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Summary 

 

Steroid receptors belong to the superfamily of nuclear receptors, and include the 

androgen receptor (AR), estrogen receptors (ERα and ERβ), glucocorticoid 

receptor (GR), mineralocorticoid receptor (MR), and the progesterone receptors 

(PRA and PRB). Before binding ligand, the receptor undergoes biochemical and 

structural modifications through a series of interactions with molecular 

chaperones and cochaperones all within a receptor heterocomplex. The mature 

receptor complexes with the major chaperone Hsp90, the stabilising 

cochaperone p23, and one member of a group of cochaperones termed 

immunophilins. Steroid receptor-associated immunophilins include the 

cyclophilin, CyP40, two FK506-binding proteins, FKBP51 and FKBP52, and 

the protein phosphatase, PP5. Immunophilins are characterised by the presence 

of TPR domains which compete directly for the TPR-acceptor site within 

Hsp90. This leads to mutually exclusive, immunophilin-containing receptor 

complexes. While PP5 contains a C-terminal phosphatase domain, CyP40, 

FKBP51 and FKBP52 each contain an N-terminal peptidyl prolyl isomerase 

(PPIase) domain, which catalyses the cis/trans isomerisation of prolyl peptide 

bonds. 

 

FKBP52 has been demonstrated to potentiate the ligand-dependent activity of 

AR, GR and PR, but not ERα. Knowing that CyP40 is the preferred 

immunophilin associated with the ERα heterocomplex, it was hypothesised that 

this immunophilin plays a role in ERα function. Utilising a ΔCpr6/ΔCpr7 yeast 

strain, in which the genes for the two CyP40 yeast homologues were deleted, 

ERα transcriptional activity was examined, in the presence of CyP40, FKBP51 

and FKBP52. No significant changes were observed in 17β-estradiol-induced 

ERα transcriptional activity in the presence of any of the three immunophilins, 

including CyP40, suggesting that ERα action is not modulated by 

immunophilins in yeast. To investigate the possibility that the individual 

immunophilins confer unique conformational changes upon the receptor ligand-

binding domain (LBD) that may determine hormone specificity, the 

transcriptional activity of ERα in response to different estrogenic ligands (17β-
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estradiol, 17α-estradiol and genistein) of varying potency was examined. Again 

no significant changes in ERα activity were evident in the presence of any of the 

immunophilins, suggesting that they may not contribute to hormone specificity 

in yeast. The roles of CyP40 and FKBP52 were also investigated in the 

mammalian system. Levels of the immunophilin cochaperones were 

manipulated in the human breast cancer cells (ERα-positive MCF-7 and ERα-

negative MDA MB 231 cell lines), and the ligand-binding and transcriptional 

properties of endogenous or ectopically expressed ERα examined. In MCF-7 

Tet-Off cells, the doxycycline-regulated overexpression of CyP40 resulted in a 

significant increase in ERα ligand-binding activity and basal transcriptional 

activity. However, the ~100% knockdown of CyP40 protein levels, through 

RNA interference, within MCF-7 cells, resulted in no change to these activities 

in the receptor. Similarly, the partial knockdown of FKBP52 in MCF-7 cells and 

the more complete elimination of this immunophilin from MDA MB 231 cells 

resulted in no change in ERα function. It can be concluded that CyP40 

overexpression aids the ERα LBD in attaining increased ligand-binding activity, 

but this translates only to the increased constitutive activity of the receptor. 

 

In the yeast model, it has previously been shown that FKBP52 potentiates rat 

GR (rGR) transcriptional activity by increasing receptor hormone-binding 

affinity. Because FKBP52 PPIase activity is essential for this enhanced rGR 

function, it was hypothesised that one or more proline residues within the LBD 

of GR might be targeted for isomerisation, resulting in conformational changes 

optimal for ligand-induced transactivation. Therefore, the aim was to identify 

this PPIase-sensitive proline. Candidate proline targets were identified as those 

conserved within the LBD sequence of steroid receptors and positioned in 

solvent accessible orientations. Four rGR proline residues located within loops 

connecting LBD α-helices were mutated by alanine substitution. The mutated 

receptors were then tested for loss of FKBP52-mediated potentiation. Alanine 

substitution of P559 and P571, located in the loop between helix 1 and helix 3, 

as well as P643, located in the loop between helix 5 and helix 6, maintained 

receptor potentiation in the presence of FKBP52. Rat GR P768A, however, was 

not potentiated by FKBP52, suggesting that this proline and perhaps other 
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residues located within the helix 11-helix 12 region of the receptor LBD, may be 

involved in FKBP52-mediated potentiation. Evidence presented in this thesis 

therefore, suggests that the interaction interface for FKBP52 in rGR involves a 

proline-containing epitope within a flexible loop domain adjacent to helix 12, a 

region critical for receptor ligand-induced transactivation. In addition, five non-

conservative residues within the guinea pig GR (gpGR) LBD were proposed to 

contribute to cortisol resistance by favouring an increased interaction with 

FKBP51 over FKBP52. Rat GR mutated to gpGR sequences were generated and 

then tested for loss of FKBP52-mediated potentiation. As all mutants maintained 

this potentiating activity it was concluded that the five altered residues found 

within gpGR do not contribute to the altered interaction of FKBP52 and 

receptor. However, it cannot be discounted that FKBP51 is more competitive for 

gpGR. 

 

Immunophilins are hormonally regulated, with FKBP52 found to be essential for 

female fertility in mice. It was hypothesised that levels of immunophilins, 

associated with steroid receptors important in the menstrual cycle, would be 

regulated to reflect hormonal activity within cycling endometrium. Human pre-

menopausal endometrial sections taken from different phases of the menstrual 

cycle were examined immunohistochemically for expression of CyP40, 

FKBP51, FKBP51 and PP5. Immunophilin levels peaked at the mid-secretory 

phase correlating with stromal decidualization, a process essential for eventual 

blastocyst implantation. The importance of immunophilins to steroid receptor 

action was therefore reinforced by the observation that immunophilins appear to 

be hormonally regulated in cycling pre-menopausal human endometrium.  

 

Further studies into the effects of immunophilin loss and knockdown on steroid 

receptor-mediated responses in specific mouse tissues, knockout-derived mouse 

embryo fibroblasts and cancer cell lines may contribute to our understanding of 

the receptor-selective and tissue-specific actions of the immunophilins. 

Elucidation of the mechanisms through which they modulate receptor function 

may provide opportunities for therapeutic intervention in steroid-related disease. 
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1.1. Steroid Receptors 

1.1.1. The Nuclear Receptor Superfamily 

Steroid receptors belong to the superfamily of nuclear receptors, which consists of 

approximately 150 members. Of these the human nuclear receptor superfamily contains 

48 members. Nuclear receptors, by classification, function as transcription factors and are 

found in many species, having evolved prior to the evolutionary divergence of 

invertebrates and vertebrates (White and Parker, 1998; Egea et al., 2000b; Sinars et al., 

2003; Germain et al., 2006). They play dynamic roles in a number of biological processes 

including development, differentiation, reproduction and homeostasis.  

 

Nuclear receptors can be divided into two families of steroid and nonsteroid receptors. 

Members of the steroid receptor family include the androgen receptor (AR), estrogen 

receptor (ERα and ERβ), glucocorticoid receptor (GR), mineralocorticoid receptor (MR), 

and the progesterone receptor (PRA and PRB). Members of the nonsteroid family include 

the retinoic acid receptors, thyroid hormone receptor, vitamin D receptor, and orphan 

receptors, so named as their physiological ligands are unknown or indeed may not exist 

(Germain et al., 2006). Nuclear receptors can be further classified in a four class system 

where receptors are grouped according to their dimerisation and DNA binding properties. 

Using this system steroid receptors are class I nuclear receptors as they function as 

homodimers (Notides and Nielsen, 1974; Notides et al., 1975) and bind to inverted repeat 

DNA sequences (White and Parker, 1998). 

 

1.1.2. Discovery of Steroid Receptors 

Steroids are lipophilic molecules able to permeate the cell membrane (Mangelsdorf et al., 

1995). The idea that the targets of these steroids are specialised receptors began with 

experiments conducted by Jensen and Jacobson who demonstrated tritium-labelled 

estradiol accumulation in the uterus and vagina of immature female rats administered 

[
3
H]estradiol (Jensen and Jacobson, 1962). Nuclear fractions taken from uterine cells of 

injected immature female rats found that the [
3
H]estradiol was bound in a stereospecific 

manner and was released by treatment with trypsin, indicating that what bound the 

estradiol was a protein (Noteboom and Gorski, 1965). The existence of the estrogen 

receptor (ER) was later confirmed with experiments analysing cytosolic fractions taken 

from the uteri of injected immature female rats. When run through a sucrose gradient the 
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labelled estradiol sedimented at ~9S, and was found to be stereospecific and cleaved by 

proteases but not by nucleases (Toft and Gorski, 1966).  

 

Further studies found that treatment of uterine cytosol with 0.3 M KCl transformed the 

ER from the 9S form to the 4S form (Erdos, 1968; Korenman and Rao, 1968). It was first 

thought that the receptor was an oligomer that underwent a reversible dissociation 

process to the 4S form, with or without bound estradiol (Korenman and Rao, 1968). What 

followed was the formation of the “two-step” model of steroid action. It was found that 

the cytosolic 9S receptor was able to spontaneously form upon addition of [
3
H]estradiol 

and the 5S form (thought to be the same as the ~4S form) was produced from the 9S 

receptor when it moved into the nucleus. This led to the conclusion that steroid-binding 

aided in the conversion of the inactivated 9S receptor to the biologically active 5S 

receptor (Jensen et al., 1968; Shyamala and Gorski, 1969). Subsequent studies showed 

that the 5S form was indeed larger than the 4S form of the receptor (Jensen et al., 1969) 

and the conversion resulted from receptor dimerization (Notides and Nielsen, 1974; 

Notides et al., 1975).  

 

1.1.3. Steroid Receptor Maturation 

The proposed “two-step” model of steroid receptor activation was a simplification of 

what has now been shown to be a multifactorial and stepwise process. Before ligand is 

bound, the receptor undergoes biochemical and structural modifications performed by a 

series of interactions with a group of proteins (first known as heat-shock proteins) termed 

molecular chaperones and cochaperones all within a receptor heterocomplex. Molecular 

chaperones perform functions including the overseeing of correct folding, assembly and 

transport of newly synthesised proteins (Andreeva et al., 1999). The steroid receptor 

exists as an immature form found primarily in the cell cytoplasm before being bound by 

Hsp70 (heat shock protein 70), in an adenosine triphosphate (ATP)-dependent 

interaction, and Hsp40 (heat shock protein 40) (Figure 1.1). These two chaperone 

proteins help stabilise the receptor before Hsp40 is displaced by Hip (Hsp70 interacting 

protein) which along with Hop (heat shock protein organising protein) joins the complex. 

Hop, acting as an adaptor protein, brings the important chaperone Hsp90 (heat shock 

protein 90) into the complex. In each receptor complex there are two Hsp90 proteins 

which function as a dimer. Here the role of heat shock proteins is to facilitate the folding 
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of the receptor into a high affinity ligand-binding conformation (Pratt and Toft, 1997). 

Final receptor maturation is reached with the loss of Hsp70, Hip, Hop, and the addition of 

p23 and one of a group of cochaperones termed immunophilins.  

 

 

 

 

 

 

 

 

 

1.1.4. Steroid Receptor Activation 

The Hsp90 complex keeps the apo-receptor (unliganded receptor) transcriptionally 

inactive by stabilising the receptor‟s HBD and preventing binding to coactivators. Studies 

have found three components of the steroid receptor heterocomplex to be essential for the 

receptor to reach ligand binding competency. One study found Hsp70 and Hsp90 to be 

essential (Caplan, 1997) while the Pratt laboratory concluded that Hop was also necessary 

for hormone binding to be achieved (Dittmar and Pratt, 1997). More recent studies have 

found Hsp40 and p23 to not be essential but able to enhance the steroid receptor activity, 

Figure 1.1 Steroid receptor maturation occurs via a dynamic process involving 

associations with a series of chaperoning/heat-shock proteins (R=rececptor, 

I=immunophilin). 
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through their interactions with Hsp70 and Hsp90 respectively (Pearl and Prodromou, 

2000). Upon ligand binding steroid receptors dissociate from the heterocomplex and form 

homodimers (Notides et al., 1981; Kumar and Chambon, 1988). As homodimers, the 

receptors act as transcription factors by binding directly to specific DNA sequences 

referred to as hormone response elements (HRE). For AR, GR, MR and PR the HRE 

consensus sequence is AGA/GACAnnnTGTT/CCT. For ER the consensus sequence is a 

repetition of the palindromic sequence A/GGGTCAnnnTGACCT/C (White and Parker, 

1998). However the well characterised estrogen target genes cathepsin D and PR don‟t 

contain this sequence in its entirety (Dahlman-Wright et al., 2006). Steroid receptors are 

also able to indirectly regulate the expression of genes without HRE sequences by 

modulating the activity of other transcription factors eg. AP-1 and Sp-1. The activity of 

AP-1 is stimulated by estrogens and inhibited by antiestrogens (Webb et al., 1995) while 

Sp-1 is directly bound by receptors (Khan et al., 2003). 

 

1.1.5. Steroid Receptor Structure 

Steroid receptors are highly related by amino acid sequence and organisation of 

functional domains (Green et al., 1986a; Green et al., 1986b). The functional domains are 

labelled A through to F ordered N- to C-terminus (Figure 1.2). The A/B domain makes up 

the activation function 1 (AF1) domain. AF1 has large variability in size and amino acid 

sequence among the different steroid receptors. It is responsible for the receptors‟ 

constitutive activity (Lees et al., 1989; Tora et al., 1989) and is postulated to incorporate 

phosphorylation modulated by other signalling pathways (Weigel, 1996). The C domain 

is the highly conserved DNA binding domain (DBD) and the E domain corresponds to 

the moderately conserved ligand binding domain (LBD) which, along with the F domain, 

constitutes the activation function 2 (AF2) domain. AF2 is responsible for the ligand-

induced activation of the receptor (Lees et al., 1989; Tora et al., 1989). The differential 

actions of AF1 and AF2 are dependent on promoter, posttranslational modifications, and 

cell type (Tora et al., 1989; Berry et al., 1990; Warnmark et al., 2003) The D domain is a 

hinge region thought to aid in the negation of steric hindrance in conformational changes 

between the DBD and LBD (Germain et al., 2006). 
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1.1.6. Crystal Structures of the Steroid Receptor Ligand Binding Domain  

To date the only crystal structures of the steroid receptor LBD are those in a ligand bound 

conformation. This is due to the relative instability of the ligand free LBD. The crystal 

structure of the nuclear receptor, retinoid X receptor α (RXRα), is therefore the only 

reference available for the conformation of the unliganded steroid receptor LBD. The 

RXRα LBD consists of 12 -helices (H1-12) and 2 β-sheets (S1 and S2) folded into a 

three-layered antiparallel α-helical sandwich with a central core of helices H5/6, H9 and 

H10 placed between helices H1-4 and H7, H8, H11 and flanked by the two antiparallel β-

sheets and H12 (Figure 1.3). This creates a hydrophobic ligand binding pocket in the 

tapered end of the domain (Bourguet et al., 1995; Perissi et al., 1999). While both the 

DBD and LBD contain dimerisation domains, the LBD is the primary interface, with 

contact made primarily through both H8 and H11. Dimerisation also involves H8 from 

one monomer and H9/H10 from the other with the dimer interface formed primarily by 

H9 and H10 (Bourguet et al., 1995). 

 

The first crystal structures of the ligand-bound LBD were solved for retinoic acid 

receptor γ (RARγ) (Renaud et al., 1995) and thyroid receptor α (TRα) (Wagner et al., 

1995).  Both displayed a similar structure to the unliganded RXRα. However H12, which 

in the RXRα protruded beyond the LBD, was found to fold back across the LBD binding 

AF1 AF2 

A C D E 

DNA-binding 

domain 

Ligand-binding 

domain 

F B 

Figure 1.2. Members of the steroid receptor family can be divided into functional 

domains. 
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pocket (Figure 1.3). The repositioning of H12 results in the realignment of both H10 and 

H11 which are rearranged to form one continuous helix. H12 itself is reduced in size and 

folds over the ligand binding pocket where it contacts the ligand and the H4 salt bridge. 

This salt bridge is not present in the TR (Wagner et al., 1995). Overall the general helical 

structure of the LBD in nuclear receptors is conserved (Wurtz et al., 1996; Egea et al., 

2000a; Egea et al., 2000b). 

 

 

 

The ERα was the first of the steroid receptors to have a crystal structure of its LBD 

solved in the presence of its ligand 17β-estradiol, providing insight into the role of H12 

upon the binding of ligand (Figure 1.4) (Brzozowski et al., 1997). The hydrophobic 

Figure 1.3. Structure of human RXRα ligand-binding domain. Structural data 

was obtained from the Research Collaboratory for Structural Bioinformatics (RCSB) 

protein data bank (apo-RXRα  and holo-RXRα PDB ID codes 1LBD and 1FBY, 

respectively (Bourguet et al., 1995; Egea et al., 2000b)). Images were created using 

ViewerLite 5.0. Helix 12 is coloured yellow. 

apo-RXRα holo-RXRα 

N N 

C 
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pocket of the LBD is composed of H3, H6, H8, H11, H12 and the S1/S2 hairpin. The 

residues within the hydrophobic pocket bind to the receptor‟s physiological ligand, 17β-

estradiol, primarily through a series of hydrogen bonds strengthened by the nonpolarity of 

the estradiol molecule. The aromatic A-ring of estradiol lies between H3 and H6 with the 

17β-hydroxyl of the D-ring making a single hydrogen bond with H11. When estradiol is 

bound H12 sits over the LBD binding pocket making contact with H3, H5/6 and H11. It 

is the positioning of H12 over the LBD pocket that creates the AF2 surface essential for 

coactivator binding (Brzozowski et al., 1997). Antagonistic ligands bind to the same 

binding pocket but their diverse structure in turn creates a distinct conformation of the 

binding pocket. The ERα antagonist raloxifene binds in the same manner as estradiol with 

the hydroxyl group of the benzothiophene moiety mimicking the estradiol A-ring 

between H3 and H6. However, in the region normally occupied by the estradiol D-ring 

raloxifene contains a bulky side chain which extends between H3 and H11 displacing 

H12 and altering the AF2 surface (Figure 1.4) (Wurtz et al., 1996; Brzozowski et al., 

1997). 

Figure 1.4. Structure of human ERα ligand-binding domain. Structural data was 

obtained from the RCSB protein data bank (ERα-17β-Estradiol and ERα-Raloxifene 

PDB ID codes 1ERE and 1ERR, respectively (Brzozowski et al., 1997)). Images 

were created using ViewerLite 5.0. Helix 12 is coloured yellow.  
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1.2. Heat Shock Protein 70 Machinery 

1.2.1. Heat Shock Protein 70 

Heat shock proteins are ubiquitous proteins which are characterised by their elevated 

levels in disease states such as cancer, fever, ischaemia, and oxidative injury. However 

they are also important in maintaining normal cellular conditions (Picard, 2006). Heat 

shock proteins are transcriptionally regulated by heat shock transcription factor-1 (HSF-

1) with inert monomeric forms of HSF-1 associated with free Hsp70 and Hsp90 (Nunes 

and Calderwood, 1995; Zou et al., 1998). 

 

Hsp70 was first observed in association with activated rat GR in complexes formed in 

crude liver cytosol (Okret et al., 1984). Hsp70 has since been copurified with chick 

oviduct PR (Estes et al., 1987; Kost et al., 1989), AR (Veldscholte et al., 1992) and ER 

(Ratajczak et al., 1993; Scherrer et al., 1993). Hsp70 was observed to be unable to bind 

steroid and had a 1:1 stoichiometry with PR (Estes et al., 1987). Using a series of PR 

deletion mutants the Toft laboratory demonstrated the interaction of both Hsp90 and 

Hsp70 with the LBD of the receptor (Schowalter et al., 1991). There are two isoforms of 

Hsp70 which exist within the cell, the stress inducible 72 kDa Hsp70 (Welch and 

Feramisco, 1984) and the constitutively expressed 73 kDa Hsc70 (heat shock cognate 70) 

(Shi and Thomas, 1992). Both forms are found in the cytoplasm and nucleus of the cell 

(Welch and Feramisco, 1984). 

 

The structure of Hsp70 consists of an N-terminal ATP-binding domain followed by an 

internal substrate-binding domain (Flaherty et al., 1990; Wang et al., 1993). The 

hydrolysis of the bound ATP is coupled with conformational changes to the substrate and 

its subsequent release from the chaperone. This ATP-dependent step is the first of two 

necessary for receptor maturation. The C-terminus of Hsp70 contains the sequence 

GPTIEEVD which binds the cochaperone Hop (Russell et al., 1999; Scheufler et al., 

2000). Hsp70 truncation studies revealed that while the GPTIEEVD sequence is 

important it is not essential, with the removal of this sequence plus 30 residues 

immediately N-terminal to this sequence resulting in no significant inhibition of Hsp70-

Hop binding. Further truncations of the Hsp70 C-terminal end did result in binding 

inhibition, indicating the C-terminal as a whole is essential for Hsp70-Hop binding 

(Carrigan et al., 2004). 
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1.2.2. Hsp40 

Hsp40 (a 40 kDa protein) is the mammalian homologue of the more widely studied 

bacterial DnaJ and yeast Ydj1 proteins. Hsp40 binds to the C-terminal domain of Hsp70 

(Gebauer et al., 1997) and functions by stimulating the ATPase activity of Hsp70 

(Liberek et al., 1991; Cyr and Douglas, 1994). 

 

A role for Hsp40 in steroid receptor signalling was demonstrated by the reduced 

transactivation of the human AR in yeast strains expressing Ydj1 mutants. It was 

suggested this reduced activity could be due to an altered interaction of the mutant Ydj1 

with Hsp70 (Caplan et al., 1995). Using a cell-free heterocomplex assembly system, the 

Pratt laboratory observed the presence of Hsp40 in the Hsp70-Hop-Hsp90 complex. The 

absence of Hsp40 in the assembly system resulted in reduced GR ligand-binding activity 

(Dittmar et al., 1998). In contrast, a more recent study looked at a DjA1 knockout (KO) 

mouse model, with DjA1 being a DnaJ homologue (Terada et al., 2005). The male DjA1
-/-

 

mice were found to have impaired spermatogenesis attributed to augmented AR activity. 

While the AR in DjA1
-/-

 cells displayed a reduced ligand-binding affinity, the 

transactivation was approximately 1.5 fold higher than that of the AR in DjA1
+/-

 cells. 

When DjA1 was reintroduced into the system the enhanced transcriptional activity of AR 

was lost. The increase in AR activity was attributed to AR protein accumulation within 

cells. 

 

1.2.3. Hip 

Hip (a 48 kDa protein, also termed p48) was first identified in a cell-free assembly assay 

with the PR (Smith, 1993). It was cloned by the Smith laboratory and found to share 90% 

sequence identity with the rat homologue termed Hsc70-interacting protein (Hip), 

initially discovered by Hartl‟s group (Hofeld et al., 1995; Chen et al., 1996b; Prapapanich 

et al., 1996). Hartl‟s group also found Hip contained three tandemly arranged and 

centrally located tetratricopeptide repeat (TPR) motifs. It is through the TPR domain that 

Hip binds to the N-terminal ATPase domain of Hsp70, an action which stabilises the 

substrate-binding ADP-bound conformation of Hsp70 (Hofeld et al., 1995; Irmer and 

Hohfeld, 1997).  
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The C-terminal domain of Hip contains two conserved DPEV sequences which constitute 

the DP domain. Deletion of the DP domain generated a dominant negative form of Hip 

which prevented the transition of the PR from Hsp70 to Hsp90 machinery (Prapapanich 

et al., 1998). Hip was consistently recovered in complex with the GR and Hsp90 in cell-

free assembly systems. However, the presence of Hip did not affect the steroid binding 

activity of GR, leading to the conclusion that Hip was not an essential component of the 

steroid receptor heterocomplex (Kanelakis et al., 2000). It was suggested that one 

possible role for Hip was to modulate the interaction of the Hsp70 cochaperone BAG-1 

(Bcl-2-associated gene product-1) with Hsp70. The expression of BAG-1 in COS-1 cells 

markedly reduced the steroid binding activity of GR. Coexpression of Hip with BAG-1 

resulted in a partial recovery of the steroid binding activity and demonstrated the 

competition between Hip and BAG-1 for the ATP-binding domain of Hsp70 (Gebauer et 

al., 1997; Kanelakis et al., 2000).  

 

1.2.4. Hop 

Hop (a 60 kDa protein, also termed p60) shares 42% sequence identity with the TPR-

containing Sti1 found in yeast (Honore et al., 1992). Hop was initially found in complex 

with PR (Smith, 1993; Smith et al., 1993b) and GR (Dittmar and Pratt, 1997) in cell-free 

assembly studies. In vivo studies with the yeast homologue Sti1 found that its deletion 

resulted in reduced GR activity while deletion of both Hsp90 and Sti1 was lethal (Chang 

et al., 1997). An additional study found that the presence of Hop, along with Hsp90 and 

Hsp70, was essential to fold the GR LBD into a hormone-binding competent state 

(Dittmar and Pratt, 1997).  

 

1.2.4.1. Hop TPR Binding 

Hop functions as an adaptor protein within the steroid receptor heterocomplex where it 

can simultaneously bind the chaperones Hsp90 and Hsp70, optimising their interaction 

(Chen and Smith, 1998). Important in this adaptor function is the existence of three 

distinct TPR domains distributed throughout the structure of Hop. The N-terminal TPR1 

mediates Hsp70 binding, while the centrally located TPR2a mediates Hsp90 binding 

(Chen et al., 1996b; Lassle et al., 1997). While the TPR domains are the primary binding 

sites, there is evidence that regions outside the specific TPR domains are important for 

Hop binding to Hsp70 and Hsp90. The C-terminal TPR2b has also been found to 
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contribute to Hsp70 binding with homologous point mutations in both TPR1 and TPR2b 

required to result in a significant reduction in association with Hsp70 (Flom et al., 2007). 

Hop contains conserved DPEV and DPAM sequences which define two DP domains 

found between TPR1 and TPR2a (DP1) and C-terminal to TPR2b (DP2) (Prapapanich et 

al., 1998). Mutations within the DP2 domain have been shown to result in a reduced 

association of Hop with Hsp70 (Chen and Smith, 1998). However, Flom and coworkers 

were unable to reproduce this result citing species specific differences (Flom et al., 

2007). The stable interaction of Hop with Hsp90 also requires the TPR2b domain. Hop 

binds to Hsp90 as a homodimer (Prodromou et al., 1999) with the dimerisation domain 

isolated to the TPR2a domain (Flom et al., 2007). 

 

Using Hop proteins mutated at conserved residues within TPR1 or TPR2 (a region 

encompassing TPR2a and TPR2b) it was observed that levels of Hop associated with PR 

are significantly reduced. Additionally, Hop depletion studies found a reduced 

association of Hsp90 with PR (Chen and Smith, 1998). A more recent study on the 

Drosophilia melanogaster Hop homologue, dHop, have found the mechanism leading to 

full GR activity to be independent of Hop binding to Hsp70 and Hsp90. The generation 

of human Hop/dHop chimeras have helped localise this independent activity to the DP2 

domain (Carrigan et al., 2005). 

 

1.2.4.2. Hop Chaperone Function 

The yeast homologue, Sti1, displays stress inducible mRNA levels in response to heat 

shock similar to that observed for chaperoning heat shock proteins (Nicolet and Craig, 

1989). Messenger RNA levels are also increased in virally transformed cell lines (Honore 

et al., 1992). However, on its own Hop exhibits no chaperone activity (Bose et al., 1996; 

Freeman et al., 1996). The primary function of Hop appears to be the recruitment of 

Hsp90 into existing Hsp70-receptor complexes, driving the formation of mature steroid 

receptor heterocomplexes. Hop binds only the ADP-bound conformation of Hsp70, 

producing no alteration to its ATPase activity (Johnson et al., 1998). Hop also binds to 

ADP-bound Hsp90 (Johnson et al., 1998) and is able to inhibit both the intrinsic and 

client stimulated ATPase activity of Hsp90 (Prodromou et al., 1999; McLaughlin et al., 

2002). The conversion of Hsp90 to its ATP-dependent conformation is accompanied by 

the loss of Hsp70 and Hop (Ratajczak et al., 2003). 
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1.3. Heat Shock Protein 90 Machinery 

1.3.1. Heat Shock Protein 90 

Hsp90 comprises 1-2% of total cellular protein. In the context of the steroid receptor 

heterocomplex, Hsp90 was discovered as techniques evolved allowing steroid receptors 

to be stabilised and purified in an unactivated state (Pratt and Toft, 1997). Hsp90 was first 

identified in complex with chicken PR (Catelli et al., 1985) and reports identifying it 

associated with murine GR and bovine ER soon followed (Sanchez et al., 1985; Redeuilh 

et al., 1987). Hsp90 has since been reported in the AR and MR heterocomplexes 

(Rafestin-Oblin et al., 1989; Veldscholte et al., 1992). Hsp90 is a highly conserved and 

essential molecular chaperone whose main role within the cell is in protein homeostasis 

(Zhao et al., 2005). It differs from other molecular chaperones in that the majority of 

Hsp90 client proteins are involved in signal transduction eg. steroid receptors and protein 

kinases (Picard et al., 1990; Caplan et al., 2003; Citri et al., 2006), and Hsp90 binds 

client proteins at a late stage of folding (Pearl and Prodromou, 2000; Young et al., 2001). 

The list of proteins with which Hsp90 interacts is one that continues to grow (Pratt and 

Toft, 1997; Picard, 2006).  

 

It has been suggested that Hsp90 recognises client proteins through their structure, with 

many client proteins containing structural flexibility requiring stabilisation before they 

can be functional (Young et al., 2001). 

 

1.3.1.1. Hsp90 Structure 

There are two isoforms of Hsp90 (Hsp90α and Hsp90β), encoded by two different genes, 

with both produced in equal amounts in higher eukaryote cells. The isoforms display 86% 

homology, differing at 99 amino acid residues with Hsp90 containing a glutamine-rich 

segment (QTQDQ) in its N-terminal region (Hickey et al., 1989). Hsp90 is also induced 

at higher levels with heat shock treatment (Simon et al., 1987). Protease treatment of 

Hsp90 results in the production of three digest fragments corresponding to the N- and C-

terminal domains, as well as a middle domain. The Hsp90 dimer is constitutively 

dimerised through the C-terminal domain with the N-terminal domain displaying an open 

or ATP-bound closed conformation. The structural changes within Hsp90 are attributed 

to the flexibility of the two linker regions connecting the three domains (Vaughan et al., 

2006). 
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The N-terminal domain of Hsp90 (amino acid residues 1-221) is highly conserved and 

contains an ATP-binding site (Figure 1.5). The binding of ATP causes a conformational 

change (Sullivan et al., 1997), with the subsequent hydrolysis of ATP essential for Hsp90 

to generate conformational changes in client proteins. The N-terminal domain also 

displays chaperone activity with N-terminal fragments of Hsp90 able to prevent the 

aggregation of denatured rhodanese (Young et al., 1997). The binding of ATP causes the 

release of peptide substrate (Scheibel et al., 1998). The binding of antibiotics 

geldanamycin or radicicol to the N-terminal domain prevents Hsp90 from assuming its 

ATP-dependent conformation (Roe et al., 1999) and also inhibits chaperone activity 

(Young et al., 1997). Structural studies have revealed an N-terminal domain consisting of 

8 anti-parallel β-sheets enclosed on one side by α-helices and the other left as an exposed 

concave surface. When dimerised, the combined concave surfaces form the ATP-binding 

pocket (Prodromou et al., 1997; Ali et al., 2006).  

 

 

 

 

 

The N-terminal domain of Hsp90 is connected to a middle domain (amino acid residues 

273-560) via a small, highly charged linker region. This linker region is variable in 

sequence and size between species (Prodromou et al., 1997) and contains repeats of the 

(E/D)(E/D)(E/D)KK motif (Prodromou and Pearl, 2003). The middle region of Hsp90 is 

composed of three domains. A large -domain is connected to a smaller -domain 

via a linker of three short α-helices (Prodromou and Pearl, 2003; Ali et al., 2006). The 

middle domain is one site where client proteins bind to Hsp90 and this is thought to be 

MEEVD 

Dimerisation 

TPR Acceptor 

Novobiocin 
ATP 

Geldanamycin/Radicicol 

 

Figure 1.5. The functional domains of Hsp90. 
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mediated via an amphipathic loop projecting from the large -domain into the cavity 

created with dimerisation and an area of hydrophobic amino acid residues situated nearby 

(McLaughlin and Jackson, 2002; Meyer et al., 2003; Ali et al., 2006). 

 

The C-terminal domain of Hsp90 (amino acid residues 446-728) is also highly conserved 

and is the primary domain of Hsp90 dimerization, which occurs within the C-terminal 

191 amino acid residues (Minami et al., 1994; Nemoto et al., 1995). It consists of a three-

stranded -sheet enclosed on one side by a curved α-helix and on the other side by a 

three-helix coil. The three-helix coil structure forms the dimerisation surface (Ali et al., 

2006). The C-terminal domain displays ATP-independent chaperone activity with a 

preference for the more structurally complex client proteins (Young et al., 1997; Scheibel 

et al., 1998; Harris et al., 2004). A novel ATP binding site within the C-terminal domain 

has been reported (Marcu et al., 2000). The ATP-binding site appears to transform into an 

open and accessible conformation when the N-terminal domain is itself in an ATP-bound 

conformation (Soti et al., 2002). This may have a negative impact on Hsp90 ATPase 

activity as affinity for ATP-Mg
2+

 was higher for the C-terminal fragment than the full 

length Hsp90 (Garnier et al., 2002).  

 

1.3.1.2. Hsp90 ATPase Activity 

Within the chaperone-client protein complex Hsp90 functions as a dimer. The binding 

site for steroid receptors lies in the C-terminal domain beyond the charged linker (Smith 

et al., 1993b). The binding of ATP to the N-terminal domain of Hsp90 causes a 

conformational change promoting additional dimer contacts within the N-terminal 

domain and the closing of the N-terminal „lid‟ segment over the ATP-binding pocket. In 

addition, the N-terminal domain makes contacts with the middle domain of both Hsp90 

proteins within the dimer. Initial dimerisation reveals a catalytic loop made accessible to 

the ATP molecule with the hydrolysis of ATP coupled to the subsequent activation of the 

client protein (Prodromou et al., 1997; Pearl and Prodromou, 2000; Meyer et al., 2003; 

Ali et al., 2006; Vaughan et al., 2006).  

 

The function of Hsp90 is dependent on ATP hydrolysis (Obermann et al., 1998).  The 

ATPase activity of human Hsp90 is intrinsically very low. Studies using the yeast 

homologue Hsp82, which has a higher basal activity, have proven useful in investigating 
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the ATPase activity of Hsp90. It was found that ATPase activity was inhibited by the 

Hop yeast homologue Sti1, while the CyP40 homologue Cpr6 had no effect (Prodromou 

et al., 1999). Further studies revealed Hsp90 ATPase activity to be stimulated by the 

binding of the GR LBD, with the presence of Hop again proving to be inhibitory 

(McLaughlin et al., 2002). It is now accepted that Hop inhibits Hsp90 ATPase activity by 

physically blocking the nucleotide-binding site. When ATP binds to Hsp90 within the 

steroid receptor heterocomplex, the Hsp70 machinery, which includes Hop, dissociates 

resulting in the restoration of Hsp90 ATPase activity (Young et al., 2001). This allows 

the C-terminal domain of Hsp90 to modulate the ATPase activity of the chaperone. 

