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ABSTRACT 

The A2A-adenosine receptor, a rhodopsin-like G protein-coupled receptor, is one of 

the four subtypes of the adenosine receptor family. It stands out from its peers, 

because (i) it engages its cognate G protein Gs by restricted collision coupling, (ii) it 

has a long flexible C-terminal tail that provides a docking site for several proteins 

and (iii) it lacks the canonical palmitoylation site located in helix 8 within the 

intracellular C-terminus of the receptor. I explored the hypothesis that restricted 

collision coupling and the lack of palmitoylation are causally related. To this end, an 

A2A receptor-R309C mutant was generated, based on the fact that the other 

adenosine receptors carry a palmitoylated cysteine at the corresponding position. 

Indeed, palmitoylation of the mutant occurred as demonstrated by employing 

metabolic labeling as well as mass spectrometry experiments. Concentration-

response curves for cAMP accumulation and for phosphorylation of extracellular 

signal-regulated kinases following agonist stimulation showed a leftward shift with 

increasing A2A receptor-R309C expression levels. This is in contrast to 

corresponding curves of wild type A2A receptor and in agreement with collision 

coupling. Employing single particle tracking of A2A receptors labeled with quantum 

dots furthermore showed a difference in the lateral mobilities of the wild type A2A 

receptor and the mutant A2A receptor-R309C. Agonist treatment slowed the diffusion 

of the wild type A2A receptor, whereas the diffusion of the mutant A2A receptor-

R309C remained unaltered. Furthermore, the wild type A2A receptor was found to be 

associated to a higher extent with detergent resistant membrane fractions. In 

addition, cAMP accumulation induced by the wild type A2A receptor was more 

susceptible to inhibition by cholesterol removal. Taken together, the data presented 

in this work show that engineering a palmitoylated cysteine into the C-terminus (i) 

relieved restricted collision coupling, (ii) resulted in accelerated diffusion of the 

agonist-liganded A2A receptor-R309C and (iii) led to the redistribution of the mutant 

A2A receptor-R309C at the cell surface. 
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ZUSAMMENFASSUNG 

Der A2A-Adenosinrezeptor, ein Rhodopsin-ähnlicher G-Protein-gekoppelter 

Rezeptor, ist einer von vier Subtypen der Adenosinrezeptor-Familie. Im Vergleich 

zu den anderen drei Rezeptor-Subtypen weist er drei Besonderheiten auf: (i) er 

interagiert mit seinem zugehörigen G-Protein Gs in einer Weise, die sich mit dem 

kinetischen Modell "restricted collision coupling" beschreiben lässt, (ii) er hat einen 

langen flexiblen C-Terminus, welcher eine Andockstelle für zahlreiche Proteine 

darstellt und (iii) ihm fehlt die kanonische Palmitoylierungsstelle am Ende der Helix 

8 in seinem intrazellulären C-Terminus. In der vorliegenden Arbeit prüfte ich die 

Hypothese, dass "restricted collision coupling" und das Fehlen einer 

Palmitoylierung in Zusammenhang stehen. Die A2A-Rezeptor-R309C-Mutante, 

erstellt aufgrund der Tatsache, dass die anderen Adenosinrezeptor-Subtypen an 

der entsprechenden Stelle ein palmitoyliertes Cystein tragen, wird palmitoyliert. Das 

wurde sowohl durch metabolische Markierung als auch durch Massenspektrometrie 

bestätigt. Nach Aktivierung durch Agonist erstellte Dosis-Wirkungskurven für cAMP 

Akkumulierung und Phosphorylierung der Mitogen-aktivierten Proteinkinasen 

zeigten mit zunehmenden Expressionslevels der A2A-Rezeptor-Mutante eine 

Verschiebung nach links. Diese Kurven unterschieden sich damit grundlegend von 

den entsprechenden Kurven des Rezeptor-Wildtyps und ließen sich stattdessen mit 

dem „collision coupling“ Model erklären. Aufnahmen einzelner sich bewegender 

Rezeptoren, die mit Quantum Dots markiert wurden („Single Particle Tracking“), 

zeigten, dass sich Rezeptor-Wildtyp und -Mutante in ihrer Mobilität unterschieden; 

die Diffusion des Wildtyps verlangsamte sich nach Aktivierung durch Agonist, 

während das Diffusionsverhalten der Mutante unverändert blieb. Des Weiteren fand 

sich im Vergleich ein höherer Anteil des Wildtyps in jenen Membranfraktionen, die 

gegen Extraktion mit Detergens resistent waren. Darüber hinaus wurde nach 

Rezeptor-Aktivierung beim Wildtyp die cAMP Akkumulierung stärker durch 

Cholesterol-Depletion beeinträchtigt als bei der Mutante. Zusammengefasst zeigen 

die vorliegenden Daten, dass das Einbringen eines palmitoylierten Cysteins in den 

C-Terminus des A2A-Rezeptors (i) das "restricted collision coupling" aufhob, (ii) die 

Diffusion der Agonist-gebundenen Rezeptor-Mutante beschleunigte und (iii) zur 

Umverteilung der A2A-Rezeptor-Mutante an der Zelloberfläche führte. 
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ABBREVIATIONS 

[3H]ZM241385 [2-3H]-4-(2-[7-Amino-2-(2-furyl)-[1,2,4]-traizolo-[2,3-a]-[1,3,5]- 
triazin-5-ylamino]ethyl)phenol 

5-HT 5-hydroxytryptamine 

ARF6 ADP-ribosylation factor-6 

ARNO exchange factor for the ADP-ribosylation factor-6 

ATP adenosine-5’-triphosphate 

cAMP adenosine 3’,5’-cyclic monophosphate  

CCR5 CC chemokine receptor type 5 receptor 

cf. confer 

CREB cAMP responsive-element-binding protein 

CRFR corticotrophin-releasing factor receptor 

CGS21680 3-[4-[2-[[6-amino-9-[(2R,3R,4S,5S)-5-(ethylcarbamoyl)-3,4-dihy- 
droxy-oxolan-2-yl]purin-2-yl]amino]ethyl]phenyl]propanoic acid 

CXCR4 CXC chemokine receptor type 4 

DTT dithiothreitol 

ddH2O double distilled water 

DRM detergent-resistant membrane 

ER endoplasmic reticulum 

e.g. exempli gratia 

ERK extracellular signal-regulated kinase 

FCS fetal calf serum 

FRAP fluorescence recovery after photobleaching 

GABA γ-aminobutyric acid 

GDP guanosine-5’-diphosphate 

GEF guanine nucleotide exchange factor 

GPCR G protein-coupled receptor 

GPI glycosylphosphatidylinositol 

G protein GTP-binding protein  

GRK GPCR receptor kinases 

GTP guanosine-5’-triphosphate 

GTPγS guanosine 5’-[γ-thio]triphosphate 

HEK293 human embryonic kidney 293 
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i.e. id est 

IP3 inositol 1,4,5-trisphosphate 

MAPK mitogen-activated protein kinase 

mGluR metabotropic glutamate receptor 

MRM multiple reaction monitoring 

PAT protein acyltransferase 

PBS phosphate-buffered saline 

PKA protein kinase A  

PLC phospholipase C 

PMA phorbol-12-myristate-13-acetate 

ROI  region of interest 

S.D.  standard deviation 

SDS sodium dodecyl sulfate 

S.E.M. standard error of the mean 

SPT single particle tracking 

TM transmembrane  

WT wild type 

XAC xanthine amine congener 

YFP yellow fluorescent protein 

 

Kinetic parameters 

Bmax maximal binding  

Emax maximum level of cAMP accumulation 

EC50 compound concentration resulting in 50 % maximal response  

KD  dissociation constant at equilibrium  

 

Single-letter abbreviations for amino acids 

A alanine  I isoleucine  R arginine  

C cysteine  K lysine  S serine  

D aspartic acid  L leucine  T threonine  

E glutamic acid  M methionine  V valine  

F phenylalanine  N asparagine  W tryptophan  

G glycine  P proline  Y tyrosine 

H histidine  Q glutamine  X any amino acid 
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1 INTRODUCTION 

Cells receive and process information from their environment; an adequate reaction 

to ambient clues by any cell or living organism is essential for its survival and 

homeostasis. All of these tasks get to be even more sophisticated in the cases of 

multicellular organisms or complex structures such as tissues and organs, as these 

situations require a concerted action by many different cells. To convey information 

on environmental changes, a large number of chemical and physical signals are 

constantly relayed. Some signal molecules enter the cell, while others bind to 

receptors situated on the cell surface. These receptors span the membrane and 

pass information to the interior of the cell. This information passage is followed by 

the activation of various second messengers and modulation of different 

downstream effectors, which in turn lead to specific cellular and physiological 

responses. One of the most important classes of surface receptors is that of the 

G protein-coupled receptors (GPCRs). The name of this class refers to a common 

mode of receptor signaling via heterotrimeric guanosine-5’-triphosphate (GTP)-

binding proteins (G proteins) located inside the cell. 

 

1.1 G protein-coupled receptors (GPCRs) 

The superfamily of GPCRs represents the largest and most diverse group of cell 

surface receptors, and to date more than 800 GPCR-coding genes had been 

identified in the human genome, which is equivalent to more than 3 % of its protein-

coding sequence (Lagerstrom and Schioth, 2008; Lappano and Maggiolini, 2011). 

As a comparison, the fruitfly Drosophila melanogaster contains about 160 and the 

nematode Caenorhabditis elegans about 1050 GPCR genes; this corresponds to 1 

and 5.5 % of their total genomes, respectively (Bargmann, 1998; Adams et al., 

2000). Typical characteristics for these receptors are an extracellular N-terminus, 

an intracellular C-terminus of variable length as well as seven transmembrane (TM) 

segments/helices (therefore they are also referred to as heptahelical receptors). 

Each TM segment comprises approximately 25-35 amino acid residues. In a 

hydropathy plot, these segments stand out because of their relatively high degree 

of hydrophobicity. The seven TM helices are connected via three intra- and three 

extracellular loops. The promiscuity of GPCRs can be appreciated from the fact that 
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they bind a plethora of diverse ligands, including amino acids, peptides, hormones, 

lipids, neurotransmitters, nucleosides, ions, odors, flavors and light (Bockaert and 

Pin, 1999; Perez, 2003). Because of the involvement of GPCRs in the regulation of 

diverse physiological processes, such as the communication between cells, 

hormonal signaling, synaptic transmission and sensory transduction, it is not 

surprising that aberrations often lead to severe disorders. Accordingly, GPCRs 

represent the most common targets for pharmaceuticals; in fact, about 30-50 % of 

present drugs target members of the different classes of GPCRs (Overington et al., 

2006; Zhang and Xie, 2012). 

 

1.2 The classification of GPCRs 

Several classification systems for GPCRs exist, based on their structural and 

physiological properties (Schioth and Fredriksson, 2005). Comprehensive 

phylogenetic analysis of the human genome recently led to the clustering of the 

GPCRs into five families: glutamate (G), rhodopsin (R), adhesion (A), 

frizzled/taste 2 (F) and secretin (S) receptors, the so-called GRAFS classification 

system (Fredriksson et al., 2003). Based on the chromosomal positions of the 

genes and the identification of fingerprint motifs, it is believed that receptors 

belonging to the same family have evolved from a common evolutionary origin via 

gene duplication as well as exon shuffling (Perez, 2003). 

 

1.2.1 The glutamate receptor family 

This family comprises 22 receptors, which include eight metabotropic glutamate 

receptors (mGluR), two γ-aminobutyric acid B (GABAB) receptors, three taste 1 

receptors (for tasting sweet and umami for L-glutamate), the calcium sensing 

receptor and eight orphan receptors (Fredriksson and Schiöth, 2006). The 

eponymous ligands (i.e., the neurotransmitters glutamate and GABA, flavor 

molecules and Ca2+ ions) are bound to a large domain within the N-terminus of the 

receptor, which itself interacts with the membrane-bound domain. Because of its 

unique composition, the N-terminus is referred to as the "Venus flytrap", i.e., it is 

made of two lobes closing around a "trapped" ligand (Kunishima et al., 2000). Due 

to the large N-terminal lobe, the members of this family require a cleavable signal 
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peptide that targets the nascent polypeptide to the endoplasmic reticulum (ER) and 

allows for co-translational insertion of the N-terminus into the lumen of the ER. 

These receptors are constitutive dimers; dimerization is crucial for targeting of the 

receptor to the plasma membrane (Milligan, 2004). In addition, G protein activation 

is accomplished by the dimer (El Moustaine et al., 2012). 

 

1.2.2 The rhodopsin receptor family 

This family has the most members (about 700 receptors) and is best-studied within 

the GRAFS classification system (Lagerstrom and Schioth, 2008; Lappano and 

Maggiolini, 2011). Four subfamilies exist, termed α, β, γ and δ. The four adenosine 

receptors belong to the α group (Fredriksson et al., 2003). The olfactory receptors 

make up the largest branch within the family and belong to the δ group. The 

rhodopsin receptor family is very heterogeneous regarding primary structure as well 

as their preference for different ligands (Perez, 2003; Lagerstrom and Schioth, 

2008; Lappano and Maggiolini, 2011). The N-termini of these receptors usually 

contain only a short sequence of amino acids and their TM segments are highly 

diverse. Nevertheless, some common motifs can be found within the sequence of 

the seven TM segments in most rhodopsin-like receptors: most of these receptors 

carry an E/DRY motif within TM helices 3 (TM3) (on the cytoplasmic side) as well 

as a NPXXY motif in TM7; both of which are crucial for protein stabilization and/or 

G protein activation (Barak et al., 1995; Ballesteros et al., 2001; Rosenbaum et al., 

2009). Furthermore, the ligand binding domain can be found in a cavity formed 

between TM3, TM6 and TM7 (Venkatakrishnan et al., 2013). About 65 receptors of 

the rhodopsin family are still orphan receptors (Gloriam et al., 2007). 

 

1.2.3 The adhesion receptor family 

This group consists of 33 members in humans. Receptors of this family are 

characterized by a large region connected to TM7 on the extracellular site via a 

stretch that contains a GPCR proteolytic sequence (Schioth and Fredriksson, 

2005). Common structural domains that can be found in the N-terminus include 

leucine-rich and thrombospondin type 1 repeats as well as epidermal growth factor 

(EGF)-like domains; furthermore segments reminiscent of immunoglobulins and 
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cadherins (Stacey et al., 2000; Yona et al., 2008). These domains are in fact the 

namesake elements: they often play a role in protein-protein interactions and cell 

adhesion in other proteins. Indeed, adhesion receptors are thought to bind to 

extracellular matrix molecules. Most adhesion receptors are still considered orphan 

receptors (Fredriksson and Schiöth, 2006); they are presumed to control cell fate 

decisions, to convey positional information and to be involved in differentiation of 

cells of the immune system (Stacey et al., 2000; Yona et al., 2008). 

 

1.2.4 The frizzled/taste 2 receptor family 

The members of this family have only recently been recognized as GPCRs and are 

subdivided into two clusters. The frizzled group has 11 members (Fredriksson et al., 

2003). Frizzled receptors 1-10 are liganded by a family of secreted and lipid-

modified glycoproteins (known as Wnts) that bind to the cysteine-rich N-terminal 

domain (Dann et al., 2001). Member 11 is the distantly related smoothened 

receptor (Fredriksson and Schiöth, 2006). They regulate embryonic development, 

adhesion, polarity and cell migration (Fredriksson et al., 2003). Wnt signaling via 

frizzled receptors has been linked to a large variety of diseases, most importantly 

cancer, bone malformations and endocrine disorders (Klaus and Birchmeier, 2008). 

The second cluster is formed by roughly 25 taste 2 receptors, all recognizing bitter. 

While the taste 2 receptors contain only a short N-terminus, they do share particular 

consensus sequences or fingerprints that are unique to this family (Fredriksson et 

al., 2003). It is not clear if frizzled and taste 2 receptors have a common 

evolutionary origin (Fredriksson and Schiöth, 2006). 

 

1.2.5 The secretin receptor family 

This receptor family was named after the first member that was cloned, termed the 

secretin receptor. The 15 members of this family are all regulated by peptide 

hormones (Fredriksson et al., 2003). Examples are the corticotropin-releasing factor 

receptors (CRFRs) type 1 and 2 binding to corticotropin-releasing hormone (Milan-

Lobo et al., 2009). The secretin receptors carry an extracellular binding site within 

their N-termini that comprises about 60-80 amino acids; these form several disulfide 

bonds, which are conserved and play a role in the binding of peptide hormones 
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(Fredriksson and Schiöth, 2006). Some of these receptors are potential drug targets 

and are currently investigated in preclinical and clinical studies (Lagerstrom and 

Schioth, 2008; Lappano and Maggiolini, 2011). 

 

1.3 The G proteins 

The family of heterotrimeric G proteins was discovered independently by Gilman 

and Rodbell more than three decades ago. They were the first to show that 

heterotrimeric G proteins are the primary interaction partners, which modulate 

different cellular effector systems once receptor-generated signals are transduced 

across the plasma membrane (reviewed in (Gilman, 1987; Rodbell, 1992; Rodbell, 

1995)). Heterotrimeric G proteins owe their name to their three subunits: alpha (α; 

molecular mass 39-52 kDa), beta (β; 35-37 kDa) and gamma (γ; 6-8 kDa). The α 

subunits bind guanine nucleotides (Hepler and Gilman, 1992; Müller and Lohse, 

1995). The β and γ subunits form a stable dimeric complex referred to as the βγ 

complex. On the basis of sequence identity and on their downstream effector-

coupling specificity, more than 20 human α subunits are divided into four different 

classes (16 gene products, some with alternatively spliced isoforms): Gαi/o, Gαs, 

Gαq and Gα12/13 (Strathmann and Simon, 1991; Neer, 1995). 

