 1993b). 

A wider significance of the presence of Spl sites along with response elements of TR 

may lie in the cross-talk between processes responding to signals acting via membrane 

and nuclear receptors (Diamond et al., 1990; Power et at., 1991; Aronica and 

Katzenellenbogen, 1993; Jones et al., 1994).

Unambiguous roles for the different TR isoforms would be best established by directly 

blocking their action by the transgenic approach. If Xenopus TRa, and/or TRP genes 

could be knocked out via homologous recombination, then the role of TR autoinduction 

in amphibian metamorphosis could be conclusively determined. Since the transgenic 

approach is not practical in amphibia, the alternative approach of using dominant 

negative TR mutants to inactivate Xenopus TRs has been adopted in our laboratory.

Although the viral oncogene v-erbk  was the first dominant negative TR to be 

discovered (Vennstrom et al., 1980; Sap et al., 1989; Damm et al., 1989), the mutant 

forms of human TRPi in patients suffering from generalised thyroid hormone 

resistance syndrome (GRTH) have provided more potent, and better characterised, 

dominant negative thyroid hormone receptors. These TRpi mutations, which include 

amino acid substitutions, frame shifts and deletions, are characterised by an inability to 

bind thyroid hormones, and inhibition of transactivation via TREs by the wild-type 

TR a and p, without affecting DNA binding properties (Usala et al., 1988; Refetoff et 

al., 1993; Chatterjee et a i,  1991; Collingwood et al., 1994). Two human TRpi 

mutants, a frameshift mutation due to a 7 nucleotide insertion (fs-hTRPi) and a 9 

amino-acid deletion (A-hTRpi) in the C-terminus, and a synthetic Xenopus TRP 

mutant containing a 7 amino acid C-terminal deletion (mt-xTRp) exhibited equivalent 

dominant negative activity when transfected into human JEG-3 or Xenopus XTC-2 

cells. They almost totally inhibited the Tg responsiveness of endogenous (XTC-2) or
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co-transfected (JEG-3) wild-type TRs (see Tables 6.1 and 6.2). In contrast, w-erbA 

has a relatively weaker dominant negative activity in XTC-2 cells. It should however 

be noted that y-erbA  displays differing degrees of dominant negative activity, 

depending upon the cell type transfected (Sap et al., 1989; Damm et a i, 1989; Yen et 

al., 1994).

Many investigators have compared the ability of mutant human T R pis to 

heterodimerise with RXR and the binding of TREs to the heterodimers with their 

dominant negative activity and concluded that the dominant negative activity of these 

mutant receptors is dependent upon high-affinity TRE-binding by TR-RXR 

heterodimers (Refetoff et al., 1993; Collingwood et al., 1994; Yen and Chin, 1994). 

Further evidence for the importance of heterodimerisation with RXRs in mediating the 

dominant negative effects is that human TRPi mutants which are unable to 

heterodimerise with RXR lack dominant negative activity (Yen et al., 1994; Hao et al., 

1994; Collingwood et al., 1994). In my experiments, the strong dominant negative 

activity of the human and Xenopus TRP mutants in XTC-2 cells was paralleled by their 

ability to form heterodimers with Xenopus RXRy, and subsequently bind TREs, as 

efficiently as the wild-type TR proteins (see Figures 6.5 and 6 .6 ). The weak dominant 

negative activity of y-erbA  in XTC-2 cells also correlated well with the poor 

heterodimerisation with Xenopus RXRy, and subsequent TRE binding (see Figure 

6 .6 ). Unlike y-erbA, dominant negative TRp mutants, both human and Xenopus, are 

able to totally block the ability of endogenous TRs in XTC-2 cells to stimulate 

transcription from a construct driven by the Xenopus TRp promoter (-1600/+87) in 

response to Tg treatment. These findings open up the possibility of studying the role of 

TR gene autoinduction in the initiation of metamorphosis.
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7.2 Wider considerations and future work

My studies, although not conclusive, raise some issues of wider significance and 

suggest future studies on hormonal regulation of gene expression during post- 

embryonic development. Much of the current work on the hormonal regulation of gene 

expression has centred upon changes in the intracellular concentration of the mRNAs of 

target genes. While these studies at the message level do provide much useful 

information about hormone action and gene expression, the question of whether the 

effects observed are mirrored at the protein level all too frequently remain unanswered. 

The investigations reported here were prompted by the phenomenon of TR mRNA 

upregulation by T3  in Xenopus tadpoles, organ cultures and cells. It was decided to 

check whether the autoinduction of TR mRNA was also paralleled as higher 

concentrations of functional receptor. The results described in Chapters 3 and 4 show 

that in XTC-2 cells the rapid (by 4 h) upregulation of TRa and TRp mRNAs in 

response to Tg treatment is not mirrored at the protein level, vindicating the study of 

gene expression at the protein as well as mRNA level. In this context, it is worth citing 

similar observations by other investigators on the non-equivalence of TR mRNA and 

protein concentrations, both as regards their differential tissue localisation and 

accumulation (Bigler and Eisenman, 1988; Rodd etal., 1992; Schwartz et al., 1994). 

