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ABSTRACT 

Allosteric binding sites on the adenosine receptor family represent potential therapeutic 

targets for a number of conditions involving metabolic stress.  This study has identified 

Brilliant Black BN as a novel allosteric modulator of the adenosine-A1 and -A3 receptors.  In 

addition to being a food dye and pharmaceutical excipient, Brilliant Black BN is commonly 

used within calcium mobilization assays to quench extracellular fluorescence.  Brilliant Black 

BN (5 – 500 μM) had no significant effect on the calcium mobilization stimulated by the non-

selective adenosine receptor agonist, NECA, in CHO cells stably transfected with the human 

adenosine –A1 or –A3 receptor.  Similarly, calcium mobilization and radioligand binding 

assays found that Brilliant Black BN (5 – 500 μM) did not significantly influence the 

antagonism mediated by DPCPX (100 nM) at the A1 receptor.  In contrast, the affinity of 

MRS1220 at the A3 receptor and XAC and XAC-X-BY630 at the A1 and A3 receptors was 

significantly decreased in the presence of 500 μM Brilliant Black BN.  A reduction in XAC 

potency at the A1 and A3 receptor was achieved within one minute of Brilliant Black BN 

addition, despite receptors being pre-equilibrated with antagonist.  Dissociation kinetics of the 

fluorescent XAC derivative, XAC-X-BY630, revealed that the decrease in affinity is likely 

due to a significant increase in dissociation rate of the antagonist in the presence of Brilliant 

Black BN.  Taken together, these results suggest that Brilliant Black BN can act allosterically 

to modify ligand affinity at A1 and A3 receptors. 
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INTRODUCTION 

The adenosine receptor family consists of four family A G protein-coupled receptors 

(GPCRs), namely the adenosine A1, A2A, A2B and A3 receptors (Fredholm et al., 2001).  The 

A1 and A3 receptor subtypes couple predominantly to the family of Gi/o proteins whereas the 

A2A receptor preferentially couples to the family of Gs proteins and the A2B receptor to both 

Gs and Gq/11 family proteins.  Collectively, adenosine receptors are expressed in a variety of 

tissues and endogenous adenosine is generally regarded as a mediator of metabolic stress.  As 

such, these receptors are considered promising therapeutic targets for the development of 

cardioprotective and neuroprotective agents during times of cardiac and cerebral ischemia 

(Cohen and Downey, 2008).  However, the widespread distribution of adenosine receptors 

prevents the targeting of these receptors by classical orthosteric agonists and antagonists 

(Bruns and Fergus, 1990; Yan et al., 2003).   More recent efforts have focused on alternative 

approaches, such as allosteric enhancers of endogenous adenosine, which have the potential to 

modulate adenosine receptor activity in a spatially and temporally selective manner.  

Allosteric modulators differ from orthosteric ligands in that they recognize a site on the 

receptor that is topographically distinct from the endogenous ligand binding site.  Both the 

adenosine –A1 and –A3 receptors are allosterically regulated by a number of structurally 

diverse ligands (Aurelio et al., 2009; Baraldi et al., 2000; Bruns and Fergus, 1990; Gao et al., 

2004; Gao et al., 2003; Gao et al., 2001; Goblyos et al., 2006; Tranberg et al., 2002; van den 

Nieuwendijk et al., 2004; van der Klein et al., 1999).  A common feature of these ligands is 

their ability to alter the dissociation kinetics of a radiolabelled orthosteric ligand.  This 

characteristic of allosteric modulators remains one of the most sensitive methods for 

validating an allosteric interaction between two ligands (Christopoulos and Kenakin, 2002).   

Although radioligand binding studies remain important within the GPCR field, 

calcium mobilization assays currently represent the primary platform for high throughput 
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screening within GPCR drug discovery.  Upon stimulation, Gi/o-coupled GPCRs promote 

intracellular calcium mobilization through the direct interaction of βγ subunits with 

phospholipase C (PLC; Rhee, 2001).  Once activated, PLC catalyzes the hydrolysis of 

phosphatidylinositol 4,5-bisphosphate into inositol 1,4,5-triphosphate and diacylglycerol, 

which in turn stimulate intracellular calcium mobilization and protein kinase C activation 

respectively.  An increase in the intracellular calcium concentration is detected using a 

calcium-sensitive fluorescent dye, such as Fluo-4, in conjunction with a fluorometric imaging 

plate reader (Hansen and Brauner-Osborne, 2009).  Calcium assays have been successfully 

miniaturized, largely automated and are generally more sensitive then alternative approaches, 

such as radioligand binding assays, at detecting a wide spectrum of allosteric modulators 

(May et al., 2007).  The food dye and pharmaceutical excipient, Brilliant Black BN, is 

routinely used in calcium assays at concentrations ranging from 100 - 500 μM as a fluorescent 

quencher to reduce the fluorescence from extracellular Fluo-4 and as such removes the 

requirement to wash cells prior to stimulation (Australian Government, 2007; Brighton et al., 

2008; Cronshaw et al., 2006; Leach et al., 2007; Macioszek and Kononowicz, 2004; 

Rosethorne et al., 2004; Roth et al., 2006; Su et al., 2008; Yoshioka and Ichihashi, 2008).   

