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Abstract 

The methods used to determine fundamental pharmacological 

parameters almost exclusively assume that the concentration of drug in 

the local environment of the target receptor is equal to the 

concentration of drug that has been added to the system. It has, 

however, recently been shown that, dependent upon their 

physiochemical properties, ɓ2-adrenoceptor ligands can interact 

directly with phospholipids, increasing their local concentration and 

directly influencing the measured association rate constant at the 

receptor. This local concentrating effect also been demonstrated 

directly using a fluorescent ɓ2-ligand with fluorescence correlation 

spectroscopy (FCS).  

In this study we expand these early observations by investigating 

multiple ligands at a different G protein-coupled receptor, the adenosine 

A2a receptor. In particular, we probe the importance of physicochemical 

properties on membrane interaction and observed pharmacology by 

utilising eight fluorescent adenosine receptor ligands with identical 

pharmacophores (xanthine amine congener (XAC)), but varying 

fluorophores and linker regions to modulate their properties. These 

ligands were assessed for kinetic binding profiles, phospholipid affinity, 

and local concentrations above cell membranes.  

The binding kinetics of the eight fluorescent ligands was assessed by 

measuring the time resolved fluorescence energy transfer (TR-FRET) 

between the terbium-labelled A2a receptor and fluorescent ligand over 

time. From this series, three ligands with distinct kinetic profiles were 

chosen for analysis by FCS (XACXBY, kon=24100±6860 min-1mM-1; 

CA200645, kon=1330±175 min-1mM-1; AV075 kon=791±36.4 min-1mM-1), 

where their local concentration was measured at distances 2-200µm 

above live CHO cells. The concentration of all ligands was higher close 

to the cells, with XAC-X-BY630 having the highest concentration at 

2µm above the membrane (1024.6±347.4 nM) compared to CA200645 

(62.3±9.5 nM) and AV075 (111.3±30.1 nM). This was consistent 
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XACXBY displaying the fastest association rate and supports previous 

observations.  

These studies were then extended to investigate the kinetics and 

phospholipid interaction of 57 commercially available compounds 

known to bind at least one adenosine receptor. Binding kinetics were 

measured at all four adenosine receptors using a competition 

association assay, and phospholipid affinity (KIAM) was assessed in an 

Immobilised Artificial Membrane High Performance Liquid 

Chromatography assay. In this cohort, there was a statistically 

significant relationship between kon and KIAM (p=0.03), but surprisingly a 

better correlation with koff (p=0.0012), which may suggest that 

hydrophobic interactions are important for modulating dissociation rate 

in this receptor family. 

In general, the data in this study support the hypothesis that lipophilic 

ligands have a greater concentration in the local receptor environment 

close to the cell membrane, which may in turn influence observed 

pharmacological parameters. This reinforces the importance of 

considering ñmicro pharmacokinetics/pharmacodynamicsò when 

determining the pharmacology of novel receptor ligands. 
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Chapter 1 ï Introduction  

  

1.1 Adenosine receptors as therapeutic targets  

The purine nucleoside adenosine forms part of nucleic acids DNA and 

RNA as well as the units of biological energy transfer ATP and ADP. 

Furthermore, adenosine can act as an autocrine signalling molecule, 

released under conditions of cell stress and hypoxia, to activate cell 

surface adenosine receptors. Adenosine receptors, consisting of four 

distinct subtypes (A1, A2a, A2b and A3), are members of the G protein-

coupled receptor (GPCR) superfamily, which are the target of a third of 

all small molecule drugs (Santos et al., 2016). Adenosine receptors can 

nominally be split into two sub-families. The A1 and A3 adenosine 

receptors inhibit adenylate cyclase through GŬi/o family of G proteins, 

leading to reduced conversion of ATP to cAMP, and a decrease in 

cellular levels of cAMP. Conversely the A2a and A2b receptors couple 

to the GŬs family of G proteins, stimulating adenylate cyclase activity 

and increase cellular levels of cAMP. 

All four adenosine receptors are widely expressed throughout the body 

and have diverse functions in both physiological and pathophysiological 

contexts (Sheth et al., 2014). As such, they have been proposed as 

drug targets for many diseases including, but not limited to, heart 

disease, sleep disorders, inflammatory diseases, neurodegenerative 

disorders and cancer (Chen et al., 2013; Allard et al., 2017). The only 

currently approved adenosine receptor specific drug in Europe is 

Regadenoson (Chen et al., 2013). This drug acts as a vasodilator by 

selectively agonising A2a adenosine receptors and is used in stress 

testing (Gupta and Bajaj, 2017). Istradefylline, an adenosine A2a 

antagonist, is approved in Japan and USA for use in treating 

Parkinsonôs disease (Jenner et al., 2021).  

As GPCRs, the adenosine receptors consist of seven transmembrane 

domains, three intracellular and three extracellular loops, and an 
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intracellular and extracellular C- and N-terminus respectively. There is 

an 80-95% homology between receptors with multiple published crystal 

structures of A1 and A2a receptors (Jaakola et al., 2008; Franco et al., 

2021). This high homology allows for predicted structures of A2b and 

A3 receptors to be formed. Notably, the A2a receptor substantially 

longer C-terminus of 122 amino acids compared to 30-40 amino acids 

for the other three adenosine receptors (Borea et al., 2018). The 

available crystal structures locate the orthosteric binding pocket of 

adenosine receptors to be in the extracellular cluster, with key residues 

in the extracellular loops important for ligand binding (Jaakola et al., 

2008; Liu et al., 2012). Currently there is no evidence or indication that 

suggesting that ligands laterally diffuse through the membrane to reach 

the orthosteric binding pocket as there is for the cannabinoid and 

sphingosine-1-phosphate receptors (Szlenk et al., 2019).  

The A2 adenosine receptors have attracted particular attention as 

oncological drug targets due to their involvement with some of the 

hallmarks of cancer such as immune evasion, angiogenesis and 

metastasis (Hanahan et al., 2011; Allard et al., 2017). Both A2a and 

A2b receptors have been shown to be overexpressed in certain 

cancers (Sepúlveda et al., 2016; Ma et al., 2017). ATP released during 

cell stress induces inflammation via activation of P2 receptors. 

Adenosine, a metabolite of ATP, can subsequently act as an anti-

inflammatory off switch (Ohta and Sitkovsky, 2001). One of many 

immunosuppressive strategies employed by tumours to remain 

unharmed by the immune system is to have high concentrations of 

adenosine in the tumour microenvironment (Allard et al., 2016). 

Activation of A2 adenosine receptors, and subsequent increases in 

cAMP levels, in T cells leads to activation of type I protein kinase A 

(PKA) that is present in lipid rafts around T cell receptors (TCRs). Type 

I PKA phosphorylates C-terminal Src kinase (Csk), which then inhibits 

Src family tyrosine kinases Lck and Fyn, and ultimately inhibits TCR 

function (Mosenden and Taskén, 2011). Increases in cAMP can also 

regulate cell functions through cAMP response element binding protein 
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(CREB), nuclear factor-kappaB (NF-kappaB), nuclear factor of activated 

T cells (NFAT) stimulated activator protein-1 (AP-1), Epac and Rap1 

(Jimenez et al., 2001; Cheng et al., 2008; Sands and Palmer, 2008; 

Vang et al., 2013). Using selective agonists, A2a adenosine receptor 

signalling has been shown to reduce the secretion of pro-inflammatory 

cytokines interleukin 2 (IL-2) and tumour necrosis factor alpha (TNF-Ŭ) 

in type 1/2 cytotoxic T cells (Tc1/2). The proliferation of type 1 helper T 

cells (Th1) and Tc1 cells was also shown to be inhibited by the agonists 

in vivo (Erdmann et al., 2005). Activation of A2 adenosine receptors has 

also been shown to promote T regulator cells (Zarek et al., 2008) and 

inhibit natural killer cells (Beavis et al., 2013). 

