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Background and Purpose: Adenosine is a local mediator that regulates a number of

physiological and pathological processes via activation of adenosine A1‐receptors. The

activity of adenosine can be regulated at the level of its target receptor via drugs that

bind to an allosteric site on the A1‐receptor. Here, we have investigated the species

and probe dependence of two allosteric modulators on the binding characteristics

of fluorescent and nonfluorescent A1‐receptor agonists.

Experimental Approach: A Nano‐luciferase (Nluc) BRET (NanoBRET) methodology

was used. This used N‐terminal Nluc‐tagged A1‐receptors expressed in HEK293T cells

in conjunction with both fluorescent A1‐receptor agonists (adenosine and NECA ana-

logues) and a fluorescent antagonist CA200645.

Key Results: PD 81,723 and VCP171 elicited positive allosteric effects on

the binding affinity of orthosteric agonists at both the rat and human A1‐receptors that

showed clear probe dependence. Thus, the allosteric effect on the highly selective par-

tial agonist capadenoson was much less marked than for the full agonists NECA, aden-

osine, and CCPA in both species. VCP171 and, to a lesser extent, PD 81,723, also

increased the specific binding of three fluorescent A1‐receptor agonists in a species‐

dependent manner that involved increases in Bmax and pKD.

Conclusions and Implications: These results demonstrate the power of the

NanoBRET ligand‐binding approach to study the effect of allosteric ligands on the

binding of fluorescent agonists to the adenosine A1‐receptor in intact living cells. Fur-

thermore, our studies suggest that VCP171 and PD 81,723 may switch a proportion

of A1‐receptors to an active agonist conformation (R*).
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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‐G‐ABEA); ABA, (ABA‐X‐BY630); ABEA, (ABEA‐X‐BY630); CA200645, xanthine amine congener‐β‐alanine,β‐
o‐6‐[[2‐(4‐chlorophenyl)‐1,3‐thiazol‐4‐yl]methylsulfanyl]‐4‐[4‐(2‐hydroxyethoxy)phenyl]pyridine‐3,5‐dicarbonitrile;
X, 1,3‐dipropyl‐8‐cyclopentylxanthine; MRS1220, N‐[9‐chloro‐2‐(furan‐2‐yl)‐[1,2,4]triazolo[1,5‐c]quinazolin‐5‐yl]‐
o)adenosine; Nluc, Nano‐luciferase; Nluc‐A1R, Nanoluc‐labelled A1 adenosine receptor; PD 81,723, (2‐amino‐4,5‐
thanone; VCP171, (2‐amino‐4‐(3‐(trifluoromethyl)phenyl)thiophen‐3‐yl)(phenyl)methanone; VCP746, 4‐(5‐amino‐4‐
‐N‐(6‐(9‐((2R,3R,4S,5R)‐3,4‐dihydroxy‐5‐(hydroxylmethyl)tetrahydro‐furan‐2‐yl)‐9H‐purin‐6‐ylamino)hexyl)
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1 | INTRODUCTION

What is already known

• Adenosine is a local mediator that regulates

physiological processes via activation of adenosine A1‐

receptors.

• Agonist activity can be regulated by drugs that bind to

an allosteric site on the A1‐receptor.

What this study adds

• This study demonstrates the power of fluorescent ligand

NanoBRET approaches to study allosterism in cells.

• Positive allosteric modulators can switch a proportion of

A1‐receptors to an active agonist‐binding conformation.

What is the cl inical s ignif icance

• This study provides insights into allosteric mechanisms

that may provide new opportunities for drug discovery.
Adenosine is a local reactive metabolite that has a major role in reg-

ulating a number of physiological and pathological processes includ-

ing inflammation, hypoxia, and cardiovascular regulation (Fredholm,

Ijzerman, Jacobson, Linden, & Müller, 2011). Adenosine acts via four

specific GPCRs, which have been denoted adenosine A1‐, A2A‐, A2B‐,

and A3‐receptors (Fredholm et al., 2011). The A1‐ and A3‐receptors

preferentially couple to Gi/o proteins and have an inhibitory action

on adenylyl cyclase activity whilst the A2A‐ and A2B‐receptors couple

to Gs proteins and stimulate cAMP formation (Fredholm et al., 2011;

Müller & Jacobson, 2011). The crystal structures of the A2A‐receptor

in both antagonist (Jaakola et al., 2008) and agonist (Xu et al., 2011)

bound conformations have been determined, and very recently,

the structure of the adenosine A1‐receptor has also been solved

(Cheng et al., 2017; Glukhova et al., 2017), including an adenosine‐

bound A1‐receptor in complex with a Gi‐protein (Draper‐Joyce

et al., 2018).

Numerous selective agonists and antagonists for each adenosine

receptor subtype are now available for the study of receptor func-

tion (see Fredholm et al., 2011; Müller & Jacobson, 2011). In the

case of the adenosine A1‐receptor, a number of compounds have

previously undergone evaluation for cardiovascular disease indica-

tions such as paroxysmal supraventricular tachycardia, atrial fibrilla-

tion, and angina pectoris (Müller & Jacobson, 2011). At the present

time, the A1‐receptor partial agonist neladenoson is undergoing

clinical trial for heart failure (Meibom et al., 2017). However, the

ubiquitous distribution of adenosine receptors in the body can often

limit therapeutic application because of the effects of adenosine

ligands on the same receptor in a different tissue or cell type (Müller

& Jacobson, 2011).

Activation of cell surface adenosine receptors by endogenous

adenosine requires it to be available at the extracellular surface of

cells. Extracellular adenosine can rise as a consequence of several

pathways (Fredholm et al., 2011). It can be formed intracellularly fol-

lowing various metabolic processes and be exported from cells via

membrane transporters, or it can be formed in the extracellular space

from adenine nucleotides released from cells. Once ATP or ADP is

released, the nucleotide is broken down by nucleoside triphosphate

diphosphohydrolases (e.g., CD39) and then ecto‐5′‐nucleotidase

(CD73) to adenosine (Fredholm et al., 2011; Knapp et al., 2012). The

intricacies of localized extracellular release of adenine nucleotides

and subsequent production of adenosine following CD73 activity has

recently provided insights into the role of adenosine A1‐receptors in

mediating localized analgesia in animals and humans (Goldman et al.,

2010; Sowa, Voss, & Zylka, 2010; Street & Zylka, 2011). In addition,

there is increasing evidence that adenosine A1‐receptors may be

involved in promoting angiogenesis and the release of VEGF in

response to local hypoxia and neoplasia (Clark et al., 2007; Merighi

et al., 2009).

From the foregoing argument, it is clear that localized regulation

of adenosine production may have important therapeutic implications.
One way in which the activity of endogenous adenosine can be

subtly regulated at the level of its target receptor is via drugs that

bind to an allosteric site on the receptor. These allosteric modulators

act to enhance or inhibit the binding of adenosine to its receptor

binding site (the orthosteric site) and/or change the resulting

functional response (Hill, May, Kellam, & Woolard, 2014). Some of

the earliest allosteric modulators, such as PD 81,723, were

discovered for the adenosine A1‐receptor (Bruns & Fergus, 1990;

Bruns et al., 1990; Göblyös & IJzerman, 2011; Kimatrai‐Salvador,

Baraldi, & Romagnoli, 2012). VCP171, [(2‐amino‐4‐(3‐(trifluoro-

methyl)phenyl)thiophen‐3‐yl)(phenyl)methanone], has also recently

been described as a novel 2‐amino‐3‐benzoylthiophene positive

allosteric modulator (Aurelio et al., 2009, 2010; Valant et al.,

2010; Vincenzi et al., 2014) and has been investigated in a rat

model of neuropathic pain (Imlach, Bhola, May, Christopoulos, &

Christie, 2015).

The potential for allosteric enhancers to provide highly localized

augmentation of adenosine actions on target receptors is well

established (Hill et al., 2014). However, the in vivo actions of allosteric

regulators have not been extensively investigated, and there is a need

to evaluate the potential for these small molecules to augment specific

actions of adenosine in particular organs or cell types in a whole ani-

mal setting. Some limited success has been achieved in vivo with PD

81,723. Activation of adenosine A1‐receptors has been shown to pro-

tect against renal ischaemia/reperfusion injury in experimental animals

(Lee & Emala, 2000; Lee, Gallos, Nasr, & Emala, 2004; Park et al.,

2012). However, despite the high homology between the species

homologues of the A1‐receptor, there is evidence for species
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differences in the affinity of certain adenosine receptor ligands (Müller

& Jacobson, 2011; Szymańska et al., 2016).