Recently, an anthraquinone sulfonic acid derivative, cibacron blue, was identified as 

an allosteric modulator of the human P2X3 receptor (Alexander et al., 1999; Jarvis et al., 

2001).   In addition, the food dye Brilliant Blue G has recently been used as an inhibitor of the 

P2X7 receptor (Peng et al., 2009).  Cibacron blue, Brilliant Blue G and Brilliant Black BN 

contain a number of charged sulfonic acid groups within their structure (Burnstock and 

Williams, 2000; Macioszek and Kononowicz, 2004).  The advantage of using Brilliant Black 

BN in high throughput calcium mobilization assays is evident.  However, given the structural 

similarities to cibacron blue and Brilliant Blue G, which are not pharmacologically inert, it is 

important to ensure that Brilliant Black BN has no influence on the ligand-receptor complexes 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 19, 2010 as DOI: 10.1124/mol.109.063065

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #63065 
 

 6

being investigated.  Therefore, the aim of this study was investigate the influence of Brilliant 

Black BN on ligand-receptor interactions at the human adenosine–A1 and –A3 receptors.  

Specifically, the effect of Brilliant Black BN on the binding and functional properties of the 

agonist 5'-(N-ethylcarboxamido)adenosine (NECA) and the antagonists, 8-cyclopentyl-1,3-

dipropylxanthine (DPCPX), N-[9-Chloro-2-(2-furanyl)[1,2,4]-triazolo[1,5-c]quinazolin-5-

yl]benzene acetamide (MRS1220), xanthine amine congener (XAC) and an XAC derivative 

that incorporates the BODIPY [630/650] fluorophore (XAC-X-BY630; Briddon et al., 2004) 

was investigated at A1 and A3 receptors.   

 

MATERIALS AND METHODS 

Materials 

 Fluo-4AM and pluronic acid were from Invitrogen (Oregon, USA), fetal calf serum 

was from PAA Laboratories (Pasching, Austria), XAC-X-BY630 was from CellAura 

Technologies Ltd (Nottingham, UK), [3H]-DPCPX was purchased from Amersham 

International (Buckinghamshire, UK), L-glutamine and trypsin from Lonza (Verviers, 

Belgium).  All other chemicals were from Sigma-Aldrich Inc (Poole, Dorset, UK). 

 

Cell Culture 

 Chinese hamster ovary (CHO)-K1 cells stably transfected with either the human 

adenosine A1 receptor (CHO–A1; BMAX=3350±315 fmol/mg protein; Cordeaux et al., 2000) or 

the human adenosine A3 receptor (CHO–A3; BMAX=765±22 fmol/mg protein; Cordeaux et al., 

2008) were grown to 95-100% confluence and maintained in Dulbecco’s modified Eagle’s 

medium (DMEM)/nutrient mix F12 (F-12) containing 10% fetal calf serum (FCS) and 2 mM 

L-glutamine at 37°C in a humidified incubator containing 5% CO2: 95% O2.  Cells were 

harvested using trypsin (0.25%) and centrifugation at 1000 g for 5 min.  The resulting pellet 
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was then resuspended in DMEM-12 containing 10% FCS and 2 mM L-glutamine and cells 

were seeded at least 18 hours prior to assaying and grown to 80-100% confluence. 

 

Calcium Mobilization Assay 

 CHO-A1 and CHO-A3 cells seeded into black-sided 96-well view plates were 

incubated at 37°C for 45 minutes in a total volume of 100 μL DMEM containing 10% FCS, 

2.5 mM probenecid, 2.3 μM Fluo 4AM and 0.023% pluronic acid.  Cells were then washed 

twice with PBS and incubated in 100 μL HEPES-buffered saline solution (HBSS; 25 mM 

HEPES, 10 mM glucose, 146 mM NaCl, 5 mM KCl, 1 mM MgSO4, 2 mM Na pyruvate, 1.3 

mM CaCl2) containing 2.5 mM probenecid in the absence and presence of antagonist (XAC, 

XAC-X-BY630, DPCPX or MRS1220) and/or Brilliant Black BN at 37°C for 30 minutes.  

Plates were then loaded onto a plate reader (FLEXstation, Molecular Devices, Sunnyvale, 

CA, USA) and fluorescence measured (excitation = 485 nm, emission = 520 nm) every 1.52 

seconds for up to 200 seconds with the addition of HBSS in the absence or presence of NECA 

at 15 seconds.  A subset of experiments involved exposure of cells to 500 μM Brilliant Black 

BN for one minute prior to agonist stimulation.  In these experiments, cells were incubated 

(45 minutes at 37°C) in 100 μL DMEM containing 10% FCS, 2.5 mM probenecid, 2.3 μM 

Fluo 4AM and 0.023% pluronic acid, washed twice with PBS and incubated in 100 μL HBSS 

containing 2.5 mM probenecid in the absence and presence of 1 μM XAC (30 minutes at 

37°C).  Plates were then loaded onto the plate reader and fluorescence measured as before 

every 1.52 seconds for up to 200 seconds with the addition of HBSS in the absence or 

presence of Brilliant Black BN at 15 seconds, followed by HBSS in the absence or presence 

of NECA at 75 seconds.   
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[3H]DPCPX Whole Cell Competition Binding 

 CHO-A1 cells seeded in white-sided 96-well view plates were incubated in total 

volume of 200 μL HBSS containing 1 nM [3H]DPCPX in the absence and presence of 500 

μM  Brilliant Black BN and a range of concentrations of either NECA (100 nM – 100 μM), 

XAC (10 pM – 10 μM) or DPCPX (10 pM – 10 μM).  Cells were then washed twice with ice 

cold PBS (100 μL/well), followed by the addition of 100 μL/well MicroScint 20 (PerkinElmer 

Life and Analytical Sciences, Waltham, MA) and a sealant film placed over the wells.  Non-

specific binding was defined as the level of 1 nM [3H]DPCPX binding in the presence of 10 

μM DPCPX.  Radioactivity was determined using a Topcount (Packard).  Results are 

expressed as a percentage of [3H]DPCPX (1 nM) specific binding in the absence of 

competitive ligand. 