 
The heterotrimeric G proteins are part of a larger class of G proteins that also 

comprises the small GTP-binding proteins with a molecular mass of 20-40 kDa 

(Takai et al., 2001). Sometimes these are also referred to as GTPases, although 

this is a misnomer, because GTP cleavage cannot be accomplished by the proteins 

in the absence of a GTPase activating protein. They do resemble the α subunit of 

heterotrimeric G proteins but contrary to these, small GTPases are monomers. 

Small GTPases can be found in all eukaryotes. Based on their sequence and 

structure, the proteins are subdivided into the following groups: the Ras, Rab, Ran, 

Rho and Sar1/Arf families (Takai et al., 2001; Wittinghofer and Vetter, 2011). They 

are known to serve as molecular switches and key regulators for several different 

cellular signaling events, including cell division, apoptosis, cell-cell adhesion, cell-

matrix adhesion and migration (ten Klooster and Hordijk, 2007). 
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1.3.1 The Gαs protein class 

The two members Gαs (“s”, stimulatory) and Golf (“olf”, olfactory) of this class 

interact and stimulate adenylyl cyclase. This leads to increased levels of 

intracellular adenosine 3’,5’-cyclic monophosphate (cAMP) and protein kinase A 

(PKA) activation, which initiates a broad range of downstream cascades within the 

cell. PKA itself phosphorylates various substrates, including transcription factors 

and ion channels, e.g., calcium channels (Brown et al., 1989), and thereby 

modulates their activity. Gαs is expressed ubiquitously in contrast to Golf, which was 

discovered in the neuroepithelium and is restricted to specific neural tissues; Golf is, 

as implicated by its name, recognized as the G protein functioning in the olfactory 

system (Pace and Lancet, 1986; Jones and Reed, 1989). However, it is also 

abundantly expressed in the corpus striatum (Kull et al., 2000). Gαs has a major 

function in the mode of action of the cholera toxin. The toxin, produced by Vibrio 

cholera, leads to severe dehydration, which is mediated by specific and constitutive 

activation of Gαs (Milligan et al., 1989). The gene encoding Gαs is very complex; it 

does not only give rise to four splice variants of Gαs but it also encodes additional 

domains. Accordingly, additional domains can be spliced onto the second exon of 

Gαs giving rise to XLαs and XXLαs (Kehlenbach et al., 1994; Aydin et al., 2009). 

XLαs shares many functional properties of Gαs; it is, however, not activated by any 

known GPCR (Klemke et al., 2000). 

 

1.3.2 The Gαi protein class 

The Gαi class (“i”, inhibitory) comprises Gαi1, Gαi2, Gαi3, Gαz, Gαgust, Gαt-r, Gαt-c, as 

well as Gαo (“o”, other); all of which show a high sequence similarity. Gαi1-3 and the 

Gαo subunits form the subgroup Gαi/o because they are functionally similar (Neer, 

1995). Gαi/o members inhibit adenylyl cyclase, thereby decreasing the production of 

cAMP. The three very similar Gαi isoforms are thought to have arisen at least in 

part by gene duplication (Wilkie et al., 1992). Gαi-1 is found in particularly high 

concentrations in the brain, while Gαi-2 and Gαi-3 are ubiquitously expressed. Gαo 

accounts for 0.2-0.5 % of brain particulate protein and 10 % of the growth cone 

membrane; this makes it more abundant in the mammalian brain than any other G 

protein (Valenzuela et al., 1997). With one exception (Gαz), all Gαi proteins are 
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sensitive to pertussis toxin produced by the bacterium Bordetella pertussis. 

Pertussis toxin is an ADP-ribosyl-transferase catalyzing the irreversible transfer of 

ADP-ribose onto a cysteine residue that is located four amino acids distal to the C-

terminus, thereby preventing the interaction of the G protein with its cognate 

receptor. Ultimately, this leads to a sustained increase of cAMP levels (Burns, 

1988). Gαz differs from Gαi/o by lacking the cysteine residue proximal to the C-

terminus, which confers resistance to pertussis toxin. Interestingly, Gαz has a very 

low basal GDP dissociation and GTP hydrolysis rate compared to other Gα 

subunits (Casey et al., 1990). There is evidence supporting the involvement of Gαz 

in cellular development, proliferation, survival and differentiation (Ho and Wong, 

2001). Furthermore, Gαi proteins function in sensory systems. The taste cell-

specific Gαgustducin (Gαgust) plays a key role in the transduction of sweet and bitter 

stimuli (McLaughlin et al., 1992; Margolskee, 2002). The two different α subunits of 

retinal G protein transducin expressed in rods and cones, Gαt-r and Gαt-c, play a 

central role in transducing light-initiated signals (Lerea et al., 1986). 

 

1.3.3 The Gαq protein class 

The Gαq class comprises Gαq, Gα11, Gα14, Gα15 and Gα16, which all lack the 

pertussis toxin ADP-ribosylation site (Wilkie et al., 1992). In their GTP-bound state, 

they stimulate phospholipase C (PLC) β isoforms (Lee et al., 1992), resulting in the 

hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-

trisphosphate (IP3) and diacylglycerol (Berridge, 1993). In mice, Gαq and Gα11 are 

broadly expressed and most tissues contain both proteins. However, Gαq levels in 

the central nervous system are several-fold higher than Gα11. Mice lacking Gαq are 

known to develop ataxia with a dysfunction in motor coordination (Offermanns, 

2001). The murine Gα14 is predominantly expressed in lung, kidney, spleen and 

testis, whereas murine Gα15 and the corresponding protein in human, Gα16, are 

primarily found in a subset of hematopoietic cells (Wilkie et al., 1992; Offermanns 

and Simon, 1995). One of the known receptors, which activate Gαq/11 is the mGluR 

type 1 binding to Gαq/11 (Offermanns, 2001). 
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1.3.4 The Gα12 protein class 

Proteins belonging to the Gα12 class are rather distinct from the other G protein 

classes: only 50 % of the amino acid sequences are identical (Strathmann and 

Simon, 1991). Furthermore, the members of the family itself, which include Gα12 

and Gα13, are rather heterogeneous, too; with only 67 % the sequence identity 

between the two proteins of this subfamily is less than the identity between 

members of others (Strathmann and Simon, 1991; Dhanasekaran and Dermott, 

1996). Gα12 and Gα13 both exhibit a wide, yet low-level expression pattern (Spicher 

et al., 1994). It could be shown that Gα12 and Gα13 can be activated via stimulation 

of the human platelet thrombin, the thromboxane A2 and the human thyroid-

stimulating hormone (TSH) receptors (Offermanns et al., 1994). Evidence exists, 

moreover, that Gα12 and Gα13 play a crucial role in a broad range of signaling 

pathways: in the regulation of Na+/H+-exchangers (Voyno-Yasenetskaya et al., 

1994; Laugwitz et al., 1996); in the activation of the small GTPase Rho via a group 

of Rho guanine nucleotide exchange factors (RhoGEFs) and Jun N-terminal 

kinases (Harhammer et al., 1996; Worzfeld et al., 2008); and in actin cytoskeletal 

remodeling (Wang et al., 2006). Gα13 is also required for receptor tyrosine kinase-

mediated cell migration of fibroblast and endothelial cells (Shan et al., 2006). Gα12 

and Gα13 proteins also regulate adhesive functions of cadherins and signal via the 

Rho family members. Thus, they play a role in cancer development and 

progression, i.e., angiogenesis and migration of cancer cells (Lappano and 

Maggiolini, 2011). 

 

1.3.5 The βγ complex 

The tightly bound complex of β and γ subunits can be viewed as a functional entity; 

with the notable exception of Gβ5, Gβ does not dissociate from Gγ under 

physiologic conditions (Schwindinger and Robishaw, 2001). βγ complexes are 

membrane-associated through an attached isoprenyl group. In most instances, the 

isoprenyl moiety is geranylgeranyl; only transducin-βγ (β1γ1) is farnesylated; the 

shorter isoprenyl moiety accounts for the fact that transducin-βγ can also exist as a 

soluble complex (Müller and Lohse, 1995). To date, six different β subunits and 

twelve different γ subunits have been identified in humans, which can exist in 
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various combinations (Hurowitz et al., 2000; Oldham and Hamm, 2008). Because 

βγ does not have any catalytic activity, it was originally thought to only reverse the 

action of Gα by reconstituting the inactive heterotrimer and guiding Gα back to the 

receptor to complete the cycle (Clapham and Neer, 1993). In 1987, it was first 

reported that the βγ complex itself has an effector function by activating the 

muscarinic potassium channel in the heart (Logothetis et al., 1987). Today, it is 

generally accepted that the βγ complex per se contributes to the modulation and 

regulation of a great variety of effecter molecules, e.g., adenylyl cyclase isoforms, 

PLC β2 and β3 isoforms, some calcium channels, the G protein-coupled inwardly-

rectifying potassium channel (GIRK) and phosphoinositide 3-kinase γ (PI3Kγ) 

(Clapham and Neer, 1997; Lin and Smrcka, 2011). In addition, Gβγ dimers are 

often required to stimulate mitogen-activated protein kinase (MAPK) pathways; the 

mechanisms underlying this activation, however, are yet to be understood in detail 

(Schwindinger and Robishaw, 2001). Gβγ signaling is terminated by re-association 

with Gα subunits in a manner that sequesters the protein recognition surfaces on 

both subunits (Lin and Smrcka, 2011). 

 

1.4 GPCR activation and the G protein cycle 

Within the G protein cycle, heterotrimeric G proteins act as crucial molecular 

switches, which turn on intracellular signaling cascades once a GPCR has been 

activated. G proteins can be found at the cytoplasmic site of the plasma membrane, 

with the Gα and Gγ subunits being attached to the membrane through acyl (i.e., 

palmitoyl and myristoyl groups) and isoprenyl groups, respectively. The function of 

the G protein as a molecular switch is based on the ability of the Gα subunit to 

change from an inactive GDP-bound to an active GTP-bound form (and back), 

which is able to regulate the activity of downstream effector proteins. The exchange 

of GTP for GDP is catalyzed by an activated, i.e., agonist-occupied GPCR, which 

then functions as a guanine nucleotide exchange factor (GEF). The GEF then 

catalyzes the release of GDP from the active site of the Gα subunit. The pair of 

receptor and heterotrimeric G protein determines which specific mechanism is 

being used for activation. Moreover, several aspects of receptor activation, G 

protein binding as well as nucleotide exchange are yet to be understood or even to 

be reassessed (reviewed in (Oldham and Hamm, 2008)). Nevertheless, the 
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traditional model of the G protein cycle, the basis of which has been worked out 

decades ago (reviewed in (Hepler and Gilman, 1992)), is still considered to be valid 

in general. Its four steps can be summarized as follows:  

 
1) In the basal or resting state (Figure 1-1), the heterotrimeric G protein, which 

consists of a Gα and the tightly associated Gβγ subunit, forms a complex with GDP 

(that is bound to the complex via Gα). The rate of GDP release, in this state, is an 

order of magnitude slower than that of GTP hydrolysis, which allows the system to 

be locked in the "off" state as long as no signal is received (Freissmuth et al., 1989; 

Linder et al., 1990). 

 
2) Ligand binding results in receptor activation. The GPCR undergoes a change in 

in the conformation of its cytoplasmic domain, opening up a binding pocket for the 

C-terminus of the Gα subunit, which then results in a receptor-G protein complex. 

Whether or not ligand binding is essential preceding the G protein-receptor 

interaction, is still matter of extensive ongoing research (see 1.5). Activated 

receptors accelerate the release of GDP from Gα(GDP) – most likely by altering the 

relative orientation of Gα versus Gβγ – and a ternary complex is formed, which 

comprises the activated, liganded receptor and the heterotrimeric G protein. 

Different models have been discussed for how the receptor mediates a long-range 

conformational change on the G protein that allows GDP release; these are the (i) 

“lever arm” model, (ii) "gear-shift" model and (iii) "C-terminal latch" model (reviewed 

in (Gsandtner et al., 2010)). The recently published crystal structure of the β2-

adrenergic receptor in complex with Gs (Rasmussen et al., 2011) has settled the 

issue: the receptor engages the N-terminus of the Gα subunit and engulfs its C-

terminus in a cavity created within its hydrophobic core on the cytoplasmic side. 

This results in destabilization of the contacts between the helical domain and the 

RAS-like domain of the Gα subunit, thus opens the guanine nucleotide binding 

pocket and creates an exit pathway for GDP (Rasmussen et al., 2011). 

 
3) A third step of subunit dissociation and effector regulation is initiated upon rapid 

GTP binding. The cellular GTP concentration is several-fold higher than the GDP 

concentration. Upon GTP binding to Gα, the interface between Gα(GTP), Gβγ and 

the receptor rearranges, which allows Gα and the Gβγ complex to dissociate from 

the receptor and bind to effector proteins, such as adenylyl cyclase. Thus, in cells, 
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the ternary complex consisting of receptor, G protein and agonist is transient in 

nature. However, in membrane preparations, the ternary complex is very stable 

provided that GTP is not added, because all components are locked in a complex 

where they display their highest mutual affinity. Only GTP, which has an even 

higher affinity for the Gα (in the pM range), can disrupt the complex.  

 
4) Finally, deactivation of receptor and the return to the basal state occurs upon 

hydrolysis of GTP to GDP and release of the terminal phosphate mediated via the 

intrinsic GTPase activity of Gα. This step may itself be catalyzed by regulatory 

proteins. GDP-bound Gα reassociates with the Gβγ complex, which returns the 

system into its basal state; the signal is terminated. The vectorial nature of signaling 

in the G protein activation cycle is thus ensured by (i) the greater concentration of 

GTP over GDP in the cell, (ii) the high affinity of GTP for Gα and (iii) the structural 

rearrangement of Gα and Gβγ upon GTP binding (Oldham and Hamm, 2008). 

 
Since this series of interactions is in fact far more complex than outlined above, 

many key questions, in particular those relating to conformational and specificity 

aspects, remain open and/or are controversially discussed (Oldham and Hamm, 

2008). When studying the activation of G proteins in cells in vivo, the receptor and 

certain G protein subunits in some cases remained associated upon receptor 

activation (Bünemann et al., 2003; Gales et al., 2005). Furthermore, it has been 

observed that downstream signaling can occur even if the heterotrimer is not (fully) 

dissociated (Levitzki and Klein, 2002). Finally, involvement of a series of regulators 

add further complexity and modularity to this system, some of which are: (i) 

regulators of G protein signaling (RGS; which accelerate the intrinsic GTPase 

activity of α subunits), (ii) activators of G protein signaling (AGS; which activate G 

proteins in a manner independent of GPCR signaling) (Cismowski et al., 2001) and 

(iii) GPCR receptor kinases (GRKs; which phosporylate GPCRs; this results in 

receptor desensitization and/or endocytosis; see also 1.6) (Ferguson, 2001). 
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Figure 1-1: The traditional view on the G protein cycle: a four-step reaction. See text for 

explanations on each of the four steps. R = receptor; H = hormone (or any other ligand); α, β ,γ = the 

three G protein subunits; E, E1, E2 = effector enzymes (e.g., adenylyl cyclase); GDP/GTP = 

guanosine-5’-diphosphate/guanosine-5’-triphosphate; Pi = released terminal phosphate. Based on 

(Freissmuth et al., 1999). 

 

1.5 The kinetics of receptor-G protein interaction and activation 

In the model outlined above, the receptor functions catalytically: in the presence of 

agonist and while desensitization has not been initiated, a receptor can undergo 

multiple rounds of G protein activation. Access to substrate, i.e., the G protein, is 

contingent on diffusion. Two opposing models have been presented: in the 

(unrestricted) collision coupling model, the interactions between receptor and its 

cognate G proteins occur – following the fluid mosaic model of the lipid bilayer 

(Singer and Nicolson, 1972) – as a result of free lateral diffusion, i.e., random walk 

within the plasma membrane. Active, agonist-occupied receptor only has the 

possibility to collide with and activate G proteins. Unrestricted collision coupling has 

several kinetic features that were first shown in turkey erythrocytes with the β-

adrenergic receptor and its coupling to the effector enzyme adenylyl cyclase 

(Tolkovsky and Levitzki, 1978b; Tolkovsky and Levitzki, 1978a): reducing the 

amount of β-adrenergic receptors by a specific affinity label caused a reduction of 

the rate of activity, i.e., the EC50, but not the extent of the activation, i.e., Emax 

(Tolkovsky and Levitzki, 1978a). The second model – the precoupling model – 

proposes that also in the absence of an agonist, stable complexes comprising 
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receptor and G protein can exist. Agonist binding leads to G protein activation, but 

not necessarily to complex dissociation; in consequence, the Emax and not the EC50, 

changes (Lambert, 2008; Hein and Bünemann, 2009; Lohse et al., 2012). Evidence 

has been obtained for both precoupling (Gales et al., 2005; Nobles et al., 2005) and 

collision coupling (Ayoub et al., 2012) from bioluminescence resonance energy 

transfer (BRET), fluorescence resonance energy transfer (FRET) and time-resolved 

FRET studies. Although these two models are mutually exclusive, for some 

receptors, the available observations support both models: for example, co-

immunoprecipitation experiments suggest that precoupling of α2A-adrenergic 

receptors occurs (Okuma and Reisine, 1992). In contrast, FRET (Hynes et al., 

2004) and time-resolved FRET experiments (Hein et al., 2005) both demonstrated 

that there wasn’t any significant precoupling; moreover, it showed that receptors 

and G proteins interacted in an agonist-dependent manner by collision coupling. It 

is therefore likely that different ways of coupling between the GPCR and its G 

protein exist, which depend on a range of factors: the receptor type, the G protein 

subtype, their expression levels and the cellular system used (Hein and Bünemann, 

2009). The major caveat of several of these studies is the use of heterologously 

(over)expressed receptors and/or G proteins; furthermore, the observed 

phenomena depend also on the stoichiometry of the involved partners, including 

potential adapter proteins. Therefore, one should note that the behavior of the 

molecules studied may be altered due to experimental manipulations, such as over-

expression (see above), labeling, purification and in vitro reconstitution. It is thus 

crucial to include sound controls in such experiments and draw conclusions only 

with great care (Hein and Bünemann, 2009).  

