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ADA, Adenosine deaminase; BCA, Bicinchoninic acid; BSA, Bovine serum 

albumin; cAMP, Cyclic adenosine monophosphate; carazolol, 1-(9H-carbazol-4-

yloxy)-3-(propan-2-ylamino)propan-2-ol; CFP, Cyan fluorescent protein; CCPA, 2-

chloro-N6-cyclopentyladenosine; CGS21680, 2-[p-(2-carboxyethyl)phenyl-

ethylamino]-5’-N-ethylcarboxamidoadenosine; Cyanopindolol, (RS)-4-[3-(tert-

Butylamino)-2-hydroxypropoxy]-1H-indole-2-carbonitrile; DMEM, Dulbecco's 

modified Eagle's medium; EDTA, Ethylenediaminetetra acetic acid; DPCPX, 1,3-

dipropyl, 8-cyclopentylxanthine; ELISA, Enzyme-linked immunosorbent assay; 

FlAsH, Fluorescein arsenical hairpin binder; FRET, Fluorescence resonance energy 

transfer; GFP Green fluorescent protein; GPCR, G protein-coupled receptor; 

HBBS, Hank's balanced salt solution; HEK293, Human embryonic kidney 293; 

HEPES, 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid; LUF5834, 2-

amino-4-(4-hydroxyphenyl)-6-(1H-imidazol-2-ylmethylsulfanyl)pyridine-3,5-

dicarbonitrile;  N P-40, Nonidet P40; PBS, Phosphate buffered saline; TBS,Tris-

buffered saline; TMB 3,3’,5,5’-tetramethyl-benzidine; Timolol, (S)-1-(tert-

butylamino)-3-[(4-morpholin-4-yl-1,2,5-thiadiazol-3-yl)oxy]propan-2-ol; UK-

432097, 6-(2,2-diphenylethylamino)-9-((2R,3R,4S,5S)-5-(ethylcarbamoyl)-3,4-

dihydroxytetrahydrofuran-2-yl)-N-(2-(3-(1-(pyridin-2-yl)piperidin-4-yl)ureido)ethyl)-

9H-purine-2-carboxamide; ZM241385, 4-{2-[7-amino-2-(2-furyl)-1,2,4-triazolo[1,5-

a]1,3,5]triazin-5-yl-amino]ethyl} phenol 
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Abstract 

 

The recent publication of both the antagonist bound and agonist bound structures of 

the adenosine A2A receptor have revealed much about how a ligand may bind to a 

receptor and cause the conformational changes associated with agonist-mediated 

activation.  In particular the agonist bound structure revealed key interactions between 

the ribose group of adenosine derived agonists and amino acids in the receptor 

binding pocket that lead to receptor activation.  However, agonists without a ribose 

group also exist, and we wondered whether such compounds occupy the same agonist 

binding site. Therefore we used a mutagenesis approach in this study to investigate 

the mode of binding of LUF5834, a potent partial agonist without a ribose moiety, in 

comparison to the adenosine-derived reference agonist CGS21680. Mutation of the 

orthosteric residue Phe168 to alanine abrogated the function of both agonists. 

However, mutation to alanine of residues Thr88 and Ser277 shown by the crystal 

structures to interact with the ribose group of adenosine-like ligands had no effect on 

the potency of LUF5834.  Furthermore, alanine mutation of Asn253 which makes a 

hydrogen bonding interaction with the exocyclic nitrogen of the adenine ring had 

minimal effect on LUF5834 affinity but r emoved agonist activity of this ligand.  

Mutation of other residues such as the highly conserved Trp246 or Glu13 had 

significant deleterious effects on the function of CGS21680 but had little effect on 

LUF5834.  In summary our findings suggest that this class of agonist interacts with 

distinct residues to activate the receptor as compared to classical adenosine derived 

agonists. 
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Introduction 

 

Extracellular adenosine has an important physiological role as a signal of metabolic 

stress and as a modulator of neurotransmitter release.  Its effects are predominantly 

mediated via the interaction with four adenosine receptor (AR) subtypes (A1 AR, A2A 

AR, A2B AR, and A3 AR), members of the G pr otein-coupled receptor (GPCR) 

superfamily (Fredholm et al., 2011). There is significant therapeutic potential for both 

selective antagonists and agonists of the A2A AR (Jacobson and Gao, 2006; Miyamoto 

et al., 2009). The development of selective A2A AR ligands will surely be aided by the 

recent publication of both antagonist and agonist bound structures of the A2A AR 

(Jaakola et al., 2008; Xu et al., 2011; Lebon et al., 2011). The antagonist bound 

structure revealed that the binding of the antagonist ZM241385 in the A2A receptor 

was almost perpendicular to t hat of retinal, timolol, carazolol and cyanopindolol in 

the rhodopsin receptor and the β-adrenergic receptors, respectively (Jaakola et al., 

2008; Jaakola et al., 2010). The furan ring moiety in ZM241385 (see figure 1) was 

located deep in the binding pocket, the central aromatic triazolotriazine core made a 

π-π stacking interaction with Phe1685.29, hydrophobic interactions with the Ile2747.39 

and Leu2496.51 and formed polar interactions with the highly conserved Asn2536.55 

and Glu1695.30 residues(Jaakola et al., 2008). The 4-hydroxyphenylethyl side chain 

extended into the extracellular region of the binding cavity. More recently, two papers 

described the A2A AR co-crystallized with adenosine or adenosine-derived agonists 

bound (Xu et al., 2011; Lebon et al., 2011). The adenine core of such agonists is a 

common scaffold and present in nearly all major types of AR agonists and a number 

of antagonists. This moiety aligns to the heterocyclic core of ZM241385 when the 

two complex structures are superimposed together, as already predicted in modeling 

studies (Ivanov et al., 2009; Jaakola et al., 2010). The molecular interactions that 

anchor ZM241385 in this region are also conserved in the agonist bound cavity, 

including aromatic stacking with Phe168 in extracellular loop 2 (ECL2), non-polar 

interaction with Ile2747.39, and two hydrogen bonds with Asn2536.55 (Lebon et al., 

2011; Xu et al., 2011). These structures followed closely behind agonist bound or 

‘active’ structures of the β-adrenergic receptors and that of retinal–free opsin 

(Kobilka, 2011; Rasmussen et al., 2011; Rosenbaum et al., 2011; Scheerer et al., 

2008; Warne et al., 2011).  I n all cases the binding of agonists caused large-scale 
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rearrangement at the cytoplasmic end of the transmembrane helices including a 

pronounced inward tilt of helices V and VII and an outward tilt of helix VI, although 

the degree and direction of movements differ between structures. In contrast the 

subtle conformational changes within the binding site induced by agonist binding are 

distinct suggesting that rather disparate triggers can induce activation of these 

GPCRs.  This leads to the question whether structurally different orthosteric agonists 

binding to the same receptor activate the receptor via conserved or distinct 

interactions. Classically, agonists of the adenosine receptors have all been derivatives 

of the endogenous ligand adenosine. The ribose moiety of such derived compounds 

was thought necessary for the agonistic behavior of adenosine receptor ligands 

(Soudijn et al., 2003). In the agonist bound crystal structure the ribose moiety of the 

ligand inserts deeply into a predominantly hydrophilic region of the binding cavity 

making hydrogen bonds with His2787.43, Ser2777.42, His2506.52 and Thr883.36 in accord 

with previous mutagenesis studies (Gao et al., 2000; IJzerman et al., 1996; Jacobson 

et al., 2005; Jiang et al., 1996; Kim et al., 1995; Kim et al., 2003). Besides these polar 

interactions, the ribose part of the ligand has close contacts with Val843.32, Leu853.33, 

Trp2466.48, Met1775.38 and Leu2496.51. However, a series of novel ligands for the 

adenosine receptor that do not contain the ribose moiety have been disclosed in patent 

literature. These compounds were demonstrated to have both a significant affinity and 

efficacy towards different adenosine receptor subtypes (Beukers et al., 2004; Chang et 

al., 2005; Heitman et al., 2006; Rosentreter et al., 2001; Rosentreter et al., 2003). One 

of these compounds was LUF5834 (2-amino-4-(4-hydroxyphenyl)-6-(1H-imidazol-2-

ylmethylsulfanyl)-pyridine-3,5-dicarbonitrile, a high-affinity non-adenosine partial 

agonist at the A2A AR (Beukers et al., 2004).  