 

Live cell imaging 

 Live cell imaging was performed using a Zeiss LSM 510 laser scanning confocal 

microscope with a Zeiss Pan-Neofluar 40 x 1.3 NA oil-immersion objective.  XAC-X-BY630 

was excited with a 633 nm HeNe laser and detected using a 650 nm long-pass filter.  Phase 

and fluorescence images were captured every 2 seconds for the duration of the time-course.  

CHO-A1 cells seeded onto 32 mm glass coverslips were loaded onto a closed, temperature-

controlled perfusion system.  During the time-course of the experiment, cells were constantly 

perfused with either HBSS alone, HBSS in the presence of 3 nM XAC-X-BY630 or HBSS in 

the presence of 50 μM Brilliant Black.  For all experiments, the rate of perfusion was 

maintained above 5mL/min, which reflects at least twelve complete fluid exchanges per 

minute. 
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Data analysis 

NECA concentration-response curves in the absence and presence of increasing 

concentrations of XAC were globally fit to the following competitive interaction model using 

Prism 5. 

 �������� � ���� 	 
��

�� � ���� 	 �1 � ���

	����   (Equation 1) 

where EMAX is the maximal response, EC50 is the molar concentration of NECA [A] in the 

absence of XAC required to generate a response that is 50% of EMAX, [B] is the concentration 

of XAC and KB is the antagonist equilibrium dissociation constant.   

NECA concentration-response curves in the absence or presence of a single 

concentration of antagonist and/or Brilliant Black BN were fitted to the following equation 

using Prism 5: 

 �������� � 
�������
�����
���      (Equation 2) 

where EMAX and [A] are as previously defined and the EC50 is the molar concentration of 

NECA required to generate 50% of EMAX. 

Antagonist functional inhibition curves were analysed according to the following 

equation using Prism 5:  

�������� � 
���������
���������        (Equation 3) 

where IC50 reflects the molar concentration of antagonist [B] required to decrease by 50% the 

response mediated by the fixed molar concentration of NECA used for the functional 

inhibition in the absence of antagonist (EMAX).   

 To obtain the molar concentration of NECA that, in the absence of antagonist, 

mediates the same response level as the IC50 from the functional inhibition curve (ECF), 

NECA concentration-response curves performed simultaneously to the functional inhibition 

were analysed according to the following equation using Prism 5: 
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��� � ����  �
������        (Equation 4) 

 where the EC50 is calculated using equation 2 and F represents the percentage response from 

the normalised concentration-response curve that is 50% of that mediated by the fixed molar 

concentration of NECA used within the functional inhibition assay. 

 Antagonist equilibrium dissociation constants (KB) were subsequently estimated by 

substituting the IC50 and ECF values obtained from equation 3 and 4 into a modified form of 

the Gaddum equation as described by Lazareno and Birdsall (1993). 

  �� � ���
��� 
�⁄ ��        (Equation 5) 

 [3H]DPCPX competition binding data was fit to a one-site inhibition mass action 

curve using Prism 5: 

 % ������� ������� � 100   ��������������    (Equation 6) 

where [A] is the concentration of competing ligand, and IC50 is the molar concentration of 

competing ligand that reduces the specific binding by [3H]DPCPX by 50%. 

IC50 values estimated from [3H]DPCPX homologous competition curves were used to 

determine the equilibrium dissociation constant (KD) for [3H]DPCPX/DPCPX:  

 �� � !���  
"�       (Equation 7) 

where [D] is the molar concentration of radioligand. 

 To calculate equilibrium dissociation constants (KB) for the heterologous competitive 

ligands, IC50 values estimated from [3H]DPCPX competition curves were used in the 

following equation (Prism 5): 

 �� � ���
����	


�	
�
        (Equation 8) 

where [D] is the molar concentration of radioligand and KD is the equilibrium dissociation 

constant of the radioligand. 

 Dissociation kinetic data was fit to a one phase exponential decay using Prism 5: 
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 #� � #� 	 ������       (Equation 9) 

where Bt denotes fluorescent ligand binding at time (t), B0 denotes fluorescent ligand binding 

at t=0 and koff
 is the dissociation rate of the fluorescent ligand. 

 Equilibrium dissociation constants and potency values were estimated as logarithms 

and all values are expressed as the mean ± the standard error of the mean (S.E.M.; 

Christopoulos, 1998).  Statistical analysis involved an unpaired t test with statistical 

significance reflecting p < 0.05 (Prism 5). 

 

RESULTS 

NECA stimulation of calcium mobilization in the absence and presence of antagonist 

and/or Brilliant Black BN at CHO-A1 and CHO-A3 cells 

In the absence of Brilliant Black BN, the non-selective agonist, NECA, mediated a 

robust and concentration-dependent stimulation of intracellular calcium mobilization in both 

CHO–A1 and CHO–A3 cells with a pEC50 of 8.90 ± 0.08 and 8.08 ± 0.05 respectively (Figure 

1).  Furthermore, exposure of CHO–A1 and CHO–A3 cells to the non-selective adenosine 

receptor antagonist, XAC, caused a concentration-dependent rightward shift in the NECA 

concentration-response curve with no significant change in the maximal response.  In both 

cases, global non-linear regression analysis to a modified Schild model found that for each 

data family the Schild slope did not differ significantly from, and therefore was constrained 

to, 1.  As such, the calculated pA2 values of 6.95 ± 0.11 and 7.22 ± 0.06 are assumed to reflect 

the equilibrium dissociation constants for XAC at the A1 and A3 receptor, respectively (Figure 

1).   

