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Zusammenfassung 
Die Adenosin-Rezeptoren (A1, A2A, A2B und A3) werden im menschlichen Körper in 

nahezu allen Geweben exprimiert und sind an vielen physiologischen als auch 

pathophysiologischen Prozessen beteiligt. Um Adenosin-Rezeptoren (ARs) 

pharmakologisch zu regulieren wurden Agonisten mit unterschiedlichen Affinitäten zu 

den AR-Subtypen entwickelt. Doch nur wenige Substanzen wurden bisher als 

Medikament oder diagnostisches Werkzeug für den Einsatz an Patienten 

zugelassen. Gründe hierfür sind neben zu geringer Effektivität hauptsächlich schwere 

Nebenwirkungen, die auch infolge von Co-Aktivierung anderer Adenosinrezeptor-

Subtypen neben dem Zielrezeptor bedingt sind. Eine Strategie um Nebenwirkungen 

zu reduzieren ist das Prinzip der allosterischen Modulation, wobei eine Substanz 

(allosterischer Modulator) die Effekte eines Agonisten am Rezeptor moduliert. 

Allosterische Modulatoren binden per Definition an andere Stellen des Rezeptors 

(allosterische Bindestelle) als an die Bindestelle des endogenen Agonisten 

(orthosterische Bindestelle). Die orthosterische Bindestelle ist unter den Adenosin-

Rezeptor-Subtypen hochkonserviert, wohingegen die allosterische Bindestelle durch 

ihre höhere strukturelle Variabilität Subtypselektivität aufweist. PD 81,723 ist ein 

positiver allosterischer Modulator, welcher die Reaktion des A1-Rezeptors auf 

Agonisten oder den endogenen Liganden Adenosin (Ado) verstärkt. Allosterische 

Modulation am A1AR wurde hauptsächlich mittels Radioliganden-Bindungsstudien 

untersucht. Für diese Studien werden Zell-Lysate hergestellt, wodurch eine große 

Menge an Adenosin freigesetzt wird. Daher ist dieses Verfahren zur Untersuchung 

von allosterischer Modulation in Kombination mit Adenosin nicht geeignet. 

In dieser Arbeit wurde zum ersten Mal allosterische Modulation am A1AR von Ratte 

und Mensch in Gegenwart von Adenosin in lebenden HEK293-Zellen untersucht. Ein 

Mess-Schema zur Aufzeichnung von positiven allosterischen Effekten wurde 

etabliert, welches durch Fluoreszenz-Resonanz-Energie-Transfer Sensoren die 

Beobachtung der Rezeptor-Konformationsänderung in Echtzeit ermöglicht. Hiermit 

wurde erstmalig die Affinität von PD 81,723 zum Adenosin-besetzten Rezeptor von 

Mensch und Ratte bestimmt. Im Vergleich zum Ado-besetzten humanen A1AR zeigte 

PD 81,723 eine 5-fach geringere Affinität zum NECA-besetzten Rezeptor. Dieses 

Phänomen wird als probe dependency bezeichnet. Des Weiteren konnte erfolgreich 

der Einfluss von PD 81,723 auf die Konzentrations-Wirkungskurve von Adenosin 

gemessen werden. Die entwickelte Vorgehensweise eignete sich hervorragend, um 
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eine weitere Eigenschaft von positiven allosterischen Modulatoren zu analysieren 

und zwar die Verlangsamung der Dissoziation des Liganden-Rezeptor-Komplexes 

(Ado-PD 81,723-A1AR). Die Dissoziation von Adenosin wurde in der Anwesenheit 

oder Abwesenheit von PD 81,723 von der aktiven Konformation des Liganden-

Rezeptor-Komplexes aufgezeichnet. Die erhobenen Daten weisen darauf hin, dass 

PD 81,723 die Verlangsamung der Dissoziation des Liganden-Rezeptor-Komplexes 

durch einen anderen Mechanismus verursacht, als durch sterische Blockierung von 

Adenosin in der orthosterischen Bindetasche. Darüber hinaus konnte mit der 

entwickelten Verfahrensweise die Dissoziations-Kinetik von PD 81,723 vom Ado-

besetzten Rezeptor gemessen werden. Durch diese drei detaillierten kinetischen 

Messungen wurde deutlich, dass die wesentlich längere Dissoziationsdauer von 

PD 81,723 vom aktiven Adenosin-Rezeptor-Komplex der zeitlimitierende Faktor sein 

muss. Daraus konnte gefolgert werden, dass der Adenosin-besetzte Rezeptor ein 

hochaffines Ziel für den allosterischen Modulator PD 81,723 darstellt. 

Zur Untersuchung der potentiellen allosterischen Bindestelle, welche in der zweiten 

extrazellulären Schlaufe des A1-Rezeptors vermutet wird, wurden drei Aminosäuren 

durch Alanin-Austauschmutation verändert, S161A, E172A und I175A. Der Einfluss 

dieser drei Mutationen wurde auf die Affinität und das kinetische Verhalten von 

PD 81,723 in Gegenwart von Adenosin für Mensch und Ratte untersucht. Am A1AR 

des Menschen zeigte S161A eine signifikant höhere Affinität von PD 81,723 

gegenüber der Affinität von PD 81,723 zum Wildtyp. Für die homologe Mutante im A1 

Rezeptor der Ratte wurde hingegen keine Änderung in der Affinität festgestellt. Ein 

möglicher Grund für diese Diskrepanz liegt in den abweichenden Aminosäuren 

zwischen den Spezies (Mensch M162, Ratte V162). Die zu S161A benachbarte 

Aminosäure 162 wurde gegen das jeweilige Pendant in Mensch und Ratte 

ausgetauscht und es konnte gezeigt werden, dass der humane S161A-Phänotyp 

durch die Mutation von S161A M162V im kinetischen Verhalten gerettet wurde.  

Alleinstellungsmerkmale dieser Arbeit sind, dass allosterische Modulation im Hinblick 

auf Kinetik am aktiven Liganden-Rezeptor-Komplex detailliert aufgeklärt werden 

konnte und dass die Messungen mit dem endogenen Liganden Adenosin ohne 

jegliche Modifizierung durchgeführt wurden. Letzteres ist für die Planung klinischer 

Studien hierzu wichtig, da variierende Adenosinspiegel in Probanden bisher kaum 

berücksichtigt wurden. Im Ganzen zeigt diese Arbeit neue und einmalige Einblicke in 

die Interaktionen von Adenosin, PD 81,723 und A1AR für Mensch und Ratte.
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Summary 

Adenosine receptors (A1, A2A, A2B and A3) are widely distributed throughout the 

human body. They are involved in a plethora of physiological and pathophysiological 

processes. Several agonists have been identified with varying affinity to 

pharmacologically target specific adenosine receptor (AR) subtypes. Yet, very few 

compounds have been approved as drugs or diagnostic tools for the use in patients 

because of insufficient efficacy. Moreover, the high amount of side effects, also 

mediated by co-activation of AR subtypes limits their use as drugs. One strategy to 

circumvent the issue of adverse effects is the principle of allosteric modulation, in 

which a substance (allosteric modulator) is modulating the effects of an agonist. Per 

definition allosteric modulators bind to distinct sites of the receptor (allosteric binding 

sites), which are different from the binding site of the endogenous agonist (orthosteric 

binding site). The orthosteric binding site is highly conserved among adenosine 

receptor subtypes. Allosteric binding sites display higher sequence variability and 

show therefore subtype-selectivity. PD 81,723 is a positive allosteric modulator which 

specifically enhances the response of the adenosine A1 receptor subtype induced by 

an agonist or the endogenous ligand adenosine (Ado). Allosteric modulation at the 

A1AR has been investigated mainly by radioligand binding studies using membrane 

lysates. Stressed or injured cells release high amounts of adenosine and precursors 

thereof which makes these experimental settings not suitable to monitor allosteric 

effects in combination with the endogenous ligand adenosine.  

This work provides unique insights on allosteric modulation of human and rat A1 

adenosine A1 receptors with adenosine as the orthosteric ligand in living HEK293 

cells. In order to measure positive allosteric effects an experimental procedure was 

established using fluorescence resonance energy transfer-based A1AR sensors to 

observe conformational change of the receptor in real time. This work is the first 

report on the affinity of PD 81,723 for human and rat adenosine A1 receptor occupied 

by adenosine in living cells. The affinity of PD 81,723 towards the Ado-occupied 

human A1AR was increased 5-fold when compared to the NECA-occupied receptor. 

This change in PD 81,723 affinity is a property of allosteric modulation and is called 

probe dependency. Furthermore, this work also reports the influence of PD 81,723 on 

the adenosine concentration-response curves for human and rat adenosine A1 

receptor. The protocol developed in this work helps to elucidate a further property of 

allosteric modulation: the decrease in the dissociation time of the ligand-receptor 
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complex (Ado-PD 81,723-A1AR). Adenosine dissociation from the ligand-receptor 

complex was recorded in the absence and presence of PD 81,723. The data 

indicates that PD 81,723 does not slow the dissociation of adenosine from the 

orthosteric binding pocket by steric hindrance. The dissociation kinetics of PD 81,723 

from the active ligand-receptor complex could be measured for the first time. The 

comparison of these three kinetic measurements identified the time limiting step of 

ternary complex dissociation: the significantly slower dissociation of PD 81,723 from 

active adenosine receptor complex. Thus, A1AR occupied by adenosine is a high-

affinity target for PD 81,723.  

The putative allosteric binding site, presumably located in the second extracellular 

loop, was investigated by three single alanine-exchange mutants, S161A, E172A, 

and I175A. The influence of these three mutations was investigated on the affinity 

and kinetic behaviour of PD 81,723 in the presence of adenosine. PD 81,723 showed 

a significant increased affinity for human S161A than for human wt, whereas no 

change in affinity was observed for the homolog mutant rat S161A compared to rat 

wt. This difference may originate from differing amino acids; human M162 and rat 

V162. To elucidate this difference, the adjacent amino acid of human S161A was 

exchanged for the respective amino acid of rat. As expected, the kinetic phenotype of 

human S161A was rescued by the mutation of S161A M162V.  

In summary, measurements of positive allosteric modulation in combination with 

endogenous ligand adenosine and detailed kinetics of allosteric modulation at human 

and rat A1AR were reported for the first time in this work. Data of allosteric 

modulation in the presence of adenosine are important for the design of clinical trials, 

since varying adenosine levels in patients have not been considered to date. 

Altogether this study shows new and unique insights in the interactions of adenosine 

and PD 81,723 at human and rat adenosine A1 receptor. 
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1 Introduction 

1.1 G protein-coupled receptors 

G protein-coupled receptors (GPCRs) are cell-surface receptors which transmit an 

external stimulus into the cell. The transduction occurs via the activation of 

heterotrimeric guanine nucleotide-binding proteins (G proteins), which themselves 

activate cellular signaling cascades. Ligand-induced GPCR and G protein activation 

consists of several steps (Figure 1). First, a ligand docks on a specific binding site 

and activates the receptor by inducing a conformational change. Subsequently this 

leads to the activation of the G protein (further described in 1.1.2), which is 

interacting with the intracellular domains of the receptor (Oldham and Hamm 2008). 

The activated G protein regulates effector proteins, which transmit the signal further 

into the cell.  

The receptor signaling is terminated by desensitization and internalization of the 

receptor. In detail, after the G protein dissociates from the receptor docking site, the 

G protein-coupled receptor kinases (GRKs) start to phosphorylate amino acids like 

serine and threonine at the C-terminus of the receptor. β-arrestin is recruited to the 

phosphorylated amino acids of the receptor. In the classical view, the binding of β-

arrestin prevents G proteins from rebinding to the activated receptor conformation 

and thereby terminating the signaling pathway (Pavlos and Friedman 2017). 

Receptor-coupled β-arrestins represent a starting signal for the clathrin pathway. 

Receptor-mediated endocytosis occurs by recruiting proteins like AP2, clathrin and 

dynamin which internalize the receptor into the cytosol by forming vesicles. The 

receptors take different pathways, recycling from the endosomal vesicles to the 

membrane, degradation in lysosomes or long-term down regulation (Rajagopal and 

Shenoy 2018).  
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Figure 1: GPCR signaling cycle. Signal transmission consists of three steps. 1) Specific ligand 
binding to the target receptor and subsequent change of receptor conformation, 2) G protein activation 
by subunit rearrangement or dissociation, 3) G protein subunits bind to effector proteins and the 
signaling is further transmitted by distinct pathways [dashed arrow]. The G protein signaling is 
terminated by 4) recruitment of GRKs (G protein-coupled receptor kinases), which phosphorylate the 
receptor C-terminus, and 5) subsequent recruitment of β-arrestins. β-arrestins initiate endocytosis of 
the receptor [dashed arrow] followed by distinct pathways for degradation, down regulation or 
recycling to the cell surface. Pictures were taken and modified from (Hanlon and Andrew 2015). 

GPCRs are involved in the most important processes of an organism to sense its 

environment by detecting light, mechanic pressure and odorants. Furthermore, they 

are essential for internal physiological communication of organs and tissues via 

activation by hormones, ions and nucleotides. The structure of the receptor 

embedded in the membrane is an hourglass-shaped cylinder formed by seven 

transmembrane helices (TM domains) resulting in an extracellular N-terminus, three 

extracellular loops (ECL), three intracellular loops (ICL), and an intracellular C-

terminus. 

1.1.1 Classification of GPCRs  

There are 1265 genes in the human genome and 2334 genes in the rat genome 

coding for GPCRs (Ono et al. 2005), (http://sevens.cbrc.jp, accessed 2019). Next to 

pseudo genes, expressed receptors were identified via in vivo experiments but a 

notable amount of these receptors are orphans. Orphan receptors are GPCRs 

without known ligand or stimulus. To keep an overview of this enormous number of 

receptors two classification systems were developed, the first one is categorizing via 
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structure similarity and function, A-F System (Kolakowski 1994) whereas the GRAFS 

system was built up on phylogenetic considerations (Schioth and Fredriksson 2005). 

The A-F system contains class A, which harbors “rhodopsin-like” receptors; class B 

(Secretin/Adhesion) receptors which have large N-terminal domains; class C 

(Glutamate) and class F (Frizzled) receptors which have their binding pocket within 

the N-terminus, but there are also GPCRs only found in non-vertebrates, classes D 

and E. The GRAFS system subdivides GPCRs in five classes; Glutamate, 

Rhodopsin, Adhesion, Frizzled/Taste2, and Secretin. The largest class in the GRAFS 

system is the Rhodopsin family, which is further sub-grouped by the chemical nature 

of the corresponding ligands (Schioth and Fredriksson 2005). 

1.1.2 Heterotrimeric G protein 

Guanine nucleotide-binding proteins transmit signals from activated G protein 

coupled receptors to downstream effector proteins, e.g. membrane-bound enzymes 

or ion-channels. The heterotrimeric G protein belongs to the GTPase super family, 

which hydrolyses guanine triphosphate (GTP) to guanine diphosphate (GDP) and 

pyrophosphate (Pi). The GTP-bound protein is the active mode, whereas the GDP-

bound form is the inactive mode of the G protein. The GDP-bound protein requires 

another protein which catalyzes the release of the GDP from the guanine nucleotide-

binding site to return to its active mode. This protein is called guanine nucleotide-

exchange factor, shortly as GEF. The opponent of the GEF is the GTPase-activating 

protein (GAP) which accelerates the GTP hydrolysis and thereby switching the 

G protein back in the inactive mode. The trimeric G protein consists of three subunits, 

Gα, Gβ and Gγ. The Gα-subunit and the Gγ-subunit contain membrane anchor 

domains (Wedegaertner et al. 1995). Several isoforms of Gα-, Gβ- and Gγ-subunits 

exist, forming multiple heterotrimeric G protein combinations, which can activate or 

inhibit different effector proteins. The most prominent α-subunit isoforms are the 

stimulatory Gαs subunits, which activate the adenylyl cyclase (AC) and its counterpart 

are the Gαi subunits, which inhibit the AC activity. The adenylyl cyclase regulates the 

level of the second messenger cyclic adenosine monophosphate (cAMP). Other 

effector proteins are for instance the phospholipase C, which gets activated by the 

Gαq subunit (Mukhopadhyay and Ross 1999) and the cGMP phosphodiesterase 

(PDE), which gets activated by the Gαt subunit (Fung et al. 1981). PDE is important 

in the signaling pathway of light detection in rod cells. 
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The trimeric G protein is associated with the GPCR in the inactive GDP-bound state. 

Upon ligand binding the receptor undergoes a conformational change which leads to 

a release of GDP and subsequent uptake of cytosolic GTP by the Gα-subunit. During 

this exchange the G protein rearranges its subunits and the α-subunit detaches from 

the binding site of the receptor. The Gβ- and Gγ-subunits stay in complex with each 

other while the GTP-bound Gα-subunit docks to a nearby effector protein. The Gα-

subunit activates the effector protein by hydrolyzing GTP and returning to the GDP-

bound state. The Gα subunit reassembles with the Gβγ-complex and recycles back 

to the activated receptor. The G protein activation cycle continues until the receptor is 

desensitized (1.1). The Gβγ-complex can also activate its own set of effector 

proteins, like the K+ channel (Logothetis et al. 1987).  

1.1.3 Receptor affinity and kinetics  

GPCRs are specifically bound by their endogenous ligands. The specific binding of a 

ligand and a receptor is described by a high affinity towards each other. Affinity is a 

measure of the strength of interaction between ligand and receptor. Typically, the 

binding affinity is reported as the dissociation constant KD measured at equilibrium 

conditions. The equilibrium dissociation constant indicates the concentration required 

to occupy 50 % of the available receptors. At chemical equilibrium, the concentration 

of the free ligand and free receptor equals the concentration of the ligand-receptor 

complex, which means that the complex formation and complex dissociation are in 

balance. 

R + L  
𝑘𝑜𝑓𝑓
←  

𝑘𝑜𝑛
→    RL   

[𝑅][𝐿]

[𝑅𝐿]
= 𝐾𝐷 

The rate of complex formation kon given in units of M-1s-1 and the rate of complex 

dissociation koff is given in units of s-1. On-rates are concentration dependent 

whereas off-rates are concentration independent. This is due to the different nature 

of the chemical reaction. A binding event is a bimolecular reaction of one ligand 

molecule and one receptor molecule forming a complex. In an unbinding event the 

reaction starts with one complex and divides into two molecules, which is called a 

unimolecular reaction. The concentration of the free molecules is obsolete for the 

velocity of the unimolecular reaction. Experimentally, on-rates are obtained by fitting 

an association curve with a mono-exponential equation (see methods section 3.2.7) 
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resulting in the time constant tau. The reciprocal of tau is termed as the observed on-

rate kobs (s-1). As explained above kon is dependent on the ligand concentration used 

for the association experiment. Therefore it is necessary to convert the observed on-

rate kobs to kon (M-1s-1) with the following equation: 

𝑘𝑜𝑛 =
(𝑘𝑜𝑏𝑠 − 𝑘𝑜𝑓𝑓)

[𝑙𝑖𝑔𝑎𝑛𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛]
 

For the calculation of kon the determination of the off-rate, koff, is required. The off-rate 

is obtained by mono-exponential fitting the dissociation curve. The equilibrium 

dissociation constant KD can be obtained by the ratio of koff and the calculated kon.  

𝐾𝐷 =
𝑘𝑜𝑓𝑓
𝑘𝑜𝑛

 

This equation describes the link between affinity and kinetics under equilibrium 

conditions. However, the equilibrium state as stabilized in closed in vitro systems, is 

not occurring under physiological conditions (Copeland 2016). In vivo the 

concentration of ligands varies over time (due to metabolism) as well as the amount 

of available receptors in the membrane is not constant (because of desensitization, 

internalization or recycling to the cell surface). Experimental simulation of an open 

system is achieved by intact living cells expressing the receptor of interest in 

physiologic buffer together with a ligand perfusion system. 

By comparing in vitro performance with in vivo efficacy of approved drugs it became 

apparent that, in addition to promising KD values, further parameters had to be 

described for the evaluation of drug candidates (Copeland et al. 2006). For instance, 

tiotropium, an muscarinic-antagonist, compared to a similar compound, showed a 

superior in vivo effect correlating with the slower dissociation kinetics of tiotropium 

(Disse et al. 1999, Dowling and Charlton 2006). This compound is selective for the 

muscarinic receptor subtype M3, which was not predicted from the originally 

calculated KD values for M1, M2 and M3, but was explained by the separately 

determined dissociation kinetics (Disse et al. 1993). 

A compound can elicit its effects only when bound to its target. This dwell-time (or 

lifetime of compound-target complex) can be estimated from association rate and 

dissociation rate of the compound and is referred to as residence time. Per definition 
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the residence time (RT) is the reciprocal of the dissociation rate, koff (Copeland et al. 

2006). RT was defined solely by 1/koff, because the inspected compounds showed 

little variance in association rates compared to the variation in dissociation rates 

(some even by orders of magnitude). This assumption might be valid for various 

ligands, but there is increasing awareness of the impact of different association-rates 

on the ligand-receptor complex stability (Louvel et al. 2014, de Witte et al. 2016). 

Therefore, it is important to gain knowledge of all relevant parameters of drug 

candidates such as their affinity, RT, dissociation and association kinetics. 

