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Abstract 

KW-6356 is a novel adenosine A2A receptor (A2A receptor) antagonist/inverse agonist, and its 

efficacy as monotherapy in Parkinson’s disease (PD) patients has been reported. Istradefylline 

is a first-generation A2A receptor antagonist approved for use as adjunct treatment to 

levodopa/decarboxylase inhibitor in adult PD patients experiencing OFF episodes. In this 

study, we investigated the in vitro pharmacological profile of KW-6356 as an A2A receptor 

antagonist/inverse agonist and the mode of antagonism and compared them with 

istradefylline. In addition, we determined co-crystal structures of A2A receptor in complex 

with KW-6356 and istradefylline to explore the structural basis of the antagonistic properties 

of KW-6356. Pharmacological studies have shown that KW-6356 is a potent and selective 

ligand for the A2A receptor (the −log of inhibition constant = 9.93 ± 0.01 for human receptor) 

with a very low dissociation rate from the receptor (the dissociation kinetic rate constant = 

0.016 ± 0.006 min-1 for human receptor). In particular, in vitro functional studies indicated 

that KW-6356 exhibits insurmountable antagonism and inverse agonism, while istradefylline 

exhibits surmountable antagonism. Crystallography of KW-6356- and istradefylline-bound 

A2A receptor have indicated that interactions with His2506.52 and Trp2466.48 are essential for 

the inverse agonism, while the interactions at both deep inside the orthosteric pocket and the 

pocket lid stabilizing the extracellular loop conformation may contribute to the 

insurmountable antagonism of KW-6356. These profiles may reflect important difference in 

vivo and help predict better clinical performance.  
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Significance Statement 

KW-6356 is a potent and selective adenosine A2A receptor antagonist/inverse agonist and 

exhibits insurmountable antagonism, while istradefylline, a first-generation adenosine A2A 

receptor antagonist, exhibits surmountable antagonism. Structural studies of adenosine A2A 

receptor in complex with KW-6356 and istradefylline explain the characteristic differences in 

the pharmacological properties of KW-6356 and istradefylline.  
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Introduction 

Parkinson’s disease (PD) is the most common neurodegenerative movement disorder in the 

world, affecting around 1% of people ≥60 years old (Balestrino and Schapira, 2020). PD is 

characterized pathologically by the selective loss of dopaminergic neurons that project from 

the substantia nigra pars compacta (SNc) to the striatum. Therefore, PD therapy is primarily 

based on dopamine replacement therapy using levodopa, dopamine agonists, or inhibitors of 

dopamine-metabolizing enzyme (Olanow et al., 2009; Huynh, 2011; Fox et al., 2018). 

Although these dopaminergic agents are effective in controlling motor symptoms and 

improving the quality of life, they also have inevitable problems, including induction of 

motor fluctuations, such as dyskinesia, wearing off and on-off phenomena, and other 

dopaminergic side effects, such as psychosis and dopamine dysregulation syndromes (You et 

al., 2018). Therefore, the development of non-dopaminergic agents for the management of 

PD is needed (Gonzalez-Latapi et al., 2020). 

In PD patients, loss of dopaminergic neurons in the SNc reduces the normal inhibition 

of the nigrostriatal pathway on the striatopallidal spiny projection neurons (SPNs) that form 

the indirect GABAnergic striatal output pathway to the external globus pallidus controlled by 

dopamine D2 receptor, resulting in an increase in the excitability of the indirect pathway that 

causes motor dysfunction (Mori, 2020). Adenosine A2A receptor (A2A receptor) is located 

predominantly on the axon terminal and the cell body of the striatopallidal SPNs, and the 

activation of A2A receptor selectively increases the excitability of the indirect pathway 

(Pollack et al., 1993; Augood and Emson, 1994; Hettinger et al., 2001; Mori, 2020). 

Therefore, blockade of A2A receptor decreases the excessive activation of the indirect 

pathway caused by decreased dopamine signaling in PD patients and provides a 

non-dopaminergic approach to achieving symptomatic relief of PD (Mori and Shindou, 2003; 

Mori et al., 2022). The first-generation selective A2A receptor antagonist istradefylline 
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(KW-6002) 

[(E)-8-(3,4-dimethoxystyryl)-1,3-diethyl-7-methyl-3,7-dihydro-1H-purine-2,6-dione] is 

approved in Japan and the US for use as an adjunct treatment to levodopa/decarboxylase 

inhibitors in adults with PD experiencing OFF episodes or wearing-off phenomenon (Dungo 

and Deeks, 2013; Chen and Cunha, 2020; Jenner et al., 2021). 

KW-6356 

(N-[4-(furan-2-yl)-5-(oxane-4-carbonyl)-1,3-thiazol-2-yl]-6-methylpyridine-3-carboxamide) 

is a novel A2A receptor antagonist/inverse agonist (Sugita et al., 2022), and its efficacy in PD 

patients as monotherapy has been reported (Maeda et al., 2018). It has been reported that 

insurmountable antagonists against angiotensin-II type 1 (AT1) receptor have greater clinical 

efficacy than surmountable AT1 receptor antagonists (Gradman, 2002; Jeong et al., 2014). In 

this study, we investigated the in vitro pharmacological profile of KW-6356 as an A2A 

receptor antagonist/inverse agonist and its mode of antagonism and compared them with 

istradefylline. 

A2A receptor is one of the most structurally well-studied G protein-coupled receptors 

(GPCRs), with a number of available complex structures with various ligands, including 

agonists, antagonists, and inverse agonists in the Protein Data Bank (PDB) (Bernstein et al., 

1977). Less is known, however, about the structural basis of the insurmountable antagonism 

of A2A receptor. We therefore determined the co-crystal structures of A2A receptor in complex 

with KW-6356 and istradefylline and compared them with those of other known antagonists 

in order to explore the structural basis of the antagonistic properties of KW-6356, focusing on 

insurmountable antagonism.  
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Materials and Methods 

Drugs 

KW-6356 and istradefylline were synthesized at Kyowa Kirin Co., Ltd., Tokyo, Japan. Due to 

the instability of istradefylline when exposed to light, all preparations and reactions using 

istradefylline were conducted under dim-light conditions whenever possible. 

 

Radioligand binding assays: adenosine receptors 

The experimental procedures were carried out via conventional methods (Shimada et al., 

1992). The adenosine A1 receptor binding assays were performed using cell membranes 

expressing recombinant human or rat A1 receptor and mouse, dog, or marmoset cerebral 

cortical membranes. The A2A receptor binding assays were performed using cell membranes 

expressing recombinant human A2A receptor and rat, mouse, dog, or marmoset striatal 

membranes. The adenosine A2B receptor binding assays were performed using cell 

membranes expressing recombinant human A2B receptor. The adenosine A3 receptor binding 

assays were performed using cell membranes expressing recombinant human or rat A3 

receptor. The sources of cell membranes are summarized in Table 1. 

In the binding assays, the membrane fractions were incubated with various 

concentrations of KW-6356 and radioactively labeled tracers at 25 °C, with the exception of 

rat A1 receptor at 4 °C. The reaction time were 60 minutes, with the exception of 30 minutes 

for human A2A receptor and 120 minutes for rat A3 receptor. The assay volume was 1000 μL, 

with the exception of 250 μL for human A2B receptor and rat and human A3 receptors. The 

selective ligands to these receptors, which were used as tracers, are described as follows: 

[3H]-DPCPX (8-cyclopentyl-1,3-dipropylxanthine, GE Healthcare Bio-Sciences, Pittsburgh, 

PA, USA) for mouse, rat, dog, marmoset and human A1 receptors; [3H]-SCH58261 

(2-(furan-2-yl)-7-phenethyl-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine, 
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synthesized at Kyowa Kirin Co., Ltd.) for mouse, rat, dog, marmoset and human A2A 

receptors; [3H]-ZM241385 

(4-(2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-ylamino]ethyl)phenol, 

American Radiolabeled Chemicals, St. Louis, MO, USA) for human A2B receptor; and 

[125I]-AB-MECA (N6-(4-aminobenzyl)-N-methylcarboxamidoadenosine, GE Healthcare 

Bio-Sciences) for rat and human A3 receptors. In the binding assay of A2A receptor, adenosine 

deaminase was added to the reaction mixture to remove the effect of endogenous adenosine. 

To calculate non-specific binding, the replacement article solutions were incubated with the 

membrane fractions instead of KW-6356. To ensure the specific binding, various 

concentrations of positive control articles, the same articles as the replacement articles were 

incubated with the membrane fractions instead of KW-6356. Concentration of the tracers and 

prepared receptors and the replacement articles were summarized in Table S1. 