 In the absence of Brilliant Black BN, exposure of CHO–A1 and CHO–A3 cells to 1 

μM XAC and 1 μM XAC-X-BY630 caused a significant rightward shift in the concentration-

response relationship for the NECA-mediated increase in intracellular calcium concentration 
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(Table 1).  When repeated in the presence of a range of concentrations of Brilliant Black BN 

(5 - 500 μM), the potency of NECA was not significantly altered at A1 or A3 receptors (Table 

1).  In contrast, the potency of 1 μM XAC-BY630 and 1 μM XAC decreased in a 

concentration-dependent manner such that XAC-BY630 (1 μM) and XAC (1 μM) mediated 

virtually no antagonism in the presence of 500 μM Brilliant Black BN (Table 1).   

 Performing full agonist concentration response curves in conjunction with functional 

antagonist inhibition curves allowed estimation of antagonist equilibrium dissociation 

constants in the absence and presence of 500 μM Brilliant Black BN according to a modified 

version of the Gaddum equation (Lazareno and Birdsall, 1993).  In the absence of Brilliant 

Black BN, exposure of CHO-A1 and CHO-A3 cells to XAC (10 pM - 30 μM), XAC-X-

BY630 (10 nM - 10 μM), DPCPX (10 pM - 10 μM; CHO-A1 only) and MRS1220 (10 pM - 

10 μM; CHO-A3 only) caused a concentration-dependent decrease in the intracellular calcium 

mobilization mediated by a single NECA concentration (Figure 2 & 3; Table 2).  When 

repeated in the presence of 500 μM Brilliant Black, the affinity of DPCPX at the A1 receptor 

was not significantly altered.  In contrast, the affinity of MRS1220 at the A3 receptor and 

XAC and XAC-X-BY630 at the A1 and A3 receptors was significantly decreased (Figure 2 & 

3; Table 2).   

 

Time-dependence of Brilliant Black BN inhibition of XAC antagonism 

 To determine whether the effect of Brilliant Black BN on XAC antagonism was time-

dependent, the exposure time of CHO–A1 and CHO–A3 cells to Brilliant Black BN prior to 

NECA addition was reduced from 30 minutes to 1 minute.  The control NECA-mediated 

calcium response time courses for CHO–A1 cells in the absence and presence of XAC (1 μM) 

pre-equilibration are shown in figures 4A and 4B.  Within these time courses, HBSS is added 

at 15 seconds and NECA (10 pm – 10 μM) at 75 seconds.  In each case, the addition of HBSS 
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alone did not significantly change the basal fluorescence.  In the absence of XAC, 1 nM 

NECA was sufficient to stimulate a significant calcium response; whereas in the presence of 

XAC, the concentration of NECA required to mediate the same response was at least 10-fold 

higher.  Similarly, in CHO–A3 cells, the addition of HBSS alone at 15 seconds had no 

significant effect on basal fluorescence in the absence and presence of pre-equilibrated XAC 

(1 μM).  At the adenosine A3 receptor, the addition of 10 nM NECA was sufficient to 

stimulate a significant calcium response in the absence of XAC; whereas in the presence of 

XAC, a greater than 10-fold higher concentration of NECA was required to mediate the same 

response (Figures 5A and 5B).   

The striking effect Brilliant Black BN has on basal fluorescence is shown in figures 

4C and 4D for CHO–A1 cells and figures 5C and 5D for CHO–A3 cells.  In each case, the 

addition of 500 μM Brilliant Black at 15 seconds reduced basal fluorescence by greater than 

50 percent.  The exposure of CHO–A1 and CHO–A3 cells to 500 μM Brilliant Black BN for 

one minute did not significantly alter the potency of NECA at either receptor.  Furthermore, 

despite the significant decrease in basal fluorescence upon the addition of 500 μM Brilliant 

Black BN, the amplitude of the NECA-mediated calcium response was similar to those 

performed in the absence of Brilliant Black BN.  After one minute exposure of CHO–A1 cells 

to 500 μM Brilliant Black BN, the calcium response profile for the corresponding NECA 

concentrations were virtually indistinguishable, regardless of whether or not cells had been 

pre-equilibrated with 1 μM XAC (Figure 4C and 4D).  Similarly, pre-equilibration of CHO–

A3 cells with 1 μM XAC had no effect on the NECA-mediated calcium response after the one 

minute exposure of cells to 500 μM Brilliant Black BN (Figure 5C and 5D).  The plot of peak 

response against NECA concentration, clearly demonstrates the impact that one minute 

exposure of cells to 500 μM Brilliant Black BN has on the antagonism mediated by XAC at 

adenosine A1 and A3 receptors (Figure 6).  In the absence of Brilliant Black, 30 minute 
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exposure of CHO–A1 and CHO–A3 cells to 1 μM XAC caused a greater then 10-fold decrease 

in NECA potency at both A1 and A3 receptors.  In contrast, the exposure of cells to 500 μM 

Brilliant Black BN for one minute prior to NECA addition was sufficient to remove any 

antagonism mediated by pre-equilibrated XAC (1 μM; Figure 6).   

 

Effect of Brilliant Black BN on agonist and antagonist affinity at the A1 receptor 

To further quantify the effect that Brilliant Black BN has on agonist and antagonist 

affinity, [3H]DPCPX whole cell competition binding was performed using CHO–A1 cells.  

DPCPX, XAC and NECA each mediated a concentration-dependent inhibition of 1 nM 

[3H]DPCPX specific binding that was complete at the highest concentrations (Figure 7).  

