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Abstract 

G protein-coupled receptors (GPCRs) represent ~3% of the human proteome. They are 

involved in a large number of diverse processes and are therefore the most prominent class of 

pharmacological targets. Besides rhodopsin, X-ray structures of classical GPCRs have only 

recently been resolved, including the β1 and β2 adrenergic receptors and the A2A adenosine 

receptor. This lag in obtaining GPCR structures is due to several tedious steps that are 

required before beginning the first crystallization experiments: protein expression, detergent 

solubilization, purification and stabilization. With the aim to obtain active membrane 

receptors for functional and crystallization studies, we first have recently reported a screen of 

expression conditions for ~100 GPCRs in E. coli, providing large amounts of inclusion 

bodies, a prerequisite for the subsequent refolding step (Michalke et al. 2009 Anal. Biochem. 

386,147-155). Here we report a novel artificial chaperone-assisted refolding procedure 

adapted for the GPCR inclusion body refolding, followed by protein purification and 

characterization. The refolding of two selected targets, the mouse cannabinoid receptor 1 

(muCB1R) and the human parathyroid hormone receptor 1 (huPTH1R), was achieved from 

solubilized receptors using detergent and cyclodextrin as protein folding assistants. We could 

demonstrate excellent affinity of both refolded and purified receptors for their respective 

ligands. In conclusion, this study suggests that the procedure described here can be widely 

used to refold GPCRs expressed as inclusion bodies in E. coli. 

 

Keywords: G protein-coupled receptor, refolding, protein expression. 
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Introduction 

G protein-coupled receptors (GPCRs) are integral membrane proteins characterized by a 

conserved fold of seven transmembrane helices connected by highly variable extracellular 

loops, an extracellular N-terminus and a cytoplasmic C-terminus. They are distributed into 

three main subfamilies according to sequence homology, receptor function and ligand nature 

[1]. GPCRs are involved in the majority of cellular responses to hormones and 

neurotransmitters as well as in the processes of sight, smell and taste. They represent the 

largest, most versatile group of membrane receptors and also the most pharmaceutically 

important, accounting for about 30% of all human drug targets for a wide range of diseases, 

including cancer and cardiovascular, metabolic, central nervous system and inflammatory 

diseases [2]. However, because there are still experimental difficulties associated with their 

production, purification and crystallization, only a limited number of GPCR structures have 

been solved so far [3; 4; 5; 6; 7]. 

In this study, we focused on two GPCRs, the mouse cannabinoid receptor (muCB1R) and the 

human parathyroid hormone receptor (huPTH1R), as representatives of the class A (or 

rhodopsin-like) and B (or secretin-like) families, respectively. The cannabinoid type 1 

receptor is mostly expressed in the central nervous system at nerve terminals and on axons, 

where it affects neural excitability and modulates neurotransmission [8]. Cannabinoid ligands, 

which are small hydrophobic molecules, bind within the hydrophobic core formed by the 

transmembrane helices. An aromatic cluster formed by residues of helices 3, 4 and 5 was 

proposed to constitute the binding site for cannabinoid receptor agonists and antagonists [9]. 

The N-tail of the receptor, although unusually long (116 aa) compared to the class A family, 

does not seem to be important either for ligand binding or for receptor activation [10]. The 

parathyroid hormone type 1 receptor, which is highly expressed in kidney and bone cells, 

plays a central role in the regulation of blood phosphate and calcium concentrations [11]. The 

binding site for human parathyroid hormone (84 aa) or its N-terminal fragment (34 aa) [12] 

includes the N-terminus (170 aa) and extracellular loops that join the transmembrane domains 

of the receptor. A two-site binding model for the PTH(1-34) peptide proposed that the N-

terminal part (1-15) interacts with the membrane-embedded portions of the receptor and the 

intervening loops, resulting in PTH1R activation, whereas the C-terminal part (16-34) is 

required for high affinity binding to the N-terminal domain of the receptor [13]. Proteins 

overexpressed in E. coli are often obtained as insoluble inclusion bodies, and GPCR 

expression in that system is no exception [14]. In this study, both receptors, muCB1R and 

huPTH1R, were produced at high quantities as insoluble inclusion bodies in E. coli. As a 

consequence, a refolding procedure was necessary in order to obtain the native proteins. 
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Although the refolding of globular proteins from inclusion bodies has now become routine 