 

1.2 Adenosine receptors  

Adenosine receptors belong to the class A or rhodopsin-like receptors and are part of 

the purinergic receptor family: the P-family. The P-family includes adenosine 

responding receptors as well as receptors which respond to ATP and related 

nucleotides. The latter are further divided in GPCRs, called P2Y and non-GPCRs, 

called P2X receptors (Abbracchio and Burnstock 1994). The P2X receptors are 

ligand gated ion-channels, which regulate the passage of intra- and extracellular 

cations upon binding of ATP. The four adenosine receptor subtypes A1, A2A, A2B 

and A3 are ubiquitously distributed throughout the body (Fredholm et al. 2001). 

Adenosine receptors can form homodimers, e.g. A1-A1 (Ciruela et al. 1995) and 

dimers with other subtypes e.g. A1-A2A (Ciruela et al. 2006). In addition, adenosine 

receptors form heterodimers with other GPCRs, like dopaminergic receptors e.g. A1-

D1 (Gines et al. 2000) detected by immune-precipitation and later on confirmed by 

fluorescence-based techniques (Briddon et al. 2008). The adenosine receptors A1 

and A3 are coupled to Gi which inhibits the adenylyl cyclase activity whereas A2A 

and A2B are coupled to Gs which stimulates the adenylyl cyclase (Fredholm et al. 

2001). Besides cAMP levels, other second messenger pathways are regulated by 

adenosine receptors, like inositol triphosphate and diacylglycerol levels. Depending 

on the tissue, adenosine receptor subtypes signal via Gq/11, G15/16 and Golf (Linden et 

al. 1999, Offermanns and Simon 1995, Kull et al. 2000).  

The first adenosine receptor with a resolved crystal structure was the A2A receptor 

(Jaakola et al. 2008). Most recently crystal structures for the human A1AR were 

published; two showing inactive receptor conformations with bound antagonists; 

PSB36 (Cheng et al. 2017), DU172 (Glukhova et al. 2017) and one showing the 
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active receptor in complex with endogenous ligand adenosine and G protein (Draper-

Joyce et al. 2018). The extracellular loops were resolved in detail and revealed new 

sub-structures: namely the alpha-helix in the second extracellular loop which showed 

a broader extracellular cavity compared to the A2A adenosine receptor. Such spatial 

information is important for the determination of binding sites of agonistic drug 

candidates and allosteric modulators (1.3.3). Although static crystal structures 

provide detailed molecular insights, ligand binding and unbinding dynamics are not 

fully understood. Therefore it is required to gain more knowledge on ligand-residue 

interactions by mutational studies. 

1.2.1 Adenosine A1 receptor 

The adenosine A1 receptor is widely distributed in the brain tissue, especially in the 

cortex, cerebellum and hippocampus as well as in the spinal cord. High levels of 

A1AR expression are also found in heart tissue, aorta, and vas deference. A1AR is 

also expressed in retina, kidney, adrenal gland, spleen, placenta, testis as well as in 

adipose tissue (Fredholm et al. 2000, Fagerberg et al. 2014). Various functions of 

adenosine receptors were dedicated to the AR subtypes by the generation and 

investigation of single subtype knock-out mice (Wei et al. 2011). Via the A1AR 

adenosine mediates tubuloglomerular feedback in the loop of Henle and renin 

release (Brown et al. 2001), lowers anxiety, is involved in neuroprotection 

(Johansson et al. 2001), and promotes habituation to an new environment (Gimenez-

Llort et al. 2005). Furthermore A1AR is involved in vasodilatation (Sato et al. 2005), 

in regulation of heart rate (Koeppen et al. 2009) and in sleep (Bjorness et al. 2009). 

Upon agonist stimulation of A1AR, adenylyl cyclase activity is inhibited by Gαi-

subunits which leads to lower cAMP levels (Fredholm et al. 2000). A1AR mediated 

Gβγ signaling regulates phospholipase C (PLC) activity and increases intracellular 

Ca2+ levels (Nalli et al. 2014). Furthermore A1AR activation induces the opening of 

K+ channels and the closing of Ca2+ channels (Kirsch et al. 1990, Schulte and 

Fredholm 2000).  

1.2.2 Adenosine receptor ligands 

The endogenous ligand adenosine is involved in many biochemical processes. 

Extracellular adenosine originates from cells releasing ATP. ATP is released upon 

shear stress or osmotic-dependent volume changes in the cell (Grierson and 

Meldolesi 1995, Ferguson et al. 1997). Extracellular levels of ATP are controlled by 
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enzymes, mainly ectonucleotidases as well as phosphatases. ATP is hydrolyzed to 

AMP by NTPDases (also named CD39) or by pyrophosphatase. AMP is further 

processed by ecto-5’-nucleotidase, ecto5’NT (or CD73) to adenosine. Additional 

extracellular adenosine is derived from AMP breakdown to adenosine in the cytosol 

and transported via equilibrative nucleoside transporters, ENTs (Anderson et al. 

1999). The effects of pathophysiological or physiologic adenosine levels on 

adenosine receptors are blocked or reversed by antagonists. The most famous 

antagonist of adenosine receptors is caffeine (1,3,7-trimethylxanthine). Caffeine and 

theophylline (1,3-dimethylxanthine), which is another natural occurring xanthine, are 

not subtype-selective for adenosine receptors, but antagonist DPCPX (8-cyclopentyl-

1-3-dipropylxanthine) shows high affinity for the A1AR subtype. The radio labeled 

version of DPCPX became the standard antagonist in radioligand competition assays 

(Lohse et al. 1987). 

 

Figure 2: Structures of A1AR agonists. Endogenous agonist adenosine, CPA (N6-
Cyclopentyladenosine) and NECA (5’-N-ethylcarboxamidoadenosine) as well as the atypical, non-
nucleoside, agonist capadenoson (BAY68-4986). Chemical structures were drawn with the online tool 
ChemDraw JS (https://chemdrawdirect.perkinelmer.cloud/js/sample/index.html). 
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Numerous A1AR agonists, developed in the last decades, are mainly based on the 

structure of adenosine (Figure 2). Modification at position N6 with a cyclopentylgroup 

resulted in a higher affinity for A1AR, this agonist is called N6-cyclopentyladenosin 

(CPA) and shows a higher selectivity for A1AR compared to the other AR subtypes. 

NECA (5’-N-ethylcarboxamidoadenosine) is a modification of adenosine at the ribose 

moiety leading to an increased affinity for all subtypes (Table 1). Capadenoson, also 

known as BAY 68-4986, is not based on the structure of adenosine (non-nucleoside 

agonist). Capadenoson was categorized as partial agonist; inducing low response 

although full receptor occupancy. 

Table 1: Binding affinities of adenosine receptor agonists. Data is represented in nM. Ki-values 
are represented for A1, A2A and A3. a EC50 values for adenosine were determined from adenylyl 
cyclase assay as well as for A2B due to the lack of radio labeled ligands for A2B receptor subtype 
(Klotz et al. 1998). Data compiled from (Yan et al. 2003). 

  A1 A2A A2B A3 

Ado 
human 100a 310a 15,000a 290a 

rat 73a 150a 5100a 6500a 

NECA 
human 14 20 330 25 

rat 5.1 9.7 - 113 

CPA 
human 2.3 794 18,600a 42 

rat 5 3370 - 26 

 

1.2.3 Diseases and therapeutic targeting 

Adenosine receptors are promising targets in treating a plethora of disorders, mainly 

concerning the central nervous system and the cardiovascular system. Istradefylline, 

an A2A adenosine receptor antagonist, was approved by the FDA for therapeutic use 

in Parkinson’s disease (Hauser et al. 2003). Increased expression of A1 adenosine 

receptors were identified in cases with disorders of the respiratory system 

(McNamara et al. 2004, Brown et al. 2008). In these cases, AR antagonists proved to 

be helpful in the treatment of asthma and chronic obstructive pulmonary disease. 

Furthermore, it was shown that A1AR antagonism is a promising strategy in sepsis 

treatment (Wilson et al. 2014). The role of A1AR in cancer is inconsistent and highly 

dependent on the cancer type (Kazemi et al. 2018). 

A1AR agonists are considered for treatment of diseases including type II diabetes, 

angina, epilepsy, neuropathic pain and arrhythmias. Treatment of the A1AR-

mediated supraventricular tachycardia was achieved by application of adenocard, 
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commercial name of adenosine. This was unfortunately accompanied by undesirable 

adverse effects, like atrial fibrillation due to lack of AR subtype-selectivity (Mason and 

DiMarco 2009). A1AR agonists (Tecadenoson, DTI-0009, and GW-493838) with 

optimized subtype-selectivity completed phase II in clinical studies for treatment of 

arrhythmias, heart failure or neuropathic pain. Unfortunately, no results were posted 

on ClinicalTrials.gov (accessed 2020).  

The partial A1AR agonist, capadenoson (Figure 2) has been investigated in clinical 

trials for the treatment of atrial fibrillation (ClinicalTrials.gov, Identifier: NCT00568945, 

no results; accessed 2020) and angina pectoris (Tendera et al. 2012). The latter 

study revealed that in Caucasian men with stable angina capadenoson lowered 

exercise heart rate. However, the international randomized study was withdrawn 

(ClinicalTrials.gov, Identifier: NCT00518921; accessed 2020). Neladenoson 

bialanate, a derivative of capadenoson, was investigated for improvements of 

exercise capacity among patients with heart failure. No significant dose-response 

relationship for neladenoson bialanate was identified in the clinical study over 20 

weeks (Shah et al. 2019). A1 adenosine receptors have a diverse role in regulating 

the kidney function. Ischemia and reperfusion of the renal tissue occurs during 

transplant surgery of the organ and results in ischemic-reperfusion injury. In rats, a 

pretreatment with A1AR specific agonist CCPA (2-chlorocyclopentyladenosine) 

showed improved renal function 24 h after ischemia (Lee et al. 2004). In mice and 

rabbits, CCPA causes a decrease in heart rate and systolic blood pressure (Dana et 

al. 1998, Park et al. 2012). Although preclinical data proved evidence for the 

therapeutic potential of A1AR agonists, successful drug development is hampered 

due to adverse side effects (Borea et al. 2018). Since side effects can occur from co-

activation of adenosine receptors (Yan et al. 2003), new strategies for specific 

targeting of receptor subtypes are required. 
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1.3  Allostery 

The phenomenon of allosterism was first observed for inhibitors of enzymes (Monod 

and Jacob 1961). Other proteins, like membrane receptors were also described to be 

allosterically regulated (Barker et al. 1986, Bruns and Fergus 1990). An allosteric 

modulator is an exogenous receptor ligand, which binds to a site distinct from the 

endogenous ligand binding site. Allosteric binding sites are less conserved than 

binding sites of endogenous ligands among receptor families, potentially allowing for 

selective targeting of subtypes (May et al. 2007). 

In the field of allosteric studies, the endogenous ligands, agonists or antagonists of a 

receptor are called orthosteric ligands. Allosteric modulators can change the 

response of the receptor induced by an orthosteric ligand in a positive (PAM) or 

negative manner (NAM), or do not change the response, also called silent allosteric 

modulators (SAM). Classical allosteric modulators are not able to activate the 

receptor in the absence of a bound orthosteric ligand (Christopoulos 2002). Allosteric 

modulators alter the dissociation kinetics of orthosteric ligands. This property is used 

to identify new allosteric molecules by radio labeling techniques (1.3.2). 

Allosteric molecules which nonspecifically target GPCRs have been identified, like 

brilliant black at adenosine receptors (May et al. 2010) and amiloride analogs 

(Massink et al. 2020). A broad definition of the term allosteric modulator includes the 

G protein itself. Consequently this would characterize all proteins and molecules 

binding apart from the orthosteric site as allosteric ligands, like fatty acids of the 

surrounding membrane or even sodium ions of the interstitium (van der Westhuizen 

et al. 2015). Studies investigating endogenous allosteric modulators, like extracellular 

cations allosterically modifying A2A receptor (Ye et al. 2018), provide useful 

information for MD simulations but are of minor benefit for the drug discovery-

discussion, aiming for specific modulation without changing the overall physiology.  

The actions of allosteric modulators, in the definition of synthetic extracellular 

approaching molecules, are dependent on the orthosteric ligand bound to the 

receptor. This phenomenon is called probe dependency (Kenakin 2005, Kollias-

Baker et al. 1994). The term probe refers to the orthosteric ligand. An allosteric 

modulator may enhance a response of one probe, while it decreases the response of 

another probe or exhibit no effect. For instance, the bound probe could cause a 
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conformational change of the receptor and thereby creating or improving the binding 

site for the allosteric molecule, which results in an increased allosteric binding affinity.  

Another important property of allosteric modulators is quantified by the cooperativity 

factor (Ehlert 1988, May et al. 2007). This factor describes the direction (PAM or 

NAM) and the strength of the allosteric influence on the orthosteric binding affinity or 

orthosteric efficacy. Cooperativity defines the degree of communication between the 

allosteric binding site and the orthosteric ligand binding site and vice versa. In the 

presence of a negative allosteric modulator the concentration of the agonist to reach 

the half maximal effect is increased (right-shift of concentration-response curve) and 

in the presence of positive allosteric modulator the EC50 is decreased (left-shift of 

concentration-response curve). As shown in Figure 3, the extent of the shift is limited, 

based on the theory that all available allosteric binding sites are occupied at high 

concentrations of modulator. The ceiling effect of allosteric effect bears a therapeutic 

advantage over agonist or antagonist treatment; the danger of overdosing is avoided.  

 

Figure 3: Cooperativity of orthosteric ligand and allosteric modulator. A, positive cooperativity of 
allosteric modulators is characterized by shifting concentration-binding curve of the orthosteric ligand 
[dashed line] to the left. With increasing concentrations of allosteric modulator the curve is shifted 
further until a limit is reached (bold solid line). The extent of the shift defines the cooperativity factor 
α > 1. B, negative cooperativity (α < 1) results in the right-shift of the concentration-binding curve. 
Picture was taken and modified from (Christopoulos and Kenakin 2002).  
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1.3.1 Allosteric interactions at GPCRs 

Allosteric ligands can regulate affinity and efficacy of the orthosteric ligand. Two 

molecules bound to distinct sites at a GPCR interact via conformational changes and 

might influence the binding properties and the effect-transmission of each other. 

Several models exist to map the complex interplay of orthosteric ligand, allosteric 

modulator and the receptor. The allosteric ternary complex model, ATCM 

(Christopoulos 2002) focuses on the ability of allosteric modulator to change the 

affinity of the orthosteric ligand and vice versa. In literature, the ligands in allosteric 

models are denoted by A for agonist and B for second agonist or allosteric modulator 

(Christopoulos and Kenakin 2002). In this present work, the terms used in the field of 

allosteric modulation were instead used. The ATCM for GPCRs requires the binding 

of two ligands, the orthosteric ligand (O) and the allosteric ligand (A), to the 

receptor (R) forming a tri-molecular complex (OAR), see Figure 4 B. The orthosteric 

ligand binds to the receptor with an affinity constant KOrtho forming a bimolecular 

complex OR. The allosteric ligand can bind to the receptor, with an affinity constant 

KAllo, forming the bimolecular complex AR. The single ligand can bind to the binary 

complex (either O to AR, or A to OR) with different binding affinities governed by the 

cooperativity of the binding sites (αKOrtho or αKAllo) and subsequent formation of triple-

complex OAR.  
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Figure 4: Receptor binding models. A, two state model of orthosteric ligand binding. Binding of 
orthosteric ligand (O) to the inactive receptor (R) can either occur via an induced fit mechanism with 
the intermediate state of inactive orthosteric-receptor complex (OR) or via a conformational selection 
mechanism with the intermediate state of spontaneous active receptor R*. Both theoretical pathways 
result in the active receptor ligand complex (OR*). KB, binding constant under equilibrium conditions; 
kiso, rate constant of isomerization of receptor states R and R*. B, allosteric ternary complex model, 
ATCM. Receptor is either bound by orthosteric ligand resulting in OR, or receptor is bound by 
allosteric modulator (A) resulting in alloster-receptor complex (AR). O can bind to AR and A can bind 
to OR with binding constant altered by factor α. KOrtho, binding constant of orthosteric ligand; KAllo, 
binding constant of allosteric modulator; α, cooperativity factor. C, allosteric two-state model shows 
interactions of orthosteric ligand and/or allosteric modulator with the receptor in inactive or active state 
(isomerization and binding rate constants are not indicated due to clarity reasons). 

 

The classical ATCM is based on equilibrium constants neglecting the ability of the 

allosteric modulator to change the efficacy of the orthosteric ligand in addition to 

changing its affinity. Furthermore the simple ATCM does not take into account that 

the receptor may exhibit different binding affinities either in its inactive conformation 
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or active conformation. The two-state model of receptor activation considers the 

occurrence of inactive (R) and active (R*) receptor states (Leff 1995). This model 

includes two kinetic pathways of receptor activation by an orthosteric ligand; induced 

fit mechanism or conformational selection, as explained in Figure 4 A. By combining 

the simple ATCM with the two-state model, the allosteric two-state model was 

developed (Hall 2000), Figure 4 C). Another layer of complexity was added by 

incorporation of the interactions between G protein and receptor, resulting in the 

quaternary allosteric complex model (Christopoulos and Kenakin 2002). The focus of 

this work is on the allosteric two-state model, see Figure 4 C. For the first time the 

states of OR* and OAR* will be experimentally resolved by recording receptor 

conformational changes using FRET. Biosensors based on the FRET technique are 

explained in chapter 1.4.2. 

1.3.2 State of the art  

Currently, the methods to determine allosteric modulation of G protein-coupled 

receptors are based on dissociation experiments of radio labeled ligands at isolated 

membranes. In order to determine orthosteric ligand binding properties, the receptors 

are incubated with the radio labeled orthosteric ligand until ligand-receptor-

equilibrium is reached. In a second step a saturating concentration of unlabelled 

orthosteric ligand is applied. The unlabelled orthosteric ligand competes with the 

radio labeled orthosteric ligand, and the dissociation rate of the radioligand is 

consequently determined (Figure 5 A). In different research groups, infinite dilutions 

are used to initiate dissociation of radioligand instead of using unlabeled ligand. To 

quantify the influence of the allosteric ligand on the orthosteric ligand, the kinetic 

dissociation assay is conducted in the presence of unlabeled allosteric ligand (Figure 

5 B). In principle the receptors are incubated with radio labeled orthosteric ligand until 

equilibrium is reached. In a second step unlabeled allosteric ligand along with 

unlabeled orthosteric ligand is applied. In the third step a saturating concentration of 

unlabelled orthosteric ligand is applied to replace the radio labeled orthosteric ligand 

from the receptor. Moreover, different protocols are used for the dissociation assay in 

the presence of allosteric modulator (e.g. in the second step: the unlabeled allosteric 

ligand is applied before the unlabeled orthosteric ligand is applied). These varying 

experimental conditions have to be considered in comparing binding data of 

orthosteric ligands and allosteric modulators. 
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Figure 5: Radioligand-based methods to measure orthosteric and allosteric kinetics at GPCR. 
A, Determining orthosteric ligand dissociation. The receptor-containing material is pre-incubated with 
radio labeled ligand (yellow hexagon) 100 % radioligand binding, and then a saturating concentration 
of unlabeled competitor (red hexagon) is added. After a period of incubation, the dissociation of the 
labeled ligand is complete. Receptors are occupied by the unlabeled ligand. B, Determining ligand 
dissociation in the presence of an allosteric modulator. Incubation of the receptor-containing material 
with the radio labeled ligand (yellow) until ligand-receptor complex equilibrium is reached (orange 
curve). An allosteric modulator (cyan triangles) is added, forming the orthosteric-allosteric-receptor 
complex, together with an excess amount of an unlabeled competitor (red) to start the dissociation of 
the labeled ligand. After a period of incubation, the allosteric activity is evaluated on the basis of a 
comparison between the residually bound labeled ligand in the presence (i) or absence (ii) of the 
allosteric modulator. Picture was taken and modified from (Guo et al. 2017). 

 

Radioligand binding studies detect only changes in alloster-mediated binding affinity 

but no conformational consequences thereof. In addition, functional assays have to 

be conducted in order to reveal discrepancies in binding and effect transmission e.g. 

identification of silent allosteric modulators. Adenosine deaminase has to be applied 

to the receptor containing material, since adenosine is released by injured 

membranes or stressed cells. Thus, the investigation of allosteric modulation in the 

presence of endogenous ligand adenosine is not feasible using this method.  

1.3.3 Allosteric modulator PD 81,723 

Allosteric modulators have several advantages over orthosteric ligands for drug 

development. They have no or minor effects in the absence of orthosteric ligand and 

therefore avoid permanent receptor activation or receptor inhibition. In addition, 

allosteric modulators will act at the site of endogenous ligand activity, allowing tissue-

specific pharmacological treatment. Thus, allosteric modulators show a 

spatiotemporal mode of action dependent on the orthosteric ligand behavior. As 

mentioned above, the risk for overdosing is reduced due to saturation of allosteric 
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effect. Most importantly, allosteric modulator binding sites are less conserved 

compared to the endogenous binding site among receptor subtypes. This facilitates 

the development of subtype-selective drugs for receptor families with high sequence 

identity, like muscarinic receptors or adenosine receptors.  

