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Abstract

Membrane association of estrogen receptors (ER) depends on cysteine palmitoylation and two 

leucines in the ligand binding domain (LBD), conserved in most steroid receptors. The role of this 

region, corresponding to helix 8 of the glucocorticoid receptor (GR) LBD, on membrane 

association of GR was studied in 4B cells, expressing endogenous GR, and Cos-7 cells transfected 

EGFP-GR constructs. 4B cells preloaded with radiolabeled palmitic acid showed no radioactivity 

incorporation into immunoprecipitated GR. Moreover, mutation C683A (corresponding to ER 

palmitoylation site) did not affect corticosterone-induced membrane association of GR. Mutations 

L687-690A, L682A, E680G and K685G, prevented membrane and also nuclear localization 

through reduced ligand binding. L687-690A mutation decreased association of GR with heat 

shock protein 90 and transcriptional activity, without overt effects on receptor protein stability. 

The data demonstrate that palmitoylation does not mediate membrane association of GR, but that 

the region 680-690 (helix 8), is critical for ligand binding and receptor function.
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1. INTRODUCTION

Adrenal glucocorticoids, the end product of hypothalamic pituitary adrenal axis activation, 

are critical for normal metabolic activity and stress adaptation. Glucocorticoids exert their 

effects by binding to intracellular receptors belonging to the nuclear receptor family. In 
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basal conditions Glucocorticoid receptors (GR) are associated with heat shock protein 90 

(HSP90), within a protein complex in the cytoplasm. Upon ligand binding, GR and other 

proteins in the scaffolding complex translocate to the nucleus where GR regulates gene 

transcription (Dean et al. 2001; Zanchi et al. 2010; Vandevyver et al. 2013). Although 

changes in transcription are rapid, the biological actions of glucocorticoids require time for 

protein synthesis and can take hours following GR activation by the ligand (Jensen 2005; 

O’Malley 2005). However, some effects of glucocorticoids, including negative feedback on 

HPA axis activity, are too rapid (i.e. within minutes) to be attributed to the classical genomic 

actions (Losel et al. 2003; Watson & Gametchu 2003; Norman et al. 2004; Acconcia et al. 

2005).

Several mechanisms have been postulated to explain non-genomic effects of 

glucocorticoids, including non-specific interaction of the ligand with membrane proteins, a 

yet unidentified plasma membrane receptor, and non-genomic effects mediated by the 

classical GR (Orchinik et al. 1991; Gametchu et al. 1999; Song & Buttgereit 2006; 

Roozendaal et al. 2010; Stojadinovic et al. 2013). Consistent with the latter, 

immunohistochemical studies have shown GR association to the plasma membrane (Liposits 

& Bohn 1993; Johnson et al. 2005; Komatsuzaki et al. 2005; Samarasinghe et al. 2011). In 

recent western blot studies we have demonstrated rapid association and dissociation of irGR 

to membrane fractions, with kinetics that parallel rapid inhibition of ACTH release by low 

physiological levels of the natural glucocorticoid, corticosterone, in perifused rat anterior 

pituitary cells (Deng et al. 2014). There is evidence that the estrogen receptor (ER) can 

associate with the plasma membrane through palmitoylation of cysteine 447, and the 

participation of two leucines at positions 453 and 454 (Pedram et al. 2007). Interestingly, 

this sequence is highly conserved for a number of nuclear receptors, including human and 

rat GR (Marino et al. 2006).

The aim of this study is to test the hypothesis that this conserved region plays a role in the 

mechanism of membrane association of GR. We used the hypothalamic cell line 4B, which 

contains endogenous GR, and Cos-7 cells transfected with wild type and mutant GR 

constructs to examine the role of cysteine 683 palmitoylation and the leucine repeat 687 to 

690 on membrane association of GR.

2. MATERIALS AND METHODS

2.1 Constructs

An amino terminus fusion construct of the rat GR with EGFP (EGFP-GR) was created by 

cloning the entire coding sequence of the rat GR, into the BamH1 and XhoI sites of pEGFP-

C1 (Addgene, Cambridge, MA). A 4686 bp DNA fragment encoding the GR was obtained 

by PCR using cDNA from the rat hypothalamic cell line 4B and the following primers with 

added BamH1 and XhoI ends: forward, 

5′GAGGCGAAAGGGTGGCTCTGTGTAGCACTG3′; reverse, 

5′AGCAAATATAAGGCAGCAAGCAGGTTAAGC 3′. The wild type GR construct, 

pSG5/GR, was kindly provided by Dr Stoney Simons (NIDDK, NIH). The mutant EGFP-

GR constructs shown in Table 1, were created by site directed mutagenesis (Epoch Life 

Science, Missouri City, Texas). The ability of GR to exert positive regulation of gene 
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expression was studied by examining the effect of 10nM corticosterone on luciferase 

activity driven by a tyrosine kinase promoter containing a glucocorticoid responsive element 

(GRE-TK), also provided by Dr Stoney Simons, NIDDK, NIH).

2.2 Cell culture and transfections

The rat hypothalamic cell line 4B (provided by Dr. John Kasckow, VA Pittsburgh Health 

Care System, Pittsburgh, PA) which expresses endogenous GR was used to examine GR 

trafficking and GR palmitoylation. Cells were cultured in DMEM (Invitrogen, Carlsbad, 

CA) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml 

streptomycin (Invitrogen). Aliquots of 5 million cells were transfected with 5 μg of empty 

plasmid, pEGFP-C1, or the constructs mentioned above by electroporation using a 

Nucleofector (Lonza Walkersville, Inc., Walkersville, MD) and Amaxa Cell Line 

Nucleofector Kit V (Lonza). After transfection, cells were resuspended in DMEM 

containing 10% fetal bovine serum and plated into 60cm2 tissue culture dishes (Falcon) at a 

density of 33,000/cm2 for western blotting, or immunoprecipitation. Experiments were 

performed 24 h after transfection when cells reached approximately 90% confluence.