[15; 16], only a few examples of the in vitro renaturation of membrane proteins have been 

reported [17; 18; 19; 20]. On the other hand, the prokaryotic GroEL chaperone has been 

shown to have a role in protein folding and removal of aggregates [21]. Artificial chaperone-

assisted refolding, a two-step process inspired by the mechanism of the GroEL chaperone 

system, has been reported to efficiently refold denatured proteins [22; 23; 24]. After 

producing large quantities of protein in inclusion bodies, we report here the refolding of the 

inclusion bodies of two GPCRs using an optimized artificial chaperone-assisted refolding 

procedure. 

 

Material and methods

The E. coli strain Rosetta(DE3)pLysS and pET15b plasmid were obtained from Novagen, 

(Madison, WI), and the C43(DE3) strain was from Avidis SA [25]. The pET15N2 vector is a 

derivative of pET15b in which the NcoI/BamHI fragment was replaced by a 10-Histidine tag 

and a TEV protease cleavage sequence upstream of the BamHI/SpeI cloning site [26]. Ni-

NTA superflow resin, 6xHis ladder and penta-His-HRP conjugate were from Qiagen. The 

ECL chemiluminescent detection system, chromatography columns and equipment were 

purchased from Amersham Biosciences. PVDF membrane was from Roche. Detergents were 

from Anatrace, methyl-β-cyclodextrin was from Fluka, GSH and GSSG were from Sigma, 

and the bicinchoninic acid (BCA) protein assay kit was from Pierce. Amicon-Ultra cutoff 10-

30 kDa concentrators were from Millipore, and dialysis membranes (ZelluTrans) were from 

Roth. CP55940 was purchased from Tocris Bioscience, [3H]-CP55940 from Perkin Elmer and 

[3H]-SR141716A from Amersham Biosciences. The PTH(1-34) peptide 

(SVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNF) was synthesized by GeneCust. 

Whatman GF/B glass fiber filters were from Whatman. 

 

Shaking flasks and fermentor E. coli GPCR expression: 

C43(DE3) and Rosetta(DE3)pLysS E. coli strains transformed with the pET15N2/muCB1R 

and pET15b/huPTH1R vectors, respectively, were grown in Luria-Bertani (LB) medium 

supplemented with 100 µg/mL ampicillin (and 34 µg/mL chloramphenicol for 

Rosetta(DE3)pLysS) at 37°C overnight. Precultures were transferred to 1 L LB medium in 

shaking flasks and grown until an OD600 value of 0.7-0.8 was reached. The expression of 

recombinant GPCRs was induced by the addition of 1 mM IPTG at 37°C for 3 H. For 

fermentation, 8 L of yeast extract medium (50 g/L yeast extract, 0.5 g/L ammonium chloride, 

5 g/L glucose, 11 g/L di-potassium hydrogen phosphate and 0.68 g/L magnesium sulfate) 
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supplemented with 100 µg/mL ampicillin in a 12 L working volume fermentor was inoculated 

with a preculture grown at 37°C. Cells were grown at 37°C, at constant pH of 7.0, to an OD600 

between 7 and 15 with constant stirring (800-1000 rpm) and an air supply of 1-2 volumes per 

minute before applying feedback with a solution of 30% yeast extract and 25% glycerol. The 

culture was induced with 1 mM IPTG when an OD600 of 40 was reached and incubated for 3 

to 4 h (OD600 ~60-80). Cells were harvested at 4°C by centrifugation, and pellets were either 

stored at –20°C or resuspended in lysis buffer. 

