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Abstract 30 

The ubiquitously expressed glucocorticoid receptor (GR) is a major drug target for 31 

inflammatory disease, but issues of specificity, and target tissue sensitivity remain. 32 

We now identify high potency, non-steroidal GR ligands, GSK47867A and 33 

GSK47869A, which induce a novel conformation of the GR ligand binding domain 34 

(LBD) and augment the efficacy of cellular action. Despite their high potency 35 

GSK47867A and GSK47869A both induce surprisingly slow GR nuclear 36 

translocation, followed by prolonged nuclear GR retention, and transcriptional 37 

activity following washout. We reveal that GSK47867A and GSK47869A specifically 38 

alter the GR LBD structure at the HSP90 binding site. The alteration in HSP90 39 

binding site was accompanied by resistance to HSP90 antagonism, with persisting 40 

transactivation seen after geldanamycin treatment.  Taken together, our studies reveal 41 

a novel mechanism governing GR intracellular trafficking regulated by ligand 42 

binding, which relies on a specific surface charge patch within the LBD. This 43 

conformational change permits extended GR action, likely due to altered GR-HSP90 44 

interaction.  This chemical series may offer anti-inflammatory drugs with prolonged 45 

duration of action due to altered pharmacodynamics rather than altered 46 

pharmacokinetics. 47 

 48 

  49 
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Introduction 50 

Synthetic glucocorticoids (Gc) are potent anti-inflammatory drugs used to treat 51 

multiple conditions including asthma and rheumatoid arthritis (Schett et al., 52 

2008;Krishnan et al., 2009). Unfortunately Gc treatment also carries a wide range of 53 

serious side effects including hyperglycaemia and osteoporosis (Canalis et al., 2002). 54 

In recent years a significant effort has been made to design dissociative ligands with 55 

the anti-inflammatory potency of conventional Gc, but with a reduced spectrum of 56 

side-effects (Lin et al., 2002;Bledsoe et al., 2004;Cerasoli, Jr., 2006;Wang et al., 57 

2006;McMaster and Ray, 2007;McMaster and Ray, 2008;van Lierop et al., 2012).  58 

 59 

Gc actions are mediated by the ubiquitously expressed glucocorticoid receptor (GR; 60 

NR3C1) a member of the nuclear hormone receptor superfamily with a conserved 61 

modular structure consisting of an N-terminal regulatory domain, a DNA binding 62 

domain (DBD) and a C-terminal ligand binding domain (LBD) (Hollenberg et al., 63 

1985;Encio and tera-Wadleigh, 1991). The unliganded GR resides in the cytoplasm in 64 

a complex with heat-shock proteins and immunophilins (Grad and Picard, 2007). 65 

Ligand binding triggers rapid activation of cytosolic kinase signalling cascades and 66 

concomitantly results in exposure of two nuclear localisation signals (NLS1, and 67 

NLS2) enabling nuclear import (Picard and Yamamoto, 1987). This is accompanied 68 

by replacement of the immunophilin FKBP51 with FKBP52 (Davies et al., 2002) 69 

which associates with dynein to drive GR  along microtubules (Czar et al., 70 

1994;Harrell et al., 2004). The process of translocation to the nucleus post ligand 71 

binding occurs rapidly, with the majority of cellular GR being nuclear 30 minutes 72 

after treatment with 100nM Dex (Nishi et al., 1999). In addition cell cycle phase is 73 

able to regulate the subcellular localisation of unliganded GR, but with far slower 74 

kinetics of nuclear accumulation (Matthews et al., 2011).  In the nucleus GR binds to 75 

cis-elements to activate or repress target gene expression, recruiting co-modulator 76 

proteins from distinct classes to effect chromatin remodelling, and recruitment of the 77 

basal transcriptional machinery (Ford et al., 1997;Jones and Shi, 2003;Ito et al., 78 

2006;Johnson et al., 2008).  79 

 80 

GR recruits co-modulator proteins via its transcriptional activation function domains 81 

(AF1, and AF2) (Warnmark et al., 2000;Kumar et al., 2001;Bledsoe et al., 2002). The 82 

GR AF1 is the site of various post translational modifications including 83 
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phosphorylation, both in the presence and absence of ligand. (Wang et al., 84 

2002;Ismaili and Garabedian, 2004;Galliher-Beckley et al., 2008). Phosphorylation 85 

directs GR function by impacting protein stability and recruitment of specific co-86 

modulator proteins such as MED14 (Chen et al., 2006;Chen et al., 2008).  In addition,  87 

co-modulators bind to the GR AF2 domain, within the LBD (Heery et al., 1997). 88 

Structural information about bound ligand is transmitted through differential folding 89 

of the LBD, which directs GR function by offering differentially attractive signals for 90 

co-modulator recruitment. Both GR agonists and antagonists provoke similar rapid 91 

kinetics of nuclear translocation, but differ in the profile of co-modulator proteins 92 

recruitment, providing a mechanism for their different modes of action (Bledsoe et 93 

al., 2002;Kauppi et al., 2003;Stevens et al., 2003).  94 

 95 

Here we identify a novel switch mechanism that regulates GR trafficking in response 96 

to ligand binding, distinct from an effect attributable to ligand potency.  We identify 97 

two novel, non-steroidal GR ligands that regulate the GR surface to greatly reduce 98 

rates of nuclear translocation and reduce reliance on heat-shock protein for continuing 99 

activity.  The difference in GR conformation induced by the novel GR ligands reveals 100 

a patch of positive charge on the surface of the LBD.  We propose that this prevents 101 

efficient engagement with the active nuclear translocation mechanism, subsequent 102 

export, and protein degradation mechanisms for the GR.  The result is generation of 103 

ligands with greatly prolonged duration of action as a consequence of altered 104 

pharmacodynamics rather than pharmacokinetics.    105 

 106 

 107 

 108 

 109 

110 
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Materials and methods 111 

Anti-hGR (clone 41, BD Biosciences, Oxford, UK); Anti-phospho-(Ser211)-GR, anti 112 

