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The four cysteine residues in the second extracellular loop of the human adenosine A 2B receptor: role in ligand binding and receptor function

The adenosine A 2B receptor is of considerable interest as a new drug target for the treatment of asthma, inflammatory diseases, pain, and cancer. In the present study we investigated the role of the cysteine residues in the extracellular loop 2 (ECL2) of the receptor, which is particularly cysteine-rich, by a combination of mutagenesis, molecular modeling, chemical and pharmacological experiments. Pretreatment of CHO cells recombinantly expressing the human A 2B receptor with dithiothreitol led to a 74-fold increase in the EC 50 value of the agonist NECA in cyclic AMP accumulation. In the C78 3.25 S and the C171 45.50 S mutants high-affinity binding of the A 2B antagonist radioligand [ 3 H]PSB-603 was abolished and agonists were virtually inactive in cAMP assays. This indicates that the C3.25-C45.50 disulfide bond, which is highly conserved in GPCRs, is also important for binding and function of A 2B receptors. In contrast, the C166 45.45 S and the C167 45.46 S mutants as well as the C166 45.45 S-C167 45.46 S double mutant behaved like the wild-type receptor, while in the C154 45.33 S mutant significant, although more subtle effects on cAMP accumulation were observed -decrease (BAY60-6583) or increase (NECA) -depending on the structure of the investigated agonist. In contrast to the X-ray structure of the closely related A 2A receptor, which showed four disulfide bonds, the present data indicate that in the A 2B receptor only the C3.25-C45.50 disulfide bond is essential for ligand binding and receptor activation. Thus, the cysteine residues in the ECL2 of the A 2B receptor not involved in stabilization of the receptor structure may have other functions.
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Introduction

Adenosine A 2B receptors belong to the large group of purinergic G protein-coupled receptors (GPCRs), which comprise P2 (P2Y and P2X, nucleotide-activated ) and P1 (adenosine) receptors [START_REF] Burnstock | Purine and pyrimidine receptors[END_REF]. Brunschweiger and Müller [START_REF] Brunschweiger | P2 receptors activated by uracil nucleotides--an update[END_REF] proposed to add P0 (adenine) receptors as a third class to the group of purinergic receptors. The P1 or adenosine receptor (AR) family consists of four subtypes, A 1 , A 2A , A 2B and A 3 [START_REF] Fredholm | Nomenclature and Classification of Adenosine Receptors -An update[END_REF]. A 1 and A 3 receptors are coupled to G i type G proteins, leading to the inhibition of the adenylate cyclase upon receptor activation, while A 2A and A 2B receptors are mainly coupled to G s proteins resulting in an increase in intracellular cAMP concentrations via stimulation of adenylate cyclase [START_REF] Schulte | Signalling from adenosine receptors to mitogenactivated protein kinases[END_REF]. In several cell systems, such as HEK-293 and HMC-1 mast cells A 2B receptors are additionally coupled to phospholipase C via G q proteins, and are thereby linked to intracellular Ca 2+ release [START_REF] Linden | Characterization of human A(2B) adenosine receptors: radioligand binding, western blotting, and coupling to G(q) in human embryonic kidney 293 cells and HMC-1 mast cells[END_REF][START_REF] Feoktistov | Adenosine A2B receptors[END_REF]. In the human leukemia cell line Jurkat T, A 2B -mediated calcium mobilization independent of inositol-1,4,5-trisphosphate was observed [START_REF] Mirabet | Calcium mobilization in Jurkat cells via A 2b adenosine receptors[END_REF]. Coupling of the A 2B receptor to the MAPK cascade via ERK1/2 has been described for recombinant CHO cells overexpressing human A 2B receptors and for mast cells, showing an involvement in proliferation, differentiation and apoptosis [START_REF] Schulte | Signalling from adenosine receptors to mitogenactivated protein kinases[END_REF][START_REF] Pearson | Mitogen-activated protein (MAP) kinase pathways: regulation and physiological functions[END_REF]. Furthermore a link of A 2B receptor signaling to the arachidonic acid signal transduction pathway via phospholipase A and cyclooxygenase activation leading to vasoconstriction in smooth muscle cells has been described [START_REF] Donoso | A 2B adenosine receptor mediates human chorionic vasoconstriction and signals through arachidonic acid cascade[END_REF].

A c c e p t e d M a n u s c r i p t 4 Among the four AR subtypes A 2B has been the least well characterized receptor, mainly due to the lack of suitable, specific ligands [START_REF] Müller | Recent developments in adenosine receptor ligands and their potential as novel drugs[END_REF]. Meanwhile highly selective A 2B antagonists have been developed and an A 2B -specific antagonist radioligand, [ 3 H]PSB-603 (for structure see figure 1), with high potency and specificity across species, including rodents and humans, has recently become available [START_REF] Borrmann | 1-alkyl-8-(piperazine-1-sulfonyl)phenylxanthines: development and characterization of adenosine A 2B receptor antagonists and a new radioligand with subnanomolar affinity and subtype specificity[END_REF]. As for agonists, besides the nucleoside derivative NECA [START_REF] Yan | Adenosine receptor agonists: from basic medicinal chemistry to clinical development[END_REF], which is non-selective, and related adenosine derivatives, the first highly selective A 2B agonist BAY60-6583 [START_REF] Baraldi | Recent improvements in the development of A(2B) adenosine receptor agonists[END_REF], a nonnucleosidic compound, has been developed (structures are shown in supplemental figure 1).

In many tissues, A 2B receptors are considered low affinity receptors with typically low expression levels [START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF]. Therefore, adenosine concentrations typically have to reach micromolecular levels to activate natively expressed A 2B receptors, which occurs under pathological conditions, such as hypoxia, ischemia, inflammation or massive cell death [START_REF] Kong | HIF-dependent induction of adenosine A 2B receptor in hypoxia[END_REF][START_REF] Beukers | Random mutagenesis of the human adenosine A 2B receptor followed by growth selection in yeast. Identification of constitutively active and gain of function mutations[END_REF]. While their distribution is ubiquitous, A 2B receptors are found at higher densities mainly in the large intestine, in mast cells, hematopoietic cells, and in the brain, mainly in astrocytes [START_REF] Feoktistov | Adenosine A2B receptors[END_REF][START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF][START_REF] Ryzhov | Effect of A2B adenosine receptor gene ablation on proinflammatory adenosine signaling in mast cells[END_REF][START_REF] Trincavelli | Regulation of A2B adenosine receptor functioning by tumour necrosis factor a in human astroglial cells[END_REF]. Upregulation has been found in several cancer cell lines [START_REF] Ryzhov | Host A(2B) adenosine receptors promote carcinoma growth[END_REF]. A 2B receptors are thought to be involved in a number of diseases and the first antagonist is now being evaluated in clinical trials for the treatment of asthma and chronic obstructive pulmonary disease [START_REF] Müller | Recent developments in adenosine receptor ligands and their potential as novel drugs[END_REF]. Other potential indications include secretory diarrhea associated with inflammation, Alzheimer's disease, inflammatory diseases, pain, cancer, type II diabetes, and diabetic retinopathy [START_REF] Volpini | Medicinal chemistry and pharmacology of A2B adenosine receptors[END_REF]. Thus, A 2B receptors represent important new drug targets.