The aim of the present study was to compare the effect of PD

81,723 and VCP171 on the human and rat adenosine A1‐receptors

expressed in HEK293T cells and to evaluate the extent to which they

exhibit probe and species dependence in a whole cell environment. To

do this, we made use of the recently established Nano‐luciferase

(Nluc) BRET methodology (NanoBRET; Stoddart, Johnstone, et al.,

2015; Stoddart, Vernall, Briddon, Kellam, & Hill, 2015) using

N‐terminal Nluc‐tagged A1‐receptors in conjunction with fluorescent

A1‐receptor agonists and antagonists (Stoddart, Johnstone, et al.,

2015). These fluorescent ligands included the xanthine amine congener

based antagonist ligand CA200645 (Corriden, Kilpatrick, Kellam,

Briddon, & Hill, 2014; Stoddart, Johnstone, et al., 2015) and fluorescent

A1‐agonists based on adenosine (ABA‐X‐BY630; Middleton et al.,

2007; May, Self, Briddon, & Hill, 2010) or NECA (ABEA‐X‐BY630,

Cordeaux, Briddon, Alexander, Kellam, & Hill, 2008; Stoddart,

Johnstone, et al., 2015; BY630‐X‐(D)‐A‐(D)‐A‐G‐ABEA; Stoddart,

Vernall, et al., 2015).
2 | METHODS

2.1 | Constructs, cell lines, and cell culture

Human and rat Nluc‐labelled adenosine A1‐receptor (Nluc‐A1R) con-

structs were generated as previously described by Stoddart,

Johnstone, et al. (2015). In brief, the full‐length sequence of Nluc

luciferase from the pNL1.1 vector (Promega) was amplified and

fused in‐frame with the membrane signal sequence of the 5‐HT3A

membrane localization signal sequence (pcDNA3.1 sig‐Nluc; Soave,

Stoddart, Brown, Woolard, & Hill, 2016). This was fused to the

full‐length human or rat sequence of the adenosine A1‐receptor

(with the methionine start signal removed) to the 3′ end of the

sig‐Nluc in pcDNA3.1. The resulting fusion protein contained a

Gly‐Ser linker between the Nluc open reading frame and the human

or rat A1 open reading frame. This resulted in the human and rat

Nluc‐A1R constructs.
2.2 | Cultured cells

HEK293T cells (ATCC Cat# CRL‐3216, RRID:CVCL_0063) were

maintained in DMEM supplemented with 2 mM L‐glutamine and

10% fetal calf serum at 37°C 5% CO2. Once 70–80% confluent, cells

were dislodged from the flask surface by gentle shaking after incu-

bation in 0.25% trypsin and collected following centrifugation at

1000× g for 5 min. Cells were then seeded at 2–5 × 10,000 cells

cm‐2. Mixed population human Nluc‐A1‐AR and rat Nluc‐A1‐AR cell

lines were generated using Fugene HD (Promega) according to the

manufacturer's instructions, and cells were then subjected to

1 mg/mL G418‐selection pressure for 2 weeks.
2.3 | BRET human and rat Nluc‐A1R ligand‐binding
assays

The fluorescent antagonist saturation, competition‐binding, allosteric

modulator binding cooperativity, and the fluorescent agonist satura-

tions in the presence/absence of allosteric modulator assays were per-

formed on the stably transfected HEK293T cells expressing human or

rat Nluc‐A1R. The cells were seeded 24 hr before experimentation in

white walled, poly‐D‐lysine coated 96‐well microplates (Thermo Scien-

tific, Loughborough, UK) at a density of 25,000 cells per well.

The medium was replaced with HEPES‐buffered saline solution

(145 nM NaCl, 5 mM KCl, 1.7 mM CaCl2, 1 mM MgSO4, 10 mM

HEPES, 2 mM sodium pyruvate, 1.5 mM NaHCO3, 10 mM D‐glucose,

pH 7.2–7.45), with the required concentration of fluorescent ligand,

competing ligand, and/or allosteric modulator. For each experiment,

ligands were added simultaneously, and the 96‐well plate was incu-

bated for 1 hr at 37°C (no CO2). Following this, the Nluc substrate

furimazine (Promega) was added to give a final concentration of

10 μM and then incubated for 5 min at 37°C. For all experiments,

the luminescence and resulting BRET were measured using the

PHERAstar FS plate reader (BMG Labtech) using filtered light emis-

sions at 460 nm (80 nm bandpass) and >610 nm (longpass) at room

temperature. The raw BRET ratio was calculated by dividing the

>610 nm emission by the 460 nm emission.

2.4 | Data analysis

Data were presented and analysed using Prism 7 software (GraphPad

software, San Diego, CA, USA).

Saturation‐binding curves were simultaneously fitted to obtain

the total and non‐specific components using the following equation:

BRET ratio ¼ Bmax × B½ �
B½ � þ KD

þ M × B½ �ð Þ þ Cð Þ;

where Bmax is the maximal level of specific binding, [B] is the concen-

tration of fluorescent ligand in nM, KD is the equilibrium dissociation

constant in nM, M is the slope of the linear non‐specific binding com-

ponent, and C is the y‐axis intercept.

Competition NanoBRET data was fitted using a one‐site sigmoidal

competition curve given by the following equation:

%uninhibited binding ¼ 100 −
100 × An½ �ð Þ
An½ � þ ICn

50

� �þ NS;

where [A] is the concentration of competing drug, NS is the non‐

specific binding, n is the Hill coefficient, and IC50 is the concentration

of ligand required to inhibit 50% of the specific binding of the fluores-

cent ligand.

The IC50 values from competition‐binding curves were used to

calculate the Ki of the unlabelled ligands using the Cheng–Prusoff

equation:

Ki ¼ IC50

1þ L½ �
KD

;
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where [L] is the concentration of fluorescent ligand in nM, and KD is

the dissociation constant of the fluorescent ligand in nM. The KD

values used were obtained from the saturation‐binding experiments.

Pooled fluorescent agonist saturation assays obtained in the pres-

ence and absence of a fixed concentration of allosteric modulator

were simultaneously fitted to the following equation:

BRET ratio ¼ Bmax × B½ �
B½ � þ KD

þ M × B½ �ð Þ þ Cð Þ:

The slope of the non‐specific binding component M was kept

constant (equivalent to the slope of the binding curve obtained in

the presence of 1 μM DPCPX in the same experiments), and a

partial F test was used to determine whether a significantly better

fit was obtained with individual parameters for Bmax and KD for each

curve (control vs. that obtained in the presence of VCP171 or

PD 81,723) when compared with sharing the parameters

between curves.

2.5 | Statistical analysis

The statistical analyses in this study comply with the recommenda-

tions on experimental design and analysis in pharmacology (Curtis

et al., 2018). Statistical significance was determined by one‐way

ANOVA followed by Tukey's post hoc test, partial F test, or unpaired

Student's t test. In all cases, differences were considered significant at

P < 0.05. All statistical analysis was performed using GraphPad Prism

7.03 (RRID:SCR_002798). In all cases, individual experiments were

performed in triplicate, and statistical analysis was performed on the

data obtained from five or six repeat experiments.

2.6 | Materials

Adenosine receptor ligands: adenosine (Cat# A9251), 5′‐N‐ethylcar-

boxamidoadenosine (NECA; Cat# E2387), and (2‐amino‐4,5‐di-

methylthiophen‐3‐yl)(3‐(trifluoromethyl)phenyl)methanone (PD 81,723;

Cat#P1123) were purchased from Sigma‐Aldrich (Gillingham, UK). 1,3‐Di-

propyl‐8‐cyclopentylxanthine (DPCPX; C101), 2‐chloro‐N6‐cyclopen-

txyladenosine (CCPA; Cat# C7938), and N‐[9‐chloro‐2‐(furan‐2‐yl)‐[1,

2,4]triazolo[1,5‐c]quinazolin‐5‐yl]‐2‐phenylacetamide (MRS1220; Cat#

M228) were purchased from Tocris Bioscience (Bristol, UK).

(2‐Amino‐4‐(3‐(trifluoromethyl)phenyl)thiophen‐3‐yl)(phenyl)metha-

none (VCP171) and 4‐(5‐amino‐4‐benzoyl‐3‐(3‐(trifluoromethyl)phenyl)

thiophen‐2‐yl)‐N‐(8‐(9‐((2R,3R,4S,5R)‐3,4‐dihydroxy‐5‐(hydroxylmethyl)

tetrahydro‐furan‐2‐yl)‐9H‐purin‐6‐ylamino)hexyl)benzamide (VCP746)

were synthesized as previously described by Aurelio et al. (2009) and

Valant et al. (2014) respectively. 2‐Amino‐6‐[[2‐(4‐chlorophenyl)‐1,3‐

thiazol‐4‐yl]methylsulfanyl]‐4‐[4‐(2‐hydroxyethoxy)phenyl]pyridine‐3,5‐

dicarbonitrile (capadenoson) was purchased fromHaoyuan Chemexpress

(Cat# HY‐14917; Shanghai, China).