Tubulin (Cell Signalling Technology, MA, USA); Horseradish peroxidase 113 

conjugated anti-mouse and anti-rabbit (GE Healthcare, Buckinghamshire, UK); 114 

Dexamethasone, Hydrocortisone and Fluticasone Propionate (Sigma, Dorset, UK). 115 

TAT3-Luciferase, and NRE-luciferase have been previously described (Matthews et 116 

al., 2008;Matthews et al., 2009).  117 

 118 

Cell culture and maintenance 119 

HeLa cells and A549 cells (ATCC, Teddington, UK) were cultured in low glucose 120 

(1 g/l) Dulbecco’s modified Eagle’s medium (DMEM; PAA, Yeovil, UK) 121 

supplemented with stable 2 mM glutamine (PAA) and 10 % heat inactivated fetal 122 

bovine serum (FBS; Invitrogen, Paisley, UK) or 10 % charcoal dextran stripped fetal 123 

calf serum (sFCS; Invitrogen). A549’s stably transfected with GRE-Luc and NRE-124 

Luc were also supplemented with 1% Non essential amino acid (NEAA; Invitrogen) 125 

and 1% Geneticin (Invitrogen). All cells were grown in a humidified atmosphere of 126 

5 % carbon dioxide at 37 
o
C.  127 

 128 

Immunoblot analysis  129 

Following treatment cells were lysed in RIPA buffer (50 mM TrisCl pH7.4, 1 % 130 

NP40 (Igepal), 0.25 % Na-deoxycholate 150 mM NaCl, 1 mM EDTA) containing 131 

protease and phosphatase inhibitors (Sigma), and 10 g protein was electrophoresed 132 

on Tris/Glycine 4-12 % gels (Invitrogen) and transferred to 0.2 micron nitrocellulose 133 

membranes (BioRad Laboratories, Hertfordshire, UK) overnight at 4 °C. Membranes 134 

were blocked for 2 hours (NaCl 0.15 M, 2 % dried milk, 0.1 % Tween 20) and 135 

incubated with primary antibodies (diluted in blocking buffer) overnight at 4 ˚C. After 136 

three 10 minute washes (88 mM Tris pH 7.8, 0.25 % dried milk, 0.1 % Tween 20), 137 

membranes were incubated with a species-specific horseradish peroxidase-conjugated 138 

secondary antibody (diluted in wash buffer) for 1 hour at room temperature, and 139 

washed a further three times, each for 10 minutes. Immunoreactive proteins were 140 

visualised using enhanced chemiluminescence (ECL Advance, GE Healthcare).  141 

 142 
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Reporter gene assays  143 

HeLa cells seeded in DMEM containing sFCS were co-transfected with 2 g reporter 144 

gene and 0.5 g CMV-renilla luciferase (to correct for transfection efficiency) using 145 

Fugene 6 (Roche Diagnostics, West Sussex, UK) at a ratio of 3:1 (v/w). 24 hours post 146 

transfection, cells were treated as specified in results prior to lysis, then assayed for 147 

luciferase activity using a dual-luciferase reporter assay system following the 148 

manufacturer’s instructions (Promega, Southampton, UK).   149 

Stable A549 GRE-Luc or NRE-Luc cells were seeded in DMEM containing sFCS 150 

into 96 well plates and incubated overnight. Cells were treated as specified in results 151 

and 18 hours later each well washed twice with PBS (first without Mg
2+

, Ca
2+

, then 152 

with Mg
2+

, Ca
2+

). Renilla Glo (Promega, E2720) or Bright Glo (Promega E2620) lysis 153 

buffer was added the GRE cells or the NRE cells respectively according to the 154 

manufacturer’s instructions. Cell lysates were read using a luminometer (Wallac 1450 155 

MicroBeta Trilux Liquid Scintillation counter and luminometer). Ten one second 156 

reads were taken per well and the average RLU determined.  157 

 158 

Immunofluorescence  159 

Fixed cells: Following 24 hours in DMEM containing sFCS, HeLa cells were 160 

transfected (Fugene 6) with hGR-GFP and treated as specified in results. Cells were 161 

fixed with 4 % paraformaldehyde for 30 minutes at 4 ˚C, and subsequently stained 162 

with Hoeschst (Sigma) in PBS (2 g/ml) for 20 minutes at 4 ˚C. Following three 5 163 

minute washes in PBS, coverslips were mounted using Vectamount AQ (Vector 164 

Laboratories, Peterborough, UK). Images were acquired on a Delta Vision RT 165 

(Applied Precision, GE Healthcare) restoration microscope using a 40X/0.85 Uplan 166 

Apo objective and the Sedat Quad filter set (Chroma 86000v2, VT, USA). The images 167 

were collected using a Coolsnap HQ (Photometrics, AZ, USA) camera with a Z 168 

optical spacing of 0.5μm. Raw images were then deconvolved using the Softworx 169 

software (GE Healthcare) and average intensity projections of these deconvolved 170 

images processed using Image J (Rasband, 1997).  171 

172 

Live cells: Following 24 hours in DMEM containing sFCS, HeLa cells were 173 

transfected (Fugene 6) with 5g GR-GFP and transferred to a glass bottomed 24 well 174 

plates. Alternatively HeLa cells were plated into a glass bottomed 24 well plate in 175 
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DMEM containing sFCS. Each well was transfected (Fugene 6) with 0.5g HaloTag-176 

GR (Catalog number FHC10483, Promega) and incubated for 16 hours with 0.25l 177 

Halo ligand (HaloTag TMRDirect, Catalog number G2991, Promega) to enable 178 

visualisation. Subcellular GR trafficking was tracked in real time at 37
o
C with 5% 179 

CO2.  Images were acquired on a Nikon TE2000 PFS microscope using a 60x/ 1.40 180 