PD 81,723 was identified as allosteric modulator in an A1AR binding screen of the 

Parke-Davis compound bank (Bruns and Fergus 1990, Bruns et al. 1990). At high 

concentrations PD 81,723 (> 20 µM) displayed competitive antagonism. At low 

concentrations PD 81,723 enhanced the binding affinity of A1AR agonists and 

slowed down the dissociation of agonist CHA from rat A1AR. The positive allosteric 

effects of PD 81,723 are selective for the A1AR subtype (Bruns and Fergus 1990, 

Kollias-Baker et al. 1994, Mizumura et al. 1996). Long term application of PD 81,723 

compared to A1AR specific agonist treatment showed minor desensitization and 

down-regulation of A1ARs (Bhattacharya and Linden 1996), which is a promising 

finding in terms of drug safety. The binding site of PD 81,723 was proposed to be 

located in the second extracellular loop (Narlawar et al. 2010). Site-directed 

mutagenesis studies of human A1AR supported this assumption (Peeters et al. 2012, 

Kennedy et al. 2014, Nguyen et al. 2016b). Nguyen and co-workers postulated that 

the allosteric binding site is in close proximity to the orthosteric binding pocket and 

identified residue E172 as key determinant for allosteric binding.  

The therapeutic potential of PD 81,723 was successfully shown in vivo, by 

investigating ischemic damage in heart, CNS and kidney tissues. Ischemic damage is 

reduced by short intervals of ischemia prior to prolonged phase of ischemia, termed 

preconditioning. In the presence of PD 81,723 the time required to achieve a 

preconditioning effect in canine hearts was reduced (Mizumura et al. 1996). A 

medium dose of PD 81,723, systemically administered to rats prior to 10 min of 

ischemia, significantly reduced injured hippocampal tissue and improved learning 

performance compared to vehicle treated group (Meno et al. 2003). PD 81,723 

decreased inflammation, necrosis, and apoptosis in kidney ischemic-reperfusion 

injury without cardiovascular side effects in mice (Park et al. 2012). 
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Based on PD 81,723 as lead compound (Figure 6), chemists have developed several 

allosteric modulators (Bruns et al. 1990, van der Klein et al. 1999, Baraldi et al. 2003, 

Aurelio et al. 2009). T-62, a more potent derivative of PD 81,723 was investigated in 

clinical trials for neuropathic pain but was terminated due to liver toxicity (Clinical 

trials.gov NCT00809679).  

 

 

Figure 6: Structures of A1AR positive allosteric modulators. PD 81,723 (2-amino-4,5-
dimethylthiophen-3-yl)-[3-(trifluoromethyl)phenyl]methanone and T-62 (2-amino-4,5,6,7-tetrahydro-1-
benzothiophen-3-yl)-(4-chlorophenyl)methanone. Chemical structures were drawn with the online tool 
ChemDraw JS (https://chemdrawdirect.perkinelmer.cloud/js/sample/index.html). 

 

Despite the multitude of PD 81,723-based compounds with improved enhancing 

activity and reduced antagonism (Romagnoli et al. 2015), the progression to clinical 

trials is modest. Newly synthesized allosteric compounds are characterized and 

ranked by data derived from radioligand binding studies and functional assays using 

only synthetic AR agonists. Therefore structure-affinity- and structure-kinetic-relation 

studies with the endogenous ligand adenosine are missing but are of utmost 

importance to predict the in vivo behavior of allosteric compounds. In addition, 

species differences of A1AR have to be considered for future screening of candidate 

series to facilitate the transition from animal testing to clinical trials. 
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1.4 Fluorescence microscopy  

Fluorescence microscopy is a fundamentally important method in many applications 

in all fields of life science. Fluorescence-based techniques are used in high-

throughput screenings of pharmaceutical industry and in basic research to observe 

the location or interactions of single molecules in living cells. Moreover, 

conformational changes of single molecules can be recorded by labeling the 

molecule of interest with two distinct fluorophores capable of resonance energy 

transfer (RET).  

Fluorophores are molecules which absorb light and are thereby elevated from their 

energetic ground state to the excited state. By spontaneous emission of light, the 

fluorophore returns to the ground state. Absorption and emission of photons and the 

occurring energy transfer are usually shown in energy diagrams, termed Jablonski 

diagrams. To be more precise, the Jablonski diagram in Figure 7 A shows energy 

levels (black horizontal lines) of electron transitions. A prerequisite for fluorescence 

are delocalized electrons in π-orbitals. Electrons in π-orbitals are usually oriented in 

anti-parallel spin, occurring in three singlet-states (S0-S2). Each of these singlet-

states consists of vibrational energy levels (0, 1, 2). By absorption of a photon (hv) an 

electron is lifted from the energetic ground state (S0) to a higher vibration-level of an 

excited state, either to S1 or to S2. Electrons from the S2 convert to S1 due to vibration 

energy loss (internal conversion). The transition from the S1 state to the ground state 

can occur with or without emission of a photon (fluorescence or quenching). The 

energy of the emitting photon is reduced compared to the absorbed photon; 

accordingly the wavelength of excitation light is shorter than the wavelength of the 

emitted light. This change in wavelength is called Stokes shift (Lakowicz 2006).  

1.4.1 Fluorescence resonance energy transfer  

Fluorescence or Förster resonance energy transfer, short FRET, is a photochemical 

phenomenon which was discovered by Theodor Förster (Förster 1948). It describes 

the transfer of energy from an excited fluorophore to a second fluorophore, which 

releases the energy by emitting a photon as illustrated in Figure 7 B. The molecule 

which transfers the energy is called donor and the absorbing molecule is called 

acceptor. The energy transfer occurs via dipole-dipole interactions without 

intermediate photon emission. Three factors influence an efficient energy transfer: 1) 

the distance of the molecules is within the range of 10 to 100 Angstroms, 2) the 
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orientation of donor and acceptor dipoles is approximately parallel and 3) the 

emission spectrum of the donor overlaps the absorption spectrum of the acceptor. 

The acceptor emits light in a higher wavelength than the donor, which facilitates the 

measuring of FRET.  

 

 

Figure 7: Jablonski diagrams showing energy states of a fluorophore upon excitation and 
emission of light and energy transfer of two fluorophores. A, excitable electrons of a fluorophore 
with opposing spin orientation (boxes and black arrows on the left) can occur in singlet states, S0, S1, 
and S2, which are characterized by vibrational energy levels 0, 1, 2 (black horizontal lines). Upon 
absorption of a photon (hv) the electron in the ground state S0 is excited either to the S1 or the S2 
excited states. A fast transition without photon emission occurs from the excited S2 state to the S1, this 
process is called internal conversion. The transition from S1 to S0 can occur without (quenching) or 
with photon emission (fluorescence). Electron transitions are depicted with blue vertical lines. B, 
simplified Jablonski diagram to illustrate fluorescence resonance energy transfer (FRET). The donor 
molecule is excited to the S1 state by absorption of a photon. Energy is transferred to a second 
fluorophore within a distinct distance and with appropriate absorption spectrum. The energy transfer to 
the second fluorophore, the acceptor, occurs via direct dipole-dipole interactions. Consequently, the 
acceptor molecule emits a photon. 
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The FRET technique is exploited for a multiplicity of biochemical applications. This 

technique enabled analyzing protein-protein interactions as well as ligand-receptor 

interactions, internal protein conformation changes and protein folding. Moreover, 

FRET can be used as a nano-meter ruler applied on oligonucleotides to determine 

distances. Energy transfer can be detected in different ways: 1) Observing the 

fluorescence intensity level of the donor before and after disrupting the ability of 

acceptor for FRET, either by photo bleaching or by removal of the acceptor from the 

range wherein FRET can occur. With this approach the efficiency of FRET can be 

determined. 2) Observing the fluorescence lifetime (average dwell-time in the excited 

state, Figure 7 A) of individual donor molecules. The lifetime decays faster in the 

presence of a quenching or an acceptor molecule. 3) Observing the fluorescence 

intensity of acceptor and donor; decrease in donor intensity and simultaneous 

increase in acceptor intensity (see Figure 8 A). This technique is called sensitized 

emission and is used in this work to monitor conformational changes of A1AR-FRET 

sensor upon ligand binding (1.4.2). FRET is recorded with an inverted fluorescence 

microscope equipped with beam splitters and two photon detectors allowing for 

simultaneous recording of donor and acceptor emission (Figure 8 B).  

 

Figure 8: Sensitized emission detection of FRET. A, donor (blue) and acceptor (yellow) 
fluorescence of human A1AR-FRET sensor is simultaneously recorded over time. Ratio of acceptor 
fluorescence and donor fluorescence (red) is used as read-out of FRET. Upon adenosine (Ado) 
stimulation the acceptor fluorescence intensity increases and the donor fluorescence intensity 
decreases. B, schematic drawing of inverted fluorescence microscope with excitation and emission 
pathway. Beam splitter (45° black lines) separate excitation (blue) from emission and donor emission 
(turquoise) from acceptor emission (yellow).  
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1.4.2 GPCR FRET sensors in intact living cells 

FRET biosensors, which measure intramolecular conformational changes upon 

GPCR activation, were generated by insertion of fluorescent tags in the third 

intracellular loop and in the C-terminus of the receptor (Vilardaga et al. 2003, 

Hoffmann et al. 2005, Jensen et al. 2009). In the field of GPCRs the most used 

acceptor-donor pair is yellow and cyan fluorescent protein, YFP-CFP, and their 

derivatives. The size of YFP (30 kDa) hampers the binding of the G protein to the 

receptor and therefore the signaling function of the FRET-sensor is reduced. This 

limitation was circumvented by a protein labeling technique with a membrane-

permeable small fluorescein derivative, called FlAsH (Griffin et al. 1998). FlAsH, 

fluorescein arsenical hairpin binder, is smaller in size and elicits a higher quantum 

yield than YFP in living cells (Hoffmann et al. 2005). FlAsH specifically binds the six 

amino acid sequence, CCPGCC and thereby becomes fluorescent. For the 

adenosine A2A FRET-sensor it was shown that FlAsH bound to the tetracysteine 

binding motif encoded in the third intracellular loop preserved the signaling function 

of the receptor (Hoffmann et al. 2005). Human and rat adenosine A1 adenosine 

receptor FRET sensors (Stumpf 2015) with the tetracystein binding motif genetically 

encoded in the third intracellular loop and the CFP fused to the C-terminus were used 

in this work. 
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2 Aims of the study  

 

Regardless of several attempts in the last decades to develop specific agonists to 

target single subtypes of adenosine receptors, only few drugs and diagnostic tools 

are on the market. Besides low in vivo efficacy, this is often due to severe side effects 

based on co-activation of all adenosine receptor subtypes.  

Allosteric binding sites are less conserved across receptor subtypes, therefore 

allosteric modulators are promising tools to increase target specificity. The positive 

allosteric modulator PD 81,723 is specific for the adenosine A1 receptor and 

enhances the effect of agonists as well as the endogenous ligand adenosine.  

Until today, information on allosteric modulation mainly originates from in vitro 

radioligand binding studies using cell lysates. Broken membranes release adenosine 

and precursors thereof, which complicates the investigation of the endogenous 

ligand. Contrary to radioligand based methods, fluorescent resonance energy 

transfer (FRET) techniques allow for real-time recordings of receptor conformational 

changes or receptor-protein interactions in intact living cells.  

 

The purpose of this work is therefore the investigation of the applicability of the FRET 

technique to measure positive allosteric modulation on adenosine A1 receptor in the 

presence of endogenous ligand adenosine. With these FRET measurements two 

main aims should be addressed: 

 

• Investigate potential differences between human and rat adenosine A1 receptor 

particularly with regard to affinity and kinetics of PD 81,723. 

 

• Study the role of the second extracellular loop as putative allosteric binding site 

via mutational analysis.  
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3 Material and Methods 

3.1 Material 

3.1.1 Chemicals and reagents 

Table 2: Purchased chemicals and reagents  

EDT (1,2-Ethanedithiol) Sigma life science 

Adenosine Sigma life science 

Agar Applichem 

Ampicillin Sigma life science 

Ampuwa (H2O for ligand preparation) Fresenius Kabi Deutschland  

Buffers for molecular cloning New England Biolabs 

CaCl2 Applichem 

CPA (N-Cyclopentyladenosine) Tocris 

DMEM, cell culture grade PAN-Biotech 

DMSO (dimethyl sulfoxide)  Sigma life science 

Effectene® transfection reagent Qiagen 

Ethanol ≥ 99 %  Sigma life science 

FBS Biochrom AG 

FlAsH Toronto Research Chemicals 

G418 (Geneticin Sulfate) Gibco-ThermoFisher 

Glucose Applichem 

H2O2, 30 % Sigma life science 

HDGreen™ DNA-Dye Intas Science Imaging Instruments  

HEPES Applichem 

Isopropanol ≥ 99 % Sigma life science 

Kanamycin Applichem 

KCl Applichem 

L-Glutamin Sigma life science 

Loading dye, 6x New England Biolabs 

MgCl2 Applichem 

Myco-1&2 Set Applichem 

NaCl Applichem 

NaOH Applichem 

NECA (5´-N-Ethylcarboxamidoadenosine) Tocris 

PBS Sigma life science 

PD 81,723 (2-amino-4,5-dimethyl-3-thienyl)-[3-

(trifluoromethyl)-phenyl]methanone) 

Tocris 

Penicillin 10000 U/ml, Streptomycin sulfate 10 mg/ml Sigma life science 

Poly-D-Lysine hydrobromide Sigma life science 

Restriction enzymes New England Biolabs 

TAE buffer 10x Merck, Sigma life science 

Theophylline Sigma life science 
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Trypsin/EDTA  Gibco-ThermoFisher 

Tryptone Applichem 

Universal agarose, peqGOLD Peqlab-VWR life science 

Yeast extract Applichem 
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3.1.2 DNA 

Table 3: Plasmids used in this work 
The denomination FlAsH2 in this list refers to the second position out of two possible positions for the 
FlAsH-motif insertion in the third intracellular loop. The FlAsH-motif (CCPGCC) was inserted between 
D221 and P222. 

name resistance gene source 

hA1 in pcDNA3 ampR Dr. Ulrike Zabel 

pc-huA1R- FlAsH2 CFP ampR Dr. Ulrike Zabel 

pc-huA1R-(S161A)- FlAsH2 CFP ampR Dr. Ulrike Zabel 

pc-huA1R-(E172A)- FlAsH2 CFP  ampR Dr. Ulrike Zabel 

pc-huA1R-(I175A)- FlAsH2 CFP  ampR Dr. Ulrike Zabel 

pc-huA1R-(S161A M162V)- FlAsH2 CFP  ampR Dr. Ulrike Zabel 

pc-ratA1R  ampR Dr. Anette Stumpf 

pc-ratA1R- FlAsH2 CFP  ampR Dr. Ulrike Zabel 

pc-ratA1R-(S161A)- FlAsH2 CFP ampR Dr. Ulrike Zabel 

pc-ratA1R-(E172A)- FlAsH2 CFP ampR Monika Frank 

pc-ratA1R-(I175A)- FlAsH2 CFP ampR Monika Frank 

pc-ratA1R-(S161A V162M)- FlAsH2 CFP ampR Dr. Ulrike Zabel 

pGβ-2A-YFP-G2-IRES-Gi1-mTq2 in pEGFP-C1 kanR Dr.ir. J. Goedhart 

pGβ-2A-YFP-G2-IRES-Gi2-mTq2 in pEGFP-C1 kanR Dr.ir. J. Goedhart 

pGβ-2A-YFP-G2-IRES-Gi3-mTq2 in pEGFP-C1 kanR Dr.ir. J. Goedhart  
   

UZ, AS, MF University of Würzburg; JG University of Amsterdam 

3.1.3 Cell lines 

Table 4: Cell lines used in this work  
The denomination FlAsH3 in this list refers to the third intracellular loop. The FlAsH-binding motif was 
inserted in the third intracellular loop. 

name source 

HEK293  ATCC 

HEK 293 human A1 FlAsH3 CFP  Hoffmann-Group 

HEK 293 human A1 FlAsH3 CFP S161A  this work 

HEK 293 human A1 FlAsH3 CFP E172A  this work 

HEK 293 human A1 FlAsH3 CFP I175A  this work 

HEK 293 human A1 FlAsH3 CFP S161A M162V  this work 

HEK 293 rat A1 FlAsH3 CFP  Hoffmann-Group 

HEK 293 rat A1 FlAsH3 CFP S161A  this work 

HEK 293 rat A1 FlAsH3 CFP E172A  this work 

HEK 293 rat A1 FlAsH3 CFP I175A  this work 

HEK 293 rat A1 FlAsH3 CFP S161A V162A  this work 
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3.1.4 Kits 

Effectene transfection reagent was used for stable or transient transfection of 
HEK293 cells as per manufacturer’s instructions.   

Plasmid DNA Purification NucleoBond® Xtra Midi from Macherey-Nagel GmbH & Co. 
KG was used for plasmid preparation. 

Cell lines were tested for possible mycoplasma contamination on a regular basis. 
Myco-1&2 Set from Applichem was used according to manufacturer’s instructions, if 
stable cell lines were infected. 

 

3.1.5 Medium and buffers 

Table 5: Media used for cultivation of E.coli  

LB-medium   

NaCl 1 % (w/v)  

Tryptone 1 % (w/v)  

Yeast extract 0.5 % (w/v)  
   
LB-medium solid   

Agar 1g/100 ml LB-medium  

Ampicillin 100 µg/ml  

Kanamycin 70 µg/ml  

 

Table 6: Buffer used for transformation of chemically competent E.coli 

KCM buffer 
  

KCl 100 mM  

MgCl2 50   mM  

CaCl2 30   mM  

 

Table 7: Media used for cultivation of HEK293 cells 

DMEM+++ (4.5 g/l glucose)   

Penicillin/streptomycin 10 % (w/v)  

L-Glutamine 2 mM  

FBS 10 % (w/v)  

   

DMEM+++ for freezing  store at -20 °C 

DMSO 5 % (w/v)  

FBS additional 5 % (w/v)  

   

DMEM+++ for mutant cell lines   

Theophylline 5 mM  add via sterile filtration 
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Table 8: Composition of physiological buffers used for HEK293 cells 

Labeling buffer  concentration  

HEPES 10   mM  

NaCl 150 mM  

KCl 25   mM  

MgCl2 2     mM  

CaCl2 4     mM  

Glucose 

pH 7.3 

10   mM add directly before use 

   
FRET/measuring buffer   

HEPES 10   mM  

NaCl 140 mM  

KCl 5.4  mM  

MgCl2 1     mM  

CaCl2 2     mM  

pH 7.3   

 

3.1.6 Ligand preparation 

Adenosine was purchased from Sigma-Aldrich. NECA (5´-N-Ethyl-

carboxamidoadenosine), and PD 81,723 (2-amino-4,5-dimethyl-3-thienyl)-

[3 (trifluoromethyl)-phenyl]methanone) were purchased from Tocris. FlAsH is 

commercially available from Toronto Research Chemicals (Canada). Since 

PD 81,723 is instable in DMSO (Joshi et al. 2004) stock solutions were prepared in 

EtOH (≥ 99 %). 

 

3.1.7 Equipment 

Table 9: Equipment and software used in this work 

FRET-Microscope Zeiss Axiovert 2000 

Confocal microscope Leica TCS SP8 

Perfusion system ALA Scientific 

Attofluor cell chamber Invitrogen, ThermoFisher Scientific 

Cover glasses, round 24mm Hartenstein, Würzburg 

  

Software  

Clampex Molecular Devices 

GraphPad Prism 7.03 Graph pad 

Leica LAS AF Leica 

Origin 9 Pro Origin labs 

UCSF Chimera UCSF Resource for Biocomputing, NIH 
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3.2 Methods 

3.2.1 Molecular biology 

3.2.1.1 Polymerase chain reaction 

The polymerase chain reaction (PCR) is used to amplify DNA-fragments. The length 

of a desired fragment is defined by two oligonucleotides, also called primers, which 

are in part complementary to the DNA strand. One PCR cycle consists of denaturing, 

annealing and elongation steps. At first, the double stranded-DNA is split in two 

strands at 94 °C during denaturation. This is followed by the annealing of the 

oligonucleotides to the complimentary parts on the respective strand at a temperature 

of about 54 °C. In the final elongation step of the cycle, heat-stable DNA-synthesizing 

enzymes, called polymerases recognize the strand-oligonucleotide complex and start 

to complete the DNA molecule by adding free nucleotides to the complementary 

bases at 72 °C. This cycle is repeated 30 - 35 times to gain an appropriate amount of 

DNA for further processing. 

Table 10: Composition of standard PCR reaction 

DNA of interest 100 ng 

Buffer 10x 10 µl 

Oligonucleotide 1 3 µl 

Oligonucleotide 2 3 µl 

dNTPs 10 mM 

Polymerase 1 µl 

 up to 100 µl H2O 

 

3.2.1.2 Electrophoretic separation of DNA 

DNA was analyzed for fragment size by separation on a 1 % (w/v) agarose gel, 

containing HDGreen DNA-Dye (4 µl/100 ml ~50 °C agarose) in 1xTAE-buffer at 

120 V for ~ 20 min. The DNA samples were mixed with 6x loading dye as well as the 

used DNA molecular weight markers, 100 bp DNA Ladder or 1 kb DNA Ladder 

purchased from New England Biolabs. The stained DNA was detected with UV-light 

and documented. 

