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ABSTRACT 

The glucocorticoid receptor (GR) is a ligand dependent transcription factor and 

member of the nuclear receptor superfamily. Nuclear import and export of transcription 

factors is accomplished through nuclear localization signals (NLS) and nuclear export signals 

(NES), respectively. We have determined that L687 and L690 of rat GR are necessary for 

the characteristically slow nuclear export of GR and may be included in the signal sequence 

responsible for directing post-agonist withdrawn GR from the nucleus to the cytoplasm. We 

also suggest that L687 and L689 of rat GR are required for efficient NL2-mediated nuclear 

translocation. Substitutions L687A and L689A mildly affect steroid binding and steroid off-

rate, yet significantly increase the concentration of steroid required for inducing nuclear 

import of nai've GR. When introduced into GRNLI-, these substitutions compromise the 

receptor's ability to transfer to the nucleus, suggesting they partially abrogate NL2 activity. 

We have also observed that NL1-dependent transfer does not begin until 10"7M steroid, 

demonstrating that NL2 is the primary physiological mediator of GR nuclear import. 
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INTRODUCTION 

Overview of Glucocorticoid Signalling 

Steroid hormones are essential for the maintenance of homeostasis in higher 

organisms. Glucocorticoids, a subclass of steroid hormones, play a central role in 

modulating physiology through numerous control mechanisms. Under control of the 

hypothalamic-pituitary-adrenal (HPA) axis, glucocorticoids are synthesized in the adrenal 

cortex and circulated systemically, enabling them to regulate a variety of cell-, tissue- and 

organ-specific biological functions. Well established as the primary physiological mediators 

of stress response, glucocorticoids have been the subject of research for more than four 

decades (Norgaard and Poulsen, 1991). In humans, glucocorticoid signalling is mediated 

primarily by Cortisol. Regulated by signalling in response to physiological stressors and 

diurnal rhythms, Cortisol exerts a wide range of physiological effects. Such effects include 

but are not limited to, mobilization of metabolic resources (Goodridge, 1987), increased 

catecholamine synthesis (Wurtman, 2002), adipogenesis (Rosen and Spiegelman, 2000), and 

alteration of memory consolidation (deKloet et al., 1999; Roozendaal, 2002). Clinically, 

synthetic glucocorticoids have proven to be effective in controlling the symptoms of a 

variety of chronic and acute inflammatory diseases, as well as undesirable immune responses 

(Buckbinder and Robinson, 2002). Prolonged stress and prolonged treatment with 

glucocorticoids can lead to chronic increases in Cortisol levels, as seen in patients with 

Cushing's syndrome. Increased levels of circulating Cortisol leads to immunosupression, 

hypertension, depression and muscle catabolism (Buckbinder and Robinson, 2002). 

At the cellular level, the physiological effects of glucocorticoids are mediated 

primarily by a 97-kDa intracellular protein, the glucocorticoid receptor (GR). GR belongs to 
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the phylogenetically conserved superfamily of nuclear hormone receptors (NHRs) (Evans, 

2005). NHRs are ligand-inducible transcription factors that regulate transcriptional activity 

through direct binding to hormone response elements (HREs) within the transcriptional 

regulatory regions of target genes (Beato et al., 1995; McKenna and O'Malley, 2002). All 

members in the NHR superfamily share a characteristic three-domain structure, which was 

first predicted for GR (Giguere et al., 1986). The three-domain structure consists of an N-

terminal domain, which contains sequences responsible for regulation of target genes, a 

central DNA-binding domain (DBD) and a C-terminal or ligand binding domain (LBD). 

Comparison of NHR cDNA sequences reveals that members of this superfamily share a high 

degree of homology within their DNA binding domains (DBDs), and to a lesser extent within 

their ligand binding domains (LBDs). It has also been revealed that members of this 

superfamily have highly divergent N-terminal sequences. The NHR superfamily contains 

receptors for a wide array of ligands, including mineralocorticoids, androgens, progestins, 

estrogens, vitamin D, thyroid hormone, and retinoic acid (Bamberger et al., 1996). There are 

also a growing number of so called orphan-receptors, for which no specific ligand has yet 

been identified (McKenna and O'Malley, 2002). 

GR belongs to the steroid hormone receptor (SHR) family of the NHRs. The SHR 

family includes the mineralocorticoid receptor (MR), the progesterone receptor (PR), the 

androgen receptor (AR), the more distantly related estrogen receptor (ER) and the estrogen 

related receptors (ERRs). SHRs are distinguished from other NHR by the fact that, prior to 

ligand binding, they are associated with a molecular chaperone complex which includes hsps 

and immunophilins. This complex serves to maintain the receptor in a conformation that 

facilitates high-affinity hormone binding (Meijsing et al., 2007). The subcellular localization 
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of SHRs prior to ligand binding varies. Localized predominantly to the nucleus prior to 

ligand binding are ER (King and Greene, 1984; Welshons et al., 1984; Ylikomi et al., 1992; 

Htun et al., 1999) and PR (Ylikomi et al., 1992, Chandran and DeFranco, 1992). By contrast, 

GR is localized predominantly in the cytoplasm prior to ligand binding (Picard and 

Yamamoto, 1987; Wikstrom et al., 1987; Qi et al, 1989; Ogawa et al., 1995; Htun et al., 

1996; Sackey et al., 1996). The localization of unliganded MR and AR remains unresolved. 

Naive MR has been localized predominantly to the cytoplasm and equally distributed 

between the nucleus and the cytoplasm (Binart et al., 1991; Alnemri et al., 1991; Robertson 

et al., 1993; Lombes et al., 1994). Naive AR is reported to be localized predominantly in the 

nucleus (Jenster et al., 1991; Jenster et al., 1993), cytoplasm (Simental et al., 1991; Zhou et 

al., 1994; Georget et al., 1997; Tyagi et al., 2000; Ozanne et al., 2000; Tomura et al., 2001), 

or equally distributed between both subcellular compartments (Krozowski et al., 1989; 

Lombes et al., 1990; Farman et al., 1991; Farman et al., 1991; Sasano et al., 1992; Fejes-Toth 

et al., 1998). Presently, the localization of the ERRs prior to ligand binding remains 

unknown. 

The GR cDNA was first cloned from rat liver in 1984 (Miesfeld et al , 1984). Similar 

to other members of the NHR superfamily, GR is a modular protein made of domains that 

carry specific functions that can be confirmed outside the context of the full-length protein 

(Zhou and Cidlowski, 2005; Rusconi and Yamamoto, 1987; Gustafsson et al., 1986; Giguere 

et al., 1986; Danielsen et al., 1986; Hollenberg et al., 1987; Kumar et al., 1987). The 

modular structure of GR and the functional activities localized within the receptor are 

summarized in Figure 1. 
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Figure 1: Schematic outline of the modular structure of the glucocorticoid receptor 

The degree of conservation of domains across the nuclear receptor superfamily is 
summarized above and the location of individual functional motifs is summarized below. 
The variable N-terminal domain contains the AF-1 activation domain and sites for receptor 
phosphorylation. The conserved C region contains the DNA binding region and a DNA-
dependent dimerisation domain. The D region, or hinge, is variable and contains regions that 
mediate dimerisation of GR while in solution and NL1, a basic nuclear localization signal 
sequence. The E region is conserved and contains the ligand binding domain. This region 
also contains the AF-2 transcriptional activation function and chaperone association domains. 
The E region also contains sites that harbour nuclear export activity and NL2, a second 
nuclear localisation signal sequence. 



GR 

Conserved Conserved 
Variable Variable 

(Hinge) 

440 505 540 7< 

RKT KKK I KG 

NL1 

Ligand Binding 

DNA Binding 

AF-1 AF-2 

DNA Dependent Dimerization 

S1.34 T4 S162 S224 S246 S ¥ 7 

'Ti7l's232' I 

Phosphorylat ion 
sites 

Solut ion Dimerization 

Chaperone Association 

NL2 

Nuclear Export 

4 



The N-terminal A/B domain of GR is highly variable amongst receptors and contains 

the transcriptional activation function 1 (AF-1) (Hollenberg and Evans, 1988). AF-1 is a 

constitutive transcriptional activation function that can activate transcription in a ligand-

independent manner. The N-terminal domain of GR also contains several serine/threonine 

phosphorylation sites whose phosphorylation is modulated through the cell cycle. 

Phosphorylation of these residues may influence receptor stability, subcellular trafficking 

and transcriptional regulatory potential (Hollenberg and Evans, 1988). 

The central C domain is highly conserved and contains the receptor DBD. The DBD 

consists of two conserved Cys4 zinc fingers (Wang et al., 1999). Upon ligand binding, the 

DBD is exposed enabling it to recognize glucocorticoid response elements (GREs) within 

promoter regions of glucocorticoid-responsive genes. GREs are short palindromically 

arranged DNA sequences separated by three base pairs. The GRE consensus sequence, 

GGTACAnnnTGTTCT, acts as a DNA recognition site for GR (Scheidereit et al., 1986; 

Jantzen et al , 1987). Specificity of binding to this sequence is mediated through a cluster of 

amino acids called the P-box, found in the N-terminal zinc finger of the DBD (Umesono and 

Evans, 1989). The C-terminal zinc finger of the DBD contains a region called the D-box, a 

DNA-dependent dimerisation domain through which two GR DBDs form a homodimer 

when bound to DNA (Umesono and Evans, 1989). 

The variable D, or hinge, region is involved in conformational changes during 

receptor-ligand binding (Stolte et al., 2006). Within this domain lie sites that mediate the 

formation of GR dimmers in solution (Savory et al., 1999) as well as the nuclear localization 

sequence 1 (NL1), commonly perceived as the primary NLS in most nuclear receptors. NL1 

is a strong, well-characterized NLS located in the receptor hinge region (Brzozowski et al., 
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1997; Xu et al., 1999; Onate et al., 1995; Spencer et al., 1997) that is comprised of three 

components. One component, a core basic sequence adjacent to the DBD, is required for 

NLS function while two smaller sequences, at the C terminus of the DBD, appear to 

contribute to the efficiency of the NLS (Tang et al., 1997). NL1 has been shown to bind to 

importin a and import through NL1 has been proposed to occur through the classical nuclear 

• • • 
import pathway (Carey et al., 1996; Savory et al., 1999). Previous studies have revealed that 

a K513-515N substitution in the NL1 of GR decreases the receptor's ability to import into 

the nucleus and increases its rate of nuclear export both in the presence and absence of ligand 

(Savory et al., 1999). This suggests that GR is actively retained within the nucleus and that a 

nuclear retention signal (NRS) overlaps the NL1 motif (Carrigan et al., 2007). 

The E domain is conserved and contains the GR LBD, which is highly homologous to 

other SHR LBDs. Both ligand-dependent activation and repression by GR require the intact 

function of the LBD (Bledsoe et al., 2002). Crystallography has revealed that the GR LBD is 

composed of eleven a helices which, when bound to ligand, form a binding pocket specific 

for glucocorticoid ligands. 

Also in the E domain are sites that mediate chaperone association (Katzenellenbogen 

and Katzenellenbogen, 1996). Prior to ligand binding, GR is held in an inactive state as part 

of a heat shock protein (hsp) and immunophilins containing complex. This complex contains 

a dimer of hsp90, as well as an immunophilin molecule such as the FK506 binding protein 

(FKBP) 52 and FKBP51, Cyp40 or PP5 (DeFranco, 2000). The complex also contains 

chaperones including hsp70, hsp40, HOP and p23 which are required for maturation of the 

naive complex (Pratt and Toft, 1997). Association of GR into these inactive complexes 

masks the DBD, therefore preventing GR from binding to DNA. Association between GR 
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and hsps also facilitates ligand binding by altering the LBD conformation in a manner that 

makes it more accessible to ligands. In fact, hsp association appears to be a prerequisite for 

GR ligand binding (Wang et al., 1999). 

The E domain also contains a second activation function called AF-2. AF-2 is a 

ligand-dependent activation function that has been mapped to helix 12 of the GR LBD. 

Ligand binding induces a conformational change in the LBD of GR and as a results, AF-2 

becomes exposed, allowing it to participate in interactions with various coactivator proteins. 

These coactivators, including steroid receptor coactivator-1 (SRC-1) and transcriptional 

intermediary factor (TIF), associate with the GR LBD through their LXXLL motifs 

(Yoshikawa et al., 2005). Recruitment of coactivator proteins leads to the formation of a 

large regulatory complex, eventually leading to ligand-dependent activation of target genes. 

Also localised within the E domain is a second NLS called NL2. NL2 is a steroid-

dependent NLS which complements NL1-mediated GR nuclear uptake (Picard and 

Yamamoto, 1987). Unlike NL1, the details surrounding NL2-mediated nuclear localization 

remain unclear. Both the sequence that comprises NL2 and identity of the karyopherins 

mediating NL2 nuclear import have not been elucidated. Also, while little is known about 

the sequence responsible for directing the nuclear export of GR, studies suggest that GR 

nuclear export activity is localized to the ligand binding domain of the receptor (Picard and 

Yamamoto, 1987). 

Structure and Properties of the GR Ligand Binding Domain 

The GR LBD contains many functions including ligand binding, chaperone 

association, nuclear localization and transcriptional activation. The ability of GR to function 
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efficiently requires proper folding of the receptor protein and an intact LBD. For rat GR, the 

LBD is comprised of the last 246 amino acids (amino acids 550-795) at the receptor C-

terminus. 

Recent crystallographic analysis has revealed that the GR LBD folds into a conical 

three-layer helical sandwich that embeds a hydrophobic pocket for binding ligand (Bledsoe 

et al., 2002). Similar to other NHR LBDs, the GR LBD is composed of 11 a helices, nine 

turns and four p sheets (Fig. 2a). The ligand binding pocket is composed of residues from 

helices 3, 4, 5, 6, 7, 10, the AF-2 helix (helix 12) as well as residues from p-strands 1 and 2 

(Bledsoe et al., 2002). Helices 1 and 3 form one side of the helical sandwich while helices 7 

and 10 form the other. Helices 4, 5, 8, and 9 are located in the top half of the protein, 

creating a cavity in the bottom half of the GR LBD. This bottom cavity is the ligand binding 

pocket. Agonist binding to the LBD induces the reorientation of the AF-2 helix which packs 

against helices 3, 4, and 10, adopting the so-called "agonist-bound" conformation. This 

conformation facilitates transactivation by exposing coactivator interaction sites (Yoshikawa 

et al, 2005). 

Interestingly, unlike the steroid binding pockets of PR, AR and ER, the GR pocket 

has an additional strand extending from helix 12. This strand forms a conserved p-sheet with 

a P-strand between helices 8 and 9 and is formed by structural rearrangement of helices 6 and 

7. It has been suggested that this C-terminal P-strand is involved in stabilizing the AF-2 

helix in an active conformation and therefore plays an important role in receptor activation 

(Bledsoe et al., 2002). Through crystallography, a model for the binding mode of the 

synthetic agonist dexamethasone (Dex) has been deduced (Bledsoe et al., 2002). GR binds 

to Dex via an extensive network of hydrophobic and hydrophilic interactions. In fact, it has 
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Figure 2: Structure of the hGR LBD complexed to RU486 and structures of steroids 
used in this study 

(A) Overall architecture of the hGR LBD when complexed to RU486. This image illustrates 
the arrangement of helices (H) in the hGR LBD. Figure made using PyMOL Molecular 
Graphics System (DeLano Scientific LLC). (B) Structures of steroids used in this study. All 
structures drawn using ISIS Draw (Elsevier MDL). 
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been reported that during ligand binding almost every atom of the Dex core is associated 

with one or more hydrophobic residues within GR (Bledsoe et al., 2002). In addition to these 

hydrophobic associations, it has also been reported that all of the hydrophilic groups of Dex 

form hydrogen bonds with GR. Also interesting is the proposal that Dex makes direct 

contact with the AF-2 helix (Bledsoe et al., 2002). This could, in-turn stabilize the AF-2 

helix during ligand-dependent activation of GR. 

GR is capable of binding to a wide array of glucocorticoids, including the agonists 

Cortisol and dexamethasone and the antagonist RU486. All steroids, including 

glucocorticoids, have a four-ring molecular structure in which the rings are designated by the 

letters A, B, C and D (Fig. 2b). In the LBD pocket, steroids are orientated with their A-rings 

toward P strands 1 and 2 and their D-rings towards the AF-2 helix. The A-ring, which has a 

similar structure in all classes of steroids, is anchored in the LBD via hydrogen bonding with 

R611 and Q570 (Bledsoe et al., 2002). The structure of the D-ring is variable amongst 

steroids. The defining feature of this ring in glucocorticoids is the presence of a 17(3 side 

chain containing a 20-carbonyl and a 21-OH group (Lind et al., 2000). Through site-directed 

mutagenesis it has been determined that interactions between GR and the D-ring of 

glucocorticoids are most likely mediated through residues M560, M639, Gln642 and Thr739 

(Lind et al., 2000). 

Functionality of the LBD relies, in-part, on the association between GR and 

chaperone proteins. In order for ligand to access the hydrophobic cleft in the LBD, GR must 

adopt a specific conformation (Pratt and Toft, 2003). Hsp90 and hsp70 are both required as 

chaperones for the opening of this cleft. In an ATP-dependent process, hsp70 first binds 

directly to the LBD, inducing a receptor conformational change resulting in partial opening 
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of the steroid-binding cleft. Subsequent binding of hsp90 to the GR-hsp70 complex results 

in the complete opening of the cleft. Once GR has adopted this labile, open conformation, 

hormone can enter and bind within the ligand-binding pocket (Pratt and Toft, 2003). 

Following ligand binding, it is commonly believed that chaperones dissociate from the GR 

heterocomplex, enabling GR to adopt a compact stable DNA-binding conformation (Pratt 

and Toft, 2003). It should be noted, however, that a variation of this theory exists where 

hsp90 does not dissociate from GR upon hormone binding (Kang et al., 1995; DeFranco, 

2000). Presently, no common sequence required for hsp90 binding has been identified 

among SHRs. While several regions in the GR LBD have been implicated in the binding of 

hsp90 (Howard et al., 1990; Cadepond et al., 1992; Dalmon et al., 1991), the exact sequence 

responsible for mediating hsp90 association remains unidentified. 

Nucleocytoplasmic Trafficking of Proteins 

A distinguishing feature of eukaryotic cells is their separation into compartments. As 

most proteins are synthesized in the cytoplasm, transport systems have evolved to facilitate 

the trafficking of proteins between cellular compartments. In eukaryotes, the nucleus and the 

cytoplasm are separated by a lipid bilayer called the nuclear envelope (NE) and all 

macromolecular exchange between cytoplasm and nucleus takes place through elaborate 

multi-protein structures called nuclear pore complexes (NPCs) (Ohno et al., 1998; Rout and 

Aitchison, 2001). 

The NPC regulates bidirectional active and passive transport between the nucleus and 

the cytoplasm. Active nucleocytoplasmic transport allows for the transport of large 

macromolecules containing a NLS through the NPC. Such molecules include proteins 
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involved in transcription, DNA replication, and chromatin remodelling as well as molecules 

synthesized in the nucleus that function in the cytoplasm like mRNAs, tRNAs and rRNAs 

(Komeili and O'Shea, 2001). Ions and other small molecules (< 40 kDa) lacking NLSs can 

diffuse passively through the NPC channel (Kastrup et al., 2006). 

In recent years, significant progress has been made on the identification of transport 

receptors and the specific targeting sequences they recognize on cargo molecules. Nuclear 

import is a process that relies on the presence of a NLS on the surface of the cargo molecule. 

The best characterized NLSs are composed of clusters of basic amino acid residues. NLSs 

can be composed of a single cluster of basic amino acids, like the simian virus 40 (SV40) 

large T antigen, or they can be bipartite, consisting of two independent clusters of basic 

amino acids separated by 10-12 residues (Taniguchi et al., 2002). An example of the later 

would be the NLS of the nuclear protein nucleoplasmin (Robbins et al., 1991). 

NLS-mediated nucleocytoplasmic transport is accomplished by proteins belonging to 

the karyopherin transporter family. In general, karyopherins contain HEAT or ARM repeats 

that extend the entire length of the curved, elongated proteins. HEAT repeats have a hairpin­

like structure comprised of two alpha helices joined by a turn, while ARM repeats are 

comprised of three alpha helices arranged in a more complex fashion (for review see Conti et 

al., 1998). Karyopherins of the importin a subfamily function exclusively in nuclear import, 

acting as adapter proteins that bind directly to the NLS of import substrates. In vertebrates, 

seven importin a homologues have been identified (Pemberton et al., 1998; Nakielny and 

Dreyfuss, 1999; Weis, 2002) each displaying unique affinities for various import substrates 

(Miyamoto et al., 1997; Kohler et al., 1999; Nadler et al., 1997; Sekimoto et al., 1997; Welch 

et al., 1999). In yeast, only a single protein species, SRP1, exists as an importin a 
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homologue (Moroianu et al., 1995; Gorlich et al., 1994; Yano et al., 1992; Walter et al., 

1980). Once bound to the substrate, importin a forms trimeric complexes with another 

member of the karyopherins family of proteins, importin p. Therefore, importin a can be 

described as an adaptor protein that mediates the binding of cargo to importin p. There are 

14 putative members of the importin p family in yeast, nine of which have been shown to 

function as importins and four as exportins (Gorlich and Kutay, 1999). Higher eukaryotes 

contain an even greater number of importin P family members. It has been proposed that 

there are more than 22 members of the importin p family in the mammalian system (Gorlich 

and Kutay, 1999; Kutay et al., 2000; Plafker and Macara, 2000). 