Plan Apo or 40x/1.25 Plan Apl objective and the Sedat filter set (Chroma 89000). The 181 

images were collected using a Cascade II EMCCD camera (Photometrics). Raw 182 

images were then processed using Image J.  183 

 184 

Fluorescent recovery after photobleaching (FRAP) 185 

HeLa cells were transfected (Fugene 6) with 5 g hGR-GFP then seeded into a glass 186 

bottomed 24 well plate. Cells were maintained at 37
o
C and 5% CO2 and images 187 

collected on a Leica TCS SP5 AOBS inverted confocal (Leica, Milton Keynes, UK) 188 

using a 63x/ 0.50 Plan Fluotar objective and 7x confocal zoom. The confocal settings 189 

were as follows, pinhole 1 airy unit, scan speed 1000Hz unidirectional, format 1024 x 190 

1024. Images were collected using the following detection mirror settings; FITC 494-191 

530nm using the 488nm (13%).  192 

 193 

MTS Assay 194 

Cells were seeded into a 96 well plate were treated as described in the results. Upon 195 

completion of the treatment 10 l of MTS reagent (Promega) was added to each well. 196 

Cells were incubated for 4 hours, reading at 490nm every hour.  197 

 198 

Q-RTPCR  199 

Cells were treated as required, then lysed and RNA extracted using an RNeasy kit 200 

(Qiagen). 10 ng RNA was reverse transcribed, and subjected to qPCR using Sybr 201 

Green detection in an ABI q-PCR machine (Applied biosystems, CA, USA) and data 202 

analysed by δδCT method (Livak and Schmittgen, 2001).  203 

 204 

Bioluminescence real-time recording 205 

HeLa cells transfected (Fugene 6) with 2g TAT3-luc plasmid were grown to 80% 206 

confluency in 35-mm tissue culture dishes in phenol red free DMEM with 10% FCS 207 

and 1% glutamine. Prior to the experiment, cells were supplemented with 0.1 mM 208 
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Luciferin substrate (Izumo et al., 2003;Yamazaki and Takahashi, 2005). Each dish lid 209 

was replaced with a glass cover then sealed with vacuum grease before being placed 210 

in a light-tight and temperature-controlled (37°C) environment. Light emission 211 

(bioluminescence) was measured continuously using a Photomultiplier tube (PMT, 212 

H6240 MOD1, Hamamatsu Photonics, Hertfordshire, UK). Baseline measurements 213 

(photon counts per minute) were taken for each PMT prior to treatment and then 214 

deducted from the experimental values attained.  215 

 216 

Measurement of ligand uptake using mass spectroscopy 217 

A549 cells were grown to 90% confluency in 6 well plates. Following treatment the 218 

media was removed from the cells and retained for analysis. The cells were washed 219 

three times with PBS and lysed in 300l of M-Per mammalian protein extraction 220 

reagent (#78503, Thermoscientific, Essex, UK) on the shaker at 750rpm at room 221 

temperature for 5 minutes. The whole cell lysate was collected,  then centrifuged at 222 

10000rpm for 10 minutes, then the supernatant collected and analysed by mass 223 

spectrometry.  224 

 225 

Measurement of cytokine production  226 

A549 cells were seeded  into a 96 well plate into  DMEM with 10% FCS  and 227 

incubated overnight. In order to slow cell proliferation and prevent any interference 228 

from steroid present in FCS the media was changed to DMEM with 1% sFCS prior to 229 

ligand treatment. Following treatment supernatents were collected and assayed for IL6 230 

and IL8 concentration using a Luminex 100 (Merck Millipore, MA, USA) with 231 

StarStation software according to the manufacturer’s instructions.     232 

 233 

Computational modelling of GR crystal structure 234 

Crystal structures of GR bound to Dex (1M2Z) and GSK47866A (3E7C) (Madauss et 235 

al., 2008) were downloaded from the RCSB Protein Data Bank (PDB) (Berman et al., 236 

2007).  The structures were imported into Maestro (Schrodinger, 2012) and prepared 237 

using the Protein Preparation module.  Each Ligand was extracted and scrambled 238 

conformationally before docking back into the native active site models to verify that 239 

the docking program (GLIDE) (Schrodinger, 2009) was competent at reproducing the 240 

x-ray pose for each complex. 241 
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Models of compounds GSK47866A, GSK47867A and GSK47869A (S-isomers) were 242 

prepared using the Ligprep module and a set of 272 conformers generated using the 243 

confgen module of Maestro.  This set of conformers was docked in the 3E7C active 244 

site model yielding 62 successful poses.  Again, as found in the bootstrapping 245 

exercise, GSK47866A best scoring pose was extremely close in conformation and 246 

position within the active site pocket (RMSD ~0.2), indicative of a robust model. 247 

Crystal structures 1M2Z and 3E7C were superposed and conformations of residues 248 

within 6 Angstrom of the Dex ligand in 1M2Z were compared visually.  Any differing 249 

substantially were coloured differently (Fig. 2A, B), and these atom colours projected 250 

onto a molecular surface to reveal regions of the protein surface impacted by the 251 

residue movements induced by binding of GSK47866A (Fig. 3A,C).  The regions of 252 

surface modification thus highlighted guided where to look for differences in 253 

electrostatic potential, projected onto the same molecular surface (Fig. 3B,D) 254 

 255 

Modelling of GR mutant with impaired HSP90 interaction   256 

The original 1M2Z x-ray coordinates, already optimised for use with the OPLS 257 

forcefield in Maestro, were used to mutate M604 to Threonine.  The built-in residue 258 

mutation building tool was employed for this.  The mutated structure was optimised 259 

using the Protein Preparation Wizard option to perform a restrained, all-atom 260 

minimisation.  Surface and electrostatic potential colouring was calculated as for all 261 

other examples, ensuring a consistent range of electrostatic potential values of -0.2 to 262 

0.2 for the blue-white-red colour ramp. 263 

   264 
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Results  265 

GSK47867A and GSK47869A, are highly potent GR agonists  266 

There is wide interest in understanding how variation in ligand structure (Fig. 1A) 267 

affects the function of GR.  Here, we use novel, non-steroidal glucocorticoid receptor 268 

ligands (NSG) with very high potency, and specificity for GR to determine how 269 

ligand structure impacts receptor function (Fig. 1, B-C Fig. S1). Transient GR 270 

transactivation and transrepression models in HeLa cells were used initially to 271 

compare the NSGs to conventional synthetic Gc ligands. We find that both 272 

GSK47867A and GSK47869A were approximately 30 times more potent that 273 

Dexamethasone (Dex, Fig. 1B-C, table 1). Similar results were also obtained using 274 