3.2.1.3 Transformation of nucleotides in bacteria 

To amplify plasmid DNA chemically competent E.coli cells (DH5 α cells, made 

competent by CaCl2-method) were used. 0.1-1 µg of plasmid-DNA was mixed with 
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100 µl of ice-cold competent bacteria in 100 µl KCM buffer for 20 min on ice and then 

for 10 min at room temperature. 1 ml LB-medium was added and the mixture was 

incubated for 1 h at 37 °C with horizontal shaking (400 rpm). Cells were centrifuged 

(4000 g for 5 min), the supernatant was discarded and the pellet was resuspended in 

50-100 µl LB-medium. The resuspended cells were plated on solid LB plates 

containing the respective antibiotics. 

3.2.1.4 Isolation of nucleotides from bacteria 

Plasmid DNA Purification NucleoBond® Xtra EF kit in midi format was used to isolate 

plasmid DNA from E.coli. The principle of the purification is based on an alkaline lysis 

of bacteria followed by an anion-exchange chromatography. LB-plates with 

appropriate antibiotics were inspected for isolated colonies, 24 h after transformation 

and inoculation (3.2.1.3). Single colonies were transferred separately in 3 - 4 ml LB-

medium containing antibiotics and incubated for 8 h at 37 °C and 180 rpm. Starter 

cultures were extended overnight (12 - 16 h, 37 °C, and 180 - 200 rpm) to a volume 

of 150 ml or 300 ml for less efficient plasmids under antibiotic selection. Bacterial 

cells were harvested by centrifugation 4,500 - 6,000 x g at 4 °C for 15 min and 

completely resuspended in buffer containing RNase. Cell suspension was gently 

mixed with lysis buffer containing SDS at room temperature for 5 min. After 

neutralization, bacterial cell debris was retained by the use of buffer equilibrated 

NucleoBond filter. A filter column containing positively charged silica beads to bind 

the negatively charged DNA backbone was placed underneath the debris filter. 

Subsequent three washing steps were conducted. One to collect residual lysate out 

of the bacterial debris filter and after discharge of the retention filter to clear off 

contaminants and increase the yield of the bound DNA. Release of DNA from silica 

column filter was achieved by elution with alkaline high salt buffer. Before further 

processing of the DNA e.g. sequencing or DNA digestion (Table 12) an isopropanol 

precipitation of DNA was conducted to remove salt and alcohol traces from the 

detergents used before. After centrifugation of the isopropanol DNA-precipitate 

mixture (15,000 x g for 30 min at 4 °C), the pellet was washed with 70 % ethanol and 

solubilized in nuclease-free water or TE-buffer (10 mM Tris/HCl, pH 7.5, 1 mM 

EDTA). Amplified DNA was stored at - 20 °C. 
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3.2.1.5 Concentration and purity of nucleotides 

To determine DNA concentration and purity of the isolated DNA the 

spectrophotometer NanoDrop 2000c micro-volume-system was used. A DNA 

preparation was considered pure when absorption ratio of 260/280 nm was 1.8-1.95. 

Values lower than 1.8 reflect contamination with protein or other substances 

absorbing at 280 nm. 

3.2.1.6 Molecular cloning 

Adenosine A1 receptor FRET-sensors were cloned in the mammalian expression 

vector backbone pcDNA3 as described in (Stumpf 2015) and (Hoffmann et al. 2005) 

with CFP fused to C-terminus and an insertion of 6 amino acid sequence (CCPGCC) 

for FlAsH-binding (3.2.4) in the third intracellular loop. In general; the DNA of interest 

was amplified and modified with recognition sites for restriction enzymes with PCR 

techniques (3.2.1.1). The target vector and the DNA amplifications were digested 

with the appropriate enzyme (Table 12) to generate overlapping ends, followed by a 

ligation reaction (Table 11) which results in the desired plasmid. After purification, the 

plasmid was amplified using E.coli (3.2.1.3) followed by plasmid isolation (3.2.1.4). In 

general, the plasmid was digested with two enzymes, one recognizing a restriction 

site within the DNA insert and one cutting in the vector backbone (Table 12). The 

plasmid of successful control digestions were sequenced to ensure the exact DNA 

insertion in the vector. The DNA was send to Eurofins Genomics Germany GmbH for 

sequencing by the Sanger method. 

Table 11: Ligation of DNA of interest and vector backbone with overlapping ends 

DNA-Insert  5 ng 

Vector  30 ng 

10x T4-DNA-Ligase-buffer  1 µl  

T4-DNA-Ligase  1 µl 

H2O, endonuclease free 20 µl                        16 °C o/n 

Table 12: Digestion of DNA by restriction enzymes, general composition 

DNA 1 µg 

enzyme 1 1 µl 

enzyme 2 1 µl 

appropriate buffer 5 µl 

H2O, endonuclease free 50 µl                         1 h, 37 °C 
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3.2.2 Cell culture 

Human embryonic kidney 293 (HEK293) cells were cultured in DMEM+++ medium in 

5 % CO2 and at 37 °C. All steps were carefully conducted under antiseptic conditions 

and all solutions and media were used at room temperature. Cells were sub-cultured 

when they reached around 90 % confluency. Briefly, cells were washed with PBS and 

detached from the 10 cm-dish surface by adding 1 ml of Trypsin-EDTA. Cells were 

collected in the appropriate amount of medium and transferred to a new 10 cm-dish 

with freshly applied medium. Cells were frozen in chilled DMEM+++ medium 

containing 10 % of DMSO (Table 7). The cell suspension in the precooled cryo-tubes 

were frozen at -20 °C for three hours and then transferred to -80 °C for permanent 

storage. Before freezing and during maintaining of the cells the cultures were tested 

for contamination with mycoplasma using PCR (3.2.1.1) on a regular basis. The 

supernatant of 100 µl medium of a confluent plate and a positive control (95 °C for 

5 min) was used as DNA template (2 µl of the samples) and assayed with 

mycoplasma-detecting oligonucleotides, MGSO and GPO from MWG Biotech GmbH. 

Cells were thawed in fresh medium and after 3 - 4 hours the medium was exchanged 

to remove residual DMSO. This step is crucial due to the cytotoxicity of DMSO. 

Stable cell lines were maintained in DMEM+++ medium containing 0.2 g/l G418. For 

confocal- or FRET-microscopy, cells were seeded in the desired cell density on 

autoclaved borosilicate 24 mm round glass cover slips placed in 6 well-plates. Mutant 

strains were incubated with DMEM+++containing 5 mM theophylline 24 h prior to 

experiment (Stumpf 2015).  

3.2.3 Transient and stable transfection of HEK293 cells 

The effectene transfection kit from Qiagen was used for transfection of HEK293 cells. 

At the day of transfection the cells had a confluency of 60 %. Right before the 

application of the transfection mixture the cells were washed with PBS and covered 

with 9 ml of fresh medium in a 10 cm-dish. The appropriate amount of DNA diluted in 

the provided transfection buffer (Table 13) was incubated with the enhancer solution 

for 5 min after 1 s of brief vortexing. In the next step the effectene reagent was 

added. After mixing for 10 s, the mixture was incubated for 10 min at room 

temperature. Fresh DMEM+++ medium was added to the mixture (up to 1 ml), and 

pipetted up and down twice, and added drop-wise to the seeded cells. If cytotoxicity 

occurred after 12 - 16 h, cells were washed with PBS and fresh medium was applied. 

Around 48 h post-transfection the cells were analyzed for fluorescence expression.  
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Table 13: Transfection of HEK293 cells with Effectene transfection kit 

Master mix 6-well plate 10 cm-dish  

Plasmid DNA  3 µg Gi-sensor 

1 µg A1AR 

2 µg A1AR 

 
 

EC buffer 300 µl 300 µl  

Enhancer  19.2 µl 16 µl vortex 1 s, incubate 5 min 

Effectene  37 µl 32 µl vortex 10 s, incubate 15 min 

DMEM  600 µl 600 µl carefully pipette 2x 

 

To generate stably transfected cells, 48 h after transfection cells were treated with 

selection medium containing a high concentration of antibiotic (0.8 g/l G418). In 

parallel to the transfection procedure a 10 cm-dish was seeded with non-transfected 

HEK293 cells. The daily treatment with high-antibiotic medium was continued until all 

non-transfected cells in the control 10 cm-dish were dead. At this time point the 

transfected cells grew in colonies. Colonies which were clearly distinguishable from 

their adjacent colonies were carefully picked and separated in a multi-well plate with 

a mild selection medium (0.5 g/l G418). Again cells were analyzed for fluorescence 

two days after reseeding. For ensuring to produce a monoclonal cell line a further 

separation step was necessary. Cells were detached and resuspended in appropriate 

amount of medium and cell number was determined using Countess II FL Automated 

Cell Counter (ThermoFischer Scientific). The cell suspension was diluted in an 

appropriate amount of selection medium to seed statistically 0.5 cells per well of a 

96-well plate. After three to four days the cells were surveyed daily for morphology 

and fluorescence. Again, the best cells were selected and raised in cell number for 

culturing and confocal analysis. 

3.2.4 FlAsH-labeling 

The labeling of FRET receptor sensors expressed in HEK293 cells with the small 

fluorophore FlAsH was conducted as described in (Hoffmann et al. 2005). The 

confluency of the cells should not be less than 60 % at the time of FlAsH-labeling 

procedure. All incubation steps were carried out at 37 °C and 7 % CO2. Cells 

expressing receptor FRET-sensor (containing the FlAsH-binding motif), were washed 

with label buffer (Table 7). 0.5 µM FlAsH and 12.5 µM EDT (1.2-ethanedithiol) in 

label buffer was applied to the cells and incubated for 1 h. Non-specifically bound 

FlAsH was removed by incubation with 250 µM EDT in label buffer for 10 min. Cells 
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were washed twice with label buffer and fresh DMEM+++ medium was added for 

recovery (37 °C, 5 - 10 min). 

3.2.5 FRET measurements 

FRET experiments were performed as previously reported (Hoffmann et al. 2005). 

Cells were seeded on cover slips (Ø = 24 mm coated for 30 min with poly-D-lysine) 

48 h before the experiment. Cover slips were placed in an “Attofluor” chamber and 

covered with measuring buffer. The holder was placed on the FRET microscope 

(Zeiss Axiovert 200, oil immersion 63 × objective) equipped with a polychrome IV 

lamp (TILL photonics, Germany). Emission of CFP (480/20 nm filter) and FlAsH 

(535/15 nm filter), were monitored simultaneously (beam splitter DCLP 505 nm) upon 

excitation at 436 nm. Recording frequency was 10 Hz with 20 ms illumination out of 

100 ms. Fluorescence was detected by photodiodes (TILL photonics), digitalized 

using an analog-digital converter (Digidata 1440 A, Axon Instruments) and recorded 

with Clampex 9.0 software (Molecular Devices, LLC). For data analysis and 

correction OriginPro 9 was used (3.2.7). During the experiment, cells were perfused 

with measuring buffer (140 mM NaCl, 5.4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM 

HEPES, pH 7.3) supplemented with the ligand in indicated concentrations using a 

pressure-controlled perfusion system (ALA Scientific).  

3.2.6 Confocal analysis 

Confocal microscopy was performed using a Leica TCS SP8 inverted scanning 

microscope with a 63 x oil immersion objective lens. Cells expressing adenosine 

receptors tagged with CFP were seeded onto cover slip glasses placed in six-well 

plates. Cover slips were embedded in an “Attofluor” chamber and covered with 

measuring buffer prior to scanning. Fluorescence was detected using a 442 nm diode 

laser. 

3.2.7 Data analysis 

Statistical and graphical analyses were performed using Graph Pad Prism software. 

For calculation of EC30 values the online tool “Compute EC anything from EC50” from 

Graph Pad Prism (https://www.graphpad.com/quickcalcs/Ecanything1.cfm; accessed 

2019) was used. Data were analyzed by ANOVA and appropriate posttests or by its 

non-parametric equivalent Kruskal-Wallis test and by Student’s unpaired two-tailed t-

test or non-parametric Mann-Whitney test as indicated for every figure. Significance 
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levels are given as: #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001. Data represent 

the mean ± SEM unless otherwise stated. 

The raw data of simultaneous recordings of 480 nm (CFP) and 535 nm (FlAsH) 

fluorescence intensity were corrected for donor emission technically co-recorded in 

acceptor emission channel (bleed trough) and for direct excitation of acceptor by light 

of 436 nm (cross talk). For bleed trough correction, the intensity recordings of 535 nm 

were subtracted by correction factor 1 multiplied by the 480 nm intensity recordings 

per time point (Equation 1). Correction factor 1 can be determined by recording the 

fluorescence intensity of cells expressing only donor in the 535 nm-channel. To 

correct for cross talk, direct excitation of the acceptor with a wavelength of 490 nm 

was recorded (490FAccept) at the end of each FRET experiment and multiplied with 

correction factor 2 (Equation 1). Correction factor 2 can be determined by recording 

the fluorescence intensity of cells expressing only acceptor, excited by light of 

436 nm, in the 535 nm-channel. These correction factors are dependent on the used 

filters, microscope and excitation light source. The bleed trough of 535 nm emission 

in the 480 nm-channel was insignificantly small and therefore negligible. The output 

FRET signal is the ratio of the corrected acceptor and the donor fluorescence 

intensity per time point (Equation 2). FRET data processing as well as the correction 

of decrease in FRET intensity overtime (photobleaching of the fluorophores) was 

conducted in Origin 9 Pro. 

FRET signal correction: 

FAccept – (FDonor*correction factor 1) – (correction factor 2 * 490FAccept) = correct FAccept  (1) 

correct FAccept FDonor⁄ =  FRET ratio           (2) 

 

Kinetic fits were conducted with Clampfit 10.7 (Molecular Devices, LLC) using the 

equation: 

ƒ (t) =𝐴 ∗ 𝑒−𝑡/τ 

Tau (τ) is the time constant of either association or dissociation, A is the amplitude of 

FRET signal and t is the time from the starting point of FRET signal change to the 

plateau for association and to baseline for dissociation. 
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4 Results 

4.1 Investigation of rat and human adenosine A1 receptor 

Intramolecular fluorescence resonance energy transfer-based techniques are highly 

suitable to measure conformational changes of GPCRs in vitro and in vivo (Hoffmann 

et al. 2005). With the FRET sensors developed for human and rat A1 adenosine 

receptor (Stumpf 2015) the conformational change stimulated by orthosteric ligands 

in combination with the positive allosteric modulator PD 81,723 was monitored in 

HEK293 cells. The differences in protein sequence of human and rat adenosine A1 

receptor are highlighted in Figure 9. The collected response of receptors expressed 

at the surface of single cells was recorded over time with a recording frequency of 

one data point per 100 milliseconds. This read-out allows the investigation of real-

time kinetics of adenosine receptors in living cells. 

 

Figure 9: Protein sequence of rat adenosine A1 receptor. Sequence of rat adenosine A1 receptor 
represented as snake plot. Amino acids which are distinct in the sequence of human adenosine A1 
receptor are highlighted in green (alignment of human and rat A1AR, see appendix Figure 28). Amino 
acids in red letters are potentially important for allosteric modulator binding or exerting its enhancing 
effects (Nguyen et al. 2016b). These amino acids were investigated in this work, see 4.2. The snake 
plot was generated from www.gpcrdb.org. 
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4.1.1 Orthosteric characterization of rat A1 FlAsH3 CFP sensor 

Drug candidates are likely to elicit different pharmacologic properties depending on 

the molecular structure of the target protein. Among species, the molecular structure 

of the drug binding site may vary substantially, although high sequence similarity of 

target proteins suggests compatibility. Considering this, it is highly important for the 

drug discovery and development process to include species in an early phase of 

basic research. Species should be chosen, which will be relevant for animal testing 

later on in the preclinical research phase. Therefore this work focuses on the 

investigation of allosteric modulation of human and rat adenosine A1 receptors. The 

stable cell line expressing rat A1 FlAsH3 CFP receptor (working group Prof. 

Hoffmann) was investigated for affinity of the endogenous ligand adenosine, as well 

as the synthetic agonists CPA and NECA, Figure 10.  

The rat receptor FRET sensor was well expressed at the cell membrane and the cells 

maintained a morphologically healthy form. Cells were assayed with different 

concentrations of ligand directly referenced by 100 µM of the respective ligand. The 

measured FRET changes were plotted in percent of 100 µM of ligand and a sigmoid 

curve was fitted using GraphPad Prism. EC50 values resulting from the fit curve are 

represented in Table 14 as well as the EC50 values of human A1 FlAsH3 CFP 

receptor (unpublished data from working group of Prof. C. Hoffmann, (Stumpf 2015)). 
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Figure 10: Orthosteric characterization of rat A1 FlAsH3 CFP receptor FRET sensor. A, 
representative FRET trace showing adenosine-induced changes in CFP (FCFP, blue) and FlAsH (FFlAsH, 
yellow) fluorescence intensities over time as well as the normalized FRET ratio (FFlAsH/FCFP, red) of 
single cells expressing rat A1AR FRET sensor. Black horizontal bars indicate duration of ligand 
application. FRET traces were corrected for photo bleaching. Concentration response curves of 
orthosteric ligands, B, adenosine C, NECA and D, CPA for rat A1AR. Data points represent the 
mean ± SD of n ≥ 30 individual cells from five independent experiments. Determined EC50 values are 
listed in Table 14. 

 

Table 14: EC50 values of orthosteric agonists for rat and human A1 wt FRET sensor.  
The EC50 values of Ado, NECA and CPA for rat adenosine A1 receptor as well as the EC50 value of 
CPA for human adenosine A1 receptor were determined in this work. The EC50 values of Ado and 
NECA for human A1AR were determined in a previous doctoral study in the working group of 
Professor Hoffmann (Stumpf 2015). Data were obtained from n ≥ 24 individual cells from at least four 
independent experimental days. Confidence intervals 95 % are presented in brackets. 

 Ado NECA CPA 

rat A1AR  2.6 µM (2.2 - 3.1) 0.5 µM (0.4 - 0.7) 0.13 µM (0.09 - 0.2) 

human A1AR  6.4 µM (3.8 - 10.3) 2.6 µM (1.2 - 3.4) 0.32 µM (0.2 - 0.45) 
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4.1.2 Orthosteric kinetics of rat and human A1 FlAsH3 CFP receptor 

Cell lines stably expressing human or rat adenosine A1 receptors were further 

characterized for their kinetic properties in response to adenosine. The equilibrium 

states of occupied and unoccupied receptor during the FRET experiment are 

depicted in Figure 11 A. The orthosteric ligand is applied to the unoccupied 

receptor (R) and the equilibrium is shifted to the active orthosteric-receptor complex 

state (OR*). By washing the cells with buffer solution the orthosteric ligand is 

removed from the equilibrium reaction, which subsequently shifts the equilibrium to 

the inactive receptor state (R). The kinetics of adenosine were calculated from FRET 

signals induced by 100 µM adenosine (saturating concentration). FRET traces were 

corrected for photo bleaching and fitted with a mono-exponential equation using 

Clampfit software as described in 3.2.7. The curve for association was fitted from the 

starting point of FRET signal change to the plateau of the FRET signal, dissociation 

kinetic was fitted from starting point of FRET signal decrease to the plateau of the 

FRET signal baseline (Figure 11 B). The resulting kinetic parameters were reported 

as tau values. The mean association kinetic was determined for human A1AR as 

396.9 ± 15 ms and for rat A1AR as 442.4 ± 45.5 ms. The mean dissociation of 

adenosine occurred within 5.4 ± 0.6 s and 8.3 ± 0.9 s from human and rat adenosine 

A1 receptor respectively, Figure 11 C, D.  
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Figure 11: Orthosteric kinetics of human and rat A1 FlAsH3 CFP receptor.  A, pictogram shows 
separate states of ligand receptor occupancy during the experiment. The empty inactive receptor (R) 
is binding the orthosteric ligand (red hexagon) forming an activated orthoster-receptor-complex (OR*). 
Orthosteric ligand dissociates from OR* and receptor returns to the inactive state (R). B, kinetic 
determination of human A1AR activation by 100 µM adenosine (left panel) and receptor deactivation 
(right panel) using the software Clampfit. The data points were fitted with the mono-exponential 
equation noted in 3.2.7 (red curve), resulting in time constant tau. C, D, association and dissociation of 
100 µM adenosine for human and rat A1 wt. Single tau values are represented in box plots. Median is 
indicated by vertical line and whiskers are defined by the minimal and maximal tau value. Every data 
point represents an individual cell, n ≥ 11 from at least three independent experimental days. 
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4.1.3 Measuring procedure of allosteric modulation at adenosine A1 receptors 

Classical allosteric modulators are not able to induce a response in the absence of 

orthosteric ligand (Christopoulos 2002). This was confirmed for PD 81,723 as shown 

for the human adenosine A1 receptor (Figure 12). No significant FRET response was 

recorded with 30 µM of PD 81,723 or vehicle (0.03 % EtOH) compared to the signal 

induced by 10 µM adenosine. 

 

Figure 12: In the absence of orthosteric ligand PD 81,723 mediates no receptor response. FRET 
ratio of human adenosine A1 receptor. The receptor is responding to stimulation with 10 µM 
adenosine. 30 µM PD 81,723 and vehicle show no FRET response. Black horizontal bars indicate 
duration of ligand application. 