 

Inclusion body solubilization and Ni-NTA purification:  

Five grams of wet pellet obtained from ~1.5 L of bacterial culture in shaking flasks or from 

~0.1 L in fermentors was resuspended in 100 ml of lysis buffer (0.1 M Tris-HCl pH 7.5, 10 

mM EDTA, 1 mM PMSF, 0.25 mg/mL lysozyme, 10 µg/mL DNaseI and 20 mM MgCl2) and 

incubated for 1 h at room temperature prior to French press disruption at 830 bar (French® 

press, Thermo Scientific). The sample was centrifuged at 48000g for 20 min at 4°C; the pellet 

was resuspended in 0.1 M Tris-HCl pH 7.5, 10 mM EDTA and 1 M NaCl and homogenized 

(Homogeniser DI 18 Yellow Line; Dutscher). Inclusion bodies were recovered at 4°C by 

centrifugation at 48000g for 20 min and washed twice with 0.1 M Tris-HCl pH 7.5 and 1 mM 

EDTA. Washed inclusion bodies were finally solubilized in 40 mL 0.1 M Tris-HCl pH 8.0, 20 

mM SDS, 100 mM DTT and 1 mM EDTA overnight at room temperature. Solubilized 

proteins were clarified from the insoluble material by centrifugation at 48000g for 20 min at 

room temperature and dialyzed against 0.1 M sodium phosphate pH 8.0 and 10 mM SDS. 

Solubilized inclusion bodies were applied to a 10 ml Ni2+ affinity column (Ni-NTA 

Superflow, Qiagen) equilibrated in 0.1 M sodium phosphate pH 8. After five successive 

column volume washes in 0.1 M sodium phosphate and 10 mM SDS at pH 8.0 and pH 7.0, 

the receptor was eluted in the same buffer at pH 6.0. Fractions of the eluted peak were pooled 

and analyzed by SDS-PAGE and Western blot, and the protein concentration was determined 

by UV spectrometry from absorbance at 280 nm. 

 

GPCR refolding and GF purification: 

Ni fractions were pooled and dialyzed against 0.1 M Tris-HCl pH 8.0, 0.5 mM EDTA and 10 

mM SDS for muCB1R or 0.1 M Tris-acetate pH 4.5, 0.5 mM EDTA and 10 mM SDS for 

huPTH1R. Both samples were diluted to 0.5 mg/ml in the final buffer 0.1 M Tris-HCl pH 8.0, 

3-5 mM SDS and 0.5 mM EDTA before the addition with stirring of 5 mM L-reduced 

glutathione (GSH), 1 mM oxidized glutathione (GSSG), 6-10 mM n-dodecyl-ß-D-

maltopyranoside (DDM), 6-10 mM 6-Cyclohexylhexyl-ß-D-maltoside (Cymal 6) and 6-8 mM 
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methyl-β-cyclodextrin. After 36-60 h at -20°C, the sample was allowed to defrost at 4°C 

before addition of 25 mM CaCl2 and incubation overnight at 4°C with stirring. Aggregates 

were removed by centrifugation at 20000g for 15 min at 4°C. Refolded muCB1R was first 

concentrated to 1.5-2 mg/ml on a Amicon-Ultra 10 kDa cutoff concentrator prior to loading 

onto a HiLoad 16/60 or 10/30 Superdex75 gel filtration column in 10 mM Tris-HCl pH 8.0, 

300 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM DDM and 1 mM Cymal 6. Refolded 

huPTH1R was loaded at 0.5 mg/ml onto a HiLoad 16/60 Superdex75 gel filtration column in 

100 mM Tris-HCl pH 7.6, 300 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM DDM and 1 

mM Cymal 6. Protein concentrations were determined by UV spectrometry from absorbance 

at 280 nm or by the BCA method using bovine serum albumin as a standard. The SDS 

concentration was determined by SDS/methylene blue ion pair extraction into chloroform 

[27]. Purified proteins were always kept at 4°C before characterization steps. 

 

Receptor characterization: 

Western blot: Proteins were transferred from a 15% SDS-PAGE gel to Hybond PVDF 

membrane, which was blocked with 5% non-fat dried milk in 20 mM Tris-HCl pH 7.6, 150 

mM NaCl and 0.1% Tween 20 at 4°C. The filter was then treated with anti-His-HRP primary 

antibodies. GPCR-specific bands were visualized by ECL chemiluminescence. 

Mass spectrometry: Mass spectrometry was performed on a matrix-assisted laser 

desorption/ionization time of flight (MALDI-TOF) mass spectrometer (Bruker Autoflex, 

Bruker Daltonics, Bremen, Germany) according to standard procedures [28]. Peptide mass 

finger printing was done by in-gel trypsin digestion and subsequent analysis of the peptides 

by MALDI-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) using standard 

protocols [29]. 