Cos 7 cells (purchased from American Tissue Culture Collection, Manassas, VA), which 

have negligible endogenous GR were used for assessing biological activity of GR mutants in 

reporter gene assays and ligand binding assays. Cells were cultured in DMEM (Invitrogen, 

Carlsbad, CA) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 

μg/ml streptomycin (Invitrogen). Aliquots containing 5 million cells were transfected with 

5μg EGFP-GR wild type or mutant constructs by electroporation using a Nucleofector 

(Lonza Walkersville, Inc., Walkersville, MD) and Kit R (Lonza) and program W-001. Cells 

were plated in 24-well plates, 200,000 cells/well for luciferase activity and 15 cm culture 

dishes, 5 million cells per dish for binding assays.

2.3 Palmitic acid incorporation into GR

Cells were labeled with [3H]- or [14C]-palmitic acid (0.5 mCi/ml) for 4 h before 30 min 

treatment with 10nM corticosterone or vehicle. Cytoplasmic and membrane fractions were 

obtained using kit reagents from Pierce Subcellular fractionation kit (Life Technologies, 

Grand Island, NY). Five hundred μl aliquots containing 500–1000 μg of protein were 

subjected to immunoprecipation using 10 μg of rabbit polyclonal antibody, anti-GR H300, 

Santa Cruz Biotechnology, Santa Cruz, CA. After separation of immunoprecipitated proteins 

using protein A/G Dynabeads, pellets were resuspended in 30μl of SDS loading buffer, and 

aliquots used for counting radioactivity in a liquid scintillation counter (5 μl), western blot 

analysis (5 μl) and the rest (20 μl) was separated in a 10% Tris-glycine gel followed by film 

exposure for up to 120 days.

2.4 Western blot

Twenty μg of total cytoplasmic, membrane or nuclear proteins, or 20 μl of GR-

immunoprecipited proteins, were subjected to SDS-PAGE on 10% tricine-glycine gels and 

transferred onto polyvinyl difluoride membranes (Millipore). After blocking nonspecific 

protein-binding sites by incubation for 1 h at room temperature in 50 mM Tris-HCl (pH 8), 

150 mM NaCl and 0.1% Tween 20 (TBST) containing 5% nonfat dry milk, membranes 
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were incubated overnight with anti GR antibody (Rabbit polyclonal, 1:1000, H-300, Santa 

Cruz Biotechnology), or anti-HSP90 (rabbit polyclonal, 1:1000, Cell Signaling #4874, or 

mouse monoclonal, AC-16, 1:1000, Santa Cruz Biotechnology). After washing in TBST 3 × 

for 5 min, membranes were incubated for 1 h at room temperature with the second antibody 

in 5% nonfat dry milk in TBST. The specific complexes were detected using the enhanced 

chemiluminescence (ECL) system from GE health. After film exposure, blots were stripped 

and assayed for HDAC1 (Goat polyclonal, 1:1000, Santa Cruz) in the nucleus pan-cadherin 

(Mouse polyclonal, 1:5000, Abcam, Cambridge, MA) for membrane and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) (Goat polyclonal, 1:1000, Santa Cruz) for cytoplasm as 

loading controls. In some experiments in transfected cells membranes were exposed to anti-

GFP (Rabbit polyclonal, 1:1000, Santa Cruz sc-8334) as control for the EGFP-GR band.

2.4 Luciferase activity

Eighteen hours after transfection with wild type and mutant constructs, Cos-7 cells were 

cultured overnight in medium supplemented with 10% stripped fetal bovine serum, washed 

with PBS and preincubated in serum free medium (0.1% BSA) for 2h before addition of 10 

nM or 1 μM corticosterone. After 6h incubation and removal of the medium, cells were 

lysed by addition of 100 μl of passive lysis buffer (Promega, Madison, WI). Luciferase 

activity was measured using the Dual Luciferase System (Promega, Madison, Wisconsin), as 

previously described (Liu et al. 2008).

2.5 Binding of [3H]dexamethasone to cytosolic proteins

COS-7 cells transfected with the different constructs were collected in 1.5 ml 

microcentrifuge tubes, pelleted and resuspended in 150μl of binding buffer, containing 25 

mM Tris (pH 7.4),1mM EDTA, 20mM NaMoO4, 10% glycerol, 5mM DTT, and protease 

inhibitor cocktail. After freezing and thawing three times, cells were homogenized by 

sonication for 30 seconds at the high setting in a Bioruptor (Diogenode, Denville, NJ), and 

centrifuged for 30 minutes at 100,000 × g in an Airfuge (Beckman Coulter, Indianapolis, 

IN). Aliquots containing 10 to 20 μg of protein were incubated with 25 to 100nM [3H]-

dexamethasone in a total volume of 50 μl, for 2.5 h. Bound radioactivity was separated from 

free ligand by addition of 7 mg of dextran activated charcoal. Forty μl of supernatant 

containing bound radioactivity were counted in a liquid scintillation counter. The remaining 

cytosolic proteins were run through Zeba Desalt Spin Columns (Thermo Scientific, 

Rockford, IL) for determination of protein concentration using the bicinchoninic acid (BCA) 

method (Life Technologies, Pierce, Grand Island, NY). Bound disintegrations per minute 

(dpm) were corrected by the concentration of cytosolic GR measured by western blot.

2.6 Confocal microscopy imaging

4B cells plated on coverslips were transfected with EGFP-GR constructs and the nuclear 

marker H2B-mCherry using Lipofectamine 2000 and cultured for 18h in standard 

conditions, before incubating in medium supplemented with stripped serum overnight. Cells 

were then washed and preincubated in medium with 0.1% BSA before addition of 

corticosterone at concentrations from 10nM to 1 μM. After 30 minute incubation, cells were 

fixed for 14 minutes with 4% formaldehyde, washed with PBS, treated 2 × 5min with 30mM 
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glycine to quench fixation, and washed again with PBS for imaging. Images composed of 13 

slices (with a 0.3 μm step size) were acquired using a Nikon spinning disc microscope. 

Nuclear translocation of EGFP-GR constructs was assessed by the co-localization of EGFP-

GR and H2B-mCherry in 10 or more cells for each condition. The Pearson Correlation 

Coefficient was used to quantify the colocalization of the two signals in each z-stack image.