Importin P adopts a superhelical structure with a large, flexible, acidic loop joining 

the N and C-terminal regions of the protein (Cingolani et al., 1999). Importin P binds to the 

IBB domain of importin a through C-terminal HEAT repeats (Cingolani et al., 1999). 

Docking to the nuclear pore is mediated by the N-terminal region of importin P (Bayliss et 

al., 2000). Dissociation of the complex occurs in the nucleus following translocation through 

the NPC. In the nucleus, the importin a/p-cargo complex is dissociated by the GTP-bound 

form of the small guanine binding protein Ran (Gorlich et al., 1996; Rexach and Blobel, 

1995; Izaurralde et al., 1997; Gorlich et al., 1996). When bound to GTP, Ran has a high 

affinity for the N-terminal region of importin p (Vetter et al., 1999). RanGTP makes contact 

with the acid loop joining the N and C-terminal regions of the importin p. This destabilizes 

the interaction between importin P and importin a and results in the dissociation of the 

complex and subsequent release of the cargo into the nucleoplasm (Cingolani et al., 1999). 

Other adaptors that bind NLSs in cargo include snuportin, XRIPa, importin7, and RanBP8 

(Holaska et al., 2001). 
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Mammalian NPCs consist of several copies of approximately thirty proteins called 

nucleoporins (Nups). Most are synthesized as soluble proteins in the cytoplasm, as only two 

Nups, Poml21 and gp210 are integral membrane proteins believed to be anchoring the NPC 

in the NE (Rabut et al., 2004). Genetic and biochemical studies with isolated Nups have 

demonstrated that import and export receptors interact directly with Nups. Most Nups 

contain phenylalanine/glycine (FG) repeats. These dipeptide repeats are believed to aid in 

nucleocytoplasmic transport of cargo though low-affinity association with transport receptors 

(Rabut et al., 2004). It is a common belief that subcomplexes and subdomains of Nups 

create microenvironments within the NPC that are specific for various transporters (Komeilie 

and O'Shea, 2001). For instance, it has been shown that in humans Nupl53 contains a 

domain that is required for importin P nuclear import (Komeilie and O'Shea, 2001). 

Nuclear transport of macromolecules is an energy-dependent process. Early studies 

in vivo demonstrated that GTP hydrolysis by Ran is necessary for the nuclear import and 

export of proteins displaying signal sequences (Weiss et al., 1996). Indeed, the GTPase Ran 

appears to be crucial for establishment of transport directionality in vivo. Ran's GTPase 

activity is stimulated by the Ran GTPase activating protein (RanGAP) which is localised in 

the cytoplasm. This results in the conversion of RanGTP to RanGDP. The chromatin 

associated Ran guanine nucleotide exchange factor (RanGEF) stimulates the release of the 

bound nucleotide on Ran. In the cell a RanGTP gradient exists such that levels of RanGTP 

in the nucleus are high and levels in the cytoplasm are comparatively low. This is a 

reflection of the fact that there exists an asymmetric distribution of RanGEF and RanGAP in 

the cell. The presence of the RanGTP gradient is thought to be essential in establishing 

directionality of transport. Export receptors of the importin p family require RanGTP to bind 
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their cargo whereas import receptors dissociate from their cargos in the presence of RanGTP. 

Two other components of the RanGTP cycle that participate in nuclear transport are the Ran 

binding protein RanBPl and NTF2. RanBPl aids in the dissociation of export complexes, 

while the small protein NTF2 is involved in the active import of RanGDP into the nucleus 

where it is converted to RanGTP (Komeili and O'Shea, 2001). 

The study of transport machinery and the energetics behind the transport process has 

lead to the development of models for the nuclear import and export of protein cargo. Import 

receptors bind to their cargo in the cytoplasm and traverse the NPC. Once in the nucleus, the 

import receptor is released from the cargo molecule through binding between the import 

receptor and RanGTP. The nuclear export process begins in the nucleus with the formation 

of a trimeric complex consisting of the receptor, cargo, and RanGTP. Once formed, the 

complex translocates through the NPC into the cytoplasm. Subsequently, GTP hydrolysis by 

Ran is accomplished by the combined actions of RanBPl and RanGAP which, in turn, leads 

to the dissociation of the complex. 

Nuclear export is accomplished through the interaction between nuclear export 

signals (NESs) and karyopherins of the P subclass called exportins. While no consensus 

sequence exist for NESs, most are comprised of hydrophobic amino acids with a repeat of 

leucines or isoleucines that results in an antipathic a helix that interacts with the CRM1 

exportin (Fornerod et al., 1997; Askjaer et al., 1999; Ossareh-Nazari et al., 1997; Turpin et 

al., 1999). The leucine-rich NES was first characterized in the HIV Rev protein and the 

protein kinase A inhibitor (PKI) (Fisher et al., 1995; Wen et al., 1995; Fornerod et al., 1997; 

Stadeetal., 1997). 
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First identified as a protein essential for maintaining chromosome structure in 

Schizosaccharomyces pombe, CRM1 (chromosomal regional maintenance protein 1) has 

attracted considerable attention as a nuclear export receptor as it mediates nuclear export of 

proteins containing leucine-rich NESs. CRM1 is the most extensively characterised nuclear 

export receptor and CRM1 -mediated nuclear export can be distinguished from other nuclear 

export pathways by its selective inhibition by the potent antifungal antibiotic leptomycin B 

(LMB). LMB abolishes association of CRM1 with the NES by covalently and selectively 

binding to Cys-529 in CRM1, thereby inhibiting nuclear export of proteins (Kudo et al., 

1999). CRM1 functions as an export receptor for many proteins including several STATs 

(McBride et al., 2000; Begitt et al., 2000), Smadl (Xiao et al , 2001), coactivators (Amazit et 

al., 2003), and cyclins (Toyoshima et al., 1998; Hagting et al., 1998; Alt et al., 2000; Todier 

et al., 2001; Ishida et al., 2002). 

Like importin P-mediated nuclear import, CRM1-mediated nuclear export also 

requires the participation of Ran GTPase. Figure 3 provides a model for CRM1-mediated 

nuclear export. In the nucleus, CRM1 recognizes and binds to leucine and/or isoleucine rich 

sequences in protein cargo. Direct binding of RanGTP to CRM1 stabilizes the association of 

the receptor with the cargo. This results in the formation of a trimeric complex which can 

undergo translocation through the NPC. After translocation through the NPC, the complex 

reaches the cytoplasmic side of the pore where RanGAP-catalyzed hydrolysis of RanGTP to 

RanGDP is believed to be the trigger for disassembly of the complex (Askjaer et al., 1999). 

Following dissociation of the complex, CRM1 and RanGDP are re-imported into the nucleus 

for subsequent rounds of nuclear export. 
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Figure 3: A model for CRMl-mediated nuclear export 

In the nucleus, a trimeric complex is formed between NES cargo, RanGTP and CRM1. The 
formation of this complex is promoted by high concentrations of RanGTP. Complex 
formation can be prevented by the cyclosporine leptomycin B. Once formed, the trimeric 
complex crosses the NPC and enters the cytoplasm where RanBPl or RanBPl-like domains 
in RanBP2-Nup358 destabilize the complex. This process is irreversible due to GTP 
hydrolysis on Ran stimulated by RanGAP. 
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While the CRM1 nuclear export pathway is the most extensively characterized, 

alternative mechanisms are reported to be involved in protein nuclear export. Other proteins 

belonging to the importin p family have been shown to mediate nuclear export of proteins. 

CAS (Kumar et al., 2004), exportin-4 (Lipowsky et al., 2000), exportin-5 (Brownawell and 

Macara, 2002) and in yeast Msn5 (Kaffman et al., 1998) have all been shown to participate 

in nuclear export of protein cargos. Protein nuclear export can also be mediated by proteins 

other than those of the importin p family. It has been proposed that members of the 14-3-3 

protein family play an indirect role in directing proteins to the cytoplasm. The 14-3-3 

proteins bind to phosphoserine-containing motifs in a sequence specific manner (Tzivion and 

Avruch, 2001) and are proposed to be involved in the cytoplasmic localisation of several 

proteins including Cdc25 (Kumagai and Dunphy, 1999), class II deacetylases (HDACs) 

(McKinsey et al., 2001) and GR (Kino et al., 2003). 

As mentioned earlier, NLSs and NESs can mediate transport of protein cargos in a 

uni-directional manner. Although rare, bi-directional transport has also been reported 

through trafficking signals. The most extensively characterized bi-directional transport 

signal is the M9 signal of the hnRNP Al protein. This signal mediates nuclear import and 

export of hnRNP Al by transportin 1 (Michael et al., 1995). Another reported case of bi­

directional transport involves importin-13, which acts as an import receptor for RNA binding 

protein motif 8 and an export receptor for elFIA (Mingot et al., 2001). 

Nucleocytoplasmic Trafficking ofGR 

The gene-regulatory function of GR is tightly controlled by nucleocytoplasmic 

trafficking. Figure 4a illustrates the various mechanisms involved in regulating the 
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Figure 4: Various mechanisms influence the subcellular distribution of the 
glucocorticoid receptor 

(A) Naive GR resides predominantly within the cytoplasm in stable association with heat 
shock proteins and immunophilins (1). Upon steroid binding, GR dissociates from the 
heteromeric complex, dimmerizes and rapidly imports into the nucleus. Dissociation of GR 
from hsp90 prior to nuclear import remains controversial (2). In the nucleus GR binds 
transiently to DNA (3). Nuclear export of ligand-associated GR occurs via the CRM1-
dependent nuclear export pathway (4). GR chromatin release occurs upon steroid 
withdrawal however redistribution of GR to the cytoplasm is a slow process. Nuclear export 
of ligand-withdrawn GR occurs via a non-CRMl nuclear export pathway (5). (B) 
Glucocorticoid receptor signal sequences. NL1 is located in the hinge-like region of the 
glucocorticoid receptor and is comprised of three clusters of basic amino acids. ProtoNLS-1 
is required for receptor transport, while protoNLS-2 and protoNLS-3 contribute to the 
efficiency of the NLS. NL2 is a steroid-dependent NLS. NL2 and the NES of GR overlap 
with the LBD. The motifs of these signal sequences remain unidentified. 
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subcellular distribution of GR. In the absence of hormone, GR is packaged into a 

heteromeric complex containing a dimer of the 90 kD heat shock protein, hsp90. Upon 

hormone binding, GR dissociates from the complex and forms homodimers that rapidly 

translocate into the nucleus, with a tm of approximately 4.5 minutes, where they bind to 

glucocorticoid-response elements (GREs) within the promoter regions of target genes 

(Saporita et al , 2003). 

It has been shown that dissociation from hsp90 is the rate-limiting step in GR nuclear 

import and that GR is imported into the nucleus approximated 30 seconds after dissociation 

(Cidlowski and Munck, 1980). Interestingly, an alternative theory exists where hsp90 

remains associated with GR during nuclear import. Evidence to support this theory is the 

observation that coexpression of a NLS-hsp90 conjugate is required for nuclear accumulation 

of GR derivatives that lack their own NLSs (Kang et al., 1994; DeFranco, 2000). Steroid 

binding to GR is transient, and upon hormone dissociation, GR undergoes a conformational 

change and slowly redistributes to the cytoplasm from the nucleus. Once in the cytoplasm, 

GR is able to participate in subsequent rounds of hormone induced re-import into the nucleus 

(Hacheetal., 1999). 

As mentioned previously, GR nuclear import is mediated through two NLSs, NL1 

and NL2. The sequence of NL1 has been well characterized and is located within the hinge 

region and overlaps with the C-terminal portion of the DBD (Picard and Yamamoto, 1987). 

NL1 resembles classical NLSs such as the NLS of the SV40 large T antigen and appears to 

mediate nuclear import of GR through the importin a-mediated nuclear import pathway 

(Hache et al., 1999). Figure 4b illustrates the three components of NL1. The component 

called protoNLS-1, a core basic sequence adjacent to the DBD, is required for NLS function 
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while two smaller sequences pNLS-2 and pNLS-3, at the C terminus of the DBD, appear to 

contribute to the efficiency of the NLS (Ylikomi et al., 1992; Tang et al., 1997). Mutation of 

lysine residues 513KKK515 abrogates importin a binding and decreases the receptor's ability 

to import into the nucleus (Savory et al., 1999). As stated earlier, mutation of these residues 

also increases the rate of GR nuclear export both in the presence and absence of ligand, 

suggesting that GR is actively retained within the nucleus and that a nuclear retention signal 

(NRS) overlaps the NL1 motif (Carrigan et al., 2007). 

Many transcription factors, including GR, contain additional NLSs that regulate 

localization under selective conditions. In GR, this second nuclear localization activity, 

called NL2, occurs in the LBD and was first described in 1987 (Picard and Yamamoto, 1987). 

As stated earlier, both the sequence that comprises NL2 and the identities of the karyopherins 

mediating NL2 nuclear import have not been elucidated. Previous studies have, however, 

localized the NL2 signal within the LBD of GR (Picard and Yamamoto, 1987) (Fig. 4b). In 

fact, the LBD of GR can be imported into the nucleus and is also capable of mediating 

nuclear transport of the characteristically cytoplasmic protein |3 galactosidase (Picard and 

Yamamoto, 1987). It has also been revealed that NL2 is agonist-dependent, as the NL1 

deletion mutant GRNLI- fails to import into the nucleus upon treatment with the GR 

antagonist RU486 (Savory et al., 1999). This potent antagonist is known to promote hsp90 

dissociation upon binding to wild-type GR, ultimately leading to nuclear import of the 

receptor. It also appears as though NL2 mediates nuclear import of GR through a pathway 

other than the importin a pathway believed to be engaged by NL1. Taking into consideration 

that there is no obvious NLS motif in the LBD of GR and that mutation of NL1 prevents GR 

association with an importin a homologue in vitro and in vivo (Savory et al., 1999), it is 

21 



likely that NL2-mediated nuclear import occurs through a non-importin a nuclear import 

pathway. It is also worth noting that NL2 activity is poorly conserved amongst SHR. 

Studies suggest that ligand-dependent NLS activity similar to NL2 resides in ER, AR and 

GR but not in PR (Ylikomi et al., 1992). 

GR nuclear export is a very slow process with a tm extending between 12 and 24 

hours (Sackey et al., 1996, Hache et al., 1999, Qi et al., 1989). Using fluorescence recovery 

after photobleaching (FRAP), this slow export from the nucleus to the cytoplasm has been 

observed for both ligand-associated and steroid-withdrawn GR (Walther et al., 2003). This 

slow rate of GR nuclear export is not well understood and the mechanisms through which 

GR exports from the nucleus are only recently being discovered. 

The rate of redistribution of GR to the cytoplasm from the nucleus following ligand 

dissociation may be influenced by several factors. While the kinetics of GR chromatin 

release and those of hormone dissociation are rapid, it has been shown that unliganded GR 

remains in the nucleus for an extended period of time (Yang and DeFranco, 1997). It has 

been suggested that DNA binding plays a role in altering the nuclear export-rate of GR. This 

is supported by the observation that the DNA binding mutant R496H has been shown to have 

an increased rate of nuclear export following ligand withdrawal (Sackey et al., 1996). 

Amino acids 621-694 ofGR have NES activity that is CRMl-independent 

Studies focussing on the nuclear export of GR are somewhat limited due to its slow 

rate of redistribution to the cytoplasm following hormone withdrawal. As mentioned, GR is 

redistributed to the cytoplasm with a t\a of 12-24 h (Walther, 2003). Presently, very little is 

known about the sequence responsible for the nuclear export of GR. Most known NESs are 
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comprised of hydrophobic amino acids, however the composition of these signals is highly 

diverse. Due to this high degree of diversity, only a loose consensus for NESs exists 

(Saporita et al., 2003). It has been proposed that, in its naive state, GR shuttles freely 

between the nucleus and the cytoplasm and that treatment with leptomycin B (LMB) can 

inhibit this movement (Savory et al., 1999). Studies in our own laboratory have 

demonstrated that GRNLI- accumulates in the nucleus upon treatment with LMB only in the 

presence of hormone (Walther, 2003). By contrast, nuclear export of GRNLI- following 

hormone withdrawal is not affected by treatment with LMB (Walther, 2003). Together, 

these results suggest that GR exits the nucleus via the CRM1-mediated nuclear export 

pathway when bound to ligand and by a CRM1-independent pathway when not associated 

with ligand. 

After having established that GR nuclear export appears to be partially regulated by 

CRM1, it became of great interest to identify the sequence through which GR nuclear export 

is mediated. Intriguingly, it has been reported that a region within the LBD of AR possesses 

NES activity (Saporita et al., 2003). This hypothesized NES sequence is conserved in the 

MR, PR, ER and GR (Saporita et al., 2003). Through homology modelling, Dr. Ella Atlas 

mapped this region in GR to be between amino acids 621 and 694. To study what role this 

region plays in nuclear export, Dr. Ella Atlas cloned amino acids 621-694 of rat GR into the 

GFP-C2 vector. By tagging the N-terminus of this region with GFP, the subcellular 

distribution of the construct could be detected via direct fluorescence. If a NES were present 

in this region, the GR peptide would preferentially localize in the cytoplasm. Upon 

transfection of GFP-GR621-694 into Cos7 cells, it was observed that the majority of cells 

expressing this construct displayed predominantly cytoplasmic fluorescence, indicating that 
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amino acids 621-694 of GR harbour NES activity (Fig. 5a). As a follow up experiment, Dr. 

Ella Atlas performed localization assays in the presence and absence of LMB. This was 

done to examine whether the cytoplasmic localization of GFP-GR621-694 is dependent upon 

CRM1. Results from this experiment revealed that, in the presence of LMB, GFP-GR621-

694 localizes predominantly to the cytoplasm. This suggests that nuclear export through 

amino acids 621-694 of GR occurs in a manner that is CRM1 -independent (Fig. 5a). 

Amino acids 621-644 and 668-694 have NES activity that is CRM1-independent and 

CRM1-dependent, respectively 

After establishing that amino acids 621-694 of GR have NES activity, the next intent 

was to define the minimal region within this peptide required for nuclear export. To do this, 

Dr. Ella Atlas subdivided the GFP-GR621-694 construct into three smaller ones, GFP-

GR621-644, GFP-GR644-668 and GFP-GR668-694 (Fig. 5a). All three constructs have the 

GFP moiety fused N-terminally to the peptides which facilitates visualization of the 

constructs by direct fluorescence. Through localization assays, in which Dr. Ella Atlas 

transfected the constructs into Cos7 cells, it was determined that two of the GR peptides have 

NES activity. GFP-GR621-644 and GFP-GR668-694 both possess NES activity while GFP-

GR644-668 does not (Fig. 5a). 

To assess the LMB sensitivity of the constructs, Dr. Ella Atlas performed localization 

experiments in the presence and absence of LMB. After transfecting Cos7 cells with the GR 

peptide constructs and assessing their subcellular localization by direct fluorescence, it was 
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Figure 5: Amino acids 621-644 and 668-694 of GR harbour NES activity that is CRM1-
independent and CRMl-dependent, respectively. Amino acids 621-644 and 668-694 
have NES activity that is sensitive to point mutations 

(A) Nuclear export activity and effect of LMB on nuclear export activity of GR peptides 
621-694, 621-644, 644-668 and 668-694. GR peptides 621-694, 621-644 and 668-694 have 
NES activity, but peptide 644-668 does not. (B) Nuclear export activity and effect of LMB 
on nuclear export activity of GR mutant constructs GR621-644LL638, 639AA, GR668-694LL67I, 

674AA, GR668-694LL687-688AA, GR668-694LL689,690AAand GR668-694Ss69i, 692DD- A and B 
summarize data attained through localization assays performed by Dr. Ella Atlas. N/A = not 
applicable. 
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determined that GFP-GR621-644 retains its NES activity in the presence of LMB, while 

GFPGR668-694 does not (Fig. 5a). This is intriguing considering full-length GR undergoes 

two modes of nuclear export (Walther, 2003). Naive GR and ligand-bound GR undergo 

CRM1-dependent nuclear export while ligand-withdrawn GR is exported by a CRM1-

independent nuclear export process (Savory et al., 1999). 

Amino acids 621-644 and 668-694 have NES activity that is sensitive to point mutations 

After identifying two regions in the LBD of GR that harbour NES activity, the next 

objective was to determine what residues are critical for mediating nuclear export of amino 

acids 621-644 and amino acids 668-694. As stated earlier, NES sequences are traditionally 

leucine and/or isoleucine rich regions (Fornerod et al., 1997; Askjaer et al., 1999; Ossareh-

Nazari et al., 1997; Turpin et al., 1999). For this reason, site-directed mutagenesis was 

performed where leucines were specifically targeted and substituted with alanines. Also 

targeted for substitution were serines. It has been suggested that the phosphorylation status 

of GR codetermines its subcellular localization (Borro et al., 1995). In fact, it has been 

recognized that NES function can be regulated through phosphorylation of adjacent regions 

(Dominguez, 2003; Seternes, 2002; Dong et al., 2006). By substituting a serine with an 

alanine, the possibility of receptor phosphorylation at that particular residue is eliminated. 