To measure allosteric effects on adenosine receptors, a suitable concentration of 

orthosteric ligand had to be determined to operate in the optimal measuring window 

to monitor maximal allosteric effects. For probing a positive allosteric modulator the 

concentration of orthosteric ligand has to be lower than the EC50 of the orthosteric 

concentration-response curve to avoid underestimation of the allosteric effect 

(Christopoulos 2002). On the other hand the concentration has to be high enough to 

induce a FRET change clearly distinguishable from baseline fluctuations (noise). For 

adenosine, a concentration around the EC30 was found to give solid and reliable 

FRET responses. EC30 of orthosteric ligand was used for all experiments 

investigating PD 81,723 affinity (4.1.4, 4.1.6) as well as in kinetic measurements 

(4.1.8). Due to the fact that PD 81,723 was not able to induce a FRET change on its 

own (Figure 12) it was necessary to apply a mixture of orthosteric ligand and 

PD 81,723 to the cells.  
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For this purpose, a measurement protocol was developed (Figure 13).  

Step 1: Application of orthosteric ligand solution with the concentration of interest 

until plateau formation of the FRET response occurred. 

Step 2: Application of a solution consisting of orthosteric ligand in the very same 

concentration as in step 1 and allosteric modulator, until plateau formation 

of the FRET response occurred. 

Step 3: Application of buffer solution without any ligand, until FRET response 

decreased back to baseline levels. 

 

 

 

Figure 13: Measurement scheme for determining allosteric effects. Left, pictogram of receptor 
bound to orthosteric ligand (red) represents the state of step 1. Allosteric modulator molecule (blue) is 
added in the second step. Right, the FRET signal increases upon orthosteric ligand application (EC30 
of adenosine) and forming a plateau in step 1. In step 2 the FRET signal is further enhanced by 
application of allosteric modulator (PD 81,723) and forming a plateau. The FRET signal decreases 
upon washing with buffer and reaching baseline again, step 3. 
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4.1.4 Determination of PD 81,723 affinity for adenosine-occupied receptor 

Traditional methods, like radioligand binding studies, are not feasible to determine 

allosteric modulator affinity in combination with endogenous ligand adenosine. This 

limitation is based on the requirement for the presence of adenosine deaminase in 

membrane preparations, since destroyed membranes release considerably amounts 

of adenosine.  

The affinity of the positive allosteric modulator PD 81,723 was investigated for the 

first time in the presence of endogenous ligand adenosine in living cells. With the 

established scheme for measuring allosteric effects for adenosine A1 receptor (as 

described in 4.1.3) the affinity of PD 81,723 was investigated by increasing 

concentrations of allosteric modulator up to 30 µM PD 81,723. Higher concentrations 

of allosteric modulator showed no reproducible and reliable FRET signals. The lowest 

concentration of allosteric modulator used here was 0.3 µM PD 81,723, which still 

generated FRET changes clearly distinguishable from noise of the FRET trace. The 

receptors were assayed with the respective EC30 concentration of adenosine, 3 µM 

Ado for human A1AR and 1 µM Ado for rat A1AR. EC30 values were calculated by the 

use of an online tool provided by GraphPad with the help of the respective hill slope 

values and EC50 concentrations (https://www.graphpad.com/quickcalcs/Ecanything1.

cfm; accessed 2019). The enhancing effect of PD 81,723 was calculated and plotted 

as percentage of adenosine signal amplitude in a concentration dependent manner 

(Figure 14). The resulting EC50 concentration for the enhancing effect of PD 81,723 

was 2.1 µM for human and 2.9 µM for rat adenosine A1 receptor. This data indicates 

that the affinity of PD 81,723 towards human and rat adenosine A1 receptors is not 

substantially different. Interestingly, the enhancing effect of PD 81,723 is higher for 

rat adenosine A1 receptor at maximal concentrations of allosteric modulator. 
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Figure 14: Determination of allosteric modulator affinity. A, normalized FRET trace over time 

showing FRET ratio (FlAsH/CFP) of single cells expressing human A1AR FRET sensor. FRET trace 

was corrected for photo bleaching and normalized to the first data point of the recording. Affinity was 

determined using the EC30 concentration of adenosine (human A1AR 3 µM, rat A1AR 1 µM) and 

varying concentrations of PD 81,723. B, modulator enhancement was plotted in percentage of signal 

evoked by EC30 concentration of adenosine (normalized as 0 %) for human A1AR (triangle) and rat A1 

AR (circle). The affinity of PD 81,723 was determined for human A1AR as 2.1 µM and for rat A1AR as 

2.9 µM. Data represent the mean ± SEM of human n = 40 or rat n = 33 individual cells from six 

independent experiments. 

 

Positive allosteric modulators are known to have the property to prolong the 

dissociation time of orthosteric ligand (Christopoulos 2002). In Figure 15 A the 

prolongation effect of PD 81,723 on the human adenosine A1 receptor stimulated 

with 3 µM Ado is clearly demonstrated. This is further visualized in Figure 15 B by 

normalizing the amplitudes of the signal decay curve of 0 µM, 10 µM and 30 µM 

PD 81,723 to 1 and setting the start of signal decay to t = 0 s. The prolongation effect 

increases in dependency of the concentration of PD 81,723. This prolonged 

dissociation might be the reason for the increased affinity of the orthosteric ligand to 

its target receptor in the presence of the allosteric modulator, Figure 16. The interplay 

of kinetics and affinity is further investigated in the following chapters. But first, the 

impact of allosteric modulator on adenosine concentration-response curve was 

investigated to elucidate an additional characteristic of allosteric modulators, termed 

cooperativity. 
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Figure 15: Prolonged dissociation time in the presence of allosteric modulator. Left panel, 
normalized FRET trace over time showing FRET ratio (FlAsH/CFP) of single cells expressing human 
A1AR FRET sensor, arrows indicate area for exponential fitting. Right panel, visualization of the 
prolongation effect by comparing the FRET signal decay of 3 µM adenosine without allosteric 
modulator 0 µM PD (black), with 10 µM PD (red) and with 30 µM PD (blue). Amplitudes of the decay 
curves were normalized to 1 [ordinate] and to t = 0 s [abscissa]. 

 

4.1.5 Influence of allosteric modulator on orthosteric affinity 

The term cooperativity describes the strength of interference of the allosteric binding 

site with the orthosteric binding site. In order to measure cooperativity, the influence 

of the allosteric modulator on the concentration-response curve of the orthosteric 

ligand is surveyed. The aim of the following experiments was to learn if there is a 

difference in cooperativity of rat and human adenosine A1 receptors, although the 

affinity of PD 81,723 towards both receptors was in an identical micro molar range.  

To investigate to which extent the affinity of adenosine is changed in the presence of 

allosteric modulator, the concentration of adenosine was increased, while a high 

concentration of PD 81,723 was used and kept constant (10 µM PD 81,723). The 

application of the solutions was described above (4.1.3). In Figure 16 C, D absolute 

FRET change values were plotted against the concentration of adenosine 

represented on logarithmic scale. Absolute FRET values represent the difference 

from baseline to the plateau of the FRET signal either induced solely by adenosine 

(grey) or in the presence of PD 81,723 (black). In the presence of PD 81,723 the 

affinity of adenosine was enhanced 2.4-fold for the human receptor and 1.6-fold for 

rat adenosine A1 receptor compared to adenosine affinity in the absence of 

PD 81,723. Interestingly, allosteric enhancement still occurred at saturating 

concentrations of adenosine. The data confirmed that PD 81,723 acts as a PAM by 

A B 
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shifting the EC50 value of adenosine to the left, thus enhancing adenosine affinity for 

human and rat A1AR. 

 

Figure 16: Influence of allosteric modulator on orthosteric concentration-response curve. A, B, 
normalized FRET trace over time showing FRET ratio (FlAsH/CFP) of single cells expressing human 
A1AR and rat A1AR FRET sensor, respectively. Influence of allosteric modulator was measured by 
varying concentrations of Ado and constant concentration of 10 µM PD 81,723. C, D, adenosine 
response in the presence of 10 µM PD 81,723 (grey) compared to the adenosine response without 
PD 81,723 (black). C, for human A1AR a 2.4-fold shift and D, for rat A1AR a 1.6-fold shift was 
determined. Absolute FRET change values (plateau of signal - baseline) were plotted. Data represent 
the mean ± SEM of human n = 52 individual cells from eight independent experiments or rat n = 37 
individual cells from seven independent experiments. Curves are significantly different (p < 0.0001) by 
two-way ANOVA and Bonferroni’s comparison test.  

 

4.1.6 Probe dependency of allosteric modulator PD 81,723 

The impact of the orthosteric ligand on the affinity of the allosteric modulator is 

dependent on the structure of the used orthosteric ligand (denoted probe). To study 

this phenomenon, called probe dependency, NECA as non-specific adenosine 

receptor agonist was used instead of adenosine. The experimental setup to 
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determine allosteric modulator affinity (as described in 4.1.4) was used here with 

1 µM NECA, see Figure 17. 1 µM NECA corresponds to the EC30 concentration of 

NECA for human adenosine A1 receptor (Stumpf 2015).  

 

Figure 17: Probe dependency of PD 81,723. A, normalized FRET trace over time showing FRET 
ratio (FlAsH/CFP) of single cells expressing human A1AR FRET sensor. FRET trace was corrected for 
photo bleaching and normalized to the first data point of the recording. PD 81,723 affinity was 
determined using the EC30 concentration of NECA (1 µM) and varying concentrations of PD 81,723. B, 
modulator enhancement was plotted in percent of signal evoked by EC30 concentration of NECA 
(normalized as 0 %) for human A1AR. The resulting EC50 value for PD 81,723 was determined as 
9.4 µM. Data represent the mean ± SEM of n = 19 individual cells measured at four independent 
experimental days.  

Of note, in Figure 17 B the saturation of the concentration-response curve was not 

reached with the highest feasible concentration of PD 81,723. For NECA the 

determined EC50 value of PD 81,723 was 4.5-fold increased (EC50 = 9.4 µM) 

compared to the EC50 value for the adenosine-occupied human adenosine A1 

receptor (EC50 = 2.1 µM). This reduced affinity of PD 81,723 for NECA-occupied 

receptors in contrast to Ado-occupied receptors indicates the importance of surveying 

adenosine levels in participants of clinical trials. This data shows a clear probe 

dependency of PD 81,723 and proves again the ability of the FRET method as an 

appropriate measurement tool for allosteric modulation. The focus of this work is on 

the interaction of endogenous adenosine and PD 81,723 therefore probe 

dependency with other agonists was not further elucidated. 

4.1.7 Visualization of allosteric modulation on G protein level  

Allosteric effects were observed by monitoring conformational changes of the 

receptors, as demonstrated in the previous chapters. The enhancing effect of 

PD 81,723 on the adenosine receptor might have an impact on the behavior of 

downstream G proteins. In addition to modulating affinity PD 81,723 might influence 
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efficacy as well. Hence, the question for enhancing effects of PD 81,723 on G protein 

activation arose. For this purpose, HEK293 cells were transfected with untagged 

human A1AR and Gαi3 protein FRET-sensor (van Unen et al. 2016). The Gαi-subunit 

is tagged with a CFP derivative (mTurquoise) and the γ-subunit is tagged with an 

YFP variant (Venus) as acceptor fluorophore. Upon conformational change of the 

receptor, induced by adenosine, G proteins are activated and subunit rearrangement 

occurs (Figure 18 A). The rearrangement of the subunits either increases the 

distance or the orientation of the fluorophores towards each other, which leads to a 

decrease in FRET ratio during ligand application (Figure 18 B). An enhancing effect 

of PD 81,723 was observed in combination with 0.1 µM adenosine. With higher 

concentrations of adenosine the enhancing effect of PD 81,723 was not observed. 

The difference of adenosine concentration to measure allosteric modulation at the 

receptor (3 µM) and on the G protein level (0.1 µM) is based on the signal 

amplification along the signal transduction cascade. The enhancing effect of 

PD 81,723 on G protein behavior was not further investigated since the off-kinetics of 

the FRET signal were slow and the requirement for lower concentrations of 

adenosine hampered reproducibility.  

 

 

Figure 18: G protein-based FRET sensor and allosteric enhancement at G protein level. A, 
pictogram shows principle of Gi-protein FRET sensor (van Unen et al. 2016). Upon ligand binding the 
G protein is activated and by reorganizing the subunits. The distance between the fluorescent tags of 
the G protein-based FRET-sensor increases. The resulting FRET ratio is decreasing. B, normalized 
FRET trace over time showing FRET ratio (YFP/CFP) of single cells expressing Gαi3-FRET sensor. 
The FRET sensor was co-transfected with untagged human adenosine A1 receptor. Enhancing effect 
of PD 81,723 on the G protein behavior is clearly visible for 0.1 µM Ado but not for 0.3 µM Ado.  
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4.1.8 Determination of allosteric kinetics 

The influence of allosteric modulator on the dissociation kinetics of orthosteric ligands 

is quite often the only kinetic read-out in the field of allosteric studies. To shed light 

on the allosteric mechanism of slowing down the receptor deactivation upon ligand 

dissociation (Figure 15) a set of three kinetic experiments was designed. First, 

receptor deactivation upon dissociation of PD 81,723, second dissociation of 

adenosine, and third dissociation of both ligands, adenosine along with PD 81,723, 

were monitored via conformational change, see Figure 19. 

In this study, the dissociation of PD 81,723 from the adenosine-occupied receptor in 

active conformation was monitored for the first time (Figure 19 B). The procedure is 

schematically depicted in Figure 19 A. The orthosteric ligand is applied to the 

unoccupied receptor until equilibrium of binding and unbinding is stabilized (OR*). 

This state of equilibrium is shifted by the application of allosteric modulator to the 

state of alloster-orthoster-receptor (OAR*) equilibrium. The dissociation of allosteric 

modulator from the OAR* state is induced by removing allosteric modulator form the 

reaction and the receptor returns to the OR* state. In Figure 19 B the dissociation of 

PD 81,723 was initiated by washing the receptor bound to adenosine and PD 81,723 

with a solution only containing adenosine and thereby removing PD 81,723 from the 

receptor. Consequently, the FRET signal decreases to the level of receptor bound to 

adenosine, Figure 19 B. By washing with buffer, thereby removing adenosine, the 

receptor is returning to the inactive state and the FRET signal decreases to baseline 

levels. The dissociation of PD 81,723 from the adenosine-occupied receptor was 

determined by fitting the decaying FRET signal from the OAR* plateau to the OR* 

plateau (cyan curve) with the mono-exponential equation described in 3.2.7 resulting 

in time constant, tau. Single dissociation tau values of human and rat adenosine A1 

receptor are represented in Figure 20.  
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Figure 19: Experimental procedure for determination of orthosteric and allosteric kinetics. A, C, 
E, pictograms show separate states of ligand receptor occupancy. The empty inactive receptor (R) is 
binding the applied orthosteric ligand (red hexagon) forming an activated orthoster-receptor-complex 
(OR*). Allosteric modulator (cyan triangle) binds to the OR* forming an orthoster-alloster-receptor-
complex (OAR*). B, D, F, representative FRET traces, showing FRET ratio (FlAsH/CFP) of single cells 
expressing human adenosine A1 receptor. FRET traces were corrected for photo bleaching and 
normalized to the first data point of the recording. Black horizontal lines indicate duration of ligand 
application. A, allosteric modulator dissociates from OAR*-complex resulting in OR*-complex. 
B, dissociation of allosteric modulator was achieved by washing with 3 μM Ado and thereby removing 
PD 81,723 from Ado-bound receptor. Fit curve for obtaining off-kinetics of alloster (tau) is indicated in 
cyan C, orthosteric ligand dissociates from OAR*-complex resulting in inactivated alloster-receptor-
complex (AR). D, dissociation of orthoster was achieved by washing with 10 μM PD 81,723 and 
thereby removing Ado from PD 81,723-bound receptor. Fit curve for obtaining off-kinetics (tau) of 
orthoster is indicated in red. E, orthoster and allosteric modulator dissociate from OAR* resulting in 
empty inactive receptor R. F, simultaneous dissociation of Ado and PD 81,723 by washing with buffer. 
Fit curve for obtaining off-kinetics (tau) of orthoster and alloster is indicated in black. 
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The allosteric modulator might sterically block the exit trajectory of the orthosteric 

ligand from the receptor binding pocket and thereby causing a prolonged dissociation 

time (as shown in Figure 15). To elucidate this assumption the dissociation of 

orthosteric ligand in the presence of allosteric modulator at the receptor (Figure 19 C) 

as well as simultaneous dissociation of orthosteric ligand and allosteric ligand (Figure 

19 E) were investigated. In Figure 19 F, the dissociation of adenosine in the 

presence of PD 81,723 at the receptor was observed by washing the Ado-PD-

receptor complex with buffer solution only containing 10 µM of PD 81,723 and 

thereby removing adenosine from the equilibrium reaction. The simultaneous 

dissociation of both molecules was achieved by washing the receptor bound to Ado 

and PD with buffer solution resulting in unoccupied inactive receptor, see Figure 

19 D. The quantitative outcome of the above described set of experiments is 

represented in Figure 20 and in Table 15. 

 

Table 15: Orthosteric and allosteric dissociation kinetics from OAR* of human and rat 
adenosine A1 receptors. Dissociation of 10 µM PD 81,723 from OAR* is significantly different from 
simultaneous dissociation of adenosine and PD 81,723 from OAR*. Dissociation of 3 µM adenosine 
from OAR* was not significantly different from simultaneous dissociation of adenosine and PD 81,723 
from OAR* (# P < 0.05 Kruskal-Wallis test). Tau values are presented as median in seconds, 25 % and 
75 % percentile are presented in brackets. Data were collected on at least three independent 
experimental days, n ≥ 7 individual cells per condition. 

 

 

 

Dissociation from OAR* 
 

human A1AR 
tau [s] 
 

rat A1AR 
tau [s] 
 

10 µM PD 156.9   (89.9 - 184.8) # 93.3   (63.7 - 112.3) # 

3 µM Ado 16.0 (13.5 - 30.5) 28.3  (19.5 - 33.3) 

3 µM Ado  
+ 10 µM PD 20.1 (5.1 - 22.9) 11.8  (9.8 - 25.2) 



  Results 

52 
 

 

Figure 20: Orthosteric and allosteric dissociation kinetics from OAR*. Single tau values are 
represented in box plots. Median is indicated by vertical line and the whiskers are defined by minimal 
and maximal tau value. The tau values were determined as visualized in Figure 19. A, C, dissociation 
from human A1AR B, D, dissociation from rat A1AR. A, B, dissociation of PD 81,723 from OAR* 
(cyan) is reduced compared to dissociation of adenosine (red) and dissociation of both ligands 
simultaneously (black). C, D, the dissociation of adenosine from OAR* in the presence of PD 81,723 at 
the receptor (red) is marginally reduced over simultaneous dissociation (black). E, pictograms illustrate 
the respective molecular events at the receptor. Data were collected from n ≥ 7 individual cells 
measured on at least three independent experimental days (means ± SEM are reported in appendix 
Table 28, Table 29).  

 

The kinetic data of all three experiments are presented in Figure 20, which allows 

examining two comparisons. First, the significant slower dissociation of PD 81,723 

(cyan) from adenosine-occupied receptor (OR*) in contrast to the dissociation of 

adenosine along with PD 81,723 (black) demonstrate that the receptor surface 

formed by the bound orthosteric ligand represents a highly attracting target for the 

allosteric modulator. Second, the comparison of adenosine dissociation from 

PD 81,723-occupied receptor (AR) with the simultaneous dissociation of adenosine 
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and PD 81,723 resulted in slightly slower dissociation of adenosine over 

simultaneous dissociation, but no significant difference was found. This data might 

indicate that adenosine is not sterically blocked by PD 81,723. The present work is 

unique in measuring the active receptor bound to adenosine and PD 81,723 and 

especially for determining the deactivation kinetics of the receptor upon dissociation 

of allosteric modulator. With these measurements additional information on the 

dissociation kinetics of the allosteric modulator itself can be obtained, which was 

lacking to date. These findings could be of high interest for the improvement of 

allosteric drug candidates. Altogether, the kinetic data obtained in this work revealed 

that the adenosine-bound adenosine A1 receptor is a high affinity target for 

PD 81,723 and the prolonged dissociation might be rather caused by energetic 

stability of the complex than by steric interactions of orthoster and allosteric 

modulator.  
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4.2 Investigation of mutations in the putative allosteric binding site 

4.2.1 Orthosteric characterization of mutants in the second extracellular loop 

Extracellular loops contribute to the binding site for allosteric modulators, due to their 

high sequence variability in the evolution of GPCRs. This proposal was investigated 

in the field of adenosine receptors by mutational analysis (Peeters et al. 2012, 

Nguyen et al. 2016a, Kennedy et al. 2014). In the present work, three amino acid 

residues (S161, E172 and I175) in the second extracellular loop were substituted by 

alanine to elucidate their influence on orthosteric and allosteric behavior. E172 and 

I175 are in the vicinity of the orthosteric binding pocket whereas S161 is the most 

distant to the orthosteric ligand binding site (Figure 21 A). Stable cell lines expressing 

the single mutant FRET sensors were generated for rat and human A1AR. The 

mutants showed reduced membrane expression of the CFP-tagged receptor, which 

hampered the detection of FRET (Figure 21 B, left panel). The membrane localization 

of adenosine receptor mutants can be improved by overnight treatment with 

theophylline, an AR antagonist (Stumpf 2015, Malaga-Dieguez et al. 2010). Cells 

expressing rat E172A showed reduced receptor expression and less membrane 

localization compared to the cells pre-treated with theophylline (Figure 21 B, right 

panel). Cells were carefully washed with measuring buffer (Table 8) to clear off any 

residual theophylline just before the experiment. Without theophylline treatment 

insufficient or no FRET signals were detected for the mutant cell lines except for 

human E172A; expressing sufficient receptor sensor at the membrane.  
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Figure 21: Modifications of the second extracellular loop and membrane localization of mutant 
receptor sensor. A, active structure of human adenosine A1 receptor bound to adenosine (yellow), 
PDB code: 6D9H showing amino acid residues (orange) chosen for alanine exchange. B, confocal 
images of cells stably expressing rat A1 FlAsH3 CFP E172A. Top panels show CFP emission upon 
excitation at 442 nm, bottom panels show cell morphology. Left panel shows expression of rat 
E172A without theophylline treatment, and right panel shows membrane localization of rat E172A 
after 24 h incubation with 5 mM theophylline. Images of membrane expression of human and rat 
mutants are represented in appendix Figure 29 and Figure 30.  