 
Some observations could not be readily explained with these widely discussed 

collision coupling and precoupling models. Therefore, additional modes of 

interaction have been brought forward, such as that receptors may be 

preassociated with their G proteins as long as no agonist is present. Upon agonist 

binding, a switch to collision coupling may occur, or a receptor-G protein complex of 

transient nature may be formed (termed kinetic scaffolding) (Zhong et al., 2003; 

Jakubik et al., 2011). Another possibility is that the receptor may only be able to 

activate a fraction of the cellular complement of its cognate G protein, a 

phenomenon termed restricted collision coupling (Gross and Lohse, 1991; Neubig, 
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1994; Lohse et al., 2012). This phenomenon may be a consequence of (i) fencing 

the receptor by the actin cytoskeleton, (ii) picketing the receptor by other TM 

proteins or (iii) targeting the receptor to distinct membrane domains (lipid rafts). 

Strikingly, the mode of G protein coupling may even differ among receptors that are 

closely related. The two corticotropin-releasing factor receptors CRFR1 and CRFR2 

serve as an example of such a coupling mode. Experiments performed in our 

laboratory have demonstrated that only the CRFR2 undergoes restricted collision 

(Milan-Lobo et al., 2009). 

 

1.6 Desensitization of GPCRs 

Numerous mechanisms have evolved for the regulation of essential cellular 

functions, this includes signaling by receptors. The loss of response after prolonged 

agonist stimulation or repeated administration of an agonist is termed 

desensitization (Hausdorff et al., 1990). The term "prolonged" in this context 

depends on the type of receptor: when speaking about neurotransmitters, this 

refers to an action that exceeds the normal response time on a scale of seconds to 

minutes; for hormones, this time scale is expressed in hours to days instead. 

Therefore, high receptor activation leads to a reduced subsequent ability of 

stimulation (desensitization), whereas low receptor activation leads to an increased 

ability to be stimulated (sensitization). The canonical way of rapid termination of 

receptor-induced signal transfer is initiated by receptor phosphorylation on 

serine/threonine residues within the C-terminus and/or the third cytoplasmic loop. 

This action is in many cases mediated by the family of GRKs and leads to 

concomitant arrestin recruitment (Pitcher et al., 1998). Phosporylation by GRK has 

per se little influence on receptor-G protein coupling, but increases receptor affinity 

for arrestins (Lohse et al., 1992). Arrestin recruitment precludes further activation of 

G proteins by agonist-activated receptor: arrestins bind to the cytoplasmic end of 

the phosphorylated agonist-bound receptor; the presence of a minimum of two 

phosphorylated residues is required to engage the N-terminus of arrestins and to 

initiate the conformational change in arrestin that allows it to occupy the G protein 

binding site. This precludes further G protein activation; because arrestins are 

adapter proteins, they recruit both the clathrin machinery (which supports 

internalization) and additional signaling molecules (e.g., non-receptor tyrosine 
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kinases of the SRC family; which give rise to a second, G protein-independent 

wave of signals) (Hanyaloglu and von Zastrow, 2008; Calebiro et al., 2010). When 

compared to GPCRs or G protein subunits, the number of GRKs and of arrestins is 

limited; there are six isoforms of GRKs and three arrestins, arrestin-1 is the visual 

arrestin, it is only present in the retinal cones and rods; β-arrestin-1 and -2 were 

originally identified based on their ability to support desensitization of the β2-

ardrenergic receptor. They are ubiquitously expressed and are currently referred to 

as arrestin-2 and -3 to account for the fact that they drive internalization of many 

GPCRs other than the β-ardrenergic receptors (Shenoy and Lefkowitz, 2011).  

 
The mechanism of desensitization described above is utilized by the vast majority 

of GPCRs (Reiter and Lefkowitz, 2006). Typically, desensitization is followed by 

internalization (endocytosis or sequestration) of the receptor, which is contingent on 

recruitment of β2-adaptin (AP-2) and clathrin. The term receptor sequestration was 

coined to describe the original observation that endocytosed receptors were not 

accessible to hydrophilic ligands. The mechanism that is best understood is 

dynamin-dependent endocytosis of GPCRs via clathrin-coated pits. However, some 

GPCRs may also undergo internalization via pathways that are poorly defined. A 

given internalized receptor may either enter the recycling endosomes, which leads 

to its reappearance on the cell surface and thus to resensitization, or be targeted to 

late endosomes and lysosomes, which results in their degradation and thus in 

receptor downregulation (Luttrell and Lefkowitz, 2002). Recycling to the cell surface 

is contingent on dissociation of arrestins and dephosphorylation of the receptor: this 

requires release of the agonist because the complex of receptor and arrestin also 

traps the agonist with high affinity. Dissociation of the agonist is facilitated by 

acidification of the endosomal compartment. After agonist dissociation, arrestin is 

released and the phosphoserine and phosphothreonine residues on the receptor 

become accessible for dephosphorylation by the GPCR-specific protein 

phosphatase PP2A isoform (Lefkowitz and Shenoy, 2005).  

 

1.7 The organization of the plasma membrane 

Forty years ago, Singer and Nicolson founded the basis of the present models of 

the plasma membrane structure. They described the cell membrane as a dynamic 
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structure; a fluid bilayer of homogenously mixed lipids, in which amphipathic 

proteins reside and diffuse without restrictions in the plane of the membrane (Figure 

1-2, a) (Singer and Nicolson, 1972). The composition of different membranes was 

then determined in the following years: in eukaryotic cells the major structural lipids 

are glycerophospholipids, sphingolipids and sterols (in mammals cholesterol 

predominates). The lipid composition of the plasma membrane differs considerably 

from membranes of cellular organelles (van Meer et al., 2008). The synthesis of 

sphingolipids and cholesterol takes place in the ER and the Golgi apparatus but 

both are highly abundant only in the plasma membrane; they are packed at a higher 

density than glycerolipids and resist mechanical stress (van Meer et al., 2008).  

 
While the fluidity of the plasma membrane is well documented and widely accepted, 

the view that the lipids in the bilayer mix homogenously has been questioned on 

several grounds. First, the lipid and protein composition between inner and outer 

leaflet of the bilayer is asymmetric. Some glycerophospholipids, i.e., 

phosphatidyletholamine and phosphatidylserine, are restricted to the cytosolic 

leaflet, while phosphatidylcholine and sphingolipids are present in the exoplasmic 

leaflet (van Meer et al., 2008). This asymmetry is established on the route that 

membranes take from the ER to the plasma membrane (Devaux and Morris, 2004). 

Second, in the early 1980s it was observed that polarized epithelial cells are 

enriched in glycosphingolipids at the apical surface (van Meer and Simons, 1982). 

To explain this phenomenon, researchers postulated that glycosphingolipid clusters 

form within the exoplasmic (i.e., luminal) leaflet of the Golgi membrane and that 

such microdomains function as sorting centers for proteins addressed to the apical 

domain (van Meer and Simons, 1988; Rodriguez-Boulan and Nelson, 1989). This 

was supported by the observation that the glycolipid moiety on 

glycosylphosphatidylinositol (GPI)-anchored proteins served as a determinant for 

apical sorting (Brown and Rose, 1992). Further development of the original 

membrane model led to the postulation of the “lipid raft” concept in 1997: dynamic 

sphingolipid-cholesterol-protein assemblies form rafts within the outer leaflet that 

move within the fluid bilayer and function in membrane trafficking and signal 

transduction (Simons and Ikonen, 1997; Brown and London, 1998). Later on, the 

2006 Keystone Symposium brought about an extended raft definition: “membrane 

rafts are small (10-200 nm), heterogeneous, highly dynamic, sterol- and 
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sphingolipid-enriched domains that compartmentalize cellular processes. Small 

rafts can sometimes be stabilized to form larger platforms through protein-protein 

and protein-lipid interactions” (Pike, 2006).  

 
The classical biochemical definition is based on the observation that the lipid acyl 

chains are tightly packed within the rafts, which makes the membranes insoluble 

when exposed to cold non-ionic detergents (Schuck et al., 2003). These detergent-

resistant membrane (DRM) fractions float into the buoyant fractions of sucrose 

gradients during ultracentrifugation (Brown and Rose, 1992); such fractions can 

include or exclude proteins to variable extents, which have then been considered to 

be associated with lipid rafts, or not. However, this technique is not without pitfalls 

because it is prone to variable, and sometimes inconsistent, results. Therefore, care 

has to be taken in interpreting results in that experimentally identified DRMs are not 

necessarily considered to be lipid rafts (Munro, 2003; Lichtenberg et al., 2005; 

Babiychuk and Draeger, 2006). Suitable controls are important. One important 

concern is the difficulty of visualizing lipid rafts in cell membranes. The spatial 

resolution of light microscopy is defined by Abbe’s limit (0.2 µm), which exceeds the 

postulated size of the lipid rafts. However, the development of new and 

sophisticated techniques has overcome the diffraction limit and opened new 

avenues to the study of lipid rafts (Jacobson et al., 2007; Cebecauer et al., 2009; 

Simons and Gerl, 2010; Klotzsch and Schutz, 2013). 

 
Apart from lipid rafts, other microdomain structures contribute to the heterogeneity 

of membranes. Membrane compartmentalization has been shown to occur not only 

through lipid-lipid and lipid-protein interactions, but also through membrane-actin 

cytoskeleton interactions (Sako and Kusumi, 1994). Upon extracellular signals, the 

actin cytoskeleton, due to its dynamic nature, changes its structure. It is able to 

arrange into so-called pickets and fences (corralling) that inhibit membrane proteins 

in their movement (Figure 1-2, b-d) (Kusumi and Sako, 1996; Nicolau et al., 2006; 

Kusumi et al., 2012). Thus, the actin cytoskeleton may act as a system that controls 

size as well as raft distribution within the plasma membrane (Chichili and Rodgers, 

2007; Rollason et al., 2009). Earlier studies that examined the diffusion of 

membrane proteins also pointed out the presence of membrane microdomains 

several decades ago (Sheetz et al., 1980; Wu et al., 1982; Jacobson et al., 1995; 
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Chen et al., 2004). Some proteins were found to move within confined zones and/or 

be decelerated, while others were immobile (Figure 1-2) (Lippincott-Schwartz et al., 

2001; Lenne et al., 2006; Day and Kenworthy, 2009; Owen et al., 2009). Therefore, 

both aspects – changes in the membrane fluidity (which itself is a result of the 

cholesterol content) and interactions of membrane proteins with the actin 

cytoskeleton – impact membrane proteins in their mobility. The microdomains that 

are built exhibit a large variety in size and stability; the range of microdomains 

includes small protein clusters that have a short lifetime only, such as transient 

dimers of rhodopsin, as well as large domains that are stable and of micrometer 

size, such as desmosomes. The time scale for which an individual microdomain 

exists is still a matter of debate (Kusumi and Suzuki, 2005; Jacobson et al., 2007). 

 

 

Figure 1-2: Overview of different mechanisms reducing membrane protein mobility. a) Free 

diffusion of an unrestricted membrane protein within the lipid bilayer. b) Attachment of a membrane 

protein to the actin cytoskeleton. c) Formation of a large multimeric protein complex that is slowed 

down due to size. d) Picketing and fencing of a membrane protein by aggregated or matrix-bound 

membrane proteins. (Lippincott-Schwartz et al., 2001). 

 

1.8 Palmitoylation of GPCRs 

1.8.1 Post-translational modifications of GPCRs 

In living cells, proteins are often modified co- and post-translationally. Such 

modifications are of great variety; the best characterized types being glycosylation 

and phosphorylation. Thus, the structural features of a GPCR, e.g., intracellular 

loops and the C-terminus, together with post-translational modifications add 

complexity and are important in the modulation of GPCR function. N-linked 

glycosylation of GPCRs on one or more asparagines occurs on a consensus 

sequence (NXS/T) and is initiated by core glycosylation in the ER. Because of its 
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role in quality control and trafficking, N-linked glycosylation has been in the focus of 

extensive studies over the last decades (Renthal et al., 1973; Zhang et al., 2001). 

O-glycosylation, in contrast, has only been shown in a few examples: the human 

V2-vasopressin receptor (Sadeghi and Birnbaumer, 1999) and the human δ-opioid 

receptor (Petaja-Repo et al., 2001) as well as octopus opsin (Nakagawa et al., 

2001). As mentioned earlier, phosphorylation of GPCRs is executed by various 

kinases, including GRKs.  

 
In addition, GPCRs are often covalently modified with palmitate, a fatty acid, which 

is unique among lipid modifications due to its reversibility and dynamic nature 

(Qanbar and Bouvier, 2003; Escriba et al., 2007). In general, there are several 

types of lipid modifications on proteins: prenylation, acylation, as well as 

modification with GPI (GPI-anchoring). The latter occurs on the C-terminus of 

proteins and anchors them to the membrane (Udenfriend and Kodukula, 1995; 

Bhatnagar and Gordon, 1997; Sharma et al., 2004). During prenylation, a 15- or 20-

carbon isoprenoids (also termed farnesyl and geranylgeranyl, respectively) are 

linked to a single or more cysteine residues close to the C-terminus via chemically 

stable thioether bonds (Bhatnagar and Gordon, 1997). Finally, there are two types 

of acylation, which are palmitoylation and N-myristoylation. The latter is the co-

translational covalent attachment of the saturated 14-carbon fatty acid myristate. 

This attachment to glycine residues within a N-terminal consensus sequences is 

catalyzed by the enzyme N-myristoyl-transferase (Raju and Sharma, 1999; Resh, 

1999). In contrast to palmitoylation (described below) myristoylation and prenylation 

do not occur on GPCRs, but rather on heterotrimeric G protein subunits 

(Wedegaertner et al., 1995). There is only one known example, the prostacyclin 

receptor, which is not only palmitoylated, but also isoprenylated (farnesylated) 

within its C-terminus (Miggin et al., 2002; Miggin et al., 2003). The covalent 

attachment of palmitate, a 16-carbon fatty acid, is termed S-palmitoylation. It occurs 

on one or several cysteines of a target protein via thioester bonds that are labile. It 

is a wide-spread modification, first discovered in viruses (Schmidt and Schlesinger, 

1979). Subsequently, palmitoylated proteins were found in all eukaryotic cell types 

(Veit, 2012). The first protein that was shown to be modified on its N-terminal 

cysteine with amide-linked palmitate was the secreted signaling protein sonic 

hedgehog (Pepinsky et al., 1998). More recently, N-palmitoylation was 
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demonstrated in Gαs. In this case it is the N-terminal glycine2 (after removing the 

initiator methionine) and the following cysteine3 that are modified by a palmitoyl 

residue, as shown by mass spectrometric analysis (Kleuss and Krause, 2003). In 

GPCRs only S-palmitolyation appears to be relevant. 

 

1.8.2 The mechanism of protein palmitoylation  

Two mechanisms underlying S-palmitoylation have been proposed to date, a non-

enzymatic and an enzymatic one: in the absence of cellular factors, the non-

enzymatic process of autoacylation occurs spontaneously at peptides or folded 

proteins in the presence of palmitoyl-coenzyme A. Autoacylation was demonstrated 

for Gα subunits in vitro resulting in nearly stoichiometric palmitoylation (Duncan and 

Gilman, 1996). Furthermore, it was shown in vitro that peptides derived from the β2-

adrenergic receptor undergo autoacylation and that this is promoted by hydrophobic 

and basic residues (Belanger et al., 2001). However, it is questionable whether 

these observations are also relevant in vivo, although the fact that no consensus 

sequence for palmitoylation has been identified as yet may support the argument 

that palmitoylation occurs non-enzymatically.  

 
The enzymatic turnover of the palmitoyl moiety is executed by two types of proteins: 

protein acyltransferases (PATs) attach the palmitate to proteins and protein 

acylthioesterases remove the lipids. The common feature of the PAT protein family, 

which comprises 23 members in mammals, is a DHHC motif within a ~50 amino 

acid cysteine-rich domain (Linder and Deschenes, 2007; Conibear and Davis, 

2010). PAT activity was described in fractionated membrane preparations obtained 

from various avian and mammalian types of cells (Berger and Schmidt, 1985); 

moreover, it was detected in membranes that were prepared from the ER, the 

Golgi, or the plasma membrane (Dunphy et al., 1996; Ohno et al., 2006). 

Furthermore, elevated PAT activity was found in membrane microdomains that 

were rich in cholesterol and sphingomyelin (Dunphy et al., 2001). Independent of 

where palmitoylation occurs, PAT activity is considered to be membrane-associated 

(Das et al., 1997; Resh, 1999; Hiol et al., 2003). The high number of PATs and 

different localizations imply a well-regulated and coordinated process. Two kinds of 

depalmitoylating enzymes have been identified to date: the lysosomal hydrolases 
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palmitoyl-protein thioesterases (PPT) 1 and 2 involved in protein degradation 

(Verkruyse and Hofmann, 1996; Soyombo and Hofmann, 1997) and the 

cytoplasmic acyl-protein thioesterase 1 (APT1) that plays a role in dynamic 

palmitolylation (Chamoun et al., 2001; Lee and Treisman, 2001; Micchelli et al., 

2002). Most likely, there are more at other subcellular locations. Support to the 

argument that palmitoylation is a regulated enzymatic process comes from several 

experimental observations, including the following: (i) mutagenesis studies showed 

an influence of the cysteine position (Duncan and Gilman, 1996; Bizzozero et al., 

2001), (ii) palmitoylation is reversible (Linder and Deschenes, 2003; Conibear and 

Davis, 2010) and (iii) the physiological concentrations of palmitoyl-coenzyme A are 

low; suggesting that the concentrations available in vivo do not reach the levels 

required for the spontaneous non-enzymatic incorporation that can be seen in vitro 

(Smotrys and Linder, 2004).  