A549 cells with stably integrated GRE-Luc or NFκB-Luc templates (Fig. S2A-B).  275 

The steroidal Gc Fluticasone Propionate (FP) had similar potency to GSK47867A and 276 

GSK47869A.  Hydrocortisone was significantly less potent than all the synthetic 277 

ligands tested (Fig. 1).    278 

 279 

To rationalise subsequent matched analyses, saturating concentrations of the ligands 280 

were selected, calculated as 10 times the measured EC50 for transactivation (Table 1). 281 

At these concentrations all ligands showed similar repression of IL6 and IL8 secretion 282 

(Fig. S2C-D), and inhibition of cell proliferation (Fig. S2E-F).  283 

 284 

GR crystal structure reveals ligand-specific altered surface charge 285 

To identify conformational differences in the GR ligand binding domain (LBD), we 286 

first compared the structures of GR-Dex (1M2Z) and GR-GSK47866A (3E7C) a non-287 

steroidal GR ligand similar in structure to GSK47867A (Figs 1A, 2). An active site 288 

model derived from the coordinates of deposited structure 3E7C was used to dock 289 

GSK47867A and GSK47869A.  Both GSK47867A and GSK47869A are similar to 290 

GSK47866A and gave very high scoring fits in the binding pocket formed by 291 

GSK47866A bound to the GR LBD (Fig. S3).  Inspection of the poses showed 292 

sensible, well fitting conformers, indicating that structure 3E7C was a suitable 293 

surrogate to compare with 1M2Z. 294 

                                                                                                                            295 

Observation of the ligand binding pocket in each crystal structure revealed that amino 296 

acids in closest proximity to each ligand demonstrated significant movement 297 

compared to Dex at the head (A ring, Fig. 2C-D) and tail (D ring, Fig. S4C-D).  The 298 
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greatest displacement was seen in amino acids Gln570 and Arg611 (Fig. 2C-D).  Less 299 

displacement was seen at the opposite end of the ligand; most noticeable here was the 300 

movement of Gln642 (Fig. S4C-D). The effect of residue movements in the GR LBD 301 

upon binding of GSK47866A was examined by visualisation of the molecular surface 302 

(Fig. 3, Fig. S5 and S6).  This revealed a distinct surface electrostatic potential 303 

difference, highlighting a patch of positive charge in the GR-GSK47866A structure 304 

resulting from displacement of Arg611 (Fig. 3 B,D).  This demonstrates that the 305 

structural difference between Dex and the NSGs results in a different GR surface 306 

charge upon binding, with potential for altered for protein-protein interactions.  307 

 308 

NSG induce different kinetics of endogenous Gc target gene regulation 309 

To determine whether the alteration in GR surface charge upon binding NSG had any 310 

functional consequence, transcript levels of endogenous Gc induced (GILZ and 311 

FKBP5) and Gc repressed (IL6 and IL8) target genes were quantified at multiple time 312 

points (Fig. 4A-B, Fig. S7A-B).  Both the steroidal and NSG ligands displayed 313 

equivalent kinetics of FKBP5 induction (Fig. 4A). Although NSG treatment did not 314 

induce GILZ transcript at 1 hour,  similar induction was observed at later time points 315 

(Fig. 4B). Similarly NSG treatment did not repress IL6 or IL8 transcripts at 1 hour but 316 

comparable  repression was observed at later time points (Fig. S7A-B).   317 

 318 

NSG treatment results in delayed kinetics of GR 211 phosphorylation 319 

Transactivation of IGFBP1 is reliant on Ser211 phosphorylation of the GR, a signal to 320 

recruit the co-activator protein MED14.  Dex treatment resulted in significant 321 

induction of IGFBP1 transcript by 1 hour (Fig. S8A), but the NSG ligands failed to 322 

induce transcript at this early time point. This lack of transcript regulation at an early 323 

time point was similarly seen with GILZ, IL6 and IL8. Ligand induction of GR 324 

Ser211 phosphorylation was compared.  Treatment with Dex resulted in rapid 325 

phosphorylation of GR at both serine residues 203 and 211 (Fig. S8B). The NSG 326 

ligands induced slower onset of phosphorylation of both serine residues 203 and 211 327 

(Fig. S8B).  328 

 329 

NSG treatment results in slow rate of GR nuclear translocation 330 

The delay in endogenous gene transactivation and receptor phosphorylation seen with 331 

NSG treatment suggested that nuclear translocation may also be delayed. Use of a 332 
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halo tagged GR clearly demonstrated a slower rate of nuclear translocation with both 333 

GSK47867A and GSK47869A (Fig. 4C). Ligand-bound nuclear GR has a signature 334 

FRAP signal, with reduced intranuclear mobility resulting in delayed recovery from 335 

photobleaching. FRAP studies revealed that at 1 hour following NSG treatment 336 

nuclear GR displayed characteristics of an unliganded receptor (Fig. S9A-B). 337 

However with 4 hour NSG treatment nuclear GR displayed the typical signature of 338 

liganded receptor, indicative of a delay in adoption of the activated GR conformation 339 

(Fig. S9C-D).   340 

Altered kinetics of GR phosphorylation may explain the observed differences in 341 

nuclear translocation rate and transactivation of endogenous Gc target genes. 342 

Therefore, we made GR mutants Ser211Ala (phosphodeficient) and Ser211Asp  343 

(phosphomimetic) to assess the importance of this phosphorylation site (Fig. S10A). 344 

However, the phosphomimetic GR did not significantly increase the rate of GR 345 

translocation with either GSK47867A or GSK47869A treatment (Fig. S10C-D). 346 

Likewise the phosphodeficient GR had no significant impact on the rate of 347 

translocation seen with Dex treatment (Fig. S10B, D). 348 

 349 

NSG treatment results in slower onset of GR transactivation 350 

Treatment with NSG results in slowed GR nuclear translocation and delayed 351 

transactivation of endogenous Gc target genes.  To measure the kinetics of GR 352 

transactivation more precisely, real-time luciferase analysis was used (Meng et al., 353 