MALS/UV/RI (Wyatt): Size exclusion chromatography was performed on an Alliance 2695 

HPLC system (Waters) using a Silica Gel KW804 column (Shodex) equilibrated with 100 

mM Tris-HCl pH 7.0, 300 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM DDM and 1 mM 

Cymal 6 at a flow rate of 0.5 ml/min. Thirty microliters of sample at approximately 0.5 mg/ml 

in the appropriate buffer containing detergents was applied to the column. Detection was 

performed using a triple-angle light scattering detector (Mini-DAWNTM TREOS, Wyatt 

technology, Santa Barbara, USA). Molecular weight determination was performed by the 

ASTRA V software (Wyatt technology). 

 

Radioligand binding assays:  

The purified refolded muCB1R (10 pg) was incubated with varying concentrations of the 

radioligands [3H]-CP55940 (0.46-37 nM) and [3H]-SR141716A (0.5-32 nM) in binding buffer 
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(10 mM Tris-HCl pH 8.0, 300 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM DDM, 1 mM 

Cymal 6 and 10 mM MgCl2) until equilibrium was reached. Non-specific binding was 

determined in the presence of an excess of unlabeled ligand (100 µM CP55940). All assays 

were performed in triplicate in a total volume of 200 µl per tube. After incubation for 2 h at 

room temperature, bound and free ligands were separated by rapid vacuum filtration through 

0.3% polyethyleneimine presoaked Whatman GF/B glass fiber filters. After the filters were 

washed three times in cold 50 mM Tris-HCl pH 7.4, the retained radioactivity was measured 

by liquid scintillation counting (Tri-Carb, Packard). Saturation curves were analyzed by non-

linear regression using PRISM (Synergy Software) for determination of the Bmax and Kd 

values.  

  

 Fluorometry binding assays: 

Tryptophan fluorescence quenching experiments were done on a Varian Eclipse 

spectrofluorometer (Cary Eclipse) using a quartz cuvette in a right-angle configuration (light 

paths were 0.4 cm and 1 cm for excitation and emission, respectively). The excitation 

wavelength was 290 nm, and emission spectra were recorded in the range of 300 to 420 nm. 

Titrations were carried out at room temperature using 100 nM of purified refolded huPTH1R 

in 100 mM Tris-HCl pH 7.6, 300 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM DDM and 1 

mM Cymal 6 in the presence of 10 to 500 nM of the ligand PTH(1-34). The buffer and 

PTH(1-34) contributions were subtracted under the same experimental conditions. Saturation 

curves were generated using fluorescence values at 340 nm and analyzed with PRISM 

(Synergy Software). 

 

SPR affinity measurements: 

Kinetic analyses of the GPCR/ligand interactions were performed on a BIAcore 1000 

instrument (BIAcore, Uppsala, Sweden) using a CM5 (carboxymethylated dextran) sensor 

chip coated with 500-900 resonance units of the ligand PTH(1-34) immobilized by amine 

coupling. Non-specific ligand for huPTH1R (an antibody fragment of 15 kDa specific of 

muCB1R) was coated on a control flow-cell to subtract the nonspecific binding signal. For the 

determination of kinetic constants, dilutions of huPTH1R (75-600 nM in 100 mM Tris-HCl 

pH 7.6, 300 mM NaCl, 1 mM EDTA, 10% glycerol, 1 mM DDM and 1 mM Cymal 6) were 

passed over the ligand-coated flow-cell and the control flow-cell. Binding traces were 

recorded in triplicate for at least five concentrations of analyte. Each binding-regeneration 

cycle was performed at room temperature with a constant flow rate of 40 µL/min. In each 

cycle, buffer (50 µL) was injected first to stabilize the baseline, the analyte (80 µL) was then 

injected, and the spontaneous dissociation was followed for 6 minutes. Binding surfaces were 
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regenerated by injection of 5 µL of 0.5% SDS and further washing with running buffer for 6 

minutes. Data were evaluated with the BIAevaluation software (BIAcore, Uppsala, Sweden) 

according to the (1:1) Langmuir binding model.  