By contrast, substituting a serine with an aspartic acid mimics receptor phosphorylation at 

that site. The rational behind mutagenesis was that a mutant GR peptide with a disrupted 

NES sequence would be equally distributed between the nucleus and the cytoplasm. Similar 

to what would be expected of the localization of GFP alone. By contrast, a peptide with an 

undisrupted NES sequence would localize more predominantly to the cytoplasm. 
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v The subcellular localization of the mutated GFP-GR621 -644 and GFP-GR668-694 

constructs was investigated by Dr. Ella Atlas. While several point mutations alter the 

subcellular distribution of GFP-GR621-644 and GFP-GR668-694, a stretch of leucines in the 

668-694 region appear to be particularly critical for mediating nuclear export. More 

specifically, mutations LL687, 688AA and LL689, 690AA are particularly effective at 

diminishing NES activity within amino acids 668-694 (Fig. 5b). Another mutation that 

proved interesting was substitution of serines 691 and 692 to aspartic acids. Interestingly, 

GFP-GR668-694ss69i, 692DD was localized almost exclusively to the nucleus. 

Project Goal 

Steroidal signalling through GR is dependent on intracellular movement of the 

receptor. While nuclear import of GR through NL1 is fairly well understood, details 

surrounding nuclear export of GR and nuclear import through NL2 remain unclear. 

Therefore, the principal goal for my M.Sc. project was to study the intracellular movement of 

GR and to identify what amino acids in the receptor LBD are critical for mediating nuclear 

export of GR and nuclear import through NL2. To achieve my project goal, I introduced a 

series of point mutations over an area of the LBD thought to harbour NES activity in 

preliminary localization experiments and assessed what effect these mutations had on 

receptor localization and behaviour. 
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MATERIALS & METHODS 

Plasmids 

The pGFP-GR and PGFP-GRNLI- constructs used in this study have been previously 

described (Savory et al., 1999). The pGFP-GRNU. construct contains the 513KKK515 to 

513NNN515 mutation which abolishes the NL1 nuclear localization signal of GR (Savory et 

al., 1999). Point mutants pGFP-GRLL638,639AA, pGFP-GRLL67i, 674AA, pGFP-GRLL687, 6SSAA, 

pGFP-GRLL689, 689 AA, pGFP-GRSS691, 692DD, pGFP-GRSS691, 692AA, pGFP-GRc661S, pGFP-

GRL687A, pGFP-GRL688A, pGFP-GRL689A, and pGFP-GRL690A were derived from full-length 

pGFP-GR. Complementary oligonucleotides encoding desired mutations were designed for 

each plasmid (Appendix A). The oligonucleotides were synthesized (Invitrogen) and then 

used to introduce mutations using the Stratagene QuikChange™ mutagenesis kit and the Pfu 

proofreading polymerase (Stratagene). Similarly, the PGFP-GRNLI-L687A> PGFP-GRNLI-L688A, 

pGFP-GRNLi-L689A, pGFP-GRNLi-L690A and pGFP-GRNn-c640s constructs were created using 

the Stratagene QuikChange™ mutagenesis kit and the Pfu proofreading polymerase using 

full-length PGFP-GRNLI- as a template. Positive clones were tested by restriction digest and 

mutations were confirmed by automated sequencing. 

The pRL-CMV-renilla luciferase and the pMMTV-237 Luc plasmids used in the 

Dual-Luciferase assay have been described elsewhere (Carrigan et al., 2007). The pMMTV-

237 Luc plasmid contains the mouse mammary tumor virus (MMTV) long terminal repeat 

sequence (-237 to +105) followed by the Luciferase reporter gene. 

Plasmid Preparation 

Plasmid DNA was transformed by electroporation into a competent Escherichia coli 

-DH5a strain and plated on selective LB/agar plates. Colonies were grown overnight at 
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37°C and single colonies were used to inoculate 5 mL of selective LB culture. These 

cultures were then used to inoculate 250 mL of selective LB media and allowed to grow 

overnight. Plasmids were prepared according to the Qiagen Maxiprep or Qiagen Miniprep 

protocols. 

Antibodies 

The BuGR antibody (Affinity BioReagents) (recognizes rat GR amino acids 408-422) 

was used at a dilution of 1/1000 (v/v). GFP was detected using the GFP (JL-8) primary 

antibody (JL-8) (Clontech) at a dilution of 1/1000 (v/v). Actin was detected using the P-actin 

primary antibody (Sigma) at a concentration of 1/5000 (v/v). For the coimmunoprecipitation 

assay, 2 ug of the GRM20 antibody (Santa Cruz Biotechnology) was used. The anti-hsp70 

antibody (Stressgen) and the anti-hsp90 antibody (Stressgen) were both used at a dilution of 

1/1000 (v/v). The primary antibodies BuGR, GFP (JL-8), p-actin, anti-hsp70 and GRM20 

were recognized by the sheep anti-mouse secondary antibody conjugated to horseradish 

peroxidase (GE Healthcare). The anti-hsp90 antibody was recognized by the goat anti-rat 

secondary antibody conjugated to horseradish peroxidase (GE Healthcare). 

Cell Culture and Transient Transfection 

Cos7 embryonic African green monkey cells (ATCC 102005) were maintained at 

37°C with 5% CO2 in high glucose Dulbeco's modified Eagle's medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS), non-essential amino acids and sodium 

pyruvate. Transient transfection of Cos7 cells with cDNA expression plasmids was 

performed using FuGene 6™ Transfection Reagent (Roche) according to manufacturer's 

instructions at a ratio of 3:1 (uL and \ig, respectively). Briefly, FuGene and serum-free 
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DMEM were combined, mixed and allowed to incubate for 5 min. Then, contents of the 

FuGene-DMEM tube were transferred directly to DNA, mixed and incubated for 20 min. 

The transfection mix was added in a dropwise fashion to cells in DMEM containing 10% 

charcoal-stripped FBS. The cells were incubated with the transfection mixture at 37°C for 24 

h. After 24 h, media was removed from the plates by aspiration. Cells were then 

synchronized in Go by washing twice in phosphate-buffered saline (PBS) (140 mM NaCl, 2.7 

mM KC1, 4.3 mM Na2PO4-7H20, 1.5 mM KH2P04) and then cultured in serum-free DMEM 

for at least 16 h. 

Preparation of Whole Cell Extracts 

To prepare cell extracts, transfected cells were harvested 48 h post-transfection. Each 

plate was washed twice with PBS and the cells were scraped into 1 mL PBS using a rubber 

policeman. Cells were collected by centrifugation at 6000 g for 8 min at 4°C. Cell pellets 

were then resuspended in WCE buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT, 1 

mM EDTA, 10% Glycerol, IX Complete™ protease inhibitor cocktail (Roche)). Cells were 

incubated on ice for 10 min and then centrifuged at 13 000 rpm for 10 min at 4°C to remove 

cellular debris. 

Protein Concentration Determination 

Protein concentration was determined using Bradford reagent (Bio-Rad). 5 uL of the 

whole cell lysates was added to 795 uL ddH20 followed by the addition of 200 uL Bio-Rad 

Protein Assay Reagent (Bio-Rad). The solution was mixed and allowed to develop for 10 

min at RT. The absorbance of each sample was measured at 595 nm using a 
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spectrophotometer. The amount of protein in each sample was determined by comparison to 

a BSA standard curve. 

SDS-PAGE and Western Blotting 

Protein samples (20-50 ug) were loaded on an 8% denaturing gel and separated by 

sodium dodecyl sulphate polyacrylamide electrophoresis (SDS-PAGE). The SDS-PAGE gel 

was electrophoresed in electrode buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) and then 

transferred to an immuno-Blot™ PVDF membrane (Bio-Rad) in transfer buffer (25 mM Tris, 

192 mM glycine, 0.02% SDS, 10% Methanol) using the BioRad Mini-Protean®II Cell 

system (Bio-Rad). The membrane was blocked for 1 h at RT in PBST (140 mM NaCl, 2.7 

mM KC1, 4.3 mM Na2P04-7H20, 1.5 mM KH2P04, 0.05% Tween, pH 7.4) containing 5% 

w/v skim milk powder. Primary antibodies were diluted in PBST with 5% skim milk w/v to 

the optimal concentration and incubated for 1 h at RT or at 4°C overnight. Excess primary 

antibody was removed by washing the membrane three times (10 min each wash) with 

PBST. The membrane was then incubated for 1 h at RT with the suitable horseradish 

peroxidase-conjugated secondary antibody diluted in PBST. The membrane was then 

washed three times (10 min each wash) in PBST and developed using the Western 

Lightning™ chemiluminescence reagent (PerkinElmer) according to the manufacturer's 

instructions. 

Coimmunoprecipitation Assay 

Whole cell extracts were prepared as outlined above and were treated with 10" M Dex 

(Sigma) for 3 h at 4°C or were left untreated. All extracts (500 \ig protein/assay) were 

brought up to the same volume by dilution with WCE buffer. pGFP-GRwt or the relevant 
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mutant GFP tagged receptors, were immunoprecipitated by incubating the extracts with 

GRM20 antibody (2 ng) (Santa Cruz Biotechnology) overnight at 4°C. Protein A sepharose 

beads, which had been pre-blocked overnight at 4°C with 50 nig/mL bovine serum albumin 

(BSA) in IP buffer (10 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.05% NP-40), were 

added to the lysates and incubated on a rotating wheel for 1 h at 4°C. The protein A 

sepharose beads were collected by centrifugation at 4000 g for 2 min and washed three times 

with 1 mL of ice-cold wash buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% NP-40). 

Proteins were eluted from the beads by re-suspension in 20 uL of 2xSDS sample buffer (120 

mM Tris-HCl pH 6.8, 20% (v/v) glycerol, 4% (w/v) SDS, 10% betamercaptoethanol (v/v) 

and 0.2 mg/mL bromophenol blue) and boiling for 5 min at 95°C. The eluted proteins were 

subjected to SDS-PAGE and analyzed by Western blotting. 

Dual-Luciferase Transcription Assay 

Cos7 cells, maintained in DMEM + 10% charcoal-stripped FBS (Hyclone), were 

transiently transfected with 50 ng GR construct (or the derived construct as indicated), 250 

ng -237 MMTV-Luciferase reporter, 25 ng CMV-renilla Luciferase as an internal control, 

and 175 ng pEGFP-Cl to bring the total DNA to 0.5 ug per well of a 12 well dish. All DNA 

was transfected using FuGene 6™ Transfection Reagent (Roche) as per manufacturer's 

instructions. Cells were treated with 10'8M or 10"6M dexamethasone (Sigma) for 16 h and 

lysed in Passive Lysis Buffer (Promega). A Lumistar Luminometer was used to evaluate 

luminescence. Transfection efficiency was normalized to the CMV-renilla luciferase 

control. 
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Localization and Hormone Withdrawal Assays 

For direct analysis of subcellular distribution, Cos7 cells were plated on 22 mm 

square coverslips in 6-well dishes. 16 h after plating, the cells were transfected with 0.5 \xg 

DNA using FuGene 6™ Transfection Reagent (Roche). 24 h post-transfection, the cells 

were synchronized in Go by incubation for 16-24 h in serum-free DMEM. For localization 

assays, the steroid ligand Cortisol (Sigma) was used. For hormone withdrawal assays, steroid 

ligands Cortisol (Sigma) and RU486 (Roussel-Uclaf, France) were used. The metabolically 

stable GR agonist dexamethasone (Sigma) was used for transcription assays. Steroid ligands 

were added at a final concentration of 10"6M or as indicated. Steroid withdrawal was 

accomplished by rinsing the cells five times, for five minutes each wash, with PBS 

containing 5% BSA at 37°C. Following ligand withdrawal, cells were fixed overnight with 

4% paraformaldehyde (EM Sciences) in PBS at 4°C. Cells were washed two times with PBS 

and coverslips were mounted onto microscope slides, overlaid with Vectashield DAPI-

staining solution (Vector Laboratories) and sealed with nail polish. 

Slides were examined on a Zeiss Axiovert microscope equipped with a Xenon lamp. 

Digital images were captured using a cooled CCD camera (Hamamatsu Orca ER) and Simple 

PCI imaging software. Cells were scored into three categories based on the subcellular 

distribution of the protein of interest; predominantly nuclear fluorescence (N>C), 

fluorescence that was distributed equally between the nucleus and the cytoplasm (N=C) or 

predominantly cytoplasmic fluorescence (C>N). Representative images corresponding to 

each of the categories are shown in Figure 6. Double-blind encryption was performed for 

quantification and individual data points were derived from a minimum of 900 cells 

quantified over a minimum of three independent experiments performed in duplicate. 
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Figure 6: Representative images of subcellular localization categories 

Categorization of nucleocytoplasmic distribution within individual cells was used to quantify 
subcellular distribution. Cells were scored into one of three categories. Representative 
images illustrate the three categories that were used; fluorescence is predominantly nuclear 
(N>C), fluorescence is equally distributed between the nucleus and the cytoplasm (N=C) and 
fluorescence is predominantly cytoplasmic (C>N). 
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In vitro Steroid Binding Assay 

Cos7 cells were maintained in DMEM supplemented with 10% FBS. 

Lipofectamine™ (Invitrogen) was used (57 uL of Lipofectamine™ per 150 mm dish) to 

transiently transfect 3.5 ug of DNA. Prior to transfection, cells were rinsed twice in PBS and 

once with Opti-mem™ reduced serum media (Invitrogen). All transfection mixtures were 

prepared in Opti-mem™. Transfection mixtures were allowed to incubate for 45 min at RT 

before being dropped on the cells. Cells incubated with the transfection mixture for 16 h at 

37°C. Adding an equal volume of phenol red-free DMEM supplemented with 10% stripped 

FBS to the cells stopped the transfection process. Cells were then incubated for an additional 

8 h, washed with phenol red-free DMEM, and incubated for 24 h in phenol red-free DMEM. 

Cells were harvested by washing twice with PBS and then scraping the cells, using a rubber 

policeman, into 1.6 mL PBS. Residual cells were washed from plates with 1.6 mL of PBS. 

Cells were spun down at 5000 g for 5 min at 4°C. PBS was removed by aspiration and cell 

pellets were stored at -80°C until use. 

Cells were lysed via the freeze thaw method. Cells were resuspended in 200 uL 

TAPS 0 (25 mM TAPS buffer pH 8.8, 10 % Glycerol, 1 mM EDTA, 2 mM Molybdate) by 

gently pipetting up and down and then frozen in liquid nitrogen for 30 sec. The cell 

suspension was then allowed to thaw on ice for 10 min. An additional 200 uL of TAPS 0 

buffer was added to the suspension which was mixed again by gently pipetting. The cell 

suspension was then frozen and thawed a second time as described above. After mixing a 

final time by pipetting, the cell suspension was spun at 5000 g for 5 min at 4°C. The 

supernatant was removed promptly and saved. Protein yield was determined by Bradford 

assay (Bio-Rad). 
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Protein was diluted to 1 ug/mL in TAPS 0 and 60 uL of cell lysate was added to PCR 

tubes. A dilution series of [3H] dexamethasone was made. The final concentrations (after 

adding to the 60 ul of cell lysate) ranged from 0.464 nM to 100 nM dexamethasone. 

Subsequently, 15 uL of each concentration was added to two PCR tubes and the solutions 

were mixed by sharp flicking. Cells were then spun down by centrifugation at 5000 g for 20 

sec at 4°C and incubated for 16 h at 4°C. After incubation, 37.5 uL of 5 % dextran-coated 

charcoal was added to samples, which were kept on ice. Samples were then spun at 5000 g 

for 5 min at 4°C to precipitate the dextran-coated charcoal. 75 uL of each sample was 

removed and transferred to a scintillation tube containing 3 mL of scintillation fluid. 

Samples were mixed by inverting the tubes no less than twenty times. [ H] for each sample 

was counted using a scintillation counter. [3H] was also counted for two 10 uL samples of 

2.15 nM, 1.00 nM, and 0.464 nM [3H] in order to determine background counts. For data 

analysis see Appendix C. 

In vitro Steroid Dissociation Assay 

For steroid dissociation assays, cells were grown, transfected, harvested and lysed as 

described for the in vitro steroid binding assay. Protein yield was determined by Bradford 

assay (Bio-Rad). Protein was diluted to 1 ug/mL in TAPS 0 and 60 uL of cell lysate was 

added to PCR tubes. A dilution series of [3H] dexamethasone was made. The final 

concentrations (after adding to the 60 ul of cell lysate) ranged from 0.464 nM to 100 nM 

dexamethasone. Subsequently, 15 uL of each concentration was added to two PCR tubes 

and the solutions were mixed by sharp flicking. Cells were then spun down by 

centrifugation at 5000 g for 20 sec at 4°C and incubated for 16 h at 4°C. Samples were 

treated with 200-fold excess of cold Dex plus or minus 50 ul 10% dextran coated charcoal. 
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Dextran coated charcoal was added to samples at various time points following treatment 

with 200-fold excess cold Dex (T = 0, 0.25, 0.5, 1, 1.5, 2, 3, and 4 h). Solutions were mixed 

by flicking no less than ten times and allowed to incubate at 25°C for 5 min. Subsequently, 

solutions were spun down at 5000 g for 20 sec at 25°C. Samples were mixed with 3 mL 

scintillation fluid and [ H] for each sample was counted using a scintillation counter. For 

data analysis see Appendix C. 
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RESULTS 

Identification of a Ligand-Regulated NES in the LBD of GR 

Amino acids L687, L688, L689, L690, S691 andS692 are not directly associated with the 

Dex molecule when complexed to GR 

Preliminary results from the Hache lab have suggested that two regions in the LBD of 

GR, 621-644 and 668-694, have NES activity that is sensitive to point mutations. This was 

determined through GR peptide localization assays performed by Dr. Ella Atlas. While 

peptide based localization assays have been used to study the trafficking behaviour of 

proteins (Saporita et al., 2003; Kudo et al., 1999), a more in-depth understanding of the 

signals mediating nuclear import and export can be attained if the subcellular localization of 

the full-length protein is investigated. When studying the trafficking behaviour of the full-

length protein, one takes into consideration the role secondary structure conformation may 

play in regulating protein localization. Therefore, a primary objective of this study was to 

identify residues within the 621-644 and 668-694 regions important for nuclear export of the 

full-length protein. 

To investigate whether point-mutations that disrupted nuclear export of the peptides 

also affect localization of full-length GR, the mutations LL687, 688AA, LL689, 690AA, 

SS691, 692AA and SS691, 692DD were introduced into the full-length receptor. All 

mutations were introduced by site-directed mutagenesis (as described in Materials and 

Methods) into the GFP-GRC2 construct. Fusion of the GFP moiety to the constructs allows 

for visualization by direct fluorescence (Fig. 7a). Furthermore, by fusing GFP to the N-

terminus, the possibility of disrupting AF-2 function is avoided. 
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Figure 7: GR mutant constructs were generated by mutagenesis where leucines were 
substituted with alanines and serines were substituted with either aspartic acids or 
alanines 

(A) Site-directed mutagenesis was used to substitute leucines with alanines and serines with 
either aspartic acids or alanines. Mutagenesis was performed on L687, L688 and L689, 
L690, giving rise to the constructs GFP-GRLL687, 688AA and GFP-GRLL689, 690AA- Mutagenesis 
was also performed on S691, S692 producing the constructs GFP-GRss69i, 692DD and GFP-
GRss69i, 692AA- (B) Structures of the amino acids leucine, alanine, serine and aspartic acid. 
All structures drawn using ISIS Draw (Elsevier MDL). 
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As mentioned earlier, NESs are typically comprised of hydrophobic amino acids with 

a repeat of leucines or isoleucine that direct nuclear export by the exportin CRM1 (Fornerod 

et al., 1997; Askjaer et al., 1999; Ossareh-Nazari et al., 1997; Turpin et al., 1999). For this 

reason, leucines 687, 688, 689 and 690 were targeted for mutagenesis and substituted with 

alanines, giving rise to the constructs GFP-GRLL687, 688AA and GFP-GRLL689, 690AA (Fig. 7a). 

While substituting leucine with alanine has little effect on secondary structure conformation, 

it has been shown that this substitution diminishes the effectiveness of a NES sequence 

(Thyssen et al., 2006). It should be noted that both leucine and alanine are straight chain 

non-polar amino acids that are closely related in terms of both size and hydrophobicity (Fig. 

7b). Additionally, these two amino acids have high helix forming tendencies (Dong et al., 

2006). Therefore, substituting one for the other would be expected to present only minor 

consequences for overall conformation of the receptor. 