2.7 Statistics

Data are represented as mean ± SEM from the values in the number of observations 

indicated in the text and legend to the figures. The statistical significance of the differences 

between groups was determined by one- or two-way ANOVA followed by Fisher protected 

least-significant difference post hoc test unless specified in Results or figure legends. 

Statistical significance was set at P < 0.05.

3. RESULTS

3.1 Palmitoylation does not mediate membrane association of GR in 4B cells

BLAST analysis of the ER region responsible for membrane association confirmed a high 

homology with other steroid receptors (Table 2). This region comprises helix 8 of the GR 

and it is identical across the species, including human, rat, mouse, ovine, bovine, rabbit, 

guinea pig, chicken, squirrel monkey and wild boar (Table 2). Computer analysis of cysteine 

palmitoylation probabilities of the amino acid sequences of GR using the program CSS-

Palm 3.0 (freely available at http://csspalm.biocuckoo.org/archive/prediction, (Ren et al. 

2008), revealed 4 potential palmitoylation sites at cysteines 169, 656, 683 and 754 (Table 3). 

The highest score (1.29) was found for cysteine 683, located within the conserved sequence 

corresponding to the palmitoylation site of the estrogen receptor (Table 2). Analysis of the 

ER sequence, under the same parameters, showed a single potential palmitoylation site, 

corresponding to cysteine 447, with a score of 2.97. This suggests that cysteine 683 is a 

potential palmitoylation site for the GR though with lower possibility than the equivalent 

site in ER.

To determine whether the GR can be palmitoylated, we examined the incorporation of 

tritiated palmitic acid into GR in 4B cells, which express endogenous GR. Western blot 

analysis of cytoplasmic and membrane protein fractions of 4B cells preloaded with tritiated 

palmitic acid before immunoprecipitation revealed the expected 90 kDa band corresponding 

to immunoreactive GR. Consistent with observations in unlabeled cells (Deng Q. et al. 

2014) there were converse changes in irGR content following 30 min incubation of the cells 

with 10 nM corticosterone, with a decrease in cytosol and an increase in membrane protein 

fractions (Figure 1-A). Western blot in protein aliquots after immunoprecipitation with GR 

antibody showed marked irGR bands in cytoplasm and membranes (Fig 1-B). No beta actin 

or pan cadherin bands were detected after GR immunoprecipitation (not shown). 

Measurement of radioactivity in aliquots of total cytoplasmic and membrane proteins 

showed marked incorporation of palmitic acid into proteins (Fig, 1-C). However, no [3H] 

counts above background were found in aliquots of the immunoprecipitation products. The 

table in Fig 1-C shows the amount of incorporated [3H]-palmitic acid in cytoplasm and 

membrane proteins of 4B cells in total protein fractions and after GR immunoprecipitation. 
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Thirty min incubation with corticosterone had no effect on the amount of radioactivity 

incorporated into proteins. Similar negative results were found using 4B cells preloaded with 

[14C]-labeled palmitic acid (not shown). Consistent with the absence of radioactivity over 

background absence of autoradiographic band, in two experiments using [3H]-labeled 

palmitic acid, film exposure for 60 or 120 days of electrophoresis gels of 

immunoprecipitated GR revealed no specific bands corresponding to palmitoylated proteins 

(not shown).

3.2 Conserved cysteine 683 does not influence membrane association of GR

The role of cysteine 683 on membrane association of GR was examined in cells transfected 

with EGFP-GR constructs, wild type or bearing a C683A mutation. As shown in Figure 2-A, 

western blot analysis with the anti-GR antibody, GR H-300, showed two bands, a 90 kDa 

band corresponding to the endogenous GR and a ~120k Da band corresponding to the 

product of the transfected EGFP-GR constructs. A single band in the same position was 

present after reblotting of the membrane with GFP antibody (Fig 2-A). The endogenous GR 

band shows the typical translocation to nucleus and membrane following incubation of the 

cells for 30 minutes with 10nM corticosterone Fig 2-A, B and C). Similar increases in 

nuclear and membrane GR following incubation with corticosterone were observed in the 

higher molecular weight band corresponding to the transfected with EGFP-GR (wild type) 

or EGFP-GRC683A mutant constructs, indicating that cysteine 683 is not involved on GR 

trafficking (Fig 2-A, D and E). Since in addition to the palmitoylated cysteine 447, leucines 

453 and 454 have been shown to be necessary for membrane association of the human ER, 

we examined the effect of C683A with additional mutations L687-690A (EGFP-GR C683A/

L687-690A) on membrane association of the GR. Western blot for GR in cells transfected 

with EGFP-GR C683A/L687-690A showed the expected nuclear (8.7 ± 1.9 fold) and 

membrane (2.7 ± 0.7 fold) translocation of the 90 kDa band corresponding to the 

endogenous GR after incubation of the cells with 10 nM corticosterone (Fig 2-A, B and C). 

However, corticosterone treatment had no effect on the intensity of the 120 kDa band 

corresponding to EGFP-GR C683A/L687-690A in either membrane or nuclear proteins, 

suggesting that the leucine repeat is essential for GR trafficking (Figure 2-A, D and E).

To confirm the western blot results, we used confocal microscope to visualize 4B cells 

transfected with wild type and mutant constructs. As shown in Fig 3, under basal conditions 

EGFP fluorescence was present predominantly in the cytoplasm. Consistent with the 

western blot results after 30 min incubation with 10 nM corticosterone most of the 

fluorescence was found in the nucleus in cells transfected with the wild type and EGFP-GR 

C683A constructs but no nuclear translocation was observed in cells transfected with EGFP-

GR C683A/L687-690A. Using fixed- and live-cell spinning disk microscopy, as well as 

Total Internal Reflection Flourescence (TIRF) microscopy no increases in EGFP-GR 

fluorescence were observed on the membrane either in basal conditions or after 

corticosterone exposure (not shown).
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3.3 Leucine repeat 687-690 is essential for transcriptional activity and association with 
HSP-90

Reporter gene assays conducted in Cos-7 cells (which express little endogenous GR) co-

transfected with a GRE-luciferase reporter gene and GR expression vectors showed that the 

fusion protein EGFP-GR has similar basal and glucocorticoid-stimulated luciferase activity 

to the non-EGFP tagged construct (Fig 4-A). When compared with cells transfected with the 

wild type EGFP-GR, mutations EGFP-GR C683A, EGFP-GR C683A/L687-690A or EGFP-

GR L687-690A had no significant effect on basal GRE-driven luciferase activity (Fig 4-B). 