The radioactivity content was measured using a liquid scintillation counter 

(PerkinElmer, Waltham, MA, USA) for [3H]-labeled tracers (A1, A2A, and A2B receptors) or a 

γ counter (PerkinElmer) for [125I]-labeled tracers (A3 receptor). 

 

Radioligand binding assays: adenosine transporter and other receptors/transporters/ion 

channels  

The adenosine transporter and additional (non-adenosine) receptor/transporter/ion channel 

binding assays were performed using various membranes, the sources of which are shown in 

Table 2. In these binding assays, the membrane fractions were incubated with 10 µmol/L of 

KW-6356 and radioactively labeled tracers at 25 °C, with the exception of dopamine 

transporter, glucocorticoid receptor, glutamate AMPA receptor, kainate receptor, NMDA 

receptor (agonist site), NMDA receptor (glycine site) and norepinephrine transporter at 4 °C; 

serotonin 5-HT2A, 5-HT2B, and 5-HT4 receptors at 37 °C; and cannabinoid CB1 and CB2 
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receptors at 30 °C. The tracers, which were selective ligands to these 

receptors/transporters/ion channels, are shown in Table 2. To selectively determine the 

inhibition of GABAB receptor, 4 μmol/L of isoguvacine (Sigma-Aldrich, St. Louis, MO, 

USA) was used as a masking substance for GABAA receptor. To measure the inhibition of 

GABA transporter, 4 μmol/L of isoguvacine and 1 μmol/L of baclofen (Sigma-Aldrich) were 

also used as masking substances for GABAA and GABAB receptor, respectively. To 

selectively determine the inhibition of glutamate NMDA receptor (polyamine site), 1 μmol/L 

of GBR12909 (1-[2-[bis(4-fluorophenyl)methoxy]ethyl]-4-(3-phenylpropyl)piperazine, 

Sigma-Aldrich) was used as a masking substance. In addition, to selectively determine the 

inhibition of sigma σ2 receptor, 100 nmol/L of (+)-pentazocine (Sigma-Aldrich) was used as 

masking substance. The reaction times were 60 minutes, with the exception of 15 minutes for 

serotonin 5-HT2A receptor; 30 minutes for GABAA receptor (agonist site), histamine H1 and 

H3 receptors, melatonin MT1 receptor, orexin OX1 and OX2 receptors, serotonin 5-HT2B and 

5-HT4 receptors and serotonin transporter; 90 minutes for bradykinin B2 receptor and 

serotonin 5-HT6 and 5-HT7 receptors; 120 minutes for dopamine transporter; and 18 h for 

glucocorticoid receptor. The assay volume was 1000 μL, with the exception of 250 μL for 

melatonin MT1 receptor, neurokinin NK1 receptor, orexin OX1 and OX2 receptors and 

serotonin 5HT2B receptor; and 500 μL for glucocorticoid receptor. To calculate non-specific 

binding, the replacement article solutions were incubated with the membrane fractions 

instead of KW-6356. To ensure the specific binding, positive control articles (1 or 10 μmol/L), 

the same articles as the replacement articles were incubated with the membrane fractions 

instead of KW-6356. Concentration of the tracers and prepared receptors and the replacement 

articles were summarized in Table S2. For the glucocorticoid assay system, after the addition 

of B/F separator, the reaction mixtures were centrifuged to precipitate the ligand-binding 

receptors. In the other systems, the reaction mixtures were filtered using a cell harvester. The 
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radioactivity content was measured using a liquid scintillation counter for [3H]-labeled tracers 

or a γ counter for [125I]-labeled tracers. 

 

Inhibitory effects on enzymes related to the metabolism of dopamine 

According to the conventional method (Hayashi et al., 1981) with some modifications, 

inhibition of human monoamine oxidase A (MAO-A) or monoamine oxidase B (MAO-B) 

was measured at 10 µmol/L of KW-6356. The test articles were incubated with 33.3 µg/mL of 

human recombinant enzyme (Sigma-Aldrich) and substrates (0.5 mmol/L serotonin 

hydrochloride [Sigma-Aldrich], including [14C]-serotonin [PerkinElmer] for MAO-A, and 

0.05 mmol/L 2-phenylethylamine hydrochloride [Sigma-Aldrich], including 

[14C]-β-phenylethylamine HCl [American Radiolabeled Chemicals] for MAO-B) in 

10 mmol/L phosphate buffer (pH 7.4) at 37 °C for 20 minutes. The assay volume was 300 μL. 

The reactions were terminated by adding 200 μL of 2 mol/L HCl. To calculate non-specific 

binding, 30 μL of 10% (v/v) DMSO instead of KW-6356 and 100 μL of 10 mmol/L 

phosphate buffer (pH 7.4) instead of enzyme solution were incubated with the substrate 

fractions. 

Inhibition of porcine catechol-O-methyltransferase (COMT) was measured at 

10 µmol/L of KW-6356 following the conventional methods (Nikodejevic et al., 1970) with 

some modification. The test articles were incubated with 200 units/mL of the enzyme, COMT 

obtained from porcine liver (Calzyme Laboratories, San Luis Obispo, CA, USA) and 

substrate (0.4 mmol/L adenosyl methionine [Sigma-Aldrich], including 

S-adenosyl-L-[methyl-{14C}]-methionine [PerkinElmer], in 50 mmol/L of Tris-HCl buffer 

[pH7.9] containing 1 mmol/L of protocatechuic acid, 1 mmol/L of MgCl2, 0.5 mmol/L of 

dithiothreitol, and 0.1 mmol/L of EDTA) at 37 °C for 15 minutes. The assay volume was 100 

μL. The reactions were terminated by adding 1 mL of 1 mol/L HCl. To calculate non-specific 
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binding, 10 μL of 10% (v/v) DMSO instead of KW-6356 and 10 μL of the assay buffer (50 

mmol/L of Tris-HCl buffer [pH7.9] containing 1 mmol/L of protocatechuic acid, 1 mmol/L of 

MgCl2, 0.5 mmol/L of dithiothreitol, and 0.1 mmol/L of EDTA) instead of enzyme solution 

were incubated with the substrate fractions. 

The radioactive products were extracted using an organic solvent (diethyl ether for 

MAO-A, toluene for MAO-B, and ethyl acetate for COMT), followed by measurement using 

a liquid scintillation counter. 

 

Kinetics of [3H]-KW-6356 binding to A2A receptor 

The association of KW-6356 with human A2A receptor was measured by incubating 

0.456-0.560 nmol/L of [3H]-KW-6356 (Amersham BioSciences, Buckinghamshire, UK) with 

1.25 µg/mL of cell membranes expressing recombinant human A2A receptor at 25 °C for fixed 

periods of time (2, 5, 10, 20, 30, 45, 60, 90, and 120 minutes). The dissociation of KW-6356 

from human A2A receptor was initiated by adding 1 µmol/L of unlabeled KW-6356 to the 

mixture of [3H]-KW-6356 (0.388-1.070 nmol/L) and 1.25 µg/mL of cell membranes 

expressing recombinant human A2A receptor after the binding reaction reached equilibrium 

(90 minutes at 25 °C), followed by measurement of the radioactivity content after a fixed 

period of incubation (0, 15, 30, 45, 60, 90, 120, 150, 180, and 210 minutes). The reaction was 

stopped at each time point using filtration of the mixture, and the radioactivity content was 

measured using a liquid scintillation counter. 

 

A cAMP accumulation assay in cultured cells  

Namalwa cells are B lymphocytes isolated from a patient with Burkitt’s lymphoma, which 

express human A2A receptor endogenously (Sasaki et al., 2009). Namalwa cells were obtained 

from the American Type Culture Collection (Manassas, VA, USA) and routinely confirmed 
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negative for mycoplasma at Kyowa Kirin Co., Ltd. Namalwa cells were grown in RPMI 1640 

medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 7.5% (v/v) fetal 

bovine serum (Thermo Fisher Scientific), 1 mmol/L of sodium pyruvate (Thermo Fisher 

Scientific), 10 mmol/L of HEPES (Thermo Fisher Scientific), 4.5 g/L of glucose 

(Sigma-Aldrich), and 10 µg/mL of gentamicin (Nakalai Tesque, Kyoto, Japan). Functional 

antagonistic activity of KW-6356 and istradefylline against A2A receptor was determined by 

accumulation of cyclic adenosine monophosphate (cAMP) induced by A2A receptor specific 

agonist CGS21680 (2-p-(2-carboxyethyl)phenethylamino-5'-N-ethylcarboxamidoadenosine, 

Cayman Chemical, Ann Arbor, MI, USA) in Namalwa cells. The experimental procedures 

were carried out in accordance with the methods reported by Saki et al., 2013, with some 

modifications. 