To fully understand interactions of the human A 2B receptor with its ligands, agonists and antagonists, it is of major importance to gain knowledge about the structure of the A c c e p t e d M a n u s c r i p t 5 receptor, the amino acid residues involved in ligand binding, and to determine the receptor's 3D structure, which in turn can then be used for the development of new ligands [21][START_REF] Pastorin | Pyrazolo[4,3-e]-1,2,4-triazolo[1,5-c]pyrimidine derivatives as adenosine receptor antagonists. Influence of the N5 substituent on the affinity at the human A 3 and A 2B adenosine receptor subtypes: a molecular modeling investigation[END_REF]. Except for a few mutagenesis studies [START_REF] Beukers | Random mutagenesis of the human adenosine A 2B receptor followed by growth selection in yeast. Identification of constitutively active and gain of function mutations[END_REF][START_REF] Beukers | Why are A(2B) receptors low-affinity adenosine receptors? Mutation of Asn273 to Tyr increases affinity of human A(2B) receptor for 2-(1-Hexynyl)adenosine[END_REF][START_REF] Matharu | Rapid agonist-induced desensitization and internalization of the A(2B) adenosine receptor is mediated by a serine residue close to the COOH terminus[END_REF][START_REF] Peeters | GPCR structure and activation: an essential role for the first extracellular loop in activating the adenosine A 2B receptor[END_REF] and homology models [START_REF] Ivanov | Computer aided comparative analysis of the binding modes of the adenosine receptor agonists for all known subtypes of adenosine receptors[END_REF][START_REF] Ivanov | Molecular modeling and molecular dynamics simulation of the human A 2B adenosine receptor. The study of the possible binding modes of the A 2B receptor antagonists[END_REF][START_REF] Kim | Derivatives of the triazoloquinazoline adenosine antagonist (CGS 15943) having high potency at the human A 2B and A 3 receptor subtypes[END_REF], the most recent one based on the X-ray structure of the closely related A 2A receptor [START_REF] Sherbiny | Homology modelling of the human adenosine A2B receptor based on X-ray structures of bovine rhodopsin, the beta2-adrenergic receptor and the human adenosine A 2A receptor[END_REF], not much structural information about the A 2B receptor is available.

A common feature of most GPCRs is the existence of a highly conserved disulfide bond between C3.25 (Ballesteros Weinstein nomenclature [START_REF] Ballesteros | Integrated methods for the constructionof threedimensional models of structure-function relations in G protein-coupled receptors[END_REF]) at the extracellular site of transmembrane domain 3 (TMD3) and cysteine residue C45.50 [START_REF] De Graaf | Molecular modeling of the second extracellular loop of G-protein coupled receptors and its implication on structurebased virtual screening[END_REF] in the extracellular loop 2 (ECL2) located between TMD4 and TMD5 [START_REF] Ivanov | Computer aided comparative analysis of the binding modes of the adenosine receptor agonists for all known subtypes of adenosine receptors[END_REF][START_REF] Ivanov | Molecular modeling and molecular dynamics simulation of the human A 2B adenosine receptor. The study of the possible binding modes of the A 2B receptor antagonists[END_REF][START_REF] Avlani | Critical Role for the Second Extracellular Loop in the Binding of Both Orthosteric and Allosteric G Protein-coupled Receptor Ligands[END_REF]. Recently de Graaf et al. [START_REF] De Graaf | Molecular modeling of the second extracellular loop of G-protein coupled receptors and its implication on structurebased virtual screening[END_REF] undertook a molecular modeling project and aligned ECL2 sequences of 365 human GPCRs. More than 92 % of the investigated receptors showed the conserved disulfide bond.

The A 2B receptor possesses the longest ECL2 of all four adenosine receptor subtypes, with four cysteine residues -the highest number found in any GPCR -of which three (C154, C167, C171) are homologous to the three (C146, C159, C166) found in the A 2A receptor (see figures 1 and 2). Those four cysteine residues are not conserved in the known mammalian A 2B receptor orthologs. Therefore, the goal of the present study was to investigate the role of the cysteine residues in the cysteine-rich ECL2 of the A 2B receptor with respect to disulfide bond formation, ligand binding, and receptor activation. only residues of ECL1 and ECL2 were allowed to move. Loop conformations emerging from this procedure were minimized stepwise with respect to the force field energy by using the Amber package to obtain a low energy conformation [38]. Then the annealing molecular dynamics (MD) was used to optimize the accommodation of ECL1 and ECL2, where the loop atoms were heated from 100 K to 450 K and cooled to 100 K over a period of 1.6 ns. The MD simulations were performed accordingly, restraints with a force constant of 0.5 Kcal/mol.Å 2 were applied to TMDs for 400 ps: heated from 100 K to 450 K and 1.2 ns: then cooled from 450 K to 100 K. The time step of the simulations was 2.0 fs with a cutoff of 10 Å for the non-bonded interactions. The geometrical parameters of 

Cell culture

GP+envAM12 packaging cells (ATCC CRL-9641) were cultured at 37 °C and 5 % CO 2 in Dulbecco's modified Eagle medium (DMEM; Invitrogen, Darmstadt, Germany), containing 10% FCS, 100 U/ml penicillin G, 100 µg/ml streptomycin, 1% ultraglutamine, 200 µg/ml hygromycin B, 15 µg/ml hypoxanthine, 250 µg/ml xanthine and 25 µg/ml mycophenolic acid. Chinese hamster ovary (CHO) cells were maintained in DMEM-F12 medium (Invitrogen, Darmstadt, Germany) with 10% FCS, 100 U/ml penicillin G, 100 µg/ml streptomycin and 1% ultraglutamine under the same conditions. All supplements were from Invitrogen (Darmstadt, Germany), and antibiotics were from Calbiochem (Merck, Darmstadt, Germany).

Site-Directed Mutagenesis

The coding sequence for the human adenosine A 2B receptor was cloned into the plasmid vector pUC19. Point mutations leading to the desired amino acid exchanges were introduced through site-directed mutagenesis using whole plasmid recombination PCR. The final PCR product was digested with the restriction enzyme DpnI (New England Biolabs, Frankfurt, Germany) for 90 min to degrade any parental template DNA. After transformation of competent Escherichia coli Top10 cells with the digested PCR product, plasmids from single colonies were isolated and sequenced (GATC Biotech, Konstanz, Germany). Mutated receptor DNAs were subsequently subcloned into the retroviral plasmid vector pLXSN, which contained a hemagglutinin (HA) tag, resulting in an Nterminally tagged receptor after translation. Transformation, isolation and sequencing of the newly constructed plasmid were performed.

Retroviral transfection and membrane preparation

CHO cells were stably transfected using a retroviral transfection system as described before [START_REF] Borrmann | 1-alkyl-8-(piperazine-1-sulfonyl)phenylxanthines: development and characterization of adenosine A 2B receptor antagonists and a new radioligand with subnanomolar affinity and subtype specificity[END_REF]. After one week the G418 concentration which is used for the selection was reduced to 200 µg/ml. For membrane preparations several dishes of stably transfected CHO cells were grown to confluence, and then cells were washed and scraped off using 50 mM Tris-HCl, pH 7.4, containing 2 mM EDTA. After homogenization the cell suspension was centrifuged for 10 min at 1000 x g and 4 °C. The low speed supernatant was then centrifuged at 48,000 x g and 4 °C for 1 h. Membrane pellets were resuspended in 50 mM Tris-HCl, pH 7.4, and centrifugation was repeated under the same conditions. Membranes were aliquoted and stored at -80 °C until further use. The A c c e p t e d M a n u s c r i p t 9 protein concentration of the membrane preparation was determined using the method described by Lowry et al. [START_REF] Lowry | Protein measurement with the Folin phenol reagent[END_REF].

Cell Surface ELISA

The cell surface expression of wt and mutant receptors, stably expressed in CHO cells was determined using ELISA as previously described [START_REF] Hillmann | Key determinants of nucleotide-activated G protein-coupled P2Y(2) receptor function revealed by chemical and pharmacological experiments, mutagenesis and homology modeling[END_REF]. In brief, cells were seeded into 24 well plates 24 h before the assay. Cells were washed with PBS and blocked for 5 min with PBS/1 % BSA. HA antibody (Covance, Munich, Germany) was diluted 1:1000 in DMEM, 1 % BSA, 10 mM Hepes, pH 7.0, 1 mM CaCl 2 and added to the cells for 1 h at room temperature. After washing (3 x PBS, 5 min each) cells were fixed with 4 % paraformaldehyde in PBS, washed again and blocked for 10 min. The peroxidasecoupled secondary antibody (goat anti mouse, Sigma, Munich, Germany) was diluted 1:2500 in PBS/1 % BSA and added to the cells for 1 h at room temperature, after which cells were washed again 4 x with PBS. 300 µl prewarmed ABTS substrate (Thermo scientific Pierce, Rockford, USA) was added and cells were incubated for 50 min. 170 µl of the substrate were transferred to 96-well plates and absorption was measured at 405 nm using fresh substrate as a reference. Experiments were performed in two to six independent experiments, each in triplicates.