Homologous competition radioligand binding of [3H]DPCPX (1 nM) in the presence of 

increasing concentrations of non-labeled DPCPX estimated the pKD for [3H]DPCPX/DPCPX 

at the A1 receptor to be 7.81 ± 0.28 in the absence and 7.53 ± 0.29 in the presence of 500 μM 

Brilliant Black.  These pKD values were then used to estimate the equilibrium dissociation 

constants for NECA and XAC at the adenosine A1 receptor in the absence and presence of 

Brilliant Black BN (500 μM).  Brilliant Black BN had little effect on the affinity of NECA at 

CHO–A1 cells; pKB values of 5.72 ± 0.04 and 5.60 ± 0.02 in the absence and presence of 

Brilliant Black BN respectively.  In contrast, Brilliant Black BN significantly reduced the 

affinity of XAC at CHO–A1 cells with estimated pKB values in the absence and presence of 

Brilliant Black BN of 7.33 ± 0.10 and 5.36 ± 0.21 respectively. 

 

Live cell imaging of XAC-X-BY630 dissociation kinetics in the absence and presence of 

Brilliant Black BN 

To investigate the mechanism driving the decrease in XAC affinity caused by Brilliant 

Black BN, the fluorescent derivative of XAC, XAC-X-BY630 was used.  Live cell confocal 
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imaging of XAC-X-BY630 binding to CHO–A1 cells was performed using a closed, 

temperature-controlled perfusion system.  Figure 8A shows simultaneous phase and 

fluorescence intensity readouts from the plasma membrane of CHO–A1 cells during a time-

course experiment.  The rapid change in intensity seen for the phase image during the 

exposure of CHO–A1 cells to 50 μM Brilliant Black BN (Figure 8A; Section III) reveals that 

when using the perfusion system, less than 10 seconds is required for complete fluid exchange 

within the field of view.  Perfusion of 3 nM XAC-X-BY630 caused a time-dependent increase 

in the fluorescence detected on the plasma membrane of CHO–A1 cells (Figure 8A; Section 

I).  Given the rapid fluid exchange achieved using the perfusion system, the method of infinite 

dilution in the absence (Figure 8A; Section III) and presence of 50 μM Brilliant Black BN 

(Figure 8A; Section IV) was used to estimate the dissociation rate of XAC-X-BY630 from the 

plasma membrane of CHO–A1 cells.  In the absence of Brilliant Black BN, the fluorescent 

intensity decreased by approximately 30% after 14 minutes of infinite dilution (Figure 8B).  

Immediately following the addition of Brilliant Black BN, membrane fluorescence was still 

detectable indicating that membrane binding of XAC-X-BY630 to adenosine receptors at the 

cell surface can still be monitored by virtue of the fact that the lipophilic BODIPY dye is in a 

membrane environment and protected from the quenching effect of Brilliant Black BN in the 

incubation medium (Baker et al., 2009).    Within 2 minutes of infinite dilution in the presence 

of 50 μM Brilliant Black BN, the membrane-bound fluorescent intensity was decreased by 

approximately 70% (Figure 8B).  Fitting this data to a monoexponential decay revealed that 

the dissociation rate of XAC-X-BY630 from CHO–A1 cells was increased more than 40-fold 

from 0.023 ± 0.01 min-1 in the absence to 0.96 ± 0.17 min-1 in the presence of 50 μM Brilliant 

Black BN. 
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DISCUSSION 

The largest proportion of currently marketed pharmaceuticals target GPCRs and these 

receptors remain a key focus within the pharmaceutical industry.  Within this, the adenosine 

receptor family is of interest, as they represent novel therapeutic targets for conditions 

involving metabolic stress.  Calcium mobilization assays remain the principle method within 

GPCR drug discovery for high throughput screening of large compound libraries.  A key 

feature of these assays that makes them particularly suitable for high throughput screening 

programs involves the use of quenching agents such as the food dye Brilliant Black BN, 

which removes the need for any wash steps due to its ability to quench extracellular 

fluorescence.  Despite the use of Brilliant Black BN as a food dye and pharmaceutical 

excipient in addition to its wide use within GPCR drug discovery, there has been no 

investigation into the influence of Brilliant Black BN on ligand-receptor interactions at any 

GPCR.  Therefore, the aim of this study was to assess whether Brilliant Black BN had any 

effect on ligand potency or affinity at adenosine–A1 and –A3 receptors.  Calcium mobilization 

assays were used to investigate the effect of Brilliant Black BN on agonist and antagonist 

potency whereas equilibrium and kinetic binding assays assessed the effect of Brilliant Black 

BN on ligand affinity.  Brilliant Black was found to inhibit, in a probe-dependent manner, 

ligand affinity at both A1 and A3 receptors.  Furthermore, dissociation kinetic binding assays 

suggest that Brilliant Black BN modulates ligand-receptor interactions through an allosteric 

mechanism of action.   

Previous studies have shown that a range of adenosine –A1 and –A3 receptor agonists 

can stimulate calcium mobilization.  In CHO cells, the calcium response mediated by these 

receptors is pertussis toxin-sensitive and therefore likely to be mediated through βγ subunits 

released from Gi/o proteins (Iredale et al., 1994; Schulte and Fredholm, 2002).  In our studies, 

the non-selective adenosine receptor agonist, NECA, stimulated a robust increase in the 
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intracellular calcium concentration with a potency of approximately 1 nM and 8 nM at A1 and 

A3 receptors respectively.  [3H]DPCPX competition binding assays estimated an equilibrium 

dissociation constant for NECA (KB) of approximately 2 μM at the A1 receptor, which is in 

agreement with previous estimates of NECA affinity at this receptor (Baker and Hill, 2007).  