In this study we explore the binding mode of this novel agonist using a mutagenesis 

approach in comparison with the adenosine-derived A2A selective agonist CGS21680 

(2-[p-(2-carboxyethyl)phenylethylamino]-5’-N-ethyl-carboxamidoadenosine) against 

the background of both the antagonist and agonist bound structures of the A2A AR.  

These studies reveal that although these two ligands have an overlapping binding 

domain, the mutagenesis of several key binding site residues has distinct, often, 

opposite effects upon the potency and efficacy of the two agonists. 
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Materials and Methods 

 

Materials:  

The plasmids with the  FlAsH-tagged, CFP-tagged mutated receptors and a cell line 

that stably expressed the FlAsH-tagged, CFP-tagged wild-type receptor were 

provided by one of us (C. Hoffmann, Institute of Pharmacology and Toxicology, 

Würzburg). PSB-603 and cilostamide were obtained from Tocris. CGS21680 was a 

gift by Dr. RA Lovell (Ciba-Geigy) and rolipram by Dr. N Sprzagala (Schering AG). 

ZM241385 was obtained from Astra Zeneca and LUF5834 was made in ho use.  

Adenosine deaminase (ADA) was purchased from Boehringer Mannheim, bovine 

serum albumin (BSA) from Sigma and bicinchoninic acid (BCA) was obtained from 

Pierce Chemical Company. All other chemicals were obtained from standard 

commercial sources. 

 

Cell Culture and transfection:  

Human Embryonic Kidney 293 (HEK293) cells were grown as monolayers in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with stable glutamine, 

10% newborn calf serum, streptomycin and penicillin at 37°C in a moist, 7% CO2 

atmosphere. HEK293 cells stably expressing the wild-type (WT) receptor were grown 

in the same medium as the HEK293 cells but with the addition of G418 (200 μg/ml). 

The cells were sub-cultured by trypsinization. Cells were transfected with plasmid 

DNA using a calcium phosphate method as described previously (Jaakola et al., 

2010). Experiments were performed 48h after transfection. 

 

cAMP Assay:  

HEK293 cells were grown and transfected as described above. Experiments were 

performed 48h after transfection. Cells were harvested, counted and resuspended in 

stimulation buffer and added to 384-well OptiPlates (PerkinElmer Life Sciences) at a 

concentration of 5000 cells/well. The assay was performed following the protocol 

recommended in the LANCE cAMP 384 kit (PerkinElmer Life Sciences) and as 

described previously (Jaakola et al., 2010). Deviations from the kit protocol are as 

follows. The stimulation buffer used was PBS with the addition of 5mM HEPES, 

0.1% BSA, 50 μM rolipram, 50 μM cilostamide, and 0.8 IU/ml ADA. The assay was 

performed in white 384-well Optiplates (PerkinElmer Life Sciences). Cells were 
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incubated with either CGS21680 or LUF5834 for 45 min at 37°C. Following addition 

of the detection/antibody mix, the plates were left for 3 hours at room temperature 

(RT) prior to reading using a VICTOR2 plate reader (PerkinElmer Life Sciences).  For 

the mutant receptors Glu1695.30Ala and Asn2536.55Ala concentration-response curves 

of the agonist CGS21680 were recorded in the presence of increasing concentrations 

of the antagonist ZM241385 and the partial agonist LUF5834, respectively.  

 

 

Membrane Preparation:  

Cells were detached from the plates (10 cm) by scraping them into 5 ml PBS and 

centrifuged for 5 min at 1000 rpm. The pellets were resuspended in ice-cold 25 mM 

Tris-HCl buffer, 5 m M MgCl2, pH 7.4 and homogenized with an Ultra Thurrax 

homogenizer. Membranes and the cytosolic fraction were separated by centrifugation 

at 31000 rpm in a Beckman Optima LE-80 K ultracentrifuge at 4°C for 20 min. The 

pellets were resuspended in 10 ml Tris-HCl buffer and both the homogenization and 

centrifugation step were repeated. Tris-HCl buffer was used to resuspend the pellet 

and ADA (0.8 IU/ml) was added. The membranes were stored in 250 μl aliquots at -

80 °C. Membrane protein concentrations were measured using a BCA protein 

determination. 

 

Radioligand Binding Assays:  

Binding assays were performed in a 100 μl reaction volume containing 25 mM Tris-

HCl buffer, 5 m M MgCl2, pH 7.4 and 20 μg membrane protein. The ability of 

increasing concentrations of the antagonist ZM241385 and agonists CGS21680 and 

LUF5834 to compete with [3H]ZM241385 (50 Ci/mmol, ARC Inc., St. Louis, USA) 

for binding to several A2A AR constructs was tested. Non-specific binding was 

determined with 1 mM theophylline. Homologous competition binding experiments 

were carried out using 0.5 nM and 1.0 nM [3H]ZM241385, while the displacement 

assays with CGS21680 and LUF5834 were carried out with 1.7 nM [3H]ZM241385. 

Incubation was for 2 hours at 25°C. Separation of bound from free radioligand was 

performed by rapid filtration through Whatman GF/B filters using a MY-24 harvester 

(Brandel). The filters were washed three times with ice-cold 50 mM Tris-HCl buffer 

(pH 7.4). Filter bound radioactivity was measured by scintillation spectrometry after 
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the addition of 3.5 ml of Packard Emulsifier Safe using a Tri-Carb 2900TR liquid 

scintillation analyzer (PerkinElmer Life Sciences). 

 

 

Enzyme-Linked Immunosorbent Assay 

Cells were transfected as described above. 24 hours after transfection cells were split 

into 48-well poly-D-lysine-coated plates at a density of 100,000 cells per well. After 

an additional 24 hours the cells were fixed with 4% formaldehyde, permeabilized with 

Nonidet P40 (NP-40) and labeled with anti-GFP (green fluorescent protein) antibody 

(Clontech, Living Colors® A.V. Peptide Antibody, 1:400) in TBS (tris-buffered 

saline)/0.1% BSA o/n at 4°C. The following day the cells were washed with TBS and 

blocking buffer (0.1 M NaHCO3, 1% fat free milk) while Peroxidase-conjugated 

AffiniPure Goat Anti-Rabbit IgG (Jackson ImmunoResearch Laboratories, 1:5000) 

was added as the secondary antibody. The cells were washed three times with TBS. 

Finally the cells were incubated with 3,3’,5,5’-tetramethyl-benzidine (TMB) liquid 

substrate system (Sigma) for 3 min in the dark at RT°C. The reaction was stopped 

with 0.5 M H2SO4 and the absorbance was read at 450 nm using a VICTOR2 plate 

reader (PerkinElmer Life Sciences). 