 

1.8.3 A consensus sequence for palmitoylation? 

When comparing palmitoylated cysteines from various cellular and viral membrane 

glycoproteins, the sites of palmitoylation in such proteins were found in clusters 

near the boundary of TM helix and cytoplasmic tail (Veit et al., 1991). No consensus 

sequence for any type of acylation could be identified in the vicinity of acylated 

amino acid residues, which has been possible for many other modifications (Veit et 

al., 1991; Ponimaskin and Schmidt, 1998; Yik and Weigel, 2002). Palmitoylated 

protein species seem to share a structural theme, which is the presence of one or 

more cysteines located four to twelve residues past the end of a TM segment, i.e., 

TM7 in GPCRs (Probst et al., 1992; Ross, 1995; ten Brinke et al., 2002; Smotrys 

and Linder, 2004). For several proteins, however, the distance from the potential 

palmitoylation site to the TM helix was shown to not be a critical determinant for 

palmitoylation. Moreover, cysteine residues were shown to be palmitoylated despite 

the fact that they are located more than 20 residues removed from the TM border 

(Schweizer et al., 1996; Shum et al., 1996; Yik and Weigel, 2002). It has been 

postulated that the amino acid stretch between a palmitoylated cysteine and TM7 

could build a loop that would allow the cysteine to get close to the plasma 

membrane and facilitate anchoring of this region to the membrane (Schweizer et 

al., 1996; Blanpain et al., 2001). Furthermore, several pieces of evidence exist 
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suggesting that palmitoylation can occur not only on C-terminal domains of the 

receptor. Mutating all cysteines within the C-terminus of the rat μ-opioid receptor 

did not abrogate palmitoylation (Chen et al., 1998) and doing the same within the C-

terminal region of the human V1A-vasopressin receptor only reduced but not 

eliminated palmitoylation (Hawtin et al., 2001). Thus, further additional 

palmitoylation sites may exist within other receptor domains, i.e., intracellular loops.  

 

1.9 GPCRs, palmitoylation and lipid rafts 

GPCRs reside within the plasma membrane and most components of the signal 

transduction machinery that they employ, such as G proteins and downstream 

effectors, are membrane-associated. Therefore, lipid-protein interactions – in 

addition to protein-protein interactions – are thought to have considerable influence 

on the activity of these proteins (Dunphy and Linder, 1998). Lipid-protein 

interactions can occur as (i) co- or post-translational lipid modification of proteins of 

the signaling machinery, the most prevalent one of which is palmitoylation in the 

case of GPCRs, and (ii) via the impact of plasma membrane lipids and their lateral 

organization on signaling proteins. 

 
In general, the effects of palmitoylation are difficult to predict and depend on the 

specific GPCR. Modification by palmitate is associated with pleiotropic – sometimes 

opposite – effects on GPCR functions, including trafficking, signal transduction and 

desensitization; in some cases, no effect could be detected (Morello and Bouvier, 

1996). Palmitoylation is chemically labile and it is therefore thought to undergo rapid 

turnover (Degtyarev et al., 1993; Loisel et al., 1996; El-Husseini Ael et al., 2002). 

The half-life of a palmitoylated protein often substantially exceeds the half-life of the 

attached palmitate. This indicates that the complex is able to undergo several 

rounds of depalmitoylation and repalmitoylation (Magee et al., 1987; Skene and 

Virag, 1989). The rapid turnover suggests that palmitoylation may be regulated by 

processes such as phosphorylation (Mumby, 1997; Salaun et al., 2010).  

 
One can in principle distinguish between two different types of palmitoylation: 

constitutive and dynamic palmitoylation. Constitutive palmitoylation takes place 

during or shortly after protein synthesis and is thought to be involved in maturating 
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and targeting; dynamic palmitoylation occurs on a mature protein once it has 

reached its specific location and may play a role in signaling (Escriba et al., 2007). 

Constitutive palmitoylation appears to have an impact on protein stability, ER 

export, endocytosis and recycling (Greaves and Chamberlain, 2007): palmitoylation 

facilitates the delivery of newly synthesized chemokine receptor 5 (CCR5) to the 

plasma membrane whereas non-palmitoylated CCR5 is retained intracellularly. 

Furthermore, the ability of CCR5 lacking palmitoylation to signal upon agonist 

activation and to undergo clathrin-mediated endocytosis is diminished (Blanpain et 

al., 2001; Kraft et al., 2001). Reduced surface expression was observed for 

additional receptors, e.g., bovine opsin (Karnik et al., 1993), H2-histamine receptor 

(Fukushima et al., 2001) and palmitoylation-deficient human δ-opioid receptor 

(Petaja-Repo et al., 2001). Similarly, a V2-vasopressin receptor mutant lacking 

cysteine 341 and 342 was retained in the secretory pathway (Schulein et al., 1996; 

Charest and Bouvier, 2003). However, with the presence of only one palmitoylated 

cysteine normal surface expression of the V2-vasopressin receptor was restored 

(Sadeghi et al., 1998). The existence of up to three palmitated cysteine residues in 

GPCRs in combination with different palmitoylation patterns may result in changes 

in the C-terminal conformation, which in turn may promote the interaction between 

receptor and distinct G proteins (Chini and Parenti, 2009). Anchoring the C-tail of a 

receptor to the plasma membrane may secure the correct presentation of the C-

terminus by creating a fourth intracellular loop (Blanpain et al., 2001).  

 
Some light has been shed on the role of the process of dynamic palmitoylation in 

the regulation of signaling. Agonist-induced activation modulates palmitoylation of 

many GPCRs. For the β2-adrenergic receptor (Mouillac et al., 1992), the α2A-

adrenergic receptor (Kennedy and Limbird, 1993) and the 5-hydroxytryptamine 4A 

(5-HT4A) receptor (Ponimaskin et al., 2001) an increase in activity was found. 

Moreover, the wild type M2 muscarinic acetylcholine receptor was palmitoylated to a 

higher extend upon agonist binding and a non-palmitoylated receptor mutant 

showed a decrease in Gαo and Gα12 coupling and activation (Hayashi and Haga, 

1997). In contrast, neither the degree of palmitoylation of the human A1-adenosine 

receptor (Gao et al., 1999b) nor of the 5-HT1A receptor (Papoucheva et al., 2004) 

was modulated after stimulation. However, the non-palmitoylated A1-adenosine 

receptor underwent faster degradation and the 5-HT1A receptor mutant lost the 
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ability to couple to Gαi, which resulted in impaired inhibition of adenylyl cyclase 

activity (Gao et al., 1999b; Papoucheva et al., 2004). Mutations that eliminated the 

cysteine responsible for palmitoylation did not impair the ability of rhodopsin (Karnik 

et al., 1988), the β2-adrenergic receptor (Mouillac et al., 1992), the α2A-adrenergic 

receptor (Kennedy and Limbird, 1993) and the D1-dopamine receptor (Ng et al., 

1994) to activate their cognate G proteins. This is a priori difficult to reconcile with 

other studies, where the pertinent mutation in the β2-adrenergic receptor led to 

abrogation of Gαs coupling (O'Dowd et al., 1989) and subsequently reduced activity 

of adenylyl cyclase (Moffett et al., 1993). Mutations of specific cysteine residues in 

the endothelin receptor type B affected the type of G protein, which it interacted 

with – the mutated form was only able to couple to Gαq, whereas the wild type also 

recruited Gαi (Okamoto et al., 1997). One explanation for these effects may be 

enhanced phosphorylation; the phosphorylation sites are normally in close vicinity 

to palmitoylation sites (Escriba et al., 2007), and phosphorylation is known to play a 

key role in receptor desensitization and internalization. Thus, palmitoylation may 

contribute to the regulation of the degree of phosphorylation, thereby interfering 

with desensitization (Qanbar and Bouvier, 2003; Escriba et al., 2007). In line with 

this, it was shown for the β2-adrenergic receptor that a non-palmitoylated receptor 

mutant underwent very extensive (i.e., 4-fold higher than wild type) basal 

phosphorylation (Moffett et al., 1993). Furthermore, palmitoylation-deficient mutants 

of the 5-HT4A receptor and of the luteinizing hormone receptor underwent more 

extensive phosphorylation, desensitization and internalization (Munshi et al., 2005; 

Ponimaskin et al., 2005).  

 
Palmitoylation is thought to serve as a targeting signal directing proteins to lipid 

rafts (Brown and London, 1998; van't Hof and Resh, 2000; Levental et al., 2010). It 

is known that many GPCRs, e.g., the nociceptin receptor, the A1-adenosine and the 

β2-adrenergic receptor, are localized in membrane microdomains, such as lipid rafts 

or caveolae (Butour et al., 2004; Chini and Parenti, 2004; Drake et al., 2006). It has 

been reported for a number of GPCRS that membrane cholesterol is involved in 

receptor function (Jafurulla et al., 2011; Oates and Watts, 2011). It is believed that 

signal transduction is enhanced when GPCRs and G proteins are trapped within 

membrane regions that are laterally segregated (Goddard and Watts, 2012). 

However, cholesterol does not only affect the properties of the membrane; 
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moreover, a number of GPCRs directly interact with cholesterol. Applying extended 

molecular dynamics simulations revealed that cholesterol influenced the 

conformational state of helix 8 of the mGluR type 2 through direct and indirect 

effects; i.e., via a cholesterol binding cleft and by a cholesterol-dependent alteration 

of the membrane thickness (Bruno et al., 2012). Recently reported crystal 

structures of the β2-adrenergic receptor (Hanson et al., 2008) provided 

crystallographic evidence for a cholesterol binding site and crystal structures of the 

human A2A receptor showed that two cholesterols stabilized the conformation of 

TM6 (Liu et al., 2012). This helped to identify consensus sites for cholesterol 

binding, such as the cholesterol recognition amino acid consensus (CRAC) motif, in 

many GPCRs (Jafurulla et al., 2011; Oates and Watts, 2011). However, in spite of 

the presence of identical cholesterol interaction motifs in analogous locations, 

ligand binding and signal transduction was only affected by cholesterol in the 

cholecystokinin type 1 (CCK1) receptor – but not by the closely related 

cholecystokinin type 2 (CCK2) receptor (Potter et al., 2012). Furthermore, ligand 

binding to the neurotensin receptor 1 was not dependent on cholesterol, although 

the receptor has the hypothetical cholesterol binding motifs (Oates et al., 2012). 

There is also evidence for a direct link between palmitoylation and the importance 

of the presence of cholesterol: the β2-adrenergic receptor, for example, crystallized 

with cholesterol molecules in its palmitoylated state (Cherezov et al., 2007). For the 

µ-opioid receptor it was demonstrated that palmitoylation and cholesterol 

association were linked (Zheng et al., 2012). However, palmitoylated GPCRs are 

not necessarily found to be located within rafts and not all GPCRs associated with 

rafts are modified by the attachment of palmitate (Chini and Parenti, 2009). 

Functionality of receptors in their depalmitoylated state has been demonstrated for 

several GPCRs expressed in membranes of Escherichia coli, which lack cholesterol 

and do not support palmitoylation; an examples is the human A1-adenosine 

receptor (Jockers et al., 1994; Oates and Watts, 2011). Thus, the current 

understanding of the effects of cholesterol and palmitoylation is limited to a 

descriptive stage; mechanistic insights are shallow such that it is impossible to 

predict their impact on a particular GPCR.  
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1.10 Adenosine and adenosine receptors 

1.10.1 Adenosine 

Adenosine is a purine nucleoside consisting of an adenine group attached to a 

ribose moiety. Drury and Szent-Györgyi were the first to report that adenosine 

played a role in extracellular signaling. The authors found that injection of 

adenosine caused increased coronary blood flow, reduced heart rate and lowered 

systemic blood pressure (Drury and Szent-Gyorgyi, 1929). Adenosine is an 

intracellular precursor of nucleic acids and energy-carrying molecules, such as 

ATP. Furthermore, it is firmly established that adenosine is an important and 

ubiquitous signaling molecule. It participates in the regulation of virtually all cells 

and tissues in the mammalian organism (IJzerman and van der Wenden, 1997). 

Adenosine is generated by the hydrolysis of adenine nucleotides or S-adenosyl 

homocysteine (Deussen, 2000) and metabolized either by adenosine kinase to form 

adenosine monophosphat (AMP) or adenosine deaminase, which yields inosine 

(Fredholm et al., 2007). Extracellularly, adenosine can be either released directly 

from the cell or generated interstitially (Klinger et al., 2002a). In the latter case, the 

primary source of adenosine is the breakdown of released phosphorylated adenine 

nucleotides (Zimmermann, 2000), i.e., by sequential dephosphorylation by 

ectonucleoside triphosphate diphodphohydrolase 1 (CD39) and ecto-5’-

nucleotidase (CD73) (Fredholm et al., 2007). The adenosine levels under 

physiological conditions range from 1 to 200 nM in cells and tissue fluids (Latini and 

Pedata, 2001; Rivkees et al., 2001; Fredholm, 2007) and are maintained in 

equilibrium by bidirectional nucleoside transporters. The extracellular concentration 

of adenosine rises substantially in response to metabolic stress and cell damage 

(Hasko et al., 2008). Elevations are found under ischemic and hypoxic conditions, 

inflammation and injury (Fredholm et al., 2001a; Linden, 2001); an increase in 

levels up to 100-fold has been reported in ischemia in rat hippocampal slices (Latini 

et al., 1999) and to concentrations higher than 1000 nM in the hypoxic heart 

(Decking et al., 1997). This is due to high levels of intracellular ATP (up to 10 mM); 

transient or permanent cell damage considerably increases extracellular ATP levels 

and causes rapid adenosine formation. Adenosine triggers tissue protection and 

repair by different cell surface receptor-mediated mechanisms, which operate on 

different time scales: vasodilation, for instance, increases oxygen supply rapidly. 
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Ischemic conditioning by adenosine operates on an intermediate time scale and 

protects cells against ischemic damage. Anti-inflammatory effects and stimulation of 

angiogenesis restore tissue homeostasis over prolonged time intervals (Linden, 

2005). Collectively, these actions have given rise to the retaliatory metabolite 

concept: tissue damage causes adenosine accumulation, which coordinates the 

homeostatic response to preserve the organism. In the central nervous system, 

adenosine also protects neurons directly by reducing their activity via cellular 

hyperpolarization and indirectly by inhibiting release of excitatory neurotransmitters 

(Latini and Pedata, 2001). Finally, the protective signals elicited by adenosine can 

also be exploited by tumor cells: because adenosine accumulates in solid tumors, 

tumor growth may be promoted by enhanced angiogenesis and by suppression of 

immunological surveillance (Spychala, 2000; Linden, 2006). 

 

1.10.2 Adenosine Receptors 

Extracellular adenosine elicits the actions described above via GPCRs, which can 

be divided into four different subtypes: A1-, A2A-, A2B- and A3-adenosine receptors 

(Fredholm et al., 2001a). The adenosine receptors (previously also referred to as 

P1 receptors) are members of the rhodopsin family of GPCRs, encoded by distinct 

genes (Fredholm et al., 2000) and classified according to their affinity to adenosine 

analogs and methylxanthine antagonists (Fredholm et al., 1994). A classification 

according to the cognate G proteins that are preferentially activated by each 

individual receptor is also possible (Klinger et al., 2002a). It is interesting to mention 

that consumption of the methylxanthine caffeine counteracts adenosine and causes 

most of its biological effects by antagonizing adenosine receptors. The A1 and A2A 

receptors are of particular importance in mediating these effects of caffeine (Ribeiro 

and Sebastiao, 2010). As mentioned, adenosine elicits physiological responses in 

virtually every organ and tissue. Accordingly, the expression of the four adenosine 

receptors is widespread (Collis and Hourani, 1993; Fredholm et al., 2001a). 

 
The A1-adenosine receptor 

The human A1 receptor is a protein of 326 amino acids (with a molecular weight of 

36.5 kDa). Interestingly, A1 receptors from various species – dog, cow, rabbit, rat 

and human – differ markedly in their specificity for various ligands, although they 
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share over 90 % amino acid sequence identity (Tucker et al., 1994). Upon 

activation, the A1 receptor inhibits adenylyl cyclase activity and increases IP3 and 

diacylglycerol formation via PLC (Akbar et al., 1994; Freund et al., 1994). 

Furthermore, the A1 receptor activates potassium channels in atrial myocytes and 

striatal neurons (Trussell and Jackson, 1985; Bünemann and Pott, 1995), while 

inhibiting Q-, P- and N-type Ca2+ channels (Fredholm et al., 2001a). In the human 

body, high A1 receptor expression levels have been reported in the brain 

(cerebellum, cortex and hippocampus) as well as in the testicles and adipose 

tissue; lower levels have been found in the heart and kidney (Fredholm et al., 1994; 

Dixon et al., 1996). A1 receptor activation is currently used to treat supraventricular 

tachycardia. Agonists may also be useful in the treatment of angina pectoris, 

diabetes mellitus and pain. A1 receptor-selective antagonists are currently under 

study as potassium-sparing diuretics; they may also protect the kidney against 

ischemic injury (Schenone et al., 2010; Wojcik et al., 2010). 

 
The A2A-adenosine receptor 

The human A2A receptor comprises 412 amino acids, resulting in a protein of 44 

kDa. Like its closest relative, which is the A2B receptor, the A2A receptor stimulates 

cAMP accumulation and activation of PKA; but in contrast to the A2B receptor, it has 

a high affinity for adenosine and methylxanthines (Feoktistov and Biaggioni, 1997). 

Thus, physiological concentrations of adenosine regulate cAMP levels in A2A 

receptor-expressing cells, in particular in those that express the receptor at high 

levels, i.e., the medium size spine neurons of the corpus striatum. The cAMP 

responsive element-binding protein (CREB) is one of the major nuclear targets of 

PKA. In neurons, CREB is critical for regulation of major functions, e.g., the storage 

of information that gives rise to long-term memory (Josselyn and Nguyen, 2005). 