Namalwa cells were suspended in the assay buffer (Hank’s balanced salt solution 

[Nacalai Tesque] containing 20 mmol/L of HEPES). The assay buffer also contained 

3 units/mL of adenosine deaminase (Sigma-Aldrich) and 200 µmol/L of rolipram 

(Sigma-Aldrich) in order to remove endogenous adenosine and inhibit the degradation of 

produced cAMP, respectively. For the experiments to investigate the antagonistic activities of 

KW-6356 and istradefylline against A2A receptor, cell suspensions were pre-incubated for 

90 minutes at 37 °C, and then the suspension of Namalwa cells was treated with KW-6356 or 

istradefylline and CGS21680 simultaneously, followed by 20-minute incubation at 37 °C. 

The cAMP content in the reaction mixture was measured using the cAMP Gs dynamic kit 

(Cisbio Bioassays, Codolet, France) according to the manufacturer’s instructions. The 

fluorescence intensity was measured using a microplate reader (EnVision; PerkinElmer). 

For the experiments to investigate the mode of antagonism, Namalwa cells were 

suspended in the assay buffer, and cell suspensions were pre-incubated for 30 minutes at 

37 °C. Suspensions of Namalwa cells were pre-treated with KW-6356 or istradefylline for 
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60 minutes at 37 °C followed by 20-minute incubation with CGS21680 at 37 °C. The cAMP 

content in the reaction mixture was measured using the cAMP Gs dynamic kit. 

To determine the inverse agonism of KW-6356, HEK293 cells stably expressing 

human A2A receptor were treated with KW-6356 for 10 minutes at 37 °C, and then the cAMP 

content in the reaction mixture was measured by utilizing homogeneous time resolved 

fluorescence technology (Cisbio Bioassays). 

 

Crystallography 

To determine the structure of KW-6356 bound A2A receptor, A2A receptor-BRIL(N154Q) was 

constructed (Liu et al., 2012). This gene contained residues 1-316 of human A2A receptor with 

residues Lys209-Gly218 replaced by the thermostabilized apocytochrome b562 from 

Escherichia coli (M7W, H102I, K106L), referred to as BRIL (Chun et al., 2012), and with the 

residue Asn154, the N-linked glycosylation site, mutated to Gln (N154Q) for better 

diffraction. A2A receptor-BRIL(N154Q) was subcloned into pFastBac1 vector (Thermo Fisher 

Scientific) with the sequences of N-terminal HA signal followed by a FLAG-epitope and 

C-terminal His10 tag and was expressed using a Bac-to-Bac Baculovirus Expression system 

(Thermo Fisher Scientific) in Spodoptera frugiperda (Sf9) cells. KW-6356 bound A2A 

receptor-BRIL(N154Q) was purified as described previously (Liu et al., 2012). 

As co-crystals with istradefylline were not obtained using A2A receptor-BRIL(N154Q) 

construct, the preferentially antagonist-binding mutants A2A receptor-Rant21 composed of 

residues 1-316 of human A2A receptor with four stabilizing mutations of A54L, T88A, K122A, 

and V239A (Magnani et al., 2008) and a lack-of-glycosylation mutation of N154Q was 

prepared instead. The DNA coding A2A receptor-Rant21 is subcloned into pPIC9K vector 

with a N-terminal FLAG-epitope following the α-factor signal sequence on the vector and a 

C-terminal His10 tag. A2A receptor-Rant21 was expressed in Pichia pastoris and purified in 
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complex with istradefylline and Fab2838, a Fab fragment driven from an anti-A2A receptor 

antibody that binds to the intracellular region of human A2A receptor and allosterically 

stabilizes the antagonist bindings, as described previously (Hino et al., 2012). 

Both A2A receptor-BRIL(N154Q)/KW-6356 and A2A 

receptor-Rant21/istradefylline/Fab2838 complexes were crystallized with the lipidic cubic 

phase (LCP) membrane protein crystallization method (Caffrey and Cherezov, 2009) using 

monoolein (Sigma-Aldrich) supplemented with 10% (w/w) cholesterol (Sigma-Aldrich) as 

host lipids. A2A receptor-reconstituted LCP was dispensed in the amount of 30-50 nL into 

96-well glass sandwich plates (Hampton Research, Aliso Viejo, CA, USA), and then the LCP 

droplets were overlaid with 800 nL precipitant mother liquor using Mosquito-LCP (TTP 

Labtech, Melbourn, UK), NT8-LCP (Formulatrix, Bedford, MA, USA), or Gryphon LCP 

(ART Robbins Instruments, Sunnyvale, CA, USA) crystallization robots, sealed with a glass 

cover, and stored at 20 °C. A2A receptor-BRIL(N154Q)/KW-6356 co-crystals appeared within 

a week and grew to several dozen to hundreds of micrometers in length, typically in 30% 

(v/v) PEG400, 50 mmol/L sodium thiocyanate, 1.0% (v/v) 2,5-hexanediol, 100 mmol/L 

sodium citrate pH 5.0, and 25 µmol/L KW-6356. A2A receptor-Rant21/istradefylline/Fab2838 

co-crystals appeared and grew up to a few dozen micrometers long, typically in 30% (v/v) 

PEGMME 500, 80 mmol/L potassium citrate tribasic, 100 mmol/L HEPES-NaOH pH 7.0, 

and 30 µmol/L istradefylline. 

X-ray diffraction data were collected at the beamline BL32XU of SPring-8 (Hyogo, 

Japan) using multi-crystal data collection mode (Hirata et al., 2016; Ueno et al., 2016). 

Dozens to hundreds of small-wedged datasets were indexed, classified, integrated, and 

merged with KAMO automated data processing pipeline (Yamashita et al., 2018). A complete 

dataset of A2A receptor-BRIL(N154Q)/KW-6356 co-crystals, belonging to the orthorhombic 

space group C2221 with a = 39.35 Å, b = 180.51 Å and c = 141.24 Å, was obtained by 
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merging the datasets from 30 crystals at 2.3 Å resolution, while a complete dataset of A2A 

receptor-Rant21/istradefylline/Fab2838 co-crystals, belonging to the triclinic space group P1 

with a = 74.59 Å, b = 134.84 Å, c = 42.15 Å, α = 97.72°, β = 91.44° and γ = 89.38°, was 

obtained by merging the datasets from 100 crystals at 3.2 Å resolution. 

Structures were solved by molecular replacement (MR) with Phaser (McCoy et al., 

2007) and MOLREP (Vagin and Teplyakov, 2010) in CCP4 program suite (Collaborative 

Computational Project, Number 4, 1994; Winn et al., 2011). A2A receptor-BRIL/ZM241385 

(PDB ID: 4EIY) (Liu et al., 2012) or A2A receptor/ZM241385/Fab2838 (PDB ID: 3VG9) 

(Hino et al., 2012) was used as a search model for MR. The structures were further refined 

using Refmac5 (Murshudov et al., 2011) and manual model rebuilding with Coot (Emsley et 

al., 2010). The refined structures and the structure factor data were deposited to PDB with 

referred as 8GNE for A2A receptor-BRIL(N154Q)/KW-6356 and 8GNG for A2A 

receptor-Rant21/istradefylline/Fab2838, respectively. The crystallographic statistics for the 

data collections and the structure refinements are given in Table S3. 

 

Data analyses 

The present studies were conducted in an exploratory manner. 

In the binding assay, the binding ratios were calculated from the ratio of the specific 

bound radioactivity observed in the presence of the drug (B – N), in which N indicates the 

non-specific bound radioactivity, to that observed in the absence of the drug (B0 – N): [(B – 

N) / (B0 – N)] × 100 (%). The inhibition rate was calculated as 100 minus the binding ratio. In 

the adenosine receptor binding studies, the concentration required for 50% inhibition (IC50) 

values were determined using probit (logistic model) analyses, and the dissociation constant 

(Kd) values of the radioligands for the adenosine receptors were determined using a Scatchard 

analysis. The inhibition constant (Ki) values were calculated from the IC50 and Kd values 
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according to the Cheng-Prusoff equation. In the kinetic analysis of KW-6356 binding to A2A 

receptor, kinetic parameters, such as the association kinetic rate constant (k+1), dissociation 

kinetic rate constant (k–1), observed binding kinetic rate constant (kobs), half-life (t1/2), and Kd 

values, were calculated using GraphPad Prism software version 8 (GraphPad Software, San 

Diego, CA, USA).  