Exposure to corticosterone increased luciferase activity 2.2 ± 0.2-fold over basal values in 

cells transfected with the wild type EGFP-GR construct. A similar increase of 1.9 ± 0.1-fold 

over the respective basal, p<0.01, was observed for the C683A mutation. However, in 

keeping with the lack of nuclear translocation, 10nM corticosterone failed to stimulate 

luciferase activity in cells transfected with EGFP-GR C683A/L687-690A or EGFP-GR 

L687-690A (Fig 4-B).

To determine whether the leucine repeat influences the association of GR with the 

scaffolding protein, HSP90, we performed co-immunoprecipitation of GR and HSP90 in 

Cos-7 cells transfected with EGFP-GR wild type and mutant constructs. Western blot 

analysis of HSP90 immunoprecipitated with anti-GR antibody showed bands corresponding 

to the molecular size of HSP90 of similar intensity in cells transfected with wild type EGFP-

GR and EGFP-GR C683A, and a much weaker band in cells transfected with EGFP-GR 

C683A/L687-690 (Fig 5). Western blot for GR after stripping the membranes showed bands 

corresponding to GR of similar magnitude in cells transfected with either one of the 3 

constructs. The bar graph shows the HSP90 co-immunoprecipitated with GR (expressed as 

HSP90/GR ratio) in 3 experiments. No significant change in HSP90/GR ratio was observed 

in cells transfected with C683A compared with cells transfected with the wild type EGFP-

GR. In contrast, a marked decrease of 62.7 ± 3.0% (p<0.001) was observed in cells 

transfected with EGFP-GR C683A/L677-690A (Fig 5).

3.4 Dose response for corticosterone-induced GR translocation in wild type and mutant 
GR

To determine the relative importance of different amino acids within the conserved sequence 

containing C683 and the leucine repeat on GR trafficking, we created additional EGFP-GR 

constructs with mutations in selected amino acids within the region and examined nuclear 

trafficking by confocal microscopy. 4B cells co-transfected with different EGFP-GR 

constructs and the nuclear marker H2B-mCherry were treated with increasing concentrations 

of corticosterone (10nm to 1μM) for 30 min before processing for imaging. The Pearson’s 

Correlation Coefficient of the two signals was used to measure the degree of GR nuclear 

translocation. As shown in Fig 6, 10 nM corticosterone is sufficient for full nuclear 

translocation of the GR. Consistent with western blot results, mutation of the 4-leucines, 

687–690, completely impaired nuclear translocation of the GR following corticosterone 

exposure, even at the highest concentration of 1 μM. Mutation of single leucines in the 

repeat, with exception of L690, decreased the sensitivity to corticosterone, with nuclear 

localization becoming apparent with 100 nM corticosterone. As seen in the Figure, 

corticosterone-induced nuclear localization and the Pearson’s Coefficient for EGFP-GR 
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L690A was no different from the wild type EGFP-GR. However, L690A mutation 

synergized the inhibitory effect of the other leucines in the repeat since the double mutation 

EGFP-GR L688-690A showed nuclear trafficking impairment similar to that of EGFP-GR 

L687-690A. The double mutant EGFP-GR C683A/L687-688A showed nuclear localization 

with 1 μM corticosterone. Other amino acids tested outside the leucine repeat also affected 

sensitivity to corticosterone. Mutation of L682A showed nuclear localization only with 1 

μM corticosterone, while mutations of lysine 685 to glycine (EGFP-GR K685G) or glutamic 

acid 680 to glycine (EGFP-GR E680G) were completely unresponsive to corticosterone. 

Mutation of serine 692 to glycine (EGFP-GR S692G) showed responses to corticosterone 

similar to the wild type receptor (Fig 6).

3.5 Leucine repeat 687-690 is essential for GR ligand binding

To determine whether the impaired GR trafficking following mutations in the leucine repeat 

region is due to altered ligand binding, we measured [3H]-dexamethasone binding to cytosol 

of Cos-7 cells transfected with the different constructs. Using a single ligand concentration 

(50nM), binding was negligible in Cos-7 cells transfected with the empty EGFP vector 

compared with cell transfected with EGFP-GR (0.1 ± 0.03 and 4.1 ± 0.2 nM/mg protein, 

respectively). As seen in Fig 7-A, mutation of the 4 leucines 687–690 to alanine, with or 

without mutation of cysteine 683 completely abolished [3H]-dexamethasone binding with 

100.9 ± 0.6% and 99.5 ± 0.7% inhibition, respectively. Almost complete reduction in [3H]-

dexamethasone binding of 92.8 ± 1.5% and 89.6 ± 0.7% was also observed for the paired 

leucine mutations, EGFP-GR L687-688A and EGFP-GR L689-690 A, respectively. 

Mutations of leucine 682, lysine 685 or glutamic acid 680 also markedly decreased [3H]-

dexamethasone binding by 81.8±5.7%, 90.9 ± 2.0% and 96.9 ± 0.5%,, respectively, while 

mutation of serine 692 had no effect.

To determine whether the changes in ligand binding observed for the mutant GR was due to 

changes in receptor number or affinity we measured binding for some of the constructs 

using concentrations of ligand from 10 to 300 nM. As shown in Fig 7-B, binding in cytosol 

from cells transfected with the wild type EGFP-GR or EGFP-GR L690A had already 

reached a plateau with 10 nM dexamethasone. In contrast, binding remained almost 

undetectable with all ligand concentrations in cells transfected with EGFP-GR L687-690A. 

In cells transfected with EGFP-GR L687A and double leucine mutations, binding increased 

with the higher ligand concentration suggesting a decrease in receptor affinity.

As shown in Fig 8, there was a strong positive relationship between ligand binding and the 

ability of corticosterone to induce nuclear translocation of the different GR mutants. 