Adenosine and adenosine receptors are abundant in the central 

nervous system (CNS) and the later are targets or potential targets in 

the treatment for Alzheimerôs disease, Parkinsonôs disease, epilepsy, 

sleep disorders and cerebral ischemia (Choudhury et al., 2019; Liu et 

al., 2019). In Alzheimerôs disease often A1 receptors have a lower than 

normal expression and A2a receptors have a higher than normal 

expression leading to cholinergic system dysfunction. Novel drugs are 

in clinical trials with the aim of addressing these imbalances in 

Alzheimerôs disease patients. The role of adenosine receptors, and 

potential mechanism of action behind the benefit of the A2a antagonist 

istradefylline, in Parkinsonôs disease is not entirely understood. 

However, it is believed A2a receptors in the striatum co-localize with 

dopamine D2 receptors with activation of the former having a negative 

allosteric modulatory effect on the later (CieŜlak et al., 2008).  

Angiogenesis, the formation of new blood vessels, is essential to the 

grow of tumours allowing the delivery of oxygen and nutrients while 

removing waste, as well as providing the avenue for metastasis to 

occur (Nishida et al., 2006). The pro-angiogenic protein vascular 

endothelial growth factor (VEGF) is upregulated by both A2a (Leibovich 

et al., 2002) and A2b adenosine receptor activation (Feoktistov et al., 

2003). Additionally, the anti-angiogenic protein thrombospondin 1 (TSP-

1) has been shown to be downregulated by A2 adenosine receptor 
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signalling (Desai et al., 2005; Ernens et al., 2015). Similarly, knockdown 

and pharmacological inhibition of A2 adenosine receptors leads to 

reduced metastasis in in vitro and in vivo models (Cekic et al., 2012; 

Beavis et al., 2013; Zhou et al., 2017).     

In contrast to previously discussed research, some studies have 

indicated that some roles of the A2b adenosine receptor could be anti-

cancerous, and thus a blockade of the receptor could be detrimental to 

patients. Although the A2b adenosine receptor normally couples GŬs G 

proteins, it is pleotropic in nature and can in some instances couple 

GŬq. In dendritic cells A2b adenosine receptor activation has been 

shown to induce proinflammatory IL-6 release and subsequent T helper 

17 cell activation via GŬq coupling independently of cAMP (Wilson et al., 

2011). However, GŬq coupling through A2b receptors has also been 

linked to increases in angiogenic factors (Feoktistov et al., 2002). 

Additionally, A2b receptors may promote the activity of p53, the most 

important tumour suppressor protein in cancer (Long et al., 2013). 

The importance of adenosine receptors in human disease has resulted 

in a large number of drug discovery programmes being initiated to 

discover both agonists and antagonists at these receptors. The next 

section will discuss the importance of accurate assessment of ligand 

pharmacology at G protein-coupled receptors.   

 

1.2 Quantifying ligand-receptor pharmacology  

Pharmacodynamics (the effect of drugs on the body) and 

pharmacokinetics (the effect of the body on the drug including 

absorption, distribution, metabolism, and excretion) are the two main 

disciplines making up pharmacology. Ultimately these two elements are 

combined to build PK/PD models that allow the prediction of clinical 

dose levels and frequency. A critical step in the utilisation of PK/PD 

models is to quantify the pharmacological properties of novel ligands in 

a system-independent manner so that these can be used to scale to 

potency and efficacy in the clinic. In order to achieve this, mathematical 
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models are built that describe the interaction of ligand and receptor. 

These are then used with biological data to estimate system-

independent, fully scalable parameters. 

The affinity and kinetics of a drug binding to its target receptor are 

almost exclusively calculated using equations that assume the 

interacting molecules are homogeneously distributed in a solvent, with 

the concentration of drug available to bind target being equal to that in 

the bulk aqueous phase. While this assumption applies well to soluble 

enzymes, it is less satisfactory for membrane-associated targets (e.g., 

GPCRs) where the protein is embedded in a phospholipid bilayer. This 

is because the inclusion of phospholipid adds an additional amphiphilic 

compartment into which drugs may partition, depending on their 

physicochemical properties.  

1.2.1 The membrane as a second drug compartment 

It has long been proposed that the phospholipid bilayer in which the 

receptors reside can interact with drugs acting as a second 

compartment for drugs to diffuse into (McCloskey and Poo, 1986; 

Sargent and Schwyzer, 1986), or through concentrating drugs at the 

interface with water through electrostatic interactions (Avdeef et al., 

1998). It is important to note that cell membranes are not just a 

homogenous lipophilic pool, but they are defined structures comprising 

a bilayer of phospholipids and cholesterols with charged head groups 

and many integral proteins and carbohydrates. Therefore, membrane 

affinity and interaction will likely be high for lipophilic compounds, but 

also potentially for compounds that can interact with for example the 

phospholipid head group through charge or steric interactions. It is 

known that the composition of the membrane can affect receptor 

pharmacology though essentially allosteric modulation of receptors 

(Seddon et al., 2009; Desai and Miller, 2018; Li et al., 2018). Therefore 

it is also conceivable that the composition of membrane could affect 

micro PK/PD depending on the interactions between ligands and given 

constituents of the membrane in a given location. The membrane also 
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acts as the point of attachment for the extracellular matrix ï a 3d 

structure surrounding cells made up collagen, enzymes, glycoproteins 

and more ï which equally could interact with certain ligands more than 

others (Theocharis et al., 2016). 

Our group has for the first time quantified the concentration of a 

fluorescently labelled drug at varying distances above and in a cell 

membrane using fluorescence correlation spectroscopy (FCS) (Gherbi 

et al., 2015). A fluorescent derivative of propranolol was shown to be 

20-fold more concentrated 2 µm above ɓ2-adrenoceptor expressing 

Chinese hamster ovary (CHO) cells compared to the bulk aqueous 

phase. This was partially reversed by the presence of antagonist or 

absence of receptor suggesting both the membrane and receptor were 

contributing the higher local concentration of ligand.  

It is therefore possible that the physicochemical properties of ligands 

could be distorting observed pharmacological parameters i.e., more 

lipophilic/basic ligands could be concentrating around receptors in 

assays resulting in higher affinity and quicker association rates being 

observed.  

1.2.2 Ligand-receptor binding from the membrane 

compartment  

The diffusion micro PK model, originally describing long acting ɓ2-

agonists, suggests that lipophilic ligands can embed in the membrane 

and slowly leak out into the immediate vicinity of the receptor and/or 

diffuse laterally into the receptor (Anderson, 1993; Anderson et al., 

1994b; Johnson, 2001). The crystal structure of the sphingosine-1-

phosphate (S1P) receptor suggests extracellular ligand access is 

occluded and ligands enter by lateral diffusion (Hanson et al., 2012). 2D 

lateral diffusion, as opposed to extracellular 3D diffusion, has been 

suggested to increase ligand binding with the reduction in 

dimensionality providing an effectively shorter random path to the 

receptor. However, the 2D lateral diffusion would likely be significantly 

slower (McCloskey and Poo, 1986). Furthermore, the membrane has 
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been proposed to act as catalyst by anchoring some drugs at the 

receptor while allowing them to bind the active site (Coleman et al., 

1996).  

In addition to thinking of the whole body as the biological system 

concerned, a growing interest is being placed in thinking about more 

local phenomena referred to as ñmicroò 

pharmacokinetics/pharmacodynamics (micro PK/PD) (Vauquelin, 

2015). Whereas pharmacodynamics and pharmacokinetics are often 

regarded as disparate disciplines, micro PK and PD are perhaps more 

interlinked. Micro PD mechanisms includes how a drugs residence time 

can be increased through multiple conformational adjustments such as 

that described by the induced fit model. Here, a drug binds to receptor 

forming an intermediate complex that is isomerized to a more stable 

complex creating an additional step to be reverse for dissociation (Dror 

et al., 2011; Vauquelin, 2015). Additionally, bivalent ligands (where one 

ligand binds to two distinct sites simultaneously) must undergo multiple 

unbinding steps increasing its residence time (Vauquelin, 2013; 

Vauquelin et al., 2014).  

1.2.3 Limited diffusion and drug rebinding 

In addition to physicochemical interactions, the physical barriers 

associated with some physiological compartments (e.g., synapses) may 

restrict drug diffusion away from the receptor-compartment, promoting 

drug ñrebindingò. 