 

 

Docking Studies of LUF5834 

Docking was performed in ICM by Molsoft (Version 3.6-1h) using the crystal 

structure of the A2A receptor co-crystalized with an agonist deposited in the PDB 

(Code 3QAK). Hydrogens were added to the PDB file by ICM object conversion, 

which contains hydrogen bond optimization, protonation state optimization of His 

residues, and rotamer optimization of Asn, Gln, and His residues. All waters were 

retained in the crystal structure prior to docking. After removal of the co-crystalized 

ligand it was redocked where ICM was able to regenerate the original pose with an 

RMSD of 0.6 Å w hen calculated for all atoms. Subsequently both CGS21680 and 

LUF5834 were docked into the receptor. The binding site was defined by a 7.5 Å 

sphere around the co-crystallized ligand. Docking itself was performed using the VLS 

package in ICM with a thoroughness of 2. The top 10 poses were visually inspected. 

Two dimensional interaction maps were created manually from the docked poses. The 

docked structures were loaded as pdb files in MOE by the Chemical Computing 
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Group (Version 2010.10) and subsequently an interaction map was drawn. However 

as the force field in MOE is dif ferent from ICM the interactions displayed in MOE 

show subtle differences with those ICM. Therefore, the maps from MOE were used as 

a basis and manually adapted to shown the interactions as they are present in ICM. 

This included the addition of residues not in direct contact with the ligand (Tyr91.35, 

Glu131.39 and Ala632.61) to the figure.  

 

 

2.11 Data Analysis 

 

The results were analyzed using GraphPad Prism (Version 5.0, Graphpad Software 

Inc., San Diego, CA, USA). The values are expressed as mean ± SEM of three 

independent experiments performed in duplicate or triplicate. Agonist concentration 

response curves were fitted to the following four-parameter Hill equation: 

  

response=
(top − bottom)

1+ (10log EC50 / x)n H
   (1) 

        

Where top represents the maximal asymptote of the concentration response curves, 

bottom represents the lowest asymptote of the concentration-response curves, logEC50 

represents the logarithm of the agonist EC50, x represents the concentration of the 

agonist and nH represents the Hill slope. 

 

To determine a value of affinity for LUF5834 functional data was fitted to an operational 

model (Black  & Leff, 1983) using prism version 5.0 according to the equation: 

    

Effect =
Effectmaxτ[A]

(Kb + [A]) +τ[A]
    (2) 

 

In which Kb is the dissociation constant of agonist binding, Effectmax is the maximum 

effect with a full agonist. τ is a measure of agonist efficacy and is defined by the 

equation: 

 

τ =
Kb

[EC50]
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ −1        (3) 
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It should be noted that for a full agonist τ >>1 so [EC50] approaches Kb/ τ 

 

The pA2 value is the affinity of antagonists determined by Schild plot analysis using 

the following equation:  

 

pA2 = Log(DR-1) – log[B]         (4) 

 

Where DR is the EC50 of the agonist in presence of antagonist divided by the EC50 of 

the agonist in absence of antagonist and [B] is the concentration antagonist.  

 

The concentrations that inhibited half of the [3H]ZM241385 binding (IC50) and the 

affinities (Ki) of each ligand  for the wild-type receptor and Thr883.36Ala and 

S2777.42Ala mutated receptors were determined by using nonlinear regression analysis 

using the following equation: 

 

Y =
(top − bottom)xn H

xnH + IC50
n H

        (5) 

Where Y denotes the percent specific binding, top and bottom denote the maximal and 

minimal asymptotes respectively, x denotes the inhibitor potency (midpoint location) 

parameter and nH denotes the Hill slope factor.  Assuming simple competition IC50 

values were converted to Ki values using the Cheng and Prusoff (1973) equation. 

 

Both one-site binding and two-site binding models were tested. The maximum 

receptor density (Bmax) and ligand binding affinity (KD) were determined with a 

homologous competition binding assay using the following equations;  

 

Y =
Bmax .[Hot]

[Hot]+ [Cold]+K d

+ NS
        (6) 

 

Where Y is total ligand binding, [Cold] is the concentration of unlabelled ligand. 

[Hot] is the radioligand concentration and NS is non-specific binding. Where 

indicated (figures 1, 3, 4 a nd 6) concentration-effect data is normalized as a 

percentage taking the basal response in the control condition as zero and the maximal 
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stimulation of CGS21680 in the control condition as 100%.  Statistical analyses were 

performed with an unpaired t-test. Values were stated as significantly different when 

P< 0.05. 

 

 

Results 

Use of modified A2A AR constructs with a FlAsH tag within the third 

intracellular loop and a C-terminal CFP tag. 

The aim of this project was to investigate the potential distinct active conformations 

invoked by two structurally distinct agonists; CGS21680 and LUF5834.   The FlAsH 

(fluorescein arsenical hairpin binder) based approach has previously been used to 

monitor agonist dependent changes in FRET signals by measuring FRET between a 

FlAsH label within the third intracellular loop of the A2A AR and a C-terminal CFP 

tag (Hoffmann et al., 2005).  Co nsequently, this appeared to be an appropriate 

technique to attempt to monitor conformational changes caused by binding of the two 

agonists.  However, LUF5834 was too lipophilic for use in our microscopy system. 

Previously published data showed that this tagged receptor construct had identical 

pharmacology to the wild-type among others by its ability to increase intracellular 

cAMP levels (Hoffmann et al., 2005).  Consequently, we made use of these constructs 

to pursue a traditional pharmacological approach and all constructs within this paper 

including the ‘wild-type’ are FlAsH-CFP-tagged receptors. 

 

LUF5834 is a high potency partial agonist at the adenosine A2A AR 

The A2A AR is a Gs-coupled GPCR and consequently an appropriate method to assess 

receptor activation is to measure increases in intracellular cAMP.  In this study we 

have made use of the LANCETM cAMP 384 assay supplied by Perkin Elmer. Using 

HEK293 cells that stably expressed the wild-type A2A AR, the ability of the novel 

non-ribose agonist LUF5834 to stimulate the A2A AR was compared to that of the 

classical selective adenosine derived agonist CGS21680 (Figure 1A).  D espite the 

absence of a ribose pharmacophore within the ligand LUF5834 was shown to be a 

partial agonist at the A2A AR with a similar high potency as the classical agonist 
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CGS21680 (LUF5834: EC50 =16 nM, CGS21680, EC50 = 21 nM, table 1). LUF5834 

had an Emax of 41% of the full agonist CGS21680 (Figure 1B, table 1). Using an 

operational model of partial agonism to ga in a value of affinity for LUF5834 and 

assuming CGS21680 to be a full agonist we determined a pKA of 7.49 ± 0.14 (32 nM) 

for LUF5834.  HEK293 cells are known to endogenously express the A2B AR 

(Cooper et al., 1997).  Given the previously reported high potency of LUF5834 at the 

A2B AR it was important to characterize the action of both CGS21680 and LUF5834 

on untransfected HEK293 cells prior to embarking on further mutagenesis studies.  

CGS21680 is a selective A2A AR agonist with a reported 10,000 fold lower affinity at 

the A2B AR (Fredholm et al. 2011).  Accordingly, CGS21680 caused a dose-

dependent increase in cAMP with an EC50 value of 10 μM as compared to the EC50 

value of 21 nM observed for the A2A AR expressing HEK293 cells. This signal was 

completely abolished with the addition of the A2A/A2B selective antagonist ZM241385 

(Figure 1C).   Th is lower potency is in line with an A2B AR mediated effect. 