2008;McMaster et al., 2008) (Fig. 4D).  This revealed that the NSG ligands 354 

consistently took longer to reach half-maximal transactivation compared to either 355 

Dex, or the higher potency FP (Fig. 4E). Interestingly all three high potency ligands 356 

resulted in greater maximal transactivation (Fig. 4D). 357 

 358 

Delayed action of NSG ligands cannot be explained by impaired cellular uptake 359 

One possible explanation for these observations is altered ligand access to the 360 

intracellular GR.  Initially mass spectroscopy analysis of cell lysates was performed 361 

after 10 minutes ligand exposure (Fig. 5A).  A 10M concentration of each ligand 362 

was compared, to permit detection of the ligand by mass spectrometry in cell lysates. 363 

Strikingly, the NSG ligands showed greater than 10 fold increased concentrations 364 

within the cells compared to Dex, effectively ruling out delayed ligand penetration. 365 
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To further evaluate cell pharmacokinetics, cells were incubated with 100 nM Dex or 366 

3 nM FP, GSK47867A or GSK47869A for 10 minutes, washed  and then incubated in 367 

ligand-free medium for 4 hours. These samples were compared to cells treated with 368 

ligand continuously for 4 hours (Fig. 5B-D).  Short exposure to both NSG ligands 369 

resulted in greater induction of GILZ and FKBP5 although not IGFBP1 compared to 370 

Dex, again demonstrating rapid cellular accumulation of ligand.  Furthermore cells 371 

incubated with NSG on ice for 1 hour to permit ligand access in the absence of GR 372 

activation still showed delayed nuclear translocation (Fig. 5E-F), implicating a post 373 

receptor mechanism of action.  The observed differences could not be attributed to 374 

Dex activation of mineralocorticoid receptor, as the mineralocorticoid receptor 375 

antagonist Spironolactone did not affect the Dex induction (Fig. S11A-B).  376 

 377 

NSG bound GR shows prolonged nuclear retention 378 

As treatment with both NSG ligands results in delayed nuclear translocation, we 379 

investigated whether nuclear export of GR may also be slower. To measure GR export 380 

HeLa cells were treated with 100 nM Dex or 3 nM NSGs for 1 hour then washed and 381 

placed in serum free media and imaged over 24 hours (Fig. S12A). In cells treated 382 

with NSG the GR-GFP was not exported from the nucleus during the 24 hour wash-383 

out period, but Dex treated cells exported GR from the nucleus within 6 hours (Fig. 384 

S12B).  385 

 386 

Structural modelling suggests that NSGs modify the HSP90 interaction surface 387 

Our data  clearly demonstrates that when bound to NSG there is altered interaction of 388 

GR with the translocation machinery resulting in delayed nuclear import, delayed 389 

transcriptional activity and receptor export. The chaperone heat shock protein 90 390 

(HSP90) is known to play key roles in this aspect of GR biology, including 391 

maintaining GR structure, ligand binding activity, and trafficking of GR between 392 

nucleus and cytoplasm (Segnitz and Gehring, 1997;Tago et al., 2004;Kakar et al., 393 

2006;Grad et al., 2007;Echeverria et al., 2009). GR residues identified by Ricketson 394 

and co-workers (Ricketson et al., 2007) as important for HSP90 interaction were 395 

mapped onto the crystal structure of GR bound to Dex (Fig. 6A). Surface map 396 

analysis of GR following replacement of Met604 with Thr604, which has been shown 397 

to inhibit HSP90 recruitment, was in the same part of the GR structure that was 398 

differentially affected by NSG binding (Fig. 6B, C).       399 
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 400 

Microtubule disruption improves nuclear translocation rate 401 

HSP90 anchors the GR to the microtubule network, so permitting rapid, energy-402 

dependent nuclear translocation. HSP90 antagonism slows the rate of nuclear 403 

translocation (Galigniana et al., 1998). However, in addition, GR can translocate 404 

using a diffusion mechanism (Nishi et al., 1999).  Disruption of the microtubule 405 

network using colcemid restores rapid GR translocation even in the presence HSP90 406 

inhibitor geldanamycin (Segnitz et al., 1997;Galigniana et al., 1998). Therefore, we 407 

used colcemid to determine if the microtubule architecture was slowing NSG 408 

mediated nuclear translocation. Colcemid significantly increased the rate of NSG-409 

driven nuclear translocation, but had no effect on that promoted by Dex (Fig. 6D-G), 410 

suggesting a diffusion mechanism for translocation  411 

 412 

NSGs mediate prolonged duration of action  413 

The duration of ligand-dependent activity depends on continuing presence of ligand, 414 

and maintaining GR in a ligand-binding compatible conformation.  To investigate 415 

these phenomena we initially undertook washout studies, using real time reporter gene 416 

luciferase analysis. These revealed a striking prolongation of transactivation following 417 

NSG ligand withdrawal compared to either Dex or FP, which was not explained by 418 

increased ligand potency (Fig. 7A).   419 

To corroborate these observations with endogenous genes a two hour ligand exposure 420 

was chased with a 24 hour washout before measurement of GILZ and FKBP5 421 

transcripts (Fig 7B-C). There was significantly enhanced preservation of 422 

transactivation seen with both the NSGs compared to the potency matched control 423 

steroid FP. 424 

To determine the role of HSP90 in mediating prolonged GR transactivation, 425 

geldanamycin was used.  As HSP90 activity is required for initial GR ligand binding, 426 

these studies were performed sequentially, adding geldanamycin after ligand 427 

activation. The geldanamycin was added to cells at the time of maximal 428 

transactivation, in the presence of continuing ligand exposure (Fig. 7D).  Both FP and 429 