Another amino acid that was targeted for mutagenesis was serine. As stated earlier, it 

has been suggested that NES function may be regulated through phosphorylation of adjacent 

regions (Dominguez, 2003; Seternes, 2002; Dong et al., 2006). In order to determine the 

potential for phosphorylation of serines 691 and 692 to play a role in regulating NES activity, 

site-directed mutagenesis was performed in which these adjacent serines were targeted for 

substitution. Substituting serines 691 and 692 with alanines (Fig. 7b) eliminates the 

possibility of receptor phosphorylation at those sites while substitution with aspartic acids 

(Fig. 7b) mimics receptor phosphorylation at S691 and S692. By mutating serines 691 and 

692 to alanines and aspartic acids, two additional full-length mutant constructs were created, 

GFP-GRSs69i,692AAand GFP-GRSs69i, 692DD (Fig. 7a). 
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In order to verify that the amino acids targeted for site-directed mutagenesis are not 

directly involved in ligand binding, leucines 687-690 and serines 691 and 692 were 

identified in the three-dimensional molecular structure of hGR complexed with Dex. This 

was accomplished though homology modeling and the molecular graphics system PyMOL. 

Figures 8 illustrates that leucines 687-690 (Helix 8) and serines 691 and 692 (Beta Sheet 3) 

are not directly associated with the Dex molecule and are therefore not expected to 

significantly affect steroid binding. 

Mutations LL687, 688AA, LL689, 690AA and SS691, 692AA have little effect on protein 

expression and stability, yet SS691, 692DD does 

Western blot analysis was performed in order to assess the expression levels of the 

various GR constructs in the absence and presence of hormone. The constructs GFP-GRwt, 

GFP-GRLL687, 688AA, GFP-GRLL689, 690AA, GFP-GRSS69i, 692AA and GFP-GRSs69i, 692DD were 

transiently transfected into Cos7 cells which were either left untreated or treated with 1 uM 

Dex for 16 h. The Cos7 cell line, an adherent kidney cell line derived from African Green 

monkey, is regularly used for GR expression (Doppler et al., 2001; Pujols et al., 2002) and 

subcellular localization (Sackey et al., 1996; Savory et al., 1999; Tazawa et al., 2003) studies 

as these cells lack endogenous GR. Western blot analysis revealed that the constructs GFP-

GRLL687, 688AA, GFP-GRLL689,690AA, GFP-GRSs69i, 692AA and GFP-GRSs69i, 692DD are of the same 

size (Fig. 9). Western blot analysis also revealed that GFP-GRLL687, 688AA, GFP-GRLL689, 

69OAA and GFP-GRss69i, 692AA are expressed at similar levels in Cos7 cells, indicating that 

mutations LL687, 688AA, LL689, 690AA and SS691, 692AA have little effect on protein 

expression and stability, both in the presence and absence of hormone. The expression level 
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Figure 8: Leucines 687-690 and serines 691 and 692 of rat GR are not directly involved 
in ligand binding 

(A) Schema highlighting the location of amino acids that were targeted for mutagenesis. 
Secondary structure elements are denoted above the sequence. (B) hGR complexed with 
Dex (yellow). Residues 687, 688, 689, 690 (highlighted in red) and 691, 692 of rat GR were 
identified by homology modeling. Residues were identified and labelled using the PyMOL 
molecular graphics system (DeLano Scientific LLC). 
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Figure 9: Western blot analysis showing expression levels of the various GR constructs 
in the presence and absence of 1 uM Dex 

Preparation of whole cell extracts and Western blot analysis were carried out as outlined in 
Materials and Methods. Where indicated, cells were treated with 1 uM Dex for 16 h. 
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of GFP-GRss69i, 692DD is lower both in the presence and absence hormone than the wild-type 

receptor and the other GR mutant constructs. This suggests that the SS691, 692DD 

substitution affects protein expression and stability. 

The mutant receptors GFP-GRLL687,688AA, GFP-GRLL689, 690AA and GFP-GRSs69i, 692AA 

translocate into the nucleus in response to Iff6 M Cortisol, whereas GFP-GRSS69I,692DD 

does not 

To assess the steroid responsiveness of GFP-GRLL687, 688AA, GFP-GRLL689, 690AA, GFP-

GRss69i, 692DD and GFP-GRss69i, 692AA, the subcellular localization of the mutant GR 

constructs was assessed after treatment with 1 uM Cortisol for 1 h. For these assays, Cos7 

cells were transiently transfected with the aforementioned constructs and then synchronized 

in Go by withdrawing serum. Synchronizing Cos7 cells in Go allows for the study of 

nucleocytoplasmic trafficking of stably maintained pools of GR (Hache et al., 1999; Sackey 

et al., 1996). In Cos7 cells cultured in the absence of serum there is minimal new synthesis 

or degradation of GR for periods of up to 72 h following serum withdrawal (Savory et al , 

1999). After synchronization, the cells were treated with 1 uM Cortisol for 1 h and then 

fixed to facilitate visualization of the subcellular localization of the constructs by direct 

fluorescence. 

In the absence of ligand, GFP-GRLL687, 688AA, GFP-GRLL689, 690AA, GFP-GRSs69i, 692DD, 

GFP-GRss69i, 692AA and GFP-GRwt were observed primarily in the cytoplasm. As expected, 

after 1 h treatment with 1 uM Cortisol GFP-GRwt was localized predominantly in the nucleus 

of 99% ± 1 % of the transfected cell (Fig. 10; Table 1). Furthermore, it was revealed that 

GFP-GRLL687, 688AAand GFP-GRLL689, 690AAboth localized predominantly in the nucleus after 
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Figure 10: Substitution of leucines 687, 688 and 689, 690 to alanines in full-length GR 
dramatically accelerates nuclear export 

Redistribution of GR to the cytoplasm following ligand withdrawal is significantly 
accelerated when LL687, 688AA and LL689, 690AA mutations are introduced in the LBD. 
Mutations were introduced using the Stratagene mutagenesis kit. Cos7 cells were plated 
onto glass coverslips and transiently transfected with the indicated constructs using FuGene 
6™ reagent. Cells were synchronized in Go by withdrawing serum. After 16-24 h, cells 
were treated with 1 uM Cortisol for 1 h followed by hormone withdrawal. Cells were 
withdrawn from hormone for the indicated time periods. Localization of constructs was 
assessed by direct fluorescence. Representative images are shown for each data set. Error 
bars represent the standard error of the means of three independent experiments done in 
duplicate. These experiments were performed in collaboration with Mr. Gregory Addicks. 
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Table 1: Point mutations in the LBD accelerate nuclear export of full-length GR 
following withdrawal from Cortisol 

Redistribution of GR to the cytoplasm following ligand withdrawal is accelerated when point 
mutations are made in the LBD. Leucines were mutated to alanines and serines were 
mutated to alanines or aspartic acids. Mutations were introduced using the Stratagene 
mutagenesis kit. Cos7 cells were plated onto glass coverslips and transiently transfected 
with the indicated constructs using FuGene 6™ reagent. Cells were synchronized in Go by 
withdrawing serum. After 16-24 h, cells were treated with 1 uM Cortisol for 1 h followed by 
hormone withdrawal. Cells were withdrawn from hormone for the indicated time periods. 
Localization of the constructs was assessed by direct fluorescence. Error represent the 
standard error of the means of three independent experiments done in duplicate. H+ = 
hormone treatment, WD = hormone withdrawal. These experiments were performed in 
collaboration with Mr. Gregory Addicks. 
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treatment with 1 uM Cortisol for 1 h. In fact, GFP-GRLL687, 688AA and GFP-GRLL689, 690AA 

were localized predominantly in the nucleus of 97% ± 2% and 81% ± 6% of the transfected 

cells, respectively (Fig. 10; Table 1). This indicates that they are both able to bind hormone. 

Interestingly, exchange of serines 691, 692 to aspartic acids had a very potent effect 

on the response of GR in the presence of 1 uM Cortisol. In fact, only 12% ± 4% of cells 

transfected with GFP-GRss69i, 692DD showed predominantly nuclear fluorescence (Fig. 10; 

Table 1). By contrast, when serines 691 and 692 were substituted with alanines, the resulting 

construct GFP-GRss69i, 692AA was predominantly localized to the nucleus in 100%o ± 0% of 

the transfected cells after treatment for 1 h with 1 uM Cortisol (Fig. 10; Table 1). Taken 

together, these results indicate that substitution of serines 691 and 692 with aspartic acids 

compromises the receptor's ability to translocate into the nucleus upon exposure to 1 uM 

Cortisol for 1 h. 

Substitution of leucines 687, 688 and 689, 690 to alanines accelerates the nuclear export-

rate of full-length GR in a CRM1-independent manner 

In order to determine whether a NES sequence had been disrupted in the 687-692 

region, the nuclear export-rate of each GR mutant was assessed through withdrawal assays in 

which the return of GR to the cytoplasm was monitored upon hormone withdrawal. If a NES 

sequence were disrupted by mutagenesis, the nuclear export-rate of GR would be delayed. 

By contrast, if a NES were not disrupted, the nuclear export-rate of GR would remain 

unaffected. For hormone withdrawal assays, Cos7 cells were transiently transfected with 

plasmids encoding for the GFP-GR mutants GFP-GRLL687, 688AA, GFP-GRLL689, 690AA, GFP-

GRss69i, 692DD, and GFP-GRss69i, 692AA as well as GFP-GRwt. Following transfection, the cells 
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were synchronized in Go by withdrawing serum. After synchronization, the cells were 

treated with 1 uM Cortisol for 1 h. Subsequently, the cells were washed extensively with 

PBS plus BSA to remove any unbound steroid and returned to serum-free media until they 

were fixed at the times indicated thereafter. 

As shown in Figure 10, hormone withdrawal assays revealed that mutant constructs 

GFP-GR.LL687,688AA and GFP-GR.LL689,690AA had markedly accelerate nuclear export-rates in 

comparison to wild-type GR. More specifically, at 8 h post-withdrawal GFP-GRLL687, 688AA 

and GFP-GRLL689, 690AA remained nuclear in only 19% ± 2% and 17% ± 6% of the transfected 

cells, respectively, while GFP-GRwt remained nuclear in 68% ± 5% of the transfected cells 

(Fig. 10). At 16 h post-withdrawal only 4% ± 1% of cells expressing GFP-GRLL687, 688AA 

displayed this construct as being predominantly nuclear. Similarly, only 6% ± 3 % of cells 

expressing GFP-GRLL689, 690AA displayed predominantly nuclear fluorescence (Fig. 10; Table 

1). By contrast, GFP-GRwt remained nuclear in 45% ± 7% of the transfected cells 16 h post­

withdrawal (Fig. 10; Table 1). It should be noted that the accelerated rate of nuclear export 

displayed by GFP-GRLL687, 688AA and GFP-GRLL689, 690AA contrasted with the behaviour in the 

peptides where NES activity was compromised upon the introduction of the LL687, 688 AA 

and LL689, 690AA mutations. Indeed, these results appear to exclude the possibility that 

mutations LL687, 688 AA and LL689, 690AA diminish the effectiveness of a NES within 

amino acids 668-694. 

As previously mentioned, GFP-GRss69i, 692DD exhibited a reduced ability to 

translocate into the nucleus upon incubation with 1 uM Cortisol for 1 h. In fact, it localized 

predominantly in the nucleus of only 12% ± 4% of transfected cells while in the presence of 

1 uM Cortisol for 1 h (Fig. 10; Table 1). At 8 h and 16 h post-hormone withdrawal only 2% 
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± 1% and 2% ± 2% of cells expressing this construct displayed predominantly nuclear 

fluorescence (Fig. 10; Tablel). By contrast, GFP-GRSS691,692AA, which retains the ability to 

efficiently translocate into the nucleus upon incubation with 1 uM Cortisol for 1 h, displayed 

trafficking behaviour similar to GFP-GRwt, localizing predominantly to the nucleus of 68% ± 

2% and 33% ± 9% of the transfected cells at 8 h and 16 h post-hormone withdrawal, 

respectively (Fig. 10; Table 1). 

After determining that mutation of leucines 687, 688, 689 and 690 to alanines 

accelerates nuclear export of the receptor, it became of interest to determine whether this 

accelerated nuclear export occurs in a CRM1 -dependent manner. CRM1 directly mediates 

the nuclear export of many shuttling proteins and is specifically inhibited by LMB (Fornerod 

et al., 1997; Stade et al., 1997; Ossareh-Nazari et al., 1997; Fukuda et al , 1997). In order to 

examine whether a CRM1 -dependent NES existed in the 687-690 region, hormone 

withdrawal experiments were repeated in the presence or absence of LMB. For these 

experiments, the subcellular localization of only GFP-GRLL687, 688AA was assessed. Since this 

construct redistributes very rapidly to the cytoplasm following ligand withdrawal (Fig. 10; 

Table 1), a 6 h incubation time with LMB would be sufficient to determine whether CRM1 is 

responsible for mediating nuclear export of ligand-withdrawn GFP-GRLL687, 688AA- Like the 

previous withdrawal assays, Cos7 cells, transiently transfected with either GFP-GRwt or 

GFP-GRLL687, 688AA, were treated with 1 uM Cortisol for 1 h and then washed extensively 

with PBS plus BSA to remove any unbound steroid. To assess whether nuclear export of 

GFP-GRLL687, 688AA1S mediated by CRM1, LMB was present during the 6 h withdrawal 

period. 
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As shown in Figure 11, addition of LMB during the hormone withdrawal period does 

not alter the rate of redistribution of GFP-GRwt to the cytoplasm following ligand withdrawal. 

This result indicates that GR nuclear export following ligand withdrawal is not influenced by 

CRM1 and is in agreement with previous observations which suggest that GR exits the 

nucleus via a CRM1-independent pathway when not associated with ligand (Savory et al., 

1999; Walther, 2003). At 6 h post-hormone withdrawal, GFP-GRwt was localized in the 

nucleus of 70% ± 9% and 88% ± 8% of the transfected cells in the absence and presence of 

LMB, respectively (Fig. 11). The difference between these two values was determined to be 

insignificant. At 6 h post-hormone withdrawal, GFP-GRLL687, 688AA was localized 

predominantly in the nucleus of 20% ± 8% and 16% ± 2% of the transfected cells in the 

absence and presence of LMB, respectively (Fig. 11). Together, these results suggest that 

the accelerated nuclear export of GFP-GRLL687, 688AA following hormone withdrawal is 

insensitive to LMB inhibition and, therefore, occurs in a CRM1-independent manner. 

Substitution of leucines 687, 688 to alanines accelerates the nuclear export-rate of full-

length GR following withdrawal from Cortisol but notRU486 

It has been established that the rate of redistribution of GR back to the cytoplasm 

following withdrawal of treatment differs greatly depending on what steroid is used to 

activate the receptor (Sackey et al., 1996). When withdrawn from Cortisol, GR redistributes 

back to the cytoplasm slowly over a period of several hours (Sackey et al, 1996). When 

withdrawn from the synthetic antagonist RU486, GR fails to return to the cytoplasm even 48 

h post-hormone withdrawal (Sackey et al., 1996). Interestingly, GR is known to become 

differentially hyperphosphorylated in response to RU486 (Orti et al., 1993; Hoeck et al., 
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Figure 11: Accelerated nuclear export following withdrawal from hormone is CRM1-
independent 

LMB is unable to inhibit accelerated nuclear export of GRLL687, 688AA following withdrawal 
from hormone. Cos7 cells were plated onto glass coverslips and transiently transfected with 
the indicated constructs using FuGene 6™ reagent. Cells were synchronized in Go by 
withdrawing serum. After 16-24 h, cells were treated with 1 uM Cortisol for 1 h followed by 
hormone withdrawal. Cells were withdrawn from hormone for 6 h in the presence and 
absence of 10 nM LMB. Localization of the constructs was assessed by direct fluorescence. 
Error bars represent the standard error of the means of three independent experiments done 
in duplicate, wd = hormone withdrawal. 
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1989) and it is suggested that this differential modification of GR may mediate prolonged 

nuclear localization following treatment with this antagonist (Hache et al., 1999). 

In order to investigate whether substitution of leucines with alanines in the 687-690 

region disrupts the receptor's ability to effectively translocate into the nucleus upon 

incubation with 1 uM RU486 for 1 h, localization assays were performed. In these assays 

Cos7 cells, transiently transfected with GFP-GRLL687, 688AA or GFP-GRwt, were treated with 

either 1 uM Cortisol or 1 uM RU486 for 1 h prior to fixation and analysis of the subcellular 

distribution of the constructs. The mutant construct GFP-GRLL687, 688AA was used for these 

assays because the LL687, 688AA mutation appears to have no effect on the receptor's 

ability to translocate into the nucleus upon incubation with 1 uM Cortisol for 1 h, yet it 

appears to be the most potent in terms of accelerating the nuclear export of GR following 

withdrawal from Cortisol (Fig. 10). 

As shown in Figure 12, GFP-GRLL687, 688AA and GFP-GRwt are both predominantly 

localized to the nucleus after treatment with 10"6 M Cortisol for 1 h. In fact, after 1 h both 

GFP-GRwt and GRLL687, 688AA were localized predominantly in the nucleus of 100% ± 0% of 

the transfected cells while in the presence of 10"6 M Cortisol (Fig. 12a,b). Following 

treatment with RU486, GFP-GRwt and GRLL687, 688AA were localized predominantly in the 

nucleus of 100% ± 0% and 98% ± 3% of transfected cells, respectively (Fig. 12a,b). This 

result suggests that GFP-GRLL687, 688AA is unaltered in its ability to undergo nuclear 

translocation in response to 1 uM RU486. 

In order to determine whether substitution of leucines with alanines in the 687-690 

region results in accelerated nuclear export following withdrawal from RU486, hormone 

withdrawal assays were performed in which Cos7 cells, transiently transfected with GFP-
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Figure 12: LL687, 688AA mutation fails to accelerate GR nuclear export following 
withdrawal from RU486 

(A) GR.LL687,688AA exhibits accelerated nuclear export following withdrawal from Cortisol but 
not RU486. Cos7 cells were plated onto glass coverslips and transiently transfected with the 
indicated constructs using FuGene 6™ reagent. Cells were synchronized in Go by 
withdrawing serum. After 16-24 h, cells were treated with 1 uM Cortisol or 1 uM RU486 for 
1 h followed by hormone withdrawal. Cells were withdrawn from hormone for the indicated 
time periods. (B) Localization of the constructs was assessed by direct fluorescence. 
Representative images are shown for each data set. Error bars represent the standard error of 
the means of three independent experiments done in duplicate. These experiments were 
performed in collaboration with Mr. Gregory Addicks. 
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GR.LL687,688AA or GFP-GRwt were treated with either 1 uM Cortisol or 1 uM RU486 for 1 h 

prior to ligand withdrawal. Withdrawal from steroid was carried out by thoroughly washing 

the cells with PBS plus BSA. Following withdrawal, the cells were fixed to facilitate 

observation by direct fluorescence. As expected, GFP-GRLL687, 688AA displayed accelerated 

nuclear export following withdrawal from Cortisol, localizing predominantly to the nucleus 

in only 3% ± 2% of all transfected cells 24 h post-cortisol withdrawal (Fig. 12a,b). By 

contrast, GFP-GRwt remained localized to the nucleus in 40% ± 16% of the transfected cells 

24 h post-cortisol withdrawal (Fig. 12a,b). Interestingly, like GFP-GRwt, GFP-GRLL687, 688AA 

was unable to redistribute back to the cytoplasm 24 h post-withdrawal from RU486. In fact, 

24 h post-withdrawal from RU486, GFP-GRwt and GFP-GRLL687, 688AA were localized 

predominantly in the nucleus of 100% ± 0% and 89% ± 16% of the transfected cells, 

respectively (Fig. 12a,b). Taken together, these results indicate that withdrawal from RU486 

does not facilitate accelerated nuclear export of GFP-GRLL687, 688AA-

L687 and L690 are critical for the slow redistribution ofGR to the cytoplasm following 

Cortisol withdrawal 

After determining that leucines 687-690 play a role in slowing the redistribution of 

GR to the cytoplasm upon withdrawal from Cortisol (Fig. 10), it then became of interest to 

identify which leucines in this cluster convey this property to GR. As before, site-directed 

mutagenesis was performed, however, for this set of experiments individual leucines in the 

687-690 cluster were mutated to alanines. This gave rise to the constructs GFP-GRL687A, 

GFP-GRL688A, GFP-GRL 689A and GFP-GRL69OA. 
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Hormone withdrawal assays were conducted in which Cos7 cells, transiently 

transfected with the various single mutation constructs, were treated with 1 uM Cortisol for 1 

h before hormone withdrawal was commenced. All four single-mutation constructs, GFP-

GR.L687A, GFP-GR.L688A, GFP-GR.L689A and GFP-GRL69OA were localized predominantly in the 

nucleus of the transfected cells after incubation with 1 uM Cortisol for 1 h, indicating that 

they are all responsive to hormone (Fig. 13; Table 2). Upon hormone withdrawal, it was 

revealed that leucines 687 and 690 are required for the characteristically slow redistribution 

of GR to the cytoplasm following withdrawal from Cortisol. At 16 h post-hormone 

withdrawal, GFP-GRL687A and GFP-GRL69OA were localized predominantly in the nucleus of 

14% ± 3% and 12% ± 2% of all transfected cells, respectively (Fig. 13; Table 2). This 

contrasts with the slow rate at which GR redistributes to the cytoplasm following ligand 

withdrawal (Hache et al., 1999). As shown in Figure 10, at 16 h post-hormone withdrawal, 

GFP-GRwt is localized predominantly in the nucleus of 45% ± 7% of all transfected cells. 