The 2000-fold leftward shift in potency as compared to binding affinity reflects the ability of 

NECA to stimulate a full calcium response in the presence of a large receptor reserve in this 

A1 receptor cell line.  The potency of NECA at stimulating a calcium response through A1 and 

A3 receptors was largely unaffected by the exposure of cells to increasing concentrations of 

Brilliant Black BN.  In support of this finding, NECA affinity at the A1 receptor was not 

significantly different in the absence and presence of 500 μM Brilliant Black.   

In the absence of Brilliant Black BN, XAC behaved as a classical competitive 

antagonist at both adenosine–A1 and –A3 receptors.  Exposure of CHO–A1 and CHO–A3 cells 

to increasing concentrations of XAC caused a progressive parallel rightward shift in the 

NECA concentration-response curve with no effect on basal or maximal responses.  As 

expected for a competitive antagonist, the Schild slope estimated from global nonlinear 

regression of the entire family of curves was not significantly different from unity at either 

receptor.  The equilibrium dissociation constant for XAC at the A3 receptor estimated from 

Shild and Gaddum analysis of calcium mobilization assays was approximately 60 nM and 30 

nM respectively which is consistent with previous estimates from binding assays (Klotz et al., 

1998).  At the A1 receptor, the equilibrium dissociation constant for XAC was approximately 

100 nM and 70 nM respectively when estimated from Shild and Gaddum analysis of calcium 

mobilization assays and 50 nM from [3H]DPCPX competition binding assays.  These 

equilibrium dissociation constant estimates are also consistent with previous estimates from 

radioligand binding assays (Baker and Hill, 2007; Klotz et al., 1998).   
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In the presence of increasing concentrations of Brilliant Black BN, the antagonism 

mediated by 1 μM XAC and its fluorescent derivative, XAC-X-BY630, decreased in a 

concentration dependent manner at both A1 and A3 receptors.  At the highest concentration of 

Brilliant Black BN used, XAC (1 μM) and XAC-X-BY630 (1 μM) were unable to mediate 

any significant antagonism of the NECA concentration-response curve at either receptor.  

Inhibition of XAC antagonism was rapid; that is, one minute exposure of both CHO-A1 and 

CHO-A3 cells to 500 μM Brilliant Black BN was sufficient to remove any antagonism by 

XAC (1 μM) of the NECA-stimulated calcium response that had developed during the 

preceding 30 minutes incubation with XAC.  Antagonist functional inhibition curves 

suggested that the decrease in XAC and XAC-X-BY630 potency was due to an approximate 

30-50 fold decrease in affinity at the A1 and A3 receptor.  To further investigate the scope of 

the modulation mediated by Brilliant Black BN, its effect on additional selective antagonists, 

DPCPX and MRS1220, was assessed.  Gaddum analysis of functional inhibition curves 

suggested that the affinity of MRS1220 at the A3 receptor was reduced approximately 4-fold 

in the presence of 500 μM Brilliant Black BN.  In contrast, the effect of Brilliant Black BN on 

DPCPX antagonism at A1 and A3 receptors respectively, appeared minimal.  In support of the 

findings from functional assays, [3H]DPCPX binding at the A1 receptor suggested that the 

affinity of XAC, but not NECA and DPCPX, was significantly decreased in the presence of 

500 μM Brilliant Black BN.  

Inhibition of XAC antagonism may be caused by Brilliant Black BN interacting 

directly with the ligand such that it is removed from solution, e.g. by reducing its solubility or 

causing aggregation.  Alternatively the modulation of XAC affinity may be through a receptor 

interaction, that is, Brilliant Black BN may recognize an allosteric binding site on A1 and A3 

receptors.  To further investigate the possibility that Brilliant Black BN was simply removing 

unbound antagonist from solution, the time dependence of the effect of Brilliant Black BN 
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was assessed.  The Brilliant Black BN-mediated inhibition of XAC antagonism at A1 and A3 

receptors was mediated within 1 minute, despite receptors being pre-equilibrated with 

antagonist.  However, the rate of dissociation of the fluorescently labeled version of XAC, 

XAC-X-BY630, from the A1 receptor was found to be approximately 0.023 min-1 in the 

absence of Brilliant Black BN.  From this, it can be estimated that even upon complete 

removal of free ligand, after one minute approximately 97% of XAC-X-BY630 remains 

bound.  As such, the Brilliant Black BN-mediated inhibition of antagonism is unlikely to be 

the result of decreased antagonist solubility and instead may be due to a direct receptor 

interaction.   

Subsequent assays took advantage of the fluorescent nature of XAC-X-BY630 to 

investigate the mechanistic basis driving the decrease in antagonist affinity observed in the 

presence of Brilliant Black BN.  As allosteric and orthosteric ligands can bind the receptor 

simultaneously, a sensitive method to detect an allosteric mechanism of action is to observe a 

change in the dissociation kinetics of a labelled orthosteric ligand.  Confocal microscopy in 

conjunction with a perfusion system was used to directly quantify at a single cell level, the 

influence of Brilliant Black BN on XAC-X-BY630 dissociation kinetics.  An important aspect 

of this system is that it allows the use of ‘infinite dilution’.  That is, dissociated fluorescent 

ligand is rapidly removed by buffer perfusion, at a rate of at least twelve complete fluid 

exchanges per minute, such that subsequent reassociation of the ligand with the receptor is 

negligible.  In these assays, Brilliant Black BN significantly enhanced the dissociation rate of 

XAC-X-BY630 from the A1 receptor, a feature that is characteristic of allosteric modulators.  