Radioligand Binding Experiments

Competition experiments were performed using the high affinity antagonist radioligand [ 3 H]PSB-603 [START_REF] Borrmann | 1-alkyl-8-(piperazine-1-sulfonyl)phenylxanthines: development and characterization of adenosine A 2B receptor antagonists and a new radioligand with subnanomolar affinity and subtype specificity[END_REF]. The wild-type receptor (wt) and the mutants C78S, C166S, C167S, and subsequently transferred into scintillation vials. The liquid scintillation counting of the filters started after 9 h of pre-incubation in 2.5 ml of scintillation cocktail (Lumag AG, Basel) in order to allow the radioligand to diffuse into the scintillation cocktail. Three independent experiments were performed each in triplicates. If the sample volume for incubation was reduced to 200 µl depletion occurred due to the high affinity and low concentration of the radioligand [ 3 H]PSB-603, which means that the free ligand concentration in the solution was actually lower than the concentration added [START_REF] Motulsky | Fitting models to biological data using linear and nonlinear regression[END_REF]. 

Saturation assays

Determination of intracellular cAMP accumulation

Stably transfected CHO cells expressing the wild-type or mutant receptors were plated onto 24 well plates at a density of 200,000 cells per well. After 24 h the medium was removed and the cells were washed with 500 µl of 37 °C warm Hank's Balanced Salt Solution (HBSS; 20 mM HEPES, 135 mM NaCl, 5.5 mM glucose, 5.4 mM KCl, 4.2 mM NaHCO 3 , 1.25 mM CaCl 2 , 1 mM MgCl 2 , 0.8 mM MgSO 4 , 0.44 mM KH 2 PO 4 and 0.34 mM Na 2 HPO 4 , pH adjusted to 7.3) containing 1 U/ml of adenosine deaminase (ADA, Sigma).

The cells were then incubated in 300 µl of HBSS with ADA at 37 °C and 5 % CO 2 for 2 h. Then, 100 µl of the phosphodiesterase inhibitor Ro20-1724 (Hoffmann La Roche, Grenzach, Germany; final concentration 40 µM) were added to each well and the cells were incubated for 15 min at 37 °C and 5% CO 2 . Then 100 µl of various dilutions of the agonists 5'-N-ethylcarboxamidoadenosine (NECA; Sigma, Munich, Germany), or BAY60-6583 (Bayer Schering Pharma), respectively in HBSS containing 5 % DMSO were added in triplicates (final DMSO concentration 0.5%). After 15 min of incubation at 37 °C and 5% CO 2 the supernatant was removed and 500 µl of 90 °C hot lysis buffer consisting of 4 mM EDTA and 0.01% Triton X-100 with the pH adjusted to 7. Three separate experiments were performed. The amount of cAMP was determined by comparison to a standard curve generated for each experiment and plotted as percent of maximal NECA stimulation.

Experiments with DTT pretreatment

The effect of dithiothreitol (DTT) on receptor function was investigated by measuring NECA-induced cAMP accumulation as described in 2.8, except that CHO cells, stably expressing the human A 2B receptor, were preincubated with 10 mM DTT for 2 h at 37°C.

Results

Comparison of extracellular loops 1 and 2 of A 2A and A 2B receptors
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The A 2A receptor is the adenosine receptor subtype, which is most closely related to the A 2B receptor. Sequence analysis of the human A 2A and A 2B receptors show an overall identity of 58 % and a similarity of 73 %. The most conserved residues are found within the transmembrane domains. By comparing the extracellular loops 1 and 2, which show 44 % and 34 % identity, and 56 % and 46 % similarity, respectively, one can find extremely high degrees of homology when comparing the residues close to the cysteine residues C71, C77, C166 in the A 2A receptor and the corresponding residues C72, C78, C171 in the A 2B receptor (see figure 2). The residues adjacent to those cysteine residues are identical or at least similar in A 2A and A 2B receptors in both extracellular loops. The region between the conserved cysteine C45.50 (C166 in A 2A , C171 in A 2B ) in ECL2 and TMD5 is even 86 % identical and 100 % similar, providing evolutionary evidence for the importance of that partial structure. The ECL2 of both receptors contain potential N-glycosylation sites between the highly similar stretch between the conserved cysteine residues C146 and C159 in the A 2A receptor, and C154 and C167 in the A 2B receptor, respectively. The A 2B receptor contains a second potential N-glycosylation site at N153, where C154 is part of the sequon. The A 2B receptor has a 7-amino acid insertion at the site close to TMD4 and a 3-amino acid gap between the conserved cysteine residues C167 and C171, moving those cysteine residues and the adjacent glycosylation site closer together as compared to the A 2A receptor. The crystal structure of the A 2A receptor [START_REF] Jaakola | The 2.6 angstrom crystal structure of a human A 2A adenosine receptor bound to an antagonist[END_REF] shows two -sheets in ECL1 and ECL2 both being in an antiparallel conformation. According to the refined computer model based on the published model [START_REF] Sherbiny | Homology modelling of the human adenosine A2B receptor based on X-ray structures of bovine rhodopsin, the beta2-adrenergic receptor and the human adenosine A 2A receptor[END_REF], the A 2B receptor can also form one -sheet in each of the extracellular loops 1 and 2, which appear to be close enough together to be able to form 

Disulfide bond prediction

For predicting disulfide bonds in the ECL2 of the A 2B receptor, models of the A 2A receptor based on the published X-ray structure were initially generated for testing the procedure. One of the generated models (m1 A 2A ) contained the highly conserved disulfide bond between C3.25 and C45.50, corresponding to C77 (TMD3) and C166 (ECL2), while a second model (m2 A 2A ) contained all four possible bonds (C77-C166, C74-C146, C71-C159, and C259-C262), which were observed in the X-ray structure of the A 2A receptor [START_REF] Jaakola | The 2.6 angstrom crystal structure of a human A 2A adenosine receptor bound to an antagonist[END_REF]. Table 1 lists the fixed disulfide bonds and the results of the analyses used to evaluate the goodness of the models obtained by several programs, such as PROCHECK (Psi/Phi angles), PROSAII (Z-scores) and root mean square distances (RMSD), both in comparison to the A 2A X-ray structure and the initial A 2A or A 2B model. The psi/phi angles, which are obtained by PROCHECK are determined using a Ramachandran plot, which is a way to visualize the dihedral angles (psi against phi) of amino acid residues in protein structures, where psi is the angle between carbon and between two models or structures. Model 2, containing all four disulfide bonds, observed in the A 2A crystal structure (m2 A 2A ) led to better values and scores and was therefore chosen as reference for the predictions of disulfide bonds in the A 2B receptor (see table 1). Four different A 2B receptor models with combinations of fixed disulfide bonds were compared to m2 A 2A and the initial A 2B model without any disulfide bonds [START_REF] Sherbiny | Homology modelling of the human adenosine A2B receptor based on X-ray structures of bovine rhodopsin, the beta2-adrenergic receptor and the human adenosine A 2A receptor[END_REF]. Figure 3A shows the positions of the cysteine residues potentially involved in disulfide bond formation in the initial A 2B model before loop simulation, as well as the two asparagine residues, which could be glycosylated. According to the Z-score, model 2 (m2 A 2B ) containing two disulfide bonds, C78-C171 and C72-C167, would be the preferred model, since positive values correspond to problematic parts of the input structure while negative values indicate high quality. According to all other parameters determined, model 1 (m1 A 2B ), containing only the highly conserved disulfide bond between TMD3 and ECL2, C78-C171, is the most likely prediction. The more significant analysis of the loop motions during simulation allows a comparison of the fluctuation profiles along the sequences of all models (see figure 4). Since all protein parts except for ECL1 and ECL2 have been restrained to their initial position during simulation, only motions in the ECL1 and ECL2 segments are observed. It was found that m1 A 2B and m4 A 2B , i.e. the 4). However, introducing a disulfide bond between C72-C166 and C72-C167, respectively, apparently leads to a structural destabilization. The analysis of average B-factors shows a preference for models 1 and 4 (see figure 4). ECL2 contains two potential glycosylation sites, N153 and N163, both close to cysteine residues. In model 1 and model 2 both sites are accessible for glycosylation. As shown in figure 3B, in model 1 the two extracellular loops 1 and 2 are held together by two antiparallel -sheets, while the loops in model 2 are connected by a second disulfide bond between C72 and C167. The -sheet in ECL1 appears to be very stable, while the -sheet in ECL2 was less stable during the simulation process. With the -sheet present in ECL2, C72 and C167 are about 10 Å apart, making it very unlikely to form a disulfide bond. Model 3, having a second disulfide bond between C72 and C166, is less likely than models 1 and 2 according to the values and scores (see table 1), and model 4 can be excluded because of unfavorable values (see table [START_REF] Burnstock | Purine and pyrimidine receptors[END_REF], in addition, both potential glycosylation sites are not exposed to the solvent, but are facing the helices. Thus, molecular modeling studies indicate that the A 2B receptor might contain a second disulfide bond (C72-C167) next to the highly conserved bond between C78 and C171 (model 2). 