Intriguingly, this difference in potency is smaller compared to the published values of 

affinity for CGS21680 at the A2A AR and A2B AR. This is surprising given that the 

A2A AR is over-expressed.  H owever, the efficiency with which the receptor is 

coupled to the signaling pathway must also be taken into account.  A s imilar 

phenomenon has been observed for 5HT1B receptors endogenously expressed in CHO 

cells (Giles et al. 1996).  In this case the inability to detect receptor expression with 

radioligand binding indicated a very low level of receptor expression.  However, the 

extremely high potency of agonists including 5HT and the partial agonist activity of 

the normally silent antagonist cyanopindolol indicated a very efficient coupling of a 

low density of 5HT1B receptors. Importantly, the levels of intracellular cAMP 

generated in the untransfected HEK293 were < 10% than those observed in the 

HEK293 cells stably expressing the A2A AR (Figure 1B).  L UF5834 has a high 

potency at the A2B AR and accordingly, showed a high potency (15 nM) in the 

untransfected HEK293 cell line.  Again this effect could be antagonized with the 

addition of ZM241385.  The maximal effect exerted by LUF5834 in the untransfected 

HEK293 cell line was again < 10% of that observed in the A2A AR transfected cell 

line.  However, to ensure unambiguous interpretation of the results from our 

mutagenesis experiments all experiments were performed with an untransfected 

HEK293 cell line in parallel. 
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Various binding site mutants are expressed to similar levels in transiently 

transfected HEK293 cells 

To investigate the mode of binding of LUF5834 compared to CGS21680 a range of 

A2A AR constructs were generated in which important orthosteric binding site 

residues were mutated.  It was important therefore to ensure that such constructs were 

expressed efficiently in HEK293 cells.  Cells were transfected with cDNA of the 

various mutants. Using an anti-GFP antibody to detect the C-terminal CFP tag we 

performed a whole cell ELISA assay. We observed that the level of expression of all 

mutants was comparable to, and in all but one case, greater than that observed for the 

stably transfected wild-type receptor (Figure 2A).  This indicates that in all cases the 

mutant receptors were expressed in this heterologous system.  Furthermore, the level 

of receptor expression for all mutants was similar, between 0.8 to 2 fold-higher as 

compared to the stably expressed wild-type receptor.  It should be noted, however, 

that whereas cells of the stably transfected cell line will all express receptor, the 

number of cells expressing receptor in the transient transfections is dependent on 

transfection efficiency.  We extended this initial study to look at the functionality of 

the various mutants as compared to the wild-type receptor in terms of their ability to 

be activated by a high (100 μM) concentration of either CGS21680 or LUF5834 

(Figure 2B). With the notable exception of Phe1685.29Asp all mutants showed a 

higher level of basal and stimulated counts as compared to the untransfected cell line 

underlining that in all cases the observed signal is derived from the A2A AR variant 

receptors rather than endogenous A2B ARs.  Furthermore, at these high concentrations 

of ligand all receptors were activated by one or both of the ligands.  This 

demonstrates that all receptors were expressed and that a significant proportion 

reached the cell surface. 

 

Residues interacting with the heterocyclic core of ZM241583 or the adenine 

group of adenosine-derived agonists are also important for the potency of 

LUF5834. 
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Several residues such as Asn2536.55 and Phe1685.29 which were shown to interact with 

the heterocyclic core of the antagonist ZM241385 in the A2A AR crystal structure also 

play a crucial role in the binding of the agonist UK 432097. However, the role of 

these residues in the binding and function of non-ribose agonists such as LUF5834 

has not been determined.  

Phe1685.29 was shown to be vital for ligand binding contributing a π-π stacking 

interaction with the heterocyclic core or adenine ring. Mutation of this aromatic 

residue to the smaller non-aromatic alanine (Phe1685.29 Ala) caused a >500-fold 

decrease in potency of CGS21680.  A similar decrease in potency was observed for 

LUF5834 at the Phe1685.29 Ala variant with a 700-fold decrease in potency indicating 

that this residue also plays an important role in LUF5834 binding (table 1, figure 

3A). Mutation of this residue to an acidic aspartate residue completely abrogated 

detectable ligand potency.  An asparagine residue in helix VI is conserved across all 

four adenosine receptor subtypes and has been shown to provide a hydrogen bonding 

interaction with the exocyclic nitrogen of both adenosine derived agonists and 

antagonists such as ZM241385. Mutation of this Asn2536.55 to alanine caused a >100-

fold decrease in potency for CGS21680 (table 1, figure 3B).  Interestingly, LUF5834 

failed to induce a response at this mutant even at a concentration of 100 μM. 

Interaction studies of LUF5834 with CGS21680 were performed to determine 

whether the mutation of this asparagine residue reduced the affinity or the efficacy of 

LUF5834. If the latter is correct then LUF5834 should behave as a classical 

competitive antagonist with respect to CGS21680.  We performed concentration-

response curves of CGS21680 in the presence of increasing concentrations of 

LUF5834 (figure 3C).  Schild analysis of this experiment revealed LUF5834 does 

indeed behave like a competitive antagonist as indicated by a Schild-slope of unity 

(Figure 3D).  Furthermore, the affinity of LUF5834 for the Asn2536.55Ala mutant 

derived from these experiments (pA2 of 6.9 ± 0.1) was 6-fold lower than the affinity 

of LUF5834 for the wild-type receptor as determined from the functional data and not 

significantly different from that observed for the wild-type receptor determined by 

displacement of [3H]ZM241385 (pKi = 7.1 ± 0.2, table 3) .  This indicates that the 

effect of the Asn253Ala mutation on the function of LUF5834 is predominantly an 

effect on ligand efficacy rather than affinity.  It should be noted that [3H]ZM241385 
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binding experiments on the Asn2536.55Ala mutation could not be performed since this 

mutation abrogated detectable [3H]ZM241385 binding. 

 

Mutation of a Glutamate in the extracellular loop of the A2A AR affects 

antagonist but not agonist binding 

The exocyclic nitrogen of ZM241385 was also shown to form a hydrogen bond with 

Glu1695.30 from ECL2 in the crystal structure.  Again, it was of interest to see if this 

residue makes a similar contribution to LUF5834 binding and function.   No 

significant change in potency of either LUF5834 or CGS21680 was observed when 

Glu1695.30 was mutated to alanine (Figure 4A, table 1).  This result is incongruous 

with previous data demonstrating mutation of this residue had a significant effect on 

both antagonist and agonist binding (Kim et al. 1996).   Initial radioligand 

experiments using membranes expressing the Glu169Ala mutation demonstrated that 

this mutation abrogated [3H]ZM241385 binding when up to a 20 nM concentration of 

radioligand was used.  Consequently, to determine the affinity of ZM241385 for this 

mutated receptor we used ligand interaction studies and a Schild plot analysis.  

Concentration response curves of CGS21680 at the Glu1695.30Ala mutation were 

performed in the presence of increasing concentrations of ZM241385 (figure 4B,D).  

The addition of ZM241385 not only lead to rightward shifts of the CGS21680 

concentration-response curves as might be expected for a competitive antagonist but 

also caused a significant decrease in basal cAMP production. By performing Schild 

analysis of the dose-response shifts observed an estimated value of pKb of 7.2 ± 0.3 

was obtained.  This is in agreement with the value of pIC50 obtained for the inverse 

antagonist action of ZM241385 when added alone in increasing concentrations to 

cells expressing the Glu1695.30Ala mutant of the A2A AR (figure 4C, pIC50,wild-type = 

8.51 ± 0.1, pIC50,E169A = 7.04 ± 0.1).  Both of these values suggest a 20 to 30-fold loss 

of affinity of ZM241385 for this mutation in line with previously reported data.  