Dex showed exponential decay of transactivation, as predicted.  However, the NSG 430 

ligands showed a striking biphasic response, with initial potentiation, followed by 431 

decay (Fig. 7D).   432 
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As HSP90 is also essential for maintaining GR protein stability investigation of 433 

receptor abundance and phosphorylation was undertaken. Inhibition of HSP90 434 

preserves GR protein levels following Dex treatment for 4 hours (Fig. 7E), but not at 435 

a later time point (Fig. 7F).  Strikingly, the NSG ligands did not show such a ligand-436 

dependent loss of GR protein (Fig. 7E,F), again identifying differences in HSP90 437 

interaction with the novel NSGs. Additionally treatment of cells with Dex in the 438 

presence of geldanamycin results marked dephosphorylation of GR at serine 211 (Fig. 439 

7E). However treatment with the NSG was protective for serine 211 phosphorylation 440 

(Fig. 7E). Collectively, these studies suggest that GR-HSP90 interactions can be 441 

modulated by ligand structure, to influence the properties of the Gc response.   442 

 443 

 444 

445 
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Discussion   446 

Understanding how the GR interprets its ligands to permit appropriate cellular 447 

responses is of vital interest in both physiology and pharmacology, as the GR remains 448 

an important drug target in inflammation and malignancy (Barnes, 2011;De et al., 449 

2011). The advent of drug design based on the crystal structure predicted 450 

pharmacophore has permitted new generations of ligands to be synthesised, including 451 

those studied here (Kauppi et al., 2003;Bledsoe et al., 2004). Our initial findings 452 

identified that although highly potent, the NSG ligands surprisingly result in slowed 453 

kinetics of GR phosphorylation, nuclear import and delayed onset of GR-dependent 454 

gene transactivation. Our data suggests that the NSG ligands fundamentally alter the 455 

mechanism of GR activation.  456 

 457 

A possible explanation for the delayed kinetics of cellular response to GSK47867A 458 

and GSK47869A is reduced efficiency of cellular uptake of ligand.  Although the 459 

NSGs retain the highly lipophilic characteristics of steroidal ligands, they may interact 460 

differentially with membrane components.  However our mass spec studies in fact 461 

showed an accelerated ligand accumulation with the NSGs compared to Dex.  We 462 

also undertook a functional assay, washing off ligand after a short incubation, and 463 

tracking response of Gc target genes. Again, the NSGs produced enhanced target gene 464 

transactivation compared with Dex, indicating rapid ligand accumulation.  465 

Furthermore treatment of cells with ligand for 1 hour on ice allowed for saturation of 466 

the receptor without translocation. When the cells were returned to 37
o
C the GR 467 

rapidly translocated with both Dex and FP but translocation was slower for both the 468 

NSG ligands, supporting defective interaction with the nuclear translocation 469 

machinery post ligand binding. 470 

   471 

To explain these observations we interrogated the crystal structure of GR LBD bound 472 

to GSK47867A and GSK47869A. This revealed a very similar conformation to that 473 

seen with Dex, but there was single difference, namely the addition of a patch of 474 

positive charge on the external surface of the LBD. Ricketson and co-workers were 475 

able to demonstrate, through amino acid substitution, that this surface is required for 476 

HSP90 interaction (Ricketson et al., 2007). HSP90 recognises the GR LBD through 477 

two, defined hydrophobic sites and binds to a solvent accessible major groove 478 

maintaining GR stability and permitting high-affinity ligand binding (Fang et al., 479 
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2006), as depicted in Fig. 7G.  Following ligand binding HSP90 undergoes a 480 

conformation change to bind to the same region of the GR LBD, but with a different 481 

motif.  This is required to couple the GR to the dynein active transport mechanism 482 

through the bridging effect of immunophilins (Harrell et al., 2004)(Fig. 7G). HSP90 483 

remains associated with the GR in the nucleus, where binding to the major groove of 484 

the GR LBD competes with recruitment of co-activators (Caamano et al., 1998;Kang 485 

et al., 1999;Fang et al., 2006), and also promotes nuclear retention (Tago et al., 486 

2004;Kakar et al., 2006). Binding of NSGs to the GR LBD forces the movement of 487 

Arg611, leading to the creation of a novel interaction surface which could be the 488 

mechanism by which interaction with HSP90 is altered. Therefore, we measured the 489 

impact of HSP90 manipulation on GR function with both the steroidal ligands, and 490 

NSGs. 491 

 492 

GR is anchored to the microtubule network through interaction with HSP90 to 493 

facilitate nuclear translocation. Antagonism of HSP90 therefore reduces the rate of 494 

GR nuclear translocation and can be overcome by disrupting the microtubule network 495 

(Galigniana et al., 1998;Nishi et al., 1999). Here we show that the absence of an intact 496 

microtubule network significantly increases the rate of GR translocation in response 497 

to the NSGs but not Dex, which suggests an impaired interaction of GR-NSG with 498 

HSP90. Evidence has emerged that persisting Gc action requires cycles of 499 

dissociation, and re-binding of ligand to the GR, which occurs in a HSP90 dependent 500 

manner (Stavreva et al., 2004;Conway-Campbell et al., 2011)(Fig. 7G).  To test the 501 

role of HSP90 we used the inhibitor geldanamycin (Segnitz et al., 1997). As 502 

predicted, geldanamycin curtailed the Gc transcriptional response rapidly, irrespective 503 

of ligand potency, for the two steroid agonists. However, in keeping with the 504 

hypothesis that HSP90 binding was disrupted by the final conformation adopted by 505 

the NSG bound GR there was greatly prolonged transactivation observed, with a 506 

gradual decay likely due to degradation of GR protein.  It was, however, striking that 507 

the pattern of response for both NSGs included an initial augmentation of response, 508 

which is compatible with displacement of HSP90 from the major groove, and 509 

subsequent promotion of co-activator recruitment. It is also possible that disruption of 510 

the HSP90 interaction surface also affects interaction between GR, and co-modulator 511 

protein partners (Caamano et al., 1998;Kang et al., 1999;Fang et al., 2006). 512 

 513 
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Altered NSG-driven nuclear translocation, and interaction with HSP90 may also 514 

affect GR nuclear export, and the duration of cellular response. Indeed, our washout 515 

studies showed a dramatic difference between the steroidal and NSG ligands, with 516 

marked reduction in GR export rate and prolongation of action seen with the NSGs, 517 

observed with both transfected reporter genes, and endogenous gene transcripts.  A 518 

similar prolongation of action was seen in cells treated with geldanamycin which may 519 

result from stabilised GR-ligand interaction, due to altered engagement with HSP90, 520 

and its associated protein complex, including enzymes such as protein phosphatase 5 521 