Similarly the cochaperone and immunophilin, FKBP52, is able to enhance client 

stimulated Hsp90 ATPase activity (McLaughlin et al., 2002) through the displacement of 

the inhibitory Hop. Using a different mechanism the cochaperone Aha1 (activator of 

Hsp90 ATPase 1) can stimulate basal ATPase activity five- to twelve-fold (Panaretou et 

al., 2002; Lotz et al., 2003). Aha1 interacts with the central region of Hsp90 (amino acid 

residues 272-617) and is thought to bring about N-terminal contacts necessary for 

substantial Hsp90 ATPase activity (Lotz et al., 2003). Aha1 has also been shown to 

enhance GR activation by Hsp90 (Harst et al., 2005).  

 

1.3.1.3. Hsp90 Binding to Steroid Receptors and Immunophilins 

While Hsp90 maintains steroid receptors in their inactive form in the absence of hormone 

(Pratt and Toft, 1997) through direct interaction with the LBD (Scherrer et al., 1993), 

another important function is to aid the steroid receptor in responding specifically and 

efficiently to ligand (Louvion et al., 1996). This function is carried out through an 

interaction with a group of cochaperones termed immunophilins. Immunophilins are 

structurally related proteins containing a TPR domain (discussed in further detail in 

section 1.4.). While each Hsp90 monomer contains a TPR-acceptor site, only one TPR 

protein appears to bind to an Hsp90 dimer (1:2 stoichiometries). Evidence for this comes 

from TPR protein competition studies (Ratajczak and Carrello, 1996; Silverstein et al., 

1997) and cross-linking studies of Hsp90-FKBP52 complexes (Silverstein et al., 1999). 

The exception is Hop which binds to the Hsp90 dimer as a dimer itself (Prodromou et al., 

1999).  
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 Hsp90 recognises TPR containing cochaperones via the terminating C-terminal sequence 

MEEVD, sharing the EEVD sequence with Hsp70 (Scheufler et al., 2000; Brinker et al., 

2002). Evidence for this has come from work with Hop which contains three TPR 

domains (previously discussed in section 1.2.4.1.). The structure of the TPR domain 

forms an amphipathic groove which binds the EEVD peptide. Looking more closely at 

the TPR domain of PP5, Russell and coworkers found that four basic residues (K32, K97, 

K97 and R101), conserved within TPR cochaperones and positioned as to be exposed to 

solvent, were either essential for or optimised Hsp90 binding. Equally, acidic residues 

within the C-terminal domain of Hsp90 were required for optimal binding (Russell et al., 

1999).  Ward and colleagues found that five residues (K227, N231, N274, K308 and 

R312) within the TPR domain of CyP40 were essential for Hsp90 binding, with three of 

these residues being equivalent to those identified in PP5 (Ward et al., 2002). A 

hydrophobic region consisting of amino acid residues 661-677 within the dimerisation 

domain of chicken Hsp90 has also been demonstrated as being important for TPR binding 

(Chen et al., 1998). The C-terminal domain binding site of the TPR cochaperones 

overlaps with that of the Hsp90-inhibitor novobiocin. When preincubated with 

novobiocin the C-terminal fragment of Hsp90 was unable to bind the TPR cochaperones. 

However, preformed Hsp90-TPR cochaperone complexes were not disrupted by 

subsequent incubation with novobiocin (Allan et al., 2006). 

 

1.3.1.4. Hsp90 Binding to Protein Kinases and Cdc37 

Protein kinases make up a large component of the Hsp90 client base (Roe et al., 2004). 

The client protein kinases are brought into contact with Hsp90 via the cochaperone 

Cdc37 (also referred to as p50
cdc37

) (Stepanova et al., 1996). In directing Hsp90 to its 

protein kinase client Cdc37 acts much like the adaptor protein Hop (Silverstein et al., 

1998). While Cdc37 has no TPR motifs its Hsp90 binding site may overlap with the 

Hsp90 TPR-binding site as shown by exclusion studies with the TPR-containing Hop 

(Owens-Grillo et al., 1996). The C-terminal domain of Cdc37 binds to the N-terminal 

domain of Hsp90 (Roe et al., 2004), inhibiting ATPase activity and allowing the client 

protein kinase to bind to the middle domain of Hsp90 (Roe et al., 2004).  

 

While the cochaperone Cdc37 interacts primarily with protein kinases, studies have 

shown it also interacts with steroid receptors. In the yeast system the transactivation of 
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AR was dependent on Cdc37 (Fliss et al., 1997). Expanding on this study Rao et al., 

observed Cdc37 to interact more specifically with the AR LBD and a truncated Cdc37 

protein resulted in a marked reduction in AR transactivation. The same assay with the GR 

resulted in a small, nonsignificant reduction in transactivation (Rao et al., 2001). 

 

1.3.2. p23 

P23 (a 23 kDa protein) binds to and stabilises the ATP-bound form of Hsp90 (Sullivan et 

al., 1997; Young and Hartl, 2000). In this way p23 aids in stabilising and slowing ATP 

turnover, allowing Hsp90 to act optimally upon its bound client protein. Each Hsp90 

dimer binds one molecule of p23 (via its N-terminal domain) which binds to a cleft 

formed by an area of N-terminal contact between the two Hsp90 monomers (Ali, 2006). 

Evidence of the importance of p23 in steroid receptor activation comes from yeast studies 

where the yeast homologue, Sba1, has been shown to stimulate receptor activity 

(Knoblauch and Garabedian, 1999; Freeman et al., 2000), and that stimulation of ER 

activity is dependent on p23 association with Hsp90 (Oxelmark et al., 2003). A study on 

GR, however, found p23 to be inhibitory (Wochnik et al., 2004).  

 

P23 has been demonstrated to possess ATP-independent chaperone activity (Bose et al., 

1996; Freeman et al., 1996). The chaperone function of p23 resembled that of CyP40 in 

that it was able to maintain a protein in a stable intermediate state. However, since it was 

unable to produce a proteolysis-resistant substrate protein, as observed with both Hsp90 

and CyP40, it was concluded that p23 interacts with client proteins in a distinct manner 

(Freeman et al., 1996). This chaperone activity has been mapped to the C-terminal 

domain of p23 where an unstructured region was found to be essential for chaperone 

function (Weikl et al., 1999; Weaver et al., 2000; Young and Hartl, 2000). The C-

terminal domain of p23 is required for full ER activity (Oxelmark et al., 2003). 

Interestingly, a p23 mutant with a C-terminal frame-shift resulted in a dominant 

inhibitory effect on ER activity as a result of increased binding to ADP-bound Hsp90 

(Oxelmark et al., 2003). A recent mouse p23 KO model displayed prenatal lethality with 

further examination of the p23 KO embryos revealing underdeveloped lungs and a 

significant reduction in the expression of surfactant genes. Fibroblasts isolated from the 

p23 KO embryos were used to assess GR, which has a known role in lung development. 
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Endogenous GR was shown to have a reduced ligand binding ability and ectopic GR 

displayed reduced transactivation (Grad et al., 2006). 

 

1.3.3. Immunophilins  

The term immunophilin applies to a group of proteins that have the ability to bind 

immunosuppressant drugs. The large molecular weight, multidomain immunophilins 

include the FK506-binding proteins FKBP51 and FKBP52, the cyclosporin A (CsA)-

binding cyclophilin 40 (CyP40) and protein phosphatase 5 (PP5), which has been 

reported to bind FK506 (Silverstein et al., 1997). FK506 and CsA function by binding to 

their respective immunophilins and consequently inhibiting the phosphatase activity of 

protein phosphatase 2B (PP2B, also known as calcineurin). This results in the inhibition 

of the nuclear translocation of the transcription factor, NF-AT, ultimately leading to the 

suppression of the T cell mediated immune reaction (Ho et al., 1996). The architecture of 

the functional domains for FKBP51, FKBP52 and CyP40 shows remarkable similarity 

(Figure 1.6). The N-terminal domain of these three immunophilins contains the respective 

immunosuppressant drug binding sites which overlap with the peptidyl prolyl isomerase 

(PPIase) domain. Hence these three immunophilins are also termed PPIase proteins. The 

PPIase domain catalyses the cis/trans interconversion of peptide bonds between a proline 

and its preceding amino acid (isomerization of peptidyl-prolyl bonds) (Figure 1.7) 

(Schiene-Fischer and Yu, 2001). In tertiary protein structures most peptidyl-prolyl bonds 

are found to be in the trans conformation with PPIase proteins acting as acceleration 

factors in the rate limiting cis-to-trans conversion step (Fischer and Aumüller, 2003). 

Their functions include aiding in the folding of nascent and denatured proteins into 

biologically active conformations (Schiene-Fischer and Yu, 2001). The C-terminal region 

contains the TPR domain with three TPR repeat units. Each TPR unit contains a 

consensus motif (a degenerate sequence of 34 amino acids). The TPR motif is found in 

single or tandem repeats i.e. repeated 1-16 times (Das et al., 1998). TPR domains are 

important in protein-protein interactions and determine the binding of the large 

immunophilins with Hsp90 (Ward et al., 2002; Sinars et al., 2003; Yang et al., 2005). 

PP5 contains three tandem N-terminal TPR units and a C-terminal phosphatase domain 

(Figure 1.6) (Chen et al., 1994).  
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Figure 1.7. The PPIase domain catalyses the cis/trans isomerization of 

peptidyl-prolyl bonds.  

Cis Trans 

Figure 1.6. The functional domains of the immunophilins. 
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1.3.3.1. Cyclophilin 40 

Cyclophilins are a group of conserved proteins first discovered in 1984 as receptors for 

the immunosuppressive drug cyclosporin A (Handschumacher et al., 1984). They include 

cyclophilins A (CyPA), B, C and D which are localised to the endoplasmic reticulum 

(CyPB and C) and mitochondria (CyPD) within the cell. CyPA is found both in the 

cytoplasm and nucleus (Dolinski et al., 1997).  

 

Cyclophilin 40 (CyP40 – a 40 kDa protein) was first observed in complex with the 

unactivated bovine estrogen receptor (Ratajczak et al., 1990). It is ubiquitously expressed 

in different tissues (Kieffer et al., 1992) and can be further classified as a heat shock 

protein as demonstrated by the induction of CyP40 mRNA by heat stress in the breast 

cancer cell lines, MCF-7 and BT-20 (Mark et al., 2001). Furthermore, the expression of 

CyP40 mRNA can be reduced in the presence of the HSF inhibitor quercetin (Mark et al., 

2001).  

 

1.3.3.1.1. CyP40 Structure  

CyP40 was isolated from bovine brain cytosol and shown to have high homology to the 

N-terminal region (residues 1-183) of CyPA (Kieffer et al., 1992). The N-terminal region 

contains the cyclophilin domain which is highly conserved among cyclophilin proteins of 

many species. As expected the structure of the cyclophilin domain in CyP40 is similar to 

that described for CyPA (Kallen et al., 1991; Braun et al., 1995). An eight stranded β-

sheet forms a roughly circular molecule containing a hydrophobic core and book-ended 

with two α-helices (Figure 1.8). The PPIase/CsA binding pocket is bounded by two 

strands of the β-sheet with two β-sheet loops bordering the sides. The N-terminal domain 

is connected to the TPR domain via an acidic linker region consisting of two β-sheets 

within a network of hydrogen bonds (Taylor et al., 2001). Hsp90 binding studies found 

that residues within the acidic linker region of CyP40, as well as some C-terminal basic 

residues, were important for efficient binding (Ratajczak and Carrello, 1996). While the 

TPR domain appears to be the main component for Hsp90 binding, there is evidence for 

supporting roles of residues found N- and C-terminal of the TPR domain. 
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1.3.3.1.2. CyP40 PPIase and Chaperone Activity 

The physiological role of PPIase-containing proteins was demonstrated by Steinmann et 

al., using in vivo collagen folding assays in the presence or absence of CsA. CsA was 

able to inhibit PPIase action, in turn delaying the formation of collagen (Steinmann et al., 

1991). Similarly, immunophilins were found to have a role in de novo protein synthesis in 

rabbit reticulocyte lysate when protein folding was inhibited in the presence of CsA and/ 

or FK506 (Kruse et al., 1995). CyP40 has been shown to have a reduced PPIase activity 

as well as a reduced sensitivity to CsA inhibition relative to CyPA in two independent 

studies (Kieffer et al., 1992; Ratajczak et al., 1995).  

 

Figure 1.8. Structure of bovine CyP40. Structural data was obtained from the RCSB 

protein data bank (PDB ID code 1IIP, (Taylor et al., 2001)) and the image created 

using ViewerLite 5.0. 
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CyP40 displays ATP independent chaperone activity with an ability to hold proteins in an 

intermediate/folding competent state, while being unable, however, to independently 

refold denatured proteins. This chaperone function was not inhibited by CsA and was 

therefore considered independent of PPIase activity (Freeman et al., 1996). More recently 

the chaperone function of CyP40 has been mapped to 30 residues within the acidic linker 

region where a cluster of hydrophobic residues were identified as a possible substrate 

binding cleft (Mok et al., 2006). 

 

1.3.3.2. FKBP52 and FKBP51 

FKBP52 (a 52 kDa protein) is known by a number of different names including p50, p52, 

p56, hsp56, p59, HBI, p59-HBI and FKBP59 (Peattie et al., 1992; Schiene-Fischer and 

Yu, 2001; Davies and Sanchez, 2005). It was initially identified as a 59 kDa protein 

isolated along with Hsp90 as a common component of the unactivated AR, ERα, GR and 

PR (Tai et al., 1986). Renoir and coworkers confirmed the presence of FKBP52 in 

unactivated AR, ERα, GR and PR receptor-Hsp90 complexes and found FKBP52 bound 

directly to Hsp90 rather than the receptor itself (Renoir et al., 1990). FKBP51 (a 51 kDa 

protein also termed FKBP54, p54 and FF1 antigen) was discovered in chicken PR 

heterocomplexes (Smith et al., 1993a) and possesses a 60% amino acid sequence identity 

with FKBP52 (Wu et al., 2004). The expression of FKBP51 is regulated by 

glucocorticoid (Yeh et al., 1995), progestin (Kester et al., 1997), and androgenic 

influences (Amler et al., 2000; Zhu et al., 2001). Similarly, FKBP52 has been identified 

as a novel target of estrogen action (Charpentier et al., 2000; Kumar et al., 2001).  

 

1.3.3.2.1. FKBP52 and FKBP51 Structure  

The structure of both FKBP51 sand FKBP52 can be divided into three domains. The most 

N-terminal domain is FK1 (FKBP domain 1) which has a PPIase function overlapping the 

FK506-binding domain. More centrally located is a second pseudo PPIase/FK506-

binding domain termed FK2 (Figure 1.6). Of the two FKBP domains, FK1 is structurally 

and functionally homologous with the prototypic FKBP12 which consists almost entirely 

of the one FKBP domain. Crystal structures of both FKBP51 and FKBP52 reveal the 

FKBP domains to consist of five antiparallel β-sheets (β1-5) surrounding a central α-helix 

(Figure 1.9). The FKBP domains are separated by a short, inflexible linker region and are 

orientated in FKBP51 at approximately 180° from one another (Sinars et al., 2003). In 
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FKBP51 the FK2 domain has 26% sequence identity with the FK1 domain but has been 

shown to have no PPIase activity which Sinars et al., cites is possibly due to the absence 

of conserved residues within the binding pocket and the insertion of three residues (D195, 

H196 and D197) between β5 and the α-helix which extend into the binding pocket.  The 

C-terminal domain of the FKBP proteins contains the TPR domain which displays 

significant electrostatic and hydrogen bonding with the FK2 domain in the case of 

FKBP51 (Figure 1.9) (Sinars et al., 2003). In contrast, FKBP52 lacks this substantial 

interaction between its FK2 and TPR domains, instead exhibiting additional hydrogen 

bonds and hydrophobic interactions between FK1 and FK2 (Wu et al., 2004).  
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Figure 1.9. Structure of human FKBP51 and FKBP52. Structural data was 

obtained from the RCSB protein data bank (human FKBP51, human FKBP52 N(1-

260) and human FKBP52 C(145-459) PDB ID codes 1KT0, 1Q1C and 1P5Q, 

respectively (Sinars et al., 2003; Wu et al., 2004)). Images were created using 

ViewerLite 5.0. 
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1.3.3.2.2. FKBP52 and FKBP51 Chaperone Activity 

Like CyP40, the chaperone function of FKBP52 is ATP independent (Bose et al., 1996) 

and has been mapped to the TPR domain (Pirkl et al., 2001). Mutation of the FK1 domain 

of FKBP51 reduced PPIase activity by 90% without altering its incorporation into the PR 

complex (Barent et al., 1998) demonstrating the separation of chaperone function from 

the PPIase activity of FKBP proteins. 

 

1.3.3.2.3. Immunophilin PPIase Activity and Specificity 

The PPIase activity of immunophilins has been assessed through kinetic studies on the 

cis-to-trans isomerisation of small peptide substrates. Utilising pentapeptide substrates 

where the residue immediately preceding (P1) the target proline (P1‟) residue was 

variable, Harrison and Stein found cyclophilins to be more promiscuous with regard to 

preferred substrates while the FKBP PPIase displayed a preference for substrates with a 

leucine or phenylalanine residue preceding the target proline (Harrison and Stein, 1990). 

Studies on the PPIase activity of the multidomain immunophilins where the P1 residue 

was an alanine found CyP40 to be approximately 25 fold more active than both FKBP51 

and FKBP52. However, when P1 was a leucine the PPIase activity of all three 

immunophilins was indistinguishable. Generally, the PPIase activity of the multidomain 

immunophilins has been found to be 2-3 fold less than that of their prototypical members 

CyPA and FKBP12 (Pirkl and Buchner, 2001). A more recent study has found substrate 

specificity was dependent on an extended binding region of the substrate backbone and 

not necessarily on residues adjacent to the target proline (Golbik et al., 2005). 

 

1.3.3.3. PP5 

PP5 was isolated and cloned by three separate groups using yeast (Chen et al., 1994; 

Chinkers, 1994) and phage hybridisation techniques (Becker et al., 1994) in an endeavour 

to isolate novel protein serine/threonine phosphatases. The 58 kDa protein was found to 

contain a C-terminal protein phosphatase domain, conserved among the protein 

serine/threonine phosphatase family which includes PP1, PP2A and PP2B, and an 

extended N-terminal region containing a TPR domain. PP5 mRNA was found to be 

ubiquitously expressed with high levels evident in the brain compared to other tissues 

tested (Becker et al., 1994; Chen et al., 1994).  The Chen et al., study also found PP5 to 

localise to the nucleus. However, subsequent work has found PP5 to display a 
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predominantly cytoplasmic distribution (Russell et al., 1999). A consensus estrogen 

receptor recognition element has been identified in the PP5 promoter with PP5 expression 

increasing in response to estradiol in the ER-positive breast cancer MCF-7 cell line 

(Urban et al., 2001). 

 

1.3.3.3.1. PP5 Structure 

PP5 contains an N-terminal TPR domain. As with the other TPR-containing 

immunophilins the TPR domain is essential for binding to Hsp90 with a truncated PP5 

containing only the TPR domain acting as a dominant negative mutant on the 

transactivation activity of the GR (Chen et al., 1996a). The C-terminal domain of PP5 

contains a protein phosphatase domain which partially overlaps a FK506 binding domain 

(Figure 1.6), having a 50% amino acid homology with that of FKBP52 (Silverstein et al., 

1997). PP5 was determined to have only weak FK506 binding activity demonstrated with 

the adsorption of reticulocyte lysate or purified FLAG-PP5 to a FK506 affinity matrix 

(Silverstein et al., 1997).  

 

1.3.3.3.2. PP5 Phosphatase Activity 

The low basal phosphatase activity of PP5 was discovered to be due to the autoinhibitory 

action of its TPR domain. Following incubation with trypsin, which cleaved off the N-

terminal TPR domain, the phosphatase activity of PP5 towards substrate casein was 

increased by as much as 26-fold. Similarly the phosphatase activity of full length PP5 in 

the presence of a polyunsaturated fatty acid resulted in a 26-fold increase of activity. 

Interestingly, the phosphatase activity of the trypsin treated-PP5 in the presence of a 

polyunsaturated fatty acid resulted in no further increase of activity. It was concluded that 

the polyunsaturated fatty acid interacts with the TPR domain of PP5 inducing a 

conformational change resulting in the exposure of the constitutively active phosphatase 

domain (Chen and Cohen, 1997). Crystal structures of full length PP5 allowed the 

demonstration of phosphatase autoinhibition by the docking of the N-terminal TPR 

domain directly onto the phosphatase catalytic site (Yang et al., 2005). The C-terminal 

domain terminates in a short two-turn α-helix termed the αJ helix which aids the TPR 

domain binding pocket in stabilising the autoinhibitory conformation. TPR interacting 

proteins such as Hsp90 activate PP5 phosphatase activity by blocking the autoinhibitory 

conformation (Ramsey and Chinkers, 2002; Yang et al., 2005). In terms of the steroid 



Chapter 1 

___________________________________________________                Introduction          
___________________________________________________ 

__________________________________________________________           27       
__________________________________________________________

 

receptor heterocomplex, PP5 was first shown in association with the GR-Hsp90 complex 

(Chen et al., 1996a). PP5 appears to exert its function as a cochaperone by acting directly 

on Hsp90. A study utilising Ppt1 (the yeast PP5 homologue) found that Ppt1 was able to 

specifically dephosphorylate Hsp90 with a ΔPpt1 yeast strain resulting in a 

hyperphosphorylated Hsp90. In the same Ppt1 deletion strain the transactivation of 

ectopically expressed GR was reduced to approximately 55% of that in wild type yeast 

(Wandinger et al., 2006). 

 

To date two physiological substrates of PP5 have been identified, ASK1 and Raf-1. 

ASK1 (Apoptosis signal-regulating kinase 1) has a role in cellular responses to oxidative 

stress and was found to directly bind PP5 by the use of a yeast two-hybrid assay.  PP5 is 

able to inactivate ASK1 by dephosphorylating a threonine residue (T845) within its 

kinase domain (Morita et al., 2001). Similarly Raf1, an initiating factor in the Raf-MEK-

ERK pathway, is inactivated by the selective dephosphorylation of an N-terminal domain 

serine residue (S338) by PP5 (von Kriegsheim et al., 2006). As mentioned above the 

interaction of PP5 with Hsp90 and polyunsaturated fatty acids is able to stimulate PP5 

phosphatase activity. A more recent study has found long-chain fatty acid CoA esters are 

able to activate PP5 at more physiologically relevant concentrations (Ramsey and 

Chinkers, 2002).  

 

 

1.4. TPR Crystal Structures 

The first crystallised TPR domain was that of PP5 (Das et al., 1998; Russell et al., 1999). 

There are three TPR motifs, each consisting of two anti-parallel α-helices (or helix-turn-

helix structure) and designated helices 1-6 (or helix A1 + B1, A2 + B2 etc.). The individual 

motifs themselves are stacked in a parallel manner. C-terminal to the TPR motifs is an 

extended α-helix (helix 7). Alignment of the individual TPR motifs of PP5 found a 

general consensus of conserved hydrophobic residues, namely those positioned at close 

helical contact both within and between the individual motifs. Together the TPR helices 

form a right-handed superhelical structure creating a concave binding pocket composed 

of residue side chains almost entirely from the first helix of each motif and postulated to 

be the site of protein-protein interaction (Das et al., 1998). As described in section 

1.3.1.3. the basic amino acid residue side chains of the TPR domain form salt bridges 
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with the acidic amino acid residue side chain of the Hsp90 EEVD aspartate forming a 

two-carboxylate clamp. When three conserved basic residues positioned within the TPR 

binding pocket, K97, R101 (both in helix 5) and K32 (helix 1), were individually mutated 

the binding of PP5 to Hsp90 was lost or significantly disrupted (Russell et al., 1999).  

 

Scheufler et al., investigated more closely the specificity of TPR domains for particular 

protein binding partners using the multi-TPR domain Hop (Scheufler et al., 2000). TPR 

domains TPR1 and TPR2a were crystallised in complex with the peptide sequences of 

GPTIEEVD and MEEVD, respectively. In terms of structure the presence of an 

additional seven amino acid residues between the second and third pair of helices, helices 

4 and 5 are extended in TPR2a when compared to the TPR1 and PP5 TPR domains. This 

study found residues N-terminal to the EEVD sequences, which bound to non-equivalent 

regions of the TPR1 and TPR21 domains, to be important in determining binding affinity 

and specificity. While both peptide sequences bound with approximately the same 

affinity to their respective TPR domains, truncation of the Hsp70 peptide sequence 

GPTIEEVD to EEVD reduced its binding affinity to the TPR1 domain by nearly 14-fold. 

The reason for this appears to be a „tighter electrostatic interaction‟ of the Hsp90 EEVD 

with the TPR2a domain (Scheufler et al., 2000). Additional work with the Hop TPR 

domains by Brinker and coworkers looked more closely at individual Hsp70/90 C-

terminal peptides in determining TPR domain binding affinity and specificity (Brinker et 

al., 2002). Firstly, it was observed that the two glutamate residues in the EEVD sequence 

were important for TPR2a binding, but not for that of TPR1. Secondly, TPR1 prefers a 

hydrophobic residue at the position of glutamate-3 (EEVD). So, while the Hsp70 EEVD 

is not optimal for binding to TPR1 this fits with the evidence that Hsp70 relies more on 

interactions N-terminal to the EEVD sequence than does Hsp90 (Scheufler et al., 2000; 

Brinker et al., 2002). The role of the residue immediately N-terminal to the EEVD 

sequence was determined to be important when isoleucine-4 (IEEVD) and methionine-4 

(MEEVD), of Hsp70 and Hsp90, respectively were mutated to alanine residues, resulting 

in the reduction of TPR binding affinity (Brinker et al., 2002).  

 

The TPR domain of CyP40 shares a 24% sequence identity with that of the PP5 TPR 

domain (Taylor et al., 2001). Crystallisation of the full length bovine CyP40 revealed a 

TPR domain with two possible conformations. The tetragonal crystal form, reported as an 
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intermediate form, contained a TPR domain where only the first motif was in a helix-

turn-helix conformation. The second motif was an extended helix and the third motif too 

distorted to be informative. The monoclinic form however consisted of the seven helices 

as observed in PP5 and Hop. Overall the positioning of the TPR domain when bound to 

Hsp90 leaves the N-terminal PPIase domain in a solvent exposed position ideal for 

interactions with substrate proteins (Taylor et al., 2001). 

 

The TPR domains of FKBP51 and FKBP52 are again structurally similar to those of PP5, 

Hop and CyP40. Small divergences in configuration from that of PP5, Hop and CyP40 

include the extension of helices 1 and 3 in both the FKBP proteins. In contrast to 

FKBP52, helix 7 of FKB51 is orientated closer to the TPR binding pocket (Figure 1.9) 

(Sinars et al., 2003; Wu et al., 2004). Residue substitutions in the TPR binding grooves 

of FKBP51/FKBP52, specifically R331/E333 and L363/A365, result in electrostatic and 

steric changes in TPR domain-Hsp90 interactions which were speculated to contribute to 

the differences in the Hsp90 binding properties of FKBP51 and FKBP52 (Wu et al., 

2004). 

 

 

1.5. Immunophilin Modulation of Steroid Receptors 

1.5.1. Steroid Receptor Action  

Increasingly there is evidence of immunophilin modulation of steroid receptor action 

played out most strikingly through the preference of steroid receptors for specific 

immunophilins. While immunophilins are not required for receptor heterocomplex 

assembly and the proper folding of the LBD (Schiene-Fischer and Yu, 2001; McLaughlin 

and Jackson, 2002; Riggs et al., 2004; Smith, 2004), their role appears to be in altering 

the ligand-binding affinity of  the receptor LBD. Both the GR and PR preferentially 

associate with FKBP51 in cell-free assembly systems, despite there being up to five times 

more FKBP52 available (Nair et al., 1997; Barent et al., 1998). In contrast, the ER 

favoured association with CyP40 and FKBP52 (Ratajczak et al., 1993; Barent et al., 

1998). This preferred association with immunophilins appears to be somewhat cell/tissue 

specific with the GR isolated from L cells favouring FKBP52 and PP5 equally (Chen et 

al., 1996a; Silverstein et al., 1997).  
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The incorporation of FKBP51 into the GR heterocomplex causes a marked reduction in 

ligand binding affinity as discovered through studies on the cortisol resistance observed 

in the squirrel monkey (Reynolds et al., 1999; Denny et al., 2000). Cortisol resistance is 

characterised by high levels of circulating corticosteroids and the requirement of higher 

levels of hormone for GR transactivation. Because of its elevated expression, FKBP51 

successfully out-competes the other immunophilins for incorporation within the receptor 

heterocomplex. This phenomenon occurs only in the context of the squirrel monkey 

cellular environment. Studies with the squirrel monkey GR (sqmGR) in a reticulocyte 

lysate system found sqmGR demonstrated the same ligand binding affinity as human GR 

(hGR) (Reynolds et al., 1997). This suggested a component unique to the squirrel 

monkey system, rather than the receptor itself, was responsible for the low ligand binding 

affinity of the sqmGR. Human FKBP51 (hFKBP51) and squirrel monkey FKBP51 

(sqmFKBP51) share 94% sequence identity and display no significant differences in 

crystal structures. However, the sqmFKBP51 does have amino acid substitutions in both 

the N- and C-terminal regions which may play a role in interactions with Hsp90 and/or 

receptor (Sinars et al., 2003). In the HepG2 cell line the transactivation of the human PR 

was attenuated by the coexpression of hFKBP51. PR transactivation was further 

attenuated when sqmFKBP51 was coexpressed instead (Hubler et al., 2003). As 

mentioned in section 1.3.3.2.1 the FK2 domain of FKBP51 contains inserted residues 

between β5 and the α-helix which extend into the FK2 binding pocket. Deletion of these 

inserted residues D195, H196 and D197 resulted in a reduced association of FKBP51 

with PR and not Hsp90, indicating the preferred association of FKBP51 with PR is 

potentially due to the interaction of FK2 with the receptor (Sinars et al., 2003).  

 

Using a yeast model expressing rat GR and immunophilins, FKBP52 was shown to 

potentiate the transactivation of the GR up to 12-fold (Riggs et al., 2003).  FKBP51 

expressed on its own did not reduce GR activity below basal level, however when 

coexpressed with FKBP52 it was able to inhibit the FKBP52-mediated potentiation. The 

potentiation was attributed to an increase in the ligand-binding affinity of the GR, 

requiring both the functional TPR and PPIase domains. It was proposed that when bound 

to Hsp90, FKBP52 interacts with the receptor LBD bringing about conformational 

changes within the receptor that result in higher ligand binding affinity. A similar role for 

the PPIase activity of FKBP52 in the control of the transcription factor IRF-4 has also 
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been proposed (Mamane et al., 2000). Yeast contain two CyP40 homologues, Crp6 and 

Cpr7. In the absence of Cpr7 (ΔCpr7 yeast) the transactivation activity of both GR and 

ERα is attenuated (Duina et al., 1996). 

 

The constitutive overexpression of PP5 is able to transform the MCF-7 cell line into an 

estradiol-independent phenotype (Urban et al., 2001). PP5 overexpression also resulted in 

a 2.6-fold growth increase of MCF-7 cell tumours implanted in mice in the presence of 

estradiol (Golden et al., 2004). Ikeda et al., found PP5 to inhibit ERα and ERβ 

transactivation. This mechanism is possibly mediated through the modulation of 

phosphorylation sites within the receptors as demonstrated by the inhibition of S118 

phosphorylation in the presence of overexpressed PP5 (Ikeda et al., 2004). 

 

1.5.2. Steroid Receptor and Immunophilin Cellular Localisation 

The cellular distribution of AR, GR, MR and the PRB isoform is cytoplasmic in the 

absence of ligand while these receptors translocate to the nucleus upon treatment with 

ligand. However, the PRA isoform is predominantly nuclear in the absence of ligand 

(Htun et al., 1996; Georget et al., 1997; Fejes-Toth et al., 1998; Lim et al., 1999; Hager 

et al., 2000). Similarly, ERα is strictly nuclear with ligand treatment resulting in receptor 

movement into distinct nuclear foci. GR, MR and PR also display this focal nuclear 

distribution in the presence of ligand (Htun et al., 1999; Hager et al., 2000; Arnett-

Mansfield et al., 2007). 

 

The cellular localisation of FKBP52, determined by both cellular fractionation and 

confocal microscopy, is predominantly nuclear with evidence of some nucleolar 

sublocalisation (Gasc et al., 1990; Perrot-Applanat et al.; Owens-Grillo et al., 1996; Mark 

et al., 2001). FKBP52 located within the cytoplasm has been found to associate with 

microtubules, important scaffolding structures within the cell, as well as dynein, which is 

involved in protein movement within the cell (Czar et al., 1995; Perrot-Applanat et al., 

1995; Silverstein et al., 1999). Specifically, FKBP52 was found to bind to dynamitin, a 

component of the dynein associated complex, and this was mediated through its PPIase 

domain. Using a cell-free system it was subsequently demonstrated that this action did 

not require a functional PPIase domain of FKBP52 as FK506 failed to inhibit binding 

(Galigniana et al., 2001). The interaction of FKBP52 with dynein is maintained in the 
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mammalian system where a functional FKBP52 PPIase domain is required (Wochnik et 

al., 2005).  As GR displays a preference for the incorporation of FKBP51 into its receptor 

heterocomplex it was postulated that upon ligand binding FKBP51 was exchanged for 

FKBP52. This exchange would allow the recruitment of dynein to the receptor 

heterocomplex and its subsequent translocation to the nucleus (Davies et al., 2002). 

Dynein is not, however, required for FKBP52 mediated potentiation of GR signalling in 

yeast (Riggs et al., 2003). PP5 is nuclear in HeLa cells, displaying some punctate 

characteristics. Indeed the nuclear fraction of HeLa cells contained 7- to 10-fold more 

PP5 than the cytoplasmic fraction (Chen et al., 1994). More recent studies have found 

PP5 to be predominantly cytoplasmic and to also colocalise with microtubules and 

cytoplasmic dynein (Russell et al., 1999; Galigniana et al., 2002; Gong et al., 2004). 

When PP5 protein is ablated the transactivation of GR is enhanced without changes to the 

ligand-binding affinity of the receptor (Zuo et al., 1999). A subsequent study suggested 

the role of PP5 was to restrict GR movement into the nucleus (Dean et al., 2001). CyP40 

is predominately nucleolar, displayed as a distinct punctate pattern in the nucleus of 

MCF-7 and T47-D breast cancer cells. CyP40 is also observed throughout the nucleus in 

general and in the cytoplasm (Owens-Grillo et al., 1996; Mark et al., 2001). CyP40 

displays nucleolar colocalisation with FKBP52 and associates with cytoplasmic dynein 

(Mark et al., 2001; Galigniana et al., 2002).  