Furthermore, the change in the dissociation rate of XAC-X-BY630 at the A1 receptor from 

0.023 min-1 to 0.96 min-1 in the absence and presence of Brilliant Black BN respectively, 

predicts a decrease in the observed pKB value from approximately 7 to 5.46.  This correlates 

well with the observed decrease in XAC-X-BY630 affinity at the A1 receptor from Gaddum 
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analysis of functional inhibition curves, where the estimated pKB value decreased from 

approximately 7 to 5.3 in the absence and presence of Brilliant Black BN respectively.  

Together these results suggest that Brilliant Black BN can act as an allosteric modulator at 

adenosine A1 and A3 receptors.  Similar to a number of well characterised allosteric ligands, 

the modulation mediated by Brilliant Black BN appears to be highly probe dependent (May et 

al., 2007).  That is, while Brilliant Black BN caused a significant decrease in XAC and XAC-

X-BY630 antagonism at A1 and A3 receptors and MRS1220 at A3 receptors, it had very little 

effect on NECA at A1 and A3 receptors and DPCPX at A1 receptors.  As an allosteric 

modulator of adenosine-A1 and -A3 receptors, Brilliant Black BN is not an inert substance and 

as such should be carefully evaluated prior to being used as a food dye or pharmaceutical 

excipient.  Furthermore, the influence of Brilliant Black BN on ligand-receptor interactions 

should be assessed at other GPCRs as its use in drug discovery could have a significant 

bearing on the nature of the ligands identified.  
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LEGENDS FOR FIGURES 

Figure 1: Classical competitive antagonism of NECA-mediated increases in intracellular 

calcium by XAC at adenosine-A1 and -A3 receptors. CHO-A1 (A) and CHO-A3 (B) cells 

were pre-equilibrated with 0 μM (●), 0.1 μM (○), 1 μM (■) or 10 μM (□) XAC prior to 

stimulation with the adenosine receptor agonist, NECA.  Data represent the mean peak 

response, expressed as a percentage of the peak response mediated by 1 μM NECA, ± the 

standard error of the mean of three experiments conducted in triplicate.  

 

Figure 2: The influence of 500 μM Brilliant Black BN on agonist and antagonist potency 

at the adenosine-A1 receptor.  (A) The intracellular calcium mobilization mediated upon 

exposure of CHO-A1 cells to increasing concentrations of NECA in the absence (●) and 

presence (○) of 500 μM Brilliant Black BN.  (B) Inhibition of the calcium response stimulated 

in response to the indicated concentration of NECA after 30 minute exposure of CHO-A1 

cells to increasing concentrations of DPCPX (squares; 10 nM NECA) and XAC (circles; 1 

nM NECA) and XAC-X-BY630 (diamonds; 1 nM NECA) in the absence (closed symbols) 

and presence (open symbols) of 500 μM Brilliant Black BN.  C) The change in the negative 

logarithm of antagonist equilibrium dissociation constants (Δ pKB) at the A1 receptor.  Values 

represent the pKB (in the presence) minus the pKB (in the absence) of Brilliant Black BN as 

calculated from Table 2.  Data represents the mean ± the standard error of the mean of 4-9 

experiments conducted in duplicate. 

 

Figure 3: The influence of 500 μM Brilliant Black BN on agonist and antagonist potency 

at adenosine -A3 receptor.  (A) The intracellular calcium mobilization mediated upon 

exposure of CHO-A3 cells to increasing concentrations of NECA in the absence (●) and 

presence (○) of 500 μM Brilliant Black BN.  (B) Inhibition of the calcium response stimulated 
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in response to the indicated concentration of NECA after 30 minute exposure of CHO-A3 

cells to increasing concentrations of MRS1220 (circles; 100 nM NECA) and XAC (squares; 

10 nM NECA) and XAC-X-BY630 (diamonds; 10 nM NECA) in the absence (closed 

symbols) and presence (open symbols) of 500 μM Brilliant Black BN.  C) The change in the 

negative logarithm of antagonist equilibrium dissociation constants (Δ pKB) at the A3 receptor.  

Values represent the pKB (in the presence) minus the pKB (in the absence) of Brilliant Black 

BN as calculated from Table 2.  Data represents the mean ± the standard error of the mean of 

3-9 experiments conducted in duplicate. 

 

Figure 4: The addition of 500 μM Brilliant Black BN one minute prior to NECA 

stimulation abolishes the antagonism mediated by 1 μM XAC at the adenosine A1 

receptor.  The time-course of A1 receptor-mediated intracellular calcium mobilisation in the 

absence (A&C) or presence (B&D) of 1 μM XAC after the addition of HBSS (A&B) or 500 

μM Brilliant Black BN (C&D) at 15 seconds and NECA at 75 seconds (� absence, � 10 pM, 

� 100 pM, � 1 nM, � 10 nM, � 100 nM, � 1 μM, � 10 μM). Data represent the mean ± 

the standard error of the mean of three experiments conducted in triplicate, expressed as a 

percentage of basal fluorescence.  

 

Figure 5: The addition of 500 μM Brilliant Black BN one minute prior to NECA 

stimulation abolishes the antagonism mediated by 1 μM XAC at the adenosine A
3
 

receptor.  The time-course of A3 receptor-mediated intracellular calcium mobilisation in the 

absence (A&C) or presence (B&D) of 1 μM XAC after the addition of HBSS (A&B) or 500 

μM Brilliant Black BN (C&D) at 15 seconds and NECA at 75 seconds (� absence, � 10 pM, 

� 100 pM, � 1 nM, � 10 nM, � 100 nM, � 1 μM, � 10 μM). Data represent the mean ± 
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the standard error of the mean of three experiments conducted in triplicate, expressed as a 

percentage of basal fluorescence.  