Apart from the dorsal striatum, high levels of A2A receptor are also expressed in 

neurons of the nucleus accumbens and the olfactory tubercle (Dixon et al., 1996); 

its levels are lower in platelets (Ledent et al., 1997), immune cells (Cronstein et al., 

1990; Huang et al., 1997), lung, heart (Martin et al., 1993) and in the vasculature 

(Conti et al., 1993; Dixon et al., 1996). Its cognate G protein is Gs in all tissues 

except for the striatum, where it couples to Golf (Kull et al., 2000). The human A2A 

receptor was the fourth GPCR the crystal structure of which was solved – in 2008 

and 2011, of an antagonist-bound and an agonist-bound human A2A receptor, 
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respectively (Jaakola et al., 2008; Lebon et al., 2011). Shortly thereafter, structures 

with further agonists and antagonists as well as different mutations revealed a 

ligand binding pocket distinct from that of earlier GPCR structures such as 

rhodopsin and the β2-adrenergic receptor. In the A2A receptor the ligand orientation 

is roughly perpendicular to the membrane plane (Dore et al., 2011; Xu et al., 2011; 

Hino et al., 2012). The individual structures of the binding pockets differ to a small 

but detectable extent indicating some degree of ligand-receptor induced-fit. Agonist 

binding thus seems to cause a significant contraction of the ligand binding pocket 

(Dore et al., 2011; Lebon et al., 2011). Further studies revealed that cholesterol 

stabilized the receptor confirmation (Lyman et al., 2009; Liu et al., 2012). 

 
Due to its widespread expression and involvement in numerous physiological 

processes, the primary role of adenosine in the heart and vasculature is to act as a 

vasodilator by activating A2A receptors (Modlinger and Welch, 2003; Vallon et al., 

2006). Mice lacking the A2A receptor show an elevated blood pressure and 

enhanced platelet aggregation. Furthermore, male mice exhibit aggressive 

behavior, which results in a reduced lifespan (Ledent et al., 1997). In a number of 

preclinical models of inflammation, such as chronic obstructive pulmonary disease 

(COPD) and asthma, A2A receptor agonists regulate the immune response via the 

regulation of cytokine production and leukocyte function (Hasko et al., 2008; 

Trevethick et al., 2008; Impellizzeri et al., 2011). Conversely, the A2A receptor is up-

regulated in PC12 cells by pro-inflammatory cytokines (IL-1β, TNF-α) (Trincavelli et 

al., 2002). The application of topical A2A receptor agonists promotes accelerated 

wound healing by increasing neovascularization (Montesinos et al., 2004; Allen-

Gipson et al., 2006). The A2A receptor is of high therapeutic interest in the treatment 

of Alzheimer’s and Parkinson’s disease (Maia and de Mendonca, 2002; Chen et al., 

2003; Schwarzschild et al., 2006; Canas et al., 2009). As mentioned above (see 

section 1.10.1), adenosine is considered as a retaliatory metabolite. However, it is 

worth to note that the neuroprotective actions of adenosine (i.e., cellular 

hyperpolarization and inhibition of neurotransmitter release) are mainly 

accomplished by A1 receptor stimulation. The stimulation of the A2A receptor by 

physiological levels of adenosine elicits very different effects: strikingly, prospective 

cohort studies have repeatedly shown that regular caffeine intake reduces the risk 

of developing both Alzheimer’s (Eskelinen and Kivipelto, 2010) and Parkinson’s 
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disease (Ross et al., 2000; Ascherio et al., 2001; Sääksjärvi et al., 2008; Müller and 

Jacobson, 2011). Hence, for Parkinson’s disease several A2A antagonists are in 

clinical trials, including istradefylline and preladenant (Hauser et al., 2008; LeWitt et 

al., 2008; Chen et al., 2013). That these antagonists are beneficial has been 

concluded from studies reporting functional interactions, i.e., mutual antagonism, 

between D2-dopamine and A2A receptors in the indirect output pathway of the 

striatum; thus blockage of A2A receptors facilitates D2 receptor-dependent inhibition 

of the indirect pathway and is expected to facilitate the initiation of movement (Ferre 

et al., 1997; Fuxe et al., 2003; Schwarzschild et al., 2006). However, apart from 

caffeine, which is used in infants prone to apnea, only one compound has been 

approved for medical use to date: the A2A-selective agonist regadenoson 

(Lexiscan®/Rapiscan®) is used to image myocardial perfusion because of its 

dilatory action on the coronary vessels. 

 

The A2B-adenosine receptor 

The human A2B receptor is a 332 amino acid protein (36 kDa) and poorly 

characterized to date. It couples to both Gs and Gq/11. Accordingly, the receptor 

activates adenylyl cyclase and PLC (Pierce et al., 1992; Gao et al., 1999a; Linden 

et al., 1999). The A2B receptor is predominantly expressed in the vasculature, retina 

and brain; to a lower extent also in platelets (Dixon et al., 1996; Yang et al., 2006). 

Several studies demonstrated an upregulation of the A2B receptor under stress 

conditions, such as hypoxia and inflammation (Eckle et al., 2007; St Hilaire et al., 

2008). Under normal physiological conditions, A2B receptors are assumed to remain 

silent because their affinity for adenosine is low. They are thought to become 

important only during pathophysiological conditions when concentrations of 

adenosine increase (Fredholm et al., 2001b). Therefore, these receptors represent 

a potential therapeutic target (Jacobson and Gao, 2006). Generally, the A2B 

receptor has a low affinity for most agonists, none of which is selective for the A2B 

receptor. The situation is somewhat more favorable in the case of antagonists, 

where some potent antagonists exist and selective antagonists have been found 

(Kim et al., 2000). There is evidence for the involvement of A2B receptors in 

inflammation, vasodilation, intestinal function, modulation of neurosecretion, 

regulation of cell growth and activation of mast cells; e.g., adenosine accumulation 

promoted degranulation of mast cells (Feoktistov and Biaggioni, 1996; Fredholm et 
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al., 2001a; Joseph et al., 2008; Hasko et al., 2009). Proinflammatory effects 

following the activation of A2B receptors have been observed in rodent asthma 

models and human asthma. Therefore the A2B receptor is a promising therapeutic 

target and antagonists may counteract disease progression (Hasko et al., 2009). 

Indeed, in a murine asthma model the A2B-selective antagonist CVT-6883 was 

found to significantly suppress airway inflammation (Mustafa et al., 2007). 

 
The A3-adenosine receptor 

The human A3 receptor is the most recently identified subtype (Meyerhof et al., 

1991; Zhou et al., 1992). The human receptor consists of 318 amino acids 

corresponding to a protein of 36 kDa. Strikingly, this receptor exhibits large 

differences in tissue distribution and pharmacological properties between species. 

In rat, for example, it is only found in testis (Meyerhof et al., 1991), whereas in 

human, it is widely distributed throughout the body, e.g., in brain, eyes, heart, 

kidney, liver, lung, spleen, testis and uterus (Sajjadi and Firestein, 1993; Salvatore 

et al., 1993; Gessi et al., 2008). The A3 receptor couples predominantly to G 

proteins of the Gi2/3 family leading to inhibition of adenylyl cyclase. In addition, it can 

also stimulate PLC via Gq/11 (Zhou et al., 1992; Abbracchio et al., 1995; Palmer et 

al., 1995). High expression of A3 receptor has been linked to rheumatoid arthritis 

(Bar-Yehuda et al., 2007) and the A3 receptor agonist CF101 is currently used in 

clinical trials. In a mouse model of infarction an A3-selective agonist protected 

against myocardial ischemia via an interaction with ATP-sensitive potassium 

channels (Wan et al., 2008). 

 

1.10.3 The unique features of the A2A-adenosine receptor 

In comparison to its closest relative, the A2B receptor, and the more distant relatives 

A1 and A3 receptor, a set of structural and functional features make the A2A receptor 

unique, which are described below: 

 
Tight complex with Gs and restricted collision coupling 

The A2A receptor engages its cognate G protein Gs via restricted collision coupling 

in cholesterol-rich membrane domains (Charalambous et al., 2008). The term 

“restricted collision coupling” is based on the observation that the receptor does not 
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have free access to all G proteins (Braun and Levitzki, 1979). Moreover, it is 

trapped in a restricted area. This phenomenon has been described originally in 

turkey erythrocytes studying A2 adenosine and β-adrenergic receptors (Tolkovsky 

and Levitzki, 1978b) and later in A2A receptor-expressing human platelets (Gross 

and Lohse, 1991; Lohse et al., 1991). The tight association of the A2A receptor was 

further emphasized by the observation that the receptor was solubilized in a 

complex together with Gs if no agonist was present (Nanoff et al., 1991; Nanoff and 

Stiles, 1993). Finally, more recent experiments revealed that the hypothetical 

confinement of the A2A receptor was only dependent on cholesterol and not on the 

actin cytoskeleton (Charalambous et al., 2008).  

 
Gs-independent signaling 

Another peculiarity of the A2A receptor is the activation of MAPK by a Gαs-

independent signaling pathway. This was observed in both, endothelial cells, which 

endogenously expressed the A2A receptor (Sexl et al., 1997), and in human 

embryonic kidney 293 (HEK293) cells, in which the receptor was heterologously 

expressed (Seidel et al., 1999). The conclusion that this pathway does not depend 

on Gαs is based on two different sets of observations. Stimulation of MAPK was 

preserved in HEK293 cells that had been preincubated with cholera toxin; this 

treatment initially resulted in activation of Gαs but was subsequently followed by its 

degradation. Thus, receptor-dependent stimulation of cAMP accumulation – but not 

of MAPK – was abrogated (Seidel et al., 1999). Similarly, cholesterol depletion 

abolished cAMP accumulation but did not affect MAPK phosphorylation in response 

to A2A receptor activation (Charalambous et al., 2008).  

 
The long C-terminus 

The human A2A receptor has an exceptionally long C-terminus compared to its 

other three relatives and many other rhodopsin-like GPCRs; i.e., 122 amino acids of 

the A2A receptor versus 38, 40 and 34 amino acids of the human A1, A2B and A3 

receptors, respectively. The C-terminus of the A2A receptor itself is highly conserved 

among species. The last 100 amino acid residues of the C-terminal tail are 

dispensable for binding to ligands (Piersen et al., 1994) and for the coupling to the 

G protein (Klinger et al., 2002c). The segment adjacent to TM7, however, is known 

to be required for proper receptor folding. 
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Accessory Proteins 

In addition to the proteins canonically involved in signaling by GPCRs, such as G 

proteins, GRKs and the arrestins, the A2A receptor engages additional proteins at its 

C-terminus (Figure 1-3). Examples include: (i) α-actinin, which links the receptor to 

the cytoskeleton and implicates a role in A2A receptor trafficking (Burgueno et al., 

2003); (ii) the GEF for the ADP-ribosylation factor-6 (ARF6) ARNO/Cytohesin-2, 

which binds to the first 22 amino acids of the C-terminal region (i.e., adjacent to 

TM7) and is necessary for sustained MAPK stimulation (Gsandtner et al., 2005); (iii) 

the ubiquitin-specific protease 4 (USP4), which binds to a more distal sequence 

within the C-terminus and enhances expression of the A2A receptor at the cell 

surface by preventing its degradation (Milojevic et al., 2006); (iv) translin-associated 

protein X (TRAX), which contributes to cell differentiation in pheochromocytoma 

PC12 cells (which express the A2A receptor endogenously) in a manner 

independent of Gs and cAMP (Sun et al., 2006); (v) the neuronal Ca2+-binding 

protein 2 (NECAB2), which binds to the C-terminus in a calcium-dependent manner 

and enhances stimulation of adenylyl cyclases via Gαs (Canela et al., 2007); (vi) 

calmodulin, which binds to the most proximal segment (epitope R291IREFRQTFR) 

of its C-terminus and is involved in the modulation of A2A-D2 receptor 

heteromerization (Woods et al., 2008); and (vii) the synapse associated protein of 

102 kDa (SAP102), which binds to the distal C-terminal region and appears to 

decelerate receptor mobility in striatopallidal neurons (unpublished results of our 

laboratory). Looking at the long path that the A2A receptor takes from its birthplace 

in the ER to its presumable lysosomal degradation site, however, it appears logical 

that it may interact with more proteins. Taking into account the size of the different 

potential binding partners, simultaneous interaction of several partners at the C-

terminus can be ruled out and the occurrence of individual interactions may be of 

transient nature only. Furthermore, the expression level of binding partners may 

vary in different cell types (reviewed in (Keuerleber et al., 2011)). 
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Figure 1-3: The C-terminus of the human A2A receptor and a selection of its accessory proteins. 

The C-terminus of the A2A receptor (122 amino acids) is depicted, starting with R
291

, which is the 

first amino acid at the end of transmembrane helix 7. The known binding sites for A2A receptor 

accessory proteins are marked by a color code in the C-terminus of the A2A receptor. Adapted from 

(Keuerleber et al., 2011). 

 

The absence of a canonical palmitoylation site 

The C-terminal tail of the A2A receptor lacks the canonical cysteine residue, i.e. 

palmitoylation site, at the end of helix 8, which is the cytoplasmic helical domain 

adjacent to TM7. Almost all other GPCRs of the rhodospin family are characterized 

by the presence of one or two cysteines at this position. One of the known 

examples possessing no cysteine residue within the C-terminus is the CXC 

chemokine receptor type 4 (CXCR4) (Nguyen and Taub, 2002). All adenosine 

receptors except for the A2A receptor carry one or more consensus palmitoylation 

sites (Linden, 1994). The A1 receptor, for example, is palmitoylated on cysteine309 

(Gao et al., 1999b). As a result, the C-terminus of the A2A receptor may gain 

flexibility due to the absence of a constraining lipid anchor. 
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2 AIM OF THE THESIS 

It has been shown that the A2A receptor can only promote activation of a limited 

number of available Gs molecules. This coupling mode is termed restricted collision 

coupling. Furthermore, the vast majority of GPCRs carry one or several cysteine 

residues in the C-terminus, which is/are subject to palmitoylation. Palmitoylation 

anchors and stabilizes the amphipathic helix 8. Strikingly, the A2A receptor lacks this 

palmitoylation site.  

 
The hypothesis underlying the present work posits that the substitution of 

arginine309 by cysteine allows palmitoylation of the C-terminus and renders the C-

terminal region less flexible. Furthermore, palmitoylation allows access to 

membrane microdomains, which are poorly visited by wild type A2A receptor. In 

summary, I hypothesized that a causal link exists between the absence of 

palmitoylaton and restricted collision coupling.  

 
Thus, the aim of this thesis was to address the following four questions: 

1. Is the A2A receptor-R309C mutant palmitoylated? 

2. Does the mutated (and presumably palmitoylated) receptor show 

unrestricted collision coupling to Gs? 

3. What is the effect of the mutation on receptor association to microdomains? 

4. What is the effect of the mutation on the G protein-independent MAPK 

signaling pathway? 
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3 RESULTS 

 

Part of the present study was originally published in The Journal of Biological 

Chemistry (Keuerleber et al., 2012), available under a Creative Commons 

Attribution license: http://creativecommons.org/licenses/by/3.0/ 

 

3.1 Palmitoylation of the A2A receptor-R309C mutant 

The vast majority of GPCRs of the rhodopsin family contain one or two 

palmitoylated cysteine(s) in their C-termini, usually in a region some 20 amino acid 

residues downstream of TM7 (Qanbar and Bouvier, 2003). Interestingly, the wild 

type A2A receptor lacks any cysteine in this proximal segment. The elongated tail of 

the human A2A receptor carries only a single cysteine residue at position 394, which 

is not present in orthologues of other species, e.g., mouse or rat A2A receptor. The 

human A1-adenosine receptor has been reported to be modified with a thioester-

linked palmitate at the cysteine corresponding to position 309 of the human A2A 

receptor (Gao et al., 1999b). This cysteine is conserved in the human A2B as well as 

the human A3 receptor (Figure 3-1). I hence set out to explore whether the 

exchange of cysteine at position 309 by arginine, and the concomitant lack of 

palmitoylation, underlies the functional distinction between the A2A receptor and the 

other receptor subtypes. I thus substituted arginine309 with cysteine yielding A2A 

receptor-R309C and tested whether this mutation renders the receptor susceptible to 

palmitoylation. To test my hypothesis, I used two independent approaches, which 

are metabolic labeling and mass spectrometry. 

 

 A1 :  RIQKFRVTFLKIWNDHFRCQPAPPIDEDLPEERPDD*  

 A3 :  KIKKFKETYLLILKACVVCHPSDSLDTSIEKNSE* 

 A2B:  RNRDFRYTFHKIISRYLLCQADVKSGNGQAGVQPALGVGL* 

 A2A:  RIREFRQTFRKIIRSHVLRQQEPFKAAGTSARVLAAHGSDGEQV 

       SLRLNGHPPGVWANGSAPHPERRPNGYALGLVSGGSAQESQGNTG 

       LPDVELLSHELKGVCPEPPGLDDPLAQDGAGVS* 
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Figure 3-1: Sequence alignment of the C-terminal region of the four human adenosine 

receptors, adjacent to the seventh transmembrane helix. The amino acid sequences starts with 

the first amino acid residue following transmembrane helix seven. The cysteine residue being the 

(putative) palmitoylation site (grey background) is indicated; it is conserved throughout the A1, A3, 

and A2B receptors, but the A2A receptor has an arginine residue (R) at the equivalent position 309 

(white letter on black background). The cysteine at position 394 of the A2A receptor is underlined. 

The C-terminal ends are indicated with asterisks. 