The fluorescent A1‐receptor antagonist, CA200645, was pur-

chased from Hello Bio (Cat# HB7812; Bristol, UK). The fluorescent

A1‐receptor agonist, ABA‐X‐BY630 (Briddon et al., 2004), was
purchased from CellAura Technologies Ltd. (Nottingham, UK). The

fluorescent A1‐receptor agonist, ABEA‐X‐BY630, was synthesized as

previously described by Middleton et al. (2007). The fluorescent A1‐

receptor agonist, BY630‐X‐(D)‐A‐(D)‐A‐G‐ABEA, was synthesized as

described by Stoddart, Vernall, et al. (2015). Fugene HD transfection

reagent and furimazine were from Promega (Southampton, UK). All

other reagents were from Sigma‐Aldrich (Gillingham, UK).
2.7 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org/, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in

the Concise Guide to PHARMACOLOGY 2017/18 (Alexander

et al., 2017).
3 | RESULTS

3.1 | Measurement of the specific binding of
CA200645 to rat and human adenosine A1‐receptors
using NanoBRET

We have recently described a bioluminescence energy transfer

approach (NanoBRET) to monitor ligand–receptor interactions in living

HEK293T cells expressing the human A1‐receptor tagged on its N‐

terminus with the luminescence protein Nluc (Stoddart, Johnstone,

et al., 2015). Here, we have compared the ligand‐binding characteris-

tics of Nluc‐tagged human and rat adenosine A1‐receptors using the

fluorescent antagonist ligand CA200645 (Stoddart, Johnstone, et al.,

2015). Binding experiments were performed over a large range of con-

centrations of CA200645 (1–500 nM) and yielded clear saturable

components of specific binding for both species receptor homologues

with negligible non‐specific binding detected in the presence of a high

concentration of the A1‐receptor selective antagonist DPCPX (1 μM).

The KD values obtained for CA200645 for the specific binding compo-

nent were 33.84 ± 10.15 nM (n = 6) and 35.44 ± 4.66 nM (n = 6) for

the human and rat Nluc‐A1‐receptors, respectively.
3.2 | Inhibition of binding by A1‐receptor ligands

The binding affinities of non‐fluorescent A1‐receptor ligands at the

two species homologues were then determined from competition‐

binding studies in the presence of 25 nM CA200645 (Table 1).

Capadenoson, CCPA, NECA, and adenosine (Figure 1) showed similar

affinities between the two species (Table 1), with capadenoson being

the highest affinity agonist in both species. The selective A1‐recep-

tor antagonist DPCPX was a potent inhibitor of CA200645 binding

and exhibited a higher affinity for the rat A1‐receptor (Table 1). In

contrast, the antagonist MRS1220, the allosteric ligand VCP171

and VCP746 (a hybrid molecule made up of adenosine and



TABLE 1 Binding affinities of nine competing ligands determined from inhibition of the specific binding of CA200645 at the human Nluc‐A1AR
and rat Nluc‐A1AR

Nluc‐human A1AR Nluc‐rat A1AR

pIC50 ± SEM pKi ± SEM N pIC50 ± SEM pKi ± SEM N

Adenosine 4.17 ± 0.08 4.41 ± 0.08 6 4.27 ± 0.08 4.53 ± 0.08 5

Capadenoson 6.61 ± 0.12 6.85 ± 0.12 6 6.73 ± 0.11 6.99 ± 0.11 5

NECA 5.26 ± 0.17 5.50 ± 0.17 6 5.12 ± 0.04 5.39 ± 0.04 5

CCPA 6.15 ± 0.05 6.40 ± 0.05a 12 6.32 ± 0.04 6.58 ± 0.04 10

PD 81,723 3.99 ± 0.24 4.23 ± 0.24 6 <4 n.d. 5

VCP171 4.39 ± 0.09 4.63 ± 0.09a 6 3.89 ± 0.14 4.15 ± 0.14 5

VCP746 5.25 ± 0.09 5.49 ± 0.09a 6 4.76 ± 0.05 5.02 ± 0.06 5

DPCPX 7.89 ± 0.0.7 8.13 ± 0.07a 6 8.38 ± 0.15 8.64 ± 0.15 5

MRS1220 6.42 ± 0.07 6.66 ± 0.07a 6 5.71 ± 0.24 5.97 ± 0.24 5

Note. Data are expressed as mean ± SEM in n separate experiments, performed in triplicate. pKi values were determined from IC50 values using the Cheng–
Prusoff equation.
apKi values obtained of competing ligand significantly differ between human Nluc‐A1R and rat Nluc‐A1R (*P < 0.05; unpaired t test).

FIGURE 1 Chemical structures of VCP171,
PD 81,723, and A1‐receptor agonists
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VCP171; Valant et al., 2014) had slightly higher affinities for the

human A1‐receptor (Table 1). The other allosteric ligand studied,

PD 81,723, was generally a weak direct inhibitor of the binding of

CA200645 in both species (Table 1).
3.3 | Allosteric regulation of the inhibition of
fluorescent A1‐receptor antagonist binding by A1‐
receptor agonists

To investigate the potential for PD 81,723 and VCP171 (Figure 1) to

regulate A1‐receptor agonist binding to the human and rat A1‐recep-

tors in living cells, we evaluated the effect co‐incubation with
increasing concentrations of VCP171 or PD 81,723 on the ability

of adenosine, NECA, CCPA, and capadenoson to inhibit the specific

binding of CA200645 to Nluc‐tagged A1‐receptors. PD 81,723 used

at concentrations of 3, 10, or 30 μM shifted the agonist competition

curves to the left and produced a decrease in the IC50 values for

adenosine, CCPA, and NECA binding to the human A1‐receptor

(Figure 2a,c,d; Table 2), without markedly changing the direct binding

of CA200645 alone (Figure 2a,c,d). Significant effects on IC50 values

were observed with 10 μM PD 81,723 for NECA and 30 μM PD

81,723 for adenosine and CCPA (Table 2). A smaller effect was

observed on the A1‐receptor selective agonist capadenoson

(Albrecht‐Kupper, Leineweber, & Nell, 2012; Tendera et al., 2012),

and higher concentrations of PD 81,723 (that also had a direct



FIGURE 2 Effect of PD 81,723 and VCP171 on agonist binding to the human Nluc‐A1R. The effect of the allosteric modulators PD 81,723 and
VCP171 on the ability of adenosine A1‐receptor agonists (adenosine, capadenoson, CCPA, and NECA) to inhibit CA200645 (25 nM) binding was
monitored using BRET. (a) Adenosine and PD 81,723; (b) capadenoson and PD 81,723; (c) NECA and PD 81,723; (d) CCPA and PD 81,723; (e)
adenosine and VCP171; (f) capadenoson and VCP171; (g) NECA and VCP171; and (h) CCPA and VCP171. Figures shown are single representative
experiments from five (a, c, g) or six (b, d–f, h) separate experiments that were each performed in triplicate. Data are expressed as mean ± SEM of
the triplicate data

COOPER ET AL. 869BJP
inhibitory effect on the binding of CA200656 alone) were required

to produce a significant change (Figure 2b; Table 2).

In the case of VCP171, 3, 10, or 30 μM concentrations of this

allosteric regulator not only produced a clearer decrease in the specific

binding of CA200645 alone to the human A1‐receptor but also pro-

duced significant decreases in the IC50 for adenosine, CCPA, and

NECA (Figure 2e,g,h; Table 2) without producing a significant change

in the IC50 of capadenoson (Figure 2f; Table 2).
At the rat A1‐receptor, PD 81,723 (3, 10, or 30 μM) did not sig-

nificantly alter the IC50 values for inhibition of specific CA200645

binding of adenosine, NECA, or capadenoson (Figure 3a,b,c;

Table 2), although there was a tendency to produce a small decrease

in IC50 for adenosine and NECA (Table 2). There was, however, a

significant effect on the IC50 value of CCPA at 10 and 30 μM PD

81,723 (Table 2; Figure 3d). In contrast, VCP171 (10 or 30 μM) sig-

nificantly decreased the IC50 values of CCPA, NECA, and to a lesser



TABLE 2 The effect of three different concentrations of allosteric modulator (PD 81,723 or VCP171) on agonist (adenosine, capadenoson,
NECA, and CCPA) pIC50 values, determined by the inhibition of CA200645 specific binding of at the human or rat Nluc‐A1‐AR

Species

PD 81,723 VCP171

0 3 μM 10 μM 30 μM 0 3 μM 10 μM 30 μM

Adenosine Human 4.18 ± 0.11 4.36 ± 0.14 4.66 ± 0.12 5.07 ± 0.18* 4.23 ± 0.06 4.38 ± 0.06 4.77 ± 0.09* 5.05 ± 0.13*