The accumulation of drug near receptor and/or the reduced diffusion of 

drug away from receptor caused by micro-anatomical properties can 

allow for individual drug molecules to rebind the same or nearby 

receptors multiple times before being cleared from the system. Similarly 

to long residence time, rebinding could allow for a drug to sustain 

efficacy after it has been effectively cleared from the bulk phase away 

from the receptor (Vauquelin and Charlton, 2010). This phenomena is 

likely driven by fast association rates (Vauquelin and Charlton, 2010). 

The diffusion of drugs in physiological contexts will likely be reduced, 
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for example, in synapses and interstitial spaces where little stirring of 

the water filled cavity occurs promoting rebinding (Coombs and 

Goldstein, 2004). Evidence exists to support this notion where brain 

slices of radioligand treated mice showed increased dissociation of 

radioligand in the presence unlabelled antagonist (preventing rebinding) 

when intact but not when homogenised (Sadée et al., 1982). 

Mathematical models incorporating rebinding in specific geometric 

shapes, such as synapses, into ligand kinetics have been proposed 

and reviewed (Goldstein and Dembo, 1995; Coombs and Goldstein, 

2004; Vauquelin and Charlton, 2010). Additionally, the extracellular 

matrices (ECM) surrounding cells could act as another microanatomical 

structure to limited diffusion (Dityatev et al., 2006). Rebinding to nearby 

receptors has also been suggested to be increased by the fact 

receptors tend to cluster together (Andrews, 2005). Therefore the 

context in which GPCRs are expressed is likely to influence micro 

PK/PD as appreciated in a recent paper exploring a rebinding model to 

explain extrapyramidal side effects of antipsychotics of D2 receptor 

targeting drugs in synapses (Sykes et al., 2017). Finally, a particular 

form or rebinding is apparent with bivalent ligands (where one ligand 

binds to two distinct sites simultaneously) must undergo multiple 

unbinding steps increasing its residence time (Vauquelin, 2013; 

Vauquelin et al., 2014). 

 

1.2.4 Experimental methods for measuring variations in 

local ligand concentrations 

As previously mentioned, our group previous used FCS to measure the 

local ligand concentration of one fluorescently labelled beta receptor 

antagonist above cell membranes (Gherbi et al., 2018). In short, FCS 

involves a laser being focussed through a high numerical aperture 

microscope objective lens with a pinhole positioned in the confocal 

plane creating a detection volume of ~0.2fL. Fluorescent species 

diffusing through the volume are excited and emit photons that are 
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detected in a single photon-counting device over time. Fluctuations in 

fluorescent intensity above and below an average intensity over time 

are analysed using autocorrelation. The autocorrelation analysis works 

by taking the size of a fluctuation (ŭI) at a given time (t) and comparing 

it to the size of a fluctuation at a later time (t+Ű), all normalised to the 

average intensity (I) squared. Repeating this for many values of Ű (e.g. 

0.1 µs to 1s) gives the autocorrelation function G(Ű). Plotting this 

graphically with G(Ű) on the Y-axis and time on the x-axis, the y-

intercept (G(0)) is equal to the reciprocal of the average number of 

fluorescent species in the volume (1/N), and the time corresponding to 

the mid-point of the decay curve is equal to the average time a 

fluorescent species spends in the volume (dwell time (ŰD)). These 

values are obtained during analysis using non-linear curve fitting 

adapted to an appropriate biophysical model, for example if the 

fluorescent species is diffusing in 2 dimensions (e.g., in a cell 

membrane) or in 3 dimensions (e.g., in solution), or if multiple 

components are present of vastly different masses/diffusion speeds 

(e.g., a freely diffusing small molecule fluorescent ligand and ligand 

bound to a protein).  

With the volume defined by a calibration using a standard compound 

(e.g., Cy5) at the start of every experiment, the concentration and 

diffusion coefficient (D) of the fluorescent species in a given position 

can be calculated from N and ŰD, respectively.   

 

1.2.5 The principle of ñmicro PK/PDò 

The interplay of drug concentration and receptor binding at a local, 

subcellular level can clearly be very different from that assumed using 

whole-body exposure levels, and as such need to be considered 

separately from standard PK/PD modelling. We have therefore coined 

the phrase ñmicro PK/PDò to describe the events at a molecular level 

(Sykes et al, 2014; Vauquelin, 2015). Our group has previously shown 

that association rates and affinity values of a series of ɓ2-adrenoceptor 
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ligands, but not dissociation rates, were affected by local concentration 

estimated using phospholipid membrane partition coefficients (KIAM) 

(Sykes et al., 2014). However, if the local concentration was accounted 

for, the new kon values remained relatively constant and the Kd values 

correlated strongly to the koff values. This was perhaps the first clear 

example of ñmicro PK/PDò, but clearly more research is required into 

the interplay of compound physicochemical properties, local ligand 

concentrations and observed receptor pharmacology. 

 

1.3 Aims and objectives 

The goal of this study was to expand upon our initial observation that 

local drug concentrations can be significantly different from those 

nominally added by using a larger cohort of compounds to examine the 

influence of physicochemical properties on local ligand concentrations 

and observed receptor pharmacology. We also aimed to determine 

whether these observations were common across receptor subtypes by 

examining the effects across members of the adenosine receptor 

family. Our objectives were as follows: 

1. Probe the importance of physicochemical properties on 

membrane interaction and observed pharmacology by utilising 

eight fluorescent adenosine receptor ligands with identical 

pharmacophores (xanthine amine congener (XAC)), but varying 

fluorophores and linker regions to modulate their properties. 

These ligands were to be assessed to determine kinetic binding 

profiles, phospholipid affinity, and local concentrations above 

cell membranes.  

2. Extend these studies to investigate the kinetics and 

phospholipid interaction of 57 commercially available 

compounds known to bind at least one adenosine receptor. 

Binding kinetics were to be measured at all four adenosine 

receptors using a competition association assay, and 

phospholipid affinity (KIAM) was to be assessed in an 
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Immobilised Artificial Membrane High Performance Liquid 

Chromatography assay 

3. Compare the data from the above studies to assess the global 

relationship between local ligand concentrations and observed 

receptor pharmacology.  
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Chapter 2 ï Material and Methods  

  

2.1 Materials  

Chinese Hamster Ovary (CHO) cells (herein referred to as wild type 

(WT) when not transiently or stably transfected) were purchased from 

Sigma Aldrich (Gillingham, UK). Dulbeccoôs modified Eagleôs medium 

(DMEM), foetal bovine serum (FBS), phosphate buffered saline (PBS), 

and trypsin were purchased from Sigma-Aldrich (Gillingham, UK). 

SNAP-Surface Alexa Fluor 488 was purchased from New England 

Biolabs (NEB; Ipswich, MA, USA). Nunc Labtek 8-well cover-glass 

plates (155411) and all other cell culture plasticware were purchased 

from Thermo-Fisher Scientific (Loughborough, UK). Unless otherwise 

stated, all other cell culture reagents were purchased from Sigma 

Aldrich (Gillingham, UK). pcDNA3.1 (+) encoding for N-terminally 

SNAP-tagged A1, A2a, A2b, or A3 receptors were constructed and 

kindly provided by Nick Groenewoud (University of Nottingham).  