 

1.5.3. Animal Knockout Models 

The animal knockout (KO) models have allowed researchers to observe the tissue and 

receptor specificity of immunophilin action. As expected with the close association of 

immunophilins with steroid receptors, the phenotypic changes observed in the mice are 

primarily found in the steroid-regulated reproductive system. The FKBP52 KO mouse 

was the first immunophilin KO model to be generated and is the most thoroughly studied 

to date. 

 

Male FKBP52 KO mice presented with defects in reproductive tissues reminiscent of 

androgen insensitivity (Cheung-Flynn et al., 2005). External genitalia were ambiguous 

and the seminal vesicle and anterior prostate significantly reduced in size or completely 

absent.  Western analysis on protein extracted from the testis and epididymis of the 

FKBP52 KO mouse found no significant change in levels of chaperones and 
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cochaperones. There was, however, a marked reduction in AR levels in both these tissues.  

This result was replicated in the HeLa cell line where FKBP52 expression was knocked-

down using RNA-interference (Cheung-Flynn et al., 2005). Subsequent expression of 

ectopic FKBP52 was able to restore AR protein levels. While the transactivation of AR in 

the absence of FKBP52 was attenuated, the ability to bind ligand was not affected. In a 

follow up study, the reduced number of sperm as well as their abnormal morphology 

were found to add to the male infertility observed in FKBP52 KO mice (Hong et al., 

2007). The production of a second FKBP52 KO mouse found results consistent with that 

of Cheung-Flynn et al. Males displayed defective penile and prostate development and 

while the transactivation activity of AR was attenuated, the ligand-binding affinity of the 

receptor was not affected (Yong et al., 2007). Looking specifically at the affected tissues 

of the mouse the expression of FKBP51 was found to be down-regulated. FKBP51 KO 

mice were found to be phenotypically normal.  

 

Female FKBP52 KO mice are sterile resulting from the failure of the blastocyst to 

implant in the uterine lining (Tranguch et al., 2005; Yang et al., 2006). The analysis of 

specific ERα-, PRA- and PRB-regulated genes found PRA action was impaired. 

However, PRA displayed no altered association with the chaperone Hsp90 and no 

changes in ligand-binding ability. Reporter assays, using mouse embryonic fibroblasts 

(MEF) obtained from KO mice, found that the transactivation of ectopically expressed 

receptors ERα and PRB was significantly attenuated when compared to wild type MEFs. 

The transactivation activity of PRA, however, was completely lost.  The FKBP52 KO 

female mice also presented with a partial disruption to ovulation. This proved intriguing 

as PRA has been found to be essential in ovulation. With only a partial disruption 

observed, this suggests that PRA within the ovary preferentially associates with another 

cochaperone. 
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1.6. Nuclear Receptor Cofactors 

1.6.1. Coactivators 

Cofactors are broadly classified as coactivators or corepressors based on their actions as 

gene activators or repressors (Mangelsdorf et al., 1995). Coactivators are placed into 

three groups. The first group consists of the p160/SRC (steroid receptor coactivator) and 

p300/CBP (cAMP response element binding protein (CREB)-binding protein-interacting 

protein) family of proteins. The p160/SRC family contains SRC-1, SRC-2/TIF2 

(transcription intermediary factor)/GRIP-1 (glucocorticoid receptor-interacting protein-

1), SRC-3, and p/CIP (CREB binding protein (CBP) interacting protein). The p160 

family share significant sequence homology, mostly in a central region required for 

interaction with the receptor LBD, and possess acetyltransferase activity (McKenna and 

O'Malley, 2002a). The p300/CBP family consists of proteins originally shown to be 

coactivators for CREB. They are recruited by members of the p160/SRC family, binding 

nuclear receptors in a ligand dependent manner and increasing AF2 activity (Kamei et al., 

1996).  The p300/CBP family has also been shown to possess histone acetyltransferase 

activity. Through the acetylation of lysine residues within histones the lysine association 

with DNA is relaxed allowing for chromatin remodelling (McKenna and O'Malley, 

2002b). The role of the second group of coactivators is less clear. The group consists of 

the unrelated RIP 140 (receptor interacting protein) and TIF1. The third group consists of 

TRAP (thyroid receptor-associated proteins)/DRIP (vitamin D receptor-interacting 

proteins), which functions by directly contacting transcription factors, with a general role 

in enhancing the activity of nuclear receptors (McKenna and O'Malley, 2002b; Xu and 

Li, 2003). 

 

The majority of coactivators have one or more copies of an α-helical LXXLL (L=leucine, 

X=any amino acid) motif required for interaction with ligand bound nuclear receptors 

(Heery et al., 1997; Torchia et al., 1997). The LXXLL motif, also known as a nuclear 

receptor (NR) box, fits into a hydrophobic pocket within the AF2 domain, formed by H3, 

H4 and H12, to create a charge clamp through a conserved lysine residue in H3 and 

glutamic residue in H12 which form hydrogen bonds with the essential leucines of the 

motif. Perissi et al., proposed that when bound by ligand the coactivator is stably bound 

to the receptor via the charge clamp, sterically inhibiting interaction with corepressors 

(Gronemeyer et al., 2004; Perissi et al., 2004). Residues outside the LXXLL motif 
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provide ligand and receptor-dependent specificity (Darimont et al., 1998; Nolte et al., 

1998; Chang et al., 1999; Perissi et al., 1999; Renaud et al., 2000).  

 

1.6.2. Corepressors 

N-CoR (nuclear receptor corepressor) and SMRT (silencing mediator for retinoic acid 

and thyroid hormone receptors)/ TRAC2 (T3-associated factor) are repressors for the 

retinoid X receptors and thyroid receptor   in the absence of ligand (Chen and Evans, 

1995). They also bind to the ER and PR in the presence of antagonistic ligands. N-CoR 

and SMRT bind to the receptor LBD via a LXXI/HIXXXI/L motif (also known as a 

CoRNR box) (Perissi et al., 1999). This extended helix binds to the same hydrophobic 

pocket as the coactivator LXXLL motif (Perissi et al., 1999). Corepressors bind 

complexes incorporating histone deacetylases (HDACs). It is the binding of ligand that 

induces the loss of corepressors and the recruitment of coactivators to the transcriptional 

complex.  

 

 

1.7. Thesis Hypotheses and Objectives 

The work contained within this thesis can be divided into three hypotheses: 

1. Since CyP40 is a preferred immunophilin associated with the ERα heterocomplex it 

was hypothesised that this immunophilin plays a role in ERα function. 

 

2. As it is known that the PPIase domain (which catalysis the cis/trans isomerisation of 

prolyl peptide bonds) of FKBP52 is critical for FKBP52-mediated potentiation of steroid 

receptor function (Riggs et al., 2003), it was hypothesised that one or more proline 

residues within the LBD of GR would be critical for this potentiation to occur. 

 

3. From evidence of steroid hormone regulation of immunophilins and their importance 

in female fertility (Tranguch et al., 2005; Yang et al., 2006), it was hypothesised that 

levels of immunophilins, associated with steroid receptors important in the menstrual 

cycle, would be regulated at a level reflective of hormonal activity within a cycling 

endometrium. 
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In order to address the first hypothesis the aims were to: 

1. To establish a yeast model in which the influence of CyP40 and other immunophilins 

on ERα function could be examined. 

2. To manipulate levels of CyP40 and FKBP52 (another ERα-associated immunophilin) 

in human breast cancer cell lines by a) overexpression using a Tet-Off system and b) 

knockdown experiments using RNA interference techniques.  

 

In order to address the second hypothesis the aims were to: 

1. Use the yeast model of FKBP52 potentiation of rat GR (Riggs et al., 2003) to identify 

the PPIase-sensitive proline(s) in the receptor LBD. 

2. Again use the yeast model to examine the role of guinea pig GR LBD residues, known 

to contribute to cortisol resistance, in FKBP52-mediated potentiation of GR. 

 

In order to address the third hypothesis the aim was to: 

1. Immunohistochemically examine the expression profile of all immunophilins in human 

endometrial sections taken from the different phases of the menstrual cycle. 
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2.1. Solutions and Culture Media 

All solutions, buffers and media used in the preparation or manipulation of DNA, 

bacteria, yeast and mammalian cells were prepared in double-distilled water (ddH2O) 

and sterilised by autoclaving or filtration.  

 

Table 2.1. Solutions and Buffers 

 

Solution Recipe and Preparation. 

Ammonium persulphate (APS) 10% (w/v) stock made up in ddH2O. Stored in 0.5 

mL aliquots at -20ºC. 

Ampicillin 50 mg/mL stock made up in ddH2O. Stored in 1 

mL aliquots at -20ºC. 

Annealing buffer 100 mM NaCl, 50 mM HEPES pH 7.4. Made up 

in ddH2O and stored at room temperature. 

Antipain dihydrochloride 10 mg/mL stock made up in ddH2O. Stored in 

small volume aliquots at -20ºC. 

Aprotinin 10 mg/mL stock made up in ddH2O. Stored in 

small volume aliquots at -20ºC. 

Bacitracin 5% (w/v) stock made up in ddH2O. Stored in small 

volume aliquots at -20ºC. 

Benzamidine 500 mM stock made up in ddH2O freshly before 

use. 

Bradford Reagent 0.01% (w/v) Coomassie Brilliant Blue G-250, 5% 

(v/v) 95% EtOH, 10% (v/v) 85% phosphoric acid 

made up in ddH2O. Stored at 4ºC. Filtered through 

Whatman® 1 filter paper before use. 

Bromophenol blue 0.1% (w/v) made up in ddH2O. Stored at 4ºC. 

Calcium chloride 100 mM stock made up in ddH2O and autoclaved. 

Stored at 4ºC. 

Cell sorting buffer 0.5 mM EDTA pH 8, 25 mM HEPES pH 7.4. 

Made up in PBS and stored at 4ºC. 1% (v/v) fetal 

bovine serum added before use. 

Coomassie Brilliant Blue R 

stain 

0.5% (w/v) Coomassie Brilliant Blue R, 10% (v/v) 

acetic acid glacial and 30% (v/v) isopropyl alcohol 

made up in ddH2O and filtered through 

Whatman® 1 filter paper. Stored at room 

temperature. 

Coomassie destain solution 20% (v/v) methanol and 5% (v/v) glacial acetic 

acid made up in ddH2O. Stored at room 

temperature. 

Cracking buffer 8 M Urea, 5% (w/v) SDS, 40 mM Tris-Cl, pH 7.5, 

0.1 M EDTA, 0.04% (w/v) bromophenol blue 

made up with ddH2O. Stored at room temperature. 
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Table 2.1. Solutions and Buffers cont… 

 

Doxycycline 10 mg/mL stock made up in ddH2O, and filter 

sterilized (0.22 µm). Long-term storage at -20ºC 

for 3 months and short-term at 4ºC for 4 weeks, in 

the dark 

EDTA (Na2EDTA) 0.5 M stock made up in ddH2O, pH 8. Stored at 

room temperature.  

Ethidium bromide 10 mg/mL stock made up in ddH2O. Stored at 4ºC 

in the dark. 

G418 100 mg/mL stock made up in ddH2O and filter 

sterilized (0.22 µm). Stored at 4°C. 

D-(+)-Glucose 20% (w/v) stock solution made up in ddH2O. 

Autoclaved and stored at room temperature. 

Glycerol 

 

30% (v/v) glycerol made up in ddH2O and filter 

sterilized (0.22 µm). Stored at room temperature. 

HEPES 1 M stock made up in ddH2O, pH 7.4. Stored at 

room temperature. 

Kanamycin sulphate 50 mg/mL stock made up in ddH2O. Stored in 1 

mL aliquots at -20ºC. 

Lithium acetate (LiAc) 1 M stock made up in ddH2O and filter sterilized 

(0.22µm). Stored at room temperature. 

Luciferase lysis buffer 30 mM Tris, 2 mM EDTA, 10% (v/v) glycerol, 

0.08% (v/v) Triton X-100 made up in sterile 

ddH2O. Stored at 4°C. 2 mM DTT added before 

use. 

Magnesium chloride 100 mM stock made up in ddH2O and autoclaved. 

Stored at 4ºC. 

PEG 3,350 50% stock made up in ddH2O and filter sterilized 

(0.22 µm). Stored at room temperature. 

Pepstatin A 1 mg/mL stock made up in methanol with 10% 

(v/v) acetic acid glacial. Stored at -20ºC. 

Phenylmethylsulfonyl-fluoride 

(PMSF) 

100 mM stock solution made up fresh in absolute 

ethanol. Short term storage at -20ºC. 

Phosphate-buffered saline (PBS) 137 mM NaCl, 10.14 mM Na2HPO4, 2.7 mM KCl 

and 1.8 mM KH2PO4 made up in ddH2O, pH 7.4. 

Autoclaved and stored at room temperature. 
Plain antibody diluent 1% (w/v) BSA and 0.1% (v/v) TWEEN

®
 20 made 

up in TBS pH 7.4. Stored in 1 mL aliquots at  

-20ºC. 

Ponceau S stain 5 mg/mL Ponceau S and 1% (v/v) glacial acetic 

acid made up in ddH2O. Stored at room 

temperature. 

Potassium chloride 1 M stock made up in ddH2O and autoclaved. 

Stored at room temperature. 

Sodium acetate 3 M stock solution made up in ddH2O, pH 5.2. 

Stored at room temperature. 
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Table 2.1. Solutions and Buffers cont… 
 

Sodium chloride 1 M stock made up in ddH2O and autoclaved. 

Stored at room temperature. 

Sodium citrate buffer 10mM sodium citrate made up in ddH2O, pH 6. 

stored at 4°C. 

Sodium dodecyl sulphate (SDS) 20% (w/v) stock made up in ddH2O. Stored at 

room temperature. 

SDS-PAGE sample buffer, 6x 0.35 M Tris.Cl pH 6.8, 10% (w/v) SDS and 30% 

(v/v) glycerol made up with sterile ddH2O. Stored 

at room temperature and heated before use to 

liquefy. 

SDS-PAGE loading buffer Prepared from either the 2 x or 6 x SDS PAGE 

sample buffer solution with 0.01% (w/v) 

bromophenol blue and 4% (v/v) β-

mercaptoethanol for 2 x and 0.014% (w/v) 

bromophenol blue and 12% (v/v) β-

mercaptoethanol for 6 x loading buffer. Added 

freshly before use and made up to volume in 

sterile ddH2O. 

SDS-PAGE running buffer 5 x stock solution was prepared with 125 mM Tris, 

0.5% (w/v) SDS, 0.96 M glycine made up with 

ddH2O and stored at room temperature. Working 

solutions were prepared by 1/5 dilutions in ddH2O. 

SDS-PAGE 4 x stacking buffer 0.5 M Tris, 0.4% (w/v) SDS made up in ddH2O, 

pH 6.8. Stored at 4ºC. 

SDS-PAGE 4 x separating 

buffer 

1.5 M Tris, 0.4% (w/v) SDS made up in ddH2O, 

pH 8.8. Stored at 4ºC. 

Sodium fluoride 200 mM stock made up in ddH2O. Stored at room 

temperature. 

Sodium molybdate 100 mM stock made up in ddH2O. Stored at room 

temperature. 

Sodium vanadate 10 mM stock made up in ddH2O. Stored at room 

temperature. 

TAE (Tris/acetate/EDTA) 

electrophoresis buffer 

50 x stock solution was prepared with 2 M Tris, 

5.7% (v/v) acetic acid glacial, 50 mM EDTA, pH 8 

made up in ddH2O and autoclaved. Stored at room 

temperature. Working solutions were prepared by 

1/50 dilutions in ddH2O. 

Tetracycline hydrochloride 5 mg/mL stock made up in ddH2O. Stored in 1 mL 

aliquots at  

-20ºC. 

Transfer buffer 192 mM glycine, 25 mM Tris, 20% (v/v) methanol 

made up in ddH2O. Stored at 4ºC. 
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Table 2.1. Solutions and Buffers cont… 
 

Tris solutions Tris stock solutions were made up in ddH2O at 

various concentrations and various pHs using 

concentrated HCl. Solutions were autoclaved and 

stored at room temperature. 

Tris-buffered saline (TBS) 

 

 

 

10 x stock solution was prepared with 0.1 M Tris, 

1.5 M NaCl made up in ddH2O and stored at 4ºC. 

Working solutions were prepared fresh by 1/10 

dilutions in ddH2O and the pH adjusted with 

concentrated HCl. Stored at 4ºC. 

Tris-buffered saline + TWEEN
®
 

20 (TBS-T) 

10 x stock solution was prepared with 0.1 M Tris, 

1.5 M NaCl, 0.2% (v/v) TWEEN
®
 20 made up in 

ddH2O and stored at 4ºC. Working solutions were 

prepared fresh by 1/10 dilutions in ddH2O and the 

pH adjusted with concentrated HCl. Stored at 4ºC. 

Trypan blue 0.4% (w/v) trypan blue made up in PBS. Stored at 

room temperature. 

Trypsin 1 x working solution prepared by diluting 1/10 in 

versene. 

Versene 154 mM NaCl, 0.5 mM EDTA made up in ddH2O, 

pH 7.4. Autoclaved and stored at room     

temperature. 

Western transfer buffer 

 

25 mM Tris, 192 mM glycine, 20% methanol 

made up in ddH2O freshly on a regular basis. 

Stored at 4ºC. 

Whole cell lysis (WCL) buffer 400 mM KCl, 50 mM HEPES pH7.3, 1.5 mM 

Na2EDTA pH 8, 13% glycerol, 0.1 mM 

NaVanadate, 20 mM NaF, 10 mM NaMolybdate 

made up in sterile ddH2O. Just before use the 

following protease inhibitors are added: 0.5 

mg/mL bacitracin, 5 ng/mL aprotinin, 0.23 mM 

PMSF, 5 ng/mL leupeptine, 5 ng/mL pepstatin A, 

5 ng/mL antipain and 5 mM benzamidine. 
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Table 2.2. Mammalian, Bacterial and Yeast Culture Media  

 

Medium Recipe and Preparation. 

DMEM (Dulbeccos 

Modification of 

Eagles Medium) and 

phenol red free 

(PRF) DMEM 

Purchased DMEM powder (with 4.5 g/L glucose, sodium 

pyruvate and L-glutamine) dissolved in ddH2O and 

supplemented with 45 mM NaHCO3 and 20 mM HEPES. Final 

solution pH to 7.4. Filter sterilised. 5% or 10% fetal bovine 

serum and 100 units/mL penicillin/10 μg/mL streptomycin added 

before use. 

DMEM/ F12 (PRF) Purchased DMEM/F12 1:1 medium (with L-glutamine and 

pyridoxine HCl, without phenol red) supplemented with 6 ng/mL 

insulin, 1% heat inactivated/charcoal stripped fetal bovine serum 

and 100 units/mL penicillin/10μg/mL streptomycin added before 

use. 

LB 1% (w/v) Bacto™ yeast extract, 0.5% (w/v) Bacto™ tryptone, 

85.5 mM NaCl made up in ddH2O and autoclaved. Stored at 

room temperature. 

LB agar plates were prepared by the addition of 15 g/L Bacto™ 

agar. Once the autoclaved media was cooled the appropriate 

selection antibiotic was added at a final concentration of 100 

µg/mL. 

SOC 0.5% (w/v) Bacto™ yeast extract, 2% (w/v) Bacto™ tryptone, 10 

mM NaCl made up in ddH2O and autoclaved). Stored at 4ºC. 

Prior to use 2.5 mM KCl, 10 mM MgCl2 and 20 mM glucose 

was added and the media filter sterilized (0.42 µm). Short term 

storage at room temperature. 

YAPD 1% (w/v) Bacto™ yeast extract, 2% (w/v) Bacto™ tryptone and 

0.1 mg/mL adenine hemisulphate made up in ddH2O and 

autoclaved. Two percent D-glucose (filter sterilised) is added 

before use from a 20% D-glucose stock. YAPD agar plates were 

prepared by the addition of 15 g/L Bacto™ agar in the autoclaved 

mix. Again 2% D-glucose is added immediately before plates are 

poured. 

Yeast drop-out 

medium 

0.14% (w/v) SC supplement mixture (-histidine, -leucine,  

-tryptophan, -uracil), 0.67% yeast nitrogen base w/o amino acids 

and 2% D-glucose. The following amino acids were added 

according to the selection medium required: 0.2 mg/mL L-

leucine (SC-HUW medium), 0.1 mg/mL L-histidine (SC-UWL), 

0.1 mg/mL L-tryptophan (SC-HUL), or a combination of two 

amino acids (SC-UW, SC-UL). Solutions were made up in 

ddH2O, filter sterilised (0.22 µm) into sterile bottles and stored at 

4ºC. Yeast drop-out agar plates were made by adding the filtered 

medium to autoclaved 16 g/L Bacto™ agar in ddH2O. 

2 x YT 1% (w/v) Bacto™ yeast extract, 1.6% (w/v) Bacto™ tryptone, 

85.5 mM NaCl made up in ddH2O and autoclaved. Stored at 

room temperature. 2 x YT agar plates were prepared by the 

addition of 15 g/L Bacto™ agar. Once the autoclaved media was 

cooled the appropriate selection antibiotic was added at a final 

concentration of 100 µg/mL. 
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Table 2.3. Reagents 

 

Reagent Company of Purchase 

Acetic acid glacial Ajax Finechem 

Acrylamide (30% Acrylamide/Bis Solution, 

29:1) 

Bio-Rad Laboratories 

Agarose Promega 

Alkaline phosphatase, calf intestinal Promega 

Amino acids: L-Histidine, L-Leucine Sigma 

Ammonium persulphate Sigma 

Ampicillin Sigma 

Antipain dihydrochloride Sigma 

Aprotinin Sigma 

Bacitracin Sigma 

Bacto
™

- agar, tryptone, yeast extract Becton Dickinson 

BCA
™

 Protein Assay kit Pierce 

Benzamidine (hydrochloride:hydrate) Sigma 

BigDye Terminator version 3.1 PerkinElmer 

Bleach White King (Sara Lee) 

Bromophenol blue Hopkin & Williams 

Bovine serum albumin Albumin Standard (2 mg/mL in 

PBS) taken from BCA
™

 Protein 

Assay Kit  - Pierce 

CellTiter-Glo
®
 Luminescent Cell Viability 

Assay 

Promega 

Coomassie Brilliant Blue R-250 Sigma 

Dako EnVision™+ System, Peroxidase (DAB) 

mouse kit 

Dako 

Deoxycorticosterone (Price et al.) Sigma 

Deoxynucleotide triphosphates (dNTPs) Promega 

DePAX mounting medium BDH Chemicals 

Dimethylsulphoxide (DMSO) BDH Chemicals 

Dithiothreitol (DTT) Sigma 

DNA 1 Kb ladder Invitrogen 

DMEM, powder (and PFR DMEM) Thermo Electron Company 

DMEM/F12 Thermo Electron Company 

DMSO (Dimethyl sulphoxide) Biolab 

Doxycycline hyclate Sigma 

ECL (Western Lightning
™

 

Chemiluminescence Reagent Plus) 

PerkinElmer 

EDTA (Na2EDTA) BDH Chemicals 

17α-Estradiol Sigma 

17β-Estradiol Sigma 
3
H-Estradiol ([2,4,6,7-

3
H]Oestradiol) Amersham Biosciences 
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Table 2.3. Reagents cont… 

 

Ethanol (absolute and 95% (v/v)) Biolab 

Ethidium bromide Sigma 

Expand High Fidelity PCR System Roche 

Fetal bovine serum (FBS) Invitrogen 

Fetal bovine serum, charcoal stripped (CS 

FBS) 

Thermo Electron Corp 

G418 (disulfate salt, cell culture tested) Sigma 

Gal-Screen


 System (Tropix


) Applied Biosystems 

Genistein Sigma 

Glass beads, acid washed Sigma 

D-(+)-glucose  Sigma 

Glycerol Ajax Finechem 

Glycine, Electrophoresis Grade MP Biomedicals, Inc. 

Goat serum Sigma 

HEPES Sigma 

Hydrochloric acid (32% (v/v)) Ajax Finechem 

Hygromycin B Sigma 

Hybond
™

-C super nitrocellulose membrane Amersham 

Hyperfilm
™

 ECL Amersham 

Isopropylthio-β-D-galactoside (IPTG) Promega 

Kanamycin sulphate Sigma 

Leupeptin Sigma 

Lipofectamine
™

 2000 Reagent Invitrogen 

Lithium acetate (dihydrate) Sigma 

Liquid nitrogen BOC gases 

Luciferase Assay Substrate Promega 

Magnesium chloride BDH Chemicals 

Magnesium sulphate (heptahydrate) BDH Chemicals 

Mayer’s haematoxylin Sigma 

β-Mercaptoethanol (2-Mercaptoethanol) Sigma 

Methanol Biolab 

Opti-MEM
®

 Invitrogen 

OptiPhase ‘HiSafe’ 2 scintillation cocktail PerkinElmer 

PEG Sigma 

Penicillin-Streptomycin (cell culture tested) Sigma 

Pepstatin A Sigma 

Phenylmethylsulfonyl Fluoride (PMSF) Roche 

Ponceau S George T. Gurr Ltd. 

Precision Plus Protein
™

 Dual Color Standards Bio-Rad 

Protein low molecular weight markers (LMW) Amersham Biosciences 

Qiagen PCR cloning kit Qiagen 

QIAquick PCR purification kit  Qiagen 
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Table 2.3. Reagents cont… 

QuikChange Site-Directed Mutagenesis Kit  Stratagene 

Reporter Lysis Buffer (5x) Promega 

Restriction enzymes: BamHI, ClaI, EcoRI, 

HindIII, NotI, SalI, XhoI 

Promega 

 

Restriction enzymes: SphI New England Biolabs 

Salmon sperm DNA Sigma 

SC-His-Leu-Trp-Ura complete quadruple 

drop-out medium 

Q-BIO gene 

Skim milk powder Diploma (Bonland Dairies Pty Ltd) 

Sodium acetate BDH Chemicals 

Sodium chloride BDH Chemicals 

Sodium dodecyl sulphate (SDS) MP Biomedicals, Inc. 

Sodium fluoride Ajax Chemicals 

Sodium molybdate BDH AnalaR
®
 or Merck 

Sodium vanadate Sigma 

T4 DNA ligase Promega and Invitrogen 

Taq DNA polymerase Promega 

N,N,N,N-tetramethylethylenediamine 

(TEMED) 

Sigma 

Tetracycline hydrochloride Sigma 

Triton X-100 Roche 

Trizma
®
 base (Tris) Sigma 

Trypsin SAFC Biosciences 

TWEEN
®
 20 Sigma 

Urea Sigma 

Xylene cyanole FF Sigma 

Yeast nitrogen base w/o amino acids (Difco
™

) Becton Dickinson 
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Table 2.4. Instruments and Equipment 

 

Instruments and Equipment Company of Purchase 

Cell scrapers, 25 cm Sarstedt 

Centrifuges: 

IEC Micromax Microcentrifuge and Sorvall 

RC-3 Automatic Refrigerated Centrifuge 

 

 

Thermo Electron Company  

Cloning discs, 3 mm Sigma 

DNA electrophoresis mini-sub DNA tank Bio-Rad 

DNA Thermocyclers: 

PerkinElmer DNA Thermal Cycler  

PTC-100™ Programmable Thermal Controller  

 

PerkinElmer 

MJ Research Inc. 

FACS Vantage Cytometer Becton Dickinson 

Film Developer, Agfa CP1000 Agfa 

Julabo Shaking Waterbath, SW22 Julabo 

Microscopes: Olympus IMT-2 

                       Nikon Labophot 

                       Zeiss 

Olympus Optical Co. Ltd. 

Nikon 

Carl Zeiss, Inc. 

Millex
®
 syringe driven filter units: 0.22 μm 

and 0.45 μm 

Millipore Corp. 

Mini-PROTEAN
®
 II Dual Slab Cell  Bio-Rad 

Mini Tans-Blot
®
 Electrophoretic Transfer Cell Bio-Rad 

Needles: 19G  

               25G 

Becton Dickinson 

Terumo Corp. 

OptiPlate™, white 96-well plate PerkinElmer 

Pipettes, disposable 10 , 25 mL Sarstedt 

POLARstar OPTIMA plate reader BMG Labtechnologies 

Pony vial
™ 

H/I, polyethylene Packard Bioscience 

Rackbeta Liquid Scintillation Counter, Model 

1215 

LKB Wallac 

Scanner Hewlett Packard 

Slides, Menzel SuperFrost Menzel-Glaser 

Syringes (1, 10, 20, 50 mL) Becton Dickinson 

Tissue culture flasks: 25 and 75 cm
2
, 

polystyrene, canted neck, PE vented cap, non-

pyrogenic  

Sarstedt 

Tissue culture plates: 6- and 96-well  

                                   12-well  

                                   24-well  

                                   10cm plate 

Sarstedt 

Costar 

Becton Dickinson 

Sarstedt 

Tissue culture incubators:  

Forma Scientific   

HERA cell 150 

 

Forma Scientific   

Thermo Electron Corp. 

Transparency film 3M Visual Systems Division 

TopSeal™-A Press-On Adhesive Sealing Film PerkinElmer 

Varian Spectrophotometer Series 634 Varian Technologies 

Whatman
®
 Chromatography paper Whatman

®
 International Ltd.  
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Table 2.5. Commercial Sources 

 

Company Address 

Agfa Mortsel, Belgium 

Ajax Finechem NSW, Australia 

Amersham Biosciences, GE Healthcare Buckinghamshire, UK 

Applied Biosystems MA, USA 

BD Biosciences Clontech CA, USA 

BDH Chemicals Vic, Australia  

Becton Dickinson  CA, USA 

Biolab Vic, Australia 

Bio-Rad Laboratories CA, USA 

BMG Labtechnologies Offenburg, Germany 

BOC gases WA, Australia 

Bonland Dairies Pty Ltd Vic, Australia 

Carl Zeiss, Inc. USA 

Costar MA, USA 

Dako Glostrup, Denmark 

Dharmacon CO, USA 

Forma Scientific   MA, USA 

GE Healthcare BioSciences AB Buckinghamshire, UK 

George T. Gurr Ltd. London, England 

Hewlett Packard IL, USA 

Hopkin & Williams Essex, England 

Imgenex CA, USA 

Invitrogen CA, USA 

Julabo Seelbach, Germany 

LKB Wallac Turku, Finland 

3M Visual Systems Division TX, USA 

Menzel-Glaser Braunschweig, Germany 

Millipore Corp. MA, USA 

MJ Research Inc. (Bio-Rad) MA, USA 

MP Biomedicals, Inc. OH, USA 

New England Biolabs, Inc MA, USA 

Nikon Japan 

Novagen WI, USA 

OligoEngine WA, USA 

Olympus Optical Co. Ltd. Japan 

Packard Bioscience Groningen, Netherlands 

PerkinElmer Life Sciences MA, USA 

Pierce Biotechnology IL, USA 

Promega Corporation Wisconsin, USA 

Q-BIO gene CA, USA 

Qiagen Hilden, Germany 

Roche Diagnostics Corporation IN, USA 

SAFC Biosciences KS, USA 

Santa Cruz Biotechnology CA, USA 
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Table 2.5. Commercial Sources cont… 

 

Sara Lee NSW, Australia 

Sarstedt NC, USA 

Sigma Chemical Company (Sigma-

Aldrich) 

MO, USA 

Starna Pty Ltd NSW, Australia 

Stratagene CA, USA 

Terumo Corporation Tokyo, Japan 

Thermo Electron Company Vic, Australia 

Varian Technologies CA, USA 

Whatman
®
 International Ltd.  Maidstone, England 

 

 

 

Table 2.6. Plasmids 

Many of the plasmids used in the yeast assays (Chapter 3) were generously provided 

by Professor David Smith, Department of Biochemistry and Molecular Biology, Mayo 

Clinic Scottsdale, AZ, USA. The original sources of these plasmids are provided in 

the table below. Plasmids listed in bold were constructed as part of this PhD study. 

 

Plasmid Description Source 

pG/ERα 

p424TEF 

p424ADH 

p424CYC1 

 

p424TEF/ERα 

p424ADH/ERα 

p424CYC1/ERα 

 

Yeast expression 

plasmids with uracil 

marker, containing full 

length human estrogen 

receptor α. Each 

contains a different 

promoter which 

expresses the cloned 

DNA at differential 

rates.  

pG/ERα 

(Liu and Picard, 

1998) 

p424TEF, 

p424ADH, 

p424CYC1 

(Mumberg et al., 

1995) 

p423GPD 

p423GPD/hFKBP52 

p423GPD/hFKBP51 

p423GPD/hPP5  

 

p423GPD/hCyP40 

 

Yeast expression 

plasmid with leucine 

marker. 

Provided by 

Professor David 

Smith 

(Mumberg et al., 

1995; Riggs et al., 

2003) 
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pUCΔSS-26X 

pUCΔSS-ERE 

 

Galactosidase reporter 

plasmid with 

tryptophan marker and 

containing the 

glucocorticoid response 

element (28X) or 

estrogen response 

element (ERE). 

pUCΔSS-26X 

(Louvion et al., 

1996) 

pUCΔSS-ERE 

(Picard et al., 

1990) 

pG/N795 

 

pG/rGR P559A 

pG/rGR P571A 

pG/rGR P643A 

pG/rGR P768A 

pG/rGR F767A 

Yeast expression 

plasmid with uracil 

marker, containing full 

length rat 

glucocorticoid receptor 

(N795).  

 

pG/N795 

(Schena and 

Yamamoto, 1988) 

pSuperior.retro.neo+gfp-CyP40-2 

pSuperior.retro.neo+gfp-CyP40-3 

pSuperior.retro.neo+gfp-CyP40scr 

pSuperior.retro.neo+gfp-FKBP4_3 

pSuperior.retro.neo+gfp-FKBP4_4 

pSuperior.retro.neo+gfp-

FKBP52scr 

RNAi plasmid with 

neomycin marker and 

GFP expression, 

inserted with short 

hairpin-loop sequences 

of hCyP40 or 

hFKBP52. 

OligoEngine 

pTet-Off 

pTRE2luc 

pTRE2hyg 

 

pTRE2hyg/FLAGhCyP40 

Mammalian expression 

plasmids comprising 

Clontech’s Tet-Off 

system. The cloning of 

FLAG-tagged human 

CyP40 into pTRE2 hyg 

was performed as part 

of this PhD. 

BD Biosciences 

Clontech 

pERE-TKluc  

pC3-T1luc 

Luciferase reporter 

plasmid containing 

inserted ERE 

sequences. 

Provided by Dr. 

Donald 

McDonnell 

(Tzukerman et al., 

1994; Norris et 

al., 1999). 

pcDNA3.1(+) 

pcDNA3.1(+)/hERα 

Mammalian expression 

plasmid with neomycin 

marker. 

Invitrogen 

pCH110 β-galactoside reporter 

plasmid. 

Amersham 

Biosciences 

 

 

 

 

 



Chapter 2 

_____________________________________________                Materials and Methods          
_____________________________________________ 

 

__________________________________________________________           50       
__________________________________________________________

 

Table 2.7. Primary and Secondary Antibodies 

 

1° Antibody Target Type Source 

HC-20 Estrogen receptor α 
Rabbit 

polyclonal 

Santa Cruz  

Biotechnology 

H-300 
Glucocorticoid 

receptor 

Rabbit 

polyclonal 

Santa Cruz  

Biotechnology 

KM1166 

KM1175 
CyP40 

Mouse 

monoclonal 

Provided by J. Ikeda 

(Yokoi et al., 1996). 