His2646.66 from extracellular loop 3 is in close proximity to Glu1695.30 in t he 

antagonist bound crystal structure and the agonist bound structures determined using a 

thermostabilising mutagenesis approach (Figure 5). Mutation of this histidine residue 

to alanine caused a 4-fold decrease in CGS21680 potency and a 2 -fold increase in 

LUF5834 potency (Table 1). 
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Agonist specific mutations: Mutation of two ‘ribose interacting’ residues reduced 

the potency of CGS21680 but not LUF5834 

Both Ser2777.42 and Thr883.36 were proposed to interact with the ribose group of 

adenosine-like ligands such as CGS21680 (Kim et al. 2003).  This interaction was 

confirmed by the crystal structures in which adenosine or the adenosine derived 

agonists UK432097 and NECA was co-crystallized (Xu et al. 2011, Lebon et al. 

2011).  Alt hough LUF5834 has no ribose group it does contain several exocyclic 

amine and nitrile groups next to a hydroxyl group, all capable of making hydrogen-

bonding interactions.  Mutation of Thr883.36 and Ser2777.42 to alanine caused a 1700-

fold and 110-fold decrease in CGS21680 potency (Table 1, Figure 6A).  Conversely, 

LUF5834 potency was not reduced by either mutation and rather a slight increase in 

potency was observed at the Ser2777.42 Ala mutation.  F urthermore, an increase in 

efficacy of LUF5834 as compared to CGS21680 was seen for this mutation 

(LUF5834 Emax,wild-type = 41 % of CGS21680: LUF5834 Emax,S277A = 94 %).   Potency 

of a l igand is derived from both affinity and efficacy.  Therefore we wanted to 

ascertain whether the effects of the above mutations upon CGS21680 potency were 

driven by a l oss of affinity.  T o achieve this we first determined the affinity of 

[3H]ZM241385 for the two mutant receptors using a homologous competition binding 

assay and membranes of HEK293 cells expressing either Thr883.36 Ala-A2A AR or 

Ser2777.42 Ala-A2A AR (Table 2).  As compared to the wild-type receptor neither 

mutation caused any decrease in [3H]ZM241385 affinity. In line with the ELISA data 

the level of expression of the Thr883.36 Ala and Ser2777.42 Ala mutations was 2-3 fold 

that of the wild-type receptor.  Using these values of affinity for ZM241385 we were 

then able to use competition assays of [3H]ZM241385 versus CGS21680 or LUF5834 

to derive values of Ki for these ligands at both the wild-type and mutant receptors 

(Figure 6B-C, table 3) .  These experiments revealed that the displacement of 

[3H]ZM241385 by LUF5834 was best fit by a single site and that the affinity was 

unaffected by the mutation of Thr883.36Ala and enhanced >4-fold by the mutation of 

Ser2777.42Ala in line with our functional data. CGS21680 displaced [3H]ZM241385 at 
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the wild-type A2A AR and this displacement revealed distinct high and low affinity 

sites.  However, upon mutation of either Thr883.36 or Ser2777.42 to alanine, CGS21680 

was unable to displace [3H]ZM241385 indicating a >1000-fold loss of affinity in line 

with our functional data.  Mutation of Glu131.39 in TM1 has been shown to have an 

effect on agonist but not antagonist binding at the A2A AR.  Mutation of this residue 

to Gln caused a significant decrease in the potency of CGS21680 but caused a slight 

increase in LUF5834 potency (Table 1). 

 

The lower binding pocket: mutation of a hydrophobic leucine or the conserved 

‘toggle switch’ tryptophan has distinct effects on the potency of CGS21680 as 

compared to LUF5834. 

In the antagonist bound crystal structure Leu85 makes a hydrophobic interaction with 

the furan ring of ZM241385.  Similarly the recent agonist bound structure by Xu et al. 

(2011) revealed that Leu853.33 makes a hydrophobic interaction with the ribose part of 

UK432097.  Mutation of this residue to the smaller alanine caused an 80-fold 

reduction of potency for CGS21680 whereas no detectable signal could be observed 

for LUF5834 (Table 1).  Similarly, mutation of this Leu to an Arg, thus introducing a 

charge whilst somewhat increasing the size of the residue caused a >600-fold 

reduction in CGS21680 potency whilst LUF5834 potency was reduced by 26-fold 

(Table 1).  The highly conserved tryptophan (Trp2466.48) has been implicated as a key 

player in Class A GPCR activation acting as a ‘toggle switch’.  Consequently, it was 

of interest to monitor the influence of this residue upon CGS21680 and LUF5834 

potency.  Mutation of this large aromatic residue to the smaller non-aromatic alanine 

caused a decrease in CGS21680 potency but a modest 3-fold increase in LUF5834 

potency whereas the efficacy of LUF5834 as compared to CGS21680 remained 

unchanged (Table 1).  Mutation of this tryptophan to tyrosine, thus maintaining the 

aromatic nature of the residue, did not change the potency of CGS21680 as compared 

to the wild-type.  Surprisingly, however, this mutation caused a >10 fold increase in 

the potency of LUF5834 whilst maintaining its relative efficacy as compared to 

CGS21680 (Table 1). 
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Molecular Modelling 

The mutagenesis experiments reveal that although LUF5834 and CGS21680 may 

occupy a similar and overlapping binding pocket the residues that they interact with to 

exert their agonistic effect are most likely distinct.  This was further investigated 

using molecular docking studies using both the antagonist bound and agonist bound 

crystal structures as templates. In docking studies using the UK432097 bound 

structure as a template residues within a 7.5Å sphere around the ligand were selected 

as binding pocket.  The docking results gave a single plausible binding pose for both 

CGS21680 and LUF5834 (Figure 7).   

The pose found for CGS21680 was very similar to the co-crystallized ligand as would 

be expected based on their high chemical similarity (Figure 7A,C). CGS21680 had π-

π stacking interaction between the adenine core and Phe168 and a cation-π interaction 

to Leu2496.51. The bicyclic core also forms two hydrogen bonds to Asn2536.55. 

Furthermore, its ribose group formed hydrogen bonds to residues Thr883.36, 

His2506.52, Ser2777.42, and His2787.43 in the lower binding pocket, comparable with 

the co-crystalized ligand UK432097 (Xu et al. 2011). Finally, a hydrogen bond is 

formed between the terminal carboxyl group and Tyr 2717.36. 

The LUF5834 binding pose shows the hydroxyphenyl group directed into the binding 

pocket (Figure 7 B,D).  LUF5834 forms a cation-π interaction between the pyridine 

core of LUF5834 and Phe1685.30 , which is much smaller than the π -π stacking 

between CGS21680 and Phe1685.30 because of the smaller pyridine core. However, 

Phe1685.30, along with Leu2496.51
, plays a key part in aligning the core of the molecule 

to enable the formation of hydrogen bonds to Asn2536.55 and a water-mediated 

hydrogen bond to Ala632.61 and Tyr91.35 (Figure 7 D) via a water molecule. These 

hydrogen bonds, including the water-mediated bond to the amide carbonyl of 

Ala632.61(Figure 7C), are also formed by the co-crystallized agonist. In the agonist 

bound structure, if this bond is not present, Tyr91.35 forms a hydrogen bond to 

Glu131.39. Due to the key role Phe1685.30 plays, this pose is in line with the large 

effect observed upon mutation of Phe1685.30 to alanine. Ser2777.42 and Thr883.36 make 

no direct contact with the ligand in agreement with the functional data from the 

mutagenesis studies. More importantly, the hydroxyphenyl group is located very near 

to Trp2466.48. In the wild-type receptor this hydroxyphenyl group is only involved in a 
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cation-π interaction to Leu2496.51.  However, it can be speculated that the mutation of 

Trp246 to a tyrosine enables the formation of a hydrogen bond between Tyr2466.48 

and the hydroxyphenyl group. This would increase the binding affinity of LUF5834, 

which is in line with the experimental results. In addition, this pose shows no direct 

interaction with Glu1695.30, indicating that mutation of this residue would have little 

effect on the binding of LUF5834 to the receptor as was observed in this study. In 

addition a low energy cation-π interaction is formed between the imidazole group and 

the hydrogen of the hydroxyl group on Tyr 2717.36.  