NECA Human 5.21 ± 0.08 5.21 ± 0.10 5.72 ± 0.08* 5.99 ± 0.09* 5.37 ± 0.06 5.68 ± 0.05* 5.96 ± 0.04* 6.00 ± 0.05*

CCPA Human 6.15 ± 0.09 6.29 ± 0.10 6.49 ± 0.12 6.75 ± 0.08* 6.14 ± 0.10 6.47 ± 0.06* 6.68 ± 0.07* 6.80 ± 0.09*

Capadenoson Human 6.55 ± 0.10 6.67 ± 0.07a 6.84 ± 0.08b 6.94 ± 0.06c* 6.63 ± 0.09 6.66 ± 0.09 6.71 ± 0.08 6.63 ± 0.07

Adenosine Rat 4.61 ± 0.37 4.74 ± 0.22 4.85 ± 0.27 5.12 ± 0.35 4.13 ± 0.08 4.66 ± 0.28 5.14 ± 0.15* 4.99 ± 0.28

NECA Rat 5.43 ± 0.19 5.50 ± 0.23 5.70 ± 0.35 6.00 ± 0.31 5.03 ± 0.10 5.62 ± 0.16 5.95 ± 0.20* 6.13 ± 0.23*

CCPA Rat 6.28 ± 0.05 6.43 ± 0.03* 6.70 ± 0.02* 6.91 ± 0.04* 6.35 ± 0.07 6.78 ± 0.03* 7.06 ± 0.03* 6.96 ± 0.10*

Capadenoson Rat 6.56 ± 0.16 6.54 ± 0.12 6.74 ± 0.17 6.71 ± 0.11 6.60 ± 0.07 6.76 ± 0.14 6.79 ± 0.15 6.84 ± 0.16

Note. Data are expressed as mean ± SEM in separate experiments (n = 5 or 6), performed in triplicate.
a25 μM PD 81,723.
b50 μM PD 81,723.
c100 μM PD 81,723.

*P < 0.05, compared to 0 allosteric modulator; one‐way ANOVA, post hoc Tukey's test.
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extent adenosine (Figure 3e,g,h) but had no significant effect on the

agonist response to capadenoson (Figure 3f; Table 2).
3.4 | Allosteric effect on the specific binding of
fluorescent A1‐receptor agonists

To establish whether a direct action of allosteric regulators could be

demonstrated on the binding of fluorescent agonists to the A1‐recep-

tor in living cells, we investigated their effect on the binding of the

adenosine based fluorescent ligand ABA‐X‐BY630 and two NECA‐

based fluorescent derivatives: ABEA‐X‐BY630 and its tripeptide linker

variant BY630‐X‐Ala‐Ala‐Gly‐ABEA (AAG‐ABEA‐X‐BY630; Figure 4).

ABA‐X‐BY630 is an effective agonist at A1‐receptors in mediating

inhibition of CRE‐mediated gene expression, calcium mobilization,

and ERK1/2 phosphorylation (Briddon et al., 2004; May et al., 2010).

Similarly, ABEA‐X‐BY630 and AAG‐ABEA‐X‐BY630 have been shown

to be full agonists of A1‐receptor‐mediated inhibition of forskolin‐

stimulated cAMP accumulation or CRE‐mediated gene expression

respectively (Middleton et al., 2007; Stoddart, Vernall, et al., 2015).

VCP171 produced a significant increase in the specific binding

of the adenosine analogue ABA‐X‐BY630 to both the human

(Figure 5a) and rat A1‐receptors (Figure 5c). Partial F test analysis

of the non‐linear regression fits to the combined data shown in

Figure 3 confirmed that the two binding parameters (pKD and Bmax)

differed significantly between the control and VCP171 (10 or

30 μM) curves (i.e., they could not be shared; Figure 5a,c). In the

case of the human receptor, this could also be ascribed to a signifi-

cant change in the Bmax value (partial F test). Analysis of the mean

parameters from the individual repeat experiments (Tables 3 and 4)

confirmed a significant increase in Bmax and pKD values for the

human (Table 3) but not the rat A1‐receptor (Table 4). Smaller but

still significant increases (partial F test) in specific binding of ABA‐

X‐BY630 were also observed with PD 81,723 in the human
(Figure 5b) and rat (Figure 5d). However, neither effect could be

reliably ascribed to a change in an individual binding parameter (Bmax

or pKD). From the analysis of individual experiments, a significant

change was only observed in pKD of the rat A1‐receptor at 10 μM

PD 81,723 (Table 4).

In the case of the NECA derivative ABEA‐X‐BY630, significant

increases in specific binding were detected with VCP171 at both A1‐

receptor species homologues (Figure 6a,c). At the human A1‐receptor,

this was due to significant changes in both pKD and Bmax (Table 3),

whereas for the rat homologue, it was more dependent upon an

increase in Bmax (Table 4). PD 81,723 did not significantly change

any of the binding parameters for the human (Table 3) or rat

(Table 4) A1‐receptors, but there was a very small elevation in overall

specific binding at the human A1‐receptor but not the rat (Figure 6b,d).

For the tripeptide linker variant of ABEA‐X‐BY630 (AAG‐ABEA‐X‐

BY630) a similar profile was observed to that obtained with ABEA‐X‐

BY630. Significant increases in specific binding were detected with

VCP171 at both A1‐receptor species homologues (Figure 7a,c). At the

human A1‐receptor, this appeared to be due to significant changes in

both pKD and Bmax (Table 3); although for the rat homologue, this was

more dependent on an increase in pKD (Table 4). F test analysis of

the combined data for the human A1‐receptor also indicated an effect

of VCP171 on pKD (Figure 7a). In the case of PD 81,723, no consistent

of effect of this allosteric enhancer was observed on AAG‐ABEA‐X‐

BY630 binding in the rat although a small significant increase in

overall specific binding was detectable at the human A1‐receptor.
4 | DISCUSSION

The data presented here have demonstrated the utility of the

NanoBRET ligand binding approach to study species differences in

the binding of agonists and antagonists to the adenosine A1‐receptor

in intact living cells. The requirement of NanoBRET for close proximity



FIGURE 3 Effect of PD 81,723 and VCP171 on agonist binding to the rat Nluc‐A1R. The effect of the allosteric modulators PD 81,723 and
VCP171 on the ability of adenosine A1‐receptor agonists (adenosine, capadenoson, CCPA, and NECA) to inhibit CA200645 (25 nM) binding
was monitored using BRET. (a) Adenosine and PD 81,723; (b) capadenoson and PD 81,723; (c) NECA and PD 81,723; (d) CCPA and PD81,723; (e)
adenosine and VCP171; (f) capadenoson and VCP171; (g) NECA and VCP171; and (h) CCPA and VCP171. Figures shown are single representative
experiments from five (a–f, h) or six (g) separate experiments that were each performed in triplicate. Data are expressed as mean ± SEM of the
triplicate data
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between the N‐terminal Nluc tag of the receptor and the receptor‐

bound fluorescent antagonist CA200645 (~10 nm) produced low

levels of non‐specific binding of CA200645 in both species that was

consistent with our previous work (Stoddart, Johnstone, et al., 2015).

This enabled accurate determination of the binding affinities of com-

peting A1‐receptor ligands to be made. This work confirmed the spe-

cies differences in the affinity of DPCPX reported previously in brain

membrane homogenates between the human and rat A1‐receptor
homologues (Maemoto et al., 1997). Interestingly, the allosteric

regulators PD 81,723 and VCP171 produced a small direct inhibition

of CA200645 binding at high concentrations (>100 μM for PD

81,723 and 10–100 μM VCP171) that was more evident at the human

A1‐receptor.