 

4.2.1.1 Adenosine affinity of mutants in the second extracellular loop 

The mutant cell lines of human and rat adenosine A1 receptors were characterized 

for adenosine affinity as described in 4.1.1. Concentration-response curves of mutant 

cell lines are represented in appendix, Figure 32. EC50 values are listed in Table 16 

including the EC50 values of rat and human A1AR wt. E172A and I175A showed a 

decrease in affinity for adenosine, while S161A increased the affinity compared to wt 

for both species. The reduction in affinity for E172A and I175A over wt turned out to 

be in good correlation with the spatial orientation of both amino acids towards 

adenosine in the recently published crystal structure of A1AR in the active 

conformation bound to adenosine (Draper-Joyce et al. 2018), see Figure 21 A. 
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Table 16: EC50 values of adenosine for human and rat ECL2 mutants compared to wt. Cell lines 
were investigated for adenosine response as described in 4.1.1. The EC50 value of adenosine for 
human A1AR was determined in a previous doctoral study in the working group of Professor Hoffmann 
(Stumpf 2015). Data represent the mean in µM of n ≥ 18 individual cells for human, n ≥ 14 individual 
cells for rat from at least four independent experiments. Confidence intervals 95 % are presented in 
brackets. (#P < 0.05 one-way ANOVA and Dunnett’s multiple comparisons test) 

Mutation   human  
EC50 [µM] of Ado 

 
rat 
EC50 [µM] of Ado 

 

wt  6.4 (3.8 - 10.3)  2.6 (2.2 - 3.1)  

S161A  2.9 (1.5 - 5.4) # 1.1 (0.5 - 2.6) # 

E172A  12.5 (10.0 - 15.6) # 14.8 (3.6 - 30.2) # 

I175A  15.6 (12.6 - 19.3) # 10.5 (5.1 - 25.9) # 

 

4.2.1.2 Orthosteric kinetics of mutants in the second extracellular loop 

To investigate the kinetics of the mutant cell lines the association of adenosine to the 

unoccupied receptor (R+O → RO*) and the dissociation of adenosine from the 

activated receptor (RO* → R+O) were analyzed as described in 4.1.2. The computed 

tau values of the mutants were plotted in comparison to the kinetics of wt (Figure 22). 

The time constants of dissociation for E172A and I175A were decreased for both 

human and rat adenosine receptor compared to S161A and wt, see Figure 22 C, D. 

Ligands with fast dissociation kinetics have a short interaction-time with the receptor, 

which can result in reduced affinity. The decrease in dissociation time of E172A and 

I175A might therefore explain the decreased affinity (see respective EC50 values in 

Table 14).  
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Figure 22: Influence of mutations in the second extracellular loop on the kinetics of adenosine. 
A, B, receptor activation upon association of 100 µM adenosine to the unoccupied receptor of A, 
human A1AR B, rat A1AR. C, D, dissociation of 100 µM adenosine from adenosine-receptor complex 
OR* of C, human A1AR and D, rat A1AR. Single tau values are represented in box plots. Median is 
indicated by vertical line and the whiskers are defined by the minimal and maximal tau value. Data 
were collected from at least three independent experimental days, n ≥ 7 individual cells. Statistical 
significance was calculated by using Kruskal-Wallis test (* P < 0.05, ** P < 0.01, *** P < 0.001). Means 
± SEM in milliseconds are reported in appendix, Table 23, Table 24. 

 

4.2.2 Allosteric characterization of mutants in the second extracellular loop 

4.2.2.1 PD 81,723 affinity of mutants in the second extracellular loop 

 Affinity of PD 81,723 for the mutants in the second extracellular loop was 

experimentally determined as described in 4.1.4. EC30 values for each mutant were 

calculated by the use of an online tool provided by GraphPad 

(https://www.graphpad.com/quickcalcs/Ecanything1.cfm; accessed 2019) with the 

help of the respective hill slope values and EC50 concentrations determined in 

4.2.1.1. Concentration-response curves represented in Figure 23 show the highest 
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relative enhancement for human E172A and the smallest enhancement for rat 

E172A. The resulting affinity values are represented in Table 17. A significantly 

increased affinity over human wt was found for human S161A, whereas the affinities 

of rat wt and rat S161A were not significantly different. This finding indicates a 

species-dependent difference in the binding process of the allosteric modulator. 

 

Figure 23: Affinity of PD 81,723 for human and rat mutants of second extra cellular loop. Top 

panel, human A1AR mutants, S161A (blue curve) was investigated for PD 81,723 affinity by the use of 

2 µM Ado. E172A (red curve) was assayed with 4 µM Ado and I175A (green curve) with 5 µM Ado. 

Bottom panel, rat A1 mutants, S161A (blue curve) was assayed for PD 81,723 affinity by the use of 

0.5 µM Ado. E172A (red curve) was investigated with 7 µM Ado and I175A (green curve) with 5 µM 

Ado. EC50 values of PD 81,723 are summarized in Table 17. Data represent the mean ± SEM of 

n ≥ 16 individual cells for rat and n ≥ 24 individual cells for human measured on at least four 

independent experimental days. 
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Table 17: EC50 of PD 81,723 for human and rat ECL2 mutants compared to wt. Cell lines were 
investigated for PD 81,723 affinity as described in 4.1.4 and 4.2.2.1. Resulting EC50 values are 
represented in µM, 95 % confidence intervals are represented in brackets. Human S161A shows a 
significantly increased affinity over human wt, while rat S161A was not significantly different from rat 
wt (# P < 0.05 one-way ANOVA and Dunnett’s multiple comparisons test). Data were obtained from 
n ≥ 24 individual cells for human and n ≥ 16 individual cells for rat measured on at least four 
independent experimental days.  

Mutation human  
EC50 [µM] of PD 81,723 

rat 
EC50 [µM] of PD 81,723 

wt 2.08 (0.25 - 17.1)  2.96 (0.5 - 17.6)  

S161A 0.64 (0.21 - 2.5) # 2.61 (0.89 - 7.57)  

E172A 1.96 (1.1 - 3.6)  1.43 (0.58 - 3.46)   # 

I175A 1.65 (0.22 - 12.2)  1.50 (0.51 - 4.44)   # 

 

 

4.2.2.2 Influence of PD 81,723 on orthosteric affinity of mutants in the second 

extracellular loop  

The influence of PD 81,723 on the concentration-response curve of adenosine was 

investigated for human and rat adenosine A1 receptor wt and demonstrated positive 

cooperativity of PD 81,723 for adenosine (see 4.1.5). The described experimental 

procedure was repeated for human and rat A1AR mutants of the second extracellular 

loop. Rat I175A showed an overall lower maximal response to adenosine, the FRET 

change is not substantially higher than 5 % (Figure 24, bottom panel green curves). 

Calculated fold shifts of the resulting EC50 values are listed in Table 18. The 

strongest impact of PD 81,723 on the EC50 values was found for human wt and for 

rat E172A and I175A. EC50 values determined from absolute FRET change values 

are represented in appendix Table 22. The data shows that all mutants preserved the 

ability for positive cooperation of adenosine and allosteric modulator.  
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Figure 24: Influence of allosteric modulator on orthosteric concentration-response curve of 
mutants in the second extracellular loop. Adenosine response in the presence of 10 µM PD 81,723 
(light color) compared to the adenosine response without PD 81,723 (intensive color). Top panels, 
represent human A1AR mutants, bottom panels, represent rat A1AR mutants, S161A in blue, E172A 
in red and I175A in green. Fold shifts are summarized in Table 18. Data represent the mean ± SEM of 
absolute FRET change values of n ≥ 30 individual cells for human and n ≥ 25 individual cells for rat 
measured on at least five independent experimental days. Curves are significantly different 
(P < 0.0001) by two-way ANOVA and Bonferroni’s comparison test. 

 

Table 18: Influence of mutants on the ability of PD 81,723 to shift the concentration-response 
curve of adenosine. EC50 values (listed in appendix, Table 22) were used for calculating the fold 
change of EC50 in the presence of the allosteric modulator PD 81,723. For statistical analysis an 
unpaired two-tailed t-test was performed using logEC50 ± SD (## P < 0.01, #### P < 0.0001). Data were 
obtained from n ≥ 30 individual cells for human and n ≥ 25 individual cells for rat measured on at least 
five independent experimental days.  

Mutation human  
EC50 fold shift 

rat 
EC50 fold shift 

wt 2.40 #### 1.65 #### 

S161A 1.65 #### 1.32 ## 

E172A 1.97 #### 2.13 #### 

I175A 1.51 #### 2.15 #### 
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4.2.2.3 Allosteric kinetics of mutants in the second extracellular loop  

To elucidate the influence of the mutations in the second extracellular loop on the 

kinetic behavior of allosteric modulator PD 81,723, mutant cells lines were 

investigated for association and dissociation of PD 81,723 as described in 4.1.2. The 

determined tau values of the mutants were compared to wt kinetics (Figure 25). For 

rat A1AR no significant differences were detected (Figure 25 B, D). Human A1AR 

showed faster dissociation kinetics for E172A and I175A (Figure 25 C) compared to 

human wt. The association of PD 81,723 for human S161A was faster than for wt and 

the dissociation from S161A was slightly slower than wt (Figure 25 A, C). Increased 

association kinetics and decreased dissociation kinetics of a ligand results in an 

increased residence time at the receptor. This, together with the increased affinity 

determined for human S161A but not for rat S161A (Table 17) lead to the question as 

to what point these differences arise.  
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Figure 25: Influence of mutations in the second extracellular loop on the kinetics of PD 81,723. 

A, B, association of PD 81,723 to human A1AR A and rat A1AR B. C, D, dissociation of PD 81,723 

from human receptors occupied by adenosine C and from rat receptors occupied by adenosine D. 

Single tau values are represented in box plots. Median is indicated by vertical line and the whiskers 

are defined by the minimal and maximal tau value. Statistical significance was calculated by using the 

Kruskal-Wallis test (* P < 0.05, ** P < 0.01). Data were obtained from n ≥ 8 individual cells measured 

on at least three independent experimental days (means ± SEM are reported in appendix, Table 27, 

Table 28, Table 29).  

By inspecting the crystal structure of active adenosine A1 receptor (Draper-Joyce et 

al. 2018) as well as the amino acid sequence of rat A1AR four distinct amino acids in 

the helix of the second extracellular loop were revealed A151, R154, A155, A157. 

Furthermore, the adjacent amino acid of S161 at position 162 was found to be a 

methionine in the human sequence whereas a valine was found in rat A1AR 

sequence. To investigate the influence of amino acid at position 162 on PD 81,723 

behavior two double mutants were generated on the base of S161A; human A1 

FlAsH3 CFP S161A M162V and rat A1 FlAsH3 CFP S161A V162M. Both mutant 

receptors were well expressed at the cell membrane after overnight incubation with 
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theophylline as described in 4.2.1., see Figure 26. The double mutant cell lines were 

characterized for adenosine and PD 81,723 affinity as described before in chapter 

4.1.1 and 4.1.4. The EC50 values of adenosine are listed in appendix Table 20. The 

calculated EC30 values of adenosine were used to determine the affinity of PD 81,723 

for human S161A M162V (EC50 = 2.6 µM) and for rat S161A V162M (EC50 = 2.1 µM).  

 

 

Figure 26: Membrane localization of double mutant receptor FRET sensor. A, cells expressing 
human A1 FlAsH3 CFP S161A M162V show reduced membrane expression without theophylline left 
panel, compared to cells after 24 h incubation with 5 mM theophylline right panel. B, cells expressing 
rat A1 FlAsH3 CFP S161A V162M show reduced membrane expression without theophylline left 
panel, compared to cells after 24 h incubation with 5 mM theophylline, right panel.  
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Figure 27: Kinetic rescue of human S161A by S161A M162V. A, dissociation of human wt, human 
S161A and human S161A M162V B, comparison of dissociation time constants of rat wt, rat S161A 
and rat S161A V162M. C, D, top visualization of the kinetic rescue by exchanging the human and rat 
double mutant. C, graph represents human wt and human S161A in comparison to rat S161A V161M 
D, graph shows rat wt and rat S161A in comparison to human S161A M161V. C, D, bottom, 
alignments show sections of the second extracellular loop, mutational changes are highlighted in red 
letters. Single tau values are represented in box plots. Median is indicated by vertical line and the 
whiskers are defined by the minimal and maximal tau value. Statistical significance was calculated by 
using the Kruskal-Wallis test (* P < 0.05, ** P < 0.01). Data were obtained from n ≥ 6 individual cells 
measured on at least three independent experimental days (means ± SEM are reported in appendix, 
Table 28, Table 29).  
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The dissociation of PD 81,723 from human double mutant was faster compared to wt 

and S161A and the dissociation of PD 81,723 from rat double mutant was slower 

compared to rat wt and rat S161A (Figure 27 A, B and Table 19). By exchanging 

amino acids from one species to the other at position 162 the human S161A mutant 

was made rat-like and the rat S161A became human-like. This equalization of the 

species is visualized by exchanging the kinetics of the rat double mutant in the graph 

presenting human wt and human S161A and vice versa (Figure 27 C, D). The 

alignments in the bottom panel of Figure 27 C and D show the mutational changes in 

red letters at position 161 and 162 but also the other four differing amino acids in the 

second extracellular loop are visible (see consensus row). In Figure 27 C, D the 

dissociation time constants of double mutants are in the same range as the S161A of 

the other species (not significantly different by Mann-Whitney test). This shows that 

the human double mutant, exchanged for the rat amino acid valine, indeed behaved 

like rat S161A and rat double mutant behaved like human S161A. This data suggests 

that interactions with the residue at position 162 are important for the kinetic behavior 

of allosteric modulators. 

 

Table 19: Dissociation of 10 µM PD 81,723 from OAR*. The kinetics of the double mutant were 
significantly different from respective wt and respective S161A (# P < 0.05, ## P < 0.01 Mann-Whitney 
test). Tau values are presented as median in seconds, 25 % and 75 % percentile are presented in 
brackets. Data were obtained from n ≥ 6 individual cells measured on at least three independent 
experimental days. For curve fitting the mono-exponential equation (f(x) = A * e^ (-t/τ)) was used. 

 

human wt S161A S161A M162V 

tau [s] 156.9 (89.9-184.8) # 185.2 (122.8-241.6) ## 58.1 (42.4-100.9) 

rat wt S161A S161A V162M 

tau [s] 93.3 (63.7-112.3) # 83.8 (59.7-101.8) # 145.4 (95.2-244.3) 
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5 Discussion 

Adenosine receptors (A1, A2A, A2B and A3), widely distributed throughout the 

human body, are involved in multiple physiological and pathophysiological 

processes. Several attempts have been made to target specific adenosine receptor 

subtypes. Numerous compounds have been identified with varying affinity amongst 

AR subtypes (Müller and Jacobson 2011). Most of these compounds are still not on 

the market as approved drugs. This limitation is due to two major reasons; first, being 

insufficient efficacy, which is in part because of dose-limiting toxicity in chronic 

application and, second being manifold on- or off-target side effects (Yan et al. 2003). 

Positive allosteric modulators (PAM) potentiate the effects induced by receptor 

agonists and act in a spatial and temporal manner defined by the agonist behavior. In 

addition, allosteric modulators display improved subtype-selectivity as a result of less 

conserved allosteric binding sites across receptor subtypes. Furthermore, the use of 

subtype-specific PAMs has a high potential for reducing accompanying side effects 

due to a reduced demand for agonist dose (Dhalla et al. 2003). Application of 

decreased doses of agonists would be preferable as this will reduce the risk of dose-

limiting toxicity and dose-limiting adverse effects as well. In the field of adenosine 

receptors, adverse side effects are in part mediated by co-activation of AR subtypes 

in the same or other tissues (Yan et al. 2003). Reduction in these side effects of 

adenosine agonists might be achieved by increasing subtype-specificity with the 

positive allosteric modulator PD 81,723, which is selective for adenosine A1 receptor 

subtype (Bruns and Fergus 1990). Therefore it is of utmost interest to gain detailed 

insights on allosteric mechanisms at the A1AR in terms of affinity and kinetics. The 

impact of single amino acids in the putative allosteric binding site on the allosteric 

behavior can provide valuable knowledge for drug development in medical chemistry. 
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5.1 Orthosteric and allosteric characterization of human and rat 

adenosine A1 receptor 

5.1.1 Orthosteric characterization 

Studies on adenosine receptors using standard methods like radioligand binding 

cannot investigate effects of endogenous ligand adenosine. Radioligand binding 

experiments use membrane preparations, which release uncontrollable amounts of 

adenosine and therefore addition of adenosine deaminase, becomes necessary 

(Seibt et al. 2013). Thus radioligand binding is unsuitable for determining adenosine 

affinity. This shortcoming can be overcome by the use of fluorescently tagged 

receptors in intact cells. With FRET (fluorescence resonance energy transfer)-based 

techniques ligand binding can be observed indirectly by recording conformational 

changes. Although radioligand binding assays detect direct ligand binding, binding 

might lead only to small conformational changes on the extracellular part of the 

receptor and not necessarily lead to an activation of the receptor and consequently 

no downstream signaling would occur. Innovative FRET sensors have been 

developed, which detect conformational movements of the intracellular part of the 

receptor upon ligand binding and consequent biologic response. Thus, one could say 

such FRET sensors can measure ‘effective’ ligand binding. Recently developed 

FRET sensors are highly suitable to monitor conformational changes in real time as 

demonstrated for several GPCRs (Stumpf and Hoffmann 2016, Messerer et al. 2017, 

Wright et al. 2018). In the present work an established FRET sensor design was 

applied to the adenosine A1 receptor. The adenosine A1 FRET sensor consists of a 

FlAsH binding motif introduced into the sequence of the third intracellular loop and a 

CFP genetically encoded at the receptor C-terminus (1.4.2). The FlAsH-based FRET 

sensors, designed as described above, maintained the signaling properties of the 

receptor (Hoffmann et al. 2005). 

In the present work, HEK293 cells stably expressing the above described A1AR 

FRET sensor (Stumpf 2015), were used to investigate orthosteric and allosteric 

ligand interactions at human and rat adenosine A1 receptors in real-time. The 

generation of stable cell lines ensured consistent expression levels and reproducible 

results of the FlAsH-labeling procedure. The novel rat adenosine A1 receptor FRET 

sensor was first characterized for orthosteric ligand affinity. The endogenous ligand 

adenosine, the synthetic agonists CPA and NECA were also tested. NECA is a high-
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affinity agonist but unspecific for all four adenosine receptor subtypes, while CPA is 

known to have an increased affinity for A1AR compared to the other AR subtypes. 

The affinities determined in this study were reflect the known tendencies in specificity 

(Ado > NECA > CPA), but the values of CPA and NECA are not comparative with 

values found in the benchmark literature, (Klotz 2000). The authors reported a 

calculated Ki-value for CPA as 2.3 nM for the human A1AR derived from competition 

binding assays with radio labeled [3H]NECA in the presence of GTP [receptor in high 

affinity state] (Klotz et al. 1989). The fact that CPA affinity determined from the FRET 

measurements was reduced 100-fold (320 nM CPA) is based on the assay in use. In 

the field of adenosine receptors, the ‘gold standard’ to determine ligand affinities is 

radioligand binding. Most radioligand binding studies are based on membrane 

preparations. Destroyed membranes yield higher affinity and faster dissociation 

kinetics than intact cells (Hara et al. 1998, Fierens et al. 2002). Furthermore, in 

radioligand binding experiments with GPCRs, an access of GTP is applied to the 

membrane fractions, thereby manipulating the coupling state of G proteins to the 

receptors, which results in significant affinity-shifts. One can doubt the comparativity 

of such experimental conditions with physiologic conditions. Radioligand binding 

affinities obtained from competition binding assays with antagonist DPXPC in intact 

CHO cells (Cordeaux et al. 2004) were in line with the values found in the present 

work: for NECA an affinity of 1.7 µM and for CPA an affinity of 0.67 µM was 

determined (EC50FRET: 2.6 µM NECA and 0.32 µM CPA).  