 

Transiently transfected HEK293 cells expressing either yellow fluorescent protein 

(YFP)-tagged A1 receptor, wild type A2A receptor or mutant A2A receptor-R309C were 

metabolically labeled with [3H]palmitate. The receptors were purified with anti-FLAG 

agarose; lysate, supernatant and immunoprecipitate samples were then subjected 

to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and 

autoradiography. As shown in Figure 3-2 for the YFP-tagged A1 receptor (lane IP 

A1R) and the YFP-tagged A2A receptor-R309C mutant (lane IP MT), 

immunoprecipitation of the receptor resulted in a tritiated band migrating with an 

apparent molecular mass of approximately 70 kDa (marked with an arrow). The 

double bands arise from the different glycosylated forms (Pankevych et al., 2003; 

Milojevic et al., 2006). The A1 receptor-YFP migrated with a slightly lower molecular 

weight than the A2A receptor-YFP. Aggregates were seen for both receptor types at 

the top of the gel (marked with an asterisk). Wild type A2A receptor appeared not to 

be palmitoylated, since no band occurred in the lane labeled IP WT. 

 

 

Figure 3-2: Palmitoylation of the A2A receptor-R
309

C detected by autoradiography. HEK293 

(3*10
5
) cells, transiently expressing YFP-tagged wild type A2A receptor (WT-labeled lanes), A1 

receptor (A1R) or A2A receptor-R
309

C mutant (MT) were incubated in the presence of [
3
H]palmitic 

acid for 4 h, followed by the lysis of the cells. The solubilized material was immunoprecipitated with 

an antibody recognizing GFP. Lysates (LYS; 20 µg), supernatants (SNT, 20 µg) and 

immunoprecipitates (IP, corresponding to 2.5*10
5
 cells) were resolved by electrophoresis; 

radioactive bands were then visualized by fluorography. The arrow denotes the position of the 

palmitoylated A2A receptor-R
309

C band and the asterisk marks aggregated material. 
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To verify the palmitoylation of cysteine309 using an additional approach, I subjected 

the receptors to mass spectrometry. FLAG-tagged wild type A2A receptor and 

mutant A2A receptor-R309C were purified with anti-FLAG agarose and then digested 

with trypsin. Nano-LC-MS/MS was used to experimentally map the sequence of the 

A2A receptor-R309C mutant. MS/MS spectra were processed using ProteinPilot 

database analysis. This resulted in the identification of several tryptic peptides 

(> 95 %) specific for the mutant A2A receptor-R309C, which covered 41 % of the total 

receptor sequence and showed a significant ProtScore of > 2. For the subsequent 

multiple reaction monitoring (MRM) experiments two peptides were used to confirm 

the palmitoylation of cysteine309, i.e., SHVLC*QQEPFK (C* denotes the 

palmitoylated cysteine) and QMESQPLPGER. Figure 3-3 shows the extracted ion 

chromatogram (XIC) from the MRM experiments. In a typical experimental set-up 

protein samples are treated with dithiothreitol (DTT) to reduce disulfide bonds and 

alkylated with iodoacetamide to block reduced cysteine residues prior to digestion. 

In our case, however, this treatment resulted in the loss of palmitoylation. I 

therefore bypassed these two experimental steps in subsequent experiments, 

which led to the accumulation of a substantial amount of aggregated receptor. 

Although sufficient material was available for the sequence analysis, the 

quantification of palmitoylated versus non-palmitoylated receptor was not possible. 
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Figure 3-3: Palmitoylation of the A2A receptor-R
309

C detected by mass spectrometry. An 

extracted ion chromatogram from multiple reaction monitoring (MRM) experiments verified the 

palmitoylation of cysteine
309

 in the C-terminus of the A2A receptor-R
309

C mutant. Three specific 

MRM Q1/Q3 transitions of the tryptic peptide containing the inserted and palmitoylated cysteine 

(C*), i.e., “SHVLC*QQEPFK” and an A2A receptor control peptide, i.e., “QMESQPLPGER” were 

monitored and are denoted by dashed lines. The extracted ion chromatogram was generated with the 

Analyst 1.5.2 software using background subtraction and Gaussian smoothing. 

 

In conclusion, metabolic labeling showed that the exchange of arginine at position 

309 for cysteine resulted in the palmitoylation of the A2A receptor. Furthermore, 

mass spectrometry analysis verified this finding by identifying the inserted cysteine 

as the site that is thioester-linked to palmitate. 

 

3.2 Functional properties of the A2A receptor-R309C mutant 

To assess whether palmitoylation has an impact on folding and delivery of the 

receptor to the plasma membrane, I subjected HEK293 cells stably expressing 

either the YFP-tagged human wild type or mutant A2A receptor to confocal 

microscopy experiments. It is evident from Figure 3-4 that the introduced cysteine 

did not preclude delivery of the mutated receptor to the plasma mebrane, since both 

the wild type A2A receptor (Figure 3-4A) and the mutant A2A receptor-R309C (Figure 

3-4B) were localized predominantly at the cell surface.  

 

 

Figure 3-4: Cellular expression of the wild type A2A receptor and the mutant A2A receptor-

R
309

C in HEK293 cells. Protein expression was visualized by confocal laser scanning microscopy. 

Shown are representative images of HEK293 cells that stably express YFP-tagged wild type A2A 

receptor (A) or A2A receptor-R
309

C (B). The bars represent 10 µm. 

 

Saturation binding experiments with the A2A receptor antagonist [3H]ZM241385 

showed that the arginine to cysteine mutation at position 309 did not alter the 
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binding properties of the mutated receptor (Figure 3-5A and B). The Bmax values 

were comparable, with 1.4 ± 0.1 pmol/mg membrane protein for the wild type 

receptor and 1.6 ± 0.2 pmol/mg membrane protein for the A2A receptor-R309C. 

Similarly, the KD values were not statistically different (3.3 ± 0.5 nM and 3.6 ± 1.0 

nM for the wild type A2A receptor and the mutant A2A receptor-R309C, respectively). 

 

 

Figure 3-5: Binding of the radioligand antagonist [
3
H]ZM241385 to the wild type A2A receptor 

and the mutant A2A receptor-R
309

C. Membranes (5 µg/assay) prepared from HEK293 cells stably 

transfected with plasmids expressing wild type A2A receptor (A) or A2A receptor-R
309

C (B) were 

incubated in buffer containing the indicated concentrations of [
3
H]ZM241385. Specific binding was 

obtained by subtracting non-specific binding from total binding. Non-specific binding was 

determined in the presence of 10 µM xanthine amine congener and was less than 10 % at the KD 

concentration of the A2A receptor. Data are mean values of a single experiment done in duplicates 

that was reproduced for at least two additional times with similar results. 

 

In summary, the confocal microscopy and radioligand binding assays showed that 

the introduction of cysteine at position 309 did not appear to affect membrane 

localization or ligand binding properties of the receptor. Hence, it can be concluded 

that the A2A receptor R309C mutant is able to fold properly. 

 

3.3 Effect of palmitoylation on constitutive receptor activity 

According to the generally accepted basic model, a G protein-coupled receptor 

exists in the equilibrium between an inactive and an active, i.e., agonist-bound, 

state (Samama et al., 1993; Milligan, 2003). A receptor is capable to activate its 

corresponding G protein in the agonist-bound state, while the receptor remains 

silent in its inactive state. The inactive state predominates as long as no ligand is 

present. However, a certain fraction of the receptors can spontaneously assume the 
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active state; this is called basal, intrinsic or constitutive activity. Ligand binding to 

the receptor may shift the equilibrium to the active or the inactive state (Tiberi and 

Caron, 1994; Strange, 2002). The active state is stabilized by partial and full 

agonists. Ligands with the ability to reduce the basal receptor activity are 

antagonists with reverse/inverse intrinsic activity; therefore also referred to as 

inverse agonists. 

 
A recent study has been shown that palmitoylation modulated the constitutive 

activity of the G protein-coupled 5-HT7 receptor in monkey fibroblast-like COS-7 

cells. Mutating the cysteine at position 404, the major site of palmitoylation, to 

serine, increased the Gs-mediated constitutive 5-HT7 receptor activity (Kvachnina et 

al., 2009). Furthermore, earlier experiments in our laboratory demonstrated that the 

A2A receptor exhibited constitutive activity (Klinger et al., 2002c). Using a 

constitutively active A2B-adenosine receptor mutant expressed in yeast, it was 

shown that the A2A receptor antagonist ZM241385 acted as an inverse agonist, 

having an inhibitory effect on constitutive receptor activity (Li et al., 2007). 

Furthermore, various selective and non-selective antagonists of the A2A receptor, 

e.g., CGS15943 and xanthine amine congener (XAC), share these inverse agonist 

properties (Piwnica et al., 2007).  

 
The above findings prompted me to test whether the palmitoylation of the A2A 

receptor mutant has an effect on its basal activity. It is known that the basal 

receptor activity is appreciable but low and the differences between wild type and 

mutant may be rather difficult to detect. For that reason, I challenged the receptor in 

the presence of the antagonist ZM241385 with non-saturating amounts of forskolin 

to increase the signal-to-noise ratio. Forskolin is a direct stimulator of adenylyl 

cyclase and sensitizes most of the enzyme isoforms to the stimulation by Gs 

(Sunahara et al., 1996); the presence of forskolin thus boosts the constitutive 

activity of receptors (Klinger et al., 2002c). In PC12 cells, activation of adenylyl 

cyclase by forskolin is highly dependent on the occupancy of A2A-adenosine 

receptors (Florio et al., 1999). In my experiments, however, I was not able to 

observe any differences in the amount of accumulated [3H]cAMP between the two 

receptor types, neither for basal activity that was virtually absent for both variants 

nor after an incubation with forskolin with the addition of 10 or 100 nM ZM241385 
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(Figure 3-6). In a control reaction, addition of forskolin alone resulted in equal levels 

of [3H]cAMP, which were indistinguishable from the levels after ZM241385 addition. 
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Figure 3-6: Effect of the antagonist ZM241385 on accumulation of [
3
H]cAMP in HEK293 cells 

stably expressing wild type A2A receptor or mutant A2A receptor-R
309

C exposed to forskolin. 

HEK293 cells were stably transfected with plasmids encoding the wild type A2A receptor or A2A 

receptor-R
309

C. Cells (3*10
5
 cells/well)

 
were metabolically labeled with [

3
H]adenine for 16 h. 

Thereafter, [
3
H]cAMP production was stimulated by adding 25 µM forskolin for 20 min, either 

alone or supplemented with 10 or 100 nM ZM241385; [
3
H]cAMP was quantified by scintillation 

counting. The data are means ± S.D. from three independent experiments, carried out in triplicates.  

 

Palmitoylation, therefore, did not seem to have any effect on the basal activity of the 

A2A receptor. Moreover, contrary to earlier experiments (Klinger et al., 2002c), I did 

not detect constitutive activity of the wild type receptor expressed in HEK293 cells. 

While these experiments point to an interesting difference upon expression of the 

A2A receptor in different batches of HEK293 cells, it is safe to conclude that 

palmitoylation does not affect basal activity of the A2A receptor.  

 

3.4 Trafficking of the A2A receptor-R309C mutant 

Assessing the distribution and lateral mobility of the wild type and mutant A2A 

receptors in the plasma membrane, leaves open the possibility of one of the 

receptor variants being internalized and/or recycled to the plasma membrane, 

which would thus falsify the outcomes of this study. Previous work in our laboratory 

showed that the wild type A2A receptor was not subject to rapid internalization under 
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basal and agonist-stimulated conditions. These conclusions were based on the data 

obtained using the following methods: (i) antibody feeding, (ii) colocalization of 

YFP-tagged A2A receptor with a cyan fluorescent protein (CFP)-tagged version of 

Rab5, which is a marker for early endocytotic vesicles, and (iii) cell surface 

biotinylation protection assays (Charalambous, 2007; Charalambous et al., 2008).  

In contrast to these data, some other studies have indicated that the A2A receptor 

may in fact be internalized (Mundell and Kelly, 2010). Therefore, I used a different 

approach to assess if the receptors become internalized: I treated HEK293 cells 

stably expressing the wild type or mutant receptor for different time intervals (0-8 h) 

with 1 µM of the A2A receptor-selective agonist CGS21680 or with 1 µM antagonist 

ZM241385 followed by an incubation with 0.5 nM [3H]ZM241385. In both 

experimental setups, non-specific binding was determined in the presence of 100 

µM CGS21680, as control. To take into account the fact that the hydrophobic (cell-

permeable) [3H]ZM241385 may also bind to an internal receptor reserve, I also 

carried out control experiments in which the cells were incubated with 10 µM 

hydrophobic (cell-permeable) XAC antagonist, to block internal receptor binding 

sites; these values were subtracted from the data. As shown in Figure 3-7, the 

number of receptors remained largely stable over time, and was not affected by 

treatment with 1 µM CGS21680 (Figure 3-7A); likewise, binding remained stable in 

antagonist treated-cells (Figure 3-7B). These observations were similar for the wild 

type (left hand set of columns in panels A and B of Figure 3-7) and mutant (right 

hand set of columns in panels A and B of Figure 3-7) receptors. Non-specific 

binding assessed in control reactions treated with 100 µM CGS21680 was 

consistently low and stable over time. Overall, these data suggest that neither the 

wild type nor the mutant receptors become internalized.  
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Figure 3-7: Comparison of agonist- and antagonist-stimulated internalization of wild type and 

mutant A2A receptor assessed by radioligand binding. HEK293 cells (1*10
6
 cells/assay) stably 

expressing A2A receptor wild type or A2A receptor-R
309

C mutant were pretreated with 1 µM 

CGS21680 or ZM241385 for indicated time intervals. Subsequently, cells were incubated in the 

presence of 2 nM [
3
H]ZM241385 for 1 h. Non-specific binding was determined in the presence of 

the hydrophilic (cell-impermeable) agonist CGS21680 (100 µM). Data represent mean ± S.D. of 

three independent experiments, carried out in duplicates. 

 

3.5 cAMP accumulation in cells expressing A2A receptor-R309C 

Some of the GPCRs, such as rhodopsin or the β-adrenergic receptor, trigger their 

signaling cascade by collision coupling. More than two decades ago it has been 

reported that adenylyl cyclase is activated downstream of the A2A receptor with 

rates that are not compatible with the model of collision coupling (Tolkovsky and 

Levitzki, 1978b; Gross and Lohse, 1991). Moreover, several studies have shown a 

tight coupling of the A2A receptor to its effector adenylyl cyclase (Rimon et al., 1978; 

Braun and Levitzki, 1979; Gross and Lohse, 1991), which is in accordance to the 

model of restricted collision coupling. It arises from the fact that the receptor can 

only activate a fraction of the cellular complement of its cognate G protein(s). In the 

case of the A2A receptor, only a fraction of all available Gs becomes activated. This 

translates into a concentration-response curve in which an increased receptor 

expression only enhances the Emax (the maximum level of cAMP accumulation), but 

does not shift the EC50 to the left. Mechanistically speaking, restricted collision 

coupling can be accounted for by a model where the plasma membrane is laterally 

compartmentalized and the receptor can only visit some of these compartments. I 

surmised that there is a causal link between restricted collision coupling and the 

absence of receptor palmitoylation. In order to test this hypothesis, I generated 

several stable cell clones. Three A2A receptor wild type and four A2A receptor-R309C 

mutant clones were selected considering the following aspects: (i) expression levels 

of the wild type A2A receptor and the mutant A2A receptor-R309C were comparable; 

(ii) the receptor concentration in the plasma membrane was in a physiologically 

relevant range; (iii) clones with high expression levels (i.e., > 2 pmol/mg) were 

excluded from the analysis. To determine the accumulation of cAMP I stimulated 

the cells with increasing concentrations of the the agonist CGS21680. As expected, 

the increase in wild type receptor surface expression only caused an increase in 

maximum cAMP accumulation, while the EC50 of the agonist remained within the 
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range of 70-80 nM, irrespective of receptor levels (Figure 3-8A and C). In contrast, 

increasing the expression levels of the A2A receptor-R309C mutant resulted in 

shifting the concentration-response curve to the left (Figure 3-8B). Accordingly, the 

EC50 was inversely related to the expression level of the mutant receptor, with 

values ranging from around 250 nM to roughly 70 nM (Figure 3-8D). The latter 

value corresponded to the approximate EC50 of the wild type receptor. The Bmax 

values in the stable cell clones varied from 0.2 to 1.6 pmol/mg membrane protein 

(Figure 3-8C and D) and were therefore in the physiological range. 

 

 

 

Figure 3-8: Accumulation of [
3
H]cAMP in HEK293 cells stably expressing wild type A2A 

receptor (A, C) and A2A receptor-R
309

C (B, D) at different expression levels. HEK293 cells were 

stably transfected with plasmids encoding wild type A2A receptor or A2A receptor-R
309

C and clones 

expressing different levels of wild type (A2AR WT #7, #10, #6) and mutant (R
309

C #8, #13, #18, #14) 

receptor were selected. The levels of expression were determined in saturation binding experiments 

(cf. Figure 3-5) and the corresponding Bmax values are shown in panels C and D. Cells (3*10
5
 

cells/well) were metabolically labeled with [
3
H]adenine for 16 h. Thereafter, the cells were 

stimulated by the indicated concentrations of CGS21680 for 20 min and the accumulated [
3
H]cAMP 

was quantified by liquid scintillation counting. Data are means ± S.D. from at least three 

experiments, each conducted in triplicates. The red lines in panel A and B connect the EC50 values of 

the individual curves. In panels C and D, the calculated EC50 of each individual concentration-

response curve is plotted as a function of receptor level (Bmax) to illustrate the inverse correlation in 

cells expressing A2A receptor-R
309

C (D) and the absence of any correlation in cells expressing the 

wild type A2A receptor (C). 
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Taken together, the above experiments showed that palmitoylation of the A2A 

receptor promoted agonist affinity with increasing receptor surface levels, as 

measured via cAMP accumulation. 