(PP5). PP5 is responsible for removing phosphate modification from GR Ser211, and 522 

promoting GR nuclear export (DeFranco et al., 1991;Silverstein et al., 523 

1997;Galigniana et al., 2002;Hinds, Jr. and Sanchez, 2008)(Fig. 7G).      524 

 525 

Geldanamycin treatment resulted in loss of the Dex ligand-dependent GR Ser211 526 

phosphorylation.  However NSG-liganded GR was not dephosphorylated under the 527 

same conditions, implying altered recruitment of PP5.  PP5 also associates with 528 

HSP90 as part of the chaperone complex (Silverstein et al., 1997;Hinds, Jr. et al., 529 

2008) (Fig. 7G), and contains a peptidylprolyl isomerase domain that is capable of  530 

dynein interaction and therefore forming a bridge between the GR and the nuclear 531 

export machinery (DeFranco et al., 1991;Galigniana et al., 2002)(Fig. 7G).  532 

Therefore, as PP5 has been implicated in the nuclear export of the GR, the lack of 533 

dephosphorylation seen with NSG treatment is compatible with a broader change in 534 

protein recruitment with the NSG ligands.  Interestingly, it was also observed that 535 

NSG treatment preserved GR protein expression compared with Dex treatment. This 536 

would further suggest that the conformation adopted by GR following NSG binding 537 

decouples protein recruitment required for terminating the GR transcriptional signal 538 

(Nawaz and O'Malley, 2004)(Fig 7G).     539 

 540 

In conclusion we have identified two NSGs that bind to GR with high specificity but 541 

paradoxically result in profoundly slowed kinetics of cellular response. Analysis of 542 

the structural effects of these NSGs bound to GR suggests a change to the GR surface, 543 

through the movement of Arg611 in the ligand binding pocket of the GR, resulting in 544 

an alteration in the GR surface charge. The change in electrostatic charge is close to 545 

the known binding site for HSP90, and co-modulator proteins. This alteration carries 546 

with it the consequence of delayed GR phosphorylation and nuclear translocation, 547 
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which in turn results in delayed early Gc target gene regulation. The ability to 548 

manipulate the kinetics of GR activation by designing novel NSGs has implications 549 

for therapy, by targeting cellular pharmacodynamics rather than organismal 550 

pharmacokinetics.         551 
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Figure legends 773 
 774 

Fig. 1: GSK47867A and GSK47869A are highly potent GR agonists. 775 
Structure of steroidal and non steroidal Gc (A). HeLa cells were transfected with a 776 

positive GR reporter gene (TAT3-luc) (B) or with a glucocorticoid repressed NFκB 777 

reporter gene (NRE-luc) (C). Twenty four hours post-transfection, NRE-Luc 778 

transfected cells were pre-treated with TNF  (0.5 ng/ml) for thirty minutes. 779 

Subsequently all transfected cells were treated with 0.01-1000 nM Dex, 780 

Hydrocortisone (HC), GSK47867A [67A] or GSK47869A [69A] for eighteen hours 781 

then lysed and subjected to analysis by luciferase assay. Graph (mean ± SD) show the 782 

relative light units (RLU) (B) or % inhibition (C) from one of three representative 783 

experiments performed in triplicate.  784 

 785 

Fig. 2: Dex and GSK47867A binding induces different GR LBD structure. 786 
Comparison of the crystal structures of the GR LBD bound to Dex (A, purple) and 787 

GSK47867A [67A] (B, blue). The residues in the binding pocket that show significant 788 

movement upon 67A binding are highlighted in yellow.  When 67A binds to the GR 789 

LBD the head region causes movement of residues Gln570, Met604 and Arg611 (D) 790 

when compared to Dex (C).   791 

 792 

Fig. 3: GR LBD surface charge is altered by GSK47867A binding.  793 
The region of the GR LBD surface where residues Gln570, Met604 and Arg611 are 794 

exposed is highlighted (A, with Dex in purple and C, GSK47867A [67A] in blue).  A 795 

close up of this region is shown with an electrostatic charge map (B, D) reveals the 796 

creation of a patch of positive surface charge due to the movement of Arg611 upon 797 

67A binding.  798 

 799 

Fig. 4: GSK47867A and GSK47869A induce slow kinetics of GR activation.  800 
HeLa cells were treated with DMSO vehicle, 100 nM Dex, 3 nM GSK47867A [67A] 801 

or 3 nM GSK47869A [69A] for one, four or twenty four hours then lysed and RNA 802 

extracted using an RNeasy kit. RNA was reverse transcribed and subjected to qPCR 803 

of FKBP5 (A) and GILZ (B) using Sybr Green detection in an ABI q-PCR machine 804 

and data analysed by δδ CT method. Graphs (mean ± SEM) combine data from three 805 

separate experiments and display fold change over vehicle treated control. Following 806 

transfection with HaloTag-GR HeLa cells were incubated with 100 nM Dex, 3 nM 807 

FP, 3 nM 67A or 69A. (C) Cells were imaged in real time at 37
o
C to determine the 808 

subcellular localisation of the GR (white) at the times indicated. Scale bar, 25m. 809 

Images are representative of three independent experiments. (D) HeLa cells 810 

transfected with a TAT3-Luc reporter plasmid were treated with 100 nM Dex, 3 nM 811 

FP, 3 nM 67A or 69A for up to twenty four hours. The production of luciferase was 812 

tracked by measuring the relative light units (RLU) emitted from each sample, graph 813 

D tracks RLU production over the first five hours following addition of treatment. 814 

Graph is representative of three separate experiments. The time taken to reach half the 815 

maximal light output was measured for all treatments (E). Statistical significance was 816 

evaluated by one way ANOVA followed by Tukey post-test. Asterisks indicate: *p < 817 