Affinities for the endogenous orthosteric ligand adenosine have been seldom 

determined by radioligand binding studies (Libert et al. 1992, Cohen et al. 1996). This 

is a consequence of the fact that externally added adenosine deaminase (ADA) is 

necessary to control endogenous release of adenosine. Therefore most affinity data 

is derived from functional read-outs like adenylyl cyclase assays (Yan et al. 2003). 

Fluorophore based techniques, like the whole cell FRET approach used in this work, 

are highly suitable to measure adenosine affinities in the absence of ADA (Stumpf 

2015). Cooper and co-workers determined the affintiy of endogenous adenosine in a 

competition assay for human A1AR as 38 µM and for rat A1AR as 29 µM using a 

bioluminescent approach (BRET between fluorescent antagonist CA200645 and 

Nluc-A1). Furthermore the authors also identified adenosine binding affinities using 

BRET between a fluorescent adenosine (ABA‐X‐BY630) and human A1AR tagged 

with Nano-luciferase as 0.77 µM and for rat as 0.95 µM in a saturation binding assay 
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(Cooper et al. 2019). The adenosine affinities identified by the used FRET approach, 

6.4 µM for human A1AR (Stumpf 2015) and 2.6 µM for rat A1AR, fall quite well within 

the range determined by Cooper and coworkers.  

 

Most ligands identified by in vitro screening assays showed sufficient efficacy or 

affinity for clinical trials, but failed because of severe side effects or lack of in vivo 

efficacy (Waring et al. 2015). An alternate approach for the prediction of in vivo 

performance is the analysis of kinetic data of drug candidates. For drug discovery, 

kinetics will become a key aspect. Depending on the disease pattern, a short or long 

residence time (1.1.3) is preferable. A dependency of prolonged residence time and 

high affinity is not necessarily given for all GPCRs (Louvel et al. 2014), that is why 

researchers should carefully inspect both properties before excluding a promising 

candidate from animal testing only by its in vitro affinity. Although residence time was 

defined only by the dissociation rate, researchers become more and more aware of 

the correlation of both association and dissociation for in vivo systems (Sykes et al. 

2019).  

Ideally, affinity data obtained from radioligand-based saturating experiments are 

expected to be consistent with the dissociation constant KD calculated from another 

set of radioligand experiments as illustrated in Figure 5, chapter 1.3.2. By calculating 

a kinetic KD FRET, the kinetic data of adenosine can be correlated with the affinity data 

of adenosine reported in this work. The Kinetic KD FRET for adenosine was calculated 

(Table 25, appendix), assuming that the equations used for radioligand binding data 

as described in 1.1.3 are as well valid for the FRET data obtained in this work. 

Observed association kinetics, (kobs), reported using the human and rat FRET 

sensors were 10-fold and 20-fold faster than dissociation kinetics (koff) for 100 µM 

adenosine (Figure 11; Table 25, appendix). The calculated KD FRET was 7.88 µM for 

the human A1AR and 5.65 µM for rat A1AR, which are in good agreement with the 

human EC50 of 6.4 µM and rat EC50 of 2.6 µM determined by affinity FRET 

measurements as described in 4.1.1. This proves that the FRET method delivers 

equal output as radio labeled applications, in providing information on the affinity as 

well as association and dissociation rate constants of a ligand. One could argue that 

intramolecular FRET sensors are only detecting indirect ligand binding. Nevertheless, 

striking advantage of FRET measurements is that the state of active receptor is 

observed; an effective binding is measured on-line with this technique. Generation of 
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radioactive labeled ligands is time consuming and expensive. Moreover, there is also 

no limitation in the choice of ligands to investigate with such a FRET-based sensor, in 

contrast to radioligand binding assays. In general, FRET sensors can report ligand 

binding under physiologic conditions in vivo. Furthermore, the FRET-pair design used 

in this study maintains G protein signaling function of the adenosine A1 receptor 

(Stumpf 2015). Radioligand binding assays have to be accompanied by additional 

time consuming second-messenger assays to prove functional binding, whereas 

intramolecular FRET sensors monitor on-line effective binding. 

 

5.1.2 Allosteric characterization 

Orthosteric affinity in the presence of allosteric modulator is well studied in the field of 

allosteric modulation, but affinity data of the allosteric modulator for its target is rather 

seldom investigated. In the present work, the affinity of PD 81,723 to human and rat 

adenosine A1 receptor in combination with endogenous ligand adenosine was 

determined for the first time. Adenosine concentrations in the lower micro molar 

range (3 µM hA1AR; 1 µM ratA1AR) were identified to exhibit an optimal measuring 

window for positive allosteric effects. Interestingly, Kollias-Baker and colleagues also 

used 3 µM adenosine to investigate positive allosteric effects in perfused guinea pig 

hearts (Kollias-Baker et al. 1994). This beautifully underlines the in vivo relevance of 

the present work and demonstrates the strength of a FRET approach to mirror 

physiologically relevant concentrations.  

The affinity of allosteric modulator PD 81,723 was experimentally determined to be in 

between 0.1 µM to 30 µM PD 81,723. Concentrations exceeding 30 µM PD 81,723 

showed no reproducible FRET enhancement of the adenosine signal. In some cases 

100 µM PD 81,723 initiated signal enhancement for couple of hundred milliseconds 

followed by a fast decrease to baseline or below, even in the continuous presence of 

Ado and PD 81,723. 100 µM of PD 81,723 also yielded a visible yellow color, 

possibly interfering with the excitation of CFP. Yellow color of a solution containing 

molecules with conjugate double bonds indicates light absorption in the wavelength 

area of blue light (e.g. β-carotene absorbs at 460 nm). In addition, this behavior 

reflects the evolving competitive antagonism of PD 81,723. The antagonistic behavior 

for high concentrations of PD 81,723 has been observed in radioligand binding 

assays by Bruns and co-workers (Bruns and Fergus 1990). These authors had 

determined a affinity of 9.83 µM for PD 81,723 by observing the dissociation of radio 
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labeled CHA from rat whole brain membranes dependent on increasing 

concentrations of PD 81,723 (Bruns et al. 1990). Similarly, another study identified an 

EC50 value of 14.7 µM for PD 81,723 determined in a dissociation assay of CPA from 

rat brain cortex membranes (van der Klein et al. 1999). In addition, the in vivo action 

of endogenous adenosine was enhanced by PD 81,723 as qualitatively 

demonstrated for isolated guinea pig hearts (Kollias-Baker et al. 1994). 

In the present work, the affinity of PD 81,723 for human and rat adenosine receptor 

was determined for the first time in combination with endogenous agonist adenosine. 

Human and rat receptors displayed no considerable difference in affinity for 

PD 81,723. The affinity of PD 81,723 for the adenosine-occupied receptor was 

determined in the lower micro molar range, whereas PD 81,723 showed five-fold 

reduction in affinity for the NECA-occupied human adenosine A1 receptor in the 

present work. The application of PD 81,723 in combination with adenosine or NECA 

showed a clear difference in the saturation of the concentration response curve of 

PD 81,723. The enhancing effect of allosteric modulator did not reach saturation with 

30 µM PD 81,723 at NECA-bound receptor (Figure 17), which is problematic in 

regard to the evolving antagonism of PD 81,723 at higher concentrations. The 

application of PD 81,723 in combination with adenosine has a broader therapeutic 

window compared to the use of other agonists, which require higher PD 81,723 

concentrations to reach the half maximal effect. This difference and dependence of 

affinity of PD 81,723 on different probes (CHA, CPA, and NECA) should be 

considered in the design of clinical trials aiming to dose allosteric modulators in 

combination with synthetic adenosine agonists. The evidence for probe dependency 

is an explicit characteristic for allostery and indicates the sensitivity of allosteric 

modulator for distinct receptor conformations. 

An allosteric modulator can influence the properties of a conformationally linked 

orthosteric binding site. The cooperativity of the allosteric site with the orthosteric site 

was investigated by monitoring the conformational change induced by varying 

concentrations of adenosine and consequent enhancement by 10 µM PD 81,723. 

The resulting concentration-response curves show that PD 81,723 increases the 

affinity of adenosine for human and rat A1AR, displaying a positive cooperativity as 

anticipated for PAMs (Figure 16). PD 81,723 showed a stronger influence on the 

EC50 of adenosine at human A1AR than at rat A1AR, indicating an improved 

cooperativity at human A1AR. This finding is in accordance with an increased affinity 
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of PD 81,723 for human A1AR (Figure 14). The cooperativity shift for adenosine is 

relatively low compared to affinity shifts of other adenosine agonists (Guo et al. 

2014), which further supports the identified probe dependency.  

In this study, the data is represented in absolute FRET change values per tested 

concentration. This representation displayed the left-ward shift (EC50) as well as the 

upward-shift of the concentration-response curve for high adenosine concentrations 

(Emax) in the presence of PD 81,723. Surprisingly, the response to saturating 

concentrations of adenosine was further enhanced by PD 81,723, which allows for 

two valid assumptions. First, this finding might indicate that receptors which were not 

responsive before became available for adenosine binding in the presence of 

PD 81,723, or second, the FRET efficiency for each adenosine-activated receptor 

sensor increased.  

A change in FRET efficiency, either by a change in the distance or by the relative 

orientation of the fluorescent tags towards each other, is indicative of a different 

conformation at the intracellular site of the receptor triggered by allosteric binding. An 

enhancement in conformational change would prove that allosteric modulators 

regulate not only affinity but also efficacy. Therefore, the allosteric behavior would not 

solely be explainable by increased orthosteric binding, but by a more efficacious 

signal transmission within the receptor and subsequent increased G protein coupling. 

Unfortunately, the G protein activation assay was not suitable to address the question 

of improved signaling by allosteric modulator, as described in chapter 4.1.7. For 

future investigations, a G protein coupling assay might be more successful. The 

kinetics of the coupling would be expected to be faster in the presence of the 

allosteric modulator. In addition, single molecule FRET-sensors would only detect the 

effect of allosteric modulator on the G protein coupling independent of increasing 

receptor numbers.  

The first interpretation, that more receptors are activated, is supported by the finding 

of increased maximal agonist binding (Bmax) in the presence of PD 81,723 in 

radioligand binding experiments (Baraldi et al. 2003) or in BRET experiments using 

fluorescent A1AR agonists (Cooper et al. 2019). The authors of the latter study 

concluded that the presence of positive allosteric modulators switches the receptors 

from inactive to active states. The allosteric enhancement of Emax, identified in the 

present work, might also imply the existence of a receptor reserve for A1AR. 

Receptor reserve defines a fraction of receptors, which were not activated by the 
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agonist concentration required to provoke a full response of the cell. This might also 

indicate that PD 81,723 switches inactive or irresponsive receptors from the reserve 

to the field of action.  

 

5.1.3 Kinetic aspects of allosteric modulation 

In addition to ‘probe dependency’ and ‘cooperativity’, a further characteristic of 

allosteric ligands is the regulation of orthosteric kinetics. It has been observed by 

several research groups, that the dissociation of orthosteric ligands is slowed down in 

the presence of positive allosteric modulators. Kinetic data of allosteric modulation is 

often derived from radioligand binding studies (1.3.2) using simple fitting models 

which do not consider receptor dynamics as a part of ligand binding kinetics 

(Copeland 2011). The impact of PAMs on orthosteric ligand dissociation is well-

known in the field (Guo et al. 2014), but the dissociation kinetics of allosteric 

modulators itself have not been investigated so far. The kinetic behavior of 

PD 81,723 for adenosine-bound human and rat adenosine A1 receptor was 

determined in this work for the first time. In contrast to kinetic data derived from 

radioligand assays, FRET biosensors can monitor receptor activation and 

deactivation kinetics using in vivo conditions. The FRET setup used in this work 

enabled the simulation of an open system by ligand application and removal in 

milliseconds (as described in 3.2.5).  

The decay in FRET response upon washout of PD 81,723, in the constant presence 

of adenosine at the receptor, was slowed down manifold compared to simultaneous 

washout of adenosine and PD 81,723. The dissociation of PD 81,723 from human 

adenosine A1 receptor bound to adenosine was 1.6-fold slower compared to rat 

A1AR, but the dissociation of PD 81,723 from the active receptor conformation 

compared to adenosine-PD 81,723-receptor complex dissociation was reduced by 

factor eight for both species (human: 7.8-fold, rat: 7.9-fold). Additionally, data on 

association of PD 81,723 to the adenosine-activated receptor was also collected from 

these experiments (Table 27, appendix). Thus a kinetic KD was calculated by the 

ratio of dissociation and association of 10 µM PD 81,723 (Table 30, appendix).  
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Kinetic KD FRET and experimentally determined EC50 of PD 81,723 were found to be in 

good relation with each other: 

Human A1AR: EC50 = 2.1 µM and KD = 1.84 µM  

Rat A1AR: EC50 = 2.9 µM and KD = 1.87 µM 

This correlation indicates that the equations for orthosteric binding are also valid for 

potentially complex allosteric binding events and that PD 81,723 recognizes the 

adenosine-occupied receptor as a discrete binding scaffold. In comparing a series of 

drug candidates, the kinetic KD FRET of an allosteric modulator is a valuable 

parameter. The experimental determination leading to KD FRET delivers information on 

association, dissociation and affinity of an allosteric compound under investigation. 

To sum it up, FRET faithfully reports ‘effective’ orthosteric and allosteric ligand 

association and dissociation kinetics by monitoring adenosine A1 receptor dynamics 

in single living cells.  

It has been hypothesized that PD 81,723 increases agonist binding by slowing down 

the dissociation kinetics of adenosine receptor agonists (Bruns et al. 1990, Mizumura 

et al. 1996, Guo et al. 2014). However, for a deeper understanding of allosteric 

mechanism the question arises if the prolonged dissociation is the reason for the 

increase in affinity or if the prolonged dissociation is a consequence of the increased 

affinity. An explanation for prolonged dissociation of orthosteric ligand in the 

presence of an allosteric modulator might be caused by a direct steric hindrance of 

the orthosteric molecule by the allosteric modulator. Steric hindrance was observed 

for the muscarinic acetylcholine receptor M2; at which the orthosteric ligand is locked 

in the binding pocket by a lid of aromatic residues. The binding of a PAM further 

stabilized the lid closure (Kruse et al. 2013, Burger et al. 2018).  

In order to elucidate the question on steric hindrance at A1AR, two washout 

experiments were conducted. One situation is comparable with the batch 

experiments described in literature, in which an infinite dilution is applied to 

membranes pre-incubated with orthosteric ligand and allosteric modulator 

(OAR→O+A+R). The second set of washout experiments illuminates the dissociation 

of orthosteric ligand from the receptor in the presence of allosteric modulator 

(OAR→O+AR). The receptor deactivation upon dissociation of both adenosine and 

PD 81,723 was compared to the dissociation of adenosine from the Ado-PD-receptor 
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complex in the continuous presence of PD 81,723. The dissociation of adenosine 

was not significantly different from simultaneous dissociation of adenosine and 

PD 81,723. This indicates that direct steric hindrance of PD 81,723 does not slow 

down the exit of adenosine from human and rat adenosine A1 receptor.  

 

In comparing the results of the three washout experiments (Figure 20) an evident 

difference could be seen in the dissociation kinetics of PD 81,723 from the active 

adenosine-receptor complex. The significantly slower dissociation of PD 81,723 

might be due to rebinding events of PD 81,723 to the active conformation of the 

adenosine-bound receptor (OR*). This proves that OR* is a high affinity target for 

allosteric modulators and might indicate that OAR* is a favourable energetic state for 

the orthosteric ligand. Energetic stable complexes are less likely to dissociate. 

Recently published MD simulations of human A1AR predicted that NECA exhibited 

less movements within the orthosteric binding vestibule in the presence of allosteric 

modulators (Miao et al. 2018). Hence, it can be hypothesized, that PD 81,723 binds 

to the active receptor conformation (receptor occupied by A1AR agonists) and 

stabilizes the orientation of the ECL2 towards the central binding vestibule. Thereby 

the space for orthosteric ligand dynamics would be reduced, which would result in a 

favourable energetic state and the complex would require more time to dissociate. 

The present study is unique in measuring the active conformation of the adenosine-

PD 81,723-receptor (OAR*) complex and especially for determining the deactivation 

kinetics of the adenosine-occupied receptor upon dissociation of PD 81,723. The 

findings of the three washout experiments demonstrated, that the dissociation of 

PD 81,723 is the time-limiting step of the dissociation of the Ado-PD-receptor 

complex and that this behavior is driven by affinity rather than by steric hindrance. 
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5.2 Investigation of putative allosteric binding site 

Quite notable information has emerged on allosteric modulators and lead allosteric 

compounds in the last three decades (Bruns et al. 1990, Baraldi et al. 2000, Aurelio 

et al. 2009, Valant et al. 2014). Allosteric binding sites are less conserved across 

species and receptor subtypes, but to date it is not fully understood which amino acid 

residues are involved in the binding process of allosteric modulators for A1AR. 

Further mutagenesis studies coupled with affinity and kinetic investigations will be 

important to identify the entry and exit trajectories of allosteric modulators to the 

binding sites. 

The putative allosteric binding site in the adenosine A1 receptor is presumably 

located in the second extracellular loop (Narlawar et al. 2010, Peeters et al. 2012). 

The second extracellular loop (ECL2) of human A1AR was investigated in detail by 

Nguyen and co-workers. The authors conducted an alanine scan of all residues in 

the ECL2 and characterized the mutants for orthosteric binding (Nguyen et al. 2016a) 

as well as allosteric affinity for the unoccupied receptor, allosteric cooperativity and 

allosteric efficacy (Nguyen et al. 2016b). Supported by their results, three residues 

with interesting profiles were selected for investigation of the putative allosteric 

binding site in this work: The authors identified for S161A an increase in PD 81,723 

binding to the unoccupied receptor, a decrease in allosteric binding cooperativity with 

NECA and a decrease in allosteric ligand efficacy. I175A showed a ten-fold increase 

in PD 81,723 binding to the unoccupied and therefore inactive receptor but did not 

affect the other parameters. Of all mutants under investigation E172A showed a 

decrease in PD 81,723 binding to the inactive receptor and showed an increase in 

NECA cooperativity on cAMP inhibition assay (Nguyen et al. 2016b).  

5.2.1 Orthosteric characterization of mutants in the second extracellular loop 

The focus of this work is on the adenosine-occupied and therefore active receptor 

conformation, which reflects the situation of a stressed or injured tissue in vivo. The 

chosen residues were exchanged in adenosine A1 receptor FRET sensors for 

alanine to delineate their influence on the behavior of PD 81,723 in terms of affinity 

and kinetics. Human and rat mutant A1ARs containing single alanine substitutions 

were expressed in HEK293 cells. The mutant cell lines showed lower membrane 

expression compared to wt. Incubation for 24 h with 5 mM theophylline resulted in 

clear membrane localization of the CFP-tagged receptors and the FRET efficiency 
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was in the same range as wt receptors. The rescue of adenosine A1 receptor 

mutants with theophylline was shown for the human A1AR by A. Stumpf (Stumpf 

2015). The phenomenon of pharmacochaperoning at adenosine receptors was 

investigated by Malaga and co-workers. They concluded that the occupancy of the 

binding pocket by a small molecule might correct for improper receptor folding 

allowing the receptor to migrate from the endoplasmic reticulum to the plasma 

membrane (Malaga-Dieguez et al. 2010).  

The orthosteric characterization of the mutants showed that the affinity of adenosine 

was reduced for E172A and I175A. This finding is in accordance with the localization 

of both residues in the proximity of the adenosine binding site (Figure 21, Figure 31). 

Similarly, the kinetic investigation of these mutants showed a faster dissociation of 

adenosine as well as a faster association compared to wt receptor (Figure 22), 

indicative of an improved accessibility of the orthosteric binding site by adenosine. 

Thus, E172 and I175 might function as gate keeper amino acids for the orthosteric 

binding pocket of human and rat A1AR. Nguyen and co-workers also found a 

decreased affinity of subtype-unspecific agonist NECA for human E172A and I175A 

(Nguyen et al. 2016a).  

S161A, located distant to the orthosteric binding pocket, displayed no significant 

difference in on- and off-rate of adenosine in both species, although the affinity of 

adenosine was increased for human and rat S161A by a factor of two (Table 16). The 

positive influence of S161A on the affinity of adenosine is interesting since S161 is 

part of the consensus glycosylation motif NXS and indeed the adjacent amino acid 

N159 is the predicted N-glycosylation amino acid in the ECL2 (UniProt 2019). Since 

adenosine A1 receptor has been shown to be a glycoprotein (Klotz and Lohse 1986) 

the mutation of S161 may influence the glycosylation process of A1AR. The question 

arises if the presence of glycosyl-modification has an influence on the spatial 

conformation of the second extracellular loop and therefore on ligand binding. For 

other GPCRs such as histamine H2 and muscarinic M2 receptor, it has been shown 

that the presence of N-glycosylation does not alter receptor functionality (Fukushima 

et al. 1995, van Koppen and Nathanson 1990). S161A adenosine receptor shows 

clear membrane localization after theophylline incubation with an equal extent as 

E172A and I175A. This demonstrates that an intact glycosylation motif is not crucial 

for A1AR folding and maintenance of a functional form in the membrane. The effect 

of S161A on the affinity of adenosine is solely explainable by the change of the 
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amino acid sequence and the spatial outcome in the second extracellular loop 

thereof. 