 

3.6 cAMP accumulation in 2-bromopalmitate-treated cells 

By employing two independent approaches, i.e., metabolic labeling and mass 

spectrometry, I could show that A2A receptor-R309C was indeed palmitoylated. 

However, the resulting shift in the EC50 value may not be accounted for by 

palmitoylation itself, but could rather be attributed to the amino acid change from 

arginine to cysteine at position 309. To further address this question, I incubated 

cells expressing high or low levels of palmitoylated mutant receptor with 2-

bromopalmitate, an inhibitor of palmitoylation, and determined cAMP accumulation 

after stimulation with increasing concentrations of the agonist CGS21680. In the 

high-expressing clone, this led to a partial reversal of the shift observed for the 

mutant (Figure 3-9). The EC50 changed from 36.9 ± 1.1 nM (control, without 2-

bromopalmitate) to 51.6 ± 1.1 nM (with 2-bromopalmitate). In the low-level 

expressing clone, the EC50 remained unaffected, with values of 177.2 ± 1.1 nM and 

171.1 ± 1.1 nM for the control and the 2-bromopalmitate-treated cells. Thus, after 

treatment with 2-bromopalmitate, there was a clear-cut decline in the leftward shift 

in the concentration-response curve resulting from higher expression levels. Thus, 

the phenotype A2A receptor-R309C mutant was partially restored to the phenotype of 

the wild type receptor. Full restoration of the phenotype would presumably require 

longer incubations to allow for complete inhibition of palmitoylation. This, however, 

was not possible: the experimental approach is limited by the fact that Gαs is also 

subject to palmitoylation and this is required for its membrane attachment (see 

Introduction). Accordingly, 2-bromopalmitate treatment caused a substantial 

decrease in cAMP accumulation: cAMP levels were reduced by about 30 %.  
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Figure 3-9: Accumulation of [
3
H]cAMP in clones of HEK293 cells stably expressing high levels 

(clone #14) or low levels (clone #8) of the mutant A2A receptor-R
309

C in the absence or presence 

of 100 µM 2-bromopalmitate. HEK293 cells (3*10
5
 cells/well) were preincubated in the absence 

(blue circle and red triangle) or presence (blue square and red down-pointing triangle) of 100 µM 2-

bromopalmitate (BP) for 48 hours and metabolically labeled with [
3
H]adenine for 16 h. [

3
H]cAMP 

accumulation was stimulated by the indicated concentrations of the agonist CGS21680 for 20 min 

and subsequently quantified by liquid scintillation counting. The data are means ± S.D. from two 

independent experiments carried out in triplicates. 

 

3.7 A2A receptor association with detergent-resistant membranes 

There is evidence that signaling by the A2A receptor is affected by membrane 

microdomains (reviewed in (Lasley, 2011)). It is also known that palmitoylation 

targets proteins to distinct plasma membrane domains (see Introduction). To 

investigate whether the wild type and mutant receptor are found in different plasma 

membrane regions, I relied on an established method of obtaining the DRM fraction 

– a buoyant membrane fraction that is resistant to the solubilization in cold non-

ionic detergents (e.g., Triton X-100) – using sucrose gradients. In Figure 3-10 it is 

shown that in such sucrose gradients a substantial part of the agonist-bound wild 

type A2A receptors were retrieved in the fractions containing the raft marker flotillin-

1. Based on their density, putative DRMs are thought to be isolated at the interface 

between 30 and 5 % sucrose; this interface was expected to be displayed roughly 

between fraction 5 and 4 approximately, which was consistent with the obtained 

data. In contrast, the bulk of the agonist-activated A2A receptor-R309C was 

recovered in the bottom fraction (fraction 11) that did not contain flotillin-1. 
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Figure 3-10: Association of the agonist-activated wild type or mutant A2A receptor with 

detergent-resistant membranes. Membranes of HEK293 cells expressing a YFP-tagged version of 

wild type A2A receptor (A) or A2A receptor-R
309

C (B) were prepared after stimulation by 3 μM 

CGS21680 for 30 min. These membranes were extracted with 0.25 % Triton X-100. The resulting 

lysate were subjected to centrifugation on a three-step gradient of 42, 35 and 5 % sucrose and 

fractions of 1 ml were collected from 1 (top, light fractions) to 12 (bottom, heavy fractions). 

Aliquots were analyzed; fractions 3-6, 10 and 11 (25 μl each) as well as the loaded lysate (L; 6 μl) 

were subjected to electrophoretic resolution on a denaturing polyacrylamide gel, transferred to 

nitrocellulose, and immunoblotted using antibodies recognizing the A2A receptor, flotillin-1 and Gβ. 

DRM indicates the position of the fractions that contain detergent-resistant membranes. 

 

3.8 Effect of cholesterol depletion on cAMP accumulation 

I was able to show that the wild type receptor is found to a higher extent in DRMs, 

compared to the mutant receptor. To test if the surroundings – i.e., the amount of 

cholesterol – in which the receptor variants reside, have any impact on cell 

signaling, I depleted cholesterol from the plasma membrane. To achieve this, the 

cells were incubated with methyl-β-cyclodextrin, a substance known to form soluble 

inclusion complexes with cholesterol; hence resulting in enhanced cholesterol 

solubility in the aqueous solution (Klein et al., 1995; Rodal et al., 1999). Methyl-β-

cyclodextrin is a cyclic oligomer of glucose that is able to sequester cholesterol in 

its hydrophobic core. It has been shown previously that cholesterol sequestration by 

filipin III, which disrupts the structure of cholesterol-enriched microdomains by 

cholesterol clustering, abrogated signaling via adenylyl cyclase (Charalambous et 

al., 2008). I also used a methyl-β-cyclodextrin gradient – due to technical 

challenges in establishing a filipin III gradient – to assess the influence of 

cholesterol depletion on the ability of the receptor mutant to stimulate cAMP 

production after stimulation by 1 µM of agonist CGS21680. cAMP accumulation 

was impaired for both, wild type and mutant receptor, with increasing 

concentrations of methyl-β-cyclodextrin (Figure 3-11). Importantly, the mutant curve 
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was significantly shifted rightward, thus indicating that the mutant had a lower 

susceptibility to cholesterol removal than the wild type receptor. 
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Figure 3-11: Inhibition of [
3
H]cAMP accumulation of in HEK293 cells stably expressing wild 

type A2A receptor or mutant A2A receptor-R
309

C after cholesterol removal. HEK293 cells (3*10
5
 

cells/well) expressing high levels of wild type A2A receptor (clone wt #6) or A2A receptor-R
309

C 

(clone R
309

C #14) were metabolically labeled with [
3
H]adenine for 16 h followed by the incubation 

with the indicated concentrations of methyl-β-cyclodextrin for 60 min. Thereafter, the cells were 

stimulated by 1 µM CGS21680 for 20 min and accumulated [
3
H]cAMP was quantified by liquid 

scintillation counting. The data are means ± S.D. from three independent experiments in triplicate. 

Statistical analysis was performed by a paired t-test, showing that the two data sets differ in a 

statistically significant manner (p < 0.01). 

 

3.9 Ternary complex formation by the A2A receptor-R309C mutant 

As shown above, the substitution of arginine309 by cysteine and the resulting 

palmitoylation did not affect antagonist affinity for the receptor (Figure 3-5A and B). 

However, it is evident from Figure 3-8C and D, that the EC50 of the agonist was 

increased at low expression levels of A2A receptor-R309C when compared to the 

EC50 for the wild type receptor at corresponding expression levels. At high levels of 

expression, the difference in EC50 was eliminated and EC50 values were virtually 

identical. One explanation for this may be a drop in agonist affinity induced by the 

mutation. To test this hypothesis, I determined the affinity of the agonist CGS21680 

in competition binding assays. In membrane preparations, the A2A receptor is 

known to form high-affinity agonist binding sites – reflecting the ternary complex 

HRG formed by agonist (H), receptor (R) and G protein (G) – that are resistant to 



RESULTS 

 50 

dissociation by guanine nucleotides (Nanoff et al., 1991). Disruption of the ternary 

complex, however, can be observed following NaCl addition (Nanoff and Stiles, 

1993; Charalambous et al., 2008). This phenomenon is exemplified in Figure 3-12A 

for the wild type A2A receptor. The addition of NaCl converted the mixture of high- 

and low-affinity binding sites from a ratio of 3:1 into a homogeneous population of 

low-affinity binding sites (Figure 3-12A, empty circles versus empty squares). In 

contrast, addition of GTPγS alone did not suffice to shift the competition curve (full 

symbols in Figure 3-12A). Introducing a palmitolyation site did not affect the ability 

of the resulting A2A receptor-R309C to form GTPγS-resistant high-affinity sites, but 

the proportion of high-affinity sites was reduced (Figure 3-12B, full circles). By 

subjecting the data to curvilinear regression, the ratio of high- to low-affinity sites 

was estimated to be about 1:1. In contrast, the affinity of the agonist for the high-

affinity sites of the mutated receptor was comparable to that seen for the wild type 

receptor (Ki = 0.14 ± 0.02 μM and 0.18 ± 0.06 μM for wild type and mutated A2A 

receptor, respectively). Upon addition of NaCl, the competition curve was shifted to 

the right (empty squares in Figure 3-12B). The shift was nevertheless less 

pronounced than that seen for the wild type A2A receptor (cf. dashed line in Figure 

3-12B, which indicates the position of the corresponding competition curve for the 

wild type). These results suggested that in the absence of G protein coupling, the 

mutated A2A receptor had a modestly enhanced affinity for the agonist (Ki = 8.6 ± 

1.6 μM and 5.4 ± 1.1 μM, for the wild type and mutated receptor, respectively). This 

conclusion is supported by the observation that the calculated affinity of CGS21680 

for the low-affinity site of the biphasic curve was also higher for the mutated 

receptor (Ki = 12.3 ± 4.1 and 4.1 ± 1.1 μM for the wild type A2A receptor and A2A 

receptor-R309C, respectively). 
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Figure 3-12: Competitive binding of the agonist CGS21680 and the antagonist [

3
H]ZM241385 

to membranes of HEK293 cells stably expressing wild type A2A receptor (A) or mutant A2A 

receptor-R
309

C (B). Membranes (30-40 µg) were prepared from HEK293 cell clones that express 

high levels of wild type or mutant receptor (clone A2AR WT #6 or A2A R-R
309

C #14, cf. Figure 3-8). 

These membranes were incubated in the presence of 3 nM [
3
H]ZM241385 and the indicated 

concentrations of the agonist CGS21680 in the absence (open circle) or presence of 100 µM GTPγS 

(closed circle), 150 mM NaCl (open square) or 100 µM GTPγS together with 150 mM NaCl (closed 

square). Data represent mean ± S.E.M. of at least three independent duplicate determinations. 

 

3.10 Effects of the mutation on the MAPK signaling pathway 

Like many other GPCRs, the A2A receptor is able to stimulate the MAP 

kinase/extracellular signal-regulated kinase (ERK) independent of Gs in different 

cell types, e.g., in endothelial cells (Sexl et al., 1997) and in HEK293 cells (Seidel et 
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al., 1999). In the latter cells, signaling via any G protein was not required for ERK 

stimulation, but was contingent on ARNO recruitment (Gsandtner et al., 2005). It 

has been shown that stimulation of ERK and activation of cAMP accumulation took 

place in distinct membrane compartments, which are physically separated 

(Charalambous et al., 2008). Hence, I set out to explore the effect of A2A receptor 

palmitoylation on receptor-mediated ERK stimulation by immunoblotting for dually 

phosphorylated, i.e., active ERK1 and ERK2. The results were biphasic and 

comparable time courses of ERK phosphorylation in cells either expressing the wild 

type or mutated A2A receptor (Figure 3-13). The present findings are consistent with 

previously published results (Klinger et al., 2002b; Klinger et al., 2002c).  
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Figure 3-13: Time-course for agonist-stimulated ERK phosphorylation in HEK293 cells stably 

expressing wild type A2A receptor and A2A receptor-R
309

C. HEK293 cell clones (3*10
5
 cells/well) 

stably expressing the wild type A2A receptor clone wt #6 or the A2A receptor-R
309

C mutant clone 

R
309

C #14 at high levels were stimulated with 1 µM CGS21680 for the indicated time. Aliquots of 

cellular lysates (20 µg) were resolved by electrophoresis and transferred to nitrocellulose. Followed 

by immunoblotting with an antiserum that recognized the dually phosphorylated active enzyme to 

estimate the level of active ERK1/2; an antiserum against holo-ERK1/2 was used as loading control. 

Blots were quantified by densitometry and the bar diagrams show the densitometric estimates 

normalized to unstimulated cells from three independent experiments; the error bars indicate S.E.M. 

 

The agonist CGS21680 concentration-response curves were independent of 

receptor levels in wild type A2A receptor expressing HEK293 cells (panels A, C and 

E in Figure 3-14) with EC50 values of 6.3 ± 3.4 nM and 9.2 ± 3.7 nM for low and 

high receptor levels, respectively. In contrast, in cells which expressed the mutant 

A2A receptor-R309C, concentration-response curves for the agonist resulted in a 



RESULTS 

 53 

leftward shift with increasing receptor levels (panels B, D and F in Figure 3-14) with 

EC50 values of 25.6 ± 6.7 nM and 6.3 ± 3.4 nM, respectively. 

 

 

 

Figure 3-14: Concentration-response curves for agonist-stimulated phosphorylation of ERK in 

HEK293 cells expressing wild type A2A receptor (A, C, E) or mutant A2A receptor-R
309

C (B, D, 

F). HEK293 cell clones (3*10
5
 cells/well) stably expressing low (A, clone wt #7, cf. Figure 3-8) or 

high (C, clone wt #6) levels of wild type A2A receptor or low (B, clone R
309

C #8) or high (D, clone 

R
309

C #14) levels of the A2A receptor-R
309

C mutant were stimulated with the indicated concentrations 

of CGS21680 for 5 min. Stimulation by 1 µM phorbol-myristate-acetate (PMA) for 20 min served as 

a positive control (panels A-D). Aliquots of cellular lysates (20 µg) were resolved by electrophoresis 

and transferred to nitrocellulose. The level of active ERK1/2 was assessed by immunoblotting with 

an antiserum that recognized the dually phosphorylated active enzyme (p-ERK); an antiserum 

against holo-ERK1/2 (holo) was used as loading control. The blots were quantified by densitometry 

and concentration-response curves show averaged densitometric quantifications normalized to PMA 

from three independent experiments with low and high expressing wild type (E) and mutant A2A 

receptor (F); the error bars indicate S.E.M. 
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3.11 Determination of receptor mobility by fluorescence recovery 

after photobleaching 

Fluorescence recovery after photobleaching (FRAP) is a technique capable of (i) 

quantifying the two-dimensional lateral diffusion (also termed mobility) of a receptor 

in the plasma membrane and (ii) providing the evidence as to whether – and to 

what extent – a given receptor or other protein of interest is mobile (termed mobile 

fraction). Both, mobility and mobile fractions are parameters influenced by the 

surroundings of a receptor and the environment it resides in (Day and Kenworthy, 

2009). Palmitoylation is known to be a targeting signal for distinct membrane 

localization. Thus, due to its palmitoylation, the mutant A2A receptor may be found 

in membrane compartments different from those where the wild type receptor 

resides. I therefore used FRAP to test whether the wild type A2A receptor and 

mutant A2A receptor-R309C differed in their mobility and lateral diffusion. 

 
Fluorescence recovery is affected by the size of the bleached region; bleaching of 

larger regions results in slower recovery leading to a distortion of the parameter 

estimates. For smaller regions, however, data analysis is more prone to errors with 

the microscope and software setting that was available to me. Therefore, I 

conducted preliminary experiments to optimize the size of the bleached region; the 

length of the bleached strip of 4.3 μm was thus chosen for subsequent experiments 

(data not shown). To normalize the half-life of recovery (t1/2) to the length of the 

bleached strip, the length of 4.3 μm was divided by the half-life of recovery, allowing 

for comparison with the previous work carried out in our laboratory. The mobility of 

the A2A receptor, expressed in HEK293 cells, was then measured in the basal state 

in the presence of adenosine deaminase and following the stimulation by 1 µM 

agonist CGS21680 (also in the presence of adenosine deaminase). Figure 3-15A 

shows a typical example of a fluorescence recovery trace, recorded after bleaching 

a defined spot. The determined mobilities amounted to roughly 0.5-1.0 µm/t1/2 

(Figure 3-15B, left panel) and the maximum recovery observed, reached in average 

70-80 % of the pre-bleach fluorescence intensity (Figure 3-15B, right panel), using 

both the wild type and mutant A2A receptor. Calculation of the diffusion coefficients 

D resulted in values in the range of ~0.26 µm2/s for both receptor variants. 

Similarly, the estimated mobile fraction was not modulated upon administration of 

agonist (Figure 3-15B, right panel). 
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In summary, FRAP experiments therefore did not reveal any significant differences 

in the mobility and the mobile fraction of the wild type and mutant A2A receptors.  

 

 

 

Figure 3-15: Comparison of lateral mobility and mobile fraction of the wild type A2A receptor 

and the mutant A2A receptor-R
309

C stably expressed in HEK293 cells. (A) A 4.3 µM stretch of 

the plasma membrane (red circle, right panel; scale bar 10 µM) was photobleached and the recovery 

of fluorescence was recorded over time. Normalized fluorescence recovery was plotted as a function 

of time and fitted by non-linear regression using an equation describing a monoexponential rise from 

bottom to maximum to calculate the half-time t1/2 and the maximum of the recovery (left panel). (B) 

HEK293 cells stably expressing YFP-tagged A2A receptor wild type (WT) or mutant (R309C) were 

treated with adenosine deaminase alone (basal) or in combination with 1 µM CGS21680 (CGS) and 

FRAP was recorded. 24 recordings (cells) were analyzed for each condition; six recordings per 

experiment, repeated four times. Shown are scatter plots of the mobility, i.e., t1/2 normalized to 

length of the bleached strip (left panel), and the mobile fraction (right panel). A one-way ANOVA 

test followed by a Tukey’s post hoc test indicated no statistically significant difference between wild 

type and mutant A2A receptor with respect to lateral mobility and percentage of mobile fraction. 