Hi52c 

Hi51 

FKBP52 

FKBP51 

Mouse 

monoclonal 

Provided by Professor 

David Smith (Nair et 

al., 1997). 

PP5/PPT PP5 
Rabbit 

polyclonal 
BD Biosciences 

anti-L3 
Ribosomal subunit 

L3 

Mouse 

monoclonal 

Provided by Dr. 

Jonathon Warner 

(Vilardell and Warner, 

1997). 

anti-α-tubulin α-tubulin 
Mouse 

monoclonal 
Sigma 

2° Antibody    

Goat anti-mouse-

HRP 
Mouse IgG  Sigma 

Goat anti-rabbit-

HRP 
Rabbit IgG  Promega 
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2.2. DNA Techniques 

2.2.1. DNA Preparation 

2.2.1.1. Plasmid Extraction 

Mini- and maxi-preparations of DNA were performed using kits based on the alkaline 

lysis protocol. For mini-preparations of DNA the Wizard Plus SV Miniprep DNA 

Purification System Kit (Promega) was used. Single, isolated colonies were inoculated 

into 5 mL of bacterial culture medium containing the appropriate antibiotic and grown 

overnight for 16-18 hours at 37ºC with vigorous shaking. Bacterial culture (3 mL 

total) was transferred to an eppendorf tube, spun down and processed according to kit 

instructions. Purified DNA was eluted in 100 µL sterile ddH2O.  

 

All DNA used in mammalian cell transfection work was prepared using Maxi-

preparations to allow the accurate quantitation of DNA. Maxi-preparations of DNA 

were performed using the Qiagen Maxiprep Kit. Single, isolated colonies were 

inoculated into 5 mL of bacterial culture medium containing the appropriate antibiotic 

and grown 4-6 hours at 37ºC with vigorous shaking. The bacterial culture was then 

diluted 1 in 1000 in 100 mL of fresh bacterial medium containing the appropriate 

antibiotic and grown overnight for 16-18 hours at 37ºC with vigorous shaking. The 

bacterial culture was processed according to kit instructions. DNA pellets were 

resuspended in 200 µL sterile ddH2O and quantitated by spectrophotometric analysis 

(section 2.2.3.1.).  

 

2.2.1.2. Polymerase Chain Reaction (PCR) 

PCR reactions were used to generate DNA constructs and to screen bacterial 

transformants. The following general protocols were used unless otherwise noted. 

PCR reactions used to generate DNA constructs were performed using Expand High 

Fidelity PCR System reagents (Roche) and generally contained the following 

components:  1 x reaction buffer, 200 µM dNTPs, 1.5 mM MgCl2, 150 ng of both 

sense and antisense oligonucleotide primers and 3.5 units of Expand High Fidelity 

enzyme mix, all made up to a final volume of 50 µL with sterile ddH2O. One µL of 

DNA template or sterile ddH2O (negative control) was added to the reaction. 
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PCR reactions used to screen bacterial transformants were performed using Taq DNA 

polymerase reagents and generally contained the following components:  1 x reaction 

buffer, 200 µM dNTPs, 1.5 mM MgCl2, 125 ng of both sense and antisense 

oligonucleotide primers and 1 unit Taq DNA polymerase, all made up to a final 

volume of 25 µL with sterile ddH2O. Individual reactions were inoculated with a 

single bacterial colony. Sterile ddH2O or an appropriate DNA template containing the 

sequence of interest were used as negative and positive controls respectively. 

 

PCR cycling was performed using a DNA thermocycler. Reactions were heated to 

95ºC for 2 minutes as an initial denaturation step. Reactions were then cycled through 

95ºC for 45 seconds denaturation, 50ºC for 45 seconds annealing and 72ºC for 2 

minutes elongation steps for 35 cycles followed by a final 72ºC for 5 minutes 

elongation step. Reactions were then cooled to 4ºC. 

 

2.2.1.3. Agarose Gel Extraction of DNA Fragments 

Agarose gel extractions were performed to extract and purify DNA fragments from 

PCR reactions or restriction enzyme digests and performed using the QIAEX II 

Agarose Gel Extraction kit (Qiagen). The kit protocol is based on agarose 

solubilisation and the selective adsorption of nucleic acids to silica-gel particles. DNA 

was eluted in 20 µL sterile ddH2O. 

 

2.2.1.4. DNA Purification 

DNA purification was performed following restriction enzyme digests and 

dephosphorylation reactions. Using a QIAquick PCR purification kit (Qiagen) DNA 

was purified using a column technique where DNA is adsorbed onto a silica 

membrane in high salt conditions allowing contaminants to pass through the column. 

DNA was eluted in 30 – 50 µL sterile ddH2O. 

 

2.2.2. DNA Modifications 

2.2.2.1. Restriction Enzyme Digestion 

Restriction enzyme digests were performed in 20 - 50 µL reactions containing 1 x 

reaction buffer, 1.5 – 5 µg DNA and 10 - 20 units of enzyme. Reactions were 

incubated for 2 – 18 hours at 37ºC and then placed at 4ºC until ready to use. Digests 
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requiring two different restriction enzymes were performed simultaneously using a 

mutually compatible reaction buffer. 

 

2.2.2.2. Ligations 

DNA ligations were performed using T4 DNA ligase (Promega) in 10 µL reactions 

containing 1 x reaction buffer, 3 units of T4 ligase and a vector:insert molar ratio of 

1:3. Control ligations, where insert DNA was excluded, were run alongside all test 

ligations. Reactions were incubated at 15ºC overnight and then transformed into 

competent bacterial cells.  

 

Ligation of PCR products to the pDrive cloning vector (Qiagen PCR cloning kit) was 

performed according to the manufacturer’s instructions. Four µL (300-400 ng) of 

DNA was added to 1 µL (50 ng) pDrive and 5 µL of the 2 x master mix containing all 

the required reagents. Reactions were incubated at 15ºC overnight and then 

transformed into competent bacterial cells. 

 

2.2.2.3. Dephosphorylation of 5’-Ends 

Dephosphorylation of 5’–ends was carried out on vectors cut with only one restriction 

enzyme to avoid self religation. Reactions were performed in 50 µL volumes 

containing 1 x reaction buffer, 4 – 5 µg DNA and 2 units of alkaline phosphatase (calf 

intestinal phosphatase, Promega). Reactions were incubated at 37ºC for 1 hour and the 

reaction terminated by incubation at 75ºC for 10 minutes. 

 

2.2.3. Analytical Procedures 

2.2.3.1. Quantitation of DNA  

DNA was quantitated by spectrophotometric analysis using a Varian 

spectrophotometer. DNA was diluted with sterile ddH2O and placed in a quartz 

cuvette where the absorbance was measured at the ultraviolet wavelength of 260 nm. 

A reading at the wavelength 280 nm was also taken to measure the purity of the DNA 

preparation. An OD260/OD280 value of ≥1.8 indicated a pure DNA preparation. 
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2.2.3.2. Agarose Gel Electrophoresis  

DNA was routinely run on 1% (w/v) agarose dissolved in 1 x TAE buffer and 

containing 0.4 μg/mL ethidium bromide for DNA visualisation. A  DNA 1 Kb ladder 

was run alongside the DNA samples for size determination. Gels were electrophoresed 

in a DNA electrophoresis mini-sub DNA tank (Bio-Rad) in 1 x TAE buffer at 100 

volts (V). DNA bands were visualised on a UV transilluminator and photographed 

using a IBI Quick Shooter Polaroid camera. 

 

2.2.3.3. DNA Sequencing 

DNA sequencing was performed on DNA cloned into plasmids. Sequencing reactions 

generally contained the following components:  300 - 400 µg DNA, 25 ng 

oligonucleotide primer and 2 µL of BigDye Terminator version 3.1 mix (PerkinElmer) 

all made up to a final volume of 10 µL with sterile ddH2O. Reactions first underwent a 

PCR step where they were cycled through 95ºC for 30 seconds denaturation, 49ºC for 

15 seconds annealing and 59ºC for 4 minutes elongation for 25 cycles and then cooled 

to 4ºC. DNA was then precipitated and purified using sodium acetate and ethanol. 

Each PCR reaction was made up to a final volume of 20 μL with sodium acetate (85 

mM final concentration), absolute ethanol (70% (v/v)) and sterile ddH2O. The 

reactions were incubated at room temperature for 15 minutes and then spun down at 

14,000 rpm (IEC Micromax Microcentrifuge) for 30 minutes and the supernatant 

removed. The DNA pellet was then washed with 70% ethanol, spun down at 7,500 

rpm for 10 minutes and the supernatant removed. The pellet was then dried in a 

desiccator for 30 minutes. Samples were processed by the Department of Clinical 

Immunology, Royal Perth Hospital using an ABI Prism 3730 48 capillary sequencer. 

Results were analysed using the Chromas program (version 1.45) to view the 

chromatograms and the Align program to check the accuracy of sequences. 

 

2.2.4. Bacterial Cell Procedures 

2.2.4.1. Maintenance of Bacterial Cells 

Bacteria clones were inoculated from single colonies and propagated in 2 x YT or LB 

medium. Selection antibiotics including ampicillin and kanamycin were added to 

medium and agar plates at a final concentration of 100 μg/mL. Cultures were 

incubated overnight at 37ºC with vigorous shaking. For long term storage, bacterial 
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clones were routinely frozen down. An aliquot of overnight bacterial culture was 

mixed with a final concentration of 20% glycerol and snap frozen in liquid nitrogen. 

Frozen stocks were then stored at -70ºC.  

 

2.2.4.2. Preparation of Competent Cells 

The Escherichia coli (E. coli) strain XL1 Blue was routinely used as competent 

bacterial cells. An overnight culture was prepared by inoculating a single bacterial 

colony into 10 mL 2 x YT medium containing 50 μg/mL tetracycline and incubating 

overnight at 37ºC with vigorous shaking. Five mL of the overnight culture was 

inoculated into 500 mL 2 x YT medium and incubated for a further 3 to 4 hours until 

the OD600 was between 0.5 and 0.7 units. The culture was spun down at 4,000 rpm 

(Sorvall RC-3 Automatic Refrigerated Centrifuge) for 20 minutes at 4°C and the 

bacterial pellet resuspended in 50 mL ice-cold 100 mM MgCl2 and left on ice for 20 

minutes. The resuspended pellet was then spun down again and the pellet gently 

resuspended in 50 mL ice-cold 100 mM CaCl2 and left on ice for 20 minutes. Finally, 

the resuspended pellet was spun down and the pellet resuspended in 22 mL ice-cold 

100 mM CaCl2 containing 14% (v/v) glycerol. The final bacterial resuspension was 

aliquoted out in small volumes into eppendorf tubes, snap frozen in liquid nitrogen 

and stored at -70ºC. 

 

2.2.4.3. Transformation 

Bacterial transformations were performed using the heat-shock technique. An aliquot 

(50-200 μL) of the competent bacterial cells, XL1 Blue, was added to the DNA and 

the mixture left on ice for 20 minutes. The transformation mixture was then heat-

shocked by incubating at 42ºC for 90 seconds and then immediately placed back on 

ice for 2 minutes. Growth medium was added to the transformation mixture and the 

culture incubated at 37ºC for 1 hour with shaking. For the transformation of DNA that 

had been ligated for cloning purposes the culture was then spun down and the 

bacterial pellet resuspended in 200 μL growth medium which was plated onto the 

appropriate antibiotic selection agar plate. For the transformation of other DNA a 

small aliquot of the incubated culture was plated directly onto the appropriate 

antibiotic selection agar plate with additional growth medium. Individual bacterial 
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colonies were screened for the presence of recombinant plasmid using PCR (see 

section 2.2.1.2.). 

 

2.2.5. Protein Procedures 

2.2.5.1. Protein Quantitation 

2.2.5.1.1. Bradford Assay 

Protein was quantitated using the colorimetric Bradford assay. The protein samples 

were diluted in the appropriate buffer. Serial dilutions of bovine serum albumin (BSA) 

were performed in the same buffer to create the standard curve of the assay. 

Generally, BSA concentrations of 15 μg/mL to 1 mg/mL were used. The Bradford 

reagent was freshly filtered and left to come to room temperature. Ten μL of sample 

or BSA standard was added to 1 mL Bradford reagent and the solution mixed by 

gentle inversion. The protein was then quantitated using a Varian spectrophotometer 

with glass cuvettes and measuring the absorbance at 595 nm. The concentrations of 

the protein preparations were extrapolated using the BSA standard curve. 

 

2.2.5.1.2. BCA Assay 

The BCA
™

 (Bicinchoninic acid) Protein Assay (Pierce) is an alternative colorimetric 

assay and was used where protein recovery was low and a more sensitive analysis was 

required. As for the Bradford assay the protein samples were diluted in the appropriate 

buffer and serial dilutions of BSA performed in the same buffer to create the standard 

curve of the assay. The BCA reagent was made up by combining 50 parts Reagent A 

to 1 part Reagent B according to the manufacturer’s instructions. Fifty μL of sample 

or BSA standard was added to 1 mL BCA reagent and the solution incubated at 60°C 

for 30 minutes. Once the samples had come to room temperature the protein was 

quantitated using a Varian spectrophotometer using glass cuvettes and measuring the 

absorbance at 562 nm. The concentration of the protein preparations were extrapolated 

using the BSA standard curve. 

 

2.2.5.2. Protein Visualisation  

Protein samples were run through SDS polyacrylamide gels (SDS-PAGE) and 

visualised with Coomassie Brilliant Blue R-250 stain or transferred onto a 

nitrocellulose membrane for subsequent Western analysis. 
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2.2.5.2.1. Sample Preparation 

Protein samples were combined with either a 2 x or 6 x SDS-PAGE loading buffer 

and boiled for 10 minutes. Samples were then spun down and immediately loaded 

onto the gel. A protein standard (Bio-Rad Precision Plus Protein
™

 Dual Color 

Standard or Amersham protein low molecular weight marker) was run alongside the 

protein samples for size determination. 

 

2.2.5.2.2. Preparation of Gels and Electrophoresis 

Gels were prepared and run on a Mini-PROTEAN
®
 II Dual Slab Cell (Bio-Rad). The 

separating gel was prepared with 1 x separating buffer, 10 or 12.5% acrylamide, 

0.03% APS and 0.1% TEMED made up in ddH2O to a final volume of 7.5 mL. 

Following the addition of the APS and TEMED the gel was immediately poured into 

the gel cast and a small layer of ddH2O placed over the separating gel to prevent 

evaporation. The gel was left to set for 45 minutes. The stacking gel was prepared 

with 1 x stacking buffer, 4% acrylamide, 0.1% APS and 0.1% TEMED made up in 

ddH2O to a final volume of 3.5 mL. Following the addition of the APS and TEMED 

the stacking gel was poured immediately into the gel cast, overlaying the separating 

gel, and a comb inserted. The stacking gel was left to set for 1 hour at room 

temperature. Proteins were electrophoresed in 1 x SDS-PAGE running buffer freshly 

prepared in ddH2O through the stacking gel at 80 V and then through the separating 

gel at 180 V. 

 

2.2.5.2.3. Coomassie Staining and Destaining of Gels 

Gels were fully immersed and incubated with Coomassie Brilliant Blue R-250 stain 

for 20 minutes at room temperature with a gentle rocking. Gels were then washed with 

small volumes of Coomassie destain solution to remove the bulk of excess Coomassie 

before being fully immersed in destain solution and incubated with gentle rocking. 

Gels were left in destain solution until bands were visible and background staining 

was minimal. 

 

 

 

 



Chapter 2 

_____________________________________________                Materials and Methods          
_____________________________________________ 

 

__________________________________________________________           58       
__________________________________________________________

 

2.2.5.2.4. Western Analysis 

2.2.5.2.4.1. Protein Transfer to a Nitrocellulose Membrane 

For Western analysis, protein was transferred from the gel to a Hybond
™

-C super 

nitrocellulose membrane (Amersham). Using a Mini Tans-Blot
®
 Electrophoretic 

Transfer Cell (Bio-Rad) the protein was transferred using a cassetting system where 

the gel and membrane were sandwiched together between layers of Whatman® 

chromatography paper and fibre pads either side. The cassetted gel and membrane 

were placed in a tank filled with transfer buffer and electrophoresed at 30 V and 4°C 

overnight. Ponceau stain was used to visualise the successful transfer of protein onto 

the nitrocellulose membrane. The membrane was immersed in Ponceau stain and left 

to incubate for 5 minutes at room temperature with gentle rocking. The membrane was 

then rinsed in ddH2O until the protein banding pattern could be discerned.  

 

2.2.5.2.4.2. Immunoblotting 

Following protein visualisation using a Ponceau stain, the nitrocellulose membrane 

was incubated in freshly prepared blocking buffer (1 x TBS-T pH 7.8, 5% skim milk) 

for 1 hour at room temperature. The membrane was then incubated with primary 

antibody diluted in blocking buffer for 1 to 2 hours at room temperature. The primary 

antibody solution was then decanted and the membrane quickly rinsed with a small 

volume of blocking buffer followed by 3 x 10 minute washes in blocking buffer. The 

membrane was then incubated with the appropriate horse-radish peroxidase (HRP)-

conjugated secondary antibody diluted in blocking buffer for 1 hour at room 

temperature. The secondary antibody solution was then decanted and the membrane 

quickly rinsed with a small volume of 1x TBS-T followed by 3 x 10 minute washes in 

1x TBS-T (pH 7.8). 

 

For visualisation of the immunostained protein the membrane was incubated with 

enhanced chemiluminescence reagent (ECL: Western Lightning
™

 Chemiluminescence 

Reagent Plus, PerkinElmer) which was prepared with equal volumes of enhanced 

luminol reagent and oxidising reagent. The ECL reagent was layered over the 

membrane and following a 1 minute incubation at room temperature the membrane 

was blotted dry between two sheets of Whatman® chromatography paper and placed 

between two sheets of transparency film (3M) within a film cassette. A single sheet of 
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film (Hyperfilm™ ECL, Amersham) was exposed to the membrane for 10 and 30 

seconds, and 1 and 10 minutes. The film was immediately processed in an Agfa 

CP1000 film developer. Western images were scanned (Hewlett Packard scanner) for 

densitometric analysis and permanent record. 

 

2.2.6. Mammalian Cell Culture Procedures 

2.2.6.1. Mammalian Cell Culture Maintenance 

Mammalian cell lines were maintained in culture medium DMEM supplemented with 

5% or 10% fetal bovine serum and 100 units/mL penicillin/10 μg/mL streptomycin, 

which was routinely changed every 2 or 3 days. Cells were incubated at 37°C with 5% 

CO2.  

 

Cells were resuscitated by rapidly thawing the cryotube in a 37°C waterbath. The cell 

suspension was then placed immediately into warmed culture medium within a 25 cm
2
 

polystyrene canted neck flask. 

 

Cells were typically grown in a 75 cm
2
 flask and trypsinised and split before ~90% 

confluency was reached. The medium was first aspirated and the cells gently washed 

with 5 mL PBS. The PBS was then aspirated and 1.5 mL 1 x trypsin, warmed to 37°C, 

layered over the cells which were then incubated at 37°C for 5 minutes. Trypsin was 

neutralised with 3.5 mL medium and the cell suspension collected into a 15 mL tube. 

The cells were spun down at 1,500 rpm for 1 minute at room temperature and the 

supernatant aspirated. The cell pellet was resuspended in 5 mL fresh medium and a 

small volume of this was transferred to a new flask. 

 

To freeze down aliquots of cells, the cells were trypsinised as described above. Once 

spun down the cell pellets were resuspended in a volume of freezing medium (culture 

medium with 25% fetal bovine serum and 10% DMSO) and aliquoted into cryotubes. 

The cryotubes were placed in a polystyrene rack and placed at -20°C for 1 hour. The 

cells were then transferred to -70°C overnight before being placed in liquid nitrogen 

for long-term storage. 
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2.2.6.2. Cell Counting 

Cells were counted using the trypan blue cell viability method. Cells were trypsinised 

as described above.  Once spun down the cell pellets were resuspended in a volume of 

medium and 50 μL of the cell suspension added to 50 μL of 0.4% (w/v) trypan blue 

solution. Cells were counted on a Neubauer chamber and the number of cells per mL 

calculated (average number of cells x dilution factor x 10
4
). 

 

2.2.6.3. Protein Extraction 

Whole cell protein extracts were prepared from mammalian cells. Cells were 

trypsinised as described. The trypsin was neutralised with 3.5 mL chilled PBS.  The 

cells were spun down at 1,500 rpm for 1 minute at room temperature and the 

supernatant aspirated. The cell pellet was then snap-frozen by immersion in liquid 

nitrogen and stored at -70°C. The cell pellets were thawed and resuspended in freshly 

prepared whole cell lysis buffer, the volume dependent on cell number. The lysate was 

sheared through a 25G needle x 10 before being spun down at 14,000 rpm for 30 

minutes at 4°C. The supernatant was collected and quantitated using the Bradford or 

BCA assay (see section 2.2.5.1.). All cell lysates were stored at -70°C. 
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Utilising an In Vivo Yeast Model to Investigate the Role of Individual 

Immunophilins in Ligand-Dependent Steroid Receptor Signalling. 

 

3.1. Introduction 

3.1.1. The Interaction of FKBP52 with the Glucocorticoid Receptor 

Steroid receptor-associated immunophilins contain TPR domains, a protein-protein 

interaction motif, which binds to the terminating C-terminal MEEVD sequence of 

Hsp90 (Scheufler et al., 2000; Brinker et al., 2002). The immunophilins compete for 

binding to Hsp90 (Ratajczak and Carrello, 1996; Silverstein et al., 1997) allowing the 

existence of individual immunophilin-containing receptor heterocomplexes within the 

cell at any given time. As described in Chapter 1 (section 1.5.1.), individual 

immunophilins are preferentially incorporated into specific steroid receptor 

heterocomplexes. Utilising a yeast model the Smith laboratory was able to 

demonstrate the potentiation of rat GR (rGR) transactivation in the presence of 

FKBP52 (Riggs et al., 2003). The potentiation mediated by FKBP52 required both a 

functioning PPIase domain and an intact TPR domain. The requirement of the TPR 

domain suggested that binding to Hsp90 was necessary for the FKBP52-mediated 

effect. It was also found that only the PPIase/FK1 domain of FKBP52 was able to 

potentiate the rGR response to ligand, with the FK1 domain of FKBP51 unable to 

elicit the same degree of activity. The receptor LBD was necessary and specific to that 

of the rGR. Both the ERα and a GR chimera containing the LBD of the ERα failed to 

display potentiation in the presence of FKBP52. The expression of FKBP51 alone 

resulted in only a modest ~2 fold induction of rGR transactivation. When coexpressed 

with FKBP52, FKBP51 was able to attenuate the FKBP52-mediated potentiation of 

rGR, an action not observed with coexpressed PP5. In this model FKBP51 does not 

reduce the transactivation of the rGR activity but simply brings it back to basal level 

when coexpressed with FKBP52.  

 

3.1.2. Cortisol Resistance in New World Animals 

The mechanism of FKBP51 action upon the rGR in the yeast model is unlike that 

observed in New World animals. Cortisol resistance is characterised by high levels of 

circulating corticosteroids and the low ligand-binding affinity of the GR. In the 

Bolivian squirrel monkey cortisol resistance is mediated through the overexpression 
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and incorporation of FKBP51 into the GR heterocomplex (Reynolds et al., 1999). In a 

mechanism not yet understood, squirrel monkey FKBP51 is able to lower the 

hormone-binding affinity of the GR (Denny et al., 2000). Work on the Guyanese 

squirrel monkey GR has found the receptor to display impaired transactivation 

attributed to reduced nuclear translocation (Patel et al., 2000; Her et al., 2005). A 

recent study by the Scammell laboratory has also concluded that the cortisol resistance 

of the squirrel monkey is due to both an impaired GR as well as the overexpression of 

FKBP51 (Westberry et al., 2006).  

 

The guinea pig (a New World hystricomorph) also exhibits cortisol resistance 

attributed to the amino acid changes within the LBD of the guinea pig GR (gpGR). 

The gpGR, when compared to human GR (hGR), contains amino acid changes within 

the N-terminal domain and LBD of the receptor. The DBD sequence remains 

unchanged. The gpGR LBD differs at 24 amino acid residues when compared to the 

hGR (Keightley and Fuller, 1994). Using h/gpGR chimeras in a transactivation assay, 

the altered ligand-binding properties of the gpGR were isolated to the N-terminal end 

of the LBD. This region contains five nonconservative mutations clustered in the loop 

between helices 1 and 3. They include Ile538, His539 and Ser540 followed by Thr545 

and Ser546. When the hGR LBD was mutated to the gpGR sequence at one or more 

of these residues the result was a marked reduction in ligand-binding affinity of the 

receptor. Reciprocal changes to the gpGR resulted in either no change or a small 

increase in ligand-binding affinity (Keightley et al., 1998). The exposed positioning 

and accessibility of the five altered residues led Fuller and coworkers to speculate that 

the cortisol resistance found in the guinea pig is due to an increased association of 

FKBP51 with the gpGR (Fuller et al., 2004). 

 

3.1.3. The Yeast Model 

Saccharomyces cerevisiae contains no endogenous steroid hormone receptors, 

however ectopically expressed mammalian steroid receptors are functional leading to 

ligand-mediated signalling (Schena and Yamamoto, 1988). While the yeast model 

provides a null background for the FK506-binding proteins (FKBP52 and FKBP51), 

there are two CyP40 homologues, Cpr6 and Cpr7. Yeast lacking both Cpr7 (ΔCpr7) 

and Hsc82 (yeast Hsp90 homologue) display severe growth defects. In addition, 
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ΔCpr7 yeast display attenuated GR and ERα transactivation (Duina et al., 1996). Both 

the growth defect and GR transactivation observations are independent of the PPIase 

domain of Cpr7(Duina et al., 1998). Cpr6 and Cpr7 both bind Hsp90 with the same 

affinity. However, while Cpr7 has a PPIase activity approximately 100-fold lower 

than that of Cpr6, Cpr7 displays a higher chaperone activity (Mayr et al., 2000). Yeast 

also contain a PP5 homologue, Ppt1, with a sequence identity of 63% (Chen et al., 

1994). PP5 and Ppt1 share many biochemical and structural features (Jeong et al., 

2003) and Ppt1 has been reported to associate with both Hsc82 and Hsp82 (Gavin et 

al., 2002). An additional role for Ppt1, not yet found in PP5, appears to be the 

regulation of yeast Hsp90 through direct dephosphorylation, requiring the TPR 

domain of Ppt1. Ppt1Δ yeast resulted in hyperphosphorylated Hsp90 which translated 

to reduced GR transactivation, approximately 50% of that seen in wild type yeast 

(Wandinger et al., 2006). Together these studies suggest the role of Ppt1 is similar to 

that of PP5 in terms of its association with the important cellular chaperone Hsp90, 

with perhaps an additional regulatory role for Ppt1. 

 

3.1.4. Aims 

The aims of the work within this chapter were based largely on the hypothesised 

interaction of the PPIase domain of immunophilins with the LBD of steroid receptors 

(Ratajczak et al., 2003; Riggs et al., 2003). The PPIase domain, located within the N-

terminal domain of CyP40, FKBP51 and FKBP52 catalyses the cis-trans 

interconversion of peptide bonds between a proline and the preceding amino acid 

residue. The inclusion of FKBP51 or FKBP52 within the GR heterocomplex has an 

effect on the receptor’s transactivation properties attributed to changes within the 

LBD. The first aim of this work was to establish a yeast model for the role of specific 

immunophilins in ligand-dependent ERα signalling. The use of different estrogenic 

ligands (17β-estradiol, 17α-estradiol and genistein) was used to further define the 

roles of immunophilins in determining ligand specificity of the ERα. The second aim 

was to utilise the established FKBP52-mediated potentiation of rGR to investigate 

which proline(s) within the receptor LBD are targeted by the immunophilin PPIase 

domain. The target proline would be identified by the abolishment of the FKBP52-

mediated potentiation when specific proline residues within the receptor’s LBD were 

mutated. The third and final aim was to employ the gpGR to determine if the loop 
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between helices 1 and 3 within the LBD is an additional FKBP52 contact point and is 

responsible for the cortisol resistance seen in guinea pigs. 

 

 

3.2. Material and Methods 

3.2.1. Yeast Strains and Expression Plasmids  

The following materials were supplied by Professor David Smith, Department of 

Biochemistry and Molecular Biology, Mayo Clinic, Scottsdale, AZ, USA. The yeast 

expression plasmids pG/ERα (expressing the full length human ERα), pG/N795 

(expressing the full length rGR), the p423GPD plasmids expressing the individual 

human immunophilins (FKBP51, FKBP52 and PP5) and the lacZ reporter plasmids 

pUCΔSS-ERE and pUCΔSS-26x containing the estrogen response element and 

glucocorticoid response element, respectively (Schena and Yamamoto, 1988; Riggs et 

al., 2003). Also supplied were the wild type Saccharomyces cerevisiae yeast strain 

W303a and the ΔCpr6/ΔCpr7 strain where both the yeast CyP40 homologues, Cpr6 

and Cpr7, are deleted. 

 

3.2.2. Construction of the Steroid Receptor and Immunophilin Expression 

Plasmids 

3.2.1.1. Subcloning of Cyclophilin 40 

Human CyP40 (hCyP40) DNA was amplified by PCR using an existing hCyP40 

construct as a template. The forward oligonucleotide primer (5’-

gcagaattcatgtcgcacccgtccccccaa-3') was designed incorporating an EcoRI site. The 

reverse oligonucleotide primer (5’-atcgattacaattctccacattctgcaata-3’) contained a ClaI 

site. The PCR product was run on a 1% agarose gel and the hCyP40 DNA extracted, 

purified and then ligated to the PCR cloning vector pDrive. The pDrive/hCyP40 

ligation was transformed into the XLI Blue competent bacterial cells and isolated 

clones selected. DNA was extracted from overnight cultures and tested for insert by 

restriction enzyme digests with EcoRI. Two confirmed positive clones were selected 

and the full length hCyP40 DNA sequenced with the oligoncleotides M13 forward 

(5’-gtaaaacgacggccagt-3’), M13 reverse (5’-aacagctatgaccatg-3’) and an internal 

CyP40 oligonucleotide (5’-ttctcaaatcagaatgggaca-3’). Approximately 5 μg of 

pDrive/hCyP40 was then digested with EcoR1 and ScaI overnight at 37°C. The 
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digested DNA was run on a 1% agarose gel and the released hCyP40 DNA extracted, 

purified and ligated to the similarly digested and linearised p423GPD.  

 

3.2.1.2. Subcloning of the Estrogen Receptor α 

The pG/ERα plasmid was used to subclone the human ERα into the yeast expression 

plasmids p414TEF, p414ADH and p414CYC1, containing promoters of varying 

strengths (Mumberg et al., 1995).  The p414TEF, p414ADH and p414CYC1 plasmids 

were digested with the restriction enzyme BamHI and desphosphorylated to prevent 

religation of the plasmid ends. The pG/ERα plasmid was similarly digested with 

BamHI and the released ERα ligated to the linearised plasmids. Correct orientation of 

ERα was determined by digestion with the restriction enzyme SmaI.  

 

3.2.1.3. Mutagenesis of the Estrogen Receptor α 

The ERα DNA from the plasmid pG/ERα was used as a template to generate the 

proline mutant ERα P365S. The strategy for the mutation and subsequent cassetting of 

ERα required the use of the cloning pDrive plasmid, digested with the restriction 

enzyme BamHI and desphosphorylated. The pG/ERα plasmid was similarly digested 

with BamHI and the released ERα ligated to the linearised pDrive. Orientation was 

determined upon digestion with the restriction enzyme NotI. Oligonucleotide primers 

were designed and synthesised (Sigma
®

-Genosys) with the appropriate nucleotide 

changes creating a proline to serine substitution (Table 3.1).  

 

Site-directed mutagenesis (SDM) was performed using the QuikChange Site-

Directed Mutagenesis Kit (Stratagene) and carried out according to the manufacturer’s 

instructions. A PCR reaction was first set up containing 1 x reaction buffer and 1 µL 

dNTP mix (both supplied by the SDM kit) with 125 ng of both the sense and antisense 

oligonucleotide primers and 50 ng pDrive/ERα DNA template made up to a 50 µL 

volume with sterile ddH2O. As a control a PCR reaction containing 1 x reaction 

buffer, 1 µL dNTP mix, 125 ng of both the sense and antisense oligonucleotide 

primers and 2 µL of pWhitescript™ made up to a 50 µL volume with sterile ddH2O, 

all supplied by the SDM kit, was also set up. One µL of PfuTurbo
®
 DNA polymerase 

was added to each reaction. Reactions were initially heated to 95ºC for 30 seconds and 

then cycled through 95ºC for 30 seconds denaturation, 55ºC for 1 minute annealing 
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and 68ºC for 12.5 minutes elongation (2 minutes per kilobase of DNA) for 14 cycles 

and then cooled to 4ºC. Methylated template DNA was digested with the addition of 1 

µL of the restriction enzyme DpnI (supplied by the SDM kit) and incubated at 37ºC 

overnight. One µL of DNA was transformed into 50 µL XLI Blue competent cells and 

the transformed culture plated onto two 2 x YT agar plates containing ampicillin. 

 

The pDrive/ERα clones were sequenced for the mutation using an internal 

oligonucleotide (5'-ctggagacatgagagctgccaacc-3'). Once mutagenesis was confirmed 

the mutated pDrive/ERα was digested with the restriction enzyme HindIII, and the 

released LBD fragment ligated to the HindIII digested and dephosphorylated parental 

pDrive/ERα. Correct orientation of the inserted fragment was checked with BamHI 

digests. The whole of the ERα DNA was then cloned into the pG plasmid with 

BamHI. The selected pG/ERα P365S clone was again sequenced to confirm the 

presence of the mutation. 

 

3.2.1.4. Mutagenesis of the Glucocorticoid Receptor 

The rGR DNA from the plasmid pG/N795 was used as a template to generate the rGR 

proline and gpGR mutant constructs. The pDrive plasmid was digested with the 

restriction enzyme BamHI and desphosphorylated. The pG/N795 plasmid was 

similarly digested with BamHI and the released rGR ligated to the linearised pDrive. 

The strategy for cassetting the mutated LBD required the rGR DNA be inserted in the 

incorrect orientation within pDrive. Orientation was determined upon digestion with 

the restriction enzyme ApaI. Oligonucleotide primers were designed and synthesised 

(Sigma
®
-Genosys) with the appropriate nucleotide changes (Table 3.1). The SDM 

protocol was identical to that used for the ERα P365S mutant. 

 

The pDrive/rGR clones were sequenced for mutations using an internal sequencing 

oligonucleotide (5'-gcacaattacctttgtgctggaag-3'). Once mutagenesis was confirmed the 

mutated pDrive/rGR was digested with the restriction enzyme SphI and ligated to the 

SphI digested, dephoshorylated parental pDrive/rGR. Correct orientation of the 

inserted fragments was checked with BamHI digests. The whole of the rGR DNA was 

then cloned into the pG plasmid with BamHI. The pG/GR mutants were again 
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sequenced to confirm the presence of the mutation. The rGR combination mutant 

IHS/TS was created by performing SDM on the already mutated rGR LYA562IHS. 