Correlation analysis between [3H]-dexamethasone binding and Pearson’s coefficients for 

nuclear localization of GR with 100nM corticosterone for each of the EGFP-GR wild type 

and mutant constructs showed a positive correlation between both parameters (R=0.9).

4. DISCUSSION

The aim of the present study was to determine whether, as for the ER, cysteine 

palmitoylation in conjunction with a leucine repeat located in a conserved region of the 

ligand binding domain mediates membrane association of the GR. The data demonstrate that 
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in spite of the sequence homology of this region with the ER, the GR does not undergo 

palmitoylation, and that the equivalent cysteine (positions 683 and 665, for rat and human 

GR, respectively) is not required for GR function. However, the study demonstrates that the 

leucine repeat and other amino acids within the conserved region between glutamate 678 

and leucine 690 for the rat GR, corresponding to helix 8 of the ligand binding domain, is 

critical for GR ligand binding.

The present demonstration that immunoreactive GR is present in membrane protein fractions 

by western blot is consistent with previous observations in our laboratory (Deng Q. et al. 

2014) and with reports showing immunoreactive GR in the membrane by 

immunohistochemistry (Liposits & Bohn 1993; Johnson et al. 2005; Komatsuzaki et al. 

2005; Samarasinghe et al. 2011). Moreover, the consistent increase in immunoreactive GR 

in the membrane following exposure of the cells to basal concentrations of the natural 

glucocorticoid, corticosterone, suggests that membrane association of the GR is a ligand-

dependent dynamic process with potential physiological significance. The absence of 

nuclear markers in the membrane protein fractions indicates that the increase in 

immunoreactive GR in membrane proteins does not reflect contamination with nuclear 

proteins. The commonly used cytoplasmic markers, including beta actin and GAPDH, are 

not exclusive for cytosol (Hoock et al. 1991; Raje et al. 2007). Although an extra washing 

step was introduced in the membrane preparation procedure to minimize cross-

contamination of the fractions, the presence of some cytosolic contamination in membrane 

fractions cannot be ruled out. However, this is unlikely since cytoplasmic and membrane GR 

consistently underwent converse changes following corticosterone treatment.

In spite of the clear ligand-induced increase in endogenous GR in membrane fractions by 

western blot, the imaging studies failed to detect EGFP fluorescence at the cell membrane. 

Consistent with previous reports, the amino terminus fusion protein EGFP-GR exhibited 

similar dexamethasone binding, binding to HSP90, glucocorticoid induced nuclear 

translocation and transcriptional activity compared with the non-EGFP tagged receptor. 

EGFP-GR also showed ligand induced membrane association as shown by the higher 

molecular weight band in the western blot detected with both GR and GFP antibodies. 

Several reasons could be considered for the lack of visualization of fluorescent EGFP-GR by 

confocal microscopy. It is known that different sample preparation and fixation methods can 

greatly influence protein visualization by immunodetection. However, equal lack of 

membrane localization, was seen in live-cell imaging experiments (not shown). A possible 

factor to be considered is the relative lower abundance of GR in membrane fractions 

compared with the cytoplasmic and nuclear GR. In addition, the western blot also shows that 

the amount of EGFP-GR on the membrane is less than endogenous GR. Thus, it is possible 

that preferential association of endogenous GR with the membrane prevents a robust 

membrane localization of EGFP-GR. Lastly, the membrane fraction is by no means a plasma 

membrane preparation. Although not fully investigated in this study, it is possible that GR 

localizes to another membrane compartment other than the plasma membrane. Such 

localization would be even more difficult to image in the setting of high cytoplasmic signal.

The lack of radiolabeled palmitic acid incorporation into protein fractions 

immunoprecipitated with GR antibody demonstrates that, in contrast to ER, the GR does not 
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undergo palmitoylation. The expression of S-palmitoyltransferase in 4B cells was not 

measured, but the marked labeling of total proteins in these experiments suggests that 

mechanisms required for palmitoylation exists in these cells. There is no consensus sequence 

for cysteine palmitoylation and the prediction algorithm in CSS-Palm is based on the 

comparison of the sequence context of each cysteine in a given sequence, e.g., GR or ER, 

with 263 peptides experimentally proven to be palmitoylated. Analysis of GR shows that the 

cysteine within the conserved region has the highest palmitoylation probability within the 

molecule. However, this was lower than that for the equivalent cysteine in the ER, which is 

known to be palmitoylated. The fact that mutation of C683A had no effect on EGFP-GR 

content in membrane protein fractions is consistent with a lack of involvement of 

palmitoylation of the conserved cysteine on membrane association of GR. These data 

indicates that in spite of the sequence homology between this conserved region in the ER 

and GR, the mechanism for membrane association of GR differs from that described for the 

ER.

Since in addition to C447 palmitoylation, membrane association of the ER requires leucines 

453 and 454, further studies were performed with EGFP-GR constructs bearing mutations of 

an equivalent four leucine repeat, L687-690A. However, the effect of the leucine repeat on 

membrane association of the GR could not be interpreted since the additional L687-690A 

mutation obliterated not only membrane but also corticosterone-induced nuclear 

translocation and transcriptional activity of the GR. Since association to the scaffolding 

protein HSP90 confers stability to the GR, the reduced association of the L687-690A mutant 

to HSP90 shown by the co-immunoprecipitation raises the possibility that an increase in 

receptor degradation contributes to the loss in receptor function. However, the similar 

protein expression for the different constructs shown by western blot and 

immunofluorescence indicates that receptor protein stability is not majorly affected. 

Interaction of GR with HSP90 involves helix 1 of the ligand binding domain (Xu et al. 

1998) and the mutations in helix 8 could destabilize the receptor association to HSP90, 

impairing complete immunoprecipitation, but still being capable to protect the receptor from 

degradation. Although not evaluated in the present study, it is possible that the leucine 

repeat mutation also affect the receptor association to other chaperone and co-chaperone 

proteins. Further analysis of individual leucines in the repeat indicated that each one 

contributes to the GR sensitivity to glucocorticoids, and that they have a synergist action in 

determining GR activity. However, the fact that mutation of other conserved amino acids 

within the region also affected nuclear translocation of GR indicates a broader participation 

of this region on receptor activity. Interestingly, mutations of leucine 690 alone, as well as 

serine 692, which are outside helix 8, have no effect on GR translocation but single 

mutations within the helix had marked effects.