insert figures 3 and 4, and table 1 here

Comparison of A 2B wild-type receptors with and without HA tag

As a next step we planned to exchange each of the cysteine residues in ECL2 of the human A 2B receptor for serine. For comparison of the mutant receptors with the wildtype receptor it was essential to determine their cell surface expression by ELISA.

Therefore tagging of the receptors was required. Receptors were HA-tagged at the N terminus, which had been shown not to interfere with ligand binding and function for several other GPCRs [START_REF] Hillmann | Key determinants of nucleotide-activated G protein-coupled P2Y(2) receptor function revealed by chemical and pharmacological experiments, mutagenesis and homology modeling[END_REF]. Potential interference of the tag at the A 2B AR was investigated in radioligand binding as well as in functional assays. As shown in figure 6 binding of ligands to the HA-tagged A 2B receptor was not altered in comparison to the wt receptor. K D values (untagged wt: 0.403 ± 0.188 nM, HA-tagged wt: 0.473 ± 0.170 nM) calculated from saturation experiments were not significantly different (see figure 7).

Although B max values (untagged wt: 502 ± 57 fmol/mg, HA-tagged wt: 283 ± 37 fmol/mg) A c c e p t e d M a n u s c r i p t 18 differed slightly, expression of both, tagged and untagged receptors was in the same range. Neither for the antagonist PSB-603 nor for the agonists NECA and BAY60-6583 significant differences of K i values determined in radioligand binding studies could be found (see supplemental table 1 and figure 6). When comparing the functionality of the HA-tagged receptors to the wild-type receptors no significant differences could be detected either. Figure 8 shows the results of cAMP accumulation experiments using whole cells with two structurally different agonists, NECA (figure 8A) and BAY60-6583 (figure 8B and supplemental table 1). For NECA, EC 50 values of 26.9 ± 4.5 nM (untagged) and 36.6 ± 4.8 nM (tagged) were determined, and for BAY60-6583 37.5 ± 12.3 nM and 42.4 ± 4.4 nM, respectively. insert figures 6-8 here

Characterization of mutant receptors

All receptor cDNA sequences were subcloned into the retroviral expression vector pLXSN and stably expressing CHO cells were generated. Cysteine residues (C78, C154, C166, C167, and C171) which were replaced by serine via site directed mutagenesis are highlighted in a topology model of the A 2B receptor (figure 1). Cell surface expression levels for all mutants were determined by ELISA and compared to that of the wt receptor (see figure 9) insert figure 9 2). All mutants were compared to the wt receptor. Binding of [ 3 H]PSB-603 (0.3 nM) to C78S and C171S mutants was completely abolished; therefore no competition binding curves could be determined. In contrast, the mutants C166S, C167S, and the double mutant C166S-C167S showed similar affinity for PSB-603 and NECA as the wt receptor. A difference was, however, seen with C154S: it exhibited a significantly, 8-fold increased IC 50 value for PSB-603, while no significant difference was observed for the agonist NECA (table 2).

insert table 2 here

NECA-induced cAMP accumulation was examined using cells expressing the generated mutants (figure 10A). In contrast to the mutants C166S, C167S, and C166S-C167S, which showed EC 50 values that were not significantly different from that determined at the wt, the mutants C78S, C154S, and C171S showed significantly increased EC 50 values compared to the wild-type receptor (table 3). While the EC 50 value for the mutant C154S was moderately (2.7-fold) increased, the dose-response curves for the mutants C78S and C171S were dramatically shifted to the right, resulting in an almost 7000-fold increase in the EC 50 value in the mutant C78S (397 000 ± 7 700 nM) compared to that of the wild-type receptor (58.1 ± 1.2 nM), and a similarly large increase for the mutant C171S (to 256 000 ± 28 900 nM). At the mutated receptors C78S and C171S the EC 50 of the non-nucleosidic agonist BAY60-6583 was also dramatically increased, similarly as observed for NECA. Due to the limited solubility of BAY60-6583 full concentration-A c c e p t e d M a n u s c r i p t 20 response curves could, however, not be determined. In the other cysteine mutants C154S, C166S, and C167S BAY60-6583 showed slightly decreased EC 50 values (only ca. 2-fold; see figure 10B andtable 3).

insert figure 10 and table 3 here 4 Discussion

The extracellular loops ECL1 [START_REF] Peeters | GPCR structure and activation: an essential role for the first extracellular loop in activating the adenosine A 2B receptor[END_REF], ECL2 [START_REF] De Graaf | Molecular modeling of the second extracellular loop of G-protein coupled receptors and its implication on structurebased virtual screening[END_REF], and ECL3 [START_REF] Hillmann | Key determinants of nucleotide-activated G protein-coupled P2Y(2) receptor function revealed by chemical and pharmacological experiments, mutagenesis and homology modeling[END_REF] of GPCRs belonging to the rhodopsin family have been found to contribute considerably to receptor function [START_REF] Peeters | Importance of the extracellular loops in G protein-coupled receptors for ligand recognition and receptor activation[END_REF]. However, extracellular loops differ widely in length, sequence, and structure between different GPCRs and even between closely related receptor subtypes [START_REF] De Graaf | Molecular modeling of the second extracellular loop of G-protein coupled receptors and its implication on structurebased virtual screening[END_REF]. Cysteine residues and disulfide bonds present in the extracellular domains of GPCRs have been reported to play important roles in ligand binding, receptor stability, and receptor function [START_REF] Avlani | Critical Role for the Second Extracellular Loop in the Binding of Both Orthosteric and Allosteric G Protein-coupled Receptor Ligands[END_REF][START_REF] Karnik | Cysteine residues 110 and 187 are essential for the formation of correct structure in bovine rhodopsin[END_REF][START_REF] Ding | Inactivation of the human P2Y 12 receptor by thiol reagents requires interaction with both extracellular cysteine residues, Cys17 and Cys270[END_REF]. The adenosine A 2B receptor contains the highest number of cysteine residues in the ECL2 of all mammalian GPCRs (C154, C166, C167, C171) [START_REF] De Graaf | Molecular modeling of the second extracellular loop of G-protein coupled receptors and its implication on structurebased virtual screening[END_REF].

Therefore we were interested in studying the role of these cysteine residues and their potential involvement in the formation of disulfide bonds.