 

 

Table 3.1. The oligonucleotides designed to generate the ERα and rGR proline 

mutants. The codons altered to create the proline to serine/alanine substitutions are 

shaded. 

Oligonucleotide Sequence  

ERα P365S sense 5'-gg gcg aag agg gtg tca ggc ttt gtg gat ttg-3' 

ERα P365S antisense 5'-caa atc cac aaa gcc tga cac cct ctt cgc cc-3' 

rGR P559A sense 5'-ctg gag gtg att gaa gcc gag gtg ttg tat gca gg-3' 

rGR P559A antisense 5'-cc tgc ata caa cac ctc ggc ttc aat cac ctc cag-3' 

rGR P571A sense 5'-gga tat gat agc tct gtt gca gat tca gca tgg ag-3' 

rGR P571A antisense 5'-ct cca tgc tga atc tgc aac aga gct atc ata tcc-3' 

rGR P643A sense 5'-gga aac ctg ctc tgc ttt gct gct gat ctg att att aat g-3' 

rGR P643A antisense 5'-c att aat aat cag atc agc agc aaa gca gag cag gtt tcc-3' 

rGR P768A sense 5'-g acc atg agt att gaa ttc gca gag atg tta gct gaa atc-3' 

rGR P768A antisense 5'-gat ttc agc taa cat ctc tgc gaa ttc aat act cat ggt c-3' 

rGR F767A sense 5' -g acc atg agt att gaa gcc cca gag atg tta gct gaa atc- 3' 

rGR F767A antisense 5' -gat ttc agc taa cat ctc tgg ggc ttc aat act cat ggt c- 3' 

rGR LYA562IHS sense 5' gaa ccc gag gtg ata cat tca gga tat gat agc tct gtt cca g 3' 

rGR LYA562IHS 

antisense 
5' c tgg aac aga gct atc ata tcc tga atg tat cac ctc ggg ttc 3' 

rGR SV569TS sense 5' gga tat gat agc act agt cca gat tca gca tgg aga att atg 3' 

rGR SV569TS 

antisense 
5' cat aat tct cca tgc tga atc tgg act agt gct atc ata tcc 3' 
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3.2.3. Yeast Transformation 

A single colony of the parental yeast Saccharomyces cerevisiae strain ΔCpr6/ΔCpr7 

for the ERα and W303a for the GR, was inoculated into 10 mL of the appropriate 

dropout medium and grown overnight at 30ºC with shaking. Once yeast growth had 

reached a density of 2 OD600 units per 5 mL, the culture was spun down and the pellet 

resuspended in freshly prepared 100 mM LiAC. The resuspended solution was then 

divided according to the number of transformations into eppendorfs and incubated at 

30ºC for 10 minutes. Resuspensions were then spun down at 13,000 rpm for 30 

minutes at room temperature and the supernatant discarded. Each pellet was 

resuspended in a transformation solution containing 35% PEG, 100 mM LiAC and 50 

μg salmon sperm DNA (boiled for 10 minutes immediately before use) made up in 

sterile ddH2O. The resuspension was then vortexed for 5 seconds to achieve a 

thoroughly mixed suspension. Two to five μL of a DNA preparation (100-400 μg 

DNA) was added to the yeast resuspension and vortexed again. The yeast 

resuspension was then incubated at 30ºC for 30 minutes followed by incubation at 

42ºC for 40 minutes. The yeast was then spun down at 13,000 rpm for 30 minutes at 

room temperature, the supernatant discarded and the pellet resuspended in 100 μL 

sterile ddH2O. The final yeast resuspension was then plated onto plates with 

appropriate drop-out medium and incubated at 30ºC for 3-5 days. 

 

Yeast were first transformed with receptor (ERα, rGR) and corresponding reporter 

plasmids. A single colony of this strain was then selected and transformed with one of 

the p423GPD plasmids expressing FKBP51, FKBP52, CyP40 or PP5. The p423GPD 

empty plasmid was also transformed as a control. Correct expression of the steroid 

receptors and immunophilins in the yeast was determined by Western analysis. 

 

3.2.2.1. Long Term Storage of Yeast Strains 

The above yeast strains were frozen down for long term storage. A single colony was 

inoculated into 3 mL of appropriate drop-out medium and incubated at 30ºC 

overnight. The cultures were evaluated by diluting 100 μL of the culture in 900 μL 

sterile ddH20 and transferring into a cuvette. The optical density was measured at 600 

nm (OD600). Once an OD600 value of 2 units was reached 0.5 mL of culture was added 
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to 0.5 mL 30% glycerol within a cryotube, mixed by pipetting up and down and then 

immediately placed on dry-ice. Yeast glycerol stocks were stored at -70°C.  

 

3.2.4. Preparation of Ligand Stock Solutions 

The estrogenic ligands 17β-estradiol, 17α-estradiol and genistein, as well as the 

androgenic deoxycorticosterone were prepared as 1 mg/mL stocks in absolute ethanol. 

Working stocks of appropriate dilutions were also prepared in absolute ethanol. 

Solutions were stored at -20°C. 

 

3.2.5. Yeast Reporter Assay 

For each ligand an initial titration assay was performed in which a range of ligand 

concentrations was assessed for optimal receptor transactivation. These assays were 

performed using the empty plasmid control strain. 

 

Individual yeast colonies were inoculated in 10 mL SC-UWL drop-out medium and 

incubated overnight in a waterbath  at 27°C with shaking. The cultures were evaluated 

by measuring the absorbance of 1 mL of culture at OD600 and then diluted in 

prewarmed SC-UWL medium to a final OD600 value of 0.5 units/mL.  The cultures 

were monitored at OD600 until log phase growth was attained, when they were divided 

into a number of 2 mL aliquots. Each aliquot was induced with 5 μL of ligand for 

appropriate final ligand concentrations. Serial sampling was performed at 70, 80, 90, 

100 and 110 minutes post-induction by adding 50 μL of culture to 50 μL of Gal-

Screen
®
 reagent in a white 96-well plate (OptiPlate™, PerkinElmer). Culture and 

reagent were mixed by pipetting up and down and the 96-well plate sealed with an 

adhesive sealing film (TopSeal™-A) and incubated at room temperature for 2 hours. 

The plate was analysed for -galactosidase activity using luminescent settings on a 

POLARstar OPTIMA (BMG Labtechnologies) plate reader. The growth of cultures 

was monitored at regular intervals throughout the assay. 

 

The -galactosidase values, measured as relative light units (RLU), were plotted 

against the OD600 values to create a receptor transactivation curve standardised against 

culture growth.   A trend line was generated from the receptor transactivation curve. 

The rate of receptor transactivation was taken from the slope of the trend line and 
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presented as the fold difference relative to the empty plasmid control. The mean ± 

standard deviation (SD) of three separate but identical assays was graphed. Two 

separate clones of each strain were tested for any variability in activity. The 

descriptive statistics were calculated and the graphs plotted using Microsoft Excel 

software. 

 

3.2.6. Yeast Expression of Receptor and Immunophilins 

3.2.5.1. Yeast Protein Extraction 

Two x 12.5 mL volumes of appropriate drop-out medium were inoculated with a 

single colony and incubated overnight with shaking. A combined total OD600 value of 

20 units was harvested and spun down at 2000 rpm for 10 minutes at room 

temperature. The supernatant was discarded and the pellet resuspended in 1 mL sterile 

ddH2O. The resuspension was transferred to a weighed eppendorf tube, spun down at 

13,000 rpm for 1 minute at room temperature and the supernatant discarded. The 

eppendorf tube was again weighed to determine the weight of the yeast pellet. 

Cracking buffer was added to the pellet at a ratio of 4:1 (buffer:pellet where 1 mg = 1 

μL) and the pellet resuspended by flicking the eppendorf tube. Glass beads (200 μL) 

were added and mixed by vortexing for 5 minutes. The eppendorf tube was then 

stacked directly onto a second eppendorf tube and punctured with a 19G needle 

allowing the lysate to flow through and be collected when spun at 14,000 rpm for 10 

seconds at 4°C. The lysate was transferred to a new eppendorf tube and spun again at 

14,000 rpm for 5 minutes at 4°C to remove any residual debris. Five percent β-

mercaptoethanol was added to the final volume of collected lysate and 10 μL aliquots 

stored at -70°C. 

 

3.2.5.1. Western Analysis 

Yeast protein samples were first thawed and then boiled for 10 minutes. Samples were 

electrophoresed through a 10% SDS-PAGE gel and transferred overnight to a 

Hybond
™

-C super nitrocellulose membrane at 30 V at 4°C. The following day the 

membrane was evaluated for successful protein transfer by incubating with Ponceau 

stain. The membrane was incubated in blocking buffer (1x TBS-T pH 7.8, 5% skim 

milk) for 1 hour at room temperature and then incubated with primary antibody 

diluted in blocking buffer for 2 hours at room temperature. The following dilutions of 
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primary antibodies were used; ERα (HC-20) at 1/1,000, GR (H-300) at 1/300, CyP40 

(KM1166) at 1/10,000, FKBP52 (Hi52c) at 1/1,000, FKBP51 (Hi51) at 1/2,000 and 

PP5 (PP5/PPT) at 1/200.  As an internal control the ribosomal subunit L3 was probed 

using anti-L3 (Vilardell and Warner, 1997) at 1/2,000. The membrane was washed 

with blocking buffer 3 x 10 minutes and then incubated with the appropriate HRP-

conjugated secondary antibody (Table 2.6) diluted 1/10,000 in blocking buffer for 1 

hour at room temperature. The membrane was washed 3 x 10 minute in 1 x TBS-T. 

Following a 1 minute incubation with 2 mL ECL reagent the membrane was blotted 

dry and exposed to film. 

 

Densitometry analysis of ERα expression levels was performed by scanning the 

Western images and using Scion Image software (Scion Corporation, USA) to 

measure signal intensity. 

 

 

3.3. Results 

3.3.1. Immunophilin Modulation of ERα 

3.3.1.1. 17β-Estradiol 

The yeast strain Cpr6/Cpr7 was first transformed with the β-galactosidase reporter 

pUCΔSS-ERE and the expression plasmid pG/ERα. One yeast clone was selected and 

transformed with an expression plasmid for one of the immunophilins (CyP40, 

FKBP51, FKBP52) or the empty plasmid p423GPD as a control. The first step was to 

perform a titration to determine the ERα activity and the sub-saturating levels of 

ligand. The titration of yeast containing pG/ERα and empty plasmid with 17β-

estradiol (E2) is graphed in Figure 3.1.A, illustrating the increase of -galactosidase 

expression (i.e. ERα activity) in response to increasing concentrations of E2. Figure 

3.1.B plots the slope values at each hormone concentration to produce the reporter 

expression rate which plateaus at 0.25 nM E2. In order to streamline the assay the two 

sub-saturating ligand concentrations of 50 and 175 pM were selected for subsequent 

assays. Titrations were performed for each of the ligands used in this study. 

 

The activity of ERα in the presence of CyP40, FKBP51 or FKBP52, in response to E2 

(at 50 and 175 pM), was compared and presented as fold change of immunophilin-
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mediated ERα activity relative to the empty plasmid control. There was no significant 

fold change of ERα activity with expression of any of the immunophilins (Figure 

3.2.A).  

 

3.3.1.2. 17α-Estradiol 

To determine if the presence of specific immunophilins could alter the response of 

ERα to different estrogenic ligands, 17α-estradiol was investigated. As with E2, a 

titration of 17α-estradiol was performed and the two sub-saturating ligand 

concentrations of 1 and 2.5 nM selected. Again, there was no significant fold change 

of ERα activity in the presence of any of the immunophilins (Figure 3.2.B). A 2-fold 

increase in ERα activity in the presence of FKBP52 was observed as a general trend 

but was not significant. 
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Figure 3.1. The 17β-estradiol-induced activity of ERα in yeast. A. A titration of 

17β-estradiol (E2) was first performed. The Cpr6/Cpr7 yeast strain was 

transformed with a β-galactosidase reporter pUCΔSS-ERE, a receptor expression 

plasmid pG/ERα and the empty plasmid p423GPD. Aliquots of yeast culture were 

dosed with increasing concentrations of E2. The increase of -galactosidase 

expression (RLU) was plotted against culture growth (OD600) creating reporter 

expression curves, from which a trend line was established for the individual E2 

concentrations. B. The trend line slope values were determined and plotted against 

hormone concentration (nM) to create the reporter expression rate. Arrows indicate 

the sub-saturating ligand concentrations of 50 and 175 pM selected for use in 

subsequent assays.  
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Figure 3.2. The activity of ERα is not significantly modulated by immunophilins 

in yeast. A. The Cpr6/Cpr7 yeast strain was transformed with a β-galactosidase 

reporter pUCΔSS-ERE, a receptor expression plasmid pG/ERα and a p423GPD 

expression plasmid for CyP40, FKBP51 or FKBP52. Aliquots of yeast culture were 

dosed with 50 and 175 pM of E2. The ERα activity in the presence of each of the 

immunophilins is presented as fold change relative to the ERα activity in the 

presence of the empty plasmid control. Graphs represent the mean ± SD of three 

independent experiments. B. The experiment was replicated with 1 and 2.5 nM 17α-

estradiol.  
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3.3.1.3. Expression of ERα and the Immunophilins 

The yeast strains used in the above experiments were tested for the expression levels 

of ERα and each of the immunophilins by Western analysis. ERα was expressed at 

equivalent levels in all immunophilin expressing strains when standardised by the 

internal L3 control (Figure 3.3.A). Each immunophilin was expressed individually as 

expected in the specifically transformed strains (Figure 3.3.B). However, the aberrant 

expression of PP5 was observed at approximately 40 kDa (PP5 is 58 kDa) (result not 

shown). Accordingly, all PP5 data was disregarded. 

 

3.3.2. Altering the Level of ERα Expression 

The pG plasmid is one of high copy number and contains the strong glyceraldehyde-3-

phosphate dehydrogenase (GPD) promoter. The pG plasmid is an early version of 

p424GPD (Mumberg et al., 1995). It was reasoned that lowering the expression of the 

ERα within the yeast cell would increase the proportion of receptors in complex with 

Hsp90 and an immunophilin at any one time. The ERα DNA was subcloned into three 

alternative yeast expression plasmids of low copy number and containing promoters 

of varying strength. The three promoters included the weak cytochrome-c oxidase 

(CYC1) promoter, the alcohol dehydrogenase 1 (ADH) promoter and the stronger 

translation elongation factor 1α (TEF) promoter (Mumberg et al., 1995). The ERα 

expression plasmids were transformed into the Cpr6/Cpr7 yeast strain and receptor 

expression was examined by Western analysis. Figure 3.4 shows the marked 

difference of ERα expression between the different plasmids. As expected the pG 

expression of ERα was greatest, with the p414TEF expression of ERα being 

approximately half that of the pG plasmid. Both the p414ADH and p414CYC1 

expressed ERα at almost undetectable levels (≤0.015% of that of p414TEF). 

 

Yeast strains containing the above ERα expression plasmids were transformed with 

individual immunophilins and assayed. On this basis it was decided to use the 

p414TEF/ERα strain as results obtained with the p414ADH/ERα and p414CYC1/ERα 

strains were inconsistent.  
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Figure 3.3. Expression levels of ERα and immunophilins. A. Protein extracts 

were obtained from yeast strains transformed with individual immunophilins and 

expression of ERα was confirmed by Western analysis. Protein extracts were run on 

a 10% SDS-PAGE gel and transferred overnight to a nitrocellulose membrane. The 

membrane was probed for ERα (HC-20) to determine the equivalent expression of 

ERα. The membrane was also probed for the ribosomal subunit L3 (anti-L3) as an 

internal loading control. The ERα positive control was Baculovirus-expressed 

human ERα protein, prepared by Dr. Rudi Allan. B. The expression of individual 

immunophilins CyP40 (KM1166), FKBP52 (Hi52c) and FKBP51 (Hi51) was also 

confirmed by Western analysis. 
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Figure 3.4. Yeast expression of ERα from plasmids containing promoters of 

different strengths. The ERα was subcloned into low copy plasmids containing 

promoters of varying strength and transformed into the Cpr6/Cpr7 yeast strain. 

Protein extracts were obtained and the expression levels of ERα confirmed by 

Western analysis, with the ribosomal subunit L3 used as an internal loading control. 

The ERα positive control was Baculovirus-expressed human ERα protein, prepared 

by Dr. Rudi Allan. 
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3.3.2.1 17β-Estradiol, 17α-Estradiol and Genistein 

The assays conducted with the high ERα expressing yeast strains were replicated with 

the moderately ERα expressing strains (p414TEF/ERα). In addition to the alternative 

estrogen, 17α-estradiol, the phytoestrogen genistein was also tested. A titration was 

performed for each estrogenic ligand and the sub-saturating concentrations of 25 and 

50 pM E2, 0.5 and 1 nM 17α-estradiol, and 100 and 250 nM genistein selected. For all 

assays there was no significant fold change of ERα activity in the presence of any of 

the immunophilins (Figures 3.5.A, B and C). The general trend of a 2-fold increase in 

ERα activity in the presence of FKBP52 was observed. In contrast, a small level of 

inhibition was observed in the presence of FKBP51 when using 17α-estradiol. Neither 

observation was significant. 

 

3.3.2.2. Expression of ERα and the Immunophilins 

The expression levels of ERα and each of the immunophilins were tested by Western 

analysis. The ERα was expressed at equivalent levels in all immunophilin expressing 

strains when standardised by the internal L3 control (Figure 3.6.A.). Each 

immunophilin was expressed individually as expected in the specifically transformed 

strains (Figure 3.6.B.). 

 

3.3.2.3 ERα P365S Mutant 

The ERα P365S mutant corresponds to the AR P723S mutant identified in a patient 

with complete androgen-insensitivity syndrome (Ahmed et al., 2000). The mutation is 

located in the loop between helices 3 and 4 (Figure 3.8.A) and in the yeast model 

results in reduced basal activity of the AR. However, in the presence of FKBP52 the 

activity of the AR is strongly potentiated to the same level of activity seen for wild 

type AR with FKBP52 (Cheung-Flynn et al., 2005). It was reasoned that the 

corresponding ERα mutant would display a similar strong potentiation with FKBP52 

or CyP40. 
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Figure 3.5. Receptor activity in yeast in which only moderate levels of ERα were 

expressed. A. The Cpr6/Cpr7 yeast strain was transformed with a β-galactosidase 

reporter pUCΔSS-ERE, a receptor expression plasmid p414TEF/ERα and a p423GPD 

expression plasmid for CyP40, FKBP51 or FKBP52. Aliquots of yeast culture were 

dosed with 25 and 50 pM of E2. The ERα activity in the presence of each of the 

immunophilins is presented as fold change relative to the ERα activity in the presence 

of the empty plasmid control. Graphs represent the mean ± SD of three independent 

experiments. The experiment was replicated with B. 0.5 and 1 nM 17α-estradiol and 

C. 100 and 250 nM genistein. 
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Figure 3.6. Expression levels of ERα and immunophilins in the p414TEF/ERα 

yeast strains. A. Protein extracts were obtained from yeast strains transformed 

with individual immunophilins and expression of ERα was confirmed by Western 

analysis. Protein extracts were run on a 10% SDS-PAGE gel and transferred 

overnight to a nitrocellulose membrane. The membrane was probed for ERα (HC-

20) to determine the equivalent expression of ERα. The membrane was also probed 

for the ribosomal subunit L3 (anti-L3) as an internal loading control. The ERα 

positive control was Baculovirus-expressed human ERα protein, prepared by Dr. 

Rudi Allan. B. The expression of individual immunophilins CyP40 (KM1166), 

FKBP52 (Hi52c) and FKBP51 (Hi51) was also confirmed by Western analysis. 
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Figure 3.7. The mutant ERα P365S displays a reduced basal activity and is not 

significantly modulated by CyP40 or FKBP52. A. The yeast expression plasmid, 

p414TEF/ERα P365S was transformed into the Cpr6/Cpr7 yeast strain along 

with a β-galactosidase reporter pUCΔSS-ERE and a p423GPD expression plasmid 

for CyP40 or FKBP52. An empty p423GPD plasmid was used as a control. 

Aliquots of yeast culture were dosed with increasing concentrations of E2. The 

increase of -galactosidase expression (RLU) was plotted against culture growth 

(OD600) creating reporter expression slopes for the individual E2 concentrations. The 

slope values were plotted against hormone concentration (nM) to create the reporter 

expression rate. B. Protein extracts were obtained from the yeast strains prepared in 

part A and the expression levels of ERα confirmed by Western analysis, with the 

ribosomal subunit L3 used as an internal loading control. C. Aliquots of yeast 

culture were dosed with 50 and 500 pM of E2. The ERα P365S activity in the 

presence of CyP40 or FKBP52 is presented as fold change relative to the ERα 

activity in the presence of the empty plasmid control. Wild type (wt) ERα was also 

assayed. Graphs represent the mean ± SD of three independent experiments. 
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Yeast strains expressing wild type ERα and the mutant ERα P365S were first assayed 

with a range of E2 concentrations to create a reporter expression rate curve. The ERα 

P365S was found to exhibit a reduced basal activity, approximately 14% of that of the 

wild type ERα (Figure 3.7.A). ERα P365S was determined by Western analysis to be 

expressed at similar levels to that of wild type ERα (Figure 3.7.B) There was no 

significant fold change of ERα P365S activity in the presence of either CyP40 or 

FKBP52 (Figure 3.7.C).   

 

3.3.3 Identification of the PPIase Target Proline in the Glucocorticoid Receptor 

The conserved proline residues within the steroid receptor LBD were identified by 

aligning the LBD sequences of ERα, GR, PR and AR using the ClustalW multiple 

sequence alignment program and are highlighted in Figure 3.8.A. Ribbon structures of 

ERα, AR and GR LBDs illustrate the homologous orientation of each conserved 

proline residue within the three steroid receptors, as well as their exposed positioning 

and solvent accessibility. The rGR proline residues P559 (P541 in human GR), P571 

(P553), P643 (P625) and P768 (P750) were modified by alanine substitution. It was 

hypothesised that mutation of the target proline residue would attenuate or eliminate 

FKBP52-mediated potentiation of rGR. The P600 (P582) residue was not assessed 

since mutation of the equivalent proline in the human AR (P723S) was shown not to 

disrupt potentiation mediated by FKBP52 (Cheung-Flynn et al., 2005).  

 

3.3.3.1 Proline 768 is Targeted by FKBP52 in GR Transactivation 

Wild type Saccharomyces cerevisiae was transformed with the β-galactosidase 

reporter pUCΔSS-26x and a pG plasmid expressing either wild type rGR or one of the 

proline mutant rGRs.  One yeast clone was selected and transformed with either an 

expression plasmid for FKBP52 or the empty plasmid p423GPD as a control. Yeast 

expressing the wild type rGR were first tested to confirm the potentiation of the rGR 

activity in the presence of FKBP52. Figure 3.9.A illustrates the change in reporter 

expression rate in the presence of FKBP52 compared to empty plasmid. The 

deoxycorticosterone (DOC) concentration of 25 nM was utilised in keeping with the 

methodology of Riggs et al., (2003). Figure 3.9.B contains representative graphs of 

rGR activity at 25 nM in the presence of FKBP52 or empty plasmid control. At this  
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Figure 3.8. Identification and location of conserved proline residues within the 

steroid receptor ligand-binding domain. A. The LBD sequences of human ERα, 

GR, PR and AR were aligned using the ClustalW program. The amino acids 

constituting the LBD helices are boxed and the conserved proline residues 

highlighted in black. B. Ribbon structures of the ERα, AR and GR were generated 

using the ViewerLite 5.0 program and demonstrate the similar structural orientation 

of conserved prolines. 
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ligand concentration the activity of wild type rGR was potentiated by approximately 

8-fold in the presence of FKBP52. 

 

A titration of DOC and the subsequent reporter expression rate for each rGR proline 

mutant, in the presence of FKBP52 or empty plasmid control, was derived. Figure 

3.10.A shows the reporter expression rate for the mutant rGR P559A, illustrating the 

reduced basal activity of the mutated receptor compared with wildtype rGR. The 

mutant rGR P643A also displayed a reduced basal activity (Figure 3.12.A). However, 

rGR P571A displayed an increased basal activity (Figure 3.11.A). The basal activity 

of rGR P768A was the most markedly reduced (Figure 3.13.A) with only the 5 μM 

dose of DOC able to elicit a linear response (R value ≥ 0.96) over time from the β-

galactosidase reporter. Based on this result all mutant receptors were subsequently 

assayed for FKBP52-mediated potentiation of receptor following treatment with 5 μM 

DOC. All rGR mutants, with the exception of rGR P768A, displayed reporter 

potentiation in the presence of FKBP52 (Figure 3.10.B – 3.13.B).  The fold 

potentiation ranged from only 3-fold for P571A to as much as 48-fold for P643A. The 

mutant rGR P768A displayed no potentiation in the presence of FKBP52. 

 

3.3.3.2. Expression of Wild Type and Proline Mutant GR, and FKBP52 in Yeast 

Strains 

The yeast strains used in the above experiments were tested for expression levels of 

GR and FKBP52 by Western analysis. The GR was expressed at similar levels in all 

mutant and wild type strains when standardised by the internal L3 control. The 

immunophilin FKBP52 was expressed only in yeast transformed with 

p423GPD/hFKBP52 expression plasmid, as expected (Figure 3.14.A and B). 

 

3.3.5. Investigating Additional FKBP52 Contact Points within the Guinea pig GR 

The residues Leu562/Tyr563/Ala564 and Ser569/Val570 were next investigated for 

their possible role in FKBP52-receptor interaction. The five residues are present in 

two groupings within the loop separating H1 and H3 in gpGR (Figure 3.15.A). These 

distinct groupings were mutated within rGR, both separately (LYA562IHS, 

SV569TS) and in combination (IHS/TS), then tested for their influence on receptor 

potentiation by FKBP52 using the established yeast model. All mutants displayed a 
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right-hand shift in reporter activity indicating a reduced basal activity (Figure 3.15.B). 

The single group mutants (labelled IHS and TS on the graph) displayed similar 

reduced basal reporter activity compared to that of wild type rGR, and the basal 

activity of the combination mutant IHS/TS, was further suppressed. In the presence of 

FKBP52 the reporter activity of all receptors was enhanced (Figure 3.15.C). The 

reporter expression rate of the LYA562IHS mutant was identical to that of wild type 

rGR in the presence of FKBP52, while the activity of the SV569TS mutant and the 

combination mutant IHS/TS was attenuated when compared to that of the wild type 

rGR at lower DOC concentrations.  
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Figure 3.9. The transactivation of wild type rGR is potentiated in the presence 

of FKBP52. A. Wild type Saccharomyces cerevisiae was transformed with a β-

galactosidase reporter pUCΔSS-26x, a receptor expression plasmid pG/rGR and the 

FKBP52 expression plasmid or empty plasmid p423GPD. Aliquots of yeast culture 

were dosed with increasing concentrations of DOC. The increase of -galactosidase 

expression (RLU) was plotted against culture growth (OD600) generating reporter 

expression slopes for the individual DOC concentrations. The slope values were 

plotted against hormone concentration (nM) to derive the reporter expression rate. B. 

Aliquots of yeast culture were dosed with 25 nM of DOC. The reporter expression 

slopes in the presence of empty plasmid control or FKBP52 are presented 

individually and illustrate the 8-fold potentiation of reporter activity in the presence 

of FKBP52. Graphs are representative of three independent experiments. 
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Figure 3.10. The proline mutant rGR P559A displays a reduced basal activity 

which is potentiated in the presence of FKBP52. A. Wild type Saccharomyces 

cerevisiae was transformed with a β-galactosidase reporter pUCΔSS-26x, a receptor 

expression plasmid pG/rGR P559A and the FKBP52 expression plasmid or empty 

plasmid p423GPD. Aliquots of yeast culture were dosed with increasing 

concentrations of DOC. The increase of -galactosidase expression (RLU) was 

plotted against culture growth (OD600) generating reporter expression slopes for the 

individual DOC concentrations. The slope values were plotted against hormone 

concentration (nM) to derive the reporter expression rate. B. Aliquots of yeast culture 

were dosed with 5 μM of DOC. The reporter expression slope in the presence of 

empty plasmid control or FKBP52 are presented individually and illustrate the 12-

fold potentiation of reporter activity in the presence of FKBP52. Graphs are 

representative of three independent experiments. 
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A. 

Figure 3.11. The proline mutant rGR P571A displays an increased basal activity 

which is potentiated in the presence of FKBP52. A. Wild type Saccharomyces 

cerevisiae was transformed with a β-galactosidase reporter pUCΔSS-26x, a receptor 

expression plasmid pG/rGR P571A and the FKBP52 expression plasmid or empty 

plasmid p423GPD. Aliquots of yeast culture were dosed with increasing 

concentrations of DOC. The increase of -galactosidase expression (RLU) was 

plotted against culture growth (OD600) generating reporter expression slopes for the 

individual DOC concentrations. The slope values were plotted against hormone 

concentration (nM) to derive the reporter expression rate. B. Aliquots of yeast culture 

were dosed with 5 μM of DOC. The reporter expression slope in the presence of 

empty plasmid control or FKBP52 are presented individually and illustrate the 3-fold 

potentiation of reporter activity in the presence of FKBP52. Graphs are representative 

of three independent experiments. 
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Figure 3.12. The proline mutant rGR P643A displays a reduced basal activity 

which is potentiated in the presence of FKBP52. A. Wild type Saccharomyces 

cerevisiae was transformed with a β-galactosidase reporter pUCΔSS-26x, a receptor 

expression plasmid pG/rGR P643A and the FKBP52 expression plasmid or empty 

plasmid p423GPD. Aliquots of yeast culture were dosed with increasing 

concentrations of DOC. The increase of -galactosidase expression (RLU) was 

plotted against culture growth (OD600) generating reporter expression slopes for the 

individual DOC concentrations. The slope values were plotted against hormone 

concentration (nM) to derive the reporter expression rate. B. Aliquots of yeast culture 

were dosed with 5 μM of DOC. The reporter expression slope in the presence of 

empty plasmid control or FKBP52 are presented individually and illustrate the 47-

fold potentiation of reporter activity in the presence of FKBP52. Graphs are 

representative of three independent experiments. 
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Figure 3.13. The proline mutant rGR P768A is targeted by the immunophilin 

FKBP52. A. Wild type Saccharomyces cerevisiae was transformed with a β-

galactosidase reporter pUCΔSS-26x, a receptor expression plasmid pG/rGR P768A 

and the FKBP52 expression plasmid or empty plasmid p423GPD. Aliquots of yeast 

culture were dosed with increasing concentrations of DOC. The increase of -

galactosidase expression (RLU) was plotted against culture growth (OD600) 

generating reporter expression slopes for the individual DOC concentrations. The 

slope values were plotted against hormone concentration (nM) to derive the reporter 

expression rate. B. Aliquots of yeast culture were dosed with 5 μM of DOC. The 

reporter expression slope in the presence of empty plasmid control or FKBP52 are 

presented individually and illustrate the lack of potentiation of reporter activity in the 

presence of FKBP52. Graphs are representative of three independent experiments. 
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Figure 3.14. Expression levels of wild type and mutant rGR and FKBP52. 

Protein extracts were obtained from the yeast strains and GR levels examined by 

Western analysis. Protein extracts were run on a 10% SDS-PAGE gel and transferred 

overnight to a nitrocellulose membrane. The membrane was probed for GR (H-300) 

and FKBP52 (Hi52c) to determine equivalent expression levels. The membrane was 

also probed for the ribosomal subunit L3 (anti-L3) as an internal loading control. A. 

Western analysis of wild type (wt) rGR and the proline mutants rGR P643A and 

P571A. B. Western analysis of wt rGR and the proline mutants rGR P559A and 

P768A. 52=FKBP52, EP=Empty Plasmid 
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Figure 3.15. The nonconservative mutations within the loop between helices 1 

and 3 in guinea pig GR are not important for FKBP52 action. A. The LBD 

sequence from helix 1 to helix 3 of the rat (rGR), human (hGR) and guinea pig GR 

(gpGR) were aligned using the ClustalW program. The amino acids constituting the 

two helices are boxed and the residues mutated in the gpGR highlighted in black. B. 

Wild type Saccharomyces cerevisiae was transformed with a β-galactosidase reporter 

pUCΔSS-26x, an expression plasmid containing the wild type or mutated rGR and 

the empty plasmid p423GPD. Aliquots of yeast culture were dosed with increasing 

concentrations of DOC. The reporter expression rate of the wild type (WT) and 

mutated rGR were normalised and presented as a function of the log of DOC 

concentration. Graphs represent the mean normalised expression rate ± SD of three 

independent experiments. C. The normalised reporter expression rate in the presence 

of FKBP52. Included in the graph is the normalised reporter expression of wild type 

rGR, in the presence of the empty plasmid (WT+EP), to illustrate the FKBP52-

mediation potentiation of receptors. 
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3.4. Discussion 

3.4.1. A Yeast Model for ERα Transactivation: Immunophilins Play No 

Significant Role on ERα Activity in Yeast 

The important role steroid receptor-associated immunophilins play in the 

transactivation properties of receptors has become increasingly apparent. Striking 

evidence of this was first provided through a yeast model demonstrating the 

potentiating effect of FKBP52 on the activity of the GR (Riggs et al., 2003). The aim 

of the present study was to utilise the yeast model in order to determine the role of 

immunophilins on the ligand-dependent activity of ERα. CyP40 was of particular 

interest as it is the preferred immunophilin found in association with ERα (Ratajczak 

et al., 1993). 

 

Since yeast express the CyP40 homologues, Cpr6 and Cpr7 (Mayr et al., 2000), the 

initial approach was to establish the role of CyP40, FKBP51 and FKBP52 in yeast 

deleted of these cyclophilins. Using the ΔCpr6/ΔCpr7 yeast strain expressing high or 

moderate levels of ERα we observed no significant changes in E2-stimulated activity 

in the presence of these three immunophilins (Figures 3.2.A and 3.5.A). Riggs and 

coworkers also found the presence of FKBP51 and FKBP52 resulted in no significant 

potentiation of ERα activity (Riggs et al., 2003). In addition, the presence of CyP40, 

FKBP51 and PP5 resulted in only a modest ~2-fold induction of GR activity. The 

results observed here are in agreement with those attained in David Smith’s 

laboratory, with the additional information that CyP40 also has no influence on ERα 

activity in the yeast model.   

 

There was no discernable difference in the immunophilin-modulated activity of ERα 

in the presence of different estrogenic ligands. Since the apo-ERα conformation in 

Hsp90 complexes with different immunophilins might be unique for each 

immunophilin cochaperone, it was possible that this might result in altered steroid 

specificity. We therefore used the ΔCpr6/ΔCpr7 yeast strain to test ERα activity in the 

presence of CyP40, FKBP51 and FKBP52 on exposure to the three estrogenic ligands, 

17β-estradiol, 17α-estradiol and genistein. As a physiological estrogen, 17α-estradiol 

displays  10-50% of the relative binding affinity for ERα when compared to E2 

(Kuiper et al., 1997; Kuiper et al., 1998). Genistein, a nonsteroidal estrogen,  displays 



Chapter 3 

_____________________________________                
A Yeast Model for Receptor Signalling          

____________________________________ 

________________________________________________________          
 97       

_________________________________________________________
 

5% of the relative binding affinity for ERα compared to E2 and in fact has an 

increased specificity for ERβ (Kuiper et al., 1997). These changes in binding affinity 

were reflected in a requirement for higher concentrations of 17α-estradiol and 

genistein in their respective yeast assays (Figures 3.2.B and 3.5.B, C).  