Like leucines 687 and 690, leucine 689 also appears to contribute to the slow redistribution 

of GR following withdrawal from Cortisol, however, with 27% ± 3 % of transfected cells 

expressing this construct as being predominantly nuclear at 16 h post-hormone withdrawal, it 

appears as though L689 does not play as vital a role as L687 and L690 in the redistribution 

process (Fig. 13; Table 2). Notably, at 16 h post-hormone withdrawal, GFP-GRL688A 

remained localized predominantly in the nucleus of 38% ± 3% of all transfected cells. This 

finding suggests that L688 contributes very little to the GR redistribution process following 

withdrawal from Cortisol (Fig. 13; Table 2). 
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Figure 13: Leucines 687 and 690 are critical for slow redistribution of GR to the 
cytoplasm following hormone withdrawal 

Single substitution of leucines with alanines in the LBD of GR accelerates nuclear export 
following hormone withdrawal. Leucines 687 and 690 are the most critical residues for slow 
redistribution of GR to the cytoplasm following hormone withdrawal. Cos7 cells were 
plated onto glass coverslips and transiently transfected with the indicated constructs using 
FuGene 6™ reagent. Cells were synchronized in Go by withdrawing serum. After 16-24 h, 
cells were treated with 1 uM Cortisol for 1 h followed by hormone withdrawal. Cells were 
withdrawn from hormone for the indicated time periods. Localization of the constructs was 
assessed by direct fluorescence. Representative images are shown for each data set. Error 
bars represent the standard error of the means of three independent experiments done in 
duplicate. These experiments were performed in collaboration with Mr. Gregory Addicks. 
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Table 2: Point mutations in the LBD accelerate nuclear export of full-length GR 
following withdrawal from Cortisol, but have minor effect on steroid off-rate and Kj 

Redistribution of GR to the cytoplasm following ligand withdrawal is accelerated when point 
mutations are made in the LBD, yet these mutations have little effect on steroid off-rate and 
Ka. Leucines were mutated to alanines using the Stratagene mutagenesis kit. Cos7 cells 
were plated onto glass coverslips and transiently transfected with the indicated constructs 
using FuGene 6™ reagent. Cells were synchronized in Go by withdrawing serum. After 16-
24 h, cells were treated with 1 uM Cortisol for 1 h followed by hormone withdrawal. Cells 
were withdrawn from hormone for the indicated time periods. Localization of the constructs 
was assessed by direct fluorescence. All steroid off-rate experiments and steroid dissociation 
experiments were performed by Mr. Gregory Addicks (see Materials and Methods). Error 
bars represent the standard error of the means of three independent experiments done in 
duplicate. H+ = hormone treatment, WD = hormone withdrawal, N/A = Not Available. 



Table 2: Point mutations in the LBD accelerate nuclear export of full-
length GR following withdrawal from Cortisol, but have minor effect 
on steroid off-rate and Kd. 

GR 
construct 

GRwt 

GR-L687A 

G"*-L688A 

G"^L689A 

G"^L690A 

GRc661S 

Treatment / Localization 
l h H + lhH+/16h 
(%N>C) WD (%N>C) 

99 ±1 

99 ±1 

100 ±0 

99 ±1 

100 ±0 

100 ±0 

45 ±7 

14 ±3 

38 ±3 

27 ±3 

12 ±2 

32 ±2 

K„(ttM) 

3.58 ± 0.40 

6.29 ± 0.36 

2.71 ± 0.32 

7.77 ± 0.92 

3.12 ±0.20 

39.59 ±12.30 

Off-Rate 
ti/2(h) 

1 ± 0.06 

0.6 ±0.13 

1 ± 0.02 

0.5 ±0.15 

0.9 ±0.14 

N/A 
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Accelerated nuclear export upon mutation ofL687 andL690 to alanines is not a reflection 

of reduced ligand affinity or increased steroid off-rate 

It is well known that the interactions between a steroid and specific amino acids in 

the LBD of the receptor determine the receptor binding affinity of the ligand (Schaaf et al., 

2005). Since leucines 687, 688, 689 and 690 reside within the receptor LBD, it had to be 

determined whether the accelerated nuclear export-rates displayed by GFP-GRL687A, GFP-

GR.L689A, GFP-GR.L690A and even GFP-GRLL687, 688AA and GFP-GRLL689, 6POAA were due to 

altered affinity for ligand. 

In order to investigate whether the accelerated nuclear export-rates of GFP-GRLL687, 

688AA, GFP-GRLL689,690AA, GFP-GRL687A, GFP-GRL688A, GFP-GRL689A and GFP-GRL690A are 

due to differences in ligand affinity, hormone withdrawal assays were conducted using GFP-

GRc66is- This mutant GR construct displays reduced affinity for glucocorticoid steroids and 

a decreased relative affinity for cross-reacting steroids such as progesterone and aldosterone 

(Chakraborti et al., 1991). At 16 h post-hormone withdrawal, GFP-GRc66is was localized 

predominantly in the nucleus of 32% ± 2% of all cells expressing this construct (Table 2). 

These results indicate that, while GFP-GRc66is has a much lower affinity for ligand than 

GFP-GRwt (39.59 ± 12.30 nM vs. 3.58 ± 0.40 nM for Dex), it undergoes nuclear export at a 

rate that is comparable to the wild-type receptor. This finding suggests that reduced affinity 

for ligand does not contribute to accelerated nuclear export. 

In order to confirm that accelerated nuclear export is not a consequence of reduced 

ligand affinity or increased steroid off-rate, in vitro steroid binding assays and in vitro steroid 

dissociation experiments were performed by Mr. Gregory Addicks as outlined in Materials 

and Methods. Analysis revealed that the mutations of GFP-GRL687A and GFP-GRL69OA had 
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only minor effects on steroid off-rate and affinity. More specifically, GFP-GRL687A and 

GFP-GRL690A have Kds of 6.29 ± 0.36 nM and 3.12 ± 0.20 nM, respectively (Table 2). These 

Kds are comparable to that of GFP-GRwt, which has a Kd of 3.58 ± 0.40 nM (Table 2). 

Similarly, only small differences exist between the off-rates measured for GFP-GRwt, GFP-

GRL687Aand GFP-GRL69OA- It was determined that GFP-GRwt has an off-rate of tm= 1 ± 

0.06 h, while GFP-GRL687A and GFP-GRL690A have off-rates of t1/2 = 0.6 ± 0.13 h and tm = 

0.9 ± 0.14 h, respectively (Table 2). The other two mutant constructs, GFP-GRL688A and 

GFP-GRL689A also have KdS and steroid off-rates that are similar to wild-type GR. It was 

revealed that GFP-GRL688A and GFP-GRL689A have Kds of 2.71 ± 0.32 nM and 7.77 ± 0.92 

nM and steroid off-rates of tm= 1 ± 0.02 h and tm= 0.5 ± 0.15 h, respectively (Table 2). 

It was also revealed that the Kds of the double mutation constructs, GFP-GRLL687, 

688AA and GFP-GRLL689, 690AA, were significantly higher than those attained for the single 

mutants and GRwt- It was determined that GFP-GRLL687, 688AA and GFP-GRLL689, 690AA have 

Kds of 28.50 ± 6.84 nM and 48.82 ± 5.86 nM (data not shown), respectively, suggesting that 

the affinities of these mutants for Dex were 8.0-fold and 13.5-fold lower than that of GRwt. 

This result suggests that, while substitution of individual leucines with alanines has little 

effect on steroid binding, substitution of adjacent leucines to alanines in the 687-690 cluster 

drastically reduces GR's ability to bind Dex. 

As a control for the in vitro steroid binding and in vitro steroid dissociation assays, 

the GR mutant GFP-GRc66is was assessed for its ability to bind hormone and its steroid off-

rate. This mutant is known to possess reduced ligand affinity (Chakraborti et al., 1991), 

therefore, it was of no surprise that it has a Kd value of 39.59 ± 12.30 nM (Table 2). It 

should be noted that off-rate was not calculated for GFP-GRc66is- This mutant receptor was 
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poor at binding steroid and, as a result, no valid data could be attained concerning steroid 

off-rate. This was due to the insufficient resolution of the in vitro binding assay. 

Based on the above results, it can be concluded that the accelerated nuclear export-

rates exhibited by GFP-GRL687A and GFP-GRL69OA cannot be attributed to reduced ligand 

affinity nor differences in steroid off-rates. In fact, it appears as though, despite being in the 

receptor LBD, substitution of individual leucines to alanines in the 687-690 cluster has only 

minor effects on receptor Kd and steroid off-rate. This can be concluded considering only 

small differences exist between the off-rates and K<js for GFP-GRL687A, GFP-GRL69OA and 

GFP-GRwt. 

L687 and L689 are Required for NL1 -independent Nuclear Localization of GR 

Leucines 687-690 are important for steroid-dependent nuclear localization ofGR 

Steroidal signalling through GR is dependent on the intracellular movement of the 

receptor. Nuclear import is mediated by NLSs, protein segments typically comprised of 

small clusters of basic amino acids. The primary NLS in most receptors is NL1, however, 

many transcription factors, including GR, contain additional NLSs that regulate receptor 

localization under selective conditions. In GR, this second nuclear localization activity is 

called NL2 and was first described in 1987 (Yamamoto et al., 1987). NL2 is a steroid-

dependent NLS located in the LBD which complements NL1-mediated GR nuclear uptake. 

Unlike NL1, the details surrounding NL2-mediated nuclear localization remain unclear. 

Both the sequence that comprises NL2 and identity of the karyopherins mediating NL2 

nuclear import have not been elucidated. Previous studies in our lab have revealed that NL2-
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mediated transfer of GR to the nucleus is agonist specific (Savory et al., 1999), mapping 

NL2 to a discrete region, however, has been challenging. 

While investigating the properties of GFP-GRL687A, GFP-GRL688A, GFP-GRL689A and 

GFP-GRL69OA, it was revealed that the mutations, L687A, L688A, L689A and L690A 

partially negate the ability of GR to localize to the nucleus upon treatment with hormone. 

This was determined via hormone titration experiments. For these experiments, Cos7 cells 

were transiently transfected with various constructs and then synchronized in Go by 

withdrawing serum for a period of 16-24 h. After synchronization, the cells were treated for 

1 h with various concentrations of Cortisol ranging from 10"10M to 10"6M. Following 

treatment, the cells were fixed using paraformaldehyde and the subcellular localization of 

each construct was assessed by direct fluorescence. 

After analyzing the subcellular distribution of the various constructs, it was revealed 

that the L687A mutant, GFP-GRL687A, appears to be particularly compromised in its ability to 

import into the nucleus upon stimulation with low levels of Cortisol. In fact GFP-GRL687A 

does not appreciably localize to the nucleus until the concentration of Cortisol being 

delivered to the cells reaches 10"7M. At this concentration, 91% ± 1% of cells expressing 

GFP-GRL687A, display this construct as being predominantly nuclear (Fig. 14; inset). The 

impact this mutation has on nuclear import of GR is highlighted best when analyzing its 

Q 

subcellular distribution after stimulation with 10" M Cortisol for 1 h. Under these saturating 

conditions, GFP-GRL687A is localized predominantly to the nucleus in only 1% ± 0% of all 

transfected cells. This is significant, considering GFP-GRwt reaches complete nuclear 
o 

occupancy after treatment with 10" M Cortisol for 1 h (Fig. 14). Another mutation that 

significantly negates the receptor's ability to translocate into the nucleus upon stimulation 
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Figure 14: Leucines 687 and 689 are important for steroid-dependent nuclear 
localization of GR 

L687A and L689A mutations compromise GR nuclear import. Cos7 cells were plated onto 
glass coverslips and transiently transfected with the indicated constructs using FuGene 6™ 
reagent. Cells were synchronized in Go by withdrawing serum for 16-24 h. Cells were 
treated with 10"8M Cortisol as well as other concentrations of Cortisol (inset) for 1 h. The 
localization of constructs was assessed by direct fluorescence. Representative images are 
shown for each data set. Error bars represent the standard error of the means of three 
independent experiments done in duplicate. These experiments were performed in 
collaboration with Mr. Gregory Addicks. 
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with low levels of Cortisol is L689A (Figure 14; inset). After treatment with 10" M Cortisol 

for 1 h, GFP-GR.L689A is localized predominantly to the nucleus in 43% ± 5% of the 

transfected cells (Fig. 14). This demonstrates that the L689A mutation is less potent than 

L687A in terms of negating hormone induced nuclear translocation. 

Since these mutations affect nuclear localization of the receptor in response to low 

concentrations of Cortisol, yet have only minimal effects on steroid affinity and off-rate 

(Table 2), it is reasonable to suggest that the 687-690 cluster is involved in steroid-dependent 

nuclear localization of GR. 

The L687A mutation does not disrupt hsp70 and hsp90 association with GR 

In the absence of glucocorticoids, GR associates with hsp70, hsp90, a multitude of 

immunophilins and p23 (Meijsing et al., 2003). One possible mechanism by which the 

leucine to alanine mutations may alter the nuclear import of GR is that the GR mutants do 

not associate with hsps. It has been suggested that GR may move towards the nucleus in 

an hsp-dependent mechanism and that GR-hsp association is required for stable GR-steroid 

interaction (Galigniana et al., 1998; Pratt et al., 1996). To evaluate the possibility that the 

reduced nuclear import is due to a disruption in the association between the mutant receptors 

and hsp70/hsp90, coimmunoprecipitation assays were performed. 

For the coimmunoprecipitation assays, Cos7 cells were transiently transfected with 

either GFP-GRwt or GFP-GRL687A using FuGene 6™ transfection reagent for a period of 16 h. 

Following transfection, the cells were synchronized in Go by withdrawing serum for 16-24 h. 

After synchronization, cells were harvested and extracts were treated with either ethanol or 
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10"6M Dex for 3 h at 4°C. Immunoprecipitation and protein detection were subsequently 

performed as outline in Materials and Methods. 

Upon analysis of the coimmunoprecipitation results, it was revealed that GFP-

GR.L687A is associated with hsp70 and hsp90 both in the presence and absence of 10"6M Dex 

(Fig. 15; lanes 11,12). It should be noted that GFP-GRwt was also able to associate with 

hsp70 and hsp90 in the presence and absence of hormone (Fig. 15; lanes 9, 10). The 

observation that GFP-GRwt remains associated with hsp70 and hsp90 in the presence of 

hormone supports the suggestion that GR remains associated with hsps while in the nucleus 

(Galigniana et al., 1998; Galigniana et al., 2001; Galiganiana et al., 2004). It should be noted 

that GFP, a non-specific control for this assay, also showed evidence of being associated 

with hsp 70 and hsp90 (Fig. 15; lanes 7, 8). This could, however, be explained by 

insufficient stringency of the wash buffer. These coimmunoprecipitation results suggest that 

it is unlikely that reduced nuclear accumulation of the GR mutants in response to low levels 

of Cortisol is due to a defect in hsp70 and hsp90 association. 

L687 and L689 are required for efficient NL2 activity 

Thus far, all of the GR single point mutants tested had intact NLls as well as steroid 

affinities and steroid off-rates comparable to those of GRwt. It also appears unlikely that they 

are affected by a defect in hsp70 and hsp90 association. Based on the aforementioned 

characteristics, it became of interest to investigate whether the NL2 activity of the mutated 

receptors had been affected. In order to examine what impact the leucine to alanine point 

mutations have on NL2-mediated nuclear import, these substitutions were introduced into 

GFP-GRKLI- AS mentioned, NLSs are characteristically composed of basic amino acids, 
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Figure 15: GFP-GRL687A associates with hsp70 and hsp90 in the presence and absence 
of 10 6M Dex 

Immunoprecipitation of GRwt and GRL687A with hsp70 and hsp90. Cos7 cells were 
transfected with either GFP-GRwt or GFP-GRL687A using FuGene 6™ regent for a period of 
16 h. Following transfection, cells were synchronized in Go by withdrawing serum for 24 h. 
Cells were harvested and extracts were treated with either ethanol or 10"6M Dex for 3 h at 
4°C. Immunoprecipitation and protein detection via Western blotting were performed as 
outlined in Materials and Methods. 
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such as leucine and lysine. Should a NLS be present in the 687-690 region, substitution of 

leucine with alanine would render the signal sequence less recognizable to transport factors. 

Therefore, should any of the leucines in the 687-690 cluster be involved in NL2 activity, 

substitution to alanines should result in decreased NL1-independent nuclear localization. 

As before, leucines were mutated to alanines using site-directed mutagenesis. 

However, this time mutations were introduced into GFP-GRNLI- Mutation of individual 

leucines 687, 688, 689, 690 in GFP-GRNLI- gave rise to the constructs GFP-GRNLI-L687A, 

GFP-GRNLI-L688A, GFP-GRNLI.L689A, and GFP-GRNU-L690A (Fig. 16a). To verify expression 

levels of the various GFP-GRNLI-mutant constructs, Western blotting was performed. All of 

the GFP-GRNLI- mutant constructs were determined to be of the expected size and were 

expressed at levels comparable to GFP-GRNLI- (Fig. 16b). This indicates that point-

mutations L687A, L688A, L689A, and L690A in GFP-GRNLi- have little effect on protein 

expression, both in the presence and absence of hormone. 

To assess what effect the leucine to alanine single mutations have on NL2-mediated 

nuclear localization of GR, localization assays were performed. Considering GFP-GRNLI-

does not appreciably become nuclear until 4 h post treatment with 10" M Cortisol, initial 

localization assays using the GFP-GRNLI-mutant constructs were performed under these 

conditions. As before, Cos7 cells were transiently transfected with the various GFP-GRNLI-

constructs for 16 h. Following transfection, the cells were synchronized in Go by serum 

starvation for 16-24 h. The cells were then treated for 4 h with 10"6M Cortisol. Following 

treatment, the cells were fixed so that the subcellular localization of the various constructs 

could be assessed via direct fluorescence. 
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Figure 16: Western blot analysis showing expression levels of the various GRNLI-

constructs in the presence and absence of 1 uM Dex 

(A) Representation of the GFP-GRNLI- constructs used in this experiment. Point mutations 
made in the LBD are highlighted in italics. (B) Western blot analysis showing expression 
levels of the various GRNLI- constructs in the presence and absence of 1 uM Dex. 
Preparation of whole cell extracts and Western blot analysis were carried out as outlined in 
Materials and Methods. 
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Upon analysis of the subcellular localization of the various constructs it was revealed 

that at 10"6M Cortisol two mutations, L687A and L689A, impaired nuclear import of GFP-

GRNLi-(Fig. 17). This indicates that GFP-GRNLI-L687A and GFP-GRNLI-L689A may display 

potentially strong reductions in NL2 activity. At 10"6M Cortisol, GFP-GRNLi-L687Aand GFP-

GRNLI-L689A were localized predominantly in the nucleus of 2% ± 1% and 3% ± 1% of cells 

expressing these constructs, respectively (Fig. 17). Two other mutations, L688A and L690A, 

also affected nuclear import of GFP-GRNLI-, however, these mutations had only modest 

effects (Fig. 17). Therefore, it is unlikely that these amino acids are involved in NL2-

mediated nuclear import. At 10"6M Cortisol, GFP-GRNLI-L690A and GFP-GRNLI-L688A were 

localized predominantly to the nucleus of 55% ± 5% and 44% ± 4% of the transfected cells, 

respectively (Fig. 17). These results indicate that GFP-GRNLi-L687Aand GFP-GRNLI-L689A are 

severely compromised in their ability to translocate into the nucleus upon stimulation with 

10"6M Cortisol. This suggests that L687 and L689 are particularly critical for efficient NL2-

mediated nuclear localization of GR. 

NL2 is the primary mediator ofGR nuclear import in response to physiological 

concentrations of Cortisol 

After evaluating the subcellular distribution of the GFP-GRNLI-mutants at high 

concentrations of hormone, it then became of interest to investigate what effect these 

mutations would have at physiological concentrations. In humans, Cortisol levels exhibit a 

diurnal rhythm; with circulating concentrations between 1 nM and 10 nM (Bat et al., 1998; 

Richards et al., 2003). Therefore, in order to assess what role NL2 plays in the steroid 

responsiveness of GR in vivo, it is imperative to investigate the localization of the NL2 
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Figure 17: Leucines 687 and 689 are required for efficient NL2 activity 

L687A and L689A mutations disrupt NL2 activity. Cos7 cells were seeded onto glass 
coverslips and transiently transfected with the indicated GRNLI- constructs using FuGene 6™ 
reagent. Cells were synchronized in Goby withdrawing serum. After 16-24 h, cells were 
treated with 10"6M Cortisol for 4 h to induce partial nuclear import. Cells were also treated 
with various concentrations of Cortisol ranging from 10"10M to 10~6M for 4 h (inset). 
Localization of the constructs was assessed by direct fluorescence. Representative images 
are shown for each data set. Error bars represent the standard error of the means of three 
independent experiments done in duplicate. These experiments were performed in 
collaboration with Mr. Gregory Addicks. 
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compromised receptors at 10" M to 10" M Cortisol. As before, Cos7 cells were transiently 

transfected with the GFP-GRNLI- mutants for a period of 16 h and then synchronized in Go by 

serum starvation for 16-24 h. After synchronization, the cells were treated with various 

concentrations of Cortisol, ranging from 10"10M to 10"6M for 4 h. The cells were then fixed 

and the subcellular distribution of the various constructs was assessed by direct fluorescence. 