0.005 significantly different from control, **p  < 0.001 significantly different from 818 

Dex.  819 

 820 

Fig. 5: GSK47867A and GSK47869A rapidly accumulate in cells.  821 
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A549 cells were treated with 10 M Dex, FP, GSK47867A [67A] or GSK47869A 822 

[69A] for ten minutes and subsequently washed and lysed. The cell samples were 823 

analysed for ligand uptake by mass spectrometry (A). HeLa cells were treated with 824 

DMSO vehicle, 100 nM Dex, 3 nM 67A or 3 nM 69A either for four hours or for ten 825 

minutes followed by washout and cultured in ligand free media for four hours. 826 

Subsequently cells were lysed and RNA extracted using an RNeasy kit. RNA was 827 

reverse transcribed and subjected to qPCR of GILZ (B), FKBP5 (C) and IGFBP1 (D) 828 

using Sybr Green detection in an ABI q-PCR machine and data analysed by δδ CT 829 

method. Graphs (mean ± SEM) combine data from three separate experiments and 830 

display percentage induction compared to equivalent four hour constant treatment. 831 

Following transfection with HaloTag-GR HeLa cells were placed on ice for ten 832 

minutes and subsequently incubated with 100 nM Dex, 3 nM FP, 3 nM 67A or 69A 833 

for one hour on ice. Following treatment cells were imaged in real time at 37
o
C to 834 

determine the subcellular localisation of the GR (white, E). Scale bar, 25m. Graph F 835 

displays average time to exclusively nuclear GR following 1 hour with ligand on ice, 836 

calculated from three separate experiments. Statistical significance was evaluated by 837 

one way ANOVA followed by Tukey post-test. Asterisks indicate: *p < 0.001 838 

significantly different from Dex.  839 

 840 

Fig. 6: Mutation of Met604 in GR-LBD impairs HSP90-GR interaction and 841 

microtubule stability regulates GR translocation. 842 
(A) The ribbon structure of the GR LBD bound to Dex. The residues highlighted in 843 

yellow were identified by Ricketson et al as important for GR and HSP90 interaction. 844 

The region of the GR LBD surface where the NSGs cause an alteration in surface 845 

charge is shown in panel B. The region of the GR LBD surface where Met604 is 846 

exposed is highlighted in panel C in yellow. This area overlaps the region identified 847 

as having altered surface charge upon binding NSG, supporting the lack of HSP90 848 

engagement with NSG treatment. (D) Untreated HeLa cells with GFP labelled 849 

microtubules. Incubation for 1 hour with 2 M colcemid disrupts the microtubule 850 

network (E). Following transfection with a halo tagged GR, Hela cells were incubated 851 

with 2 M Colcemid for 1 hour then subsequently co treated with 100 nM 852 

Dexamethasone, 3 nM FP, GSK47867A [67A] or GSK47869A (F). Cells were 853 

imaged in real time and analysed for subcellular localisation of the GR (white). Scale 854 

bar, 25m. Graph G shows the average time to exclusively nuclear GR. Statistical 855 

significance was evaluated by one way ANOVA followed by Tukey post-test. 856 

Asterisks indicate: * p <0.005 significantly different from treatment without colcemid  857 

 858 

Fig. 7: Antagonism of HSP90 has less impact on the activity of NSG ligands   859 
HeLa cells transfected with a TAT3-Luc reporter plasmid were treated with 100 nM 860 

Dex, 3 nM GSK47867A [67A] or 3 nM GSK47869A [69A] for twenty four hours. 861 

Subsequently cells were either co treated with 10 mM geldanamycin (D) or washed 862 

and placed in serum free recording media (A) for a further twenty four hours. The 863 

production of luciferase was tracked by measuring the relative light units (RLU) 864 

emitted from each sample. Graphs tracks RLU production for twenty four hours 865 

following GA addition or ligand removal. Graphs are representative of three separate 866 

experiments. HeLa cells were treated with DMSO vehicle, 100 nM Dex, 3 nM FP, 867 

3nM 67A or 3 nM 69A for twenty four hours or one hour followed by washes and 868 

then cultured in ligand free media for twenty four hours. Subsequently cells were 869 

lysed and RNA extracted using an RNeasy kit. RNA was reverse transcribed and 870 

subjected to qPCR of GILZ (B) and FKBP5 (C) using Sybr Green detection in an ABI 871 
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q-PCR machine and data analysed by δδ CT method. Graphs (mean ± SEM) combine 872 

data from three separate experiments and display percentage induction compared to 873 

equivalent twenty four hour constant treatment. HeLa cells were treated with 100 nM 874 

Dex, 3 nM 67A or 69A for 2 hours and then co treated with 10 mM GA for a further 875 

two hours (E) or twenty two hours (F), where a constant four hour or twenty four hour 876 

treatment was used as a comparison. Following incubation with treatments cells were 877 

lysed in RIPA buffer containing phosphatase and protease inhibitors and analysed by 878 

immunoblotting for GR abundance and GR ser 211 phosphorylation. -Tubulin was 879 

used as a loading control. Mechanism of GR action (G). Upon binding Gc (1) the GR 880 

interacts with the translocation machinery enabling nuclear import (2). In the nucleus 881 

GR binds to cis-elements to activate or repress target gene expression (3). The GR 882 

undergoes dynamic cycles of dissociation, and re-binding of ligand, which occurs in a 883 

HSP90 dependent manner (4). Interaction with PP5 facilitates nuclear export of the 884 

GR (5) enabling it to be recycled or targeted for degradation by the proteasome (6). 885 

Statistical significance was evaluated by one way ANOVA followed by Tukey post-886 

test. Asterisks indicate: *p < 0.01 significantly different from both Dex and FP.  887 
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Dex 67A 69A 

Average EC50 6.26 0.29 0.28 

StDev +/-  3.8 +/- 0.13 +/- 0.06 

10x (EC50+StDev) 100nM 3nM 3nM 

Table 1 
Table 1: Saturating concentration of ligands calculated from EC50.  
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