In the MAO-A, MAO-B, and COMT enzyme assays, the activity ratios were 

calculated from the ratio of the individual specific radioactivity (B – N), in which N indicates 

the non-specific bound radioactivity, to that observed in the absence of the drug (B0 – N): [(B 

– N) / (B0 – N)] × 100 (%). The inhibition rate was calculated as 100 minus the activity ratio. 

In the A2A receptor functional assay to determine the antagonistic activity, the 

responses were calculated from the ratio of the cAMP content induced by CGS21680 in the 

presence or absence of KW-6356 and istradefylline (C – B), in which B indicates the basal 

cAMP content without CGS21680, in comparison to that induced by 100 µmol/L of 

CGS21680 (C0 – B): [(C – B) / (C0 – B)] × 100 (%). The concentration required for 50% 

activity (EC50) values was determined using the logistic 4P Rodbard model of JMP software 

(SAS Institute, Cary, NC, USA). The binding constant (KB) values for the neutral antagonistic 

analysis were calculated using a Schild plot (Arunlakshana and Schild, 1959). 

In the functional assay to determine inverse agonism, the results were calculated from 

the ratio of the decrease in cAMP content induced by KW-6356 (D) in comparison to that 

induced by 300 nmol/L of ZM241385 (Z): D / Z × 100 (%). The EC50 values were 

determined using Hill software (Eurofins Cerep, Celle L’Evescault, France).  

All values except for the inhibition (%) and inverse agonism were expressed as the 

mean ± standard deviation of three independent experiments. The values of inhibition (%) 

were determined by rounding the numbers to the second decimal place and then expressed as 

the mean values of duplicate samples. The values of the inverse agonist activity were 
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expressed as the mean values of duplicate samples.   
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Results 

Affinity of KW-6356 for A2A receptor, other receptors, transporters, and ion channels and the 

inhibitory effect of KW-6356 on enzymes 

In vitro binding assays using selective radioactively labeled ligands with various 

concentrations of KW-6356 were performed in order to determine the affinity of KW-6356 to 

different adenosine receptor subtypes. The pKi (−log of Ki) values for each receptor in 

different species are summarized in Table 1. KW-6356 exhibited high affinity for A2A 

receptor in humans, marmosets, dogs, rats, and mice. The pKi value for human A2A receptor 

was 9.93 ± 0.01. Selectivity for the A2A over the A1, A2B, and A3 receptors was high in all 

species. 

In vitro binding assays using selective radioactively labeled ligands with 10 µmol/L of 

KW-6356 were performed in order to determine the affinity to other receptors, transporters, 

and ion channels. The inhibition rates of KW-6356 to the various receptors, transporters, and 

ion channels are shown in Table 2. The assays confirmed sufficient inhibition of tracer 

binding by each positive control compound in each assay system (data not shown). KW-6356 

showed weak affinity in vitro for other receptors, transporters, and ion channels. Furthermore, 

the inhibition rates (%) of KW-6356 for MAO-A, MAO-B, and COMT were 1.40, 4.01, and 

2.22, respectively, at 10 µmol/L (Table 3), indicating that KW-6356 hardly inhibited enzymes 

that metabolized dopamine or levodopa. These results show that KW-6356 is a selective 

ligand for A2A receptor without a high affinity for other receptors, transporters, or ion 

channels or inhibitory activity against dopamine-metabolizing enzymes. 

 

Kinetics of KW-6356 binding to A2A receptor 

The binding kinetics of KW-6356 to human A2A receptor were investigated using 

[3H]-KW-6356 binding to human A2A receptor. The association of KW-6356 to human A2A 
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receptor reached equilibrium after about 45 minutes, and when excessive KW-6356 was 

added, the binding of [3H]-KW-6356 remained for more than 3 h (Figure 1). The observed 

binding kinetic rate constant (kobs), dissociation kinetic rate constant (k–1), half-life (t1/2), 

association kinetic rate constant (k+1), and pKd (−log of Kd) value are shown in Table 4. These 

results suggest that KW-6356 has a long drug-receptor residence time. 

 

A cAMP accumulation assay for characterization of KW-6356 at A2A receptor 

The A2A receptor selective agonist CGS21680 induced the concentration-related 

accumulation of cAMP in Namalwa cells (Figure 2A and B). Simultaneous treatment with 

KW-6356 or istradefylline and CGS21680 to Namalwa cells produced a rightward shift of the 

concentration-response curve of CGS21680 without affecting the maximal response of 

CGS21680 (Figure 2A). The pEC50 (−log of EC50) values of CGS21680 were 7.49 ± 0.15 

with vehicle; 7.18 ± 0.27, 6.83 ± 0.25, and 6.33 ± 0.29 with 0.1, 0.3, and 1 nmol/L of 

KW-6356; and 7.02 ± 0.12, 6.66 ± 0.18, and 6.22 ± 0.05 with 10, 30, and 100 nmol/L of 

istradefylline. A Schild analysis indicated that the pKB (−log of KB) value of KW-6356 was 

10.00 ± 0.31, while the pKB value of istradefylline was 8.31 ± 0.04. 

Concerning drug-receptor interaction, the drug-receptor residence time has been a 

point of interest (Guo et al., 2014), as the affinity of a drug for its receptor is not always 

consistent with its in vivo efficacy (Swinney, 2004). It is suggested that long-lasting receptor 

blockade by antagonist contributes to the insurmountable antagonism and that the degree of 

insurmountability was positively correlated with the dissociation rate of antagonists 

(Vauquelin and Szczuka, 2007). These findings prompted us to investigate KW-6356 and 

istradefylline with respect to differences in the antagonist properties. To characterize the 

pharmacological profiles of KW-6356 and istradefylline, we investigated the mode of 

antagonism, i.e. surmountable or insurmountable. Pre-treatment with istradefylline followed 
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by CGS21680 treatment produced a parallel rightward shift of the concentration-response 

curve of CGS21680 without affecting the maximal response (Figure 2B). In contrast, 

pre-treatment with KW-6356 followed by CGS21680 treatment not only produced a 

rightward shift of the concentration-response curve of CGS21680 but also depressed the 

maximal response (Figure 2B). These results indicate that KW-6356 exerts insurmountable 

antagonism, while istradefylline exerts surmountable antagonism. 

The inverse agonism of KW-6356 was also investigated using HEK293 cells 

expressing human A2A receptor. KW-6356 inhibited the constitutive activity of A2A receptor, 

and the pEC50 value was 8.46 (Figure 2C). This result indicates that KW-6356 behaves as an 

inverse agonist as well as an insurmountable antagonist for the A2A receptor.  

 

Binding modes of KW-6356 and istradefylline to A2A receptor 

Co-crystals of KW-6356-bound A2A receptor were obtained using A2A 

receptor-BRIL(N154Q) construct, while istradefylline co-crystals did not appeared using this 

construct. This might be because istradefylline, a neutral antagonist, cannot inhibit the 

structural transition of the receptor into active-state conformation. As a result, co-crystals of 

istradefylline-bound A2A receptor were obtained using A2A receptor-Rant21 construct, which 

is stabilized into inactive-state conformation. Crystal structures of KW-6356- and 

istradefylline- bound A2A receptors were determined at 2.3 and 3.2 Å resolutions, respectively. 

To reduce radiation damage, small-wedged data sets from 100 crystals merged into the single 

data for A2A receptor-Rant21/istradefylline/Fab2838 co-crystal data, and resulted in a higher 

Rpim at 22%. Unambiguous electron densities of KW-6356 and istradefylline were observed 

in the orthosteric pocket (Figure S1). Interactions of these ligands with A2A receptor have 

been identified and confirmed to be consistent with previously known A2A receptor/ligand 

complex structures. Although the overall receptor structures of both crystals are mostly 
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equivalent in inactive state conformation (Figure S2), the binding mode of KW-6356 is quite 

different from that of istradefylline. KW-6356 binds to A2A receptor with the bulky 

oxane-4-carbonyl and furyl moieties lying deeper inside the orthosteric pocket, while two 

smaller ethyl groups at the C1 and C3 positions of the xanthine scaffold are located in this 

position for istradefylline (Figure 3 and S1).  