 

 The AR P723S mutation, located in the loop between H3 and H4 of the receptor LBD 

(Figure 3.8.A.), was initially identified in a patient with complete androgen-

insensitivity syndrome (Ahmed et al., 2000). The Smith laboratory reported a 

dramatic increase in the activity of this mutated receptor with FKBP52 in the yeast 

model (Cheung-Flynn et al., 2005). Therefore, whether a similar amplification of 

hormone-stimulated activity could be achieved with the corresponding ERα P365S 

mutant was examined. The P365S mutated receptor displayed a reduced basal activity 

relative to that of wild type ERα (Figure 3.7.A). The expression levels of the wild type 

and mutant ERα were equivalent discounting the reduced expression of the receptor as 

a reason for the reduced basal activity (Figure 3.7.B). The corresponding AR P723A 

mutant also displayed a reduced basal activity, attributed to conformational changes 

within the receptor LBD (Cheung-Flynn et al., 2005). While the AR P723A mutant 

was strongly potentiated in the presence of FKBP52, the ERα P365S mutant displayed 

no significant potentiation in the presence of either CyP40 or FKBP52. 

 

Utilising the in vivo yeast model, ERα was not found to be significantly modulated by 

the immunophilins CyP40, FKBP52 or FKBP51. This does not, however, discount a 

role for immunophilins in the activity of ERα. It is possible the yeast system is not 

physiologically relevant for the observation of immunophilin-mediated action upon 

ERα. Yeast does not express endogenous steroid receptors and it is possible additional 

elements such as transcriptional coregulators, required for optimal ERα transactivation 

are also not present. It must also be remembered that yeast express a functional PP5 

homologue which would be competitive with each of the introduced immunophilins. 

The mammalian system would provide a more appropriate environment to accurately 

assess the role of immunophilins in the regulation of ERα activity. Evidence for this 

comes from a study using MEF cells harvested from FKBP52 KO mice. In the 

absence of FKBP52, ERα displayed a significantly attenuated response to ligand, 

retaining only 50% receptor activity of wild type MEF cells (Yang et al., 2006). 
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3.4.2. A Yeast Model for GR Transactivation 

3.4.2.1. Helix 12 of the Glucocorticoid Receptor is a Contact Point for FKBP52 

The FKBP52-mediated potentiation of GR was found to require both an intact TPR 

and PPIase domain (Riggs et al., 2003). This requirement implicates a role for both 

Hsp90 and the catalytic unit of FKBP52 in the acquisition of a high affinity ligand-

binding conformation within the receptor.  The function of the PPIase domain is to 

catalyse isomerisation of prolyl peptide bonds. It therefore follows that the PPIase 

domain of FKBP52 may act upon specific proline residue(s) within the LBD of the 

receptor. Since FKBP52 potentiates AR, GR and PR activities (Riggs et al., 2003; 

Cheung-Flynn et al., 2005), such proline residues are likely to be conserved and 

located in an exposed, accessible position. Sequence alignment of steroid receptor 

LBDs showed full conservation of prolines within the intervening loops between LBD 

helices H1-H3, H3-H4 and H5-H6 among AR, ERα, GR, and PR (Figure 3.8.A). A 

conserved proline in loop H8-H9 in AR, GR and PR is lacking in ERα. Although a 

proline exists within loop H11-H12 of all four receptors, the residue was conserved 

only among AR, GR and PR. However, Pro535, the corresponding proline in loop 

H11-H12 of ERα, is similarly located (Figure 3.8.B). It was reasoned that mutation of 

the critical target proline in GR would either attenuate or eliminate FKBP52 

potentiation of the receptor. Conserved proline residues within the LBD of rGR were 

mutated and tested for loss of FKBP52-mediated potentiation. All rGR mutants 

displayed an attenuated basal activity likely arising from conformational changes to 

the LBD of the receptor following alanine substitution (Figures 3.10-3.13). Of the four 

proline mutant receptors tested, three maintained the ability to be potentiated in the 

presence of FKBP52. They included P559A and P571A, located in the loop between 

H1 and H3, and P643A, located in the loop between H5 and H6 (Figure 3.8). While 

these three rGR proline mutants all displayed FKBP52-mediated potentiation, the 

level of potentiation was variable, ranging from 3- to 47-fold (Figures 3.9-3.12). 

Again, distinct conformational changes within the mutated receptor may account for 

this. The P768A mutant, located in the loop between H11 and H12, displayed a linear 

response (R value ≥ 0.96) to ligand only at the saturating concentration of 5 μM DOC. 

This response was not enhanced in the presence of FKBP52 (Figure 3.13) leading to 

the conclusion that the region of H11 and H12 is important for the interaction between 

receptor and the immunophilin.  
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3.4.2.2. The Role of Helix 12 

The crystal structures of steroid receptor LBDs have all been derived from ligand-

bound receptors (Brzozowski et al., 1997; Tanenbaum et al., 1998; Williams and 

Sigler, 1998; McLaughlin and Jackson, 2002) and the structure of their LBDs, in the 

absence of ligand and in association with Hsp90-immunophilin complexes (i.e. apo-

receptors) is unknown. The RXRα LBD provides the only structure of an unliganded 

nuclear receptor (Bourguet et al., 1995) and this has been adapted to explain agonist- 

and antagonist-mediated modulation of steroid receptors. Thus in the absence of 

ligand, H12 adopts a down position where the helix is orientated away from the 

ligand-binding pocket of the receptor (Bourguet et al., 1995). This position is not 

fixed with the helix maintaining a degree of flexibility. However, when agonist ligand 

is bound, H12 moves to cover the ligand-binding pocket attaining a compact, stable 

and proteolytic-resistant receptor conformation. The movement of H12 causes a 

general restructuring of the LBD, with the shifting of individual helices relative to one 

another (Wagner et al., 1995; Wurtz et al., 1996). The repositioning of H12 over the 

ligand-binding pocket, together with residues contributed by H3 and H4, creates the 

activation function 2 (AF2) surface, which is essential for coregulator binding and 

subsequent receptor activity (Gronemeyer et al., 2004). 

 

Pro768 in rGR (Pro750 in hGR) immediately precedes H12, identifying it as an N-cap 

proline in a Pro-box motif (Viguera and Serrano, 1999). A Pro-box motif contains the 

sequence hPXXhh, where h is a hydrophobic residue and X is any residue. The 

corresponding sequence in GR, FPEMLA, conforms to this motif (Figure 3.8.A). An 

N-cap proline is important in determining both the length and stability of the 

proceeding helix.  The importance of P768 is further illustrated in a study which 

looked at the corresponding AR proline residue, P892 (Elhaji et al., 2006). The 

proline residue was mutated to a leucine or an alanine, with both mutations found in 

cases of complete androgen insensitivity syndrome (Peters et al., 1999). The 

mutations resulted in distinct changes to H12 organisation, orientation and flexibility.  

The AR P892L mutant created a structurally disordered H12 which was unable to 

correctly position itself over the ligand-binding pocket following the binding of 

ligand. This resulted in an inactive receptor. The AR P892A mutant was less affected 

displaying only attenuated ligand-binding and transactivation properties resulting from 
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the increased flexibility of H12 (Elhaji et al., 2006). This N-cap proline is therefore 

important in creating the stable ligand-bound conformation of the receptor LBD.  

 

3.4.2.3. Additional Immunophilin Contact Points within the Steroid Receptor 

Ligand-Binding Domain. 

Cortisol resistance in the guinea pig is thought to be mediated through amino acids 

found within the LBD of gpGR. Sequence analysis and transactivation studies on 

LBD chimeras identified Ile538, His539 and Ser540 followed by Thr545 and Ser546, 

all of which are located in the loop between H1 and H3 (Figure 3.15.A.), as residues 

contributing to guinea pig insensitivity to cortisol (Keightley and Fuller, 1994; 

Keightley et al., 1998). It was speculated that these five key residues mediate the 

reduced receptor ligand-binding affinity by increasing the association of FKBP51 with 

gpGR (Fuller et al., 2004). This may be enhanced by a reciprocal decrease of receptor 

association with FKBP52. To test this hypothesis the rGR was mutated at the five key 

residues to the gpGR sequence. The rGR mutants, LYA562IHS and SV569TS, as well 

as the combination mutant IHS/TS, all displayed attenuated receptor transactivation 

(Figure 3.15.B) which was enhanced in the presence of FKBP52 (Figure 3.15.C). This 

enhanced activity was comparable with that observed with the wild type rGR, 

particularly at saturating ligand concentrations. The rGR SV569TS and IHS/TS 

mutants maintained an attenuated receptor activity at sub-saturating ligand 

concentrations. At physiologically relevant ligand concentrations, Thr545 and Ser546 

may therefore have a small role in the interaction of receptor and FKBP52. 

Alternatively, the introduced mutations might influence receptor conformation 

elsewhere in the LBD to impact on FKBP52-receptor interaction. In general however, 

the guinea pig sequences located in the loop between H1 and H3 of the receptor LBD 

do not significantly alter the receptor’s interaction with FKBP52. Similarly, a 

decreased association of gpGR with FKBP52 would not appear to be the major 

mechanism of cortisol resistance found in the guinea pig. An increased affinity of the 

gpGR for FKBP51, however, can not be excluded as the means of altered receptor 

ligand-binding affinity. 
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The Overexpression and Knockdown of Immunophilins in Breast Cancer Cell 

Lines. 

 

4.1. Introduction 

4.1.1. The Altered Expression of Immunophilins 

The steroid receptor reaches functional maturity through a series of interactions with 

molecular chaperones and cochaperones within a heterocomplex (Pratt and Toft, 

1997; Ratajczak et al., 2003; Riggs et al., 2004).  In addition to the receptor itself, the 

mature receptor heterocomplex consists of the important chaperone Hsp90 and its 

cochaperone p23, and one of four immunophilin cochaperones. Individual members of 

the immunophilin family are preferentially incorporated into the different receptor 

heterocomplexes and possess distinct abilities to modulate the activity of steroid 

receptors (Ratajczak et al., 1993; Chen et al., 1996a; Nair et al., 1997; Silverstein et 

al., 1997; Barent et al., 1998). In the presence of FKB52 the ligand-dependant activity 

of AR, GR and PR is significantly enhanced (Riggs et al., 2003; Cheung-Flynn et al., 

2005; Yang et al., 2006). As discussed in Chapter 1, section 1.5.3, when FKBP52 

expression is ablated in mice, both male and females exhibit defective reproductive 

phenotypes attributed to aberrant AR and PRA activity, respectively (Cheung-Flynn et 

al., 2005; Yang et al., 2006). Cheung-Flynn and coworkers generated a HeLa cell line 

(HeLa 52 knockdown) where the expression level of FKBP52 protein was depleted 

using RNA interference (RNAi) technology. While the ligand binding affinity of AR 

in HeLa 52KD cells was unchanged, the protein levels and transactivation activity of 

AR were attenuated. The reintroduction of FKBP52 into the system was able to 

partially restore both the protein levels and transcriptional activity of AR. Similarly 

unchanged ligand binding affinity and attenuated transactivation activity of AR were 

found in MEF cells harvested from FKBP52 KO mice (Yong et al., 2007). In the 

female mice disruptions to the expression of specific PRA-regulated genes were 

observed. As with AR in the male mice, PRA displayed no changes in ligand-binding 

ability in FKBP52-deficient MEF cells. However, the transactivation activity of PRA 

was severely diminished. 

 

PP5 knockdown studies have produced conflicting results. Using antisense 

oligonucleotides to knockdown PP5 expression in human A549 lung carcinoma cells, 
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the transactivation ability of GR was found to be enhanced up to 10-fold. The increase 

in both basal and ligand-dependent activity of GR was attributed to the increased 

association of GR with specific DNA elements (Zuo et al., 1999). In contrast, Wang 

and coworkers found decreased levels of PP5 resulted in the reduced mRNA levels of 

four GR-regulated genes in human U2OS osteosarcoma cells (Wang et al., 2007).  

 

The irregular activity of steroid receptors and changes in receptor-regulated gene 

expression is observed in many cancers of steroid-responsive tissues, including the 

breast and prostate (Amler et al., 2000; Milano et al., 2006). Patients with ERα-

positive breast cancers generally have a better prognosis with approximately half of 

patients responding to antiestrogen therapy.  The emergence of antiestrogen-resistance 

occurs in the majority of treated patients and is characterised by the estrogen-

independent survival and propagation of metastatic tumour cells. The molecular 

mechanisms underlying antiestrogen-resistance are not clear. ERα mutations resulting 

in changes to receptor conformation and altered antiestrogen binding are rare (Karnik 

et al., 1994; Madsen et al., 1997). The altered pharmacology of antiestrogens and 

changes to the paracrine interaction of ERα-induced growth factors are thought to 

contribute (Foekens et al., 1994; Foekens et al., 1999). A potential role for 

immunophilins in this deregulation of classical ligand-mediated receptor activity was 

provided by the Honkanen laboratory. Urban and coworkers reported on the 

transformation of the MCF-7 cell line (an ERα-positive breast cancer cell line) from 

an estrogen-dependent to an estrogen-independent phenotype following the 

constitutive overexpression of PP5 (Urban et al., 2001). E2 treatment is able to 

significantly enhance MCF-7 cell proliferation. Through the generation of a 

tetracycline-regulated MCF-7 PP5 cell line, it was found that cells exhibited 

significant E2-independent proliferation in the presence of overexpressed PP5. 

Utilising the same MCF-7 PP5 cell line, in which the total PP5 expression was 

enhanced 2-fold, cells were transplanted into male nude mice. With E2 stimulation the 

resulting tumours displayed a 2.6-fold growth increase when compared to mice 

expressing only endogenous levels of PP5 (Golden et al., 2004). These findings 

provided evidence that aberrant expression of steroid receptor-associated 

immunophilins could impact on the ligand-dependent functions of receptors. 
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4.1.2. RNA Interference 

RNAi technology is based on the endogenous cellular process of cleaving long double 

stranded RNA (dsRNA) into molecules 21-23 nucleotides (nt) in size with two 3’-end 

nucleotide overhangs (Figure 4.1). Following transcription, the dsRNA molecule is 

transported from the nucleus to the cytoplasm where it is cleaved by the RNAse III-

like enzyme Dicer. The 21-23 nt duplexes are known as short interfering RNAs 

(siRNAs). One strand of the siRNA is then incorporated into each RNA-induced 

silencing complex (RISC). This allows mRNA containing homologous sequences to 

be targeted and cleaved, leading to inhibition of gene expression (Elbashir et al., 2001; 

Hannon and Conklin, 2004; Ketting and Plasterk, 2004). 

 

4.1.3. Aims  

The aim of the work within this chapter was to gain further insight into the role of the 

steroid receptor-associated immunophilins, CyP40 and FKBP52 in ERα function. 

Using the human breast cancer cell lines, MCF-7 and MDA MB 231 (ERα-positive 

and ERα-negative, respectively) the effect of overexpression or knockdown of 

immunophilin levels upon the activity of ERα would be explored. The first aim was to 

generate a stable MCF-7 cell line which, under the control of a tetracycline regulator, 

expresses enhanced cellular levels of CyP40.  The second aim was to use RNAi to 

generate stable MCF-7 and MDA MB 231 cell lines where protein levels of either 

CyP40 or FKBP52 were significantly depleted. Previous studies within this laboratory 

have determined the molar ratio of CyP40 and FKBP52 (CyP40:FKBP52) protein 

levels in the MCF-7 and MDA MB 231 cell lines to be 1:35 and 1:2.5, respectively 

(Ward et al., 1999). While the MCF-7 cell lines provides a model ideal for the 

examination of endogenous ERα activity, the MDA MB 231 cell line contains 

significantly less FKBP52 which is advantageous to both CyP40 and FKBP52 

knockdown studies. Once completed, these stable cell lines would be used to assess 

the hormone binding and transcriptional properties of ERα. 
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Figure 4.1. Construction of the shRNA constructs. 19-nt sequences, directed 

against CyP40 and FKBP52, were selected and incorporated into a sense and 

antisense 60-nt oligonucleotides. The oligonucleotides were annealed and ligated to 

the viral vector pSUPERIOR.retro.neo+gfp. The bicistronic vector expresses the 

selected sequence as a shRNA molecule, which in the mammalian cell is cleaved by 

Dicer into a 21-nt dsRNA fragment. Incorporation of the 21-nt dsRNA fragments 

into RISC complexes allows targeted destruction of endogenous CyP40 and FKBP52 

mRNA, leading to the subsequent knock-down of protein levels. Figure modified 

from pSUPERIOR.retro manual (OligoEngine) showing the target sequence for 

CyP40-2. 

Dicer 

5'-gatccccggaaacctctccatttcaattcaagagattgaaatggagaggtttccttttta-3' 

        3’-gggcctttggagaggtaaagttaagttctctaactttacctctccaaaggaaaaattcga-5’ 

 

BglII Target sequence: sense Target sequence: antisense Hairpin 

HindIII 

ggaaaccucuccauuucaa 

uuccuuuggagagguaaaguu 
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4.2. Methods 

4.2.1. Cell Lines 

The human breast cancer cell lines, MCF-7 and MDA MB 231, were acquired from 

the American Type Culture Collection (ATCC) and were maintained in DMEM 

supplemented with 5% fetal bovine serum (FBS) and 100 units/mL penicillin/10 

μg/mL streptomycin. 

 

4.2.2. Generating the MCF-7 Tet-Off CyP40 Stable Cell Line 

The Clontech Tet-Off system enables the tetracycline-controlled expression of a gene 

of interest, which in this study was CyP40. Doxycycline (Dox), a more potent 

derivative of tetracycline, was used in this system. The MCF-7 Tet-Off CyP40 cell 

line is a double-stable cell line. MCF-7 cells were first transfected with the Dox-

regulated transcription factor tTA (pTet-Off), and then with the 

pTRE2hyg/FLAGhCyP40 plasmid which contains the tTA response element (TRE). 

Dox binds and inactivates the tTA regulator, which subsequently turns off the 

expression of FLAG-tagged CyP40.  

 

4.2.2.1. Cloning of Cyclophilin 40 

Human CyP40 (hCyP40) DNA was amplified by PCR using an existing hCyP40 

construct as a template. The forward oligonucleotide primer (5’-

gcggatccatggactacaaggacgacgatgacaagatgtcgcacccgtccccc-3') was designed to 

incorporate a FLAG-tag (bold and italicised in sequence) at the N-terminal end of 

hCyP40 protein, and incorporated a BamHI site. The reverse oligonucleotide primer 

(5’-cgcggccgcctaagcaaacatttt-3’) contained a NotI site. The PCR product was run on a 

1% agarose gel and the hCyP40 DNA extracted, purified and then ligated to the PCR 

cloning vector pDrive. The pDrive/hCyP40 was transformed into E.coli XLI Blue 

competent cells and positive clones identified by PCR analysis. Several positive 

clones were selected and inoculated into 5 mL of 2 x YT medium. DNA was extracted 

from overnight cultures and tested again for the presence of pDrive/hCyP40 by 

restriction enzyme digests with BamHI and NotI. Two confirmed positive clones were 

selected and the integrity of full length hCyP40 DNA was validated by sequencing 

with the oligoncleotides M13 forward (5’-gtaaaacgacggccagt-3’), M13 reverse (5’-

aacagctatgaccatg-3’) and an internal CyP40 oligonucleotide (5’- 



Chapter 4 

____________________________________                
Modulation of Immunophilin Expression               

__________________________________ 

 

________________________________________________________          
 107       

_________________________________________________________
 

ttctcaaatcagaatgggaca-3’). Approximately 5 μg of pDrive/hCyP40 was then digested 

with BamHI and NotI overnight at 37°C. The digested DNA was run on a 1% agarose 

gel and the released hCyP40 DNA extracted, purified and ligated to the similarly 

digested and linearised pTRE2hyg. The correct expression of CyP40 was determined 

by transient transfection in the MCF-7 cell line followed by Western analysis (see 

section 4.2.2.6). 

 

4.2.2.2. G418 and Hygromycin Kill-Curves 

The MCF-7 Tet-Off CyP40 stable cell line is a double-stable cell line requiring the 

cells be under both G418 (neomycin) and hygromycin selection. A G418 and 

hygromycin kill-curve was therefore first performed with the MCF-7 cell line. Cells 

were seeded into a 6-well plate at a density of 1 x 10
5
 cells/well in a 2 mL volume. 

This allowed a low starting cell confluency of approximately 40%. After 24 hours the 

medium was changed and each well dosed with increasing concentrations of G418 or 

hygromycin (100, 200, 400, 700 or 1000 μg/mL). A control well containing no 

selection antibiotic was also included. Medium was changed every two days within an 

approximate one week period. The lowest antibiotic concentration to cause significant 

cell death within the course of the experiment was selected. For the MCF-7 cell line 

G418 and hygromycin concentrations of 400 μg/mL and 200 μg/mL, respectively, 

were selected. 

 

4.2.2.3. MCF-7 Tet-Off Stables 

Using Lipofectamine™ 2000 cells were first transfected with the pTet-Off plasmid 

which expresses the tTA regulator and contains the G418 marker. Twenty four hours 

post-transfection cells were placed under G418 selection until the non-transfected 

MCF-7 cells had died and the transfected cells had formed a pattern of cellular foci 

representing different clones. For the MCF-7 cell line this process took approximately 

2 weeks. The MCF-7 Tet-Off clones were selected using 3 mm cloning discs. 

 

4.2.2.4. Testing of MCF-7 Tet-Off Clones  

The MCF-7 Tet-Off clones were tested for Dox-mediated regulation using a luciferase 

reporter assay. Once clones had reached 70-90% confluence within the 24-well plate 

they were trypsinised and split into 2 wells of a 6-well plate. Cells in one well were 
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used to maintain the clone and cells in the second well used in the reporter assay. For 

the reporter assay each clone was transfected with 1 μg of the luciferase reporter 

plasmid pTRE2luc. Following a 4 hour incubation with the transfection medium the 

cells were split into 2 new wells of a 6-well plate. One well was immediately dosed 

with 1.5 μg/mL Dox. Cells were harvested after 48 hours incubation by washing with 

sterile PBS and adding 250 μL luciferase lysis buffer per well. Following a 2 hour 

incubation at room temperature with gentle rocking, cell lysates were collected and 

immediately stored at -70°C.  

 

The luciferase reporter assay was performed by aliquoting 50 μL of thawed lysate per 

well of a 96-well Optiplate™. Each sample was aliquoted into triplicate wells. 

Luminescent readings were taken using a POLARstar OPTIMA plate reader. Fifty μL 

of Luciferase Assay Substrate was injected per well followed by a 20 second reading 

interval. Clones were assessed for fold induction of luciferase activity (-Dox relative 

luminescent units (RLU)/+Dox RLU). Clones exhibiting a low background and an 

induction level of >20 fold were selected. One MCF-7 Tet-Off clone was chosen for 

the preparation of stable cells with regulated CyP40 expression. 

 

4.2.2.5. MCF-7 Tet-Off CyP40 Stables 

Cells of the selected MCF-7 Tet-Off clone were seeded into a 6-well plate at a density 

of 3 x 10
5
 cells/well in a 2 mL volume and transfected with 2 μg of 

pTRE2hyg/FLAGhCyP40 DNA using Lipofectamine™ 2000. As a control a second 

well of MCF-7 Tet-Off cells was treated identically except that the transfection 

solution contained no DNA.  

 

Twenty four hours post-transfection the cells were trypsinised and split into three 10 

cm plates and after a further 24 hour period, the medium was replaced with medium 

containing 400 μg/mL G418, 200 μg/mL hygromycin and 1.5 μg/mL Dox. The 

Clontech protocol recommends that cells be cultured in the presence of the 

expression-inhibiting Dox to prevent any possible negative affects of gene 

overexpression. The medium containing selection antibiotics and Dox was replaced 

every two days until all the non-transfected MCF-7 Tet-Off cells had died and the 

transfected cells had formed a pattern of cellular foci representing different clones. 
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The MCF-7 Tet-Off CyP40 clones were selected using 3 mm cloning discs and 

transferred to wells of a 24-well plate. A total of 30 clones was selected.  

 

4.2.2.6. Testing the MCF-7 Tet-Off CyP40 Clones  

The MCF-7 Tet-Off CyP40 clones were tested for Dox-mediated regulation of CyP40 

expression by Western analysis. Once clones had reached 70-90% confluence within 

the 24-well plate they were trypsinised and split into 3 wells of a 6-well plate. Cells in 

one well were used to maintain the clone. Cells in the second and third wells were 

incubated in the presence or absence of Dox. Before cells reached 90% confluence the 

cells were harvested using the whole cell protein extraction method described in 

Chapter 2, section 2.2.6.3. Thawed cell pellets were resuspended in 100 μL WCL 

buffer and quantitated using the Bradford assay.  

 

Twenty five μg of sample protein was run separated on a 12.5% SDS-PAGE gel and 

transferred overnight to a Hybond
™

-C super nitrocellulose membrane. The following 

day, the membrane was incubated in blocking buffer (1x TBS-T pH 7.8, 5% skim 

milk) for 1 hour at room temperature and then incubated with primary antibody, anti-

CyP40 (KM1166) diluted 1/10,000 in blocking buffer, for 2 hours at room 

temperature. The membrane was washed with blocking buffer (3 x 10 minutes) and 

then incubated with goat anti-mouse-HRP secondary antibody, diluted 1/10,000 in 

blocking buffer, for 1 hour at room temperature. The membrane was washed (3 x 10 

minutes) in 1 x TBS-T. Following a 1 minute incubation with 2 mL ECL reagent, the 

membrane was blotted dry and exposed to film. Clones exhibiting a low background 

of FLAG CyP40 expression in the presence of Dox and a high level of FLAG CyP40 

expression in the absence of Dox were selected. 

 

The same Western membrane was also probed for ERα expression using the above 

methodology with anti-ER (HC-20), diluted 1/300, and secondary antibody, goat anti-

rabbit-HRP, diluted 1/10,000. 

 

4.2.3. Generating the CyP40 and FKBP52 Knockdown Cell Lines 

MCF-7 and MDA MB 231 stable cell lines were generated by viral-mediated 

transfection of the vector pSUPERIOR.retro.neo+gfp (OligoEngine) which expresses 
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both the enhanced green fluorescence protein (EGFP) and short hairpin RNA 

(shRNA)-containing sequences homologous to CyP40 or FKBP52. 

 

4.2.3.1. Cloning of the Estrogen Receptor α 

Human ERα DNA was subcloned from the yeast expression plasmid pG/ER into the 

mammalian expression plasmid pcDNA3.1(+). Approximately 5 μg of pG/ER was 

digested with BamHI for 5 hours at 37°C. The digested DNA was run on a 1% 

agarose gel and the released ERα DNA extracted, purified and ligated to the similarly 

digested and dephosphorylated pcDNA3.1(+). The pcDNA3.1(+)/hERα was 

transformed into the XLI Blue competent bacterial cells. Isolated clones were 

inoculated into 5 mL of 2 x YT medium. DNA was extracted from overnight cultures 

and tested for the presence of pcDNA3.1(+)/hERα by restriction enzyme digests with 

BamHI. The correct orientation of ERα was determined by digestion with NotI. 

Expression of ERα was determined by Western analysis after transient transfection in 

the MDA MB 231 cell line. 

 

4.2.3.2. Design of Knockdown Target Sequences 

The OligoEngine pSUPER RNAi System™ required the design of an oligonucleotide 

where inverted repeats of a 19-nucleotide target sequence were separated by a 9-

nucleotide hairpin sequence. BglII and HindIII sites were added to the 5’-end of the 

sense and antisense oligonucleotide, respectively (Figure 4.1). The FKBP52 target 

sequences were obtained from Qiagen (FKBP4_3 and FKBP4_4). The CyP40 target 

sequences were designed as part of this study. The target sequence was selected by 

first running the CyP40 DNA sequence through multiple siRNA and shRNA design 

programs. They included programs available through the Dharmacon, Invitrogen, 

Imgenex and Promega web sites.  The results provided by the programs were 

compared and any recurring sequences selected and their location on the CyP40 

secondary RNA structure determined using the Mfold program (Zuker, 2003). 

Sequences located in hairpin loops and other complex structures were eliminated as 

potential target sequences. The remaining sequences were slightly modified to 

generate 19-nt sequences with a 5’-guanine nucleotide and tested using the National 

Center for Biotechnology Information (NCBI) BLASTN program where target 

sequences were tested for potential matches to other genes in a human expressed 
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sequence tag (EST) database. Two CyP40 target sequences were finally selected 

(CyP40-2 and CyP40-3). Scrambled control sequences (CyP40scr and FKBP52scr) 

were generated by taking the nucleotide content of the CyP40-2 and FKBP4_3 target 

sequences and deriving a new random sequence. This was performed using a 

scrambling program available from Promega. Scrambled sequences were also tested 

for inadvertent gene matches using the NCBI BLASTN program. 

 

4.2.3.3. Cloning of Knockdown Target Sequences 

The 60-nucleotide oligomers were designed and synthesised as shown in Table 4.1. 

The sense and antisense oligonucleotides were first annealed to one another by 

combining 3 μg of each oligonucleotide with annealing buffer in a total 50 μL volume. 

Using a DNA thermocycler the mixture was incubated at 90°C for 4 minutes, and then 

at 70°C for 10 minutes. The annealed oligonucleotides were then slowly cooled to 

37°C over a 20 minute period, and further cooled to 4°C over a 15 minute period. One 

μg of pSUPERIOR.retro.neo+gfp DNA was digested with the restriction enzyme 

HindIII for 1 hour at 37°C. One μL (10 units) of BglII was then added directly to the 

mixture and further digested for 2 hours at 37°C. The digestion reaction was 

inactivated by incubating the mixture at 75°C for 20 minutes. The linearised plasmid 

was run on a 1% agarose gel and gel extracted. The prepared elements were ligated by 

combining 1 μL linearised pSUPERIOR.retro.neo+gfp, 2 μL annealed 

oligonucleotides, 0.2 units of Invitrogen T4 DNA ligase and 2 μL of 5 x reaction 

buffer, made up to a final volume of 10 μL with sterile ddH2O. The reaction was 

incubated overnight at room temperature. The BglII site is abolished upon successful 

ligation of annealed oligonucleotides to the plasmid, therefore the ligation reactions 

were incubated with BglII for 30 minutes at 37°C to reduce the likelihood of empty 

plasmid being transformed. Following BglII digestion the ligation reactions were 

transformed into 200 μL XL1 Blue competent bacterial cells and plated onto a 2 x YT 

agarose plate containing ampicillin. Bacterial clones were tested for insert by 

digesting extracted DNA with both EcoRI and HindIII to release an approximately 

280 base pair fragment containing the oligonucleotide insert. For each knockdown 

construct, one clone was selected and the insert validated by sequencing with the 

recommended oligonucleotides pSUPER-SP1241-1257 (5'-ggaagccttggcttttg-3') and 

pSUPER-SP2646-2630 (5'-cgaacgctgacgtcatc-3'). 
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Table 4.1. The oligonucleotides designed to generate the shRNA sequences. The 

selected CyP40 and FKBP52 sequences within the shRNA are shaded. 

Oligonucleotide Sequence  

siRNACyP40-2 sense 5'-gatccccggaaacctctccatttcaattcaagagattgaaatggagaggtttccttttta-3' 

siRNACyP40-2 antisense 5'-agcttaaaaaggaaacctctccatttcaatctcttgaattgaaatggagaggtttccggg-3' 

siRNACyP40-3 sense 5'-gatccccgctgcaacctatagctttattcaagagataaagctataggttgcagcttttta-3' 

siRNACyP40-3 antisense 5'-agcttaaaaagctgcaacctatagctttatctcttgaataaagctataggttgcagcggg-3' 

CyP40-2scr sense 5'-gatccccgcgttccctacaataatacttcaagagatattattgtagggaacgcttttta-3' 

CyP40-2scr antisense 5'-agcttaaaaagcgttccctacaataatactctcttgaagtattattgtagggaacgcggg-3' 

FKBP4_3 sense 5'-gatccccggatgaggtctgataagaattcaagagattcttatcagacctcatccttttta-3' 

FKBP4_3 antisense 5'-agcttaaaaaggatgaggtctgataagaatctcttgaattcttatcagacctcatccggg-3' 

FKBP4_4 sense 5'-gatcccccgcttgtatttgaggtggattcaagagatccacctcaaatacaagcgttttta-3' 

FKBP4_4 antisense 5'-agcttaaaaacgcttgtatttgaggtggatctcttgaatccacctcaaatacaagcgggg-3' 

FKBP52scr sense 5'-gatccccttctccgaacgtgtcacgtttcaagagaacgtgacacgttcggagaattttta-3' 

FKBP52scr antisense 5'-agcttaaaaagtgtactatgtgtggatggtctcttgaaccatccacacatagtacacggg-3' 
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4.2.3.4. PA317 Viral Packaging Cell Line 

The PA317 cell line is a murine embryonic fibroblast cell line used as a packaging 

line for retroviruses (Miller and Buttimore, 1986). Upon transfection with a retroviral 

vector the PA317 cell line produces amphotropic virions suitable for infecting human 

cell lines. The PA317 cells were maintained in DMEM supplemented with 10% FBS 

and 100 units/mL penicillin/10 μg/mL streptomycin.  

 

All work with the PA317 viral packaging cell line was performed according to 

guidelines issued by the Office of the Gene Technology Regulator (OGTR), within a 

PC2 accredited laboratory.  

 

4.2.3.5. Generating the Stable Packaging Cell Lines 

A G418 kill-curve was first performed on the PA317 cells (see section 4.2.2.2) and the 

G418 concentration of 400 μg/mL selected. The PA317 cells were seeded into 75 cm
2
 

flasks at a density of 1 x 10
6
 cells/flask in a 10 mL volume. Eleven μg of each 

pSUPERIOR construct was linearised with 24 units of the restriction enzyme ScaI, 1 x 

reaction buffer and 0.1 mg/mL BSA overnight at 37°C. The equivalent of 1 μg of 

DNA from each reaction was run on a 1% agarose gel to confirm complete 

linearization. The remaining 10 μg of DNA was purified using the QIAquick PCR 

purification kit, and using Lipofectamine™ 2000, was transfected into the PA317 

cells. A control flask of PA317 cells was treated identically except that the 

transfection solution contained no DNA. Twenty four hours post-transfection the 

medium was replaced with that containing 400 μg/mL G418. The medium containing 

G418 was replaced every two days until all the non-transfected PA317 cells had died. 

 

4.2.3.6. Retroviral Infection of MCF-7 and MDA MB 231 Cell Lines 

Two days before infection of MCF-7 and MDA MB 231 cells, the PA317 viral 

packaging cells were incubated without G418. The MCF-7/MDA MB 231 cell lines 

were seeded into 75 cm
2
 flasks at a density of 2.1 x 10

6
 cells/flask in a 10 mL volume. 