Mutation of Glu131.39 in TM1 has been shown to have an effect on agonist but not 

antagonist binding at the A2A AR (Gao et al. 2000, IJzerman et al. 1996).  O ur 

modeling studies highlight a role for this residue in agonist binding (Figure 8).  In 

both the CGS21680 and LUF5834 bound models this residue is shown to s tabilize 

His2787.43 via a hydrogen bond.  Interestingly this interaction is present in all crystal 

structures of agonist bound A2AARs to date (PDB numbers: 3QAK, 2YDV and 

2YDO) but not in antagonist bound structures (PDB numbers: 3EML, 3RFM, 3REY, 

3PWH, data not shown).  Given the importance of His2787.43 in providing a hydrogen 

bond interaction with the ribose group of adenosine-derived agonists the decrease in 

CGS21680 potency observed upon mutation of Glu131.39 would be expected (Figure 

8A).  Conversely, LUF5834 which lacks a ribose group makes no such interaction 

with His2787.43 and is therefore unaffected by the mutation of Glu131.39Ala (Figure 

8B). This lack of interaction is mainly due to the positioning of the hydroxyl group on 

the aromatic group of LUF5834 preventing a productive hydrogen bond to be formed 

with the fixed residue His2787.43.  However, it could be speculated that this interaction 

is possible when residue His2787.43 can move more freely, as would be the case in the 

Glu131.39Ala mutation.  However,  LUF5834 does form a hydrogen bond via a water 

molecule to Tyr91.35 located next to Glu131.39.  
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Discussion 

Historically, synthetic agonists of the adenosine receptors have all been derivatives of 

the endogenous ligand adenosine and the ribose moiety conserved in all these ligands 

was thought to be essential for agonist efficacy (Soudijn et al., 2003). In this study we 

have made use of one such example, CGS21680, a high affinity selective agonist for 

the A2A AR with a (2-carboxyethyl)phenylethylamino group at the C2 position and an 

N-ethylcarboxamido group at the C5’ (Figure 1). However, a number of Bayer 

patents, such as those by Rosentreter et al. (2001, 2003) revealed a novel class of 

adenosine receptor ligands with significant affinity and efficacy but lacking a ribose 

group, viz. a series of 2-amino-4,6-disubstituted pyridine-3,5-dicarbonitriles.  In the 

present study we first confirmed that one such compound, LUF5834, is a potent 

partial agonist at the A2A AR.  

 

The recently published structure of the A2A AR co-crystallized with the agonist 

UK432097, an analogue of CGS21680, confirms the importance of the ribose group 

for agonist function (Xu et al., 2011). Two residues in helix VII, Ser2777.42 and 

His2787.43 together with the side chain of Thr883.36 form a hydrogen-bonding network 

coordinating the ribose moiety. This relatively subtle interaction resulted in a see-saw 

like movement of helix VII around the ribose ring shifting the intracellular part of 

helix VII 4-5 Å inwards. In helix III, coordination of the ribose moiety in UK-432097 

through a hydrogen bonding interaction between the 5′-N-ethyluronamide substitution 

and Thr883.36 as well as non-polar contacts with Leu853.33 caused an upward shift of 

the entire helix III a long its axis (Xu et al. 2011).  Mutation of Ser2777.42, Thr883.36 

and Leu853.33 to alanine abrogated this agonist interaction and reduced the potency 

and affinity of CGS21680 by at least 100-fold in agreement with previous studies 

(Gao et al., 2000; Ivanov et al., 2009; Kim et al., 1995). In contrast the potency and 

affinity of LUF5834 were unaffected by the mutation of both Ser2777.42 and Thr883.36 

to alanine. We extended this study to other residues known to be critical for 

adenosine-like agonist binding and function.  S imilar to CGS21680, LUF5834 

showed a decreased potency when Leu853.33 was mutated to arginine and mutation of 

this residue to alanine completely abrogated LUF5834 function at the A2A AR.  This 

suggests that, while LUF5834 does not interact with Thr88, a non-polar interaction 

with TM3 residues is still crucial for its agonistic function.  The mutation 
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Glu131.39Ala has previously been shown to decrease agonist but not antagonist 

binding affinity (Gao et al., 2000; IJzerman et al., 1996). In the present study a 6-fold 

decrease in CGS21680 potency was observed whereas LUF5834 displayed a 3-fold 

increase in potency. Our molecular modeling studies highlight a role for this residue 

in agonist binding whereby Glu131.39, rather than interacting directly with the ligand, 

coordinates His2787.43 with a hydrogen bond as suggested in a previous mutagenesis 

and modeling study (IJzerman et al. 1996). LUF5834 makes no interaction with 

His2787.43 and accordingly is unaffected by the mutation of Glu131.39 to alanine.  

 

Previous pharmacological characterization of [3H]LUF5834 at the A1 AR suggested 

that this ligand has an overlapping orthosteric binding mode with respect to both the 

xanthine derived antagonist DPCPX  and the adenosine-derived agonist CCPA (Lane 

et al., 2010). Mutation of the highly conserved Phe1685.30 in ECL2 reduced the 

potency of both CGS21680 and LUF5834.  This suggests that both the adenine core 

of CGS21680 and the pyridine core of LUF5834 make direct interactions with 

Phe1685.30 consistent with our docking studies. Asn2536.55 makes an important 

interaction with the exocyclic nitrogen that extends from the heterocyclic core of 

ZM241385 and the adenine ring of UK432097 (Jaakola et al., 2008; Kim et al., 1995; 

Xu et al., 2011).   Mutation of this residue greatly decreased potency of CGS21680 

whereas LUF5834 showed a moderate loss of affinity and a complete loss of agonist 

efficacy.  It is important to note that LUF5834 is a partial agonist as compared to 

CGS21680. An early study on the β2 adrenergic receptor demonstrated that mutation 

of Asn2936.55Leu in the receptor caused a loss of affinity for a range of agonists that 

was strongly correlated with the intrinsic activity of the ligand; full agonists showed a 

>10-fold loss of affinity whereas partial agonists had almost the same affinity for this 

mutant receptor (Wieland et al., 1996).   More recently both NMR spectroscopy 

studies and the agonist bound crystal structures of the β2 adrenergic receptor have 

revealed that an inward movement of TM6 permits the interaction of Asn2936.55 with 

agonists changing the receptor to a n active conformation (Bokoch et al., 2010; 

Rasmussen et al., 2011; Rosenbaum et al., 2011; Warne et al., 2011). Finally, 

His3936.55 has been shown to be a determinant of stimulus bias at the dopamine D2 

receptor (Tschammer et al., 2011).  Therefore, this residue is a k ey determinant of 

ligand efficacy at these receptors.  It can be speculated that the findings in this study 

can be related to a simple model of receptor activation with an inactive and an active 
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state of the receptor whereby the mutation of Asn253Ala6.55 stabilizes an inactive 

conformation of the receptor.  As a partial agonist LUF5834 will bind with a similar 

affinity to this mutated receptor although a l oss of efficacy will be observed 

(Christopoulos and Kenakin, 2002).  

 

Glu1695.30 in ECL2 was highlighted as having a key role in ligand binding by ligand 

docking, mutagenesis studies and finally the antagonist bound crystal structure 

(Ivanov et al., 2009; Jaakola et al., 2008; Kim et al., 1996). Consistent with these 

observations, we observed a >20-fold reduction in the affinity of [3H]ZM241385.  

