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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 L.687 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responsible for directing post-agonist withdrawn GR from the nucleus to the cytoplasm.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 .687 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 naive GR. When introduced into GRyy 1., 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”M 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



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



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.



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.
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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-1isa
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.,



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., 199.65 Sa.vory 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



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-2is 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



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 3 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 B-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 B-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



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 J 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 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, GIn642 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 aﬁd 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

11



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 o 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 «
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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 B. Therefore, importin o can be
described as an adaptor protein that mediates the binding of cargo to importin f. There are
14 putative members of the importin f§ 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 3 family members. It has been proposed that
there are more than 22 members of the importin B family in the mammalian system (Gorlich
and Kutay, 1999; Kutay et al., 2000; Plafker and Macara, 2000).

Importin B 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 B binds to the
IBB domain of importin o through C-terminal HEAT repeats (Cingolani et al., 1999).
Docking to the nuclear pore is mediated by the N-terminal region of importin  (Bayliss et
al., 2000). Dissociation of the complex occurs in the nucleus following translocation through
the NPC. In the nucleus, the importin o/B-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  (Vetter et al., 1999). RanGTP makes contact
with the acid loop joining the N and C-terminal regions of the importin . This destabilizes
the interaction between importin B and importin o 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, Pom121 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 Nup153 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. Thisisa
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 B 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 RanBP1 and NTF2. RanBP1 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 RanBP1 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  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,

Stade et al., 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. CRMI1 is the most extensively characterised nuclear
export receptor and CRM 1-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), Smad1 (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 f-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 CRM1-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 RanBP1 or RanBP1-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 § 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 A1 protein. This signal mediates nuclear import and
export of hnRNP A1 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 elF1A (Mingot et al., 2001).

Nucleocytoplasmic Trafficking of GR

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

trafficking. Figure 4a illustrates the various mechanisms involved in regulating the

18



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-CRM1 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.



1 440 486 505°%4 550 795

GR KIRRKNCPACRYRKCLQAGMNLEARKTKKKIKGIQQATA
GRy, . KIRRKNCPACRYRKCLQAGMNLEARKTnnnIKGIQQATA
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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 t;, 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
(Haché et al., 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).
NLI1 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
(Haché 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 *>’KKK>" abrogates importin o 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 f§ galactosidase (Picard and
Yamamoto, 1987). It has also been revealed that NL2 is agonist-dependent, as the NL1
deletion mutant GRyy ;- fails to import into the nucleus upon treatment with the GR
ahtagonist 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
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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 t;, extending between 12 and 24
hours (Sackey et al., 1996, Haché 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 of GR have NES activity that is CRM1-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; 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 GRyr1- accumulates in the nucleus upon treatment with LMB only in the
presence of hormone (Walther, 2003). By contrast, nuclear export of GRyy ;. 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 S: Amino acids 621-644 and 668-694 of GR harbour NES activity that is CRM1-
independent and CRM1-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 GR621-644; 635, 63944, GR668-694 11671,
674AA, GRO68-6941 168768844, GR668-6941 1689, 69044 and GR668-694 55601, 6920p. A and B
summarize data attained through localization assays performed by Dr. Ella Atlas. N/A =not
applicable.



GR Peptide Exw’i:cﬂvity LMBY:/r;itiV"Y
621-694 . No
621-644 +++ No
644-668 . NA
668-694 P Yes

Mutant GR Peptide Expori .:ctivity LMBYizln::ivity
GR621-644 435 s30an ++ No
GR668-694, 71, 6744 +++ No
GR668-694 657 asaan + Yes
GRG68-694 11000, ooms + Yes
GR668-6945454, 60200 . NA
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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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. 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-GR668-694ss691, 920D 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-GRxy ;. constructs used in this study have been previously
described (Savory et al., 1999). The pGFP-GRyy ). construct contains the SBRKKY to
SIBNNN'® mutation which abolishes the NL1 nuclear localization signal of GR (Savory et
al., 1999). Point mutants pGFP-GRy 633, 63944, PGFP-GRL1671, 67484, PGFP-GR1 1687, 68844,
PGFP-GR{ 1689, 689 aa, PGFP-GRss691, 69200, PGFP-GRss691, 69244, PGFP-GRcs615, pGFP-
GRuLes7a, PGFP-GR 6884, PGFP-GRy 6894, and pGFP-GRy 6904 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-GRyv1-L6874, PGFP-GRNL1-L683A,
PGFP-GRny1-L689a, PGFP-GRNL L6904 and pGFP-GRyi 1-ce40s constructs were created using
the Stratagene QuikChange™ mutagenesis kit and the Pfu proofreading polymerase using
full-length pGFP-GRyy - 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 B-actin
primary antibody (Sigma) at a concentration of 1/5000 (v/v). For the coimmunoprecipitation
assay, 2 pg 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), B-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% CO, 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 pg, 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 Gy by washing twice in phosphate-buffered saline (PBS) (140 mM NaCl, 2.7
mM KCl, 4.3 mM NayPO47H,0, 1.5 mM KH,PO,) 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, 1X 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 pL of the
whole cell lysates was added to 795 pL ddH,O followed by the addition of 200 pL 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 pg) 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 KCl, 4.3 mM Na,PO47H,0, 1.5 mM KH,POy, 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 