Commercially available unlabelled adenosine receptor compounds 

were sourced from the companies listed in Table 2.1. Compounds were 

made up according to manufacturersô recommendations. In general, 

this involved adding DMSO to powdered compound to achieve the 

maximum possible concentration for which the compound soluble, 

sonicating for 5mins, aliquoting to minimise freeze-thaw cycles, and 

freezing at -20oC.  
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Compound Vendor 

(±)-5'-Chloro-5'-deoxy-ENBA Tocris Bioscience (Bristol, UK) 

2-Chloroadenosine (2-CADO) Tocris Bioscience (Bristol, UK) 

2'-MeCCPA Tocris Bioscience (Bristol, UK) 

8-(3-Chlorolstyryl)caffeine (CSC) Tocris Bioscience (Bristol, UK) 

8-Cyclopentyl-1,3-
dimethylxanthine (8-CPT, CPX) Sigma Aldrich (Gillingham, UK) 

Adenosine Sigma Aldrich (Gillingham, UK) 

ANR 94 Tocris Bioscience (Bristol, UK) 

BAY 60-6583 Tocris Bioscience (Bristol, UK) 

caffeine Sigma Aldrich (Gillingham, UK) 

Capadenoson (BAY 68-4986) Insight Biotechnology (Wembley, UK) 

CCPA (2-Chloro-N6-
cyclopentyladenosine) Tocris Bioscience (Bristol, UK) 

CGH 2466 Tocris Bioscience (Bristol, UK) 

CGS 15943 Tocris Bioscience (Bristol, UK) 

CGS-21680 Sigma Aldrich (Gillingham, UK) 

Cl-IB-MECA (CF102) Sigma Aldrich (Gillingham, UK) 

Cordycepin (3ǋ-Deoxyadenosine) Tocris Bioscience (Bristol, UK) 

CPA (N6-Cyclopentyladenosine) Sigma Aldrich (Gillingham, UK) 

CV 1808 (2-Phenylamino 
Adenosine) (2-PAA) Tocris Bioscience (Bristol, UK) 

DMPX (3,7-Dimethyl-1-
propargylxanthine) Sigma Aldrich (Gillingham, UK) 

DPCPX (PD-116,948) Sigma Aldrich (Gillingham, UK) 

Enprofylline (3-Propylxanthine) 
Cayman Chemical Company (Michigan, 
USA) 

GR 79236 Tocris Bioscience (Bristol, UK) 

GS 6201 (CVT 6883) Tocris Bioscience (Bristol, UK) 

HEMADO Tocris Bioscience (Bristol, UK) 

IB-MECA (CF101) Tocris Bioscience (Bristol, UK) 

Istradefylline (KW-6002) Tocris Bioscience (Bristol, UK) 

KW-3902 Sigma Aldrich (Gillingham, UK) 

LUF 5834 Sigma Aldrich (Gillingham, UK) 

MRE 3008F20 Tocris Bioscience (Bristol, UK) 

MRS 1191 Sigma Aldrich (Gillingham, UK) 

MRS 1220 Tocris Bioscience (Bristol, UK) 

MRS 1334 Tocris Bioscience (Bristol, UK) 

MRS 1523 Santa Cruz Biotechnology (Texas, USA) 

MRS 1706 Tocris Bioscience (Bristol, UK) 

MRS 1754 Sigma Aldrich (Gillingham, UK) 

MRS 3777 hemioxalate Sigma Aldrich (Gillingham, UK) 

MRS 5698 Tocris Bioscience (Bristol, UK) 

N6-(2-
Phenylisopropyl)adenosine (R-
PIA) Sigma Aldrich (Gillingham, UK) 

NECA Sigma Aldrich (Gillingham, UK) 
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PQ-69 Tocris Bioscience (Bristol, UK) 

Preladenant (SCH 420814) Insight Biotechnology (Wembley, UK) 

PSB 0788 Tocris Bioscience (Bristol, UK) 

PSB 10 hydrochloride Tocris Bioscience (Bristol, UK) 

PSB 11 hydrochloride Sigma Aldrich (Gillingham, UK) 

PSB 1115 Tocris Bioscience (Bristol, UK) 

PSB 36 Tocris Bioscience (Bristol, UK) 

PSB 603 Tocris Bioscience (Bristol, UK) 

Regadenoson (Lexiscan; CVT-
3146) Sigma Aldrich (Gillingham, UK) 

resveratrol Tocris Bioscience (Bristol, UK) 

SCH-442,416 Tocris Bioscience (Bristol, UK) 

SCH-58261 Sigma Aldrich (Gillingham, UK) 

SDZ WAG 994 Tocris Bioscience (Bristol, UK) 

SLV320 Sigma Aldrich (Gillingham, UK) 

Theophylline Tocris Bioscience (Bristol, UK) 

Tozadenant (SYN115) Adooq Bioscience (California, USA) 

VUF 5574 Tocris Bioscience (Bristol, UK) 

XAC Tocris Bioscience (Bristol, UK) 

ZM-241,385 Sigma Aldrich (Gillingham, UK) 

Table 2.1 List of unlabelled adenosine receptor compounds and their 

vendors.  

The eight fluorescent compounds were synthesised by Andrea Vernall 

(University of Nottingham). Compounds were made up from powder in 

DMSO, sonicated for 5 mins, aliquoted, and frozen in dark conditions.   
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Compound AKA Structure  

XAC-X-

BY630 

XAC-X-BY 
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XAC-ser-

tyr-X-BYFL 

AV051 

 

Table 2.2. List of fluorescently labelled adenosine receptor compounds 

and their linker region and fluorophore with structures.  

 

All phenone-based compounds used as standard in the IAM-HPLC 

experiments were sourced from Sigma Aldrich (Gillingham, UK). 

Compounds arrived in liquid form and were stored according to 

manufacturersô instructions to be diluted on the day of experiments.  

2.2 Methods  

2.2.1 Cell culture and transfection 

Cells were cultured at 37oC in a humidified 5% CO2/95% air 

atmosphere in DMEM supplemented with 10%v/v FBS and 2mM L-

glutamine (complete media). Cells were routinely passaged when at 

around 80-90% confluency at a split ratio of between 1:2 and 1:25 with 

cells roughly doubling in number every 24hours. During passaging, the 

adherent cells were gently washed with warmed PBS, then incubated 

with 2mls of tryspin-EDTA solution for 5-10mins before being detached 

with gentle knocking of the flask if required. The trypsin was neutralised 

with about 10mls of complete media and the solution containing cells 

pelleted by centrifugation for 5 mins at 1000 rpm. The pellet was 

resuspended in complete media and seeded as appropriate. 

2.2.2 Membrane preparation  

For kinetic binding experiments membrane preparations were used 

instead of whole cells in order to achieve a single phase of binding. For 

this, a batch of several flasks of adherent cells were transiently 

transfected with the appropriate plasmid containing the receptor of 

choice. The plasmid was diluted to a concentration of 1 µg/ µl then 

diluted 1:50 in Optimum. Polyethylenimine (PEI), also at 1 µg/ µl, was 

diluted in a separate container in Optimum at a 3:50 ratio. The two 
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solutions were combined for 20mins at room temperature before 2.5mls 

of the solution was added to cells in 22.5mls of media in a 175cm2 

flask. The cells were then incubated as normal for 24hours.  

After 24 hours, with the cells now expressing the SNAP-tagged 

receptor, the cells were labelled with SNAP-Lumi4-Terbium(Tb) 

labelling reagent from CisBio (Codolet, France). Media was aspirated 

from cells and the cells washed twice with PBS and once with Tag-lite 

labelling Buffer (LabMed) (CisBio, Codolet, France). Cells were then 

incubated for 1 hour at 37oC in 10mls of labelling reagent. The labelling 

agent was carefully removed and frozen for repeated use. Cells were 

washed in PBS and incubated for 10mins with Hank's Based Enzyme 

Free Cell Dissociation Solution Sigma-Aldrich (Gillingham, UK) before 

being scraped, pelleted as above and frozen.  

The frozen pellet was thawed and processed into homogenised 

membranes ready for use in assays. The thawed pellet was 

resuspended in 10mls of cold buffer B (10mM HEPES and 10mM EDTA 

at pH7.4) and homogenised with 8 x 1 second bursts using an ultra-

turrax homogeniser. A further 10mls of buffer B was added and the 

solution transferred to ultra-fast centrifugation tubes and spun at 22,000 

g using a JA25.5 rotor for 30mins at 4oC. The supernatant was 

discarded, the pellet resuspended in 20mls of buffer B and spun again 

as before. The pellet was then resuspended in 1ml of cold buffer C 

(10mM HEPES and 0.1mM EDTA at pH7.4) and frozen at -80oC. The 

protein concentration was determined by a standard bicinchoninic acid 

(BCA) assay.   

2.2.3 TR-FRET Kinetic assays  

The kinetic binding assays in this thesis can be thought of as one of two 

modes. The fluorescent compounds were screened in a óglobal fit 

modeô where the observed association of several concentrations of 

ligand are measured ± a single high concentration of competitor to 

determine non-specific and specific binding. Alternatively, for the 

unlabelled compounds a single concentration of a fluorescent tracer is 
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used in competition with increasing concentrations of the unlabelled 

compound i.e., ócompetition modeô. Other than the ligands present and 

the analysis, the rest of the assay protocol is the same.  