KW-6356 has a critical pair of donor and acceptor hydrogen bonds at the nitrogen 

atoms on the N-thiazol-2-ylnicotinamide scaffold with the sidechain of Asn2536.55 (Figure 

3A). The superscripts of amino acids residues indicate Ballesteros–Weinstein numbering for 

conserved GPCR residues (Isberg et al., 2015). The thiazole core also has key interactions of 

a π-π stacking with Phe168ECL2 and a CH-π interaction with Leu2496.51. In addition, the 

conformation of the N-thiazol-2-ylnicotinamide scaffold is restricted to a plane, suitable for 

these interactions, by an intramolecular S-O interaction between the S1 sulfur of the thiazole 

and the carbonyl oxygen of the nicotinamide. The furyl group at the C4 position of the 

thiazole extends deep inside the pocket, stabilized by hydrophobic interactions, such as CH-π 

interactions with the sidechains of Met1775.38 and His2506.52 and Van der Waals interactions 

with Leu853.33 and Trp2466.48. The O1 oxygen of the furyl group forms a hydrogen bond with 

the water molecule between His2506.52 and Asn2536.55, which stabilizes the critical hydrogen 

bonding interactions of KW-6356 with the sidechain of Asn2536.55. The oxane-4-carbonyl 

moiety at the C5 position of the thiazole also lies in the hydrophobic pocket surrounded by 

Ala632.61, Ile662.64, and Ile2747.39. The O1 oxygen on the oxane interacts with Ser2777.42 and 

His2787.43 via water-mediated hydrogen bonding networks. The p-methylnicotinamide 

(p-MNA) at the C2 position of the thiazole extends to the lid of the pocket, forming a 

hydrogen bond with Thr2566.58 and CH-π interactions with His264ECL3 and Met2707.35. The 

sidechain of Glu169ECL2 is also located near the pyridine ring of KW-6356, possibly forming 

an electrostatic interaction (Figure 3A).  
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Istradefylline, by contrast, has fewer interactions with the receptor. The xanthine 

scaffold interacts with Asn2536.55 via one hydrogen bond and with Phe168ECL2 and Leu2496.51 

via hydrophobic interactions. This binding mode of the xanthine scaffold is quite similar to 

that of caffeine (PDB ID: 5MZP) (Cheng et al., 2017) (Figure S3). The dimethoxyphenyl 

group from the eighth position of the xanthine scaffold has a CH-π interaction with 

Leu2677.32 as well. No obvious interaction is found in the deeper side of the orthosteric 

pocket of the A2A receptor (Figure 3B). The fact that KW-6356 has many more interactions 

with the receptor than istradefylline may be closely related to its higher affinity to A2A 

receptor than istradefylline, with such differences being particularly obvious in the core 

scaffolds: N-thiazol-2-ylnicotinamide of KW-6356 and xanthine of istradefylline.  

 

Structure comparisons of KW-6356 and istradefylline with other A2A receptor ligands 

Structure comparisons of KW-6356 and istradefylline with other A2A receptor ligands have 

been conducted to explore the relationships of structures and pharmacological properties of 

the ligands. Neutral antagonists are pharmacologically defined as agents block the activity 

stimulated by agonists but do not alter the basal, constitutive activity. Inverse agonists, on the 

other hand, not only block the agonist activity but also suppress the intrinsic constitutive 

activity. Neutral A2A receptor antagonists, such as caffeine and theophylline, have been 

previously shown to have no binding preference between the active and inactive state 

conformations of A2A receptor; however, inverse agonists, such as ZM241385, preferentially 

bind to the inactive state conformation (Bennett et al., 2013). This is a structural explanation 

of the pharmacological response of neutral antagonists and inverse agonists: the neutral 

antagonists inhibit only binding of agonists but do not prevent the basal structure transition 

into the active-state conformation, while inverse agonists prevent both agonist binding and 

basal active-state transition. Both KW-6356 and istradefylline were superimposed onto the 
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NECA-bound active-state A2A receptor structure (Carpenter et al., 2016) to explore the 

binding capability of these ligands to the active-state ligand binding pocket of A2A receptor. 

The superimposition of istradefylline indicated that istradefylline could bind to the 

agonist-bound active-state receptor conformation without steric hindrances (Figure 4A), 

which means istradefylline cannot prevent structure transition into active-state and therefore 

is consistent with the previous finding that istradefylline has no or very weak inverse agonist 

activity (Bennett et al., 2013; Doré et al., 2011). Inverse agonist KW-6356, by contrast, could 

not be accommodated into the active-state orthosteric pocket, as the furyl moiety had steric 

conflict with the sidechain of His2506.52 (Figure 4B). Trp2466.48 and His2506.52 are key 

residues that cooperatively move and induce rearrangement of TM6 when the receptor is 

activated (Xu et al., 2011). Of note, the furyl moiety of KW-6356 is located in nearly the 

same spot as that of ZM241385 (Segala et al., 2016), another inverse agonist (Figure 4C). 

These furyl moieties thus appear to play a central role in the inverse agonism of these ligands, 

making contact with His2506.52 and Trp2466.48 and keeping these residues away from altering 

their rotamer accompanied by the movement of TM6 on the receptor activation (Figure 3A, 

4B). Istradefylline, on the contrary, has no substituent occupying this spot and thus does not 

prevent the movement of these residues, which results in residual and constitutive activity in 

the presence of istradefylline. Therefore, the interactions with His2506.52 and Trp2466.48 at the 

bottom of the ligand binding pocket are concluded to be essential for the inverse agonism of 

A2A receptor. 

In contrast, in the interaction of KW-6356 at the oxanyl and the p-MNA groups there 

were structural features that might explain the insurmountable properties of this ligand. 

Triazine derivative 4e (Rucktooa et al., 2018) and triazolotriazine derivative 12x (Segala et 

al., 2016), known to be long-resident-time antagonists of A2A receptor, have substituents 

occupying the equivalent location of the orthosteric pocket to the furyl group of KW-6356 
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(Figure 5), indicating that these are inverse agonists as well. In the comparison of KW-6356 

with triazine derivative 4e, the bulky oxanyl group lies in another direction deep inside the 

orthosteric pocket at a similar location to the chloro-phenol substituent of triazine derivative 

4e. Both the oxanyl group of KW-6356 and the chlorophenolic group interact with His2787.43, 

via water-mediated hydrogen bonds for KW-6356 and a direct hydrogen bond of the phenolic 

oxygen for 4e. These bulky hydrophobic substituents are also surrounded by hydrophobic 

residues, such as Ala632.61, Ile662.64, and Ile2747.39 (Figure 3A). We may surmise that these 

bulky portions occupying the bottom of the ligand binding pocket may contribute to their 

long-resident-time property. The p-MNA moiety on the other side of KW-6356 extending to 

the extracellular surface of the receptor penetrates the pocket surface in superimposition with 

ZM241385, indicating structural rearrangements occurring at the upper side of the orthosteric 

pocket by KW-6356 (Figure S4). Previous study has shown that 12x, a derivative of 

ZM241385, acquires its long-resident-time property by stabilizing His264ECL3 and 

Glu169ECL2 forming an ionic interaction (Segala et al., 2016) (Figure 5C). In the KW-6356 

co-crystal structure, while His264ECL3 and Glu169ECL2 do not form an ionic interaction, the 

p-MNA moiety interacts with both His264ECL3 and Glu169ECL2 at the lid of the ligand binding 

pocket (Figure 5A). These interactions are considered to stabilize the conformation of the 

extracellular loops and may help keep KW-6356 within the ligand binding pocket. Thus, the 

occupation of the bottom of the ligand binding pocket by bulky substituents and the 

stabilization of the extracellular loops by the upper p-MNA portion of the ligand may cause 

insurmountable antagonism of the A2A receptor. 
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Discussion 

We first demonstrated that KW-6356 is a potent and selective ligand for A2A receptor. Based 

on the previous results of istradefylline (Saki et al., 2013, Table S4), KW-6356 has about 

100 times higher affinity than istradefylline for human A2A receptor. Many potent and 

selective A2A receptor antagonists have been reported—initially xanthine compounds, 

including istradefylline, and more recently non-xanthine compounds (Jacobson et al., 2022). 