Most rhodopsin-like GPCRs contain a disulfide bond between the highly conserved cysteine residue C3.25 corresponding to C78 in the A 2B receptor, which is located in TMD3 and the conserved cysteine residue C45.50 in the second extracellular loop (C171 in A 2B ). For several GPCRs this disulfide bond has been shown to play a critical role for correct receptor conformation and activation [START_REF] Karnik | Cysteine residues 110 and 187 are essential for the formation of correct structure in bovine rhodopsin[END_REF]. The ECL2 is especially known to be involved in antagonist binding, which could experimentally be shown for several Compared to the ECL2 of the other adenosine receptor subtypes, the ECL2 of the A 2B receptor shows several differences: (i) the loop is between 4 and 10 amino acids longer;

(ii) ECL2 contains the most cysteine residues, four compared to three in A 2A , all of which are involved in disulfide bonds according to the A 2A receptor crystal structure [START_REF] Jaakola | The 2.6 angstrom crystal structure of a human A 2A adenosine receptor bound to an antagonist[END_REF], and only one in A 1 and A 3 receptors; (iii) the loop has two potential N-glycosylation sites compared to only one in each of the other adenosine receptor subtypes. The highest conservation of the ECL2 is found in the part of ECL2 which is close to TMD5. The sequence upstream of the conserved cysteine is shorter than the corresponding sequence in bovine rhodopsin, 9 amino acids compared to 14 amino acids [START_REF] De Graaf | Molecular modeling of the second extracellular loop of G-protein coupled receptors and its implication on structurebased virtual screening[END_REF]. The conserved area between C45.50 and TMD5 is also very close to the binding pocket and stabilized by the essential disulfide bond between TMD3 and ECL2, and therefore probably not very flexible, while the less conserved area closer to TMD4 is highly flexible and might be involved in ligand selection, or function as a cap in analogy to the gated entrance pores described for several GPCRs [START_REF] De Graaf | Molecular modeling of the second extracellular loop of G-protein coupled receptors and its implication on structurebased virtual screening[END_REF][START_REF] Bokoch | Ligand-specific regulation of the extracellular surface of a G-protein-coupled receptor[END_REF]. The -sheet just upstream of the conserved disulfide bond further stabilizes this end of ECL2. In the X-ray structure of the A 2A receptor a second disulfide bond is holding the -sheet in place making this area even less flexible. This part of the loop could therefore be at least partly responsible for the high affinity of the A 2A receptor for adenosine and related agonists by stabilizing the active conformation. The loop in the A 2A receptor is shorter, and thus, the entrance to the binding pocket is probably open and more accessible to the ligands. This hypothesis may also explain why A 2B receptors typically show lower affinity for adenosine and adenosine derivatives (agonists) than A 2A receptors, since the longer ECL2 of the A 2B A c c e p t e d M a n u s c r i p t 22 receptors may in some cases partially block the entrance to the binding pocket. The ECL2 might be involved in transient, low-affinity ligand binding. Especially binding of large ligands with long substituents extending to the receptor surface may interfere with ECL2 movement or "gate closing". This might explain the effect of the C154S mutant on PSB-603 binding. ECL2 movement may also be required for proper receptor activation.

In accordance with this hypothesis is the finding of Bokoch et al. describing ligandinduced conformational changes of the extracellular surface of the 2 adrenergic receptor ( 2 AR), especially involving ECL2 and ECL3 [START_REF] Bokoch | Ligand-specific regulation of the extracellular surface of a G-protein-coupled receptor[END_REF]. They also describe the formation of a structured cap which covers the opening of the binding pocket once a ligand is bound, involving ECL2 and a salt bridge between an aspartate residue and a lysine residue connecting ECL2 and ECL3. The A 2B receptor exhibits those amino acids in equivalent positions (K269 at the transition from ECL3 to TMD7 corresponding to Lys305 in the  2 AR and Asp159 in ECL2 corresponding to Asp192 in the  2 AR, rendering a similar mechanism probable [START_REF] Bokoch | Ligand-specific regulation of the extracellular surface of a G-protein-coupled receptor[END_REF]. Dithiothreitol (DTT), a disulfide-reducing agent, which is commonly used to investigate the importance of disulfide bonds in proteins, was applied to examine whether the A 2B receptor possesses essential disulfide bonds necessary for receptor function [START_REF] Hillmann | Key determinants of nucleotide-activated G protein-coupled P2Y(2) receptor function revealed by chemical and pharmacological experiments, mutagenesis and homology modeling[END_REF]. As shown in figure 5 a dramatic decrease in receptor function could be observed which has also been shown for some other GPCRs containing the conserved disulfide bond connecting TMD3 and ECL2 [START_REF] Hillmann | Key determinants of nucleotide-activated G protein-coupled P2Y(2) receptor function revealed by chemical and pharmacological experiments, mutagenesis and homology modeling[END_REF][START_REF] Jaakola | The 2.6 angstrom crystal structure of a human A 2A adenosine receptor bound to an antagonist[END_REF]. These results clearly show that at least one disulfide bond, susceptible to DTT reduction and, thus, presumably exposed to the surface of the cell membrane, is important for receptor function. As predicted by the A 2B model it could clearly be shown, that C78 in TMD3 and C171 in ECL2 are forming an important disulfide bond. The results obtained in radioligand binding as well as functional studies showed a dramatic decrease in IC 50 and EC 50 values of several thousand-fold for the mutants C78S and C171S. All other mutants either showed no difference or only moderate changes compared to the wild-type receptor. It is known that disulfide bonds are already formed in the endoplasmic reticulum (ER) and are very often necessary for proper folding and transport to the Golgi apparatus. Therefore mutants without essential disulfide bonds are more prone to degradation than wild-type receptors, further explaining somewhat lower cell surface expression levels [START_REF] Karnik | Cysteine residues 110 and 187 are essential for the formation of correct structure in bovine rhodopsin[END_REF][START_REF] Ai | Mutating the four extracellular cysteines in the chemokine receptor CCR6 reveals their differing roles in receptor trafficking, ligand binding, and signaling[END_REF]. While EC 50 values determined in functional studies may be A c c e p t e d M a n u s c r i p t 24 dependent on the receptor expression level, affinities measured in radioligand binding studies are not. The extreme rightward shift of the concentration response curves in functional assays can also not be explained by the somewhat lower expression levels in the mutant receptors, which would be expected to cause only a moderate shift at the most [START_REF] Hillmann | Key determinants of nucleotide-activated G protein-coupled P2Y(2) receptor function revealed by chemical and pharmacological experiments, mutagenesis and homology modeling[END_REF]. Thus it can be concluded that the disulfide bond C78-C171 in A 2B receptors is essential for ligand binding and receptor function.

Based on the results of radioligand binding and functional assays as well as loop simulations (figures 4, 9, 10; tables 1-3), model m1 A 2B , containing only the conserved disulfide bond between C78 and C171, represents the most likely structure. It was shown that this disulfide bond is essential for proper receptor function (figure 10).

According to our experimental data, all other disulfide bonds that had been predicted or might be formed are less likely. If C72, located in the first extracellular loop, was involved in linking ECL1 and ECL2 via a disulfide bond, similar to the situation found in the A 2A X-ray structure [START_REF] Jaakola | The 2.6 angstrom crystal structure of a human A 2A adenosine receptor bound to an antagonist[END_REF], and this bond was essential for receptor function, one of the ECL2 cysteine mutants should show different properties than the wild-type receptor.