The assay used 384-well white opaque OptiPlates (Perkin Elmer, 

Massachusetts, USA) and was read in a PheraStar plate reader (BMG 

Labtech, Ortenburg, Germany). The buffer used was HBSS 

supplemented with 5mM HEPES, 0.02%w/v pluronic acid, and 100 

µg/ml saponin, as well as 1.5%v/v DMSO consistently in all solutions to 

avoid problems when solutions mix such as compounds becoming less 

soluble. All experiments took place at room temperature.  

In the óglobal fitô mode the total assay well volume was 40 µl consisting 

of: 

-10 µl of buffer or buffer containing 10µM of unlabelled XAC to block all 

receptors and allow for non-specific binding to be measured. 

-20 µl of fluorescent ligand at 2 times the final assay concentration 

serially diluted in Eppendorf tubes.  

-10 µl of membrane diluted such that 10 µl contains 1 µg of protein 

(pre-incubated for 30mins pre-assay with Guanosine 5ǋ-[ɓ,ɔ-

imido]triphosphate trisodium salt hydrate (Gpp(NH)p) sourced from 

Sigma Aldrich (Gillingham, UK)). This was added last to the well by 

injectors built into the PheraStar and started the reaction.  

In the ócompetition modeô the total assay well volume was 40.2 µl 

consisting of: 

-200nl of unlabelled compound was stamped out into the plates by a 

Mosquito LV liquid handling robot (SPT Labtech, Hertfordshire, UK). 

The Mosquito also completed the serial dilutions. A DMSO only and a 

non-specific binding control were also present on each row.    

-20 µl of buffer. The fluorescent intensity (excitation 620nm, emission 

665nm) was checked at this point to see if any compounds had intrinsic 

fluorescent properties.  

-10 µl of fluorescent tracer at a single concentration was then added to 

each well. The plate was spun and fluorescent intensity checked again 
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to see if the compounds were quenching or potentiating the signal from 

the tracer, and to check for any addition errors.  

-10 µl of membrane was added as per the óglobal fitô mode. Fluorescent 

intensity was again checked after completion of the read as some 

compounds appear to cause unusual fluorescent effects in the 

presence of the membrane.  

 

   

Table 2.3 Example 384 well plate map for ócompetition modeô TR-FRET 

assay. DMSO controls with no compound added (blue) were present in 

columns 1 and 13 to assess total binding of a fixed concentration of 

fluorescent compound. NSB controls in columns 12 and 24 (red) contain a 

high concentration XAC (10µM FAC) such that non-specific binding of the 

fixed concentration of fluorescent compound can be determined. DMSO or the 

high concentration of XAC was also added to rows a and i such that 

increasing concentration of the fluorescent compound could be added and the 

kinetics of said tracer could be determined once for every quarter of the plate. 

In all well expect those in rows a and i, a fixed concentration of fluorescent 

compound would be added. Compounds were added such that their maximum 

concentration would be in columns 11 or 23, then they would be diluted 1 in 3 

to the well immediately left a total of 9 times. This gives space for 28 

compounds to be run at 10 concentrations.  

 

In general, the PheraStar was set to 6 laser flashes, a 5 second cycle 

time for 240 cycles (15mins). However, this was adjusted depending on 

the kinetics of the ligands involved. For example, some ligands required 

c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12 c13 c14 c15 c16 c17 c18 c19 c20 c21 c22 c23 c24

a dmso dmsodmsodmsodmsodmsoNSB NSB NSB NSB NSB NSB dmsodmsodmsodmsodmsodmsoNSB NSB NSB NSB NSB NSB

b dmso min <-- <-- <-- <-- max NSB dmsomin <-- <-- <-- <-- max NSB

c dmso min <-- <-- <-- <-- max NSB dmsomin <-- <-- <-- <-- max NSB

d dmso min <-- <-- <-- <-- max NSB dmsomin <-- <-- <-- <-- max NSB

e dmso min <-- <-- <-- <-- max NSB dmsomin <-- <-- <-- <-- max NSB

f dmso min <-- <-- <-- <-- max NSB dmsomin <-- <-- <-- <-- max NSB

g dmso min <-- <-- <-- <-- max NSB dmsomin <-- <-- <-- <-- max NSB

h dmso min <-- <-- <-- <-- max NSB dmsomin <-- <-- <-- <-- max NSB

i dmso dmsodmsodmsodmsodmsoNSB NSB NSB NSB NSB NSB dmsodmsodmsodmsodmsodmsoNSB NSB NSB NSB NSB NSB

j dmso min <-- <-- <-- <-- max NSB dmsomin <-- <-- <-- <-- max NSB

k dmso min <-- <-- <-- <-- max NSB dmsomin <-- <-- <-- <-- max NSB

l dmso min <-- <-- <-- <-- max NSB dmsomin <-- <-- <-- <-- max NSB

m dmso min <-- <-- <-- <-- max NSB dmsomin <-- <-- <-- <-- max NSB

n dmso min <-- <-- <-- <-- max NSB dmsomin <-- <-- <-- <-- max NSB

o dmso min <-- <-- <-- <-- max NSB dmsomin <-- <-- <-- <-- max NSB

p dmso min <-- <-- <-- <-- max NSB dmsomin <-- <-- <-- <-- max NSB

compound 8 compound 22

compound 11 compound 25

compound 12 compound 26

compound 13 compound 27

compound 14 compound 28

compound 6 compound 20

compound 7 compound 21

compound 9 compound 23

compound 10 compound 24

compound 1 compound 15

compound 2 compound 16

compound 3 compound 17

compound 4 compound 18

compound 5 compound 19
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increased resolution (lower cycle time) to get good fitting of the model 

at the expense of reduced through-put as a lower number of wells could 

be read per cycle. In general, 36 wells were read per cycle. For 

BODIPY 630-650 labelled fluorescent ligands (all those except AV050 

and AV051), terbium was excited at 337nm, with emissions read at 620 

and 665nm. The 620nm emission gives an indication of the signal from 

terbium in the well, and the 665nm signal measures the ligand 

emission, giving an indication that FRET has occurred between the 

terbium and the fluorescent ligand. The resultant FRET signal for 

binding is calculated as the ratio of 665nm emission to 620nm emission 

*10,000. For BODIPY FL labelled ligands (AV050 and AV051), terbium 

was excited at 337nm, but emissions read at 620nm for terbium, and 

520nm for ligand emission indicating the occurrence of FRET.   

Specific binding (total binding minus non-specific binding) was plotted 

on the y-axis against time in mins on the x-axis in GraphPad prism 

v8.2.1 (San Diego, USA).   

Data from the óglobal fit modeô were fitted using the ñnonlinear 

regression ï association kinetics, two or more conc of hotò built in 

analysis in GraphPad prism. This analysis uses the follow equations: 

Y=Ymax*(1 - exp(-1*kob*X)) 

And 

 kob=[L]*kon+koff 

Where Ymax is the maximal binding of a high concentration of ligand, kob 

is the observed association rate, and [L] is the concentration of 

fluorescent ligand (entered into the column headings in nM). The global 

fitting assumes that the off rate is the same across all ligand 

concentrations and shares this across each concentration. 

Subsequently the on rates can be calculated for each curve from the kob 

value. 

Data from the ócompetition modeô were fitted using the ñnonlinear 

regression ï kinetics of competitive bindingò built in analysis in 
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GraphPad prism. This analysis uses equations first described by 

Motulsky and Mahan when studying enzymatic reactions (Motulsky and 

Mahan, 1984).  

KA = K1*L*1E-9 + K2 

KB = K3*I*1e-9 + K4 

S=SQRT((KA-KB)^2+4*K1*K3*L*I*1e-18) 

KF = 0.5 * (KA + KB + S) 

KS = 0.5 * (KA + KB - S) 

DIFF=KF - KS 

Q=Bmax*K1*L*1e-9/DIFF 

Y=Q*(K4*DIFF/(KF*KS)+((K4-Kf)/KF)*exp(-KF*X)-((K4-KS)/KS)*exp(-

KS*X)) 

Whereby K1 and K2 are constrained to the association and dissociation 

rates of the tracer compound respectively, and L is constrained to the 

concentration of tracer used. K3 and K4 are outputted as the 

association and dissociation rates of the cold compound respectively. 