Since the present amino acid mutations resulting in loss of function of GR are within the 

ligand binding domain of the GR, we sought the possibility that the mechanism leading to 

loss of function involves impaired ability of the receptor to bind glucocorticoids. A number 

of studies have demonstrated that amino acid mutations within the carboxy terminus result 

in altered ligand binding. For example, mutation of the 532–536 LXXLL motif of the human 

GR to LXXAA suppresses dexamethasone induced transcription and ligand binding, while 
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the 718–722 LXXAA mutant is fully active at high ligand concentrations (Dong et al. 2006). 

A number of additional mutations in the ligand binding domain have been shown to 

decrease or suppress ligand binding affinity (Chakraborti et al. 1991; Garabedian & 

Yamamoto 1992; Schmitt & Stunnenberg 1993; Lanz et al. 1994), for review see (Simons 

1994). On the other hand, mutant human GR with C656G or C656S have higher affinities 

than the wild type receptors (Chakraborti et al. 1991).

The present studies show a good correlation between corticosterone-induced nuclear 

translocation and [3H]-dexamethasone binding for the individual mutants, indicating that the 

loss in receptor function is due to impaired ligand binding. Although the amounts of protein 

available did not allow performing full binding curves for all mutants, the increases in 

binding with increasing ligand concentrations for L687A and double leucine mutants 

indicate that the mutations cause a decrease in binding affinity. Consistent with the inability 

to undergo nuclear translocation, mutation of the leucine repeat or single mutations of 

glutamic acid 680, leucine 682, and lysine 685, all within helix 8, completely disrupted 

ligand binding. Since the binding data were corrected by GR protein expression after 

transfection, it is unlikely that receptor stability plays a role on the altered ligand binding. 

The mechanism by which mutations within helix 8 abrogate ligand binding is not clear, 

since none of these residues have been shown to interact with the ligand and helix 8 is not 

part of the binding pocket (Dey et al. 2001; Bledsoe et al. 2002). Thus, it is likely that helix 

8 region of the GR containing the leucine repeat is important for maintaining the receptor 

conformation allowing interaction of the ligand with the binding pocket. In this regard, the 

LXXLL motifs in helixes 1 and 10 shown to affect GR binding affinity for the ligand are 

also outside the binding pocket (Dong et al. 2006). A recognized factor determining 

structural stability of the binding pocket and ligand affinity is the interaction of the GR with 

HSP90 (Morishima et al. 2000; Fuller et al. 2004; Nettles et al. 2004). Not all mutations 

were tested for HSP90 interaction but there was a marked reduction of HSP90 co-

imunoprecipitated with GR in cells transfected with the L687-690A mutant. Therefore, it is 

possible that the disrupted GR/HSP90 interaction plays a role in the altered binding affinity 

of the mutants.

5. CONCLUSIONS

The study demonstrates that the glucocorticoid receptor does not undergo palmitoylation and 

that C683 located in a conserved region of the ligand binding domain, implicated in 

membrane localization of the ER, does not influence membrane association or biological 

activity of the GR. Although the mechanisms for membrane association of the GR remain to 

be elucidated, the study provides evidence that the leucine repeat 687 to 690 and selected 

residues within helix 8 of the ligand binding domain are critical for ligand binding, and in 

consequence receptor function.
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Abbreviations

GR glucocorticoid receptor

ER estrogen receptor

LBD ligand binding domain

EGFP enhanced green fluorescent protein

DMEM Dulbecco’s Modified Eagle medium

TBST Tris-Buffered Saline/0.1% Tween 20

GAPDH glyceraldehyde 3-phosphate dehydrogenase

BSA bovine serum albumin
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Highlights

• Helix 8 in LBD of GR matches conserved region mediating membrane 

association of ER

• Unlike the ER, cysteine 683 in helix 8 of rat GR does not undergo 

palmitoylation

• The leucine repeat and selected amino acids in Helix 8 of the LBD are critical 

for ligand binding
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Figure 1. [3H]-palmitic acid incorporation into proteins in the hypothalamic cell line 4B
The film images show representative western blot analysis for GR in cytoplasmic and 

membrane protein fractions of 4B cells preloaded with [3H]-palmitic acid, before (A) and 

after (B) immunoprecipitation with an anti-GR antibody GAPDH and Pan Cadherin were 

used as housekeeping controls for cytoplasm and membrane, respectively. [3H]-palmitic 

acid incorporation into total cytoplasmic and membrane proteins and after 

immunoprecipitation with anti-GR antibody (H300, Santa Cruz Biotechnology) in 4B cells 

treated with 10nM corticosterone of vehicle (C). IP-GR immunoprecipitated GR; GAPDH, 

glycerol 3-phosphate dehydrogenase.
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Figure 2. Effect of C683A and L687-690A on GR trafficking
Representative western blot for GR in membrane and nuclear fractions from 4B cells 

transfected either with EGFP-GR (wild type), or EGFP-GR C683A, or EGFP-GR C683A/

L687-690A constructs incubated for 30 min with vehicle or 10 nM corticosterone (A). The 

images to the left corresponds to the blot using GR antibody, and the image to the right 

corresponds to the western blot using GFP antibody, after stripping the same membrane. 