ECL1 and ECL2 are held together by antiparallel -sheets as predicted by the model m1 A 2B . Both -sheets are also present in the A 2A receptor [START_REF] Jaakola | The 2.6 angstrom crystal structure of a human A 2A adenosine receptor bound to an antagonist[END_REF]. Two of the possible cysteine residues proposed to be involved in forming a hypothetical second disulfide bond with C72, namely C166 and C167 (m2 A 2B and m3 A 2B ), are located adjacent to the putative N-glycosylation site N163. Disulfide bond formation usually prevents glycosylation of nearby glycosylation sites. When a disulfide bond cannot be formed due to mutagenesis of cysteine residues, substitution of normally unused glycosylation sites is common [START_REF] Mcginnes | Disulfide bond formation is a determinant of glycosylation site usage in the hemagglutinin-neuraminidase glycoprotein of Newcastle disease virus[END_REF].
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In case C166 or C167 would be involved in a second disulfide bond with C72, N163 could be glycosylated in the cysteine mutants C166S, C167S, and C166S-C167S. This glycosylation might then change the conformation of the receptor leading to larger amounts of misfolded protein and to more degradation and, as a consequence, to lower levels of cell surface expression, which was, however, not observed in our mutants (see figure 9). Alternatively, N163-glycosylation could result in changes in ligand binding and/or to altered function of the mutant receptors. However, in both mutants, C166S and C167S as well as in the double mutant C166S-C167S neither changes in expression nor binding and receptor function could be observed. This leads to the conclusion that both, disulfide bond formation as well as glycosylation is unlikely. A further candidate cysteine residue potentially involved in forming a hypothetical second bond with C72 is C154. This amino acid residue is the central part of the sequon N-X-S/T for the putative Nglycosylation site N153. If the bond were essential, an effect of the C154S in ligand binding and receptor function were to be expected. If the bond is not formed, glycosylation of N153 would be likely and should not be affected by the cysteine to serine exchange, since the sequon N-X-S/T allows any amino acid except for proline in the middle position. Thus, no change in ligand binding and receptor function should be expected in the mutant if no disulfide bond is formed. Interestingly, A 2B receptors from birds and bony fish, which only possess two cysteine residues in the ECL2 show the closely related serine residue at that position. From the evolutionary point of view they have developed independently from the mammalian A 2B receptors because they separated even before the A 2A receptors emerged [START_REF] Azimi | Control of mature protein function by allosteric disulfide bonds[END_REF]. The A 2A receptor possesses an asparagine residue adjacent to the cysteine residue corresponding to C154, but the sequon is lost, probably in favor for gaining more stability of the loops through disulfide A c c e p t e d M a n u s c r i p t 26 bonds. Curiously, the mutant C154S showed an 8-fold decrease in affinity for the antagonist PSB-603, while agonist binding was not significantly altered as compared to the wild-type (supplemental figure 2, table 2). Receptor function of the C154S mutant on the other hand was significantly altered depending on the agonist used. The nucleosidic agonist NECA was about three-fold less potent, while the non-nucleosidic agonist BAY60-6583 was slightly more potent at the C154S mutant receptor in comparison with the wild-type receptor.

This leads to the hypothesis that free cysteine residues, especially C154, could play a role in the interaction with specific ligands as it has been described for other GPCRs, e.g. for P2Y 12 [START_REF] Ding | Inactivation of the human P2Y 12 receptor by thiol reagents requires interaction with both extracellular cysteine residues, Cys17 and Cys270[END_REF], the 2 adrenergic receptor [START_REF] Rubenstein | Molecular dynamics of a biophysical model for beta2-adrenergic and G protein-coupled receptor activation[END_REF], or the cannabinoid receptor 2 [START_REF] Mercier | hCB2 ligand-interaction landscape: cysteine residues critical to biarylpyrazole antagonist binding motif and receptor modulation[END_REF].

Thus, free cysteine residues in the extracellular loops of the A 2B receptor may allow for the development of new drugs, especially for inhibiting receptor function.

A possible explanation for the occurrence of the high number of cysteine residues in the ECL2 of the A 2B receptor, which are not involved in disulfide bond formation under native conditions, could be that they are part of a regulatory system, which may, for example, explain the down-regulation of A 2B receptors during oxidative stress. Such an effect has been described for alveolar macrophages from patients with chronic obstructive pulmonary disease [START_REF] Varani | Oxidative/nitrosative stress selectively altered A2B adenosine receptors in chronic obstructive pulmonary disease[END_REF]. Oxidative stress leads to more oxidizing conditions in the ER lumen, which in turn may lead to disulfide bond formation of non-native bonds, resulting in more misfolded proteins, more degradation and finally to less A 2B receptors at the cell surface. The A 2A receptor, which is upregulated under oxidative stress [START_REF] Jaakola | The 2.6 angstrom crystal structure of a human A 2A adenosine receptor bound to an antagonist[END_REF][START_REF] Varani | Oxidative/nitrosative stress selectively altered A2B adenosine receptors in chronic obstructive pulmonary disease[END_REF] would not be affected, because all four possible disulfide bonds are formed in the functional A 2A A c c e p t e d M a n u s c r i p t 27 receptor, at least according to the X-ray structure [START_REF] Jaakola | The 2.6 angstrom crystal structure of a human A 2A adenosine receptor bound to an antagonist[END_REF], as well as according to a recent molecular modeling study [START_REF] Kim | Predicted 3D structures for adenosine receptors bound to ligands: comparison to the crystal structure[END_REF].

The cysteine residues could be involved in controlling/regulating receptor function by forming so-called allosteric disulfide bonds, e.g. by promoting or stabilizing the active or inactive receptor conformation [START_REF] Azimi | Control of mature protein function by allosteric disulfide bonds[END_REF]. Since most X-ray structures of GPCRs reported to date represent the inactive, antagonist-bound conformation, it cannot be excluded that one or more cysteine residues might be involved in allosteric disulfide bonds and would either be reduced in the active receptor conformation or could have formed artificially during the crystallization process. Usually allosteric disulfide bonds are controlled by catalytic disulfides of oxidoreductases, which are regulated through changes in the oxidizing environment, e.g. through oxidative stress [START_REF] Azimi | Control of mature protein function by allosteric disulfide bonds[END_REF]. The fact that the structurally different ligands -PSB-603, NECA, and BAY60-6583 -resulted in different changes in IC 50 -or EC 50 (decreased or increased values) in the C154S mutant as compared to the wild-type receptor indicates that C154 may be directly or indirectly involved in ligand binding. However, this hypothesis cannot be confirmed by our homology model.

Free cysteine residues can also be involved in metal ion complexation, e.g. with Zn 2+ , Pb 2+ or Hg 2+ . So far, reports about the role of metal ion complexation in the regulation of GPCRs are scarce. Inhibitory effects of Zn 2+ on ligand binding at the serotonin receptor 5-HT 1A have been reported; the physiological significance, however, remained unclear [START_REF] Barrondo | Allosteric modulation of 5-HT(1A) receptors by zinc: Binding studies[END_REF]. A few other studies also showed allosteric effects of zinc ions on ligand binding at GPCRs (dopamine, metabotropic glutamate and 2-adrenergic receptors) with likewise A c c e p t e d M a n u s c r i p t 28 unresolved physiological significance [START_REF] Schetz | Zinc modulates antagonist interactions with D2-like dopamine receptors through distinct molecular mechanisms[END_REF][START_REF] Elling | Metal ion site engineering indicates a global toggle switch model for seventransmembrane receptor activation[END_REF]. For several receptors, involvement of cysteine residues in dimerization has been shown. In these cases, however, cysteine residues were exclusively localized in the transmembrane domains or in intracellular loops [START_REF] Klco | C5a receptor oligomerization. I. Disulfide trapping reveals oligomers and potential contact surfaces in a G protein-coupled receptor[END_REF][START_REF] Berthouze | Two transmembrane Cys residues are involved in 5-HT4 receptor dimerization[END_REF].

In summary, we showed that the conserved disulfide bond between C3.25 in TMD3 and C45.50 in ECL2 is essential for adenosine A 2B receptor ligand binding and function and it also appears to improve transport of the receptors to the plasma membrane.