 

 

Results and discussion 

 

E. coli expression, inclusion body solubilization and purification of huPTH1R and 

muCB1R: 

We previously have shown the production of a high quantity of GPCRs as insoluble inclusion 

bodies in E. coli [14]. In this study, the sub-cloned mouse cannabinoid receptor (muCB1R) 

and human parathyroid hormone receptor (huPTH1R) were screened for expression in E. coli 

by varying the vectors, strains and induction temperatures (data not shown). Both receptors 

were then produced as recombinant proteins following the optimized expression conditions, 

i.e., in T7 promoter-based vectors containing either a N-terminal deca- or hexa-histidine tag 

and in either C43(DE3) or Rosetta(DE3)pLysS E. coli strains at 37°C (see Material and 

Methods). Analysis of the bacterial lysate showed that in these conditions, the two receptors 

accumulated exclusively in the insoluble fraction as misfolded proteins in inclusion bodies 

with no indication of any membrane association. Reduced toxicity associated with expression 

in inclusion bodies allowed high fermentation rates to be achieved with the recovery of ∼100 

g cell paste/L of culture. Receptors were recovered from inclusion bodies under denaturing 

conditions using the anionic sodium dodecyl sulfate (SDS) detergent as the solubilizing agent 

and later purified by immobilized metal affinity chromatography on a Ni2+-NTA column. 

Almost pure proteins at yields between 400 and 600 mg/L of fermentor culture were routinely 

obtained because one major band of the expected sizes corresponding to 55.6 kDa for 

muCB1R and 66.5 kDa for huPTH1R was on SDS-PAGE (Fig. 1A and 1B, a). The identities 

of the receptors were confirmed by anti-His Western blot analysis (Fig. 1A and 1B, b) and 

peptide mass fingerprinting. MALDI/TOF analysis of the peptides resulting from trypsin 

digestion of the SDS-PAGE bands revealed 13 and 9 peptides from muCB1R and huPTH1R, 

corresponding to 33% and 22% sequence coverage, respectively (data not shown). 

 

huPTH1R and muCB1R refolding and purification:  

In order to obtain the native proteins, an artificial chaperone-assisted refolding procedure was 

developed based on the idea that a detergent plays the role of a chaperone and assures that the 

protein does not aggregate before it reaches its native form [22; 23; 24]. Here, renaturation of 
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the solubilized receptors was performed by exchange of SDS (the artificial chaperone) to a 

mixture of the non-ionic detergents n-dodecyl-β-D-maltoside (DDM) and cyclohexyl-n-

hexyl-β-D-maltoside (Cymal 6) (see Methods). The refolding process was done in the 

presence of methyl-β-cyclodextrin, a cyclic oligosaccharide with seven glucose units. This 

amphiphilic compound possesses a hydrophobic cavity in which hydrophobic molecules of 

the appropriate size may bind; this property was used here to strip-off the SDS [30]. By 

contacting the bulky hydrophobic amino acid chains, cyclodextrin itself may also possess 

some artificial chaperone properties by increasing the stability of folding intermediates [31]. 

Finally, to ensure that the correct disulfide bridges were regenerated, which are crucial for 

ligand binding to both receptors [32], reduced and oxidized glutathione (GSH, GSSG) were 

also added to the refolding buffer as “oxido-shuffling” reagents [16]. After renaturation, a 

final purification step consisting in a size exclusion chromatography was performed to 

remove the excess of methyl-β-cyclodextrin/SDS. Refolded proteins were recovered almost 

pure, as determined by SDS-PAGE (Fig. 1A and 1B, c). Besides the major bands around 55 

and 66 kDa corresponding to the respective monomeric receptors, several bands of higher or 

lower molecular weight were observed on the SDS-PAGE and anti-His Western blots, which 

may indicate a small amount of contaminating material, oligomeric forms of the receptors 

(see below) or truncated receptors (Fig. 1A and 1B, c,d). An average of 300-350 mg protein/L 

of culture was recovered for the refolded and purified receptors, which corresponds to at least 

50% of the initial solubilized metal affinity purified inclusion body protein material. The 

sample SDS concentration at the final step was systematically measured (see Methods) and 

was always below 25 µM. The addition of 10% glycerol, 300 mM NaCl and 0.05% DDM and 

Cymal 6 in the gel filtration buffer helped to stabilize the receptor and enabled us to purify 

enough SDS-free receptor material for further characterization procedures.  