Both antibodies revealed superimposed bands consistent with the molecular size of EGFP-

GR (A). The bar graphs represent the content of endogenous GR [Endo GR](B and C), and 

EGFP-GR (D and E) in membrane (B and D) and nuclear (C and E) proteins as the mean 

and SE of pooled data from 3 experiments. ** p<0.01 higher than the respective basal; ***, 

P<0.001 higher than the respective basal.
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Figure 3. Confocal microscopy imaging of the effect of corticosterone on intracellular trafficking 
of fusion proteins of EGFP with wild type and mutant GR
Cells transfected with either wild type (EGFP-GR) or EGFP-GR C683A, or EGFP-GR 

C683A/L687-690A were incubated with 10 nM corticosterone (Cort) for 30 min, before 

fixation and confocal microscopy examination. The magnification line at the bottom 

represents 10 μm.
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Figure 4. Effect of 10 nM corticosterone on GRE-dependent luciferase activity
Cos-7 cells were co-transfected with GRE-TK-luc and PSG-GR (non-EGFP-tagged), or 

EGFP-GR wild type or mutant constructs. (A) The comparison between EGFP-tagged 

(EGFP-GR) and untagged (PSG5-GR) GR shows that the amino terminus EGFP tag does 

not affect the transcriptional activity of the receptor. (B) Effect of C683A and C683A/

L687-690 mutations of GR on corticosterone-stimulated luciferase activity. Bars are the 

mean ± SE in 3 experiments. **, P<0.001.
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Figure 5. Effect of cysteine 683 and leucines 687-690 mutations in the rat GR on GR association 
with HSP90
Representative western blots for GR and HSP90 in total cell proteins of Cos-7 cells 

transfected with EGFP-GR, wild type or mutants, before (input) and after 

immunoprecipitation with anti-GR antibody (IP proteins). Bars represent the mean ± SE of 

the ratio HSP90/GR in 3 experiments. ##, p<0.01, for EGFP-GR C683A/L687-690A 

compared with EGFP-GR.
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Figure 6. Confocal microscopy gray scale images for the dose-response of the effect of 
corticosterone on the nuclear translocation of EGFP-GR wild type and mutants
4B cells transfected with EGFP-GR constructs and the nuclear marker H2B-mCherry were 

treated with 10nm to 1μM corticosterone for 30 min before processing for imaging. The bars 

to the left of each image represent the Pearson’s coefficients for EGFP/H2BM Cherry 

colocalization in the average of 10 or more cells per corticosterone concentration for the 

corresponding construct in the images.
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Figure 7. 
Binding of [3H]-dexamethasone in COS7 cells transfected with constructs wild type and 

mutant EGFP-GR constructs. (A) [3H]-Dexamethasone binding using a single ligand 

concentration (50nM) in cytosolic fractions of cells transfected with the different constructs. 

Binding values for EGFP-GR (WT) were assigned 100% and data for the mutants were 

expressed as percent of WT. The SE for the WT is shown by the dotted box. Binding for the 

WT, was 4.2 ± 0.1 nmol/mg of protein and for the empty vector (pEGFP-C1) was 0.04±0.02 

nmol/mg of protein, indicating negligible endogenous GR content in Cos 7 cells. All 

constructs shown in the graph were EGFP-tagged GR. Binding for the non-tagged receptor 
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PSG5-GR was no different from EGFP-GR (not shown). (B) Representative western blot 

image showing similar EGFP-GR content in the cytosol of Cos-7 cells transfected with the 

different EGFP-GR constructs. Bound radioactivity for each construct was corrected by 

EGFP-GR content in the respective cytosol. (C) Effect of increasing [3H]-dexamethasone 

concentrations on binding to selected constructs in duplicate determinations. Negligible 

increments in binding with increasing ligand concentrations from 10 to 50 nM were 

observed for EGFP-GR (WT) and L690A, while binding increased at higher ligand 

concentrations for L687A or double leucine mutations, reflecting reduced binding affinities. 

Mutation of all 4 leucines in the repeat completely suppressed binding.
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Figure 8. 
Correlation between [3H]-dexamethasone binding (nmol/mg at 50nM dexamethasone) and 

nuclear localization of wild type and mutant EGFP-GR constructs (Pearson’s coefficient at 

100nM corticosterone). Each data point represents a different construct, from left to right: 

L687-690A; E680G; L687-688A; K685G; L689-690A; L682A; L687A; L690A; L688A; 

L689A; S692G; wild type (WT).
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Table 1

EGFP-GR mutant constructs used in the study

Constructs Sequence

1 EGFP-GR (Wild Type) 674LQVSYEEYLCMKTLLLLSSVP694

2 EGFP-GR C683A

3 EGFP-GR C683A, L687-690A

4 EGFP-GR L689-690A

5 EGFP-GR L687-690A

6 EGFP-GR L688-690A

7 EGFP-GR L687-688A

8 EGFP-GR C683A, L689-690A

9 EGFP-GR L682A

10 EGFP-GR L687A

11 EGFP-GR L688A

12 EGFP-GR L689A

13 EGFP-GR L690A

14 EGFP-GR E680G

15 EGFP-GR K685G

16 EGFP-GR S692G

Mol Cell Endocrinol. Author manuscript; available in PMC 2016 June 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Deng et al. Page 26

T
ab

le
 2

A
m

in
o 

ac
id

 s
eq

ue
nc

e 
al

ig
nm

en
t o

f 
th

e 
co

ns
er

ve
d 

re
gi

on
 o

f 
th

e 
hu

m
an

 e
st

ro
ge

n 
re

ce
pt

or
 a

lp
ha

 c
on

ta
in

in
g 

pa
lm

ito
yl

at
io

n 
si

te
 (

c4
47

) 
w

ith
 o

th
er

 s
te

ro
id

 

re
ce

pt
or

s.
 T

he
 c

ys
te

in
e 

is
 s

ho
w

ed
 in

 r
ed

, t
he

 le
uc

in
e 

re
pe

at
 in

 g
re

en
 a

nd
 o

th
er

 c
on

se
rv

ed
 a

m
in

o 
ac

id
s 

in
 b

lu
e.