As expected, none of the constructs were predominantly nuclear after 4 h treatment 

with 10"10M, 10"9M and 10"8M Cortisol. However, at 10"7M Cortisol GFP-GRNLi-, GFP-

GPVNLI-L688A, and GFP-GRNLI-L690A were localized predominantly to the nucleus in 51% ± 2%, 

25% ± 1% and 6% ± 1% of the transfected cells, respectively (Fig. 17; inset). As seen in 

GFP-GRwt, the L687A and L689A mutations had a very potent effect on nuclear import of 

the liganded receptor. Indeed, GFP-GRNu-L687Aand GFP-GRNLI-L689A were compromised in 

their ability to import into the nucleus upon stimulation with hormone. Unlike GFP-GRNLI-

L688A and to a lesser extent GFP-GRNLI-L690A, GFP-GRNLI-L687A and GFP-GRN LI.L 689A were 

unable to significantly import into the nucleus at 10" M Cortisol. In fact, GFP-GRNLI-L687A 

and GFP-GRNLI-L689A were localized predominantly to the nucleus in 2% ± 0% and 3% ± 0% 

of the transfected cells, respectively (Fig. 17; inset). 

Through localization assays, it has been determined that, at physiological 

concentration of steroid, the nuclear import of the NL1 intact GFP-GRwt is compromised 

upon mutation of leucines 687 and 689 to alanines (Fig. 14; inset). Results also indicate that 

GFP-GRNLI-does not become appreciably nuclear until stimulation with 10" M Cortisol for 4 

h (Fig. 17; inset). Taken together, these observations may have striking implications for the 

role NL2 plays in GR nuclear import. These findings suggest that NL2 plays an important 
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role in nuclear localization of GR in response to physiological concentrations of Cortisol. In 

other words, NL2 may be the predominant NLS in vivo. 

Having established that GFP-GRNLI-L687A1S compromised in its ability to import into 

the nucleus at physiological concentrations of Cortisol, it then became of interest to 

investigate whether the L687A mutation completely abrogates NL2 nuclear import activity 

or whether nuclear import of GFP-GRNLi-L687Aat physiological concentrations is merely a 

delayed process. To investigate this, Cos7 cells transiently transfected with GFP-GRNLI-, 

GFP-GRNLi-L687Aand GFP-GRNLI-C640S w e r e treated with concentrations of Cortisol ranging 

from 1 nM to 100 nM for 16 h. As mentioned earlier, nuclear import of GR through NL2 is 

poorly understood, however it has been reported that NL2 is a weak NLS that compliments 

NL1 in mediating GR nuclear uptake (Yamamoto et al., 1987). GFP-GRNLI-C640S was used as 

a control for this assay. This construct has intact NL2 activity as nuclear import of GFP-

GRc640s is similar to that of GFP-GRwt (data not shown). 

Upon analysis of the subcellular distribution of the constructs it was revealed that 

NL2 activity remains partially intact in GFP-GRNLI -L687A- After treatment with 100 nM 

Cortisol for 16 h, GFP-GRNLI-L687A becomes partially nuclear with 49% ± 5% of all cells 

transfected with this construct displaying fluorescence equally distributed between the 

nucleus and the cytoplasm (Fig. 18a,b middle panel). While this result indicates that GFP-

GRNLI-L687A is still able to import via NL2, it also provides evidence that the L687A 

substitution disrupts NL2 activity. As seen in Figure 17 (inset), after treatment with 10 nM 

Cortisol for 4 h, GFP-GRNLI- is localized predominantly to the nucleus in only 2% ± 0% of 

cells expressing this construct. Interestingly, after treatment with the same concentration of 

Cortisol for 16 h, GFP-GRNLI-is localized predominantly to the nucleus in 48% ± 5% of the 
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Figure 18: NL2-mediated nuclear import is a slow process 

(A) GFP-GR.L687A is able to import into the nucleus after treatment with 100 nM Cortisol for 
16 h. Cos7 cells were seeded onto glass coverslips and transiently transfected with the 
indicated GR constructs using FuGene 6™ reagent. Cells were synchronized in Go by 
withdrawing serum. After 16-24 h, cells were treated with 1 nM, 10 nM or 100 nM Cortisol 
for 16 h to induce nuclear import. Localization of the constructs was assessed by direct 
fluorescence. Error bars represent the standard error of the means of three independent 
experiments done in duplicate. (B) Representative images are shown for each data set. 
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cells expressing this construct (Fig. 18a,b top panel). This suggests that NL2-mediated 

nuclear import is a slow process. 

After treatment with 100 nM Cortisol for 16 h, GFP-GRNLI-C640S is appreciably 

nuclear. In fact, 39% ± 9% of cells transfected with GFP-GRNLI-C640S display this construct 

as being predominantly nuclear (Fig. 18a,b bottom panel). This confirms that the C640S 

substitution has little effect on NL2 activity. 

Taken together, these results suggest that the common perception that NL1 is the 

dominant NLS for GR nuclear uptake may be false. These results provide evidence that NL2 

is the primary contributor to nuclear import of GR in response to physiological 

concentrations of Cortisol. Indeed, these results implicate NL2 as the primary physiological 

mediator of GR nuclear import. 

GFP-GRi687A and GFP-GRL689A have intact transcriptional activity 

To investigate what effect the L687A and L689A mutations have on transcriptional 

activity, the transactivational potentials of GFP-GRL687A and GFP-GRL689A were assessed by 

Dr. Ella Atlas. For these experiments, dual-luciferase transcription assays were performed. 

In these assays, the various GFP-GR constructs were transiently transfected into Cos7 cells 

which were synchronized in Go by withdrawing serum for 16-24 h. Following 

synchronization, cells were treated with 10"8M or 10"6M Dex for 16 h and lysed. A Lumistar 

Luminometer was used to evaluate luminescence and activity was normalized to CMV-

renilla Luciferase, which acted as an internal control. 

Analysis of the transcription data revealed that the NL2 disrupting mutations 

presented no significant effect on the transactivational potential of the receptor at 10" M Dex 
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(Fig. 19). At 10"6M Dex, a concentration of steroid that facilitates complete nuclear 

localization of the GR mutant constructs (Fig. 14; inset), GFP-GRL687A exhibits 

transcriptional activity at levels similar to GFP-GRwt, while GFP-GRL689A is slightly less 

transcriptionally active (Fig. 19). At 10"8M Dex, a concentration of hormone that facilitates 

only partial nuclear localization of GFP-GRL687A and GFP-GRL689A (Fig. 14), the 

transcriptional activities of both mutant receptors are significantly lower than that of GFP-

GRwt (Fig. 19). Based on the transcription assay results it can be concluded that the L687A 

and L689A mutations have little effect on the overall glucocorticoid inducibility of the 

MMTV promoter in Cos7 cells treated with 10"6M Dex. 
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Figure 19: Transcriptional effect of the L687A and L689A point mutations 

GFP-GR.L687A and GFP-GRL689A have intact transcriptional activity. Transcriptional activity 
of Cos7 cells transfected with the indicated constructs from an MMTV promoter. Cells were 
transfected with FuGene 6™ reagent and then synchronized in Go by withdrawing serum for 
16-24 h. Following synchronization, cells were treated with 10"8M and 10~6M Dex for 16 h. 
Activity of the constructs is quantified relative to the fold activation of the wild-type protein. 
Activity is normalized to a CMV-renilla internal control for each sample. Error bars 
represent SEM. These experiments were performed by Dr. Ella Atlas. 
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Glucocorticoids play a pivotal role in the maintenance of basal and stress-related 

homeostasis through regulation of a variety of biological processes (Clark et al., 1992). 

Steroidal signalling through GR is tightly controlled by trafficking of the receptor between 

the nucleus and the cytoplasm. Several studies have provided insight on the mechanism of 

GR trafficking within cells, howeVer, a satisfactory explanation regarding the regulation of 

GR subcellular trafficking remains elusive. In order to fully comprehend what factors and 

conditions govern GR nuclear import and nuclear export, a greater understanding of the 

signals mediating these processes is required. The signal sequence NL1, which directs GR 

import into the nucleus, has been well characterized (Cadepond et al., 1992; Savory et al., 

1999; Picard and Yamamoto, 1987). By contrast, the identities of the NL2 and NES of GR 

remain unknown. Work presented in this thesis provides new insight on the signals that 

mediate NL1-independent nuclear localization and nuclear export of GR. 

LL687, 688AA andLL689, 690AA have an additive effect on the rate ofGR nuclear export 

It has been known for many years that GR undergoes slow nuclear export following 

ligand withdrawal, yet the mechanisms regulating the relocalization of GR to the cytoplasm 

remain largely unknown. Presently, it is believed that two separate pathways mediate the 

nuclear export of GR. While associated with ligand, GR is exported from the nucleus slowly 

through the CRM1 pathway as indicated by the observed increase in nuclear occupancy of 

GRNLI- in the presence of the CRM1 inhibitor LMB (Walther, 2003). It remains unknown, 

however, whether nuclear export of GR is achieved through direct interaction of the receptor 

with CRM1 or indirectly through association with another protein bearing a CRM1-
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dependent NES. Following ligand withdrawal, it appears as though GR relocalizes to the 

cytoplasm in a CRM1 -independent manner as the addition of LMB, a potent CRM1 nuclear 

export inhibitor, has no apparent effect on the rate of redistribution of GR to the cytoplasm 

following ligand withdrawal (See Figure 11). The nature of this export pathway and the 

identity of the receptor involved in the nuclear export of ligand-withdrawn GR remain 

unknown. 

Having identified CRM1 as a mediator of GR export, the primary amino acid 

sequence of GR was analyzed for leucine rich sequences that loosely resemble classical NES 

motifs. One such motif was identified in the 668-694 region of GR. Through peptide 

localization assays using mutated GFP-GR668-694 construct, it was revealed that mutations 

LL687, 688AA and LL689, 690AA are effective at diminishing NES activity within amino 

acids 668-694 (see Figure 5). Surprisingly, nuclear export was accelerated when these 

mutations, which had an inhibitory effect on nuclear export of the GR peptides, were 

introduced into the full-length receptor (see Figure 10). 

One possible explanation for the accelerated nuclear export of GFP-GRLL687, 688AA 

and GFP-GRLL689, 690AAIS that the LL687, 688AA and LL689, 690AA mutations alter the 

conformation of the LBD in a manner that exposes a NES to transport machinery. While it is 

unlikely that large structural changes would result from leucine to alanine substitutions, it 

has been suggested that small structural changes can arise when substituting leucine with 

alanine, an amino acid that occupies a smaller space (Dong et al., 2000). For instance, Dong 

and colleagues suggest that conformational changes arise in the LBD of hGRa when L722 is 

mutated to alanine (Dong et al., 2006). It seems possible that small structural changes in the 

77 



LBD could alter the receptor's ability to be recognized by and interact with components of 

the nuclear export machinery. 

While the rationale underlying the accelerated nuclear export of GFP-GRLL687, 688AA is 

unknown, results presented in this thesis indicate that nuclear export of this construct 

following ligand withdrawal occurs via a CRM1-independent pathway. This can be 

concluded based on the observation that LMB is unable to inhibit the accelerated nuclear 

export of GFP-GRLL687, 688AA following withdrawal from hormone (see Figure 11). Having 

established that GFP-GRwt and GFP-GRLL687, 688AA are both exported by a transport receptor 

other than CRM1 following ligand withdrawal, determining the identity of this transport 

receptor will be the subject of future investigation. 

Presently, the identity of the non-CRMl receptor that mediates nuclear export of GR 

remains elusive. One candidate for non-CRMl nuclear export of GR is 14-3-3. Recently, 

the 14-3-3 a isoform was implicated in the nuclear export of ligand-withdrawn GR and has 

been shown to negatively regulate GR transcription (Kino et al., 2003). Interestingly, it 

appears as though the binding of GR to 14-3-3a occurs in a ligand-dependent manner. This 

is based on the observation that the effect of 14-3-3a on GR nuclear export is specific to the 

GRa isoform and does not influence GRp\ a variant unable to bind hormone. Produced by 

alternative splicing of the human GR transcript, GR0 functions as a dominant negative 

inhibitor of GRa function (Bamberger et al , 1995) and differs from GRa at the extreme C-

terminus of the LBD (Weinberger et al., 1985). While the 14-3-3a isoform has been 

implicated in the nuclear export of ligand-withdrawn GR, it has also been demonstrated that 

nuclear export of ligand-withdrawn GR occurs in cells lacking 14-3-3a (Kino et al., 2003). 

This suggests that another protein, perhaps an alternative 14-3-3 isoform, may influence GR 
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nuclear export. To investigate this possibility, one could assess whether an association takes 

place between GR and the seven known isoforms of 14-3-3. This could be determined by 

performing a GST-pull down assay in which isoforms of 14-3-3 would be assessed for their 

ability to pull down GR when precipitated with GST-beads. As a follow up experiment, 

potential interactions between GR and the various 14-3-3 isoforms could be confirmed 

through coimmunoprecipitation studies. To investigate the possibility that a 14-3-3 isoform 

regulates GR nuclear export, siRNA could be used to knockdown different 14-3-3 isoforms. 

By evaluating the subcellular localization of GR following treatment with siRNA against 14-

3-3 isoforms, one could determine whether the abrogation of certain 14-3-3 isoform activities 

has an effect on GR subcellular localization. 

Another protein recently implicated in relocalization of SHRs to the cytoplasm is the 

naturally occurring metastatic tumour antigen 1 (MTA1) variant. MTA1 can function as an 

ER co-repressor and is up-regulated in many forms of cancer (Mazumdar et al., 2001). It has 

been reported that liganded GR relocalizes to the cytoplasm upon expression of MTAls, a 

shortened variant of MTA1 (Kumar et al., 2002). While the mechanism through which 

MTAls induces cytoplasmic localization of GR is unclear, it is known that MTA1 has a very 

limited expression pattern. This makes it unlikely that MTA1 is responsible for modulating 

the subcellular localization of SHRs in the majority of cell types (Kumar et al., 2002). 

Another explanation for the accelerated nuclear export of ligand withdrawn GFP-

GRLL687,688AAand GFP-GRLL689,690AAis that mutations LL687, 688AA and LL689, 690AA 

expose a region in the LBD through which another protein bearing a non-CRMl NES 

associates with GR. An alternative possibility is that association with another protein 

through leucines 687-690 may activate an export signal resident within the receptor. 
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Theoretically, substitution of leucines with alanines in the 687-690 region could enhance an 

association between GR and this unknown protein. Interestingly, a consensus signature 

motif, LXXLL, in which L is leucine and X is any amino acid, was identified to be necessary 

and sufficient for ligand-dependent interactions of coactivators RIP 140, SRC-1 and 

CBP/p300 with the nuclear receptor LBD (Heery et al., 1997). Although the LXXLL motif 

in coactivators has been well characterized, the role of comparable LXXLL motifs in the 

receptor LBD remains unclear. While the 687-690 leucine cluster does not exactly fit the 

LXXLL motif, its high homology to known LXXLL motifs in GR (Dong et al., 2006) and its 

antipathic helical structure (Bledsoe et al., 2002) make it an attractive candidate for cofactor 

association. It has been established that the GR-coactivator complex consists of many 

diverse members (reviewed in Glass, 2000), therefore, there are many proteins that could 

potentially assist in GR nuclear export. It is possible that a coactivator could potentially 

piggyback GR out of the nucleus through association with a non-CRMl nuclear export 

receptor. It should be noted that the interaction between GR and coactivators is transient and 

that the composition of coactivators varies among different cell types (Glass, 2002). If GR 

nuclear export were dependent on transient interactions it is possible that GR would be 

associated with the protein responsible for mediating nuclear export only briefly. This could 

limit GR nuclear export and result in the characteristically slow redistribution of the receptor 

to the cytoplasm following ligand withdrawal. If the LL687, 688AA and LL689, 690AA 

mutations were to enhance recognition of the motif by a protein involved in mediating 

nuclear export, it is likely that nuclear export would appear accelerated due to prolonged or 

more frequent interaction between GR and the coactivator. 
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Closer examination of the 687-690 leucine rich region revealed that L687 and L690 

are critical for the slow redistribution of GR to the cytoplasm following Cortisol withdrawal 

(see Figure 13). The 687-690 region is a-helical and part of helix 8 of the LBD (See Figure 

8) (Bledsoe et al., 2002). Therefore, as adjacent amino acids of an a-helix are 3.5 residues 

apart (Giannoukos et al., 1999), the mutations L687A and L690A would affect amino acid 

substituants that lie on the same side of the a-helix. Considering the LXXLL motif has been 

described to mediate protein-protein interactions (Heery et al., 1997; Torchia et al., 1997; 

Ding et al., 1998), it is possible that L687 and L690 are critical for binding of a protein 

required for nuclear export of the receptor. Also, the 687-690 region of the LBD is solvent 

exposed, (see Figure 8) making it easily accessible to interacting proteins. 

Another potential explanation for accelerated nuclear export upon mutation of 

leucines to alanines in the 687-690 region is that L687 and L690 mediate interactions with a 

protein that masks a NES. Upon mutation of L687 and L690 to alanines a masking-protein 

could be released which, in turn, could expose a NES. Another possibility is that mutations 

L687A and L690A could prevent an association from taking place between GR and a 

masking protein. Masking of a transport signal through association with another protein is 

not a novel concept. In fact, in vitro experiments have shown that the addition of molybdate, 

a divalent metal that stabilizes the GR-hsp90 complex (Leach et al., 1979), to chaperone 

associated GR prevents NL1-dependent binding of GR to importin a (Savory et al., 1999). It 

is hypothesized that by masking NL1, the hsp90-chaperone complex sequesters unliganded 

GR in the cytoplasm (Savory et al., 1999). 

While results suggest that L687 and L690 are involved in mediating the nucleo-

cytoplasmic trafficking of GR, the functional role of the 687-690 region remains unknown. 
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The possibility that this region participates in protein-protein interactions involved in 

mediating nuclear export of GR does however, remain an attractive possibility. Interestingly, 

the half-time of GR relocalization to the cytoplasm following ligand withdrawal varies 

depending on cell type. Indeed, it has been reported that the half-time of GR relocalization 

to the cytoplasm following ligand withdrawal varies from 8 h (Liu and DeFranco, 2000) to 

between 12 and 24 h (Ottosson et al., 1994; Savory et al., 1999). If GR nuclear export 

following ligand withdrawal depended upon interaction with a coactivator, it would be 

expected that the rate of GR nuclear export would differ amongst cell types where the 

availability of coactivators free to interact with GR varies. 

Several studies have shown that relocalization of GR to the cytoplasm occurs upon 

overexpression of p53 (Sengupta et al., 2000; Sengupta and Wasylyk, 2001). It should be 

noted, however, that MDM2-mediated degradation of p53 maintains a low level of p53 

expression under resting conditions (Prives, 1998; Ashcroft and Vousden, 1999). Due to the 

relatively low level of p53 expression under normal cellular conditions, it is unlikely that p53 

mediates the bulk of GR nuclear export in most cell types. Also proposed to stimulate GR 

nuclear export is the JNK signalling pathway. However, this pathway is normally inactive 

under resting cellular conditions (Itoh et al., 2002) and is therefore not likely to significantly 

influence the nuclear export of ligand-withdrawn GR. 

Another explanation for the accelerated nuclear export of GFP-GRLL687, 688AA and 

GFP-GRLL689, 690AA is that these mutant receptors are being targeted to subdomains that 

hinder nuclear retention. Recently, it has been suggested that conformational changes of the 

LBD are major determinants of the intranuclear targeting of GR (Schaaf et al., 2005). It is 

known that GR forms approximately 1000-2000 focal domains consisting of 40-50 receptors 
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upon ligand-induced activation and translocation into the nucleus (van Steensel et al., 1995; 

Htun et al., 1996). Many of these focal domains are regions that display active transcription 

(DeFranco, 2002), however, receptors also accumulate within transcriptionally inert foci (van 

Steensel et al., 1995) that likely act as storage sites for receptors destined for alternative 

processing fates (DeFranco, 2002). It is possible that GFP-GRLL687, 688AA and GFP-GRLL689, 

690AA are recruited to intranuclear subdomains where retention factors are not prevalent. This 

scenario could ultimately lead to accelerated nuclear export of the receptor. While recent 

progress has been made regarding nuclear subdomain targeting, information regarding what 

role it plays in GR subcellular trafficking remains limited. Therefore, whether intranuclear 

localization affects nucleocytoplasmic trafficking of the receptor remains speculative. 