The most striking effects of PD 81,723 and VCP171, however,

were that they significantly enhanced the binding affinities of NECA,

CCPA, and adenosine to the human A1‐receptor, as determined from



FIGURE 5 Effect of VCP171 and PD 81,723
on the binding of ABA‐X‐BY630 (ABA) to the
human and rat adenosine A1‐receptors. Effect
of VCP171 (a, c) or PD 81,723 (b, d) on the
binding of ABA‐X‐BY630 to the human (a, b)
or rat (c, d) A1‐receptors. Figures show
combined data from five separate
experiments (each performed in triplicate).
Data are expressed as mean ± SEM. *P < 0.05
fitted parameters (both KD and Bmax) curves
significantly different from control (without
allosteric modulator; partial F test). #P < 0.05
fitted parameter for Bmax significantly
different from control (partial F test)

TABLE 3 The effect of three different concentrations of allosteric modulator (PD 81,723 or VCP171) on the binding of the fluorescent agonists
ABA‐X‐BY630, ABEA‐X‐BY630, and BY630‐X‐AAG‐ABEA to the human Nluc‐A1AR

Human Nluc A1R
VCP171 PD 81,723

Fluorescent ligand pKD or Bmax 0 10 μM 30 μM N 0 10 μM 30 μM N

ABA‐X‐BY630 pKD 6.23 ± 0.05 6.44 ± 0.08* 6.46 ± 0.05* 5 6.11 ± 0.02 6.15 ± 0.09 6.11 ± 0.20 5

ABA‐X‐BY630 Bmax 0.019 ± 0.002 0.033 ± 0.004* 0.036 ± 0.003* 5 0.019 ± 0.002 0.035 ± 0.005 0.035 ± 0.008 5

ABEA‐X‐BY630 pKD 5.99 ± 0.15 6.43 ± 0.05* 6.43 ± 0.08* 6 6.01 ± 0.15 5.96 ± 0.11 5.94 ± 0.19 5

ABEA‐X‐BY630 Bmax 0.006 ± 0.001 0.013 ± 0.002* 0.016 ± 0.002* 6 0.007 ± 0.001 0.012 ± 0.003 0.016 ± 0.004 5

BY630‐X‐AAG‐ABEA pKD 6.17 ± 0.16 6.97 ± 0.16* 6.97 ± 0.15* 6 6.11 ± 0.20 6.35 ± 0.17 6.49 ± 0.16 5

BY630‐X‐AAG‐ABEA Bmax 0.019 ± 0.001 0.021 ± 0.001 0.024 ± 0.001* 6 0.021 ± 0.003 0.022 ± 0.002 0.24 ± 0.002 5

Note. pKD and Bmax values were obtained from individual experiments. Data are expressed as mean ± SEM obtained in N separate experiments. Each indi-
vidual experiment was performed in triplicate.

*P < 0.05, compared to 0 allosteric modulator; one‐way ANOVA, post hoc Tukey's test.

FIGURE 4 Chemical structure of three
fluorescent agonists (BY630‐X‐ABA, BY630‐
X‐ABEA, and BY630‐Ala‐Ala‐Gly‐ABEA) and
the fluorescent antagonist CA200645
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TABLE 4 The effect of three different concentrations of allosteric modulator (PD 81,723 or VCP171) on the binding of the fluorescent agonists
ABA‐X‐BY630, ABEA‐X‐BY630, and BY630‐X‐AAG‐ABEA to the rat Nluc‐A1AR

Rat Nluc A1R
VCP171 PD 81,723

Fluorescent ligand pKD or Bmax 0 10 μM 30 μM N 0 10 μM 30 μM N

ABA‐X‐BY630 pKD 6.05 ± 0.30 6.31 ± 0.18 6.16 ± 0.19 5 6.02 ± 0.14 6.25 ± 0.07 6.33 ± 0.11 5

ABA‐X‐BY630 Bmax 0.031 ± 0.014 0.048 ± 0.009 0.072 ± 0.021 5 0.031 ± 0.002 0.040 ± 0.005 0.054 ± 0.007* 5

ABEA‐X‐BY630 pKD 6.05 ± 0.19 6.18 ± 0.08 6.22 ± 0.07 5 5.74 ± 0.14 5.86 ± 0.13 5.83 ± 0.22 6

ABEA‐X‐BY630 Bmax 0.010 ± 0.001 0.021 ± 0.002* 0.026 ± 0.003* 5 0.015 ± 0.002 0.018 ± 0.002 0.032 ± 0.01 6

BY630‐X‐AAG‐ABEA pKD 5.75 ± 0.17 6.60 ± 0.12* 6.49 ± 0.15* 5 5.79 ± 0.07 5.74 ± 0.15 6.01 ± 0.07 5

BY630‐X‐AAG‐ABEA Bmax 0.026 ± 0.003 0.023 ± 0.003 0.034 ± 0.005 5 0.016 ± 0.002 0.038 ± 0.008 0.036 ± 0.007 5

Note. pKD and Bmax values were obtained from individual experiments. Data are expressed as mean ± SEM obtained in N separate experiments. Each indi-
vidual experiment was performed in triplicate.

*P < 0.05 compared to 0 allosteric modulator; one‐way ANOVA, post hoc Tukey's test.

FIGURE 6 Effect of VCP171 and PD 81,723
on the binding of ABEA‐X‐BY630 (ABEA) to
the human and rat adenosine A1‐receptors.
Effect of VCP171 (a, c) or PD 81,723 (b, d) on
the binding of ABEA‐X‐BY630 to the human
(a, b) or rat (c, d) A1‐receptors. Figures show
combined data from six (a, d) or five (b, c)

separate experiments (each performed in
triplicate). Data are expressed as mean ± SEM.
*P < 0.05 fitted parameters (both KD and Bmax)
curves significantly different from control
(without allosteric modulator; partial F test)
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inhibition of the specific binding of CA200645 in whole cells. This was

generally achieved at lower concentrations of the allosteric modulator

(3–30 μM) than were required to directly inhibit the specific binding of

CA200645. At the rat A1‐receptor, the effect of PD 81,723 on the

binding affinity of adenosine and NECA was less marked and did not

reach statistical significance at the concentrations tested (3–30 μM).

Significant increases in the binding affinity of CCPA were, however,

observed with PD 81,723 at the rat A1‐receptor. In contrast,

VCP171 (10 and 30 μM) enhanced adenosine, CCPA, and NECA bind-

ing at the rat A1‐receptor. Interestingly, both modulators (3–30 μM)

had no significant effect on the binding affinity of the selective

A1‐receptor partial agonist capadenoson (Albrecht‐Kupper et al.,

2012; Tendera et al., 2012), although a small effect of PD 81,723

was evident at the human receptor if the concentration of PD

81,723 was raised to 100 μM.
This apparent probe dependence is a classical feature of allosteric

interactions and is consistent with VCP171 and PD 81,723 binding to

a topographically distinct allosteric site on the A1‐receptor from which

they can elicit conformational changes that lead to an alteration in the

binding affinity of an agonist ligand occupying the classical orthosteric

binding site (Kenakin, 2009; Keov, Sexton, & Christopoulos, 2010;

Kruse et al., 2013; May, Leach, Sexton, & Christopoulos, 2007). How-

ever, taken together, the data suggest that both PD 81,723 and

VCP171 can bind to both this allosteric site (leading to enhanced ago-

nist binding) and, at higher concentrations, to the orthosteric ligand‐

binding site where they are responsible for inhibiting binding of the

fluorescent antagonist CA200645. Consistent with this latter observa-

tion, the recent crystal structure of the inactive human A1‐receptor

has shown that VCP171 can be docked into the orthosteric site and

its binding site overlaps with that of the classical A1‐receptor



FIGURE 7 Effect of VCP171 and PD 81,723 on the binding of BY630‐X‐(D)‐A‐(D)‐A‐G‐ABEA (AAG‐ABEA) to the human and rat adenosine A1‐
receptors. Effect of VCP171 (a, c) or PD 81,723 (b, d) on the binding of BY630‐X‐(D)‐A‐(D)‐A‐G‐ABEA to the human (a, b) or rat (b, d) A1‐receptors.
Figures show combined data from six (a) or five (b, c, d) separate experiments (each performed in triplicate). Data are expressed as mean ± SEM.
*P < 0.05 fitted parameters (both KD and Bmax) curves significantly different from control (without allosteric modulator; partial F test). #P < 0.05
fitted parameter for KD significantly different from control (partial F test)
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antagonist DPCPX (Glukhova et al., 2017). It was noticeable, however,

that these authors did also identify a putative secondary binding

pocket in this inactive A1‐receptor structure that could represent a

site that is involved in allosteric regulation (Glukhova et al., 2017).

A striking feature of the inactive human A1‐receptor crystal struc-

ture obtained in complex with the covalently bound antagonist DU‐

172 is that the ECL2 residues form an α‐helix that extends away from

the transmembrane regions of the receptor in a manner that is almost

perpendicular to the plane of the membrane (Glukhova et al., 2017;

Figure 8a). This is a region of the receptor that mutagenesis studies

have suggested is crucial to both the functional efficacy of the agonist

NECA (Nguyen, Baltos, et al., 2016) and to the ability of PD 81,723

and VCP171 to elicit allosteric effects on orthosteric agonist binding

(Nguyen, Vecchio, et al., 2016). It is therefore possible that ECL2

undergoes a conformational change following agonist binding to bring

these residues in closer juxtaposition to the large binding pocket of

the A1‐receptor that contains the orthosteric binding site (Glukhova

et al., 2017). However, the recent structure of the adenosine‐occupied

A1‐receptor in complex with a Gi‐protein (Figure 8b) suggests that

although the orthosteric binding cavity does collapse (and become

smaller) due to an inward movement of the extracellular domains of

transmembrane regions 1 and 2 (Figure 8c,d), the position of the

ECL2 remains largely unaltered (Draper‐Joyce et al., 2018; Figure 8c,

d). The reciprocal nature of the conformational interactions normally
observed between allosteric and orthosteric sites also suggests that

an orthosteric agonist needs to be present for PD 81,723 and

VCP171 to bind with higher affinity to the allosteric site. Any differ-

ence in this effect between species is likely to be a consequence of

subtle differences in the conformational changes induced by

VCP171 and PD 81,723 in each species. This may be a consequence

of their ability to induce a collapse in the orthosteric binding cavity,

observed in the active crystal structure (R*), to different extents.