2.2.4 IAM-HPLC  

The immobilised artificial membrane-high performance liquid 

chromatography (IAM-HPLC) assay in this thesis uses a conventional 

HPLC set up fitted with a 30mm by 4.6mm IAM-PC-DD2 column with 10 

µm particle size and 300 Å pore size with a guard kit (Regis 

Technologies, Illinois, USA). The HPLC set up also has a series 200 

autosampler allowing for a degree of automation, a series 1050 

degasser, and a UV/VIS photodiode array detector from Perkin Elmer 

(Massachusetts, USA). Compounds were injected into the system in a 

volume of 20 µl and the flow rate of the system was 0.5ml/min. 

Ammonium acetate (Sigma-Aldrich, Gillingham, UK) 50mM dissolved in 

HPLC grade water (Thermo-Fisher Scientific, Loughborough, UK) at 
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pH7.4 was used as the aqueous mobile phase, with acetonitrile (Sigma-

Aldrich, Gillingham, UK) used as the organic mobile phase.   

The system was set to run for 30 mins at the start of each day to 

equilibrate, and set to run for at least 5 mins if changing the ratio of 

aqueous to organic mobile phases. 100% organic phase was run 

through the system at the end of the day for 10 minutes to clean 

through the column. Propranolol, isoprenaline, nadolol and timolol (all 

from Sigma-Aldrich, Gillingham, UK) were tested at the start of each 

day to track for column deterioration or any abnormalities in the system. 

Citric acid (Sigma-Aldrich, Gillingham, UK) was also run through the 

system three times at the start of the day to determine the column dead 

time (t0) as the compound has essentially zero affinity for the column.  

Retention times (tr) were calculated by determining peak signal in 

Microsoft Excel. These were normalised to retention factors (kIAM 

according to the following equation below: 

Ὧ  
ὸ ὸ

ὸ
 

Retention factors correlate with true IAM partition coefficients (KIAM) and 

can be converted as per the equation below, where Vm is the volume of 

the mobile phase and Vs is the volume of the stationary phase.  

ὑ
ὠ

ὠ
Ὧ  ĜὯ  

More details on the methodology that was optimised in this study can 

be seen in Chapter 4.  

2.2.5 Fluorescence Correlation Spectroscopy (FCS) 

As described in more detail in Chapter 5, FCS is a confocal based 

spectroscopy technique which analyses fluorescent fluctuations from a 

small, defined Gaussian-Lorentzian shaped confocal detection volume 

(0.2fL, ~1x0.3mm). This allows quantification of the dwell time (diffusion 

co-efficient) and concentration of fluorescent species (in this case 

fluorescent ligand molecules). FCS experiments exploit the precise and 
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accurate positioning of the confocal volume in 3 dimensions 

(particularly the z-direction where resolution was a single micron).  

FCS experiments were conducted at 22oC on a Zeiss LSM510NLO 

Confocor 3 confocal microscope (Carl Zeiss, Jena, Germany) using a 

40 Ĭ 1.2NA water-immersion objective lens, with ~2.4 kw/cm2 633 nm 

excitation and emission measured through am LP650 nm filter and a 

pinhole of 1 Airy unit diameter. At the start of each experimental day the 

measurement volume was calibrated by taking 10x10 second 

fluorescence fluctuations of a 5nM solution of Cy5 NHS ester. Data 

were analysed in Zen2012 (Zeiss, Oberkochen, Germany). 

For FCS experiments, cells were cultured in complete medium in 8-well 

plates for 48 hours prior to experiment. Cells appeared healthier and 

more adhered to the coverslip at this time point compared to 24 hours. 

A seeding density of 5,000 cells per well was found to give the desired 

confluency where single, isolated groups of cells could be easily 

identified. Where required, cells were labelled with 0.1 µM SNAP-

surface Alexa Fluor 488 diluted in media for 30mins at 37°C. Cells were 

washed in low fluorescence buffer to remove media (containing high 

background fluorescence) and fluorescent label. Cells were left to 

equilibrate to the buffer and temperature for 1 hour. The room 

containing all equipment was temperature controlled to 22oC. Buffer 

was then gently removed and replaced with buffer containing 

fluorescent ligand.    

Focus was initially found visually using transmitted light illumination and 

the field of view adjusted to an area near the centre of well containing a 

desired confluency of cells. Precise adjustments to the x-y positioning 

of the volume were then made above a cell, or area of no cells using a 

live transmitted or confocal image to position the region of interest on 

the crosshairs marking the central image position. Where fluorescence 

was used, cells expressing the SNAP-AlexaFluor488 labelled receptor 

were imaged using the 488nm excitation and a BP505-560 emission 

filter to identify cells highly expressing labelled receptor (Figure 2.1).   
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Figure 2.1 field of view of mixed population of cells expressing the A2a 

adenosine receptor with a SNAP tag labelled with Alexa-fluo 488.       

Approximate positioning of the volume in z at the cell membrane (or 

equivalent height) was made visually by adjusting the fine focus. 

Subsequently, precise positioning in z was then performed using scans 

on low laser powers. For cell membranes, a 2% laser power 633nm 

automated point scan at 8x0.5µm intervals was performed. A single 

peak was observed for the upper cell membrane. The platform was 

then programmed to move in defined increments to the desired height 

above the initial membrane position. It was determined that a minimum 

distance of 2µm was required above the cell membrane to ensure that 

no membrane bound ligand was included in the measurements. A 

similar procedure was used for non-receptor expressing cells. Where 

FCS measurements were taken above the coverslip, the initial height 

above the coverslip that was used was the equivalent z-position as that 

found for those cells measured in the same field of view. 

Fluorescence fluctuations were collected for 1x30s at each z position 

above a receptor-expressing cell, a non-expressing cell and an area 

with no cell present within the same coverslip. This length of data 

collection, coupled with the length of time of incubation of ligands, 

meant that whilst there was a time differential between sets of data in z, 

this was not substantial compared to the length of ligand incubation 

overall. Autocorrelation analysis of these fluctuations (Figure 5) was 
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then used to determine the absolute concentration of ligand at each 

measured x-y-z position and its diffusion co-efficient.        

 

Autocorrelation analysis was carried out in Zen2012 (Carl Zeiss, Jena, 

Germany). All curves were fitted to a model using one freely-diffusing 

3D component, with a pre-exponential to account for fluorophore photo-

physics such as triplet state formation (Gherbi et al., 2018). Initially, the 

dwell time of Cy5 was determined and used in conjunction with its 

literature diffusion co-efficient to calculate the dimensions and volume 

of the detection volume as described in (Briddon et al., 2004). For 

experimental traces, these were initially examined for large aggregates 

(such as ligand aggregates or cell debris) For these traces (~ 5%), data 

were either discarded or, for those <2x the average intensity, these 

were removed using the Zen ñdust filterò. Fitting of these autocorrelation 

curves gave ligand particle numbers and average dwell times, which 

were converted to concentrations and diffusion co-efficient using the 

calibrated volume dimensions (Briddon et al., 2004, Gherbi et al., 2018) 
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Figure 2.2 Summary of methods of fluorescence correlation 

spectroscopy (FCS). A: Fluorescent species travels through confocal volume 

and is excited. B: example of fluctuations in fluorescence intensity of 15 

second period. C: autocorrelation analysis on the trace B. D: schematic 

showing reads being taken at increasing heights in the z-axis above coverslip 

and cell. E: Z-scanning on low laser power to find cell membrane.  

Autocorrelation analysis of the membranes compares the deviation in 

intensity, dI, from the average intensity, I, at time t to that of a range of 

times dt afterwards. This results in an autocorrelation curve which can 

be fitted to a 3D biophysical model to yield the average dwell time, tD, 

of the fluorescent species and its G(0) value which is inversely 

proportional to its concentration. Using calibrated volume dimensions, 

these can be converted to diffusion co-efficient and concentration, 

respectively. 

 

A B 

C 

D E 
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2.2.5 Statistical analysis 

All statistical analysis was performed using GraphPad Prism v8.2.1. 