Furthermore we have strong evidence that all other cysteine residues in the ECL2 are not involved in disulfide bond formation and if they were, that those bonds would not have any effects, neither on ligand binding, nor on receptor function. Only Cys154 appears to have small, significant effects on ligand binding. Thus, the cysteine residues in the ECL2 of the A 2B receptor may serve very different roles from those of the extracellular cysteine residues in the A 2A receptor. and A 2B receptors. The alignment was done using Clustal W2 [33]. The following amino acid residues are highlighted: magenta: C71 A2A /C72 A2B ; red: conserved cysteine C3.25 in TMD3, C77 A2A /C78 A2B ; purple: C146 A2A /C154 A2B ; cyan: C166 A2B ; blue: C159 A2A /C167 A2B ; green: C166 A2A /C171 A2B ; potential N glycosylation sites: brown: N153 A2B ; orange: N161 A2A /N163 A2B ; underlined: N glycosylation seqouns; bold and italic: -sheets; ECL: extracellular loop; * identical amino acid residue, : conserved amino acid substitution; . semi-conserved amino acid substitution. Amino acid positions of cysteine residues are given for the human A 2A and the A 2B receptor. (B) Cysteine residues involved in disulfide bonds found in the crystal structure of the human A 2A receptor [START_REF] Jaakola | The 2.6 angstrom crystal structure of a human A 2A adenosine receptor bound to an antagonist[END_REF] and cysteine residues involved in predicted disulfide bonds in the human A 2B receptor. A c c e p t e d M a n u s c r i p t 
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 221 Material and MethodsA c c e p t e d M a n u s c r i p t 6 All chemicals were obtained from Roth (Karlsruhe, Germany) or Applichem (Darmstadt, Germany) unless otherwise noted. Radioligands were obtained from Quotient Bioresearch (Cardiff, UK). Alignments of extracellular loops, prediction of disulfide bonds and loop simulation Alignments of extracellular loops 1 and 2 of the human A 2A and A 2B receptors were performed using Clustal W2 [33]. Similarity was determined using EMBOSS [34]. Prediction of N-glycosylation was done with NetNGlyc 1.0 from the CBS prediction servers [35]. The topology was illustrated using TOPO2 [36]. Modeling of the nonconserved part of the extracellular loop 2 of the adenosine A 2B receptor was performed with the ModLoop modeling algorithm based on global optimization of conformational energy [37]. In all models, residues in the transmembrane domains and the intracellular loops were restrained by harmonic force to their reference position during simulation;

  were evaluated and compared with the crystal structure of the A 2A receptor using PROCHECK and PROSAII [39-40].

  Complementary oligonucleotide primers were designed containing the corresponding mutations. Therein, each mismatched base is flanked by 12-19 nucleotides at the 3' and 5' end of the primer. The PCR reaction mixture contained 20 ng of template DNA, 15 pmol of each primer, 10 mM dNTPs, 1 × Thermopol reaction buffer and 1 U Vent R A c c e p t e d M a n u s c r i p t 8 polymerase (New England Biolabs, Frankfurt, Germany). The PCR was performed using the following cycle program: 4 min at 94 °C, 20 cycles consisting of 1 min at 94 °C, 1 min at 66 °C, and 10 min at 72 °C followed by a final elongation step of 10 min at 72 °C.

  analyzed in a final volume of 500 µl. The vials contained 25 µl of the test compound dissolved in 50% DMSO / 50% Tris-HCl (50 mM, pH 7.4), 275 µl of 50 mM Tris-HCl buffer (pH 7.4), 100 µl of radioligand solution in the same buffer (final concentration 0.3 nM), and 30 µg of membrane preparations (diluted in 100 µl Tris-HCl, pH 7.4) which had been preincubated with ADA (2 U/ml) for 20 min. The mutants C154S and C166S-C167S were analyzed in radioligand binding assays in a final volume of 200 µl containing 50 µl of test compound diluted in 10% DMSO / 90% Tris-HCl (50 mM, pH 7.4), 50 µl radioligand diluted in Tris-HCl buffer (50 mM, pH 7.4, final concentration of the radioligand 0.3 nM) and 50 µg of membrane preparations, diluted in 100 µl buffer, pretreated with ADA (2 U/ml) 20 min before use. Total binding was determined in the absence of test compound; nonspecific binding was measured in the presence of 10 µM 8-cyclopentyl-1,3-dipropylxanthine (DPCPX). After 75 min at room temperature samples were harvested by filtration through GF/B glass fiber filters. Filters were washed with icecold buffer containing 50 mM Tris-HCl (pH 7.4) and 0.1% bovine serum albumin (BSA),

A c c e p t e d M a n u s c r i p t 11 Saturation

 11 experiments were performed in duplicates as described in paragraph 2.6 with radioligand concentrations ranging from 0.05 -1.6 nM in 50 mM Tris-HCl (pH 7.4).

  3 were added. After one hour of mixing on ice, cAMP amounts of the lysates were determined by competitive radioligand binding experiments [44]. Competition experiments were performed in a final volume of 120 µl containing 50 µl of cell lysates, 30 µl of [ 3 H]cAMP radioligand solution in lysis buffer (final concentration 3 nM) and 40 µl of cAMP binding A c c e p t e d M a n u s c r i p t 12 protein [44] diluted in the same buffer (50 µg per sample). For determining cAMP concentrations 50 µl of various cAMP concentrations were measured instead of cell lysates, to obtain a standard curve. Total binding was determined by adding radioligand and binding protein to lysis buffer, and the background was determined without addition of binding protein. The mixture was incubated for 60 min on ice and filtered through a GF/B glass fiber filter using a cell harvester (Brandel, Unterföhring, Germany). The filters were washed three times with 2-3 ml of ice-cold 50 mM Tris-HCl buffer, pH 7.4 and subsequently transferred into scintillation vials. The liquid scintillation counting of the filters started after 9 h of incubation in 2.5 ml of scintillation cocktail (Lumag AG, Basel).

A

  c c e p t e d M a n u s c r i p t 14 antiparallel sheets. Despite similarities between the adenosine A 2A and the A 2B receptor subtypes with regard to the cysteine residues localized close to or in the extracellular part of the proteins there are significant differences, and their roles and functions may be different. insert figure 2 here

  carbonyl and phi the angle between carbon and nitrogen. Lower values indicate better quality of the model. Z-scores, obtained by PROSAII, indicate the overall model quality;

  A c c e p t e d M a n u s c r i p t 15 its value is displayed in a plot which shows the local model quality by plotting energies as a function of the amino acid sequence position. In general, positive values correspond to problematic parts of the input structure, negative values indicate good quality. RMSD values are a useful way to compare two models either of the same structure or two closely related structures, such as the crystal structure of the A 2A receptor and the model of the the A 2B receptor. The values reflect the average distances between the backbones of the proteins. Lower values indicate good accordance

  A c c e p t e d M a n u s c r i p t 16 model with the lowest number of disulfide bonds and the one with the highest number of disulfide bonds, produce B-factor profiles very similar to the one of the tightly constrained m2 A 2A model with four disulfide bonds. B-factors indicate the true static or dynamic mobility of an atom; it can also indicate errors in model building (reflected in higher values, corresponding to the peaks in figure
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 173 figure 5 the curve for the agonist NECA was shifted to the right by 74-fold compared to

  here A c c e p t e d M a n u s c r i p t 19 Cysteine mutants were analyzed in radioligand binding studies using the antagonist radioligand [ 3 H]PSB-603 versus unlabeled PSB-603 as well as versus the agonist NECA (see supplemental figure

  .g. the dopamine D2 receptor[START_REF] Shi | The second extracellular loop of the dopamine D2 receptor lines the binding-site crevice[END_REF] and the adenosine A 3 receptor[START_REF] Duong | Nucleoside modification and concerted mutagenesis of the human A 3 adenosine receptor to probe interactions between the 2-position of adenosine analogs and Gln167 in the second extracellular loop[END_REF].