The lack of a significant effect of allosteric enhancers on the bind-

ing of the partial A1‐receptor agonist capadenoson also suggests a

reduced ability of this agonist to switch the receptor from R to R* or

indeed to produce a different “partially active” R* conformation.

Thus, for example, recent structural information published for the

β2‐adrenoceptor partial agonist salmeterol indicates subtle difference

in the hydrogen‐bonding interactions within the orthosteric binding

site for salmeterol and the full agonist adrenaline (Masureel et al.,

2018). The reciprocal nature of the conformational interactions

between allosteric and orthosteric sites would be consistent with

a reduced influence of allosteric enhancers on the binding of

capadenoson to the A1‐receptor.

Figure 9a shows how ECL2 differs between the two species and

also highlights those residues that have been implicated in the alloste-

ric effects of PD 81,723 or VCP171 on the binding of the agonist

NECA to the human A1‐receptor (Nguyen, Vecchio, et al., 2016). Also



FIGURE 8 Crystal structures of the human A1‐receptor bound to (a, c) the orthosteric antagonist DU172 (PDB: 5UEN; Glukhova et al., 2017) or
(b, d) bound to the endogenous agonist adenosine in the presence of a Gi‐α subunit (PDB: 6D9H; Draper‐Joyce et al., 2018). Structures show the
ligand binding pocket from a top‐down view. (c, d) Surface projection of the transmembrane helices, ECL1, ECL2, and ECL3 to demonstrate the
closing of the binding pocket in the agonist‐bound active structure (d) compared to the antagonist‐bound inactive structure (c). The orthosteric
(dashed red circle) and the position of the potential secondary allosteric binding site (dashed yellow circle) identified by Glukhova et al. (2017) in
the antagonist‐bound structure are also shown (c). These positions have also been extrapolated to the agonist‐bound structure (d). 3D structures
were produced using the programme PyMol (Schrodinger, Cambridge, MA, USA)
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highlighted is E172 that appears to be important for the direct binding

of PD 81,723 and VCP171 to the human A1‐receptor (Nguyen,

Vecchio, et al., 2016). It is notable that the mutations identified by

Nguyen, Baltos, et al. (2016) do not include residues that are different

between species. The amino acid sequence that represents the α‐helix

of EL2 in the human sequence is highlighted in grey in Figure 9a. Helix

prediction analysis using PredictProtein (Rost, Yachdav, & Liu, 2004)

confirmed that there was no change in helix propensity in the two

species and that the α‐helix is in the same position for the rat protein

sequence. It is notable that four of the five residues that are different

between rat and human A1‐sequence are in the α‐helical region. This

suggests that the M162V change (which is adjacent to the helix

domain and also to two residues mutated by Nguyen, Vecchio, et al.,

2016) may underlie some of the subtle changes in allosteric action

between the two species.

A direct effect of both VCP171 and PD 81,723 on agonist binding

was also evident from NanoBRET studies using fluorescent A1‐recep-

tor‐agonists. This was particularly clear for VCP171 where the
allosteric modulator significantly increased the level of specific binding

of all three fluorescent agonists tested at the human A1‐receptor. This

was a consequence of both an increase in maximal binding capacity

(Bmax) and affinity (pKD). Consistent with this positive allosteric effect,

we have previously shown that PD 81,723 (10 μM) can slow the dis-

sociation of BY630‐ABA from human A1‐receptors expressed in

CHO cells (May et al., 2010). The effect of VCP171 was, however, also

species dependent with an increase in both binding parameters evi-

dent with all three fluorescent agonists at the human A1‐receptor,

but the effects were limited to Bmax (ABEA‐X‐BY630) and pKD

(AAG‐ABEA‐X‐BY650) for particular fluorescent agonists at the rat

species homologue. It is also worth pointing out that our results sug-

gest that the functionalization and addition of fluorophore to the ago-

nist chemical scaffold has been achieved at a point that does not clash

with the allosteric modulator binding site.

The data obtained with VCP171 at the human A1‐receptor are

consistent with an increase in the proportion of a higher affinity ago-

nist conformation (R*; Figure 9c) that was only detectable with



FIGURE 9 (a) Amino acid sequence of extracellular loop 2 (ECL2) of the human (Hu) A1‐receptor showing those residues suggested by
mutagenesis studies (Nguyen, Vecchio, et al., 2016) to be involved in the allosteric effects on the binding of NECA of PD 81,723 (red circles)
and VCP171 (blue circles). The helical region is highlighted in grey. E172 (green circle) is also indicated. The amino acids that differ between the
human and rat ECL2 sequences are also highlighted (blue letters). (b) Crystal structure of the human A1‐receptor bound to the orthosteric
antagonist DU172 (PDB: 5UEN; Glukhova et al., 2017) with both orthosteric and putative allosteric binding sites shown. (c) Crystal structure of
the human A1‐receptor bound to the endogenous agonist adenosine (PDB: 6D9H; Draper‐Joyce et al., 2018) with orthosteric and allosteric
binding sites shown. Note the allosteric binding site in (c) and does not overlap with the orthosteric binding site. 3D structures were produced
using the program PyMol (Schrodinger, Cambridge, MA, USA)
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fluorescent A1‐receptor agonists. That is, these fluorescent analogues

of adenosine and NECA have a lower affinity for the antagonist‐bound

conformation of the receptor (R; Figure 9b) and do not detect binding

to this conformation at the concentrations used in the present fluores-

cent agonist‐binding studies. The difference in the extent to which

VCP171 and PD 81,723 enhance fluorescent agonist‐binding Bmax

values might also suggest that this property underlies the ability of

allosteric enhancers to produce direct agonist actions in the absence

of orthosteric agonists (Nguyen, Vecchio, et al., 2016). Thus, the

increased formation of active receptor conformations (R*) in the pres-

ence of the allosteric regulator may lead to increased stimulation of

intracellular signalling pathways. An increased conversion of inactive

receptor (R) to active receptor conformations (R*) by VCP171 and

PD 81,723 may also explain the decrease in specific binding of the

fluorescent antagonist CA200645 observed above, although the

structure of the inactive receptor also indicates that the allosteric

ligands can bind to the orthosteric binding site (Glukhova et al., 2017).

In summary, the present study has shown that PD 81,723 and

VCP171 can elicit positive allosteric effects on the binding affinity of

orthosteric agonists at both the rat and human adenosine A1‐recep-

tors. This work also confirms that these two allosteric regulators

exhibit both probe and species homologue dependence. Thus, the

allosteric effect on the highly selective partial agonist capadenoson

is much less marked than for the full agonists NECA and adenosine

in both species. In addition, at higher concentrations, both allosteric

regulators have a direct inhibitory effect on the binding of the

orthosteric fluorescent antagonist CA200645 that is consistent with
the suggestion from crystallographic studies that indicates that they

can also bind directly to the orthosteric binding site of the A1‐recep-

tor. Finally, VCP171 and, to a lesser extent, PD 81,723, were also able

to increase the specific binding of three fluorescent A1‐receptor ago-

nists in a species‐dependent manner that involved increases in Bmax

and pKD. This latter effect may provide new insights into the mecha-

nisms by which allosteric enhancers can elicit functional responses in

the absence of orthosteric A1‐receptor agonists.
ACKNOWLEDGEMENTS

This work was supported by the British Heart Foundation (Grant

PG/14/95/31248), the Medical Research Council (Grant

MR/N020081/1), and the Centre of Membrane Proteins and

Receptors.
CONFLICT OF INTEREST

The authors declare no conflicts of interest.
AUTHOR CONTRIBUTIONS

S.L.C., M.S., J.W., and S.J.H. participated in the research design.M.J. and

P.J.S. synthesized VCP171 and VCP746. S.L.C. conducted the experi-

ments. S.L.C., M.S., and S.J.H. performed the data analysis. S.L.C., M.S.,

P.J.S., J.W., and S.J.H. wrote or contributed to the writing of the

manuscript.



COOPER ET AL. 877BJP
DECLARATION OF TRANSPARENCY AND SCIENTIFIC

RIGOUR

This Declaration acknowledges that this paper adheres to the princi-

ples for transparent reporting and scientific rigour of preclinical

research as stated in the BJP guidelines for Design & Analysis, and

as recommended by funding agencies, publishers and other organisa-

tions engaged with supporting research.