Statistic significance was determined when P<0.05, reflecting a less 

than 5% chance that data were due to random chance.  

A two-sample t-test was used when comparing means where the data 

were from two statistically independent samples. A paired t-test was 

used when the data were from matched pairs. In all cases t-tests were 

two-tailed meaning there was no assumption which samples mean was 

possibly higher than the other.  

When computing correlation between two variables either Pearson 

correlation or Spearman nonparametric correlation calculations were 

carried out where appropriate. Pearsonôs correlation takes into account 

the strength of a linear correlation but requires the assumption that both 

variables approximately follow a Gaussian distribution. Spearmanôs 

correlation considers the rank order of variables, and not the size of the 

differences, while making no assumption about the Gaussian 

distributions of the populations. In this thesis a DôAgostino-Pearson 

normality test was used to test for Gaussian distributions and where 

possible Pearsonôs correlation was preferred due to the consideration 

for the sizes of difference between variables. Typically, the smaller data 

sets tended to fail the DôAgostino-Pearson normality test in one or more 

variables and hence the Spearmanôs correlation test was applied. As 

Spearmanôs rank correlation is less susceptible to outliers this is 

additionally useful in small data sets where a single outlier could make 

up a significant portion of the data set (although this was not 

considered when choosing an appropriate test). In all cases 

correlations were two-tailed meaning there was no assumption as to the 

direction of potential correlation.   
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Chapter 3 ï Characterising the receptor-ligand 

kinetic binding properties of a series of 

adenosine receptor compounds using time-

resolved Förster resonance energy transfer (TR-

FRET) 

3.1 Introduction  

Receptor-ligand binding kinetics and the concept residence time are 

being increasingly viewed as important in addition to conventional 

equilibrium based pharmacological parameters, such as affinity values, 

and have been the subject of several reviews (Copeland et al., 2006a; 

Zhang and Monsma, 2009; Guo et al., 2014; Cusack et al., 2015; 

Copeland, 2016). Recently, an appreciation of kinetics in the context of 

the exciting phenomena of signalling bias (drugs have a preference for 

which signalling cascades they activate through one receptor) has even 

been proposed (Klein Herenbrink et al., 2016; Lane et al., 2017). The 

dissociation rate (denoted as koff and in the units min-1) of receptor-

ligand complexes divided by the association rate (denoted as kon and in 

the units M-1min-1) is equal to the equilibrium dissociation constant 

(denoted as Kd and in the units M) and represents the concentration at 

which half the receptors will be occupied at equilibrium (equation 1). 

The rate at which ligands associate to receptors, but not dissociation 

rate, is affected by the concentration of ligand in the system and thus 

the observed association rate (kobs) measured in experimental systems 

is concentration dependent. kobs can be converted into the 

concentration independent kon (equation 2 below). The residence time 

(a measure of how long complexes stay bound, denoted as Ű) of a 

receptor-ligand complex is directly related to koff and can be calculated 

as the reciprocal of koff (equation 3 below). The receptor-ligand half-life 

can also be calculated from koff (equation 4 below). Importantly, if the 

residence time exceeds the pharmacokinetic half-life of a drug, then the 

drug could in theory still exert its effect once it has been cleared from 
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the system (Vauquelin and Charlton, 2010). Alternatively, in certain 

circumstances quick dissociation could be responsible for reduced side 

effects by allowing endogenous agonists to surmount the blockade 

(Kapur and Seeman, 2000; Vauquelin et al., 2012). In a relevant 

example at the A2a adenosine receptor, a study found that efficacy of a 

series of agonists correlated far better to residence time compared to 

the more conventional Kd values (Guo et al., 2012a).  

 

1. ὑὨ  

2. Ὧέὲ
     

 

3. ʐ  

4. Ὕ    

 

Historically radiolabelled ligands have been the main tool used to 

investigate the kinetic properties of receptor-ligand complexes. More 

recently approaches have been developed using fluorescently labelled 

ligands with certain advantages and disadvantages compared to 

radioligand approaches (Emami-Nemini et al., 2013). A key advantage 

of the later technique is that it has fewer inherent safety and regulatory 

issues associated with it. A second advantage is that while radioligand 

experiments generally consist of an endpoint read of several time points 

to measure the kinetics of binding (with some exceptions in more 

advanced set ups e.g., Scintillation proximity assay (SPA)), 

fluorescently labelled ligands can be read in real time with a reading 

every few seconds or less. This allows a greater resolution of the 

output, and a less labour-intensive process. Furthermore, fluorescently 

labelled ligands can be used in various imaging techniques including 

FCS. A key disadvantage of the FRET based approach is that small 

molecules are far more extensively modified to add a fluorescent label 

compared to a radioactive one. For example, a radioligand can be 
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made by changing one or a few hydrogen atoms for tritium atoms, 

whereas the addition of a fluorophore and linker region can more than 

double the molecular weight of the compound, changing the properties 

and potentially the binding mode.   

The first aim of this Chapter is to determine the kinetic binding 

properties of the series of 8 fluorescent ligands at the A2a and A2b 

receptors. The ligands share the same core antagonist pharmacophore 

but different linkers and fluorescent labels thus likely a range of 

physicochemical properties. Although making the ligands less clinically 

relevant, the fluorescent labels will allow for later analysis by FCS. The 

second aim is to develop a robust medium-throughput assay for 

determining the kinetics of unlabelled compounds at each of the 4 

adenosine receptors and to screen a series of 57 commercially 

available compounds.     

 

 

3.2 Results  

3.2.1 Optimisation of a TR-FRET based assay for determining 

binding kinetics of fluorescent compounds  

 

Here Chinese Hamster Ovary (CHO) cells transiently transfected with 

SNAP-tagged adenosine A2a or A2b receptors were labelled with 

SNAP-Lumi4-Tb substrate for 1 hour at 37oC (Figure 3.1) and 

subsequently processed into membrane preparations. Experiments 

were started when membrane was added to wells containing 

fluorescent ligands +/- 10µM unlabelled antagonist (XAC) to determine 

non-specific binding. TR-FRET signals were read in a PHERAstar plate 

reader every 15 seconds following 337nm excitation of the terbium 

donor. Using lanthanide donors like terbium provides the benefit of 

having multiple emission peaks allowing for the use of different 

wavelength acceptors (Figure 3.1). Additionally, the long emission half-

life of terbium relative to sources of background fluorescence allows 
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background noise to be reduced by introducing a delay in the order of 

milliseconds between excitation and emission reads.  

 

 

 

 

 

 

Figure 3.1. Lumi4-Tb labelling of SNAP tagged GPCR. Left: enzymatic 

reaction covalently attaching substrate to receptor. Middle: TR-FRET 

occurring as terbium is excited by laser and transfers energy to fluorescent 

ligand brought into proximity by specific binding to receptor. Right: emission 

spectrum of lanthanides terbium and europium. Taken from cisbio.com 

 

The assay was initially optimised to remove artefacts and increase its 

signal-to-noise ratio allowing for greater sensitivity, accuracy and 

reproducibility. One such artefact observed was that rather than binding 

plateauing after an initial association phase, it appeared to slowly 

increase over time (Figure 3.2a). This could be because the 

membranes are not completely homogenised allowing micelles to form 

affecting receptor accessibility. This artefact was removed by incubating 

membranes for 30mins prior to experiment with 100 µg/ml of the 

amphipathic glycoside saponin, similar to a study using A1 adenosine 

receptor membranes (Cohen et al., 1996). A mass of 1 µg of membrane 

per well was found to be sufficient to achieve a good signal without 

wasting extra membrane or running the risk of having effects from 

ligand depletion (Figure 3.2b). Transient transfection was initially 

optimised using Fugene transfection reagent by varying the 

reagent:DNA ratio with 3:1 found to be optimal (Figure 3.2c). 

Transfection was later optimised using the polymer polyethylenimine 

(PEI) (linear, 25000MW), which is far less expensive than Fugene. 