However, in functional assays the potency of CGS21680 was unchanged as compared 

to the wild-type and the potency of LUF5834 was slightly (2-fold) enhanced.  This is 

particularly surprising for CGS21680 in which the exocyclic nitrogen of the adenine 

core would be expected to play a similar role to that of the exocyclic nitrogen in 

ZM241385 and interact with this residue via a hydrogen bond.  Howe ver, in the 

structure of the A2A AR cocrystalized with UK432097 this glutamate residue does not 

make a hydrogen bonding interaction with the exocyclic nitrogen from the adenine 

core of this agonist due to a bulky substitution at this area (Xu et al., 2011). Rather 

Glu1695.30 interacts with the urea group of the 2-(3-(1-(pyridin-2-yl)piperidin-4-

yl)ureido)ethylcarboxamido substitution.  This suggests that an interaction between 

Glu169 and the exocyclic nitrogen of an adenosine-like agonist is not essential for 

agonist function. Molecular modeling suggests that Glu1695.30 forms a hydrogen-

bonding interaction with His2646.66 from ECL3 in the antagonist-bound inactive 

structure which is completely absent in the UK432097 cocrystalized active structure.  

However, more recently Lebon and coworkers have cocrystalized the two agonists 

NECA and adenosine with the A2A AR showing both these agonists make a 

significant interaction with Glu1695.30. However, the authors suggest these structures 

represent partially activated receptor structures observing that the structural changes 

occurring at the cytoplasmic side of the receptor are too small to allow interaction 

with a G protein (Lebon et al., 2011). The important role of the extracellular loops in 

the activation of GPCRs has been illustrated by mutagenesis and NMR studies 

(Bokoch et al., 2010; Peeters et al., 2011).   I t is tempting to speculate that the 

breaking of the interaction between Glu1695.30, His2646.66 and the movement of 

Glu1695.30 away from the ligand binding site also represents a key step in receptor 

activation that is not observed in these partially active agonist bound structures. 
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A predominant feature common between opsin, the β2 adrenergic receptor and the 

agonist bound A2A AR compared to their ‘inactive’ counterparts is the overall 

movement of helices V and VI (Rasmussen et al., 2011; Scheerer et al., 2008; Xu et 

al., 2011). However, contrary to the previously proposed “toggle switch” mechanism 

(Shi et al., 2002), these studies revealed that the conserved Trp6.48 does not undergo a 

rotamer transition, but rather moves along with the backbone of helix VI. In the 

present study, mutation of this residue to an alanine greatly reduced CGS21680 

potency but actually increased LUF5834 potency.  Mutation of this tryptophan to an 

aromatic tyrosine residue preserved the potency of CGS21680 and caused a 

remarkable >10-fold increase in LUF5834 potency. A recent mutagenesis study of the 

serotonin 5HT4 receptor demonstrate that Trp6.48 is not required for activation of this 

receptor by serotonin (Pellissier et al. 2009). Studies on the β2 adrenergic receptor 

have proposed that full but not partial agonists require this residue for their action 

(Swaminath et al. 2005). 

In conclusion, there have been differential, even opposite, effects of various mutants 

throughout this study on these two structurally distinct agonists. Schwartz and 

coworkers have introduced the concept of distinct microswitches forming an extended 

allosteric interface between the transmembrane helices performing the global toggle 

switch movements that mediate transduction of a signal across the receptor (Holst et 

al., 2010). Thus agonist ligands binding at the same receptor and even occupying an 

overlapping binding site may stabilize distinct conformations of the receptor and 

activate the receptor by distinct mechanisms, engaging distinct ‘switches’. Agonist-

specific conformations of receptors have been associated with the paradigm of 

stimulus-bias (Kenakin and Miller, 2010). Crystallographic studies using a single 

receptor with a range of structurally distinct or stimulus-biased agonists will provide 

important information towards the heterogeneity of such activation mechanisms.  In 

that light our study may serve as a prelude to such efforts. 
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Figure Legends: 

Figure 1:  

A) Chemical structures of the classical adenosine-like selective A2A AR agonist 

CGS21680 (left), the novel ‘non-ribose’ agonist LUF5834 and the antagonist 

ZM241385. B) Effects of CGS21680 (circles) or LUF5834 (squares) upon 

intracellular cAMP production upon HEK293 cells transiently transfected with the 

adenosine A2A AR (filled shapes) or untransfected  HEK293 cells (open shapes).  C) 

The ability of CGS21680 (circles) or LUF5834 (squares) to stimulate intracellular 

cAMP production in untransfected HEK293 cells is antagonized with a high 

concentration of the adenosine receptor antagonist ZM241385. Values represent mean 

± SEM from at least three separate experiments. 

 

Figure 2 

A) Demonstration of total expression levels of the transiently transfected mutant 

receptors and the stably expressed wild-type receptor in HEK293 cells determined by 

an ELISA experiment using a monoclonal anti-GFP antibody. B) The ability of 100 

μM CGS21680 (black columns) or LUF5834 (striped columns) to stimulate cAMP 

production in HEK293 cells stably transfected with wild-type A2A AR or transiently 

transfected with mutated A2A AR.  Values are e xpressed as the mean ± SEM 

calculated from at least three separate experiments.  

 

 

 

 

 

Figure 3 

 

The ability of increasing concentrations of CGS21680 (circles) or LUF5834 (squares) 

to stimulate cAMP production in cells stably expressing the wild-type A2A AR (A and 

B) or the variants Phe1685.30Ala-A2A AR (A) or Asn2536.55Ala-A2A AR (B).  T he 

efficacy of LUF5834 is shown as a percentage of that of CGS21680 at the same 
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(wild-type or mutant) receptor. C) The interaction of increasing concentrations of 

LUF5834 on the dose-response curve of CGS21680 at HEK293 cells expressing the 

Asn2536.55Ala-A2A AR.  Data from his experiment was used to construct a Schild plot 

(D) to enable a d etermination of the affinity of LUF5834 at this receptor. Values 

represent mean ± SEM from at least three separate experiments. 

 

Figure 4 

A) The ability of increasing concentrations of CGS21680 (circles) or LUF5834 

(squares) to stimulate cAMP production in cells stably expressing the wild-type A2A 

AR or the variant Glu1695.30Ala-A2A AR.  The efficacy of LUF5834 is shown as a 

percentage of that of CGS21680 at the same (wild-type or mutant) receptor. B) The 

interaction of increasing concentrations of the antagonist ZM241385 on the dose-

response curve of CGS21680 at HEK293 cells expressing the Glu1695.30Ala-A2A AR.  

Data from his experiment was used to construct a Schild plot (D) to enable a 

determination of the affinity of ZM241385 at this receptor.  C) Increasing 

concentrations of ZM241385 were able to reduce the basal cAMP production of 

HEK293 cells transfected with the Glu1695.30Ala-A2A AR mutant. Values represent 

mean ± SEM from at least three separate experiments. 

Figure 5  

Crystallographic structure-based molecular models of the human adenosine A2A 

receptor illustrating the position of Glu1695.30.  Four distinct models are shown: 1) a 

model based on the inactive antagonist bound A2AR-T4L structure (3EML) is shown 

in red; 2 & 3) models based on the thermo-stabilized A2AR active structures bound to 

adenosine or NECA (2YDO and 2YDV respectively) shown in green with Glu169 

and His264 in close proximity; 4) a model based on the A2AR-T4L co-crystalized with 

the agonist UK432097 (3QAK) showing a reorientation of Glu169 away from 

His264, displayed in blue. 
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Figure 6 

 

A) The ability of increasing concentrations of CGS21680 (circles) or LUF5834 

(squares) to stimulate cAMP production in cells stably expressing the wild-type A2A 

AR or the variant Ser2777.42Ala-A2A AR.  The efficacy of LUF5834 is shown as a 

percentage of that of CGS21680 at the same (wild-type or mutant) receptor. The 

affinity of ZM241385 was unchanged at the Ser2777.42Ala-A2A AR or Thr883.36Ala-

A2A AR (Table 2).  Using competition binding of [3H]ZM241384 versus CGS21680 

(B) or LUF5834 (C) values of affinity for these ligands at the wild-type (circles), 

Thr883.36 Ala  (squares) or Ser2777.42Ala (triangles) A2A AR.  Values represent mean 

± SEM from at least three separate experiments. 