Accelerated nuclear export is not a reflection of reduced affinity for ligand or increased 

steroid off-rate 

Studies have shown that the kinetics of GR chromatin release is closely related to the 

rate of hormone dissociation (Munck and Foley, 1976; Yang et al., 1997), yet GR remains 

localized in the nucleus for a considerable amount of time following hormone withdrawal 

(Hache et al., 1999; Madan and DeFranco, 1993; Sackey et al., 1996). It is also known that 

steroid is rapidly lost from the receptor upon ligand withdrawal (Munck and Holbrook, 1984) 

and that reassembly of GR into hsp-containing complexes occurs within minutes of receptor 

ligand dissociation (Hache et al., 1999). The rapid loss of ligand from GR has been 

measured at less than 10 min (Munck and Holbrook, 1984) which does not agree with the 

kinetics of the loss of receptor from the nucleus (>12h) (Hache et al., 1999). This suggests 

that nuclear export of the receptor does not depend solely on the dissociation of ligand. 
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Therefore, it seems unlikely that the accelerated nuclear export displayed by GFP-GRLL687, 

688AA, GFP-GRLL689, 690AA, GFP-GRL687A, GFP-GRL688A, GFP-GRL689A and GFP-GRL690Ais 

due to increased steroid off-rate. Furthermore, GFP-GRc66is which shows reduced affinity 

for hormone, exports from the nucleus at a rate comparable to that of the wild-type receptor 

(see Table 2). Collectively, these findings suggest that accelerated nuclear export is not 

simply a reflection of reduced affinity for ligand. 

LL687, 688AA has no effect on the rate of nuclear export of the RU486-withdrawn 

receptor 

RU486 is a powerful type II antagonist of glucocorticoid signalling (Baulieu, 1994), 

better known for its anti-progestin properties and its application as a contraceptive and 

abortifacient agent (Spitz and Bardin, 1993). Nuclear transfer of RU486-bound GR occurs 

more slowly than nuclear uptake of Dex-bound GR (t\n= 9-10 min vs t\a = 4-5 min) (Hache 

et al., 1999). Interestingly, several in vitro studies have demonstrated that, once bound to 

RU486, GR dissociates from heat shock proteins with reduced efficiency (Mao et al., 1992; 

Moguilewsky and Philibert, 1984; Distelhorst and Howard, 1990). In fact, it is believed that 

the slower nuclear uptake of RU486-bound GR is a reflection of this decreased rate of 

dissociation rather than differences in nuclear import (Distelhorst and Howard, 1990). 

Intriguingly, upon withdrawal of RU486, GR redistributes inefficiently to the cytoplasm (Qi 

et al., 1990; Hache et al.,1999). Furthermore, prolonged nuclear occupancy of RU486-

withdrawn GR does not reflect the presence of residual ligand or differences in ligand 

affinity as a GR mutant with a 10-fold lower affinity for ligand responds to the withdrawal of 

RU486 and Cortisol in a manner identical to the wild-type receptor (Sackey et al., 1996). 
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Several scenarios have been put forth to explain the prolonged nuclear localization of 

GR following RU486 withdrawal. It has been suggested that the region of GR responsible 

for mediating nuclear export is protected when GR is bound to RU486 and is therefore, not 

able to efficiently bind exportin (Hache et al., 1999). Inability to bind exportin would 

ultimately result in permanent localization of GR within the nucleus as is observed following 

withdrawal from RU486. Alternatively, it is possible that RU486-withdrawn GR may 

associate into hsp-containing complexes whose components vary from other steroid-

withdrawn GRs. Perhaps the composition of the RU486-withdrawan GR-hsp complex may 

vary in a manner that limits relocalization to the cytoplasm. A third possibility is that 

phosphorylation may play a role in the persistent localization of RU486-withdrawn GR. 

Several studies have shown that GR is differentially hyperphosphorylated in response to 

RU486 compared with Cortisol (Orti et al., 1989; Hoeck et al., 1989). Interestingly, it has 

been shown that phosphorylation of ERa at Thr311 in response to estrogens by the signalling 

pathway mediated through the p38 MAKP blocks receptor nuclear export (Lee and Bai, 

2002). It remains unclear, however, whether the effect of Thr311 phosphorylation on ERa 

nuclear export is due to an alteration in the function of a NES or whether it affects a NES-

independent mechanism (Lee and Bai, 2002). Perhaps GR nuclear export is blocked through 

phosphorylation of the receptor in response to RU486. This would account for the prolonged 

nuclear localization of GR following withdrawal from RU486. 

Considering GFP-GRLL687, 688AA displayed trafficking behaviour similar to that of the 

wild-type receptor following withdrawal from RU486, it seems as though mutation of 

leucines 687 and 688 to alanines has no effect on nuclear export of the RU486-withdrawn 

receptor. As the molecular basis for the persistent nuclear localization of RU486-withdrawn 
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GR remains unknown, all that can be concluded is that the mechanism(s) responsible for 

prolonged nuclear occupancy of RU486-withdrawn GR remain(s) unaffected by the LL687, 

688 A A mutation. 

Nuclear retention ofGR is potentially mediated through an NRS in the LBD ofGR 

The slow rate of GR nuclear export following ligand withdrawal is partially due to 

active retention (Carrigan et al., 2007). Active retention ofGR within the nucleus has been 

proposed to occur through a transient interaction rather than sequestration within a nuclear 

subdomain as GR is relatively mobile within the nucleus (McNally et al., 2000; Schaaf and 

Cidlowski, 2003). Recently it has been determined that the NL1 motif of GR can suppress 

nuclear export mediated by the HIV Rev NES and, therefore functions as a nuclear retention 

sequence (Walther et al., 2003). Presently, the role that nuclear retention plays in GR 

function remains unknown. One theory is that retention of GR in the nucleus serves to 

protect the receptor from degradation which preferentially occurs in the cytoplasm (Liu and 

DeFranco, 2000). Protection from degradation, however, would not be complete as several 

studies have reported ligand-induced degradation ofGR (Sengupta et al., 2001; Wallace and 

Cidlowski, 2001) 

The observation that a NLS can participate in nuclear retention (Walther et al., 2003; 

Carrigan et al., 2007) suggests that the 687-690 region ofGR, which appears to play a role in 

regulating the subcellular trafficking of GR, could also be involved in mediating nuclear 

retention. FRAP studies show that GFP-NLS-NES-556C, a construct in which the SV40 

NLS and CRM1 NES are fused to the LBD ofGR, is actively retained within the nucleus of 

cells (Walther, unpublished data). This result, although preliminary, suggests that the LBD 
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of GR may harbour NRS activity potent enough to overcome a strong CRM1-dependent NES. 

While GFP-GRNLI- redistributes to the cytoplasm following ligand withdrawal at a rate that is 

much faster than GFP-GRwt, it does not become fully cytoplasmic until 4 h post-withdrawal 

(data not shown). This observation supports the existence of an additional NRS in GR. 

At this time, it is unclear how GR is retained within the nucleus. Recently, it has 

been suggested that protein-protein interactions may be required for nuclear retention of 

SHRs (Baumann et al., 2001). As mentioned earlier, leucine rich sequences like the 687-690 

region in the LBD of GR appear to be involved in protein-protein interactions (Dong et al., 

2006). Several transcriptional coactivators like SRC-1 (Saitoh et al., 2002; Stenoien et al., 

2001), GRIP-1 (Baumann et al., 2001), CBP (Saitoh et al , 2002; Stenoien et al., 2001) and 

BRG-1 (Grande et al., 1997) have been shown to colocalize with GR in the nucleus. 

However, whether these proteins are involved in retaining GR within the nucleus remains 

unknown. Results presented in this thesis show that nuclear export of GR is accelerated 

upon substitution of leucines with alanines in the 687-690 region (see Figures 10 and 13). If 

this region were involved in mediating interactions with a protein required for nuclear 

retention, it would be expected that upon mutation of this region nuclear retention activity 

would be abolished and accelerated nuclear export of the receptor would be observed. 

An alternative possibility is that GR is retained within the nucleus through 

association with the nuclear matrix. Previous studies have shown that nuclear receptors 

interact with components of the nuclear matrix and the nuclear lamina in a NL1-dependent 

manner (Savory, Sackey and Lefevbre, unpublished results). Although the concept of a 

nuclear matrix remains controversial (Pederson, 2000), the existence of this relatively 

immobile nuclear structure is accepted by many researchers (Nickerson, 2001). GR has been 
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shown to be present in nuclear matrix preparations in several studies and it appears as though 

the DBD and LBD of GR are required for GR-nuclear matrix association (van Steensel et al., 

1995; Tang et al., 1998; Tang and DeFranco, 1996). If nuclear retention of GR were 

mediated through interactions between the 687-690 region and the nuclear matrix, it would 

be expected that mutation of residues within this region would alleviate receptor retention. 

This could result in accelerated nuclear export of GR in a manner similar to what was 

observed in this thesis. 

L687 and L689 are involved in steroid-dependent nuclear localization ofGR 

Steroidal signalling of GR is dependent on the association of the naive receptor with 

molecular chaperones and trafficking between the nucleus and cytoplasm (Pratt and Toft, 

2003; Pratt et al., 2004; Pratt et al., 2006). While examining the properties of the novel GR 

LBD mutants, it was revealed that mutations L687A, L688A, L689A and L690A partially 

negate the ability of GR to translocate into the nucleus upon stimulation with low levels of 

Cortisol (see Figure 14 inset). This is highlighted best when analyzing the subcellular 

o 

distribution of the constructs after stimulation with 10" M Cortisol for 1 h (see Figure 14). 

Two mutants in particular, GFP-GRL687A and GFP-GRL689A are severely compromised in 

their ability to import into the nucleus in response to low levels of Cortisol. These mutants 

require considerably higher concentrations of hormone to induce the same level of nuclear 

occupancy as the wild-type receptor. Surprisingly, GFP-GRL687A and GFP-GRL689A have 

binding affinities only 1.78 and 2.17 fold lower than that of GFP-GRwt when measure in vitro 

(due to 1.78 and 2.17 fold higher dissociation constants (see Table 2)). Therefore, the 

L687A and L689A mutations do not affect the receptor's affinity in vitro for steroid to an 
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extent that could account for the drastic decrease in the efficiency of ligand-induced nuclear 

translocation. While the L687A and L689A mutations do not affect the receptor's affinity 

for Dex in vitro, the effect these mutations have on steroid binding affinities in vivo remains 

unknown. Future experiments will focus on measuring the Kas of the various GR mutants 

via an in vivo binding assay. This will be essential, as in vitro results do not always reflect 

what occurs in vivo. 

Reduced nuclear accumulation of GFP-GRL687A in response to low levels of Cortisol is not 

due to a defect in hsp70/hsp90 association 

As mentioned, unliganded, cytoplasmic GR that is competent to bind hormone exists 

as a heteromeric complex that contains a dimer of hsp90. In vitro, heterocomplex formation 

can be achieved with only five proteins, hsp90, hsp70, Hop, hsp40 and p23. In vivo, the 

heterocomplex contains additional factors including the immunophilins FKBP51, FKBP52 

and Cyp40 (Pratt and Toft, 1997; Carello et al., 2004). These factors are likely involved in 

the maturation of the receptor to its hormone-binding conformation (Pratt and Toft, 1997). 

Important to note is the fact that the assembly of steroid receptor heteromeric complexes is a 

dynamic process. This was first shown for PR in vitro, in which association between the 

receptor and chaperones is transient, even in the absence of hormone (Smith, 1993). This 

suggests that individual components of the complex are likely to be constantly turning over. 

As a result, signal sequences required for nuclear import may be transiently exposed to 

transport proteins, even when the receptor is not bound by hormone. 

Until recently, it has been accepted that, after steroid binding, the hsp90-

heterocomplex bound to GR must dissociate from the receptor (a process called 
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"transformation"), in order to trigger nuclear translocation of the cytoplasmic receptor. 

Recently, evidence has been put forth that conflicts with this conventional view. Firstly, 

studies have shown that binding of GR to the hsp90-immunophilin heterocomplex is required 

for the movement of the receptor to the nucleus (Galigniana et al., 2001; Galigniana et al., 

2004; Pratt et al., 2004), which appears to be powered by dyenin (Davies et al., 2002; Harell 

et al., 2002; Wochnik et al., 2005). Studies have shown that movement of the receptor 

through the cytoplasm towards the nucleus is disrupted through treatment with geldanamycin, 

an inhibitor of hsp90 which promotes the dissociation of the GR-hsp90-immunophilin 

machinery and the immunophilins-dyenin interaction (Galigniana et al., 2001; Galiganiana et 

al., 2004; Pratt et al , 2004; Davies et al., 2002; Harrell et al., 2002; Wochnik et al., 2005; 

Galigniana et al., 1998). Secondly, there is evidence that hsp90 can be cotransported with 

GR into the nucleus, keeping the nonliganded receptor inactive yet able to participate in 

transcriptional activation (Kang et al., 1995). Thirdly, hsp90 can be recovered bound to MR, 

a close relative of GR, immediately after nuclear translocation of the receptor, suggesting 

that the complex remains intact while in the nucleus (Piwien Pilipuk et al., 2007). 

Studies have determined that pharmacological inhibition of hsp90 (Whitesell et al., 

1994) delays nuclear translocation of ligand-bound GR (Czar et al., 1997). In order to 

determine whether GFP-GRL687A and GFP-GRL689A are unable to efficiently translocate into 

the nucleus upon stimulation with low levels of Cortisol because of a defect in hsp 

association, coimmunoprecipitation assays were conducted. In these assays, GFP-GRL687A 

and GFP-GRwt were assessed for their ability to associate, in vitro, with hsp90 and hsp70 in 

the absence and presence of 10" M Dex. Upon analysis of the results, it was revealed that 

GFP-GRL687A associates with both hsp90 and hsp70 in the presence and absence of 10"6M 
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Dex (see Figure 15). This finding supports the hypothesis that ligand-bound GR remains 

associated with hsp90 and hsp70. Since GFP-GRL687A is able to import into the nucleus upon 

stimulation with 10"6M Cortisol, it is not surprising that this mutant is able to bind hsp90. If 

the L687A mutation were to disrupt association between GR and hsp90, it would be expected 

that the resulting mutant construct would be unable to bind steroid. This is because 

association between GR and hsp90 is essential for normal hormone/receptor interaction 

(Bamberger et al., 1996). 

The role hsp70 plays in nuclear import remains controversial. Independent studies 

using both in vitro and in vivo assays implicate hsp70 in nuclear import (Shi and Thomas, 

1992; Imamoto et al., 1992). In fact, biochemical studies show direct binding of hsp70 to 

nuclear import signal sequences (Imamoto et al., 1992). It has also been determined that 

hsp70 stimulates NLS-directed nuclear transport in yeast (Shulga et al., 1996; Shulga et al., 

1999). While various studies implicate hsp70 in nuclear import, others suggest that it does 

not play a role in this process (Yang and DeFranco, 1994). Either way, the observation that 

GFP-GRL687A is able to associate with hsp70 in the presence and absence of hormone 

indicates that reduced nuclear accumulation of this mutant in the presence of low levels of 

Cortisol is not due to a defect in hsp70 association. 

While it has been confirmed that reduced nuclear accumulation of GFP-GRL687A in 

response to low levels of Cortisol is not due to a defect in hsp90 and hsp70 association, it 

remains unknown whether immunophilins, like FKBP51 and FKBP52 associate with this 

mutant. Several studies suggest that exchange between FKBP51 and FKBP52 is required for 

the import of GR into the nucleus (Harrell et al., 2004; Galigniana et al., 2002; Galigniana et 

al., 2001; Davies et al., 2002). FKBP52 has recently been shown to be involved in the 
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nuclear transport of p53 and has been shown to bind to hsp90, GR, as well as dynein through 

dynamitin (Galigniana et al., 2004; Pratt et al., 1999). Attempts in the Hache lab to 

coimmunoprecipitate GFP-GRL687A and GFP-GRwt with FKBP51 and FKBP52 were 

unsuccessful. Antibodies for these low molecular weight immunophilins are of poor quality 

and, as a result, their detection via Western blot is challenging. 

L687 andL689 are required for efficient NL2 activity 

A common feature of most members of the steroid receptor subfamily, NL1 is a 

strong NLS that extends beyond the C-terminus end of the DBD (LeCasse and Lefebvre, 

1995; Tang et al., 1997). In addition to NL1, most steroid receptors possess a second less 

well characterized motif called NL2. As previously mentioned, NL2 is a steroid-dependent 

nuclear localization activity that complements NL1 in mediating GR nuclear uptake (Picard 

and Yamamoto, 1987). Interestingly, it has been determined that the NL2 activity of GR is 

unresponsive to treatment with the antagonist RU486 (Savory et al., 1995). NL2 activity has 

been described in SHRs other than GR including PR (Li et al., 2005) as well as MR (Piwien 

Pilipuk et al., 2007). While NL2 activity has been localized to the LBD of GR, defining the 

NL2 sequence has proven challenging as NL2 activity does not appear to be regulated by a 

basic NLS motif. 

As all GR mutants tested, thus far had intact NL1, and their affinity for steroid 

changed only modestly, it then became of interest to determine whether the NL2 activity of 

these receptors was affected. This was accomplished by mutating individual leucines to 

alanines in the 687-690 region of GFP-GRNLI-, a construct containing the NL1 abrogating 

substitution K513-515N. After analyzing the subcellular localization of the various GFP-
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GRNLI- mutant constructs, it was revealed that two mutations, L687A and L689A, severely 

compromise the nuclear uptake of GFP-GRNLI-(see Figure 17). Interestingly, mutations 

L687A and L689A were also the most potent at disrupting nuclear import of GFP-GRwt (see 

Figure 14). By contrast, the mutation L690A, which has a modest effect on the nuclear 

import of GFP-GRwt, only modestly affected NL2 activity. 

As mentioned earlier, NL2 activity does not appear to be dependent on a basic motif 

and the identity of the karyopherin responsible for mediating nuclear import through NL2 

remains unknown. While studies have excluded importin a as the karyopherin responsible 

for mediating NL2 nuclear import (Savory et al., 1999), the possibility remains that NL2-

mediated nuclear import of GR occurs through an importin P-related receptor. These 

receptors recognize cargo molecules, interact with NPCs, and circulate between the nucleus 

and the cytoplasm (Mingot et al., 2001). According to the direction in which they carry a 

cargo, importin P-related receptors can be classified as importins or exportins (Ribbeck and 

Gorlich, 2001). Some importin P-related receptors mediate both nuclear import and nuclear 

export. One such receptor is importin 13, a family member from higher eukaryotes that 

functions in import and export (Mingot et al., 2001). Importin 13 mediates nuclear import of 

the RBM8-MGN complex and of hUBC9 (Mingot et al., 2001). It also mediates the nuclear 

export of elFla (Mingot et al., 2001). As discussed earlier, the 687-690 region of GR 

appears to be involved in the nuclear export of GR. Through localization assays, it also 

appears as though residues within this region (L687 and L689) are involved in mediating 

NL2 activity. While NLSs have generally not been found to participate in nuclear export 

(Michael et al , 1995; Schmidt-Zachmann et al., 1993; Shulga et al., 1996) the possibility that 

a bidirectional signal resides within the 687-690 region is intriguing. 

93 



GFP-GRL687A and GFP-GRL689A have intact transcriptional activity 

The ability of GR to induce transcription hinges on several unique but sequential 

steps including ligand binding, activation, nuclear translocation, binding to DNA and 

interaction with transcriptional machinery (Huang et al., 1999). To investigate what effect 

the L687A and L689A mutations have on transcriptional activity, the transactivational 

potentials of GFP-GRL687A and GFP-GRL689A were assessed at 10"8M and 10"6M hormone. 

Results presented in this thesis indicate that the NL2 disrupting mutations, L687A and 

L689A, present no significant effect on the transactivational potential of the receptor at 10" 

6M Dex (see Figure 19), a concentration of hormone that facilitates complete nuclear 

o 

localization of the receptors (see Figure 14 inset). As anticipated, at 10" M Dex, a 

concentration of hormone that facilitates only partial nuclear localization of GFP-GRL687A 

and GFP-GRL689A, both mutant receptors displayed transcriptional activity significantly 

lower than that of GFP-GRwt (See Figure 19). This result was expected considering nuclear 

localization of cytoplasmic GR is a pre-requisite for transcription (Bamberger et al., 1996). 

Based on transcription assay results it can be concluded that the L687A and L689A 

mutations have little effect on the overall glucocorticoid induciblity of the MMTV promoter 

in Cos7 cells treated with 10"6M Dex. 

NL2 plays an important role in the steroid responsiveness ofGR in vivo 

Steroid hormones are released into the bloodstream from the adrenal cortex and 

gonads and transduce signals by interacting with intracellular receptors in target tissues 

(Meijsing et al., 2007). Serum levels of circulating glucocorticoids fluctuate about three- to 

fivefold over 2 h to 4 h periods throughout the day. Local availability of hormone at target 
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organs may display even greater and more rapid fluctuations (Meijing et al., 2007). The 

observation that nuclear import of GRs compromised in NL2 activity (with intact NL1 

activity) is dramatically reduced at physiological concentrations of steroid (see Figure 14 

inset) has striking implications for the role NL2 may play in mediating nuclear import of GR. 

These results suggest that NL2 may be as important, or more important, than NL1 in 

mediating steroid responsiveness of GR in response to physiological concentrations of 

steroid. Furthermore, the observation that, in the presence of low levels of hormone, GFP-

GRNLI- becomes increasingly nuclear over time suggests that NL2-mediated nuclear import is 

a slow process (see Figure 18). 