A c c e p t e d M a n u s c r i p t 23 Subsequently

 23 each cysteine residue of the A 2B receptor located in the ECL2, as well as C78 in the external half of TMD3 was individually replaced by the sterically and electronically similar serine, which lacks the ability to participate in disulfide bond formation but is still able to form H-bonds, which are even stronger for the OH group of serine than for the original SH group of its cysteine homologue. Through site-directed mutagenesis DNA constructs coding for the mutations C78S (TMD3), C154S, C166S, C167S, and C171S (ECL2) of the A 2B receptor were generated. In addition, a C166S-C167S double mutant was constructed. To obtain comparable EC 50 values mutants were compared to cells overexpressing wild-type receptors at the same level. Therefore shifts of EC 50 values were due to reduced binding or function and not due to different expression levels. Only two mutants, C78S and C171S showed somewhat lower expression levels.
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 361 Figure 1: Topology model of the human A 2B receptor. The topology of the human A 2B
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 2 Figure 2: (A) Alignments of the first and second extracellular loops of the human A 2A
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 3 Figure 3: Molecular models of the human adenosine A 2B receptor. (A) Initial model
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 4 Figure 4: Comparison of B-factors for the disulfide bond predictions of the four
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 56 Figure 5: Effect of preincubation with DTT on A 2B receptor activity. NECA-induced
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 387 Figure 7: Saturation binding of [ 3 H]PSB-603 to human adenosine A 2B receptors (A)
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 8 Figure 8: Agonist induced cAMP accumulation in CHO cells stably expressing HA-
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 9 Figure 9: Cell surface expression levels of mutant receptors in comparison to the wt A 2B

Figure 10 :

 10 Figure 10: Agonist-induced cAMP accumulation studies in CHO cells stably expressing

  independent experiments performed in duplicates. Corresponding EC 50 values are summarized in table 3. The C78S and C171S mutants could not be activated by BAY60-6583 at concentrations which were soluble (solubility < 30 µM).
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Table 1 .

 1 Evaluation of the goodness of different A 2A and A 2B receptor models after simulation Ramachandran plot, which is a way to visualize the dihedral angles (psi against phi) of amino acid residues in protein structures. Lower values indicate better quality. The Z-score indicates the overall model quality, its value is displayed in a plot which shows the local model quality by plotting energies as a function of the amino acid sequence position. In general, positive values correspond to problematic parts of the input structure, negative values indicate good quality. mean square distance. Lower overall values indicate good accordance between two models.

	33

b c RMSD: root

Table 2 :

 2 Affinities of the antagonist PSB-603 and the agonist NECA at the human A 2B receptor mutants and the wt receptor determined in radioligand binding studies versus [ 3 H]PSB-603 (0.3 nM). Data are means ± SEM of three independent experiments unless

	otherwise noted.		
	wt or mutant	PSB-603	NECA
	wt	IC 50 ± SEM (nM) 2.39 ± 0.71 a	IC 50 ± SEM (nM) 5300 ± 946 b
	C78S	-c	-c
	C154S	19.0 ± 4.3 ***	4970 ± 490 ns
	C166S	1.41 ± 0.15 ns	4253 ± 766 ns
	C167S	1.60 ± 0.38 ns	2933 ± 121 ns
	C166S-C167S	5.49 ± 1.30 d ns	3920 ± 517 ns
	C171S	-c	-c
	a n=6; mutants; b n=5; d n=2; Results of two-tailed t-test: c could not be determined since [ ns not significantly different from wildtype, *** p < 0.001 3 H]PSB-603 did not show high affinity binding to the

Table 3 :

 3 EC 50 values determined for the agonists NECA and BAY60-6583 in cAMP accumulation assays at the wt and the mutants of the human A 2B receptor. Data are means ± SEM of three independent experiments unless otherwise noted.

		NECA		BAY60-6583	
	wt or mutant wt	EC 50 ± SEM (nM) 58.1 ± 11.7 b	fold shift a	EC 50 ± SEM (nM) 62.8 ± 7.3 c	fold shift a
	C78S	397 000 ± 7700 ***	6830	> 100 000 ***	> 1590
	C154S	159 ± 29 **	2.7	35.9 *	0.6
	C166S	71.1 ± 12.6 ns	1.2	26.8 ± 6.1 *	0.4
	C167S	64.5 ± 6.5 ns	1.1	26.3 ± 5.5 *	0.4
	C166S-C167S	94.1 ± 13.0 ns	1.6	40.6 ns	0.6
	C171S	256 000 ± 28 900 ***	4400	> 100 000 ***	> 1590
	a The shift represents the ratio EC 50 (mutant) : EC 50 (wt); ns not significantly different from wildtype, * p < 0.05, ** p < 0.01, *** p < 0.001 b n=6; c n=5; Results of a two-tailed t-test:

Table 1 .

 1 Evaluation of the goodness of different A 2A and A 2B receptor models after simulation between carbon and carbonyl) and phi angels (angle between carbon and nitrogen) are determined using a Ramachandran plot, which is a way to visualize the dihedral angles (psi against phi) of amino acid residues in protein structures. Lower values indicate better quality. score indicates the overall model quality, its value is displayed in a plot which shows the local model quality by plotting energies as a function of the amino acid sequence position. In general, positive values correspond to problematic parts of the input structure, negative values indicate good quality.

		m1 A 2A	m2 A 2A	m1 A 2B	m2 A 2B	m3 A 2B	m4 A 2B
	disulfide bonds fixed	C77-C166	C71-C159	C78-C171	C72-C167	C72-C166	C72-C167
	before simulation		C74-C146 C77-C166		C78-C171	C78-C171	C78-C171 C154-C166
			C259-C262				
	PROCHECK psi/phi	1.1	0.4	0.7	0.7	0.7	1.0
	angels a						
	PROSAII	-4.3	-4.11	-4.06	-3.91	-4.17	-4.42
	Z-score b						
	RMSD c relative to	1.0	0.8	1.3	1.9	1.7	1.7
	the A 2A crystal						
	structure [Å]						
	RMSD relative to	0.9	0.8	0.7	1.0	0.8	0.8
	initial structure [Å]						

a psi (angle b The Zc RMSD: root mean square distance. Lower overall values indicate good accordance between two models.
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Table 2 :

 2 Affinities of the antagonist PSB-603 and the agonist NECA at the human A 2B receptor mutants and the wt receptor determined in radioligand binding studies versus [ 3 H]PSB-603 (0.3 nM). Data are means ± SEM of three independent experiments unless otherwise noted.

	wt or mutant	PSB-603	NECA
	wt			IC 50 ± SEM (nM) 2.39 ± 0.71 a	IC 50 ± SEM (nM) 5300 ± 946 b
	C78S		-c	-c
	C154S		19.0 ± 4.3 ***	4970 ± 490 ns
	C166S		1.41 ± 0.15 ns	4253 ± 766 ns
	C167S		1.60 ± 0.38 ns	2933 ± 121 ns
	C166S-C167S	5.49 ± 1.30 d ns	3920 ± 517 ns
	C171S		-c	-c
	a n=6;	b n=5;	c could not be determined since [ 3 H]PSB-603 did not show high affinity binding to the
	mutants;	

d n=2; Results of two-tailed t-test: ns not significantly different from wildtype, *** p < 0.001

Table 2
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Table 3 :

 3 EC 50 values determined for the agonists NECA and BAY60-6583 in cAMP accumulation assays at the wt and the mutants of the human A 2B receptor. Data are means ± SEM of three independent experiments unless otherwise noted. The shift represents the ratio EC 50 (mutant) : EC 50 (wt); b n=6; c n=5; Results of a two-tailed t-test: ns not significantly different from wildtype, * p < 0.05, ** p < 0.01, *** p < 0.001

		NECA		BAY60-6583	
	wt or mutant wt	EC 50 ± SEM (nM) 58.1 ± 11.7 b	fold shift a	EC 50 ± SEM (nM) 62.8 ± 7.3 c	fold shift a
	C78S	397 000 ± 7700 ***	6830	> 100 000 ***	> 1590
	C154S	159 ± 29 **	2.7	35.9 *	0.6
	C166S	71.1 ± 12.6 ns	1.2	26.8 ± 6.1 *	0.4
	C167S	64.5 ± 6.5 ns	1.1	26.3 ± 5.5 *	0.4
	C166S-C167S	94.1 ± 13.0 ns	1.6	40.6 ns	0.6
	C171S	256 000 ± 28 900 ***	4400	> 100 000 ***	> 1590

a

Table 3
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