 

huPTH1R and muCB1R characterization: 

Freshly refolded and purified muCB1R and huPTH1R were subjected to analytical size 

exclusion chromatography on an HPLC-Wyatt system. Chromatograms revealed two minor 

peaks, around 19 minutes for muCB1R (Fig. 2C) and 17 minutes for huPTH1R (Fig. 2A). 

Although the corresponding fractions showed polydispersity in the DDM and Cymal 6 

detergent mixture, they contained molecules of an approximate total mass of respectively 176 

and 190 kDa, which corresponds to the dimeric forms of the receptors. A major peak at 12 

minutes could also be observed in both chromatograms, corresponding to aggregates or higher 

order oligomers with approximate calculated masses above 103 kDa (Fig. 2A and C – light 

lines). In an attempt to stabilize both receptors, their respective ligands, CP55940 and PTH(1-
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34), were added during the refolding step, but this did not show an effect on aggregation (data 

not shown). As well, no effect on aggregation could be shown varying slightly the ratio of 

detergents and methyl-β-cyclodextrin or omitting the calcium addition in the refolding 

procedure (data not shown). On the other hand, an additional ultracentrifugation step allowed 

us to almost completely eliminate aggregates in the samples (Fig. 2A and C – dark lines). By 

means of light scattering, refraction and UV analysis of the centrifuged samples, the 

molecular weight distribution inside the respective receptor peaks could be determined and 

confirmed the presence of a mixture of receptor oligomers between 100 and 1000 kDa (Fig. 

2B and D). Among these populations, a portion of the mouse cannabinoid CB1R appears as a 

dimer of 110 kDa with a contribution of 66 kDa for detergents and the human parathyroid 

PTH1R as a dimer of 130 kDa with a contribution of 60 kDa for detergents.  

 

Binding studies with muCB1R: 

The functional activity of the refolded and purified muCB1R was assessed by measuring 

direct binding to its radiolabeled ligand. muCB1R gave a maximum binding capacity (Bmax) 

of 5433 ± 1343 pmol mg-1 for the agonist [3H]-CP55940 and 5309 ± 686 pmol mg-1 for the 

inverse agonist [3H]-SR141716A, suggesting that about 30% of the refolded receptor was 

active. The calculated equilibrium dissociation constants (Kd) were 19.4 ± 9.7 nM and 38.2 ± 

7.8 nM, respectively (Fig. 3). Although these values are 10 times higher than values described 

for membrane embedded CB1R [33], they are still satisfactory since decreased ligand affinity 

after GPCR solubilization and purification seems to be a rather widespread phenomenon [34; 

35]. A possible explanation might be that lower lateral pressure on the transmembrane helices 

due to the lack of a native lipid bilayer around the receptor has an effect on the binding 

pocket. Since it is known that cannabinoid receptors bind their ligands inside the helix bundle 

[9], they might be especially susceptible to conformational changes in that region. 

 

Binding studies with huPTH1R: 

The interaction of huPTH1R with the agonist parathyroid hormone peptide (1-34) was first 

monitored by recording the quenching of the intrinsic receptor fluorescence upon addition of 

ligand. The calculated equilibrium dissociation constant (Kd) of 56 ± 5.9 nM (Fig. 4) was in 

the same range as values given for solubilized PTHR [35]. To evaluate the stability of the 

receptor, binding experiments were repeated 2 and 6 days following receptor purification. 