Phosphorylation atS691 andS692 has the potential to dramatically reduce receptor 

sensitivity to steroid 

The observation that GFP-GRss69i, 692DD is unable to efficiently translocate into the 

nucleus of cells upon stimulation with 10" M Cortisol suggests that mutation of serines 691 

and 692 to aspartic acids dramatically affects receptor subcellular trafficking in response to 

steroid. It should be noted that the binding capacity of GFP-GRss69i, 692DD for steroid was 

extremely low (data not shown). As a result, the dissociation constant for this construct 

could not be calculated due to the limited sensitivity of the in vitro 3H Dex binding assay. 

The low binding capacity of GFP-GRss69i, 692DD for steroid suggests that mutation of serines 

691 and 692 to aspartic acids disrupts steroid binding. Even though S691 and S692 do not 

directly participate in ligand binding (see Figure 8), changing the charge of these residues 

could indirectly result in a conformational change of the binding pocket. A change in 
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receptor LBD conformation could account for the reduced affinity for ligand displayed by 

GFP-GR.SS691, 692DD-

Interestingly, it has been suggested that dissociation of the hsp90 oligomeric complex 

results in a decrease of ligand-binding affinity (Bresnick et al., 1989; Nemoto et al., 1990). 

Also, in vivo experiments performed by Yang and colleagues have demonstrated that 

stabilization of GR/hsp90 complexes in live cells severely restricts hormone-dependent 

nuclear import of the receptor (Yang and DeFranco,1996). If receptor phosphorylation at 

S691 and S692 were to stabilize the interaction between GR and hsp90, reduced nuclear 

translocation in response to hormone could be expected. Alternatively, phosphorylation of 

S691 and S692 could destabilize the interaction between GR and hsp90. This could result in 

reduced affinity for hormone considering the interaction of hsp90 with the LBD of GR is 

required for this domain to assume an appropriate ligand-binding conformation (Bresnick et 

al., 1989). 
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SUMMARY AND CONCLUSIONS 

Results presented in this thesis provide new insight on the signal-regulated processes 

of GR nuclear export and NL1 -independent nuclear localization. It was revealed through 

hormone-withdrawal assays that substitution of leucines 687, 688 and 689, 690 to alanines in 

the LBD of GR accelerates the nuclear export-rate of the receptor in a CRM1 -independent 

manner. This suggests that leucines in the 687-690 region may be critical for maintaining 

nuclear localization of GR following hormone withdrawal. It was also demonstrated through 

hormone withdrawal assays that accelerated nuclear export of GFP-GRLL687, 688AA occurs 

following withdrawal from Cortisol but not RU486. This suggests that leucines in the 687-

690 region may contribute to nuclear localization of GR in an agonist specific manner. 

A more detailed examination of individual leucines within the 687-690 region 

showed that L687 and L690 are critical for the slow redistribution of GR to the cytoplasm 

following Cortisol withdrawal. Furthermore, through in vitro steroid binding assays and in 

vitro steroid dissociation assays it was determined that substitution of individual leucines to 

alanines in the 687-690 cluster has only minor effects on receptor Kd and steroid off-rate. 

Therefore, it can be concluded that the accelerated nuclear export-rates exhibited by GFP-

GRL687A and GFP-GRL690A cannot be attributed to reduced ligand affinity nor differences in 

steroid off-rates. 

Interestingly, localization assays presented in this thesis suggest that residues within 

the 687-690 cluster are involved in steroid-dependent nuclear localization of GR. 

Coimmunoprecipitation of GFP-GRL687A with hsp90 and hsp70 revealed that the reduced 

nuclear accumulation of the leucine to alanine substitution mutants in response to low doses 

of Cortisol is not due to a defect in hsp association. Another observation made in this thesis 
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is that the L687A and L689A substitutions severely compromise GRNLI- nuclear import in 

response to low doses of Cortisol, indicating that mutations L687A and L689A partially 

abrogate NL2 activity. Moreover, transcription results indicate that the L687A and L689A 

mutations have little effect on the overall glucocorticoid induciblity of the MMTV promoter 

in Cos7 cells treated with 10"6M Dex. 

In this thesis it is shown that NL2-mediated nuclear import plays a critical role in 

nuclear localization of GR in response to physiological concentrations of Cortisol. This 

statement is founded on two independent observations. Firstly, at physiological 

concentration of steroid, nuclear import of NL1 intact GFP-GRwt is compromised upon 

mutation of leucines 687 and 690 to alanines. Secondly, GFP-GRNLi-does not become 

appreciably nuclear until stimulation with 10"7M Cortisol for 4 h. Furthermore, the 

observation that GFP-GRNLI- continues to accumulate in the nucleus of cells treated with low 

doses of Cortisol over a period of 16 h suggests that NL2-mediated nuclear import is a slow 

process. 

In this thesis it was also revealed that GFP-GRss69i, 692DD is unable to efficiently 

translocate into the nucleus of cells upon stimulation with 10"6M Cortisol for 1 h. By contrast, 

GFP-GRss69i, 692AA displays translocation similar to the wild-type receptor. This observation 

suggests that phosphorylation of GR at 691 and 692 has the potential to dramatically reduce 

receptor sensitivity to steroid. 

It is apparent that GR subcellular localization is regulated in a complex manner and at 

many different levels. In order to fully understand the signal transduction capacity of GR, a 

more in-depth understanding of the signals regulating receptor nuclear import and nuclear 

export is required. It is anticipated that future studies focussing on NL2-mediated nuclear 
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import and nuclear export of GR will provide additional insight into the identities of the 

signal sequences that mediate these processes. In summary, results presented in this thesis 

indicate that the 687-690 region of GR plays an important role in GR nucleocytoplasmic 

trafficking. This discovery will in turn allow for more focused research on the mechanisms 

that regulate GR subcellular localization. 
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APPENDIX A; OLIGONUCLEOTIDE SEQUENCES 

Below is a table containing all of the oligonucleotide sequences used to generate plasmids. 

All oligonucleotide sequences are written in the 5' to 3' orientation. Nucleotides that 

introduce mutations are written in bold type. 

Plasmid 

pGFP-GRsS691,692DD 

PGFP-GRL626A 

pGFP-GRL682A 

PGFP-GRM684A 

PGFP-GRL687A 

pGFP-GRL688A 

pGFP-GRL689A 

pGFP-GRL690A 

pGFP-
GRLLSS689,690,691 ,692AAAA 

pGFP-GRS69iD 

Primer Name 

NES2 691,2SS-DDup 

NES2 691,2 SS-DDdn 

NES1626L-Aup 

NES1626L-Aup 

NES2 682 L-A up 

NES2 682 L-A dn 

NES2 684 M-A up 

NES2 684 M-A dn 

687 L-A up 

687 L-A dn 

688 L-A up 

688 L-A dn 

689 L-A up 

689 L-A dn 

690 L-A up 

690 L-A dn 

LLSS-AAAA up 

LLSS-AAAA dn 

NES2 691 S-D up 

Primer Sequence 

CTG TAT GAA AAC CTT ACT GCT TCT 
CGA CGA TGT TCC TAA GGA AGG 
TCTG 
CAG ACC TTC CTT AGG AAC ATC 
GTC GAG AAG CAG TAA GGT TTT 
CAT ACA G 
CTC ATG GCA TTT GCC GCG GGT 
TGG AGA TCA TAC AG 
CTG TAT GAT CTC CAA CCC GCG 
GCA AAT GCC ATG AG 
GGT ATC CTA TGA AGA GTA TGC 
CTG TAT GAA AAC CTT ACT GC 
GCA GTA AGG TTT TCA TAC AGG 
CAT ACT CTT CAT AGG ATA CC 
CCT ATG AAG AGT ATC TCT GTG 
GGA AAA CCT TAC TGC TTC TCT CC 
GGA GAG AAG CAG TAA GGT TTT 
CGC ACA GAG ATA CTC TTC ATA GG 
GTA TGA AAA CCT TAC TGG CTC 
TCT CCT CAG TTC CTA AGG 
CTG AGG AGA GAA GCA GTG CGG 
TTT TCA TAC AGA GAT ACT C 
GAG TAT CTC TGT ATG AAA ACC 
TTA GCG CTT CTC TCC TCA G 
CTG AGG AGA GAA GCG CTA AGG 
TTT TCA TAC AGA GAT ACT C 
GTA TGA AAA CCT TAC TGG CTC 
TCT CCT CAG TTC CTA AGG 
CCT TAG GAA CTG AGG AGA GAG 
CCA GTA AGG TTT TCA TAC 
GTA TGA AAA CCT TAC TGC TTG 
CCT CCT CAG TTC CTA AGG 
CCT TAG GAA CTG AGG AGG CAA 
GCA GTA AGG TTT TCA TAC 
CTG TAT GAA AAC CTT ACT GGC 
TGC CGC CGC AGT TCC TAA GGA 
AGG 
CCT TCC TTA GGA ACT GCG GCG 
GCA GCC AGT AAG GTT TTC ATA 
CAG 
CTG TAT GAA AAC CTT ACT GCT TCT 
CGA CTC AGT TCC TAA GGA AGG 
TCTG 
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pGFP-GRS692D 

pGFP-GRss691,692DD 

pGFP-GRLL671, 674AA 

PGFP-GRL626A 

pGFP-GRL671A 

pGFP-GRSS691,692AA 

pGFP-GRLL687;688AA 

NES2 691 S-D dn 

NES2 692 S-D up 

NES2 692 S-D dn 

NES2 691,2 SS-DD up 

NES2 691,2 SS-DDdn 

NES2 671,4 LL-AA up 

NES2 671,4 LL-AAdn 

NES1626L-Aup 

NES1626L-Adn 

NES2 671L-Aup 

NES2 671 L-A dn 

NES2 6912SS-AAup 

NES2 691 2 SS-AA dn 

NES2 687,8 LL-AA up 

NES2 687,8 LL-AA dn 

CAG ACC TTC CTT AGG AAC TGA 
GTC GAG AAG CAG TAA GGT TTT 
CAT ACA G 
CTG TAT GAA AAC CTT ACT GCT TCT 
CTC CGA TGT TCC TAA GGA AGG 
TCTG 
CAG ACC TTC CTT AGG AAC ATC 
GGA GAG AAG CAG TAA GGT TTT 
CAT ACA G 
CTG TAT GAA AAC CTT ACT GCT TCT 
CGA CGA TGT TCC TAA GGA AGG 
TCTG 
CAG ACC TTC CTT AGG AAC ATC 
GTC GAG AAG CAG TAA GGT TTT 
CAT ACA G 
CTG TTT GTC GTC TCC TCT GAA GCA 
CAA AGA GCG CAG GTA TCC TAT 
GAA GAG 
CTC TTC ATA GGA TAC CTG CGC 
TCT TTG TGC TTC AGA GGA GAC 
GAC AAA CAG 
GAT CTC TCA TGG CAT TTG CCG 
CGG GTT GGA GAT CAT ACA GAC 
AAT CAA GTG GAA ACC TGC TCT 
GCT TTG CTC CTG ATG GTA C 
CAT CAG GAG CAA AGC AGA GCA 
GGT TTC CAC TTG ATT GTC TGT ATG 
ATC TCC AAC CCG CGG CAA ATG 
CCA TGA GA 
GAT CTG TCT CCT CTG AAG CAC 
AAA GAT TGC AGG TAT CCT ATG 
AAG AGT ATC TCT GTA TGA AAA 
CCT TAC TGC TTC TCT CCT CAG TTC 
CTG GTA C 
CAG GAA CTG AGG AGA GAA GCA 
GTA AGG TTT TCA TAC AGA GAT 
ACT CTT CAT AGG ATA CCT GCA 
ATC TTT GTG CTT CAG AGG AGA CA 
GAT CTG TCT CCT CTG AAT TAC 
AAA GAT TGC AGG TAT CCT ATG 
AAG AGT ATC TCT GTA TGA AAA 
CCT TAC TGC TTC TCG CCG CAG TTC 
CTG GTA C 
CAG GAA CTG CGG CGA GAA GCA 
GTA AGG TTT TCA TAC AGA GAT 
ACT CTT CAT AGG ATA CCT GCA 
ATC TTT GTA ATT CAG AGG AGA CA 
CTG TAT GAA AAC CGC CGC ACT 
TCT CTC CGA TGT TCC TAA GGA 
AGG TCT G 
CAG ACC TTC CTT AGG AAC ATC 
GGA GAG AAG TGC GGC GGT TTT 
CAT ACA G 
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APPENDIX B: SOURCES OF CHEMICALS. REAGENTS. & OTHER MATERIALS 

Chemical/Reagent/Material 

anti-hsp70 primary antibody 

anti-hsp90 primary antibody 

p actin primary antibody 

betamercaptoethanol 

Bio-Rad Protein Assay Dye Reagent 

BuGR primary antibody 

Charcoal Stripped Fetal Bovine Serum 
(SFBS) 

Complete™ protease inhibitor cocktail 

Cortisol 

Dexamethasone 

[ H] Dexamethasone 

dextran-coated charcoal 

DTT 

Dulbecco's Modified Eagle's Medium 
(DMEM) 

EDTA 

Fetal Bovine Serum (FBS) 

FuGene 6™ transfection reagent 

GFP JL-8 primary antibody 

glycerol 

glycine 

Source 

Stressgen, Ann Arbor, Michigan, USA 

Stressgen, Ann Arbor, Michigan, USA 

Sigma, Missisauga, ON 

Sigma, Missisauga, ON 

Bio-Rad, Mississauga, ON, Canada 

Affinity BioReagents, Golden CO, USA 

HyClone, Logan, UT, USA 

Roche, Lavalle, QC, Canada 

Sigma, Missisauga, ON 

Sigma, Missisauga, ON 

GE Healthcare Limited, Buckinghamshire, 
UK 

Sigma, Missisauga, ON 

Sigma, Missisauga, ON 

Invitrogen, Burlington, ON, Canada 

EMD Biosciences, Gibbstown, NJ, USA 

HyClone, Logan, UT, USA 

Roche, Lavalle, QC, Canada 

Clontech, Mississauga, ON, Canada 

EMD Biosciences, Gibbstown, NJ, USA 

EMD Biosciences, Gibbstown, NJ, USA 

102 



goat anti-rat secondary antibody 
conjugated to horseradish peroxidase 

GRM20 primary antibody 

Immuno-Blot PVDF membrane 

Leptomycin B (LMB) 

Lipofectamine™ transfection reagent 

methanol 

NaCl 

non-essential amino acids 

NP-40 

Optimem™ reduced serum media 

paraformaldehyde 

passive lysis buffer 

Pfu proofreading enzyme 

phenol-red free Dulbecco's Modified 
Eagle's Medium (DMEM) 

protein A sepharose 

Qiagen Maxiprep kit 

Qiagen Miniprep kit 

RU486 

scintillation fluid 

SDS 

GE Healthcare Limited, Buckinghamshire, 
UK 

Santa Cruz Biotechnology, Santa Cruz, CA, 
USA 

Bio-Rad, Mississauga, ON, Canada 

Sigma, Missisauga, ON 

Invitrogen, Burlington, ON, Canada 

Fisher Scientific, Ottawa, ON, Canada 

EMD, Biosciences, Gibbstown, NJ, USA 

Invitrogen, Burlington, ON, Canada 

EMD Biosciences, Gibbstown, NJ, USA 

Invitrogen, Burlington, ON, Canada 

EMD Biosciences, Gibbstown, NJ, USA 

Promega, Madison, WC, USA 

Stratagene, La Jolla, CA, USA 

Invitrogen, Burlington, ON, Canada 

Invitrogen, Burlington, ON, Canada 

Qiagen, Mississauga, ON, Canada 

Qiagen, Mississauga, ON, Canada 

Roussel-Uclaf, France 

GE Healthcare Limited, Buckinghamshire, 
UK 

EMD Biosciences, Gibbstown, NJ, USA 
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sheep anti-mouse secondary antibody 
conjugated to horseradish peroxidase 

sodium molybdate 

sodium pyruvate 

Stratagen QuikChange mutagenesis kit 

tissue culture grade BSA 

TRIS-Base 

Triton X-100 

Tween 

Vectashield DAPI staining solution 

Western Lightening Chemiluminescence 
Reagent 

GE Healthcare Limited, Buckinghamshire, 
UK 

Sigma, Missisauga, ON 

Invitrogen, Burlington, ON, Canada 

Stratagene, La Jolla, CA, USA 

Sigma, Missisauga, ON 

EMD Biosciences, Gibbstown, NJ, USA 

EMD Biosciences, Gibbstown, NJ, USA 

EMD Biosciences, Gibbstown, NJ, USA 

Vector Laboratories, Burlington, ON, 
Canada 

PerkinElmer Life Sciences Inc, Boston, 
MA, USA 
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APPENDIX C: STEROID DISSOCIATION AND STEROID OFF-RATE DATA 

Steroid Dissociation 

1. Eliminate non-specific counts by subtracting the sample mean obtained using 
untransfected cells from each sample mean. 

L690A 

100 nM 
46.4 nM 
21.5 nM 
10.0 nM 
4.64 nM 
2.15 nM 
1.00 nM 
0.46 nM 

#1 
(DPM) 
9924 
8380 
6711 

4766 
3099 
1532 
766 
350 

#2 
(DPM) 
9888 
8290 
6913 
5378 
3079 
1468 
776 
347 

Avg. 
(DPM) 
9906 
8335 
6812 

5072 
3089 
1500 
771 
349 

Avg. untrans. 
(DPM) 
2045 
953 
508 
310 
212 
130 
86 
53 

Avg. - Avg. untrans. 
(DPM) 
7861 
7382 
6304 
4762 
2877 
1370 
685 
296 

2. Convert data from DPM to concentration of bound HDex. 

2.15 nM 
1.00 nM 
0.46 nM 

#1 
(DPM) 
8956 
5112 
2147 

#2 
(DPM) 
8961 
5052 
2124 

Avg. 
(DPM) 
8959 
5082 
2136 

Avg. to 1 nM 
(DPM) 
4167 
5082 
4592 

Avg. 
(DPM) 

4614 

Total 
Bound 
f3Hl 

100 nM 
46.4 nM 
21.5 nM 
10.0 nM 
4.64 nM 
2.15 nM 
1.00 nM 
0.46 nM 

Specifically Bound 
[3H] 
(nM) 
1.70 
1.6 
1.37 
1.0 
0.62 
0.30 
0.15 
0.06 
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•a 

3. Determine concentration of free H Dex by subtraction. 

Total 
Bound 

r3Hi 
100 nM 
46.4 nM 
21.5 nM 
10.0 nM 
4.64 nM 
2.15 nM 
1.00 nM 
0.46 nM 

Specifically Bound 
[3H] 
(nM) 
1.70 
1.60 
1.37 
1.00 
0.62 
0.30 
0.15 
0.06 

Free 
[3H] 

(nM) 
98.3 
44.8 
20.1 
9.00 
4.02 
1.85 
0.85 
0.40 

4. Linearize data by Scatchard Analysis. 

kl 

Kd = -1/slope 
= -l/-0.2417 
= 4.13nM 

Bound 
Free 

0.5 

0.2 

V • y =-0.2417x +0.5771 
• ^v 

• x^ 
X. • 

• 
0 0.5 1 1.5 2 2.5 

Bound (nM) 
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Steroid Off-rate 

1. Eliminate non-specific counts by subtracting the sample mean obtained using 
untransfected cells from each sample mean. 

Time 

(h) 
0.00 
0.25 
0.50 
1.00 
1.50 
2.00 

3.00 
4.00 

#1 
(DPM) 
537 
495 
441 
348 
257 
232 
180 
212 

#2 
(DPM) 
512 
527 
481 
294 
238 
191 
181 
234 

Avg. 
(DPM) 
525 
511 
461 
321 
248 
212 
181 
223 

Avg. untrans. 
(DPM) 
145 
147 
143 
158 
150 
169 
143 
201 

Avg. - Avg. untrans. 
(DPM) 
380 
364 
318 
163 
98 
43 
38 
22 

2. Convert data from DPM to concentration of bound 3H Dex. 

2.15 nM 
1.00 nM 
0.46 nM 

#1 
(DPM) 
6618 
3076 
1428 

#2 
(DPM) 
6605 
3074 
1426 

Avg. 
(DPM) 
6612 
3075 
1427 

Avg. to 1 nM 
(DPM) 
3075 
3075 
3068 

Avg. 
(DPM) 

3072 

Time 
(h) 

0.0 
0.25 
0.50 
1.00 
1.50 
2.00 
3.00 
4.00 

Specifically Bound 
[3H] 
(nM) 
0.124 
0.118 
0.104 
0.053 
0.032 
0.014 
0.012 
0.007 
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3. Plot the natural log of the specific binding vs. time. 

Time 
(h) 
0.0 
0.25 
0.50 
1.00 
1.50 
2.00 
3.00 
4.00 

In (specifically bound) 

-2.09 
-2.14 
-2.26 
-2.94 
-3.44 
-4.27 
-4.42 
-4.96 

In[A] = In[A]0-kt 

Tl/2 = In2/k 
= 0.693/1.2275 
= 0.56h 

Time (h) 
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