44
3

44
7

45
3

45
6

hE
R

α
E

E
F

V
C

L
K

S
I

I
L

L
N

S

81
6

82
0

82
4

82
9

hP
R

E
E

F
L

C
M

K
V

L
L

L
L

N
T

86
7

87
5

88
0

hM
R

E
E

Y
T

I
M

K
V

L
L

L
L

S
T

51
5

51
9

52
8

hA
R

P
S

P
T

C
V

K
S

E
M

G
P

W
M

66
1

66
5

66
9

67
4

hG
R

α
E

E
Y

L
C

M
K

T
L

L
L

L
S

S

66
1

66
5

66
9

69
2

hG
R

β
E

E
Y

L
C

M
K

T
L

L
L

L
S

S

67
9

68
3

68
7

69
2

rG
R

α
E

E
Y

L
C

M
K

T
L

L
L

L
S

S

67
6

68
0

68
4

68
9

m
G

R
α

E
E

Y
L

C
M

K
T

L
L

L
L

S
S

hE
R

α
, h

um
an

 e
st

ro
ge

n 
re

ce
pt

or
 a

lp
ha

; h
PR

, h
um

an
 p

ro
ge

st
er

on
e 

re
ce

pt
or

; h
M

R
, h

um
an

 m
in

er
al

oc
or

tic
oi

d 
re

ce
pt

or
; h

A
R

, h
um

an
 a

nd
ro

ge
n 

re
ce

pt
or

; G
R

α
, h

um
an

 g
lu

co
co

rt
ic

oi
d 

re
ce

pt
or

 a
lp

ha
 (

h,
 h

um
an

; 
r,

 r
at

; m
, m

ou
se

).
 I

n 
a 

nu
m

be
r 

of
 s

pe
ci

es
 (

no
t s

ho
w

n 
in

 th
e 

ta
bl

e)
 G

R
 s

ha
re

 id
en

tic
al

 s
eq

ue
nc

e 
in

 a
ll 

sp
ec

ie
s 

ex
am

in
ed

, i
nc

lu
di

ng
 b

ov
in

e,
 o

vi
ne

, g
ui

ne
a 

pi
g,

 r
ab

bi
t, 

w
ild

 b
oa

r 
an

d 
ch

ic
ke

n.
 C

om
pa

ri
so

n 
of

 th
e 

E
R

α
 s

eq
ue

nc
e 

w
ith

 o
th

er
 s

te
ro

id
 r

ec
ep

to
rs

 s
ho

w
ed

 a
 h

om
ol

og
ou

s 
re

gi
on

 in
 th

e 
lig

an
d 

bi
nd

in
g 

do
m

ai
n,

 s
ha

ri
ng

 th
e 

fe
at

ur
es

 r
eq

ui
re

d 
fo

r 
m

em
br

an
e 

as
so

ci
at

io
n 

of
 th

e 
E

R
. T

hi
s 

in
cl

ud
es

, t
he

 c
ys

te
in

e 
sh

ow
n 

in
 

re
d 

(e
xc

ep
t t

he
 M

R
),

 a
nd

 th
e 

le
uc

in
e 

re
pe

at
 s

ho
w

n 
in

 g
re

en
 (

ex
ce

pt
 th

e 
A

R
).

 T
he

 is
ol

eu
ci

ne
s 

pr
ec

ed
in

g 
th

e 
le

uc
in

e 
pa

ir
 in

 h
E

R
α

 a
re

 r
ep

la
ce

d 
by

 le
uc

in
e 

in
 G

R
. O

th
er

 s
ha

re
d 

am
in

oa
ci

d 
in

 th
is

 r
eg

io
n 

of
 th

e 
E

R
 a

nd
 o

th
er

 r
ec

ep
to

rs
 a

re
 s

ho
w

n 
in

 b
lu

e.
 G

en
B

an
k 

ac
ce

ss
io

n 
co

de
s:

 h
E

R
a 

(N
P_

00
01

16
.2

),
 h

G
R

a 
(A

D
P9

12
53

.1
),

 r
G

R
a 

(C
A

A
72

93
8.

1)
, h

PR
 (

N
P_

00
09

17
),

 h
M

R
 (

N
P_

00
08

92
),

 h
A

R
 (

N
P_

00
00

35
),

 h
G

R
β 

(N
P_

00
10

18
66

1)
, m

G
R

α
 (

N
P_

03
21

99
).

Mol Cell Endocrinol. Author manuscript; available in PMC 2016 June 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Deng et al. Page 27

T
ab

le
 3

C
ys

te
in

e 
pa

lm
ito

yl
at

io
n 

pr
ed

ic
tio

n 
si

te
s 

fo
r 

th
e 

ra
t g

lu
co

co
rt

ic
oi

d 
an

d 
es

tr
og

en
 r

ec
ep

to
rs

, u
si

ng
 th

e 
pr

og
ra

m
 C

C
S-

Pa
lm

 3
.0

H
um

an
 E

st
ro

ge
n 

R
ec

ep
to

r 
al

ph
a

R
at

 G
lu

co
co

rt
ic

oi
d 

re
ce

pt
or

P
os

it
io

n
P

ep
ti

de
Sc

or
e

C
lu

st
er

P
os

it
io

n
P

ep
ti

de
Sc

or
e

C
lu

st
er

44
7

2.
97

C
16

9
0.

69
B

65
6

0.
76

B

68
3

1.
29

C

75
4

0.
21

A

A
na

ly
si

s 
w

as
 p

er
fo

rm
ed

 u
si

ng
 th

e 
pr

og
ra

m
 C

SS
-P

al
m

 3
.0

, a
va

ila
bl

e 
in

 th
e 

in
te

rn
et

 a
t: 

ht
tp

://
cs

sp
al

m
.b

io
cu

ck
oo

.o
rg

/a
rc

hi
ve

/p
re

di
ct

io
n.

 S
co

re
s 

ov
er

 0
 in

di
ca

te
 p

al
m

ito
yl

at
io

n 
po

te
nt

ia
l a

nd
 h

ig
he

r 
sc

or
es

 
w

ith
in

 a
 c

lu
st

er
 in

di
ca

te
s 

hi
gh

er
 p

al
m

ito
yl

at
io

n 
po

te
nt

ia
l. 

C
ys

te
in

e 
(C

) 
68

3 
in

 G
R

 a
nd

 4
47

 in
 E

R
 f

al
l w

ith
in

 th
e 

sa
m

e 
cl

us
te

r 
su

gg
es

tin
g 

hi
gh

er
 p

ro
ba

bi
lit

y 
of

 p
al

m
ito

yl
at

io
n 

fo
r 

th
e 

E
R

.

Mol Cell Endocrinol. Author manuscript; available in PMC 2016 June 15.

http://csspalm.biocuckoo.org/archive/prediction