Tryptophan fluorescence dropped from 35% on day 1 to 25% and 7% on days 2 and 6, 

respectively. At the same time, the dissociation constant remained at 50 ± 7.8 nM after 2 days 

but dropped drastically to 523 ± 106.3 nM after 6 days (Fig. 4). 
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In parallel, the dissociation constant of refolded purified huPTH1R with respect to ligand 

binding was determined by Surface Plasmon Resonance. The PTH(1-34) peptide of 4.1 kDa 

was covalently coupled to a CM5 chip by amine coupling. Immobilization of the ligand was 

preferred to the receptor because it is more stable, allowing for a rapid and easy regeneration 

procedure using SDS. Moreover, the larger molecular weight of the GPCR makes it a more 

favorable candidate for the analyte. An example of the binding curves for the receptor to the 

ligand is depicted in Figure 5. The equilibrium dissociation constant of the ligand for 

huPTH1R was found to be in the nanomolar range (8.4 nM on average). Depending on the 

time at which the binding was measured (4 to 48 h after receptor purification), values varying 

between 0.5 and 16 nM were observed. This confirmed the instability of huPTH1R over time, 

which was already observed in the fluorescence measurements (see above). Nevertheless, 

these values were better than those described for solubilized PTHR and similar to the binding 

values of the ligand to membrane-embedded huPTH1R (between 2 and 16 nM depending on 

the mammalian cells used) [35; 36; 37]. 

 

Conclusions 

Following the first step of large-scale inclusion body production, we performed refolding 

studies and characterization. To this end, we have used and optimized a procedure to refold E. 

coli overexpressed GPCRs using SDS and β-cyclodextrin as protein folding assistants. In the 

first step, SDS was used to strongly inhibit aggregation and solubilize the inclusion bodies 

before Ni2+ affinity purification. In the second step, β-cyclodextrin, an efficient SDS stripping 

agent, was added to allow the solubilized protein to regain its native conformation. These 

experiments were done in the presence of non-ionic detergents, which helped to maintain a 

functional folded state of the membrane proteins outside their native membrane environment. 

As a result, we obtained good quantities of refolded active GPCRs, namely, human PTH1R 

and mouse CB1R. These experiments make it possible to perform crystallization experiments 

with these two important targets. They also offer a faster and cheaper alternative to GPCR 

production in eukaryotic systems. 
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Legends to figures  

 

Fig. 1: SDS-PAGE (a and c) and anti-His Western blots (b and d) of muCB1R and 

huPTH1R, respectively. Molecular weight marker (M), total cell lysate (T), SDS solubilized 

inclusion bodies (S), flow through after Ni2+ column (FT), eluted solubilized receptor after 

Ni2+ column (Ni), purified refolded receptor after gel filtration (GF). Bands corresponding to 

the monomeric muCB1R (55.6 kDa) and huPTH1R (66.5 kDa) are marked with red arrows.  

 

Fig. 2: HPLC-Wyatt analysis of purified huPTH1R (A and B) and muCB1R (C and D). 

A and C: Chromatograms of huPTH1R and muCB1R, respectively, before (light grey) and 

after (dark grey) ultracentrifugation. B and D: Enlargement of the absorption peaks 

corresponding to the respective receptors after ultracentrifugation. Contributions of the 

detergent micelle (light blue) and the receptor (red) to the total mass (blue) are depicted. The 

X-axis indicates the time scale of the HPLC injection, and the Y-axis indicates the UV 

absorbance at 280 nm (A and C) or the molar mass in kDa (B and D)  

 

Fig. 3: Radioligand binding assays of refolded purified muCB1R expressed in E. coli. 

Various concentrations of (A) the agonist [3H]-CP55940 and (B) the inverse agonist [3H]-

SR141716A (X-axis) were incubated with a fixed concentration of receptor protein (see 

Methods). The specific binding is presented as picomoles of active receptor per mg of total 

receptor subjected to the binding assay. The results shown are from three independent 

experiments.  

 

Fig. 4: Saturation isotherms of PTH(1-34) ligand binding to huPTH1R determined by 

tryptophan quenching. Binding was measured 1 day (squares), 2 days (triangles) and 6 days 

(circles) after receptor purification. The receptor was titrated with PTH(1-34) (X-axis). The 

Y-values were obtained using y=1-y using normalized Y-values of fluorescence intensity with 

the PRISM software. 

 

Fig. 5: Binding assays of the refolded huPTH1R by surface plasmon resonance. An 

example of overlaid sensorgrams depicting the binding of different concentrations (between 

75 and 300 nM) of the receptor huPTH1R on a flow-cell coated with PTH(1-34) ligand. 
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