A flask for a non-infected cell control was also included. The PA317 cell lines were 

washed with 5 mL sterile PBS and covered with 7 mL DMEM supplemented with 

10% FBS (no antibiotics). Following 24 hours incubation, the PA317 cell medium or 

‘viral soup’ was removed, transferred to a 10 mL syringe and filtered through a 0.22 
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μm Millex
®
 filter unit into a sterile 15 mL tube. The medium on the MCF-7/MDA MB 

231 cells was aspirated and the cells washed with 5 mL sterile PBS. The PBS was 

aspirated and the filtered viral soup placed on the cells. The infection process was 

repeated once more. Following 24 hours incubation with the second dose of viral 

soup, the MCF-7/MDA MB 231 cells were placed in 10 mL regular culturing medium 

and after a further 24 hours dosed with 400 μg/mL G418. The medium containing 

G418 was replaced every two days until all the non-infected MCF-7/MDA MB 231 

cells had died. 

 

4.2.3.7. Testing for CyP40 and FKBP52 Knockdown 

Initial Western analysis failed to show significant knockdown of either CyP40 or 

FKBP52. Experience had demonstrated the MDA MB 231 cell line to be difficult in 

the creation of stable cell lines. The expression of EGFP by 

pSUPERIOR.retro.neo+gfp allowed the newly created stable cell lines to be cell 

sorted and a high percentage of infected (EGFP-positive) cells to be collected. Cells 

were allowed to grow to 90% confluence in a 75 cm
2
 flask and then trypsinised and 

the cell pellet resuspended in 5 mL cell sorting buffer (with freshly added 1% FBS). 

The cells were sorted using a Fluorescence Activated Cell Sorter (FACS) Vantage 

Cytometer with facilities and technical assistance (Dr. Kathy Heel) provided by the 

Australian Microscopy & Microanalysis Research Facility at the Centre for 

Microscopy, Characterisation & Analysis (CMCA), The University of Western 

Australia. Cells expressing high levels of EGFP were collected into a small volume of 

culturing medium and a post-sort analysis performed to determine the percentage of 

positive cells. Depending on cell number, the collected cells were seeded into a 24-

well plate or 25 cm
2
 flask and immediately put under G418 selection. Typically the 

cell lines underwent two cell sorts before protein knockdown was determined by 

Western analysis. Cells were sorted before being assayed to ensure a pure population 

of EGFP-positive cells. 

 

Twenty five μg of sample protein was separated on a 10% SDS-PAGE gel and 

transferred overnight to a Hybond
™

-C super nitrocellulose membrane. The following 

day the membrane was incubated in blocking buffer (1x TBS-T pH 7.8, 5% skim 

milk) for 1 hour at room temperature and then incubated with primary antibody, anti-
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CyP40 (KM1166) diluted 1/10,000 and anti-FKBP52 (Hi52c) diluted 1/1,000 in 

blocking buffer, for 2 hours at room temperature. As an internal control α-tubulin was 

probed using anti-α-tubulin antibody diluted 1/10,000. The membrane was washed 

with blocking buffer 3 x 10 minutes and then incubated with goat α-mouse-HRP 

secondary antibody diluted 1/10,000 in blocking buffer for 1 hour at room 

temperature. The membrane was washed (3 x 10 minutes) in 1x TBS-T. Following a 1 

minute incubation with 2 mL ECL reagent the membrane was blotted dry and exposed 

to film. 

 

Densitometric analysis of immunophilin expression levels was performed by scanning 

the Western images and using Scion Image software (Scion Corporation, USA) to 

measure signal intensity. 

 

4.2.4. [
3
H]Estradiol-Binding Assay 

Two days prior to the commencement of the assay, cells were placed in phenol red-

free (PRF) DMEM supplemented with 5% charcoal stripped (CS) FBS and 100 

units/mL penicillin/10 μg/mL streptomycin. Cells were seeded into 12-well plates at a 

density of 9 x 10
4
 cells/well in a 1 mL volume. The following day, dilutions of 

[
3
H]estradiol (0.01, 0.05, 0.1, 0.5, 1 and 5 nM) were prepared in PRF DMEM. In 

addition a 500-fold excess of unlabelled E2 or the equivalent volume of absolute 

ethanol was added for the measurement of non-specific and total binding, 

respectively. The plated cells were aspirated and medium replaced with that 

containing [
3
H]estradiol. Triplicate wells were used for each [

3
H]estradiol 

concentration, for both non-specific and total-binding. Following a 1 hour incubation 

at 37°C, the cells were placed on ice and the [
3
H]estradiol-containing medium 

aspirated. The cells were then washed 3 x with 0.5 mL chilled PBS. [
3
H]Estradiol-

bound ERα was extracted by incubating the cells in 600 μL absolute ethanol for 1 

hour at room temperature. Five hundred μL of the ethanol extract was transferred to a 

pony vial and the ethanol evaporated overnight at room temperature in a fume hood. 

Three mL of OptiPhase ‘HiSafe’ 2 scintillation cocktail was added to each pony vial 

and counts per minute (CPM) determined using a Rackbeta Liquid Scintillation 

Counter. Each vial was counted for 10 minutes. 
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Additional wells were seeded for quantitation of total protein. These cells were 

incubated with medium containing the equivalent of the total percentage of absolute 

ethanol used on the [
3
H]estradiol-binding cells. Following the washes with PBS, 120 

μL luciferase lysis buffer (supplemented with 2 mM DTT) was added to each well and 

the cells incubated for 1 hour at room temperature. Using a cell scraper, the cell 

lysates were collected and stored at -70°C. Upon thawing, the lysates were spun down 

at 14,000 rpm for 20 minutes at 4°C to remove cellular debris. The cleared lysate was 

collected and quantitated by Bradford assay. Ten μL of lysate was added to 200 μL 

Bradford reagent per well of a clear 96-well plate. The absorbance was read using a 

POLARstar OPTIMA plate reader with a 590 nm filter. Protein concentrations were 

extrapolated from a standard curve generated using BSA concentrations ranging from 

15 μg/mL to 1 mg/mL. The specific-binding of ERα was determined by subtracting 

the non-specific CPM from the total CPM. Specific-binding was then standardised by 

dividing CPM by total protein.  

 

Twenty four hours prior to performing the [
3
H]estradiol-binding assay the MDA MB 

231 stable and parental cell lines were transfected with pcDNA3.1(+)/hERα which 

expresses full length human ERα. Cells were previously seeded into 75 cm
2
 flasks at a 

density of 1.7 x 10
6
 cells/flask in a 10 mL volume and using Lipofectamine™ 2000 

transfected with 1.875 μg pcDNA3.1(+)/hERα . Following a 4 hour incubation each 

flask of cells was trypsinised and cells seeded into a 12-well plate at a density of 9 x 

10
4
 cells/well in a 1 mL volume of culture medium. The quantity of DNA transfected 

equated to 100 ng pcDNA3.1(+)/hERα  per well of a 12-well plate. 

 

4.2.5. Estrogen Receptor Transactivation Assay 

Two days prior to the commencement of the assay cells were placed in PRF DMEM 

supplemented with 5% CS FBS and 100 units/mL penicillin/10 μg/mL streptomycin. 

Cells were seeded into 75 cm
2
 flasks at a density of 1.7 x 10

6
 cells/flask in a 10 mL 

volume. Using Lipofectamine™ 2000, each flask of cells was transfected with 1.5 μg 

luciferase reporter plasmid pERE-TKluc, 9.375 μg β-galactosidase reporter plasmid 

pCH110. The quantity of DNA transfected equated to 40 ng pERE-TKluc and 250 ng 

pCH110 per well of a 24-well plate. Following a 4 hour incubation, each flask of cells 

was trypsinised and cells seeded into a 24-well plate at a density of 5.5 x 10
4
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cells/well in a 0.5 mL volume of culture medium. In triplicate, wells were 

immediately dosed with increasing concentrations of E2 (0.001, 0.01, 0.1, 1, 10 nM) or 

the equivalent volume of absolute ethanol.  Each 75 cm
2
 flask of MDA MB 231 cells 

was additionally transfected with 1.875 μg pcDNA3.1(+)/hERα. Cells in control flasks 

were transfected with pTKluc (which lacks the ERE) and pCH110 or simply no DNA. 

 

Cells were harvested 18 hours post-transfection. The medium was aspirated and the 

cells washed 2 x in sterile PBS. Cells were then incubated with 120 μL reporter lysis 

buffer for 15 minutes at room temperature and the lysates collected, using a cell 

scraper, into eppendorf tubes. The lysates were vortexed for 10 seconds and cellular 

debris spun down at 14,000 rpm for 5 minutes at 4°C. The cleared lysates were 

collected into clean eppendorf tubes and immediately stored at -70°C.  

 

To perform the luciferase reporter assay the cell lysates were thawed and 50 μL of 

each sample aliquoted per well of a white 96-well Optiplate™. Luminescent readings 

were taken using a POLARstar OPTIMA plate reader where 50 μL of Luciferase 

Assay Substrate was injected per well followed by a 20 second reading interval. To 

perform the β-galactosidase reporter assay 50 μL of lysate was added to 50 μL of Gal-

Screen reagent in a white 96-well Optiplate™. The lysate and reagent were mixed 

by pipetting up and down. The plate was sealed with an adhesive sealing film 

(TopSeal™-A) and incubated at room temperature for 2 hours. Samples were analysed 

for -galactosidase activity using luminescent settings on a POLARstar OPTIMA 

plate reader. Luciferase activity was corrected for transfection efficiency by dividing 

the luciferase RLU value by the -galactosidase RLU value of each sample.  

 

4.2.6. Cell Proliferation Assay 

Two days before being assayed, the cells were incubated in PRF DMEM 

supplemented with 5% charcoal CS FBS and 100 units/mL penicillin/10 μg/mL 

streptomycin. Cells were seeded into a 96-well plate at a density of 8 x 10
3
 cells/well 

in a 50 μL volume. Cells were dosed with 1 or 10 nM E2, or the equivalent volume of 

absolute ethanol in triplicate wells representing each day of the assay. Medium was 

changed every second day of the assay. Following each 24 hours of incubation, cells 

were assayed using the CellTiter-Glo
®

 Luminescent Cell Viability Assay, which 
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assesses cell number by measuring endogenous ATP levels. Cells were brought to 

room temperature and 50 μL of the CellTiter-Glo
® 

reagent added directly to the well. 

The reagent was mixed with the cell medium by pipetting up and down and the cells 

incubated for 20 minutes at room temperature with gentle rocking. Eighty μL of each 

sample was transferred to a well of a white 96-well Optiplate™ and luminescent 

readings taken using a POLARstar OPTIMA plate reader. The cell proliferation assays 

were performed in triplicate for a period of five days or more.
 

 

4.2.7. Statistical Analysis 

The descriptive statistics were calculated and the graphs plotted using Microsoft Excel 

software. Statistical significance was determined by an Anova two-way analysis 

(p≤0.05) using SPSS version 15.0 software. 

 

 

4.3. Results 

4.3.1. MCF-7 Tet-Off CyP40 Cell Line 

4.3.1.1. Testing the MCF-7 Tet-Off Clones 

MCF-7 cells were stably transfected with the pTet-Off plasmid which expresses the 

tTA regulator. Twenty selected clones were tested for Dox-mediated regulation by 

transiently transfecting the cells with the luciferase reporter pTRE2luc and assessing 

individual clones for fold induction of luciferase activity (-Dox RLU/+Dox RLU). 

Figure 4.2.A represents the fold induction of six clones. Of the 20 clones tested only 

clones 4, 5 and 7 exhibited an induction level of >20 fold, as recommended for the 

system. Clone 5 exhibited the greatest fold induction and was selected to generate the 

MCF-7 Tet-Off Cy40 double-stable cell line. 

 

4.3.1.2. Testing the MCF-7 Tet-Off Cy40 Clones 

MCF-7 Tet-Off clone 5 cells were stably transfected with pTRE2hyg/FLAGhCyP40, 

which expresses a FLAG-tagged CyP40 allowing differentiation of endogenous from 

ectopic CyP40. Thirty clones were tested for Dox-mediated expression of FLAG-

CyP40 by incubating the individual clones with and without Dox. The majority of 

clones failed to express FLAG-CyP40 at a detectable level. Figure 4.3.A shows a 

Western blot of three clones (clone 56, 85, and 14) which had previously been 
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Figure 4.2. Selection of the optimal MCF-7 Tet-Off clone. MCF-7 Tet-Off clones 

were tested for Dox-regulated expression using a luciferase reporter assay. Cells were 

transfected with pTRE2luc and incubated in medium +/- Dox. Cells were harvested 

48 hours post-transfection and the luciferase assay performed. Individual clones were 

assessed for fold induction of luciferase activity (-Dox (RLU)/+Dox RLU), with a 

fold induction of >20 optimal. Clone 5 was subsequently selected for the creation of 

the MCF-7 Tet-Off CyP40 double-stable cell line. Presented is a representative graph 

of three independent assays.  
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Figure 4.3. Characterisation of MCF-7 Tet-Off CyP40 clones. MCF-7 Tet-Off 

CyP40 clones were tested for Dox-regulated expression of FLAG-CyP40 

expression by Western analysis. Individual clones were split into 2 wells of a 6-

well plate and incubated in medium +/- Dox. Protein extracts (25 μg/sample) were 

run on a 12.5% SDS-PAGE gel and transferred overnight to a nitrocellulose 

membrane. A. The membrane was probed for CyP40 (KM1166 antibody) to 

determine Dox-regulated expression of FLAG-CyP40, as well as endogenous levels 

of CyP40 protein. The same membrane was also probed for ERα (HC-20). Alpha-

tubulin (anti-α-tubulin antibody) was probed as an internal loading control. B. A 

time-course study was conducted with the selected clone 56. Cells were harvested 

following 1, 2, 3, 5 and 7 days incubation in the absence of Dox. Protein extracts 

were run on a 12.5% SDS-PAGE gel and transferred overnight to a nitrocellulose 

membrane. The membrane was probed for CyP40 (KM1166) to determine the time 

required for significant expression of FLAG-CyP40 relative to endogenous CyP40. 
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assessed and found to express FLAG-CyP40 at appreciable levels.  In all three clones 

the expression of FLAG-CyP40 was turned off in the presence of Dox and turned on 

in the absence of Dox. Clone 56 displayed the greatest induction of FLAG-CyP40 

expression with equal levels of endogenous CyP40 and FLAG-CyP40 equivalent to a 

100% increase in CyP40 levels within the cells. For this reason clone 56 was selected 

for further study. 

 

On the same Western membrane clones 56, 85, and 14 were tested for altered ERα 

expression levels in response to the increased levels of CyP40 (Figure 4.3.A). In all 

three clones increased CyP40 levels did not alter the expression levels of ERα. Clone 

85 did express ERα at a greater level than clones 56 and 14. However, this increased 

level of ERα was uniform across treatments (+/- Dox). 

 

A time-course experiment was conducted on clone 56 to determine the time required 

for significant FLAG-CyP40 expression. This involved harvesting cells following 1, 

2, 3, 5 and 7 days incubation in the absence of Dox. Significant levels of FLAG-

CyP40 were observed following 3 days incubation in the absence of Dox, and levels 

equivalent to endogenous CyP40 were not observed until 7 days incubation without 

Dox (Figure 4.3.B). Following this result it was decided to propagate and maintain 

two MCF-7 Tet-Off CyP40 cell populations, one to be incubated in the presence of 

Dox and the second to be incubated in the absence of Dox. For the sake of simplicity, 

cells incubated in the presence of Dox (FLAG-CyP40 expression turned off) will from 

here on be referred to as MCF-7 +Dox cells and cells incubated in the absence of Dox 

(FLAG-CyP40 expression turned on) will be referred to as MCF-7 -Dox cells. 

 

Cells which constitutively expressed enhanced levels of CyP40 were not found to 

display any alteration to cellular morphology. 

 

4.3.1.2. The Overexpression of CyP40 Enhances the [
3
H]Estradiol-Binding 

Properties of ERα  

Changes in the ability of ERα to bind ligand, in the presence of overexpressed CyP40, 

were assessed by performing an intact cell [
3
H]estradiol-binding assay on the MCF-7 

Tet-Off CyP40 cell line. The ability of ERα to bind [
3
H]estradiol was increased in 
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MCF-7 cells overexpressing CyP40 (-Dox) (Figure 4.4). This was particularly evident 

at the three higher concentrations of 0.5, 1 and 5 nM [
3
H]estradiol. At these 

concentrations the ligand-binding activity of MCF-7 –Dox cells was increased 30-

40% over that of the MCF-7 +Dox cells. The increase in ERα ligand-binding activity 

in MCF-7 –Dox cells was significant (p<0.01) only at 500 pM [
3
H]estradiol.  

 

4.3.1.3. The Overexpression of CyP40 Increases the Basal Transcriptional 

Activity of ERα 

ERα transcriptional activity in the presence of overexpressed CyP40 was assessed 

using a luciferase reporter assay on the MCF-7 Tet-Off CyP40 cell line. The fold 

increase in ERα activity was calculated relative to the MCF-7 +Dox cells treated with 

ethanol. In both cell populations the transcriptional activity of ERα increased with 

increasing concentrations of E2 and plateaued at 100 pM E2. The basal activity of ERα 

in MCF-7 –Dox cells was significantly elevated by 31% (p<0.036) when compared to 

MCF-7 +Dox cells (Figure 4.5).  At 0.1 and 10 nM of E2, the activity of ERα in MCF-

7 –Dox cells was also significantly elevated by approximately 30% (p<0.031 and 

p<0.026, respectively) when compared to MCF-7 +Dox cells. However, the fold 

change of ERα activity in MCF-7 –Dox cells in response to ligand and standardised 

against ethanol treatment of MCF-7 –Dox cells was not significantly different from 

that observed in MCF-7 +Dox cells. 

 

4.3.1.4. The Overexpression of CyP40 Does Not Affect Cell Proliferation  

Treatment with E2 results in a mitogenic response in MCF-7 cells. In order to assess if 

the overexpression of CyP40 altered this response, a cell proliferation assay was 

performed. There was no difference in cell proliferation between the +Dox and –Dox 

MCF-7 cells (Figure 4.6). Indeed this assayed failed to show any significant difference 

in cell proliferation between those treated with ethanol or E2. At day 5 of the assay a 

small increase in signal from MCF-7 –Dox cells treated with both 1 and 10 nM E2 was 

observed, but this was not significant. 
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Figure 4.4. Influence of CyP40 overexpression on estradiol binding properties of 

MCF-7 cells. MCF-7 Tet-Off CyP40 cells were incubated +/-Dox and the ligand-

binding activity of ERα in each cell population determined using an intact cell 

hormone-binding assay with increasing concentrations of [
3
H]estradiol. CPM values 

were standardised against total cellular protein (CPM/μg protein) and presented as a 

function of the log of [
3
H]estradiol (

3
H-E2) concentration. The graph represents the 

mean ± SD of three independent experiments,* p<0.01. 
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Figure 4.5. Influence of CyP40 overexpression on ERα transcriptional activity. 

MCF-7 Tet-Off CyP40 cells were incubated +/-Dox and the transactivation activity of 

ERα in each cell population determined through a luciferase reporter assay. Cells 

were transfected with both a luciferase reporter plasmid pERE-TKluc and a β-

galactosidase reporter plasmid pCH110. Immediately following transfection cells 

were seeded into a 24-well plate and triplicate wells treated with increasing 

concentrations of E2 or ethanol. Cells were harvested 18 hours post-transfection and 

the luciferase assay performed. Luciferase RLU values were normalised against 

constitutive β-galactosidase RLU values. The fold increase in ERα activity was 

calculated relative to the MCF-7 +Dox cells treated with ethanol. The graph 

represents the mean ± SD of two independent experiments,* p<0.04. 
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Figure 4.6. Comparison of MCF-7 cell proliferation with and without CyP40 

overexpression. MCF-7 Tet-Off CyP40 cells were incubated +/-Dox and the 

proliferation rate of each cell population determined with the CellTiter-Glo
®

 

Luminescent Cell Viability Assay. Cells were seeded into a 96-well plate and triplicate 

wells treated with 1, 10 nM E2 or ethanol. Cells were harvested at 24 hour intervals and 

assayed. The fold increase in the rate of cell proliferation was calculated relative to the 

RLU at day 1. The graph represents the mean ± SD of two independent experiments. 
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4.3.2. MCF-7 / MDA MB 231 Immunophilin Knockdown Cell Lines 

4.3.2.1. Assessment of CyP40 and FKBP52 Protein Knockdown 

MCF-7 and MDA MB 231 stable cell lines were generated by viral-mediated 

transfection of a vector expressing both EGFP and shRNA containing sequences 

homologous to CyP40 or FKBP52. Cells were sorted twice, collecting high EGFP-

expressing populations, and the cells harvested for protein extraction. The level of 

immunophilin knockdown was determined by densitometry where CyP40 and 

FKBP52 expression was standardised against that of α-tubulin. In the MCF-7 cell line 

the CyP40-2 construct resulted in the complete knockdown of CyP40 protein levels, 

while the CyP40-3 construct was only slightly less effective with a 98% knockdown 

(Figure 4.7.A). For FKBP52, the FKBP4_3 construct resulted in an approximate 50% 

reduction in protein levels while the FKBP4_4 construct showed no knockdown 

(Figure 4.7.B).  

 

Within the MDA MB 231 cell line the level of CyP40 knockdown was also high. The 

CyP40-2 construct resulted in just under 98% knockdown of CyP40 protein levels, 

while the CyP40-3 construct was again only slightly less effective with an 

approximate 83% knockdown (Figure 4.8.A). The 94% knockdown of FKBP52 with 

the FKBP4_3 construct in all probability resulted from the lower level of endogenous 

FKBP52 found in the MDA MD 231 cell line in comparison to the MCF-7 cell line. 

The FKBP4_4 construct resulted in no knockdown of FKBP52 protein levels. As an 

anomaly, the FKBP52scr control construct expressed up to 25% more FKBP52 than 

the parental control.  

 

The assessment of CyP40 and FKBP52 knockdown in both cell lines was performed 

only once. The constructs which displayed the greatest knockdown of CyP40 and 

FKBP52 protein levels, CyP40-2 and FKBP4_3 respectively, were selected for 

assessment of ERα action. Cell lines stably transfected with these constructs will from 

here on be referred to as the CyP40-2KD and FKBP4_3KD cell lines, respectively. 

  

The stable cell lines expressing knockdown levels of CyP40 or FKBP52 were not 

found to display any alteration to cellular morphology or behaviour. 
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Figure 4.7. The knockdown of Cyp40 and FKBP52 protein levels in MCF-7 cells. 

MCF-7 stable cell lines were sorted by a FACS Vantage Cytometer and cells 

expressing high levels of EGFP collected for propagation. Protein extracts (25 

μg/sample) were run on a 12.5% SDS-PAGE gel and transferred overnight to a 

nitrocellulose membrane. A. The membrane was probed for CyP40 (KM1166 

antibody) to determine the level of protein knockdown. Alpha-tubulin (anti-α-tubulin 

antibody) was probed as an internal loading control. B. The membrane was probed 

for FKBP52 (Hi52c antibody) to determine the level of protein knockdown. Alpha-

tubulin (anti-tubulin) was probed as an internal loading control. Densitometric 

analysis of immunophilin expression levels was performed using Scion Image 

software. The figures presented are the results of a single assessment. 
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Figure 4.8. The knock-down of Cyp40 and FKBP52 protein levels in MDA    

MB 231 cells. MDA MB 231 stable cell lines were sorted by a FACS Vantage 

Cytometer and cells expressing high levels of EGFP collected for propagation. 

Protein extracts (25 μg/sample) were run on a 12.5% SDS-PAGE gel and transferred 

overnight to a nitrocellulose membrane. A. The membrane was probed for CyP40 

(KM1166 antibody) to determine the level of protein knockdown. Alpha-tubulin 

(anti-α-tubulin antibody) was probed as an internal loading control. B. The 

membrane was probed for FKBP52 (Hi52c antibody) to determine the level of 

protein knockdown. Alpha-tubulin (anti-tubulin) was probed as an internal loading 

control. Densitometric analysis of immunophilin expression levels was performed 

using Scion Image software. The figures presented are the results of a single 

assessment. 
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4.3.2.2. Properties of ERα in MCF-7 Cells Depleted of FKBP52 or CyP40 

Changes in the ability of endogenous ERα to bind ligand, in an environment of 

significantly reduced CyP40 or FKBP52, were assessed by performing a 

[
3
H]estradiol-binding assay on the MCF-7 knockdown cell lines with scrambled and 

parental cell lines as controls. There was no change in the ability of ERα to bind 

[
3
H]estradiol in the CyP40-2KD cell line when compared to the two control cell lines 

(Figure 4.9.A). Similarly, there was no change in the ability of ERα to bind 

[
3
H]estradiol in the FKBP4_3KD cell line when compared to the two control cell lines 

(Figure 4.10.A). 

 

ERα transcriptional activity in the presence of depleted CyP40 and FKBP52 levels 

was assessed using a luciferase reporter assay. The fold increase in ERα activity was 

calculated relative to the parental cell line treated with ethanol only. Both the basal 

and ligand-stimulated activity of ERα in the CyP40-2KD cell line were not 

significantly changed from that of the CyP40scr and parental cell controls (Figure 

4.9.B). The transcriptional activity of ERα in the FKBP4_3KD cell line was also not 

significantly different from that of the FKBP52scr and parental cell controls (Figure 

4.10.B). 

 

4.3.2.3. Properties of ERα in MDA MB 231 Cells Depleted of FKBP52 

There was no change in the ability of ERα to bind [
3
H]estradiol in the FKBP4_3KD 

cell line when compared to the two control cell lines (Figure 4.11.A). The increased 

basal transcriptional activity of ERα in the environment of depleted FKBP52 was 

significant (p<0.03). (Figure 4.11.B). However, the E2-induced transcriptional activity 

of the FKBP4_3KD cell line was not significantly different from that of the parental 

control. The E2-induced transcriptional activity of the FKBP52scr cell line was 

considerably lower than that of the other two cell lines. Nevertheless, this result was 

not statistically significant. 

 

While the MDA MB 231 CyP40-2KD cell line was successfully generated, the cell 

line was found to be intolerant to the processes involved in long-term storage of cells 

(i.e. storage in liquid nitrogen and subsequent resuscitation). For this reason the MDA 

MB 231 CyP40-2KD cell line was unable to be assessed. 
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Figure 4.9. ERα ligand-binding and transcriptional activity in the MCF-7 CyP40 

knockdown (CyP40-2KD) cell line. A. The ligand-binding activity of ERα in each 

stable/parental cell line was determined using an intact cell hormone-binding assay 

with increasing concentrations of [
3
H]estradiol. CPM values were standardised 

against total cellular protein (CPM/μg protein) and presented as a function of the log 

of [
3
H]estradiol (

3
H-E2) concentration. The graph represents the mean ± SD of two 

independent experiments. B. The transactivation activity of ERα in each cell 

population was determined through a luciferase reporter assay. Cells were transfected 

with both a luciferase reporter plasmid pERE-TKluc and a β-galactosidase reporter 

plasmid pCH110. Immediately following transfection, cells were seeded into a 24-

well plate and triplicate wells treated with increasing concentrations of E2 or ethanol. 

Cells were harvested 18 hours post-transfection and the luciferase assay performed. 

Luciferase RLU values were normalised against constitutive β-galactosidase RLU 

values. The fold increase in ERα activity was calculated relative to the MCF-7 

parental cells treated with ethanol. The graph represents the mean ± SD of two 

independent experiments. 
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Figure 4.10. ERα ligand-binding and transcriptional activity in the MCF-7 

FKBP52 knockdown (FKBP4_3KD) cell line. A. The ligand-binding activity of 

ERα in each stable/parental cell line was determined using an intact cell hormone-

binding assay with increasing concentrations of [
3
H]estradiol. CPM values were 

standardised against total cellular protein (CPM/μg protein) and presented as a 

function of the log of [
3
H]estradiol (

3
H-E2) concentration. The graph represents the 

mean ± SD of two independent experiments. B. The transactivation activity of ERα 

in each cell population was determined through a luciferase reporter assay. Cells 

were transfected with both a luciferase reporter plasmid pERE-TKluc and a β-

galactosidase reporter plasmid pCH110. Immediately following transfection, cells 

were seeded into a 24-well plate and triplicate wells treated with 10 nM E2 or 

ethanol. Cells were harvested 18 hours post-transfection and the luciferase assay 

performed. Luciferase RLU values were normalised against constitutive β-

galactosidase RLU values. The fold increase in ERα activity was calculated relative 

to the MCF-7 parental cells treated with ethanol. The graph represents the mean ± SD 

of two independent experiments. 
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Figure 4.11. ERα ligand-binding and transcriptional activity in the MDA MB 

231 FKBP52 knockdown (FKBP4_3KD) cell line. A. The individual MDA MB 

231 stable/parental cell lines were transfected with pcDNA3.1(+)/hERα and the 

ligand-binding activity of ERα in each cell line determined using an intact cell 

hormone-binding assay with increasing concentrations of [
3
H]estradiol. CPM values 

were standardised against total cellular protein (CPM/μg protein) and presented as a 

function of the log of [
3
H]estradiol (

3
H-E2) concentration. The graph represents the 

mean ± SD of two independent experiments. B. The transactivation activity of ERα 

in each cell population was determined through a luciferase reporter assay. Cells 

were transfected with a ERα expression plasmid pcDNA3.1(+)/hERα and both a 

luciferase reporter plasmid pERE-TKluc and a β-galactosidase reporter plasmid 

pCH110. Immediately following transfection, cells were seeded into a 24-well plate 

and triplicate wells treated with 10 nM E2 or ethanol. Cells were harvested 18 hours 

post-transfection and the luciferase assay performed. Luciferase RLU values were 

normalised against constitutive β-galactosidase RLU values. The fold increase in 

ERα activity was calculated relative to the MCF-7 parental cells treated with ethanol. 

The graph represents the mean ± SD of two independent experiments,* p<0.03. 
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4.4. Discussion 

4.4.1. The Overexpression of CyP40 Enhances ERα Activity in the MCF-7 Cell 

Line 

Estradiol elicits a mitogenic effect upon the ERα-positive breast cancer cell line MCF-

7. In the presence of overexpressed immunophilin, PP5, this response is reproduced in 

a ligand-independent manner (Urban et al., 2001). ERα has been found to 

preferentially associate with heterocomplexes containing CyP40 (Ratajczak et al., 

1993). This preference may be indicative of a biological role for CyP40 upon the 

actions of ERα. One of the aims of the work within this chapter was to create a MCF-

7 cell line which overexpressed CyP40 and to assess any changes to the ligand-

binding and transactivation properties of ERα in this environment. Using the Clontech 

Tet-Off system, the overexpression of FLAG-tagged CyP40 was regulated by the 

tetracycline derivative, Dox. In the absence of Dox the expression of CyP40 was 

turned on and the total cellular CyP40 level was increased by approximately 2-fold 

(Figure 4.3.A clone 56). This level of overexpression was attained within 7 days 

incubation without Dox (Figure 4.3.B). Due to this delay in optimal expression it was 

decided to culture a portion of MCF-7 Tet-Off CyP40 cells permanently in the 

absence of Dox. Cells constitutively overexpressing CyP40 displayed no obvious 

phenotypic changes. Additionally a cell viability study found no change in cell 

proliferation rates between the MCF-7 +Dox  and –Dox cells (Figure 4.6). In fact, no 

significant difference was observed between cells treated with E2 or ethanol vehicle. 

Expanding the assay beyond 5 days may have proved more informative as by day 5 of 

the assay a small increase in signal from MCF-7 –Dox cells treated with both 1 and 10 

nM E2 was observed when compared to cells treated with ethanol. However, the 

nature of the assay (i.e. the use of the size-limiting 96-well plates) caused the 

minimum number of cells needed to obtain a signal to be overconfluent by day 6 and 

the RLU values to be inconsistent.  

 

In the presence of overexpressed CyP40 the ligand-binding ability of ERα was 

enhanced (Figure 4.4). This was particularly evident at the higher E2 concentrations of 

0.5, 1 and 5 nM of [
3
H]estradiol, where the ligand-binding activity of MCF-7 –Dox 

cells was increased 30-40% over that of the MCF-7 +Dox cells. The basal 

transcriptional activity of ERα in the presence of overexpressed CyP40 was also 
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significantly enhanced, with a 31% increase in activity compared to MCF-7 +Dox 

cells (Figure 4.5). This increase in basal activity translated to an increase in the ligand-

dependent activity of the MCF-7 –Dox cells. However, the fold increase in 

transcriptional activity upon the addition of E2 when compared to basal activity was 

not significantly different between the MCF-7 +Dox and –Dox cells. Since the 

experimental design required the MCF-7 +Dox and –Dox cells to be cultured and 

treated separately, the results may need to be verified further by assessing the cell 

lines for equivalent transfection efficiency. Results from both the ligand-binding and 

transcriptional assays suggest that, in the presence of increased levels of CyP40, the 

ability of ERα to bind E2 has increased but not the ability to respond to E2. The 

increased ability of ERα to bind ligand cannot be explained by increased levels of 

receptor protein as ERα levels remained uniform in both MCF-7 +Dox and –Dox cells 

(Figure 4.3.A). It would be of interest to examine if the increased basal activity of 

ERα in the presence of overexpressed CyP40 translates to increased expression of 

ERα-regulated genes eg. cathepsin D. It has previously been observed that an E2-

dependent increase in cathepsin D mRNA expression occurs in MCF-7 cells and is 

further enhanced in the presence of CsA (Ratajczak et al., 1996). A comparison of the 

influence of CsA on cathepsin D gene expression with and without CyP40 

overexpression would be of considerable interest. 

 

4.4.2. The Knockdown of CyP40 or FKBP52 Protein in Both the MCF-7 and 

MDA MB 231 Cell Lines Has No Effect on ERα Activity 

The second aim of the work within this chapter was to utilise the MCF-7 and MDA 

MB 231 cell lines to create stable populations which express significantly depleted 

levels of CyP40 or FKBP52. As the MCF-7 cell line expresses a functional ERα, this 

cell line provided the opportunity to assess endogenous ERα activity in an 

environment of altered immunophilin expression. Using RNAi techniques, the protein 

levels of CyP40 were almost entirely ablated, while the protein levels of FKBP52 

were reduced by only ~53% (Figure 4.7). The knockdown of CyP40 or FKBP52 had 

no significant effect on the ligand-binding and transactivation properties of ERα 

(Figures 4.9 and 4.10). Yang and coworkers examined the transactivation of ERα in 

MEF cells harvested from a FKBP52 KO mouse model and found the ligand-

dependent activity of ERα was significantly attenuated to 50% of that observed in 
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wild type MEF cells (Yang et al., 2006). The partial knockdown of FKBP52 in MCF-

7 cells may have been insufficient to significantly impact on ERα function. 

 

The MDAMB 231 cell line was selected as it expresses up to 10-fold less FKBP52, 

while maintaining similar levels of CyP40 compared with MCF-7 cells (Ward et al., 

1999). This comparatively low level of immunophilins would allow a more thorough 

knockdown of FKBP52 and provide a low background of FKBP52 in the knockdown 

of CyP40. Indeed the knockdown of FKBP52 protein was almost complete at 94% 

(Figure 4.8.B). This more complete knockdown of FKBP52 resulted in no significant 

change to the ligand-binding properties of ectopic ERα, however a significant increase 

in basal transactivation was observed (Figure 4.11). This increase was reminiscent of 

that observed in MCF-7 cells, in the presence of overexpressed CyP40, in that the   

increase in basal transcriptional activity did not translate to a significant fold change 

upon the addition of E2.  