To better understand the relative importance of the individual TR isoforms, and those of 

their heterodimerisation partners the RXRs, in the autoinduction of Xenopus TRs both 

in cell lines and in vivo, it will be necessary to prepare high-affinity, isoform-specific 

antibodies for use in Western blotting and supershifting experiments. These antibodies 

would allow both the estimation of relative quantities of TR a and TRp protein and 

reveal which TR and RXR isoforms form the predominant TRE-binding species in 

Xenopus tadpoles during changing concentrations of thyroid hormones.

As regards the process of autoinduction of TR mRNA during natural or precociously 

T 3 -induced metamorphosis, the transcriptional regulation of TRp by TR can be
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explained by the strong TRE located directly over the transcriptional start site (see 

Chapter 5; Ranjan et a i, 1994; Machuca et a i, 1995). Dominant negative human TRPi 

and Xenopus TRp mutants are able to prevent endogenous Xenopus TR proteins from 

activating transcription via the Xenopus TRPA promoter following treatment of XTC-2 

cells with T3 (see Chapter 6 ). The studies reported here now set the stage for dominant 

negative TR mutants to be used in vivo. Until now all functional studies on negative 

TRs have been carried out in cell lines, which may not reflect the physiological situation 

(Chatterjee etal., 1991; Refetoff a/., 1993; Collingwood etal., 1994). Introducing 

TR mutants before, during or after hormonal treatment of premetamorphic tadpoles, 

would provide an invaluable tool for studying the importance of the TR upregulation 

during metamorphosis. Preliminary experiments performed by Dr. S. Ulisse in our 

laboratory, based on the injection of various DNA constructs into Xenopus tadpole tail 

muscle (de Luze et al., 1993), point to the validity of the dominant approach in vivo.

In a wider context, it is of some considerable interest that the phenomenon of 

autoinduction of receptor is not unique to thyroid hormone receptors. Examples of 

autoinduction of other nuclear hormone receptors have also been described in other 

developmental systems, such as the autoinduction of ecdysteroid receptor during insect 

metamorphosis (see Andres and Thummel, 1992), RAR autoinduction during 

embryonic mouse morphogenesis (deThé et al., 1990; see Leid et al., 1992) and 

oestrogen receptor during vitellogenesis (Perlman et al., 1984). It is interesting to note 

that while the ligand-dependent downregulation of receptors is common in adult 

tissues, receptor autoinduction seems to be a feature of development (see Baulieu and 

Kelly, 1990; Tata, 1994). A rationale for receptor autoinduction may be that the 

receptor genes are more sensitive to liganded receptor than other "downstream" genes 

regulated by the same receptor. A selective upregulation of the receptor would 

therefore occur at a lower threshold until high enough concentrations of receptor protein 

have accumulated to reach a higher threshold necessary to activate the less sensitive 

hormone-responsive genes (Tata, 1994).
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The importance of receptor autoinduction in metamorphosis is underscored by the 

observation that prolactin, or a prolactin-like factor, blocks the upregulation of the TRa 

and TRP mRNAs and antagonises the morphogenetic action of thyroid hormones in 

amphibia (White and Nicoll, 1981; Tata, 1993; Kikuyama et a i, 1993). This suggests 

that the basal levels of functional TR in Xenopus cells prior to TR upregulation are 

insufficient to drive the expression of Tg-responsive genes that characterise the 

phenotype of metamorphosis. Although the mechanism by which prolactin blocks the 

metamorphic action of thyroid hormone is not known, in mammalian cells the prolactin 

receptor is thought to be linked to a protein phosphorylation cascade via a specific 

tyrosine phosphokinase, p59^y" (Clevenger and Medaglia, 1994). The ability of 

prolactin to block TR autoinduction highlights the importance of cross-talk between 

signals acting via the receptors located in the cell membrane, and those acting via 

nuclear receptors. Also important is the cross-regulation within the nuclear receptor 

family of transcription factors. For example, glucocorticoid hormones are known to 

potentiate the action of thyroid hormones in inducing metamorphosis (Galton, 1990; 

Kikuyama et a/., 1993). A possible role for the phenomenon of cross-talk between 

receptors is to provide a mechanism for tissue-specific regulation of hormone 

responsive genes, allowing the generation of a diverse range of tissue-specific 

biochemical and morphological changes in response to the same hormonal signal.

To date, studies of hormonal regulation of gene expression during post-embryonic 

development have largely been centred upon changes in target gene expression at the 

mRNA level. However, the concentration of nuclear receptor transcripts within a given 

cell may not always correlate with the concentration of receptor protein, especially as 

the transactivational abilities of the protein can be strongly modulated by the presence of 

heterodimerisation partners, in addition to cross-talk with other intracellular signalling 

pathways, often in a tissue-specific manner. Clearly, there is a need for a better 

understanding of the functional properties of the receptor proteins within these 

experimental systems.
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