ORCID

Samantha L. Cooper https://orcid.org/0000-0002-9062-5893

Mark Soave https://orcid.org/0000-0002-9199-1772

Manuela Jörg https://orcid.org/0000-0002-3116-373X

Peter J. Scammells https://orcid.org/0000-0003-2930-895X

Jeanette Woolard https://orcid.org/0000-0001-5406-6847

Stephen J. Hill https://orcid.org/0000-0002-4424-239X

REFERENCES

Albrecht‐Kupper, B. E., Leineweber, K., & Nell, P. G. (2012). Partial adeno-

sine A1‐receptor agonists for cardiovascular therapies. Purinergic

Signalling, 8, S91–S99.

Alexander, S. P. H., Christopoulos, A., Davenport, A. P., Kelly, E., Marrion, N.

V., Peters, J. A., … CGTP Collaborators (2017). The concise guide to

pharmacology 2017/18: G protein‐coupled receptors. British Journal of

Pharmacology, 174(Suppl 1), S17–S129. https://doi.org/10.1111/

bph.13878

Aurelio, L., Valant, C., Flynn, B. L., Sexton, P. M., Christopoulos, A., &

Scammells, P. J. (2009). Allosteric modulators of the adenosine A1

receptor: Synthesis and pharmacological evaluation of 4‐substituted
2‐amino‐3‐benzoylthiophenes. Journal of Medicinal Chemistry, 52,

4543–4547. https://doi.org/10.1021/jm9002582

Aurelio, L., Valant, C., Flynn, B. L., Sexton, P. M., White, J. M.,

Christopoulos, A., & Scammells, P. J. (2010). Effects of conformational

restriction of 2‐amino‐3‐benzoylthiophenes on A1 adenosine receptor

modulation. Journal of Medicinal Chemistry, 53, 6550–6559. https://
doi.org/10.1021/jm1008538

Briddon, S. J., Middleton, R. J., Yates, A. S., George, M. W., Kellam, B., &

Hill, S. J. (2004). Application of fluorescence correlation spectroscopy

to the measurement of agonist binding to a G‐protein coupled receptor

at the single cell level. Faraday Discussions, 26, 197–207.

Bruns, R. F., & Fergus, J. H. (1990). Allosteric enhancement of adenosine‐
A1‐receptor binding and function by 2‐amino‐3‐benzoylthiophenes.
Molecular Pharmacology, 38, 939–949.

Bruns, R. F., Fergus, J. H., Coughenour, L. L., Courtland, G. G., Pugsley, T.

A., Dodd, J. H., & Tinney, F. J. (1990). Structure‐activity relationships

for enhancement of adenosine A1‐receptor binding by 2‐amino‐3‐
benzoylthiophenes. Molecular Pharmacology, 38, 950–958.

Cheng, R. K. Y., Segala, E., Robertson, N., Deflorian, F., Doré, A. S., Errey, J. C.,

… Cooke, R. M. (2017). Structures of human A1 and A2A adenosine

receptors with xanthines reveal determinants of selectivity. Structure,

25, 1275–1285.

Clark, A. N., Youkey, R., Liu, X., Jia, L., Blatt, R., Day, Y. J., … Tucker, A. L.

(2007). A1 adenosine receptor activation promotes angiogenesis and

release of VEGF from monocytes. Circulation Research, 101,

1130–1138. https://doi.org/10.1161/CIRCRESAHA.107.150110

Cordeaux, Y., Briddon, S. J., Alexander, S. P. H., Kellam, B., & Hill, S. J. (2008).

Agonist‐occupied A3‐adenosine receptors exist within heterogeneous

complexes in membrane microdomains of individual living cells. The

FASEB Journal, 22, 850–860. https://doi.org/10.1096/fj.07‐8180com
Corriden, R., Kilpatrick, L. E., Kellam, B., Briddon, S. J., & Hill, S. J. (2014).

Kinetic analysis of antagonist‐occupied adenosine A3‐receptors within

membrane microdomains of individual cells provides evidence of

receptor dimerization and allosterism. The FASEB Journal, 28,

4211–4222. https://doi.org/10.1096/fj.13‐247270

Curtis, M. J., Alexander, S., Cirino, G., Docherty, J. R., George, C. H.,

Giembycz, M. A., … Ahluwalia, A. (2018). Experimental design and anal-

ysis and their reporting II: Updated and simplified guidance for authors

and peer reviewers. British Journal of Pharmacology, 175, 987–993.
https://doi.org/10.1111/bph.14153

Draper‐Joyce, C. J., Khoshouei, M., Thal, D. M., Liang, Y. L., Nguyen, A. T. N.,

Furness, S. G. B.,… Christopoulos, A. (2018). Structure of the adenosine‐
bound human adenosine A1 receptor‐Gi complex.Nature, 558, 559–563.
https://doi.org/10.1038/s41586‐018‐0236‐6

Fredholm, B. F., Ijzerman, A. P., Jacobson, K. A., Linden, J., & Müller, C. E.

(2011). International Union of Basic and Clinical Pharmacology. LXXXI.

Nomenclature and classification of adenosine receptors—An update.

Pharmacological Reviews, 63, 1–34. https://doi.org/10.1124/

pr.110.003285

Glukhova, A., Thal, D. M., Nguyen, A. T., Vecchio, E. A., Jörg, M., Scammells,

P. J., … Christopoulos, A. (2017). Structure of the adenosine A1 receptor

reveals the basis for subtype selectivity. Cell, 168, 867–877. https://
doi.org/10.1016/j.cell.2017.01.042

Göblyös, A., & IJzerman, A. P. (2011). Allosteric modulation of adenosine

receptors. Biochimica et Biophysica Acta, 1808, 1309–1318. https://
doi.org/10.1016/j.bbamem.2010.06.013

Goldman, N., Chen, M., Fujita, T., Xu, Q., Peng, W., Liu, W., … Nedergaard,

M. (2010). Adenosine A1 receptors mediate local anti‐nociceptive
effects of acupuncture. Nature Neurosci., 13, 883–888. https://doi.

org/10.1038/nn.2562

Harding, S. D., Sharman, J. L., Faccenda, E., Southan, C., Pawson, A. J.,

Ireland, S., … NC‐IUPHAR (2018). The IUPHAR/BPS guide to pharma-

cology in 2018: Updates and expansion to encompass the new guide

to immunopharmacology. Nucl Acids Res, 46, D1091–D1106. https://

doi.org/10.1093/nar/gkx1121

Hill, S. J., May, L. T., Kellam, B., & Woolard, J. (2014). Allosteric interactions

at adenosine A1 and A3 receptors: New insights into the role of small

molecules and receptor dimerization. British Journal of Pharmacology,

171, 1102–1113.

Imlach, W. L., Bhola, R. F., May, L. T., Christopoulos, A., & Christie, M. J.

(2015). A positive allosteric modulator of the adenosine A1 receptor

selectively inhibits primary afferent synaptic transmission in a neuro-

pathic pain model. Molecular Pharmacology, 88, 460–468. https://doi.
org/10.1124/mol.115.099499

Jaakola, V. P., Griffith, M. T., Hanson, M. A., Cherezov, V., Chien, E. Y., Lane,

J. R., … Stevens, R. C. (2008). The 2.6 angstrom crystal structure of a

human A2A adenosine receptor bound to an antagonist. Science, 322,

1211–1217. https://doi.org/10.1126/science.1164772

Kenakin, T. P. (2009). 7TM receptor allostery: Putting numbers to shape

shifting proteins. Trends in Pharmacological Sciences, 30, 460–469.
https://doi.org/10.1016/j.tips.2009.06.007

Keov, P., Sexton, P. N., & Christopoulos, A. (2010). Allosteric modulation of

G protein‐coupled receptors: A pharmacological perspective. Neuro-

pharmacology, 60, 24–35.

Kimatrai‐Salvador, M., Baraldi, P. G., & Romagnoli, R. (2012). Allosteric

modulation of A1‐adenosine receptor: A review. Drug Discovery Today:

Technologies, 10, e285–e296.

Knapp, K., Zebisch, M., Pippel, J., El‐Tayeb, A., Müller, C. E., & Srater, N.

(2012). Crystal structure of the human ecto‐5′‐nucleotidase (CD73):

Insights into the regulation of purinergic signaling. Structure, 20,

2161–2173. https://doi.org/10.1016/j.str.2012.10.001



878 COOPER ET AL.BJP
Kruse, A. C., Ring, A. M., Manglik, A., Hu, J., Hu, K., Eitel, K., … Kobilka, B. K.

(2013). Activation and allosteric modulation of a muscarinic acetylcholine

receptor. Nature, 504, 101–106. https://doi.org/10.1038/nature12735

Lee, H. T., & Emala, C. W. (2000). Protective effects of renal ischemic pre-

conditioning and adenosine pretreatment: Role of A1 and A3 receptors.