 

Figure 7  

Crystallographic structure-based molecular models of the human adenosine A2A 

receptor containing CGS21680 (A) and LUF5834 (B). Results of the docking study of 

LUF5834  using a model based on the agonist bound A2A AR structure (3QAK). The 

models represent the most feasible pose for both CG21680 and LUF5834. On the left 

the docking pose of CGS21680 is shown in 3D (A) and 2D (C), while on the right the 

docking pose of LUF5834 is shown where the hydroxyl phenyl group is directed into 

the binding pocket in 3D (B) and 2D (D). Residues that are described in the main text 

have their residue number shown in red.  

 

Figure 8  

Crystallographic structure-based molecular models of the human adenosine A2A 

receptor containing CGS21680 (A) and LUF5834 (B). Results of the docking study of 

LUF5834  using a model based on the agonist bound A2A AR structure (3QAK). The 

models represent the most feasible pose for both CG21680 and LUF5834 and 

highlights the role of Glu131.39 in coordinating His2787.43 with a hydrogen bound.  

Furthermore, the ribose group of CGS21680 makes a hydrogen bond interaction with 

the ribose group of CGS21680 (A) whereas no such interaction is observed for 

LUF5834 (B) 
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TABLE 1.  
 
CGS21680 and LUF5834 induced stimulation of cAMP mediated by the wild-
type and mutant adenosine A2A receptors. cAMP production stimulated by 
CGS21680 and LUF5834 was measured in intact HEK293 cells that stably expressed 
the wild-type receptor or in transiently transfected cells that expressed the mutant 
adenosine A2A receptors. The table shows mean ± SEM calculated from three 
independent experiments, each performed in triplicates. ***, ** and * are 
significantly different from the wild-type receptor determined by an unpaired T-test. 
*P<0.05, **P<0.01, ***P<0.001.  
 

Construct 

CGS21680 LUF5834 

Efficacy of 

LUF5834 

(% of CGS21680) 

pEC50 

(EC50 nM) 

Fold Δ 

(EC50 

mutant/EC50 

WT) 

pEC50 

(EC50 nM) 

Fold Δ 

(EC50 mutant/EC50 

WT) 

Wild-type 
7.7 ± 0.1 

(21.4) 
1.0 

7.8 ± 0.2 

(16.2) 
1.0 41 ± 4 

Glu131.39Ala 
6.9 ± 0.1** 

(120) 
5.6 

8.4 ± 0.1* 

(4.2) 
0.3 28 ± 4 

Leu853.33Ala 
5.7 ± 0.1*** 

(1800) 
84 ND a ND a ND a 

Leu853.33Arg 
4.9 ± 0.1*** 

(13,400) 
630 

6.4 ± 0.1** 

(422.0) 
26 43 ± 4 

Thr883.36Ala 
4.5 ± 0.0*** 

(35,900) 
1,700 

7.9 ± 0.1 

(13.6) 
0.8 ND b 

Phe1685.29Ala 
4.9 ± 0.1*** 

(13,000) 
590 

5.0 ± 

0.0*** 

(11,300) 

700 34 ± 9 

Phe1685.29Asp    ND c > 100,000 ND c > 100,000 ND b 

Glu1695.30 Ala 
7.6 ± 0.0 

(27.2) 
1.3 

8.3 ± 0.0* 

(5.6) 
0.4 71 ± 7* 

Trp2466.48Ala 
6.1 ± 0.0*** 

(816.0) 
38 

8.3 ± 0.0* 

(5.1) 
0.3 30 ± 4 

Trp2466.48Tyr 
8.2 ± 0.2  

(6.6) 
0.3 

9.7 ± 

0.1*** 

(0.2) 

0.01 42 ± 4 

Asn2536.55Ala 
5.5 ± 0.1*** 

(3100) 
140 ND d ND d ND d 

His2646.66Ala 
7.1 ± 0.2* 

(81.9) 
3.8 

8.2 ± 0.0  

(6.0) 
0.4 57 ± 5 

Ser2777.42Ala 
5.6 ± 0.1*** 

(2280) 
110 

8.2 ± 0.2  

(6.6) 
0.4 94 ± 2*** 

a ND, not determined because the cAMP levels were too low to determine an accurate EC50 value 
b ND, not determined because the potency of CGS21680 was too low to determine the efficacy accurately 

c ND, not determined because the potency was too low to determine an accurate EC50 value 

d ND, not determined because no stimulation of cAMP was observed up till 100 μM LUF5834 
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TABLE 2.  
 
The affinities of [3H]ZM241385 and the Bmax values of wild-type, Thr883.36Ala-
mutant and Ser2777.42Ala-mutant adenosine A2A receptors determined with a 
homologous competition binding assay. The table shows the mean ± SEM 
calculated from three independent experiments, each performed in duplicate. No 
significant differences were observed between the KD values of the different 
constructs according to an unpaired T-test.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Construct 
pKD 

(KD nM) 

Fold Δ 

(KD mutant/KD 

WT) 

Bmax 

(fmol/mg protein) 

Wild-type 8.5 ± 0.1 (3.4) 1.0 4,840 ± 556 

Thr883.36Ala 8.5 ± 0.0 (3.1) 0.9 11,400 ± 1,470 

Ser2777.42Ala 8.5 ± 0.0 (2.9) 0.9 15,500 ± 1,760 
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TABLE 3.  

 
Ligand binding properties of wild-type, Thr883.36Ala-mutant and 
Ser2777.42Ala-mutant adenosine A2A receptors characterized in 
[3H]ZM241385 binding assays in competition with CGS21680 and 
LUF5834. The table shows the mean ± SEM calculated from three 
independent experiments, each performed in d uplicate. No significant 
differences were observed between the pKi values of L UF5834 on th e 
different constructs according to an unpaired t-test. ND, not determined 
because the potency was too low to determine an accurate EC50 value 

 

 

Construct 

CGS21680 LUF5834 

pKi High 

(Ki High nM) 

pKi Low 

(Ki Low nM) 

Fold Δ 

(Ki mutant/Ki 

WT) 

pKi 

(Ki nM) 

Fold Δ 

(Ki mutant/Ki 

WT) 

Wild-type 6.8 ± 0.1 (159) 5.4 ± 0.1 (3680) 1.0 7.1 ± 0.2 (79.6) 1.0 

Thr883.36Ala ND ND > 1,000 6.9 ± 0.1 (127) 1.6 

Ser2777.42Ala ND ND >1,000 7.8 ± 0.0 (17.7) 0.2 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 21, 2011 as DOI: 10.1124/mol.111.075937

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 21, 2011 as DOI: 10.1124/mol.111.075937

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 21, 2011 as DOI: 10.1124/mol.111.075937

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 21, 2011 as DOI: 10.1124/mol.111.075937

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 21, 2011 as DOI: 10.1124/mol.111.075937

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 21, 2011 as DOI: 10.1124/mol.111.075937

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 21, 2011 as DOI: 10.1124/mol.111.075937

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 21, 2011 as DOI: 10.1124/mol.111.075937

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 21, 2011 as DOI: 10.1124/mol.111.075937

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