Reagent:DNA ratio was again optimised along with the comparisons 



38 
 

between Optimem versus a simple NaCl buffer as the transfection 

buffer. Furthermore, the addition of the histone deacetylase inhibitor 

valproic acid was tested as preventing DNA wrapping around histones 

in this way has previously been shown to improve transiently 

transfected gene expression for certain genes in CHO cells (Wulhfard 

et al., 2010).  Optimal conditions were found to be 3:1 ratio of PEI:DNA 

in the salt buffer with valproic acid being found to have little effect 

(Figure 3.2d). As well as being cheaper than the Fugene control, these 

conditions were found to be preferential in terms of a signal-noise 

window.     
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Figure 3.2. Example traces of A2a receptor TR-FRET assay optimisation 

experiments using single concentrations of CA200645. A: varying saponin 

concentration in buffer. B: varying mass of membrane per well. C: varying 

fugene:DNA ratio in transient transfection. D: varying PEI:DNA ratio in 

transient transfection +/- 10mM valproic acid (denoted as v+/-) and with either 

optimum as buffer (denoted as n-) or 100mM NaCl buffer (denoted as n+).   
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3.2.2 Determining the binding kinetics of fluorescent ligands for 

adenosine A2a and A2b receptors 

 

Once the assay was optimised, a series of fluorescently labelled 

compounds were screened to determine their kinetic profiles using A2a 

receptor expressing membranes as well as A2b receptor expressing 

membranes under the same conditions. The resulting terbium signal 

and TR-FRET signals from the A2b membranes were comparable to 

the A2a membranes. There were eight compounds in the series all with 

the same pharmacophore (XAC), with either BODIPY 630-650 (630nm 

excitation, 650nm emission) or BODIPY-FL (488nm excitation, 520nm 

emission) as the fluorophore connected by linkers with varying 

compositions (Table 2.2). The different fluorophores and linker regions 

will likely give the molecules different physicochemical properties (see 

Chapter 4) and may also affect the binding of the molecules to the 

receptor. kon, koff and Kd values were determined using a global fit to the 

association kinetic model in GraphPad Prism v8.2.1 with an example 

trace shown below (Figure 3.3).  
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Figure 3.3. Examples of kinetic data for fluorescent compounds. A) 

Example of kinetic trace for one ligand (CA200645) at several concentrations 

with a global fit. B) Example of a single concentration of fluorescent ligand 

(CA200645, 100 nM) where high concentration of unlabelled antagonist (XAC, 

10 µM) is added to prevent reassociation (this is for illustrative purposes as 

direct dissociation like this was not measured for the majority of compounds). 

C) Example of a saturation plot taken from an average of several points at 

equilibrium (again this is illustrative of how affinity values could be determined, 

but was not widely used in this study). Data shown are representative of 3 

experiments performed.     
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A2a receptor-ligand kinetics 

Compound Structure koff(min-1) kon(min-1mM-1) Kd(nM) 

XACBY XAC-X-BY630 0.55±0.23 16700±8030 36.0±6.4 

CA200645 XAC-BY630 0.57±0.17 1330±175 461±10.7 

AV041 XAC-ser-tyr-X-BY630 0.27±0.09 12900±913 28.7±15.3 

AV069 XAC-ala-tyr-X-BY630 0.20±0.02 1220±95.4 430±35.9 

AV074 XAC-ala-ser-X-BY630 0.28±0.18 4040±254 70.7±18.3 

AV075 XAC-asn-ala-X-BY630 0.17±0.10 791±36.4 346±30.2 

AV050 XAC-ser-tyr-BYFL 1.61±0.31 653±33.7 3001±118 

AV051 XAC-ser-tyr-X-BYFL 0.51±0.07 4540±1160 121±34.0 

 

A2b receptor-ligand kinetics 

Compound Structure koff(min-1) kon(min-1mM-1) Kd(nM) 

XACBY XAC-X-BY630 0.08±0.02 24100±6860 3.70±1.5 

CA200645 XAC-BY630 0.13±0.02 872±144 157±27.5 

AV041 XAC-ser-tyr-X-BY630 0.08±0.04 16400±7480 6.50±4.63 

AV069 XAC-ala-tyr-X-BY630 0.03±0.02 1150±81.1 69.6±6.9 

AV074 XAC-ala-ser-X-BY630 0.09±0.3 5820±201 14.8±4.01 

AV075 XAC-asn-ala-X-BY630 0.05±0.01 1040±50.5 43.6±16.8 

AV050 XAC-ser-tyr-BYFL 0.52±0.11 491±66.8 1110±339 

AV051 XAC-ser-tyr-X-BYFL 0.07±0.03 1820±357 43.8±26.8 
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Table 3.2. Summary of TR-FRET kinetic data for 8 fluorescent 

compounds at A2a and A2b receptor expressing cells. In all cases data 

are shown as mean +/- SEM of 4 independent determinations. 
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Figure 3.4. TR-FRET kinetic data for 8 fluorescent compounds at A2a 

and A2b receptor expressing cells. A) log values of the association rate 

plotted against the affinity values for the 8 compounds at each receptor. B) log 

values of the disassociation rate plotted against the affinity values for the 8 

compounds at each receptor. C) log values of the association rate plotted 

against log values of the disassociation rate. In all cases blue circles represent 

A2a receptor data and red circles represent A2b receptor data. R square 

values determined by Spearmanôs ranks correlation.  

 

Despite having the same pharmacophore, the series displayed a range 

of kinetic profiles showing the influence both linker regions and 

fluorophore can have on measured ligand binding. Noticeably, in A2a 

membranes association rates varied by 25.6-fold compared to 9.5-fold 

for dissociation rate compared to 49.1-fold and 17.3-fold in A2b 

membranes respectively. Correlations that were statistically significant 

across the 8 compounds were seen between logarithms of kon and Kd 

for both receptors (p<0.0001, Figure 3.4a), but not between koff and Kd 

(p>0.05, Figure 3.4b).  

The mean Kd of the ligands in the A2a expressing membranes was 573 

nM compared to 181 nM for A2b expressing membranes. The mean kon 

in A2a membranes was 5.27x106 M-1min-1 compared to 6.46x106 M-

1min-1 in A2b. The mean koff in A2a membranes was 0.52 min-1 

compared to 0.13min-1 in A2b. Two-tailed paired t-tests found that the 

differences in Kd and koff, but not kon, were statistically significant 

(p<0.0001, p<0.05, p>0.05 respectively). Therefore, it appears the 

ligands tended to have a higher average affinities for A2b membranes, 

driven by slower dissociation rates. This is best visualised in Figure 

3.4c where the cluster of A2a compounds are right-shifted on the X-Y 

graph, but the spread in the y-axis is more comparable across the 

receptors.    

    



45 
 

 

3.2.3 Determining the binding kinetics of unlabelled compounds at 

adenosine A1, A2a, A2b and A3 receptors using a competition TR-

FRET assay. 

Fluorescence-based assays are not limited to only being able to 

determine the binding properties of fluorescent compounds. Through 

competition with a well characterised fluorescent ligand, the binding 

kinetics of unlabelled ligands can be indirectly measured (Sykes et al., 

2014). Here a single concentration of CA200645 was used in 

competition with several concentrations of 59 commercially available 

unlabelled compounds at all four adenosine receptors. All these 

compounds are commercially available and believed to have a 

reasonable affinity for one or more of the adenosine receptors. All 

compounds were screened to a minimum of 3 replicates at 10 

concentrations. The results of the screen can be seen in Tables 3.3-

3.6. A limit was applied such that compounds with apparent off rates of 

more than 3 min-1 were disregarded as the associated confidence 

intervals became too large at this point. However, in many cases where 

the kinetic properties when unable to be obtained it was still possible to 

obtain Kd with reasonable confidence.   
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Figure 3.5. Examples of competition kinetic binding experiments from a 

single test plate (006). A fixed concentration of CA200645 (with the kinetics 

of the tracer measured at the start of each day) was added to wells along with 

10 concentrations of unlabelled ligand (final assay concentration shown in nM 

on the right of each graph) prior to membrane addition. Membrane expressing 

one adenosine receptor (A2a-top, A2b-middle, A1-bottom graph) was injected 

at time 0 to start the reaction. Data were fitted to the ñnonlinear regression - 

kinetics of competitive bindingò equation in GraphPad Prism v8.2.1 derived 

from Motulsky-Mahan equations (see methods) with the kon, koff and 
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