Non-xanthine A2A receptor antagonists exhibit higher affinity than xanthine A2A receptor 

antagonists, with Ki values in the single- or sub-nanomolar concentration range (Armentero et 

al., 2011; Jacobson et al., 2022). KW-6356 is a non-xanthine A2A receptor antagonist, and 

among such agents, KW-6356 has a very strong affinity for A2A receptor. Furthermore, 

KW-6356 shows weak affinity for other receptors/transporters/ion channels. These results 

indicate that KW-6356 is a selective ligand for A2A receptor without a high affinity for other 

neurotransmitter receptors. This high selectivity of KW-6356 for A2A receptor is also 

supported by our co-crystal structure evaluations: the N-thiazol-2-ylnicotinamide scaffold, the 

upper p-MNA and lower furyl and oxanyl portions of KW-6356 form several interactions 

with A2A receptor, respectively, compared to istradefylline. Thus, these structural features 

may contribute to the high selectivity of KW-6356 for A2A receptor and its low affinity for 

other receptors/transporters/ion channels. 

Inhibition of MAO blocks the degradation of dopamine, thus making more dopamine 

available. Inhibition of COMT increases the duration of the presence of levodopa by delaying 

the conversion of levodopa to 3-O-methyldopa (Siderowf and Kurlan, 1999). Therefore, 

MAO-B and COMT inhibitors are used in PD patients (You et al., 2018; Tan et al., 2022). In 

this study, it was demonstrated that KW-6356 did not inhibit MAO-A, MAO-B, or COMT in 

vitro, therefore, KW-6356 is not considered to inhibit them under clinical conditions. 

A binding kinetic analysis of KW-6356 to A2A receptor revealed that the association 
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of KW-6356 to A2A receptor reached equilibrium after about 45 minutes, and the binding 

remained for more than 3 h. In contrast, the association of istradefylline with A2A receptor 

reaches equilibrium within one minute, and the binding is almost completely dissociated 

within one minute (Saki et al., 2013). Although both KW-6356 and istradefylline are selective 

ligands for A2A receptor, the drug-receptor residence time is expected to differ between 

KW-6356 and istradefylline. 

We assessed antagonistic activities of KW-6356 and istradefylline against A2A 

receptor using the selective A2A receptor agonist CGS21680 and human B lymphocyte 

Namalwa cells, which express human A2A receptor endogenously (Sasaki et al., 2009). The 

concentrations of KW-6356 and istradefylline used in this study were set based on the Ki 

value obtained in the in vitro binding assay (Saki et al., 2013). The simultaneous treatment of 

CGS21680 with KW-6356 or istradefylline to Namalwa cells produced a rightward shift of 

the concentration-response curve of CGS21680 without affecting the maximal response of 

CGS21680. These data demonstrate that KW-6356 and istradefylline antagonize the A2A 

receptor-mediated cAMP production in a simple competitive manner. Subsequently, we 

compared the effect of pre-treatment of Namalwa cells with KW-6356 or istradefylline 

followed by CGS21680 treatment on cAMP production. Pre-treatment with istradefylline 

produced a parallel rightward shift of the concentration-response curve of CGS21680 without 

alteration of the maximal response. However, pre-treatment with KW-6356 not only produced 

a rightward shift of the concentration-response curve of CGS21680 but also depressed the 

maximal response. Istradefylline thus exhibited surmountable antagonism, whereas KW-6356 

exhibited insurmountable antagonism. 

Several mechanisms concerning insurmountable antagonism have been proposed, 

such as allosteric interaction with a conformational change in the receptor causing inhibition 

of ligand binding, irreversible antagonists, and slow dissociation from the receptor 
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(Vauquelin and Szczuka, 2007). KW-6356 is not an allosteric A2A receptor antagonist because 

simultaneous treatment with KW-6356 did not change the maximal response of CGS21680. 

Some GPCR antagonists exhibit insurmountable antagonism, and their insurmountable 

antagonism is related to their properties of slow dissociation from the receptors (Van Liefde 

and Vauquelin, 2009). KW-6356 showed slower dissociation kinetics from A2A receptor than 

did istradefylline (Saki et al., 2013). The slow dissociation characteristics of KW-6356 may 

account for the insurmountable antagonist property. 

It has been proposed that insurmountable antagonism may play an important role in 

sustained receptor occupancy and result in marked in vivo efficacy with neuropeptide Y5 

receptors (Fukasaka et al., 2018), neurokinin 1 receptors (Lindström et al., 2007), and 

endothelin receptors (Iglarz et al., 2014). Furthermore, it has been reported that the AT1 

receptor antagonist candesartan cilexetil exhibits insurmountable antagonism and has a 

remarkable ability to decrease blood pressure and extend the duration of action compared to 

the surmountable AT1 receptor antagonist, losartan without differences in the tolerability 

profiles according to clinical studies (Gradman, 2002). Other clinical studies have also 

demonstrated that insurmountable antagonists, such as valsartan, candesartan, irbesartan, 

telmisartan, and olmesartan, against AT1 receptors were more effective with regard to 

long-term clinical outcomes than surmountable antagonists, such as losartan and eprosartan, 

in patients with acute myocardial infarction (Jeong et al., 2014). These reports suggest that 

the long-lasting suppression of A2A receptor by the insurmountable antagonist KW-6356 may 

therefore be more effective on clinical outcomes than istradefylline. 

In this article, KW-6356 was found to inhibit constitutive activity to the same extent 

as ZM241385, which is a well-known selective inverse agonist for A2A receptor (Bennet et al., 

2013), indicating that KW-6356 is an inverse agonist for A2A receptor. Inverse agonists can 

block constitutive activity of the receptors (Bond and Ijzerman, 2006). It has been suggested 
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that valsartan, which is an inverse agonist for AT1 receptor, can decrease stenosis after stent 

implantation compared to losartan, which is a neutral antagonist, in patients with coronary 

artery disease due to its inverse agonist activity (Miura and Saku, 2007). Because of the 

inverse agonist activity for A2A receptor, KW-6356 is able to attenuate the constitutive 

activity of A2A receptor in the indirect pathway (Mori et al., 2022). Therefore, these reports 

suggest that sufficient inhibition of the constitutive activity of A2A receptor may contribute to 

the efficacy of KW-6356 in PD patients as monotherapy. 

The co-crystal structures have improved our understanding of the antagonistic 

property of KW-6356 and istradefylline. As explained above, istradefylline appears to bind 

equally well to both the active and inactive form of A2A receptor. This binding mode is well 

consistent with the neutral antagonism of istradefylline against A2A receptor, as neutral 

antagonists do not inhibit the basal, constitutive activity of the receptor. However, the binding 

mode of KW-6356 is shown to be that of a typical inverse agonist with the furyl group 

extending deeper into the orthosteric pocket, touching residues such as Trp2466.48, a so-called 

“toggle-switch” (Filipek, 2019). This prevents the rotameric alteration accompanied by the 

receptor activation and stabilizes the receptor structure into the inactive state. The 

KW-6356-bound A2A receptor structure further indicates that the bulky oxane-4-carbonyl 

moiety occupying the deeper side of the orthosteric pocket appears to contribute to the 

persistent dissociative property of the receptor. The p-MNA moiety may also contribute to the 

insurmountable antagonism of the KW-6356 by stabilizing the extracellular loops at the lid of 

the ligand binding pocket. 

Surprisingly, it appears that these structural findings on the insurmountable 

antagonism of A2A receptor can also be induced to other GPCRs. As mentioned above, AT1 

receptor is a well-studied GPCR on insurmountable antagonism. Olmesartan is a well-known 

insurmountable AT1 receptor antagonist while losartan is a surmountable antagonist. These 
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antagonists share very similar chemical structures except for their substituents on the 

imidazole moiety (Figure S5). Superimposing A2A receptor/KW-6356 complex structure on 

AT1 receptor/olmesartan (PDB ID: 4ZUD) (Zhang et al., 2015), an insurmountable AT1 

receptor antagonist, showed that the oxanyl group of KW-6356 is located near the imidazole 

moiety of olmesartan, where it chemically differs between olmesartan and losartan, thus 

suggesting that the occupation and interaction within this region of the orthosteric pocket 

might be essential in order to achieve insurmountable antagonism. The propyl group at the 

second position on the imidazole moiety of olmesartan stretches towards the inside of the 

receptor forming hydrophobic interactions similar to the oxanyl group of KW-6356. The 

5-carboxy group forming a salt bridge with Arg167ECL2 is considered to stabilize the 

conformation of ECL2 and help keep the ligand within the ligand binding pocket, which may 

result in insurmountable antagonism. Therefore, KW-6356 and olmesartan share a similar 

binding mode for insurmountable antagonism: the hydrophobic interactions at the bottom of 

the ligand binding pocket and stabilization of flexible ECLs by ligands, which may help us to 

obtain a further understanding of the common mechanisms associated with the 

insurmountable antagonism of GPCRs.  