 

Figure 6: The effect of Brilliant Black BN (500 μM) added one minute prior to NECA 

stimulation on the potency of XAC (1 μM) at the adenosine-A1 and -A3 receptor.  The 

concentration response of adenosine-A1 (A) and -A3 (B) receptor-mediated intracellular 

calcium mobilisation in the absence (circles) or presence (squares) of 1 μM XAC (pre-

equilibrated for 30 minutes) after the addition of HBSS (closed symbols) or 500 μM Brilliant 

Black BN (open symbols) at 15 seconds and NECA at 75 seconds. Data are the peak response 

expressed as a percentage of the peak response mediated by 1 μM NECA.  Data represents the 

mean ± the standard error of the mean of three experiments conducted in triplicate.  

 

Figure 7: Brilliant Black BN (500 μM) significantly decreases the affinity of XAC, but 

not DPCPX or NECA, for the adenosine A
1
 receptor.  The inhibition of [

3
H]DPCPX (1 nM) 

specific binding by DPCPX (circles), NECA (triangles) or XAC (squares) in the absence 

(closed symbols) and presence (open symbols) of Brilliant Black BN (500 μM) to CHO-A
1
 

cells at 37°C.  Non-specific binding was defined 1 nM [
3
H]DPCPX binding in the presence of 

10 μM DPCPX.  Data are expressed as the percentage [
3
H]DPCPX specific binding, represent 

the mean ± the standard error of the of 4 experiments conducted in triplicate. 

 

Figure 8: Brilliant Black BN (50 μM) enhances the dissociation rate of XAC-X-BY630 

from the adenosine A
1
 receptor.  A) Real-time confocal imaging showing XAC-X-BY630 

(�; 3 nM) association kinetics (I) followed by the dissociation kinetics in the absence (II) and 

presence (III) of Brilliant Black BN (50 μM).  Fluid exchange was attained using a perfusion 
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system. The intensity readout from the phase image (�; upper trace) clearly shows the rapid 

addition (III) and removal (IV) of Brilliant Black BN from the field of view. Data represents 

the mean intensity ± the standard error of the mean from the plasma membrane of 10 cells 

within a single experiment.  B)  The dissociation kinetics of 3 nM XAC-X-BY630 in the 

absence (�) and presence (�) of 50 μM Brilliant Black BN from CHO-A1 cells at 37°C.  

Data are expressed as the percentage fluorescent intensity and represents the mean ± the 

standard error of the mean from four separate experiments where each replicate reflects the 

fluorescent intensity from the plasma membrane of 10 cells.  Confocal microscopy was 

performed on a Zeiss 510 confocal microscope using a 633 nm HeNe laser and a 650 nm 

long-pass emission filter.  
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TABLES AND FIGURES 

Table 1:  NECA potency (Log EC50) in the absence and presence of antagonists and/or Brilliant Black BN at the adenosine-A1 and -A3 receptor.  

Data represents the mean ± the standard error of the mean of 3-11 experiments conducted in triplicate. 

  Brilliant Black BN (μM) 

  0 5 50 500 

A1-CHO 

NECA  -8.0 ± 0.3 -8.3 ± 0.3 -8.2 ± 0.2 -8.0 ± 0.1 

+ 1 μM XAC-X-BY630  -7.3 ± 0.3 -7.7 ± 0.2 -7.9 ± 0.1 -8.0 ± 0.1 

+ 1 μM XAC  -7.0 ± 0.2 -7.3 ± 0.3 -7.7 ± 0.4 -7.9 ± 0.1 

A3-CHO 

NECA  -7.8 ± 0.2 -7.7 ± 0.2 -8.0 ± 0.2 -7.7 ± 0.1 

+ 1 μM XAC-X-BY630  -6.7 ± 0.2 -6.5 ± 0.3 -7.2 ± 0.2 -7.5 ± 0.1 

+ 1 μM XAC  -6.7 ± 0.3 -6.4 ± 0.3 -7.4 ± 0.1 -7.4 ± 0.2 
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Table 2: Negative logarithm of antagonist equilibrium dissociation constants (pKB) as estimated from Gaddum analysis of functional inhibition 

of 1 - 100 nM NECA in the absence and presence of Brilliant Black BN at the adenosine-A1 and -A3 receptor.  Data represents the mean ± the 

standard error of the mean of 3-9 experiments conducted in duplicate. 

  Brilliant Black BN (μM) 

  0 500 

A1-CHO 

DPCPX 8.6 ± 0.1 8.4 ± 0.1 

XAC-X-BY630  6.9 ± 0.1 5.3 ± 0.2* 

XACa  7.1 ± 0.1 5.6 ± 0.1* 

A3-CHO 

MRS1220 9.7 ± 0.1 9.1 ± 0.1* 

XAC-X-BY630  7.7 ± 0.2 5.9 ± 0.1* 

XACb  7.5 ± 0.1 6.0 ± 0.1* 

a pKB values represent the average calculated from the inhibition of 1 nM and 10 nM NECA.  There was no significant difference (p>0.05; 

unpaired t test) between corresponding pKB values determined in the presence of 1 nM and 10 nM NECA. 

b pKB values represent the average calculated from the inhibition of 10 nM and 100 nM NECA.  There was no significant difference (p>0.05; 

unpaired t test) between corresponding pKB values determined in the presence of 10 nM and 100 nM NECA. 

*Significantly different (p<0.05; unpaired t test) from the corresponding value in the absence of Brilliant Black BN. 
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