 

The work within this chapter was aimed at examining the roles that the immunophilins 

CyP40 and FKBP52 play in the ligand-dependent activity of ERα. This preliminary 

study has found that the overexpression but not knockdown of CyP40 levels elicit a 

change in ERα activity. That no change in ERα activity was found in the MCF-7 

CyP40 knockdown cells is likely attributed to the high levels of FKBP52 present in 

MCF-7 cells. While in the overexpression model the shear quantity of CyP40 would 

increase its likelihood of being incorporated into the receptor heterocomplex, in the 

knockdown model FKBP52 may compensate for the loss of CyP40 through its 

incorporation into the receptor heterocomplex. In this sense the MDA MB 231 cell 

line would be more informative in assessing the ligand-binding and transcriptional 

properties of ERα in an environment of depleted CyP40. It is also possible that while 

the interaction of CyP40 and ERα has enhancing effects, in the absence of CyP40 the 

requirements of ERα are provided by the remaining immunophilins FKBP52, FKBP51 

and PP5. ERβ has also been found to be expressed and regulated by E2 in both the 

MCF-7 and MDA MB 231 cell lines (Vladusic et al., 2000). It is possible then that 

signals from ERβ may mask any small decrease in ERα ligand-binding or 

transactivation activity resulting from the depletion of CyP40 or FKBP52 levels.  
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Altered Immunophilin Expression in the Hormone-Responsive Endometrium. 

 

5.1. Introduction 

5.1.1. The Actions of Estrogen and Progesterone upon the Endometrium 

The endometrial lining of the uterus is a hormone-responsive tissue which undergoes 

profound changes through the course of the menstrual cycle, largely attributed to the 

effects of the steroid hormones E2 and progesterone (P4). The menstrual cycle can be 

divided into three main stages based on morphological and histological changes; the 

menstrual, proliferative and secretory phases. An increase in the follicular secretion of 

E2 mediates endometrial growth characteristic of the proliferative phase. E2 also 

primes the endometrium by upregulating the expression of PR, allowing an optimal 

response to post-ovulatory, luteal-secreted P4 (Sherman and Korenman, 1975; 

Punyadeera et al., 2003; Jabbour et al., 2006). P4 initiates the maturation and 

differentiation of both glandular and stromal components of the endometrium, as well 

as inhibiting continuing endometrial growth. The additional induction of glycogenesis 

within glandular epithelial cells is a feature of the secretory phase (Graham and 

Clarke, 1997). Increasing P4 levels initiate a negative feedback loop with E2 which 

results in the concurrent reduction of both hormones. The withdrawal of E2 and P4 

initiates the menstrual phase, characterised by the breakdown and sloughing of the 

functionalis layer of the endometrium (Punyadeera et al., 2003; Jabbour et al., 2006).   

 

5.1.2. Hormone-Regulated Steroid Receptor Expression 

Cycling levels of hormones modulate the expression of both ERα and PR within the 

endometrium. Within both the glandular epithelial and stromal compartments of 

endometrial tissue, the steroid receptors are largely confined to the nucleus within 

target cells. In concordance with the initial E2 surge, the expression levels of ERα and 

PR are maximal during the proliferative phase of the menstrual cycle. The expression 

of both receptors declines during the secretory phase following down-regulation 

mediated by P4 (Mote et al., 1999; Critchley et al., 2001). In contrast, the expression 

of ERβ remains uniform from the proliferative through to the late secretory phase 

(Critchley et al., 2001; Taylor et al., 2005). Within the endometrial stroma PRA 

expression is dominant. High levels of PRA are maintained from the proliferative 

through to the mid-secretory phase (Mote et al., 1999).  
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5.1.3. Hormone-Regulated Immunophilin Expression 

The mature steroid receptor-Hsp90 heterocomplex also contains the Hsp90-stabilising 

p23, and one of four Hsp90-bound immunophilins including CyP40, FKBP51, 

FKBP52 and PP5. Immunophilins display chaperone activity mediated through their 

interaction with Hsp90 or possibly through direct interactions with the receptor itself 

(Ratajczak et al., 2003). In addition to their role in hormonal signalling, the steroid 

receptor-associated immunophilins are themselves hormonally regulated. CyP40 and 

FKBP52 mRNA and protein levels are both up-regulated by E2 in MCF-7 cells 

(Kumar et al., 2001). FKBP52 expression is induced by the E2-regulated cMyc and is 

a downstream target of the PR-regulated transcription factor Hoxa10 within the 

endometrium (Coller et al., 2000; Daikoku et al., 2005). PP5 contains an ERE site in 

its promoter and is accordingly up-regulated by E2 (Urban et al., 2001).  FKBP51 is 

up-regulated by glucocorticoids, androgens, and P4 (Kester et al., 1997; Amler et al., 

2000). 

 

5.1.4. FKBP52 is Essential for Endometrial Receptivity 

The maintenance of high levels of PRA within the endometrial stroma is indicative of 

the important role PRA plays in the post-ovulatory process of decidualization (Mote et 

al., 1999; Punyadeera et al., 2003). Decidualization is characterised by P4-mediated 

changes to precursor fibroblast cells within the stroma which are essential in the 

preparation for blastocyst implantation (Dunn et al., 2003). The individual ablation of 

PRA and PRB in mouse models has revealed tissue-specific roles. While PRB appears 

to be involved in the proliferation of endometrial and mammary epithelial cells, PRA 

is essential for ovulatory mechanisms and successful endometrial implantation 

(Mulac-Jericevic et al., 2000; Mulac-Jericevic and Conneely, 2004). The FKBP52 KO 

mouse model was able to demonstrate the importance of this chaperoning role for 

PRA. While both male and female mice displayed features of infertility, in the female 

this was directly attributed to attenuated PRA function (Tranguch et al., 2005; Yang et 

al., 2006). Although PRA remained associated with Hsp90 and retained unchanged 

ligand-binding affinity, the transactivation activity of PRA was ablated. The 

phenotypic outcome of this loss of activity was the failure of uterine blastocyst 

implantation. ERα and PRB displayed some attenuation of transactivation activity in 

the absence of FKBP52 (Yang et al., 2006). 
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5.1.5. Aims 

The aim of this study was to determine the expression profiles of the immunophilin 

cochaperones in human endometrium throughout the menstrual cycle. Specifically, the 

aim was to determine if the expression profiles of the immunophilins correlated with 

the requirement of particular steroid receptors at different stages of the menstrual 

cycle. 

 

 

5.2. Methods 

5.2.1. Immunohistochemistry 

Sections of normal human endometrial tissue were generously provided by Associate 

Professor Lois Salamonsen, Prince Henry’s Institute for Medical Research, 

Melbourne, Australia. A total of 25 endometrial tissue sections (5 per menstrual cycle 

phase: menstrual, proliferative and early, mid- and late secretory phases) were 

analysed by immunohistochemical techniques. 

 

The formalin fixed and paraffin embedded endometrial tissue specimens were cut into 

5 µm sections, placed onto silanized slides and fixed by incubation at 65ºC for 1 hour. 

Sections were first dewaxed, rehydrated and subjected to antigen retrieval whereby 

sections were immersed in prewarmed 10 mM sodium citrate buffer (pH 6.0) within a 

pressure cooker container and heated in a 1000 W microwave for 2 minutes at 80% 

power, 5 minutes at 50% power, and 3 minutes at 40% power. Sections were left to 

cool in the buffer for 20 minutes and then washed 2 x 5 minutes in TBS, pH 7.4. The 

remainder of the immunohistochemical technique followed the protocol provided by 

the Dako EnVision™+ System, Peroxidase (DAB) mouse kit. Sections were first 

blocked with hydrogen peroxide for 5 minutes at room temperature and washed 2 x 5 

minutes in TBS. Five % goat serum was then added to each section, which were 

incubated for 15 minutes at room temperature. The following primary antibodies were 

diluted in plain antibody diluent (1% BSA, 0.1% TWEEN
®
 20 in TBS); CyP40 

(KM1175) at 1/200, FKBP51 (Hi51) at 1/250, FKBP52 (Hi52c) at 1/750 and PP5 

(PP5/PPT) at 1/20. Sections were incubated with the primary antibody for 1 hour at 

room temperature within a humid chamber. Following 3 x 5 minute washes in TBS 

the secondary antibody, a peroxidase-labelled polymer conjugated to goat anti-mouse 

IgG, was applied and the sections incubated for 30 minutes at room temperature 
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within a humid chamber. Sections were washed 2 x 5 minutes in TBS and the 

diaminobenzidine (DAB) substrate-chromogen mix applied to the sections. Reactions 

were terminated, when colour change was observed, by submerging sections in 

ddH2O. Sections were counterstained with Mayer’s haematoxylin and dehydrated 

before being mounted with a coverslip using DePAX mounting medium. 

 

Positive control sections were those used to initially optimize detection with each 

primary antibody and fresh sections were stained again alongside the test sections. 

Negative controls were sections treated identically, but without primary antibody. 

 

5.2.2. Scoring of Sections 

The immunostaining of each section was scored on a four point scale: 0 = no staining, 

1 = mild staining, 2 = moderate staining and 3 = intense staining. Scoring was 

performed independently by two assessors with the identity of the sections concealed. 

Sections were scored separately for both the glandular epithelial and stromal 

compartments of the endometrial tissue. Images were captured with a Zeiss 

microscope using Leica IM50 software. Results were graphed using Microsoft Excel 

software. 

 

 

5.3. Results 

5.3.1. Immunophilin Cellular Distribution 

Within the human endometrium the cellular expression of CyP40, FKBP51, FKBP52 

and PP5 was predominantly cytoplasmic (Figure 5.1.A and B). FKBP51 was the only 

immunophilin to display distinct nuclear staining in the glandular epithelial and 

stromal tissue from the mid- to late secretory phases (Figure 5.1.B). This was 

observed in most, but not all, sections from these two menstrual phases. 

 

5.3.2. Immunophilin Expression in Glandular Epithelial Tissue 

For all immunophilins, staining was more intense in the glandular epithelium than in 

the stromal tissue (Figure 5.1) and in both types of tissue all immunophilins followed 

a parallel expression pattern. In the glandular epithelium a steady increase in 

immunophilin expression from the menstrual phase through to the mid-secretory 
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phase was observed (Figure 5.2.A). Immunophilin levels then started to decline by the 

late secretory phase culminating in their lowest level in the menstrual phase. 

 

5.3.3. Immunophilin Expression in Stromal Tissue 

In general the staining within the stroma was less intense than that within the 

glandular epithelium. Cells within the stroma displayed a more gradual increase in the 

expression levels of CyP40, FKBP51, FKBP52 and PP5 from the proliferative phase 

through to the late secretory phase (Figure 5.2.B). Unlike the glandular epithelium, 

high levels of expression were maintained in the menstrual phase for all four 

immunophilins. 
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Figure 5.1. Immunohistochemical analysis of immunophilin expression within 

human endometrial tissue. A total of 25 endometrial tissue sections (5 per 

menstrual cycle phase) were submitted to immunohistochemical analysis in order to 

assess the expression profiles of CyP40, FKBP51, FKBP52 and PP5. Representative 

sections from the A. proliferative phase and, B. mid-secretory phase. Magnification 

x 1000. Arrows indicate FKBP51 nuclear staining in both the glandular epithelium 

and stroma. 
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Figure 5.2. Changes in immunophilin expression within the human endometrium 

throughout the menstrual cycle. The individual immunophilin scores of sections 

within each menstrual cycle phase were averaged (n=5) and represented in a bar 

graph. Immunohistochemical staining within A. glandular epithelium tissue and, B. 

stromal tissue. Superimposed over the CyP40 graphs are profiles of E2 (grey line) and 

P4 (black line) levels throughout the menstrual cycle. M=Menstrual, P=Proliferative, 

ES=Early Secretory, MD= Mid-Secretory and LS=Late Secretory. 
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5.4. Discussion 

The cyclic expression levels of steroid receptors within the endometrium, during the 

menstrual cycle, are regulated by the steroid hormones E2 and P4 (Punyadeera et al., 

2003; Jabbour et al., 2006). The immunophilin cochaperones are associated with 

steroid receptors within the mature heterocomplex where the receptor undergoes final 

conformational changes to attain optimal ligand-binding affinity (Ratajczak et al., 

2003). The aim of the present study was to determine the expression profile of CyP40, 

FKBP51, FKBP52 and PP5 in the cycling human endometrium. The first observation 

was that the cellular location of the immunophilin was predominantly cytoplasmic, 

both within the glandular epithelial and stromal cells (Figure 5.1). This is in contrast 

to the nuclear localisation of steroid receptors (Mote et al., 1999; Critchley et al., 

2001; Taylor et al., 2005). Localisation studies on immunophilins in tissue culture cell 

lines have found them to be primarily nuclear with some cytoplasmic localisation 

(Owens-Grillo et al., 1996; Mark et al., 2001). The exception is PP5 which in some 

studies has been found to be predominantly cytoplasmic (Galigniana et al., 2002). 

While this study has found immunophilins to be primarily cytoplasmic it does not 

discount the presence of the cochaperones within the nucleus. Indeed, FKBP51 

displayed nuclear staining in both epithelial and stromal tissue in sections from the 

mid- to late secretory phase (Figure 5.1).  

 

The pattern of expression throughout the menstrual cycle was similar for all four 

immunophilins (Figure 5.2). Within the glandular epithelium, immunophilin 

expression showed a gradual increase from the menstrual through to the secretory 

phase. Levels of expression were maximal in the mid-secretory phase. While this peak 

in expression does not correlate with that of the steroid receptors (Mote et al., 1999; 

Critchley et al., 2001; Taylor et al., 2005), the expression of which peaks in the 

proliferative phase, it does coincide with maximal levels of P4 and the second E2 surge 

(Figure 5.2). The expression pattern of CyP40, FKBP51, FKBP52 and PP5 in the 

stroma was more uniform. Levels were lowest during the proliferative phase and 

uniformly higher through the secretory and menstrual phases (Figure 5.2). The reason 

for the latent maximal expression of the cochaperones in relation to receptor 

expression is unknown. However, it is known that ERβ levels remain essentially 

unchanged in the epithelial cells of the human endometrium during the menstrual 

cycle (Critchley et al., 2001; Taylor et al., 2005), and in the stromal tissue, levels of 
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PRA are maintained through to the mid-secretory phase (Mote et al., 1999). 

Additionally, low levels of AR have been detected in the glandular epithelium around 

the mid-secretory phase, maximising in the late secretory phase (Taylor et al., 2005). 

The results presented here are suggestive of a role for immunophilins in modulating 

the activity of steroid receptors in the support and development of the post-ovulatory 

endometrium. There is evidence that this role continues into the maintenance of 

pregnancy with both FKBP52 and PR expressed in murine endometrial stroma during 

implantation (Tranguch et al., 2005). This coexpression becomes more localised in 

stroma surrounding the blastocyst by day 5 of pregnancy and correlates with localised 

stromal cell proliferation at the site of implantation.  
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6.1. Introduction 

Steroid receptor-associated immunophilins include the cyclophilin, CyP40, and two 

FK506-binding proteins, FKBP51 and FKBP52. A fourth member is the protein 

phosphatase, PP5. CyP40, FKBP51 and FKBP52 are large multi-domain members of 

the immunophilin family and each consists of an N-terminal PPIase domain and a C-

terminal TPR domain. PP5, in contrast, contains an N-terminal TPR domain and a C-

terminal phosphatase domain. These immunophilins compete directly for the TPR-

acceptor site within the chaperone Hsp90, resulting in the formation of distinct 

immunophilin apo-receptor heterocomplexes. A level of control over receptor activity 

is mediated by the preference of steroid receptors for specific immunophilins within 

the receptor heterocomplex. For example, PR favours complexes containing FKBP51 

(Barent et al., 1998). This preferential treatment also appears to be cell/tissue specific 

with GR favouring FKBP51 in a cell-free system, but favouring both FKBP52 and 

PP5 equally in L cells (Chen and Cohen, 1997; Nair et al., 1997; Silverstein et al., 

1997). ERα preferentially associates with CyP40 in receptor heterocomplexes 

(Ratajczak et al., 1993; Barent et al., 1998; Riggs et al., 2004).  

 

The incorporation of FKBP52 into AR, GR and PR receptor heterocomplexes results 

in the potentiation of the transactivation of these receptors in yeast (Riggs et al., 2003; 

Cheung-Flynn et al., 2005; Yang et al., 2006). The potentiation mediated by FKBP52 

is characterised by the enhanced transcriptional activity of these receptors and, in GR 

an increased ligand-binding affinity. A requirement of the TPR domain signified that 

the FKBP52-mediated effect was Hsp90-dependent, while the necessity of the PPIase 

domain suggested that this domain mediated the potentiating effects upon the receptor 

LBD. The coexpression of FKBP51 in this system results in attenuated potentiation. In 

ERα the FKBP52-mediated potentiation of receptor activity was absent. Knowing that 

ERα preferentially associates with CyP40 (Ratajczak et al., 1993), a major aim of the 

work contained within this thesis was to determine the modulating effects, if any, of 

CyP40 upon ERα. 

 

6.2. A Physiological Role for CyP40 

In the present study, as an initial approach to increase the understanding of the role of 

steroid receptor-associated immunophilins in ERα function, a yeast model in which 
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the functional properties of ERα could be examined, in the presence or absence of the 

immunophilin cochaperones, was first established. Utilising a ΔCpr6/ΔCpr7 yeast 

strain, in which the genes for the two CyP40 yeast homologues were deleted, ERα 

transcriptional activity was examined in the presence of CyP40, FKBP51 and 

FKBP52. No significant changes to E2-induced ERα activity in the presence of any of 

the three immunophilins, including CyP40, were observed. It is possible that the 

individual immunophilins confer unique conformational changes upon the receptor 

LBD, in a mechanism that would determine the steroid specificity of the receptor. 

This was examined by studying immunophilin-modulated transactivation activity of 

ERα in response to different estrogenic ligands (17β-estradiol, 17α-estradiol and 

genistein) of varying potency. Again no significant changes in ERα activity were 

observed in the presence of any of the immunophilins, suggesting that they may not 

contribute to hormone specificity in yeast. In AR, the substitution of P723 with a 

serine residue resulted in a receptor which was found to have reduced basal 

transactivational activity, but was potentiated in activity to the level of wildtype AR in 

the presence of FKBP52 (Cheung-Flynn et al., 2005). The aim was to replicate this 

hypersensitive AR response in the presence of FKBP52 in ERα mutated at the 

homologous proline residue, in the presence of CyP40 or FKBP52. However, while 

ERα P365S demonstrated an attenuated basal activity, no significant potentiation was 

observed in response to CyP40 or FKBP52. While the sensitivity of AR P723S to the 

actions of FKBP52 may be unique to that receptor, it is also possible ERα action is not 

modulated by immunophilins in the yeast model. 

 

The study of the influence of both CyP40 and FKBP52 on ERα activity was further 

extended to the mammalian system using human breast cancer cell lines. The Dox-

regulated overexpression of CyP40 resulted in a significant increase in ERα ligand-

binding activity and basal transcriptional activity in the MCF-7 cell line. However, the 

~100% knockdown of CyP40 protein levels within MCF-7 cells resulted in no change 

to ERα ligand-binding and transactivation properties. Similarly the partial (53%) 

knockdown of FKBP52 in MCF-7 cells and the more complete elimination of this 

immunophilin from MDA MB 231 cells, did not result in altered receptor binding or 

activity. In the yeast model established by the Smith laboratory,  FKBP52 aids the GR 

LBD in attaining a high affinity ligand-binding state facilitating an enhanced response 
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to ligand (Riggs et al., 2003). From the results of this thesis it can be concluded that 

CyP40 overexpression similarly aids the ERα LBD in attaining increased ligand-

binding activity, but this translates only to the increased constitutive activity of the 

receptor. The impact of CyP40 overexpression on ERα function requires verification 

through additional studies that may help define the mechanisms underlying these 

effects. Such investigations may include determining the influence of CyP40 

overexpression on ERα cellular distribution in studies using confocal microscopy, as 

well as examining the potential effect of the immunophilin on the expression of 

endogenous ERα-regulated genes. The competitive nature of the immunophilins 

perhaps highlights their possible redundancy in knockdown cell lines in which 

reduced levels of one immunophilin may allow a functional substitution with another 

immunophilin resulting in unaltered receptor function. The FKBP52 KO mouse 

models have revealed a tissue-specific mode of action of the immunophilins in 

relation to the function of certain steroid receptors (Cheung-Flynn et al., 2005; Yang 

et al., 2006). PRA is essential in the decidualization process within the endometrial 

stroma and in ovulatory mechanisms within the ovary (Mulac-Jericevic et al., 2000; 

Mulac-Jericevic and Conneely, 2004). Female infertility in FKBP52 KO mice was 

found to be primarily caused by uterine implantation failure, which was in turn 

attributed to the loss of PRA transactivation activity (Cheung-Flynn et al., 2005; Yang 

et al., 2006). However, ovulation was only partially disrupted leading to the 

conclusion that, in the ovary, PRA activity is primarily modulated by another 

immunophilin. Both CyP40 and FKBP51 were suggested as possible candidates 

owing to their high expression levels in ovarian tissue relative to the uterus. Tissue 

specificity may be an issue in the use of homogenous cell lines. The use of the human 

endometrial Ishikawa cell line may prove more relevant to the investigation of CyP40-

modulation of ERα activity, since the preferential association of CyP40 with ERα was 

first observed in uterine tissue (Ratajczak et al., 1990). 

 

6.3. Immunophilin and Steroid Receptor Interaction 

The PPIase domain of CyP40, FKBP51 and FKBP52 catalyses the cis/trans 

isomerisation of prolyl peptide bonds. The robust FKBP52-mediated potentiation of 

GR in the yeast model, in which the PPIase domain has been shown to be critical 

(Riggs et al., 2003), was utilised to determine the target proline residue(s) within the 
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receptor LBD. Possible proline targets were identified as those conserved within the 

LBD sequence of steroid receptors and positioned in solvent accessible orientations. 

Four rGR proline residues located within loops connecting LBD α-helices were 

mutated by alanine substitution. The mutated receptors were then tested for loss of 

FKBP52-mediated potentiation. Alanine substitution of P559 and P571, located in the 

loop between H1 and H3, as well as P643, located in the loop between H5 and H6, 

maintained receptor potentiation in the presence of FKBP52. Rat GR P768A, 

however, was not potentiated by FKBP52, suggesting that this proline and perhaps 

other residues located within the H11-H12 region of the receptor LBD, may be 

involved in FKBP52-mediated potentiation. 

 

The role of H12 is essential in the formation of the ligand-dependent AF2 function of 

the receptor. Knowledge of the movement and orientation of H12 upon ligand binding 

has been largely derived from the crystal structures of the apo- and holo-RXRα 

(Bourguet et al., 1995; Egea et al., 2000), as to date no crystal structures of unbound 

steroid receptors have been solved. By superimposing the images of apo-RXRα and 

holo-RXRα, Gronemeyer et al., (2004) has illustrated the repositioning of H12 from a 

down position in the absence of ligand, to one where H12 moves to position itself over 

the ligand-binding pocket creating a stable and compact receptor conformation once 

ligand is bound (Figure 6.1). In the presence of agonist ligands, the AF2 surface 

generated by H12 is optimal for the recruitment of coactivators (Brzozowski et al., 

1997; Williams and Sigler, 1998; Bledsoe et al., 2002). When antagonist ligands are 

bound, H12 partially disrupts the coactivator binding site, allowing the binding of 

corepressor elements (Wurtz et al., 1996; Shiau et al., 1998). H12 therefore plays a 

strategic role in the activation of nuclear receptors. Located in the loop between H11 

and H12, P768 fits the profile of an N-cap proline having a role in the determination 

of length and stability of the downstream α-helix (Viguera and Serrano, 1999). Studies 

on ERα and the nuclear receptor PPARγ point to the importance of the N-cap proline. 

The Katzenellenbogen laboratory found several mutations to the tyrosine residue 

Y537 of ERα (P535 is similarly located to rGR P768) caused the receptor to become 

constitutively active in the absence of ligand (Weis et al., 1996). Similarly, the ERα 

L536P mutant results in a constitutively active receptor (Eng et al., 1997). This 

constitutive activity was speculated to be due to conformational changes within the  



Chapter 6 

__________________________________________________               
Discussion          

___________________________________________________ 

________________________________________________________          
 158       

_________________________________________________________
 

Figure 6.1. Conformational changes to the nuclear receptor ligand-binding 

domain upon the binding of ligand. The superimposing of apo-RXRα (purple) and 

holo-RXRα (red) structures reveals the repositioning of H3, H11 and H12 upon the 

binding of ligand, leading to a general repositioning of helices within the LBD.  Figure 

taken from Gronemeyer et al., (2004). 9C-RA = 9-cis retinoic acid. 
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receptor mimicking that of a ligand-bound LBD. Y537 is positioned in H12 within the 

unliganded ERα, but is located within the loop between H11 and H12 in the ligand-

bound ERα (Weis et al., 1996). A mutation to the H12 N-cap proline in PPARγ 

(P467L) is associated with severe insulin resistance (Barroso et al., 1999; 

Kallenberger et al., 2003). The mutant receptor displayed reduced ligand-binding 

capacity as well as attenuated transactivation activity which was partially restored 

with saturating concentrations of ligand. These mutation studies demonstrate the 

sensitivity of the H11-H12 region to modifications. Additionally, a residue 

substitution in the H11-H12 loop may alter the helical component of H12 and its 

subsequent orientation relative to the ligand-binding pocket of the receptor.  

 

6.3.1. Additional Contact Points within the Receptor LBD  

Cortisol resistance in the guinea pig is attributed to non-conservative mutations within 

the gpGR LBD. Specifically, five residues (Ile538, His539, Ser540 and Thr545, 

Ser546) within the loop between H1 and H3 of the LBD were identified. These 

residues were proposed by Fuller et al., (2004) to favour an increased interaction with 

FKBP51 over FKBP52. To test this hypothesis three rGR mutants were generated, 

LYA562IHS, SV569TS and a combination IHS/TS, partially or wholly converting 

equivalently located rGR residues to those potentially involved in cortisol resistance 

in the guinea pig. The reciprocal loss of interaction with FKBP52 was assessed using 

the yeast model. The overall conclusion was that the five altered residues found within 

gpGR do not contribute to the altered interaction of FKBP52 and receptor. However, 

it can not be discounted that FKBP51 is more competitive with gpGR. 

 

6.3.2. The Role of the PPIase Domain 

Riggs and coworkers found that the functional PPIase domain of FKBP52 was 

required to facilitate the ligand-dependent potentiation of the rGR (Riggs et al., 2003). 

The generation of FKBP51/FKBP52 chimeras led to the discovery that this action was 

specific to the FK1 domain of FKBP52, with the FK1 domain of FKBP51 unable to 

elicit this response. Treatment of yeast with the PPIase inhibitor FK506 was able to 

abolish the FKBP52-mediated potentiation of rGR. Additionally, the use of a FKBP52 

PPIase mutant (a double mutation FD67DV within FK1) failed to potentiate receptor 

activity. It was, however, conceded that the binding of FK506 to FKBP52 could 
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sterically hinder the immunophilin interaction with the receptor and therefore impede 

its actions. Wochnik et al., conducted similar studies examining the FK domains of 

FKBP51 using a series of FKBP51/FKBP52 domain chimeras (Wochnik et al., 2005). 

Substitution of the FKBP52 FK1 with the FK1 domain of FKBP51 resulted in the 

inhibition of GR transactivation. While the FK1 domain appeared to be the functional 

domain for FKBP51 directed inhibition, a minor role for the FK2 domain was also 

observed through a small inhibition of receptor activity in the presence of FKBP52 

containing the FK2 domain of FKBP51. In the same study an FKBP51 PPIase mutant 

retained the ability to inhibit GR activity. SqmFKBP51 is functionally more potent 

than its human counterpart in its ability to attenuate the activity of the GR (Denny et 

al., 2005). Through the use of sqmFKBP51/hFKBP51 chimeras this function has been 

isolated to both FK1 and FK2 of sqmFKBP51. Furthermore, as with the Wochnik et 

al. study, the FKBP51 PPIase mutant retained the ability to attenuate GR activity. In 

all three studies the presence of the TPR domain was essential for the actions of 

FKBP51 and FKBP52. Therefore, both Hsp90 binding and the FK506-binding 

domain, though not necessarily PPIase activity, are required for receptor potentiation 

by FKBP52. 

 

In a recently accepted manuscript, David Smith’s laboratory, through the use of 

FKBP51 gain-of-potentiation mutants, was able to delineate the differential action of 

FKBP52 and FKBP51 upon GR activity to a single residue located within the FK1 

domain (Riggs et al., 2007). The amino acid residue, located at position 119 within the 

projecting catalytic loop of FK1, is a proline in FKBP52 and a leucine in FKBP51. It 

was hypothesised that the FK1 domain of FKBP52 directly interacts with the receptor 

and stabilises a LBD conformation optimal for ligand binding. The ligand-induced 

transactivation of AR, GR and PR is potentiated in the presence of FKBP52, while 

that of ERα is not (Riggs et al., 2003; Cheung-Flynn et al., 2005). The FK1 domain of 

FKBP52 is therefore targeting a site or conformation unique to these three receptors. It 

was concluded that Hsp90 binds FKBP52 and positions the FK1 domain in close 

contact with the receptor LBD, resulting in the stabilisation of a high affinity ligand-

binding conformation.  

 



Chapter 6 

__________________________________________________               
Discussion          

___________________________________________________ 

________________________________________________________          
 161       

_________________________________________________________
 

The role of the immunophilin PPIase domain in its action upon the steroid receptor 

LBD appears be one of protein-protein interaction rather than catalytic. Evidence for 

direct protein-protein interaction comes from the close examination of FKBP12, a 

single FK1 domain immunophilin, found in complex with the type I TGFβ receptor 

(TβR-I) (Huse et al., 1999). FKBP12 functions by capping a phosphorylation site on 

the receptor leading to the inhibition of signalling. FKBP12 binds to a glycine/serine 

(GS)-rich region within a helix-loop-helix segment (GS1 and GS2) of TβR-I. The 

immunophilin binds directly to the N-terminal end of the GS2 helix via two aliphatic 

side chains of the hydrophobic FK506-binding pocket, with FKBP12-mediated 

inhibition being relieved by FK506 and rapamycin. The GS-rich region loop contains 

a proline which does not interact directly with FKBP12, but instead has an important 

role in the interface stability between TβR-I and FKBP12. There are also additional 

contact points outside the FK506-binding pocket which allow FKBP12 to enhance the 

general stability of the receptor. The FKBP52 PPIase domain may therefore aid in 

anchoring the immunophilin to steroid receptors, utilising amino acid residues of the 

FK506-binding pocket (FK1) as direct contact points to residues within the receptor 

LBD. 

 

The binding of CyPA to the HIV-1 capsid protein is an essential biological function 

for the HIV-1 virus (Gamble et al., 1996). This protein-protein interface of CyPA and 

HIV-1 capsid protein provides insight into the possible mechanism of CyP40 

interaction with ERα and other steroid receptors. The N-terminal domain (residues 1-

151) of the HIV-1 capsid is composed of 7 α-helices with an N-terminal β-sheet and 

hairpin loop. The loop between H4 and H5 of the capsid protein binds directly to the 

catalytic site of CyPA. P90 was found to be a primary determinant in the sequence 

specific interaction of the capsid protein and CyPA. Intriguingly, the P90 residue is 

bound within the catalytic groove in a trans rather than cis conformation 

demonstrating the interaction as one of sequence specific protein-protein interaction 

rather than a catalytic reaction. An examination in our lab of nuclear receptor RXRα 

P446, which corresponds to the N-cap proline in the H11-H12 region of the apo- and 

holo-RXRα, has found the residue to be in a trans conformation in both structures.  

This supports the redundancy of the catalytic function of the PPIase domain of 

FKBP52, if this holds true for steroid receptors.  
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6.4. Future Directions 

The idea that FKBP52 interacts directly with the steroid receptor LBD is intriguing 

and requires further investigation to characterise the binding interface of the LBD. 

The work performed in this study with the rGR proline mutants in the yeast model 

provides evidence that FKBP52 contacts a region within or adjacent to the H11-H12 

region of the receptor LBD. However, as observed with rGR P768A, mutational 

analysis of the H11-H12 region may impact negatively upon receptor ligand-binding 

and transcriptional activity. Results may therefore be uninformative because of low 

basal readout in the presence and absence of FKBP52. Bioluminescence resonance 

energy transfer (BRET) analysis allows the quantitative assessment of protein-protein 

interaction through energy transfer, mediated by the close association of a donor 

luciferase-fusion protein with an acceptor EGFP-fusion protein (Pfleger and Eidne, 

2006). H11 appears to control the positioning of H12 and ligand-binding results in the 

repositioning of H3, H11 and H12 as the receptor is transformed from its apo- to its 

holo-state (Gronemeyer et al., 2004) (Figure 6.1). It is likely that the exposed residues 

in these three helices in the apo-receptor may contribute to the receptor-FKBP52 

binding interface. Utilising BRET analysis, GR mutants containing broad H11-H12 

deletions would first be assessed, culminating in the assessment of single point 

mutations within the receptor LBD. This technique would allow the identification of 

specific residues within the GR LBD targeted by FKBP52. The discovery of a steroid 

receptor LBD-binding motif for FKBP52 could lead to the development of non-

immunosuppressive peptide modulators for receptor function. The PPIase Pin1 has a 

role in cell cycle regulation and the development of numerous cancers (Wildemann et 

al., 2006). The development of small oligopeptides targeting Pin1 were found to 

selectively inhibit Pin1 actions thus impeding the cell cycle progression of HeLa cells 

through the G2/M phase in a dose-dependent manner. Similarly, small non-steroidal 

inhibitors of the receptor-FKBP52 interaction could be used in disease states where 

receptor action is aberrant, such as breast and prostate cancers (Amler et al., 2000; 

Milano et al., 2006). 

 

6.5. Conclusions 

The work within this thesis aimed to investigate the physiological role of CyP40 and 

in particular its action upon the activity of ERα. In yeast, the activity of ERα is not 
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modulated by immunophilins. In the mammalian system, and in an environment of 

overexpressed CyP40, increased ligand-binding activity and an increase in constitutive 

activity was observed in ERα. However, CyP40 protein knockdown in the MCF-7 cell 

line failed to generate any changes to ERα activity. Similarly, the knockdown of 

FKBP52 in both the MCF-7 and MDA MB 231 cell lines did not alter ERα activity. 

The preliminary work within this thesis suggests that CyP40 has a small modulating 

affect on ERα which is only demonstrable in environments of high CyP40 levels. In 

this study, the importance of immunophilins to steroid receptor action has been 

reinforced by the observation that immunophilins appear to be hormonally regulated 

in cycling pre-menopausal human endometrium. Immunophilin levels peaked at the 

mid-secretory phase correlating with stromal decidualization, a process essential for 

eventual blastocyst implantation. Finally, through the mutational analysis of proline 

residues within the LBD of rGR, the LBD region involved in protein-protein 

interaction with FKBP52 has been delineated to a peptide-proline epitope within a 

flexible loop domain adjacent to H12, a region critical for receptor ligand-induced 

transactivation. FKBP52 then, may play a role in regulating the molecular switch 

associated with ligand-induced conformation. 
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