In summary, we determined the antagonistic properties of KW-6356 in vitro. 

KW-6356 exerts antagonistic activities and behaves as an insurmountable antagonist, while 

istradefylline acts as a surmountable antagonist. In addition, KW-6356 exerts inverse agonist 

activity. The co-crystal structure analysis of KW-6356 in complex with A2A receptor has 

shown the binding mode of KW-6356 to A2A receptor and provided a plausible explanation 

for its insurmountable antagonism and inverse agonism. Such marked differences between 

KW-6356 and istradefylline in the antagonistic pharmacological properties may reflect 

important difference in vivo and even in clinical performance.  
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Figure legends 

Figure 1. Kinetics of [3H]-KW-6356 binding to human A2A receptor. (A) Representative 

association curve of KW-6356 to human A2A receptor. The association of KW-6356 to human 

A2A receptor was measured by incubating [3H]-KW-6356 with cell membranes expressing 

recombinant human A2A receptor at 25 °C. (B) Representative dissociation curve of KW-6356 

from human A2A receptor. Dissociation was initiated by the addition of 1 µmol/L of unlabeled 

KW-6356 after 90-minute incubation of [3H]-KW-6356 with the membrane at 25 °C. Each 

curve was fitted using GraphPad Prism software version 8. Three independent experiments 

were conducted. 

 

Figure 2. cAMP accumulation assays for characterization of KW-6356 at A2A receptor. 

(A) Neutral antagonistic activities of KW-6356 and istradefylline against A2A receptor. 

Namalwa cells were treated with KW-6356 or istradefylline at the same time as CGS21680 

addition, followed by 20-minute incubation at 37 °C. KW-6356 was used at final 

concentrations of 0.1, 0.3, and 1 nmol/L, and istradefylline was used at final concentrations 

of 10, 30, and 100 nmol/L. The results were expressed as the percentage of the cAMP levels 

induced by 100 µmol/L CGS21680. The basal cAMP levels were 0.53 ± 0.61 nmol/L. The 

cAMP levels induced by 100 µmol/L of CGS21680 were 10.52 ± 3.74 nmol/L (100% control). 

The values are expressed as the mean ± standard deviation of three independent experiments 

performed in duplicate. Each curve was fitted using the logistic 4P Rodbard model of JMP 

software. (B) Insurmountable antagonistic activities of KW-6356 and istradefylline against 

A2A receptor. Namalwa cells were pre-treated with KW-6356 or istradefylline for 60 minutes 

before CGS21680 addition, followed by 20-minute incubation at 37 °C. KW-6356 was used 

at final concentrations of 0.1, 0.3, and 1 nmol/L, and istradefylline was used at final 

concentrations of 10, 30, and 100 nmol/L. The results were expressed as the percentage of the 
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cAMP levels induced by 100 µmol/L CGS21680. The basal cAMP levels were 0.53 ± 0.52 

nmol/L. The cAMP levels induced by 100 µmol/L of CGS21680 were 9.69 ± 2.73 nmol/L 

(100% control). The values are expressed as the mean ± standard deviation of three 

independent experiments performed in duplicate. Each curve was fitted using the logistic 4P 

Rodbard model of JMP software. (C) Inverse agonism of KW-6356 for A2A receptor. 

HEK293 cells expressing human A2A receptor were treated with KW-6356 for 10 minutes at 

37 °C. The results are expressed as the percentage of the inverse agonist activity of 

300 nmol/L of ZM241385. The basal cAMP levels were 130.74 nmol/L. The decrease in 

cAMP levels in the presence of 300 nmol/L of ZM241385 was 117.03 nmol/L (100% control). 

The curve was fitted using GraphPad Prism software version 9. 

 

Figure 3. Interactions of KW-6356 and istradefylline with A2A receptor. KW-6356 (A) 

and istradefylline (B) bound to A2A receptor are represented as stick models with the carbon 

atoms colored green. The receptor structures are drawn as ribbon models with the sidechain 

of the interacting residues. The hydrogen bonds, hydrophobic interactions, ionic interactions, 

and intramolecular interactions within KW-6356 are indicated by pink, khaki, purple, and 

black dashed lines, respectively (top: front views, middle: top views and bottom: schematic 

representations). 

 

Figure 4. Superimpositions of KW-6356 and istradefylline to the active/inactive state 

conformation of A2A receptor. Istradefylline (A) and KW-6356 (B) are superimposed on the 

NECA-bound active-state A2A receptor structure (PDB ID: 5G53) (Carpenter et al., 2016), 

respectively. The superimposed KW-6356 and istradefylline are represented as ball-and-stick 

models with the carbon atoms colored green, while NECA is represented as a stick model 

with the carbon atoms colored gold. The NECA-bound A2A receptor structures are 
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represented as khaki ribbon models. The key residues for the receptor activation, Trp2466.48 

and His2506.52, are shown as stick models of gold and pale green for the active and inactive 

forms, respectively. KW-6356 is superimposed on ZM241385 (pale blue) (PDB ID: 5IU4) 

(Segala et al., 2016) (C). 

 

Figure 5. Comparison of the interactions of long-resident-time ligands. The interactions 

involved in the long-resident-time properties of KW-6356 (A), triazine derivative 4e (PDB 

ID: 5OLZ (Rucktooa et al., 2018)) (B), and triazolotriazine derivative 12x (PDB ID: 5IUB) 

(Segala et al., 2016) (C). The hydrogen bonds, hydrophobic interactions, and ionic 

interactions are indicated by magenta, orange, and purple dashed lines, respectively. 
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Tables 

Table 1. Affinity of KW-6356 for the various subtypes of adenosine receptors in different 

species 

The membrane fractions were incubated with various concentrations of KW-6356 and 

radioactively labeled tracers. The radioactivity was measured using a liquid scintillation 

counter for [3H]-labeled tracers or a γ counter for [125I]-labeled tracers. The Ki values were 

calculated from the IC50 and Kd values of the radioligands according to the Cheng-Prusoff 

equation. IC50 and Kd values were determined using a probit analysis and Scatchard analysis. 

Data are expressed as the mean ± standard deviation of the pKi values of three independent 

experiments. 

Subtype of 

receptor 
Species Source of receptor Tracer pKi value 

Adenosine A1 

Mouse Cerebral cortex 3H-DPCPX 7.51 ± 0.03 

Rat Recombinanta 3H-DPCPX 7.30 ± 0.05 

Dog Cerebral cortex 3H-DPCPX 6.35 ± 0.08 

Marmoset Cerebral cortex 3H-DPCPX 6.52 ± 0.02 

Human Recombinantb 3H-DPCPX 7.00 ± 0.15 

Adenosine A2A 

Mouse Striatum 3H-SCH58261 9.49 ± 0.03 

Rat Striatum 3H-SCH58261 10.00 ± 0.06 

Dog Striatum 3H-SCH58261 9.55 ± 0.07 

Marmoset Striatum 3H-SCH58261 9.95 ± 0.03 

Human Recombinanta 3H-SCH58261 9.93 ± 0.01 

Adenosine A2B Human Recombinantb 3H-ZM241385 7.49 ± 0.15 

Adenosine A3 
Rat Recombinanta 125I-AB-MECA Not calculatedc

Human Recombinantb 125I-AB-MECA 6.38 ± 0.14 

a Each recombinant receptor was obtained from PerkinElmer. 

b Each recombinant receptor was obtained from EuroscreenFAST (Gosselies, Belgium). 

c IC50 > 10 μmol/L in three independent experiments using the same protocol.  
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Table 2. Inhibition rates of KW-6356 to various receptors, transporters and ion 

channels 

The membrane fractions were incubated with 10 µmol/L of KW-6356 and radioactively 

labeled tracers. The radioactivity was measured using a liquid scintillation counter for 

[3H]-labeled tracers or a γ counter for [125I]-labeled tracers. The inhibition rate was calculated 

as 100 minus the binding ratio. Data are expressed as the mean values of duplicate samples of 

a single experiment. 