5.2.2 Allosteric characterization of mutants in the second extracellular loop 

In order to identify the impact of single amino acids in the second extracellular loop 

on allosteric behaviour, alanine exchange mutants were investigated for affinity, 

cooperativity and kinetics of PD 81,723. At high concentrations, PD 81,723 showed 

the strongest FRET signal enhancement for human E172A: a 150 % enhancement of 

the adenosine response (Figure 23, chapter 4.2.2.1). The stronger impact of 

allosteric modulator on the orthosteric ligand in the absence of negatively charged 

residue E172 is indicative of an attenuating function in the communication of both 

binding sites in human A1AR. This interpretation is not valid for rat E172A. In contrast 

the enhancing effect of PD 81,723 for rat E172A is even less than for rat wt, 

displaying 68 % and 88 % enhancement respectively. The hypothesis, that E172 is 

important for the transmission of allosteric effect, is supported by the outcome of the 

cooperativity experiments (4.2.2.2). The extent of the shift of the adenosine 

concentration-response curve in the presence of PD 81,723 was decreased for 

human E172 compared to human wt. In contrast, the shift by rat E172 compared to 

rat wt was increased (Table 18). With regard to affinity (Table 17), the EC50 value of 

PD 81,723 at human E172A receptor was not significantly different to wt, whereas 

EC50 value for rat E172A was two-fold decreased compared to rat wt. This 

discrepancy might be caused by an altered structural interplay of different 

extracellular amino acids in rat and human A1AR; five amino acids in the ECL2 as 

well as two amino acids in the ECL3 (Figure 9). Human E172 is likely to form 

hydrogen bonds with PD 81,723, as it was predicted by MD simulations for human 

A1AR (Nguyen et al. 2016b). The formation of hydrogen bonds with PD 81,723 might 

be different in rat A1AR. However, E172 has the same orientation relative to the 

orthosteric binding pocket in human and rat since the affinities found for adenosine 

were comparable in both species. The data represented in this work indicates that 

the binding pose of PD 81,723 in the extracellular binding vestibule towards E172 

might be different for human and rat A1AR.  

Another important finding was revealed by the analysis of allosteric affinity for the 

adenosine-occupied mutant receptors. Human S161A receptor occupied by 

adenosine was identified as the most affine target for PD 81,723 amongst all 

investigated adenosine A1 receptors. Interestingly, the EC50 of the homolog rat A1AR 



  Discussion 

79 
 

mutant was not significantly different from rat wt. For both species the cooperativity of 

PD 81,723 with adenosine at S161A receptor was slightly reduced compared to wt 

receptor (Table 18). This indicates that residue S161 is important for the binding 

process of PD 81,723 to human A1AR but might not directly interfere in the 

communication of allosteric and orthosteric site. This might indicate that the distant 

region of the ECL2 is involved in the initial approaching phase of allosteric binding, 

but PD 81,723 elicits its cooperative effects from a final binding position in the 

proximity of the orthosteric binding site.  

The investigation of allosteric modulator kinetics for the rat mutant receptors revealed 

no apparent changes (Figure 25). On the contrary, human S161A occupied by 

adenosine displayed significantly faster association and slightly reduced dissociation 

kinetics of PD 81,723. In general, increased association and a decreased 

dissociation might result in a longer residence time of PD 81,723 at the human 

S161A receptor and therefore display higher affinity. In total, human and rat S161A 

show clear differences in allosteric affinity and kinetics. In the second extracellular 

loop, human and rat A1AR differ in five amino acids (Figure 9). The recently 

published human A1AR crystal structure (Draper-Joyce et al. 2018) was able to 

resolve the second extracellular loop which then revealed a short helix structure. 

Four of the five differing residues are located within this helix but the fifth one, 

methionine 162, is located outside. In rat adenosine A1 receptor a valine is 

expressed at position 162. To address the question whether the species discrepancy 

can be explained by the adjacent residue at site 162, two double mutants were 

generated. The human double mutant, consisting of A161 and V162, showed a 

significant faster dissociation compared to human S161A and human wt (Table 19). 

Complementary, dissociation of rat S161A V162M was significantly slower than rat 

S161A and rat wt. The human S161A mutant was converted to a ‘rat like’ version by 

exchanging M162 for the rat valine in this region of the loop and the dissociation 

kinetics were then compared to rat S161A (Figure 27). Indeed no apparent difference 

was found in the dissociation constants and the same holds true for the rat double 

mutant compared to human S161A.  

The influence of methionine on the phenotype of human S161A is further supported 

by the decrease in PD 81,723 affinity for the human double mutant to the affinity level 

of rat S161A (human S161A M162V 2.57 µM, rat S161A 2.61 µM). This proves the 

significance of residue 162 on the identified species discrepancy and demonstrates 



  Discussion 

80 
 

an impact on allosteric kinetics. Data from Kennedy and colleagues indicated an 

important role of S161 and M162 in the allosteric binding process to human A1AR 

(Kennedy et al. 2014). They exchanged residues N159, G160, S161, and M162 for 

alanine in one construct and determined a decreased allosteric activity of their 

positive allosteric ligand ATL525. A single mutation construct containing M162 

exchanged for canine G162 showed a reduction of ATL525 activity (canine A1AR wt 

exhibits minor allosteric modulator activity than human A1AR). This might indicate 

that the identified effect of residue 162 on PD 81,723 kinetics is independent of the 

presence of serine or alanine at position 161.  

The difference in dissociation of PD 81,723 from the double mutants compared to the 

respective wt (Figure 27 A, B and Table 19) indicates an important role of residue 

162 to regulate the kinetic behavior of allosteric modulators. However, it is important 

to investigate the role of single mutation, human M162A and rat V162A, on the 

allosteric behavior of PD 81,723, particularly in regard to dissociation kinetics of the 

allosteric modulator. The outcome of these experiments would be helpful to explore 

the role of the second extracellular loop in allosteric ligand binding processes. 
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6 Conclusions and outlook 

Adenosine receptors (A1, A2A, A2b and A3) are highly distributed throughout the 

human body. The positive allosteric modulator PD 81,723 exerts its regulatory effect 

exclusively on the adenosine A1 receptor and is therefore strictly subtype-specific. 

Despite several years of research on allosteric modulation of A1AR, little information 

exists on the interactions of PD 81,723 with the endogenous ligand adenosine. 

Therefore detailed investigations, in terms of affinity and kinetics, are important to 

understand the interaction of positive allosteric modulators with physiological or 

pathophysiological levels of adenosine in vivo.  

Microscopy of living cells expressing human or rat adenosine receptor FRET sensors 

allowed real-time monitoring of ligand-induced conformational receptor dynamics 

under physiological conditions. This approach enabled the investigation of allosteric 

modulation in combination with adenosine, in contrast to radioligand assays.  

In this work, an experimental procedure was developed and the affinity of PD 81,723 

as well as the cooperativity with adenosine was successfully determined for human 

and rat adenosine A1 receptor. The dependence of the allosteric effect on the probe 

(bound agonist) was found to differ by a five-fold decrease in PD 81,723 affinity for 

NECA compared to adenosine. This finding indicates a broader therapeutic window 

of allosteric modulators for adenosine-occupied receptors. Endogenous adenosine 

levels in the tissue should be considered by pharmacologists in predicting in vivo 

affinities and efficacy in a combined administration of allosteric modulator and 

synthetic adenosine agonists.  

Positive allosteric regulation on A1AR is most often characterized by the prolongation 

of agonist dissociation from the receptor. Kinetic data, as presented in this work, 

suggests that another mechanism than steric hindrance of adenosine by PD 81,723 

induces the phenomenon of prolonged dissociation. For the first time the “pure” 

unbinding kinetics of PD 81,723 from the adenosine-occupied-receptor complex were 

observed. The change in active receptor conformation upon dissociation of 

PD 81,723 was 8-fold slower compared to simultaneous dissociation of adenosine 

and PD 81,723. This is indicative of a rebinding process of PD 81,723 to the active 

conformation and therefore demonstrates that the receptor occupied by adenosine is 

a high affinity target for allosteric modulators. Investigation of additional A1AR 
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allosteric enhancers for their dissociation kinetics using such a FRET-based 

approach can provide valuable and more physiological structure-kinetic relationships 

for medicinal chemists. In addition it would be interesting to elucidate the influence of 

A1AR pre-stimulation with PD 81,723 on the association kinetics of adenosine. This 

would provide further insight on orthosteric affinity enhancement in the presence of 

allosteric modulator in vivo.  

 

The alanine substitution of S161 in the second extracellular loop, putative allosteric 

binding site, showed an increased PD 81,723 affinity compared to wild-type for the 

human A1AR. On the contrary, rat S161A displayed no significant difference in 

PD 81,723 affinity compared to rat wt. The mutation of S161 in human A1AR resulted 

in a faster association and a slower dissociation of PD 81,723, which indicates a 

prolonged residence time. This discrepancy in species-dependent behavior was a 

result of the adjacent residue M162 (rat V162). The generated double mutants, 

consisting of human S161A V162M and rat S161A M162V, revealed that the 

dissociation of PD 81,723 is highly dependent on the interaction with residue at site 

162. To further elucidate the role of residue 162 for PD 81,723 binding, single 

mutants (alanine as well as bulkier and charged residue substitutions) can be 

investigated in terms of affinity and dissociation kinetics. Together with MD 

simulations, data provided by these suggested experiments will help to understand 

the binding process of allosteric modulators via the second extracellular loop of 

A1AR. 

Taken together, human and rat A1AR FRET-sensors allowed real-time recording of 

allosteric enhancement of the endogenous ligand adenosine under physiological 

conditions. This work provides affinity (EC50) of PD 81,723 for human and rat A1AR, 

provides evidence for probe dependency of PD 81,723 with NECA, reveals the 

mechanism of prolonged dissociation of adenosine in the presence of PD 81,723 and 

indicates the importance of residue at site 162 located in the second extracellular 

loop for the kinetic behavior of PD 81,723. 
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Figure 29: Human mutant A1AR FRET sensor membrane localization before and after 24 h of 
5 mM theophylline incubation. Membrane localization of human A1 E172A FRET sensor was similar 
to human A1 wt FRET sensor. Incubation with theophylline was not necessary to detect proper FRET 
signals, but for comparability all mutant and wt cell lines were treated with theophylline. 

 

 

Figure 30: Rat mutant A1AR FRET sensor membrane localization before and after 24 h of 5 mM 
theophylline incubation. Rat A1 E172A expression is represented at Figure 21, B. 
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Figure 31: Superimposed active (grey) and inactive (black) backbones of human A1AR 
(PDB code: 6D9H, 5UEN). Adenosine is represented in yellow, mutant residues of the active structure 
in orange and mutant residues of the inactive structure in blue.  

 

 

Figure 32: Influence of mutants in the second extracellular loop on concentration-response 
curves of adenosine. Cell lines were investigated for adenosine response as described in 4.1.1. The 
concentration response curve of adenosine for human A1AR was determined in a previous doctoral 
study in the working group of Professor Hoffmann (Stumpf 2015). Data represent the mean of n ≥ 18 
individual cells for human, n ≥ 14 individual cells for rat from at least four independent experiments. 
SEM is indicated by error bars. 
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Table 20: EC50 values of adenosine for human and rat A1AR wt and mutants.  
Cell lines were investigated for adenosine response as described in 4.1.1. The EC50 value of 
adenosine for human A1AR was determined in a previous doctoral study in the working group of 
Professor Hoffmann (Stumpf 2015). Data represent the mean in µM of n ≥ 18 individual cells for 
human and n ≥ 14 individual cells for rat from at least four independent experiments. Confidence 
intervals 95 % are indicated. (# P < 0.05 one-way ANOVA and Dunnett’s multiple comparisons test, 
compared to wt) 

human  EC50 [µM] 95 %CI     

wt  6.4 3.8 - 10.3     

S161A  2.9 1.5 - 5.4     #    

E172A  12.5 10.0 -15.6     #    

I175A  15.6 12.6 -19.3     #    

S161A M162V  3.21 2.4 - 4.4 
    #    

rat  EC50 [µM] 95 %CI     

wt  2.6  2.2 -3.1     

S161A  1.1 0.5 - 2.6   #    

E172A  14.8 3.6 - 30.2   #    

I175A  11.1 5.1 - 25.9   #    

S161A V162M  4.22 2.9 - 6.1   #    

 

Table 21: EC50 values of PD 81,723 for human and rat A1AR wt and mutants. 
Cell lines were investigated for PD 81,723 affinity as described in 4.1.4 and 4.2.2.1. Data represent the 
mean ± SEM of n ≥ 24 individual cells for human and n ≥ 16 individual cells for rat measured on at 
least four independent experimental days. Confidence intervals 95 % are indicated. (# P < 0.05 one-
way ANOVA and Dunnett’s multiple comparisons test, compared to wt) 

human  EC50 [µM] 95 %CI     

wt  2.08 0.25 - 17.1     

S161A  0.64 0.21 - 2.5 #    

E172A  1.96 1.1 - 3.6     

I175A  1.65 0.22 - 12.2     

S161A M162V  2.57 0.74 - 7.5     

rat  EC50 [µM] 95 %CI     

wt  2.96 0.5 - 17.6     

S161A  2.61 0.89 - 7.57     

E172A  1.43 0.58 - 3.46 #    

I175A  1.50 0.51 - 4.44 #    

S161A V162M  2.11 0.46 - 7.28     
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Table 22: Influence of mutants on the ability of PD 81,723 to shift the concentration-response 
curve of adenosine. A concentration of 10 µM PD 81,723 was used with increasing concentrations of 
adenosine. Absolute FRET values were plotted and fitted to calculate EC50 values. EC50 values were 
used for calculating the fold change of EC50 in the presence of the allosteric modulator PD 81,723. For 
statistical analysis an unpaired two-tailed t-test was performed using log EC50 ± SD 
(## P < 0.01, #### P < 0.0001). Data represent the mean ± SEM of n ≥ 30 individual cells for human 
and n ≥ 25 individual cells for rat measured on at least five independent experimental days.  

mutation human  
EC50 [µM] 

fold shift 
 

rat 
EC50 [µM] 

fold shift 
 

 Ado + PD81,723  Ado + PD81,723  

wt 1.45 0.60 2.40  #### 2.22 1.34 1.65  #### 

S161A 5.21 3.15 1.65  #### 1.00 0.76 1.32  ## 

E172A 11.58 5.86 1.97  #### 14.23 6.67 2.13  #### 

I175A 13.52 8.94 1.51  #### 10.50 4.88 2.15  #### 

 

Table 23: Association and dissociation kinetics of 100 µM adenosine to and from human A1AR.  
Mean and SEM of tau values are represented in milliseconds. Numbers of successful fit curves are 
indicated, representing individual cells. 

 

Table 24: Association and dissociation kinetics of 100 µM adenosine to and from rat A1AR.  
Mean and SEM of tau values are represented in milliseconds. Numbers of successful fit curves are 
indicated, representing individual cells. 

  

Association of 100 µM Ado 
to human A1, tau [ms] 

wt S161A E172A I175A 

Mean 396.9 486.1 272.7 346.8 

SEM 15.0 53.1 28.8 22.3 

Number of values 11 12 7 9 

Dissociation of 100 µM Ado 
from human A1, tau [ms] 

wt S161A E172A I175A 

Mean 5433.0 5635.1 2942.0 2202.9 

SEM 551.7 627.9 276.8 197.9 

Number of values 11 10 7 10 

Association of 100 µM Ado 
to rat A1, tau [ms] 

wt S161A E172A I175A 

Mean 442.4 431.5 289.4 245.7 

SEM 45.5 57.6 30.0 23.3 

Number of values 14 8 7 7 

Dissociation of 100 µM Ado 
from rat A1, tau [ms] 

wt S161A E172A I175A 

Mean 8260.4 6847.7 2120.3 1723.5 

SEM 939.5 890.3 301.8 327.0 

Number of values 13 12 8 7 
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Table 25: Calculation of kinetic KD FRET of 100 µM adenosine. Mean tau values in seconds were 
used from Table 23 and Table 24. Equations are explained in chapter 1.1.3. kon is dependent on the 
used ligand concentration (here: 0.0001 M).  

100 µM Ado  human A1AR rat A1AR 

tau association  [s] 0.40 0.44 

kobs (= 1/tau)  [s-1] 2.52 2.26 

tau dissociation  [s] 5.43 8.26 

koff (= 1/tau)  [s-1] 0.18 0.12 

kon (= kobs - koff /0.0001)  [s-1/M] 23348.31 21413.78 

KD (= koff / kon)  [M] 7.88E-06 5.65E-06 

 

Table 26: Association of EC30 of Ado to OR*. Data in milliseconds were obtained from kinetic 
experiments as described in 4.1.8 and in 4.2.2.3. Numbers of successful fit curves are indicated, 
representing individual cells. 

 

Table 27: Association of 10 µM PD 81,723 to the human receptor occupied by adenosine (EC30). 

Mean and SEM of tau values are represented in seconds. Data represent the mean ± SEM of n ≥ 11 
individual cells for human and n ≥ 10 individual cells for rat measured on at least three independent 
experimental days. For curve fitting the mono-exponential equation (f(x) = A * e^ (-t/τ)) was used. 

 

 

 

 

Association of EC30 of Ado 
to human A1,  tau [ms] 

wt S161A E172A I175A 
S161A 
M162V 

Mean 2345 3012 1501 1503 3307 

SEM 166.1 294.4 260.2 138.1 534.6 

Number of values 16 19 14 15 14 

Association of EC30 of Ado 
to rat A1,  tau [ms] 

wt S161A E172A I175A 
S161A 
V162M 

Mean 2641 3146 1341 1539 2282 

SEM 262.6 286.8 154.8 317.7 346.9 

Number of values 23 13 9 10 10 

Association of 10 µM 
PD 81,723 to OR* 

wt S161A E172A I175A 
S161A 
M162V 

human   
tau [s] 

21.89 ± 1.4 14.63 ± 1.9 14.88 ± 1.9 17.13 ± 2.2 36.07 ± 4.3 

Association of 10 µM 
PD 81,723 to OR* 

wt S161A E172A I175A 
S161A 
V162M 

rat  
tau [s] 

13.34 ± 1.3 17.31 ± 2.4 12.78 ± 2.1 8.74 ± 1.25 28.45 ± 2.3 
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Table 28: Dissociation kinetics from OAR* of human A1AR. Dissociation of 10 µM PD 81,723 from 
OAR* is significantly different from simultaneous dissociation from OAR*. Dissociation of 3 µM 
adenosine from OAR* was not significantly different from simultaneous dissociation from OAR* (# P < 
0.05 Kruskal-Wallis test). Tau values are presented in seconds. Data represent the mean ± SEM of n 
≥ 5 individual cells measured on at least three independent experimental days. For curve fitting the 
mono-exponential equation (f(x) = A * e^ (-t/τ)) was used. 

 

Table 29: Dissociation kinetics from OAR* of rat A1AR. Dissociation of 10 µM PD 81,723 from 
OAR* is significantly different from simultaneous dissociation from OAR*. Dissociation of 3 µM 
adenosine from OAR* was not significantly different from simultaneous dissociation from OAR* (# P < 
0.05 Kruskal-Wallis test). Tau values are presented as Mean ± SEM in seconds. Data represent the 
mean ± SEM of n ≥ 5 individual cells measured on at least three independent experimental days. For 
curve fitting the mono-exponential equation (f(x) = A * e^ (-t/τ)) was used. 

 

Table 30: Calculation of kinetic KD FRET of 10 µM PD 81,723. Mean tau values in seconds were used 
from Table 27,Table 28, Table 29. Equations are explained in chapter 1.1.3. kon is dependent on the 
used concentration of ligand (here: 0.00001 M). 

10 µM PD 81,723  human A1AR rat A1AR 

tau association  [s] 21.89 13.34 

kobs (= 1/tau)  [s-1] 0.05 0.07 

tau dissociation  [s] 139 85.8 

koff (= 1/tau)  [s-1] 0.01 0.01 

kon (= kobs - koff /0.00001)  [s-1/M] 3848.87 6330.75 

KD (= koff / kon)  [M] 1.87E-06 1.84E-06 

 

 

Dissociation 
from OAR* 
tau [s] 

human wt S161A E172A I175A 
S161A 
M162V 

10 µM PD 139.0 ± 18.8 #  183.7 ± 21.8 # 55.2 ± 6.9  # 76.9 ± 12.0 # 77.6 ± 15.0 # 

3 µM Ado 21.24 ± 3.9  36.19 ± 2.7 7.4 ± 1.3 7.6 ± 1.1 8.9 ± 0.6 

3 µM Ado  
+ 10 µM PD 

15.65 ± 3.3 26.48 ± 3.7 5.6 ± 0.6 6.6 ± 1.1 11.2 ± 2.6 

Dissociation 
from OAR* 
tau [s] 

 rat wt S161A E172A I175A 
S161A 
V162M 

10 µM PD 85.8 ± 11.1 # 80.9 ± 8.9 # 90.6 ± 8.4 # 118.8 ± 13.8 # 168.8 ± 37.9 # 

3 µM Ado 29.4 ± 3.1 37.3 ± 5.1 7.6 ± 0.7 6.8 ± 1.5 9.98 ± 0.9 

3 µM Ado  
+ 10 µM PD 

14.1 ± 2.6 16.8 ± 2.2 4.6 ± 0.5 5.2 ± 0.5 5.4 ± 1.0 
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