American Journal of Physiology. Renal Physiology, 278, F380–F387.
https://doi.org/10.1152/ajprenal.2000.278.3.F380

Lee, H. T., Gallos, G., Nasr, S. H., & Emala, C. W. (2004). A1 adenosine

receptor activation inhibits inflammation, necrosis, and apoptosis after

renal ischemia‐reperfusion injury in mice. J. Am. Soc. Nephrol., 15,

102–111. https://doi.org/10.1097/01.ASN.0000102474.68613.AE

Maemoto, T., Finlayson, K., Olverman, H. J., Akahane, A., Horton, R. W., &

Butcher, S. P. (1997). Species differences in brain adenosine A1 recep-

tor pharmacology revealed by use of xanthine and pyrazolopyridine

based antagonists. British Journal of Pharmacology, 122, 1202–1208.
https://doi.org/10.1038/sj.bjp.0701465

Masureel, M., Zou, Y., Pickard, L. P., van der Westhuizen, E., Mahoney, J. P.,

Rodrigues, J. P. G. L. M., … Kobilka, B. K. (2018). Structural insights into

binding specificity, efficacy and bias of a β2AR partial agonist. Nature

Chemical Biology, 14, 1059–1066. https://doi.org/10.1038/s41589‐
018‐0145‐x

May, L. T., Leach, K., Sexton, P. M., & Christopoulos, A. (2007). Allosteric

modulation of G protein‐coupled receptors. Annual Review of Pharma-

cology and Toxicology, 47, 1–51. https://doi.org/10.1146/annurev.

pharmtox.47.120505.105159

May, L. T., Self, T. J., Briddon, S. J., & Hill, S. J. (2010). The effect of alloste-

ric modulators on the kinetics of agonist‐G protein‐coupled receptor

interactions in single living cells. Molecular Pharmacology, 78,

511–523. https://doi.org/10.1124/mol.110.064493

Meibom, D., Albrecht‐Küpper, B., Diedrichs, N., Hübsch, W., Kast, R.,

Krämer, T., … Zimmermann, K. (2017). Neladenoson bialanate hydro-

chloride: A prodrug of a partial adenosine A1 receptor agonist for the

chronic treatment of heart diseases. ChemMedChem, 12, 728–737.
https://doi.org/10.1002/cmdc.201700151

Merighi, S., Simioni, C., Gessi, S., Varani, K., Mirandola, P., Tabrizi, M. A., …
Borea, P. A. (2009). A2B and A3 adenosine receptors modulate vascular

endothelial growth factor and interleukin‐8 expression in human mela-

noma cells treated with etoposide and doxorubicin. Neoplasia, 11,

1064–1073. https://doi.org/10.1593/neo.09768

Middleton, R. J., Briddon, S. J., Cordeaux, Y., Yates, A. S., Dale, C. L.,

George, M. W., & Kellam, B. (2007). New fluorescent adenosine A1‐
receptor agonists that allow quantification of ligand‐receptor interac-
tions in microdomains of single living cells. Journal of Medicinal

Chemistry, 50(40), 782–793. https://doi.org/10.1021/jm061279i

Müller, C. E., & Jacobson, K. A. (2011). Recent developments in adenosine

receptor ligands and their potential as novel drugs. Biochimica et Biophysica

Acta, 1808, 1290–1308. https://doi.org/10.1016/j.bbamem.2010.12.017

Nguyen, A. T. N., Baltos, J. A., Thomas, T., Nguyen, T. D., Muñozet, L. L.,

Gregory, K. J., …May, L. T. (2016). Extracellular loop 2 of the adenosine

A1 receptor has a key role in orthosteric ligand affinity and agonist effi-

cacy. Molecular Pharmacology, 90(6), 703–714.

Nguyen, A. T. N., Vecchio, E. A., Thomas, T., Nguyen, T. D., Aurelio, L.,

Scammells, P. J., … Christopoulos, A. (2016). Role of the second extra-

cellular loop of the adenosine A1 receptor on allosteric modulator

binding, signaling, and cooperativity. Molecular Pharmacology, 90,

715–725. https://doi.org/10.1124/mol.116.105015

Park, S. W., Kim, J. Y., Ham, A., Brown, K. M., Kim, M., D'Agati, V. D., & Lee,

H. T. (2012). A1 adenosine receptor allosteric enhancer PD‐81723
protects against renal ischaemia‐reperfusion injury. American Journal

of Physiology. Renal Physiology, 303, F721–F732. https://doi.org/

10.1152/ajprenal.00157.2012
Rost, B., Yachdav, G., & Liu, J. (2004). The predictprotein server. Nucleic

Acids Research, 32, W321–W326. https://doi.org/10.1093/nar/

gkh377

Soave, M., Stoddart, L. A., Brown, A., Woolard, J., & Hill, S. J. (2016). Use of

a new proximity assay (NanoBRET) to investigate the ligand‐binding
characteristics of three fluorescent ligands to the human β1‐
adrenoceptor expressed in HEK‐293 cells. Pharmacology Research &

Perspectives, 4, e00250. https://doi.org/10.1002/prp2.250

Sowa, N. A., Voss, M. K., & Zylka, M. J. (2010). Recombinant ecto‐5′‐
nucleotidase (CD73) has long lasting antinociceptive effects that are

dependent on adenosine A1 receptor activation. Molecular Pain, 6, 20.

Stoddart, L. A., Johnstone, E. K. M., Wheal, A. J., Goulding, J., Robers, M. B.,

Machleidt, T., … Pfleger, K. D. G. (2015). Application of BRET to mon-

itor ligand binding to GPCRs. Nature Methods, 12(7), 661–663.

Stoddart, L. A., Vernall, A. J., Briddon, S. J., Kellam, B., & Hill, S. J. (2015).

Direct visualisation of the internalization of the adenosine A3 receptor

and loacalization with arrestin3 using fluorescent aconist. Neuropharma-

cology, 98, 68–77. https://doi.org/10.1016/j.neuropharm.2015.04.013

Street, S. E., & Zylka, M. J. (2011). Emerging roles for ectonucleotidases in

pain‐sensing neurons. Neuropsychopharmacology, 36, 358. https://doi.

org/10.1038/npp.2010.141

Szymańska, E., Drabczyńska, A., Karcz, T., Müller, C. E., Köse, M., Karolak‐
Wojciechowska, J., … Kieć‐Kononowicz, K. (2016). Similarities and dif-

ferences in affinity and binding modes of tricyclic pyrimido‐ and

pyrazinoxanthines at human and rat adenosine receptors. Bioorganic

& Medicinal Chemistry, 24, 4347–4362. https://doi.org/10.1016/j.

bmc.2016.07.028

Tendera, M., Gaszekewska‐Zurek, E., Parma, Z., Ponikowski, P., Jankowska,

E., Kawecka‐Jaszcz, K., … Agrawal, R. (2012). The new oral adenosine

A1 receptor agonist capadenoson in male patients with stable angina.

Clinical Research in Cardiology, 101, 585–591. https://doi.org/

10.1007/s00392‐012‐0430‐8

Valant, C., Aurelio, L., Urmaliya, V. B., White, P., Scammells, P. J., Sexton, P.

M., & Christopoulos, A. (2010). Delineating the mode of action of aden-

osine A1 receptor allosteric modulators. Molecular Pharmacology, 78,

444–455. https://doi.org/10.1124/mol.110.064568

Valant, C., May, L. T., Aurelio, L., Chuo, C. H., White, P. J., Baltos, J. A., …
Christopoulos, A. (2014). Separation of on‐target efficacy from adverse

effects through rational design of a bitopic adenosine receptor agonist.

Proceedings of the National Academy of Sciences, 111, 4614–4619.
https://doi.org/10.1073/pnas.1320962111

Vincenzi, F., Targa, M., Romagnoli, R., Merighi, S., Gessi, S., Baraldi, P. G., …
Varani, K. (2014). TRR469, a potent A1 adenosine receptor allosteric

modulator, exhibits anti‐nociceptive properties in acute and neuro-

pathic pain models in mice. Neuropharmacology, 81, 6–14. https://doi.
org/10.1016/j.neuropharm.2014.01.028

Xu, F., Wu, H., Katritch, V., Han, G. W., Jacobson, K. A., Gao, Z. G., …
Stevens, R. C. (2011). Structure of an agonist‐bound human A2A

adenosine receptor. Science, 332, 322–327. https://doi.org/10.1126/
science.1202793
How to cite this article: Cooper SL, Soave M, Jörg M,

Scammells PJ, Woolard J, Hill SJ. Probe dependence of alloste-

ric enhancers on the binding affinity of adenosine A1‐receptor

agonists at rat and human A1‐receptors measured using

NanoBRET. Br J Pharmacol. 2019;176:864–878. https://doi.

org/10.1111/bph.14575