Neurotrans

mitter 

Subtype of receptor or

transporter 
Source of receptors Tracer 

Inhibition 

(%) 

Adenosine Adenosine transporter Human transportere 3H-NBTIk 14.92 

Adrenaline 

α1A Rat mandibular gland 3H-Prazosinl 2.23 

α1B Rat liver 3H-Prazosinl 0.30 

α2A Human recombinantf 3H-Rauwolscinem 4.63 

α2B Human recombinantf 3H-Rauwolscinem 8.28 

α2C Human recombinantf 3H-Rauwolscinem 13.95 

β1 Human recombinantg 3H-CGP12177l 2.33 

β2 Human recombinantg 3H-CGP12177l 0.81 

Bradykinin B2 Human recombinantg 3H-Bradykininl 2.78 

Calcium 

Ca channel (Type L, 

Benzothiazepine) 
Rat cerebral cortex 3H-Diltiazemm 0.00 

Ca channel (Type L, 

Dihydropyridine) 
Rat cerebral cortex 3H-PN200-110m 0.00 

Ca channel (Type L, 

Phenylalkylamine) 
Rat cerebral cortex 

3H-Desmethoxy 

verapamill 
10.55 
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Table 2. (continued) 

Neurotrans

mitter 

Subtype of receptor or 

transporter 
Source of receptors Tracer 

Inhibition 

(%) 

Dopamine 

D1 Human recombinantg 3H-SCH23390l 28.28 

D2 short Human recombinantg 3H-Spiperonem 3.13 

D2 long Human recombinantg 3H-Spiperonem 1.79 

D3 Human recombinantf 3H-7-OH-DPATl 8.11 

D4.2 Human recombinantg 3H-Spiperonem 7.56 

D5 Human recombinantg 3H-SCH23390l 50.10 

Dopamine transporter Human recombinantg 3H-WIN35428m 2.25 

GABA 

GABAA (agonist site) Rat cerebellum 3H-Muscimolm 17.40 

GABAA (BZ central) Rat whole brain 3H-Flunitrazepamm 0.91 

GABAA (Chloride 

channel) 
Rat cerebral cortex 3H-EBOBm 0.00 

GABAB
a Rat cerebellum 3H-GABAl 6.29 

GABA transporterb Rat cerebral cortex 3H-GABAl 11.31 

Glucocortico

id 
Glucocorticoid Human recombinanth 3H-Dexamethasonem 3.14 

Glutamate 

AMPA Rat cerebral cortex 3H-AMPAm 8.95 

Kainate Rat whole brain 3H-Kainic acidm 3.59 

NMDA (agonist site) Rat cerebral cortex 3H-CGP-39653m 29.02 

NMDA (glycine site) Rat cerebral cortex 3H-MDL105519l 0.00 

NMDA (polyamine site)c Rat cerebral cortex 3H-Ifenprodilm 4.84 

Histamine 

H1 Human recombinantf 3H-Pyrilaminel 0.00 

H2 Human recombinantf 3H-Tiotidinem 11.03 

H3 Human recombinantf 
3H-N-Methyl 

histaminem 
0.00 
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Table 2. (continued) 

Neurotrans

mitter 

Subtype of receptor or 

transporter 
Source of receptors Tracer 

Inhibition

(%) 

Potassium K channel KATP Rat whole brain 3H-Glibenclamidem 9.19 

Monoamine Monoamine transporter Rabbit platelet 
3H-Dihydrotetrabenazi

nen 
12.73 

Acetylcholin

e 

Muscarinic M1 Human recombinantf 
3H-Methyl 

scopolaminem 
6.59 

Muscarinic M2 Human recombinantf 
3H-Methyl 

scopolaminem 
0.00 

Muscarinic M3 Human recombinantg 
3H-Methyl 

scopolaminem 
0.00 

Muscarinic M4 Human recombinantf 
3H-Methyl 

scopolaminem 
0.00 

Muscarinic M5 Human recombinantg 
3H-Methyl 

scopolaminem 
0.00 

Nicotinic Ni 
Human receptor  

(Non-recombinant) g 
3H-Epibatidinem 1.57 

Melatonin MT1 Human recombinantg 125I-Iodomelatoninm 1.04 

Neurokinin 
NK1 Human recombinantg 125I-Substance Pm 7.42 

NK2 Human recombinantg 3H-SR48968m 2.51 

Norepinephr

ine 

Norepinephrine 

transporter 
Human recombinantg 3H-Nisoxetinem 1.30 

Orexin 
OX1 Human recombinantf 125I-Orexin Am 0.00 

OX2 Human recombinantf 125I-Orexin Am 0.10 
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Table 2. (continued) 

Neurotrans

mitter 

Subtype of receptor or 

transporter 
Source of receptors Tracer 

Inhibition

(%) 

Opiate 

δ Human recombinantg 3H-Naltrindolem 0.00 

κ Human recombinantg 3H-Diprenorphinem 0.94 

μ Human recombinantg 3H-Diprenorphinem 2.17 

Serotonin 

5-HT1A Human recombinantg 3H-8-OH-DPATm 2.23 

5-HT1B Human recombinanti 3H-GR125743m 0.77 

5-HT1D Human recombinantj 3H-GR125743m 0.00 

5-HT2A Human recombinantf 3H-Ketanserinm 0.93 

5-HT2B Human recombinantf 125I-LSDm 0.57 

5-HT2C s23C Human recombinantg 3H-Mesulerginel 11.07 

5-HT3 Human recombinantg 3H-GR65630m 0.29 

5-HT4 
Guinea pig corpus 

striatum 
3H-GR113808l 3.77 

5-HT6 Human recombinantg 125I-LSDm 0.00 

5-HT7 Human recombinantg 125I-LSDm 5.19 

Serotonin transporter Human recombinantg 3H-Imipraminem 0.00 

Sigma 

σ1 
Guinea pig whole 

brain 
3H-(+)-Pentazocinem 0.00 

σ2
d 

Guinea pig whole 

brain 
3H-DTGm 0.76 

Cannabinoid 
CB1 Human recombinantg 3H-WIN55212-2m 21.03 

CB2 Human recombinantg 3H-WIN55212-2m 21.87 

Vasopressin V1B Human recombinantg 
3H-Vasopressin 

(8-L-arginine) m 
0.00 

a Isoguvacine (4 μmol/L) was used as a masking substance for GABAA receptors. 

b Isoguvacine (4 μmol/L) and baclofen (1 μmol/L) were used as masking substances for GABAA and GABAB 

receptors, respectively. 
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c GBR12909 (1 μmol/L) was used as a masking substance. 

d (+)-Pentazocine (100 nmol/L) was used as a masking substance. 

e The transporter was obtained from Sigma-Aldrich. 

f Each receptor was obtained from EuroscreenFAST. 

g Each receptor/transporter was obtained from PerkinElmer. 

h Each receptor was obtained from Thermo Fisher Scientific. 

i The receptor was obtained from Eurofins DiscoverX (Fremont, CA, USA). 

j The receptor was obtained from BioXtal (Saint-Félix, France) 

k The tracer was obtained from Moravek Biochemicals (Brea, CA, USA). 

l Each tracer was obtained from GE Healthcare Bio-Sciences. 

m Each tracer was obtained from PerkinElmer. 

n The tracer was obtained from American Radiolabeled Chemicals.   
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Table 3. Inhibition of KW-6356 to metabolic enzymes related to dopamine 

A total of 10 µmol/L of KW-6356 was incubated with enzyme and radioactively labeled 

substrates. The radioactivity was measured using a liquid scintillation counter. The inhibition 

rate was calculated as 100 minus the activity ratio. Data are expressed as the mean values of 

duplicate samples of a single experiment. 

Metabolic enzyme of 

dopamine 

Source 

of enzyme 
Tracer 

Inhibition 

(%) 

MAO-A Human recombinant 14C-Serotonin 1.40 

MAO-B Human recombinant 14C-β-Phenylethylamine HCl 4.01 

COMT Porcine liver S-Adenosyl-L-(methyl-14C)-methionine 2.22 
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Table 4. Kinetic parameters of [3H]-KW-6356 binding to human A2A receptor 

The association of KW-6356 with human A2A receptors was measured by incubating 

[3H]-KW-6356 with cell membranes expressing recombinant human A2A receptor at 25 °C. 

Dissociation was initiated by the addition of 1 µmol/L unlabeled KW-6356 after 90-minute 

incubation of [3H]-KW-6356 with the cell membranes at 25 °C. Kinetic parameters (kobs, k+1, 

k-1, t1/2, and pKd values) were calculated using GraphPad Prism software version 8. Data are 

expressed as the mean ± standard deviation of three independent experiments. 

kobs (min-1) k+1 (min-1nmol/L-1) k-1 (min-1) t1/2 (min) pKd 

0.078 ± 0.015 0.13 ± 0.04 0.016 ± 0.006 45.7 ± 14.6 9.89 ± 0.12 
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