 

3.12 Determination of receptor mobility by single particle tracking 

As described in detail in the preceding section 3.11, my FRAP experiments did not 

provide any solution to the question whether the wild type and mutant A2A receptor 

reside in different membrane compartments. The fact that no difference in mobility 



RESULTS 

 56 

was observed between the two receptor variants may reflect the physiological 

situation. Alternatively, it may also suggest that the differences in receptor mobility 

are simply not detectable due to the limitations of the method used; FRAP is an 

assembly-averaging technique and even if differences exist, they may be averaged 

out. To overcome this problem, we opted for an additional approach where single 

receptors can be followed, which is the technique of single particle tracking (SPT).  

 
In order to measure the mobility of individual molecules, I generated HEK293 cell 

lines stably expressing low levels of FLAG-tagged receptor using a retroviral 

expressing system. Receptor folding and function was examined by radioligand 

binding and cAMP accumulation assays (data not shown). The receptors were 

labeled with quantum dots and the trajectories of single particles were recorded. 

Using this approach, we were able to show that quantum dot-labeled wild type and 

mutant A2A receptors indeed differed with respect to their diffusivity. Figure 3-16 

shows that agonist treatment caused a pronounced drop in the diffusivity of the wild 

type A2A receptor. In contrast, the diffusion of the A2A receptor-R309C was only 

modestly reduced (Keuerleber et al., 2012). We evaluated the data set performing a 

Kruskal-Wallis test followed by Dunn’s multiple post hoc comparisons and 

confirmed a statistically significant difference for the observed diffusivities. 
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Figure 3-16: Comparison of diffusivity of the wild type A2A receptor and the mutant A2A 

receptor-R
309

C stably expressed in HEK293 cells in the absence or presence of the agonist 

CGS21680. The median diffusivity (D1-4) was calculated based on data from quantum dot 

experiments; retroviral infected HEK293 cells stably expressing wild type A2A receptor (WT) and 

mutant A2A receptor-R
309

C (R309C) in absence or presence of 10 µM CGS21680 were used for these 

experiments. The calculations are based on 733 and 755 trajectories for WT and R309C under basal 

condition and 514 and 713 for WT and R309C under agonist-stimulated condition (Keuerleber et al, 

2012). (A) Box plot. The boxes indicate first (bottom) and third (top) quartiles as well as the median 

(red line). The whiskers span four interquartile ranges to define outliers. Performing a Kruskal-

Wallis test followed by Dunn’s multiple comparisons indicated that all data sets differ in a 

statistically significant manner (p < 0.01). (B) Shown are the arithmetic means ± S.D. 

 

3.13 Contributions 

Mass spectrometry experiments were carried out in collaboration with Dr. Christian 

Gruber (Institute of Pharmacology, Medical University of Vienna). The quantum dot 

experiments were performed by Dr. Patrick Thurner (Institute of Pharmacology, 

Medical University of Vienna). 
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4 DISCUSSION 

Singer and Nicolson hypothesized in their fluid mosaic model that biological 

membranes can be seen as two-dimensional lipid bilayers that allow lipids and 

proteins to diffuse freely (Singer and Nicolson, 1972). The idea is that in such an 

isotropic membrane, the receptor has unrestricted access to its specific G proteins. 

A single receptor can activate a large number of G proteins by collision coupling 

(Tolkovsky and Levitzki, 1978b). A prerequisite for restricted collision coupling 

therefore is anisotropy of the membrane; i.e., it requires areas within the membrane 

that the activated receptor does not have access to. The consequence is that 

receptor and the total pool of its cognate G proteins are separated from each other. 

The A2A receptor is commonly cited as an example of restricted collision coupling 

(Gross and Lohse, 1991). Two different signaling cascades are lastly controlled by 

the wild type receptor (Gsandtner and Freissmuth, 2006): (i) the well-studied 

activation of adenylyl cyclase, which is dependent on Gs and (ii) the stimulation of 

ERK1/2, which is independent of Gs and poorer understood. The latter of the two 

cascades relies on ARNO recruitment to the receptor C-terminus (Gsandtner et al., 

2005) as well as on RAS activation (Sexl et al., 1997; Seidel et al., 1999). The EC50 

value measured for cAMP accumulation induced by an agonist and for 

phosphorylation of ERK remains similar with increasing wild type A2A receptor 

expression levels – which is a key characteristic of restricted collision coupling.  

 
The present study provides several lines of evidence in support of the conclusion 

that restricted collision coupling is abolished upon engineering of a palmitoylated 

cysteine into the C-terminal tail of the A2A receptor. Irrespective of which of the 

signaling pathways was examined, increasing expression levels of the mutant A2A 

receptor-R309C resulted in a leftward shift of the EC50. The data are consistent with 

the hypothesis that the switch from restricted to unrestricted collision coupling 

results from the redistribution of the receptor; i.e., (i) targeting of the A2A receptor-

R309C to lipid rafts and (ii) changes in the diffusion mode and in diffusibility 

(especially in the agonist-bound state). The confined mobility previously described 

for this receptor (Charalambous et al., 2008) is disrupted by the palmitoylation, 

resulting in mobility consistent with a random walk. 
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4.1 Characteristics of the A2A receptor-R309C mutant 

Fluorescence microscopy confirmed that the cellular distribution of the A2A receptor-

R309C mutant did not differ from that of the wild type receptor, indicating that 

palmitoylation did not impair ER export and the subsequent trafficking through the 

secretory pathway. Similarly, the A2A receptor-R309C mutant bound the antagonist 

with an affinity that was indistinguishable from the wild type receptor. There was a 

subtle change in agonist affinity. However, in the uncoupled state, the affinity for the 

agonist CGS21680 was actually slightly higher than that of the wild type receptor. 

An explanation for this is that anchoring helix 8 in the membrane may render the 

structure of the hydrophobic core more rigid and thus reduces the rate of agonist 

dissociation in the low-affinity, G protein-free form. Taken together, these 

observations show that the palmitoylated receptor is correctly folded. Apart from the 

A2A receptor, almost all other GPCRs of the rhodopsin-like family are palmitoylated. 

Previous reports showed that removal of the palmitate moiety impaired the delivery 

of mutated receptors to the plasma membrane: to name a few examples, this was 

the case for the CCR5 receptor (Blanpain et al., 2001), the protease-activated 

receptor-2 (Adams et al., 2011) and the CB1-cannabinoid receptor (Oddi et al., 

2012). Based on these examples, palmitoylation would have been predicted to 

enhance surface expression of the A2A receptor. However, this did not hold true for 

the A2A receptor-R309C mutant examined in the present study. This suggests that 

the absence or presence of a palmitoylated cysteine is not necessarily linked to an 

alteration in trafficking to the cell surface. In addition, one should note that these 

earlier studies (Blanpain et al., 2001; Adams et al., 2011; Oddi et al., 2012) did not 

define the step that was impaired by eliminating the palmitoylation site: it is likely 

that in some receptors palmitoylation is essential to stabilize folding intermediates 

and thus the absence of a palmitate results in incorrect folding, ER retention and 

subsequent degradation of the mutated receptors. Alternatively, palmitoylation of 

the receptor may facilitate enrichment of the receptor in cholesterol-rich domains of 

the ER. Cholesterol is synthesized in the ER (Reinhart et al., 1987) and is exported 

to the cell surface via the secretory pathway. In fact, the rate of coatomer protein-II 

(COPII)-dependent export of model cargos was affected by the cholesterol content 

of the ER (Runz et al., 2006). Finally, it seems plausible that the absence or 

presence of the palmitate affects later stages in the secretory pathway. Lipid rafts, 
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for instance, are thought to be assembled in the Golgi apparatus (Brown and 

London, 1998). Thus, a depalmitoylated receptor may be trapped in the Golgi 

because it is not recruited into lipid rafts. These hypothetical explanations may 

account for the reduced surface expression of the various palmitoylation-deficient 

mutations of GPCRs that were studied previously. However, they are irrelevant to 

the A2A receptor; mutated (i.e., palmitoylated) and wild type (i.e., palmitoylation-

deficient) receptor reached the cell surface to comparable levels.  

 
In the A2A receptor-R309C mutant investigated here, a bulky, charged arginine 

residue was replaced by a small uncharged cysteine. This fact may per se account 

for the functional changes observed in the mutated receptor. In cAMP accumulation 

experiments, treatment with 2-bromopalmitate, which is an inhibitor of 

palmitoylation, did not fully eliminate the EC50 shift in cells expressing high levels of 

the mutant receptor. As outlined above, this shortcoming can be accounted for by 

the inherent limitation imposed by the fact that Gαs is also palmitolylated. In the 

absence of palmitoylation, Gαs has a lower affinity for adenylyl cyclase: this can be 

seen when comparing the interaction of recombinant Gαs purified from E. coli with 

Gαs purified from native sources (Graziano et al., 1989). It is therefore not possible 

to fully suppress palmitoylation of proteins if cAMP accumulation is to be used as 

readout. Furthermore, quantum dot experiments illustrated a notable change in the 

diffusion of the A2A receptor-R309C – but not of the wild type receptor – upon agonist 

activation after pretreatment with 2-bromopalmitate (Keuerleber et al., 2012). 

Moreover, as expected, initial results from a cAMP accumulation experiment using 

cells transiently expressing an A2A receptor alanine mutant (A2A receptor-R309A) did 

not show any EC50 shift (Keuerleber et al., 2012). Collectively, the above findings 

suggest that it is palmitoylation, rather than the amino acid exchange, which is 

responsible for the observed phenotype of the mutant receptor.  

 
It is commonly believed that palmitoylation serves as a signal to target integral 

membrane proteins to discrete cholesterol-rich microdomains, termed lipid rafts 

(Chini and Parenti, 2009; Gonnord et al., 2009; Levental et al., 2010). Such lipid 

rafts are often isolated in DRM fractions. Therefore, it seems counterintuitive that I 

found the palmitoylated mutant to be absent from DRMs. However, analyzing raft 

as well as non-raft membranes using a systematic proteomics approach revealed 
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that palmitoylation is not an obligatory signal for the association with lipid rafts 

(Yang et al., 2010). Isoform-1 of the endothelial membrane protein TEM8 

represents an example of a protein, which does not enter lipid rafts as a result of 

palmitoylation. In this instance, mutating acceptor cysteine residues removed this 

constraint and allowed for entry of the protein into lipid rafts (Abrami et al., 2006). 

Certain GPCRs, e.g., CXCR4 and thromboxane A2 receptor, are also known to be 

associated with lipid rafts, although they are not modified by palmitoylation (Nguyen 

and Taub, 2002; Goto et al., 2012). Hence, the A2A receptor and its palmitoylated 

mutant serve as another example of such atypical lipid raft association.  

 
Previous experiments in our laboratory employing antibody feeding experiments, 

cell surface biotinylation as well as confocal imaging led to the conclusion that the 

wild type A2A receptor was not subjected to rapid agonist-induced internalization 

(Charalambous, 2007; Charalambous et al., 2008). In contrast, there are several 

studies showing considerable internalization for the wild type A2A receptor, e.g., in 

HEK293 cells (Burgueno et al., 2003; Brand et al., 2008), Chinese hamster ovary 

cells (Torvinen et al., 2005) and in neuroblastoma SH-SY5Y cells (Hillion et al., 

2002). For this reason, I applied an additional approach to track internalization, 

namely, binding assays. I found that neither the wild type nor the mutant receptor 

surface levels decrease subsequent to agonist-induced stimulation over time. This 

finding is consistent with our previous observations for the wild type receptor, but is 

difficult to reconcile with the several other studies mentioned above. I relied on 

quantifying internalized receptors by their inaccessibility to a hydrophilic membrane-

impermeable ligand rather than imaging. This binding assay has the drawback that 

it cannot visualize the compartment in which the inaccessible receptors are 

sequestered. However, it is very sensitive, because of a high signal-to-noise ratio: 

under basal conditions more than 90 % of the specific (i.e., XAC-inhibited) binding 

is also displaced by the hydrophilic agonist. Thus, based on these considerations, it 

is evident that (i) there is some binding (~ 10 %) that is inaccessible to a hydrophilic 

ligand and (ii) the dynamic range is large (i.e., an internalization of 10-20 % of the 

surface receptors ought to be readily detected). Thus, it remains to be determined 

why agonist-induced internalization of the A2A receptor is sometimes observed.  
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I finally attempted to assess whether wild type A2A receptor and mutant A2A 

receptor-R309C exhibited constitutive activity, as previously shown for the wild type 

A2A receptor in our laboratory (Klinger et al., 2002c). Compared to our earlier data, 

the basal activity I measured for both receptor variants was very low (less than one 

fifteenth than that measured by Klinger et al.). The rationale for stimulating the cells 

with forskolin was to improve the signal-to-noise ratio and to magnify any residual 

constitutive activity (Sunahara et al., 1996; Klinger et al., 2002c). It is worth noting 

that in the presence of forskolin, the levels of accumulated cAMP were comparable 

to those published previously. This indicates that the levels of catalytic moieties of 

adenylyl cyclase in the cell lines used were comparable. However, simultaneous 

addition of forskolin and the inverse agonist ZM241385 did not cause any 

appreciable inhibition of cAMP accumulation in my experiments. It is thus difficult to 

compare the present results with those obtained previously and draw a definite 

conclusion, especially since the cells used in my study failed to show constitutive 

activity under basal conditions. The fact that a different batch of HEK293 cells was 

used for generating stable cell lines may in part explain this difference. Direct 

comparison was unfortunately not possible, because the earlier batch of cells was 

no longer available. It is worth to note that experiments – done in a different cell line 

(i.e., neuroblastoma SH-SY5Y cells) but at the same time in our laboratory – did 

document constitutive activity of the A2A receptor, which is endogenously expressed 

in these cells (Ibrisimovic et al., 2012). Constitutive activity was more readily seen if 

receptor levels were high; at a constant relative fraction of active receptor R*, their 

absolute number increased. However, in the HEK293 cell lines employed, receptor 

levels were substantially higher than in SH-SY5Y cells. Thus, this trivial explanation 

can be ruled out. 

 

4.2 The mobility of the A2A receptor-R309C mutant 

FRAP is in general a method suitable for assessing diffusion modes and changes in 

the diffusivity of a G protein-coupled receptor following its activation via an agonist. 

I used FRAP to examine possible differences in the diffusion between the wild type 

and the mutated A2A receptor upon agonist binding. The mobility values I measured 

for the A2A receptor in FRAP experiments were in similar ranges to measurements 

conducted earlier (Charalambous et al., 2008) and were in addition in the range 
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obtained for other GPCRs, e.g., the luteinizing hormone receptor (Niswender et al., 

1985), the β2-adrenergic receptor (Barak et al., 1997) and the CCR5 receptor 

(Blanpain et al., 2001). As a matter of fact, paired experiments did reveal a 

difference in the mobility, in the mobile fraction or both (in some instances), when 

comparing the wild type A2A receptor and its palmitoylated variant. However, after 

pooling the data, I could not observe statistically significant differences related to 

mobility or the mobile fraction. 

 
This suggested that FRAP may therefore not be the most reliable technique for 

detecting differences in diffusion modes. This conjecture was verified by employing 

an approach that allowed for tracking the movements of single receptors labeled 

with quantum dots. Doing so, we observed that agonist presence impaired the 

mobility of the wild type A2A receptor and, only to a substantially lesser extent, also 

the mobility of the palmitoylated receptor version. Furthermore, agonist treatment 

slowed the diffusion of the wild type A2A receptor in rat hippocampal neurons, as 

assessed by quantum dot experiments (Thurner et al., manuscript in preparation). 

One explanation for this finding is that agonist-induced activation may stimulate 

receptor and cognate G protein to form a complex, which would increase the 

complex size by ~90 kDa. Also larger complexes (signalosomes) may be formed as 

a result of the receptor-G protein complex associating with one or more effectors. 

One may assume that such a complex formation would reduce receptor movement. 

Agonist binding, however, does not necessarily impair the receptor in its diffusion: 

diffusion of the Gi/Go-coupled 5-HT1A receptor was reported to be enhanced 

(Pucadyil et al., 2004); in contrast, the mobility of the D2-dopamine receptor coupled 

to Gi/Go was decelerated upon agonist binding (Charalambous et al., 2008). 

Another example is Gs-coupled CRFR1, the diffusivity of which – as studied by 

fluorescence correlation spectroscopy for single molecules – was accelerated 

following agonist binding. The diffusivity of the related Gs-coupled CRFR2 receptor, 

in contrast, was not altered (Milan-Lobo et al., 2009). Differences between CRFR1 

and CRFR2 mainly lie in the hydrophobic core of these receptors, which is the 

region that is exposed to the viscous drag of the lipid bilayer (Milan-Lobo et al., 

2009). Likewise, the palmitoylated A2A receptor-R309C exhibited a more rapid 

diffusion compared to the wild type receptor both in the unoccupied basal state as 
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well as after agonist activation. In conclusion, diffusivity induced by agonist binding 

appears to be an intrinsic receptor property. 

 
Comparing the X-ray crystal structure of the wild type A2A receptor in the agonist-

bound state with that of the antagonist-bound state did not reveal a striking 

difference (Jaakola et al., 2008; Xu et al., 2011; Lebon et al., 2012). One has to 

note, however, that these structures were lacking a crucial component, which is the 

G protein. The receptor forms a cavity on the intracellular side in which the C-

terminus of the Gα subunit resides (Rasmussen et al., 2011). Gα binding induces a 

specific change in the receptor conformation, which is likely to result in a 

hydrophobic mismatch that may increase the viscous drag (Oates and Watts, 

2011). Molecular dynamics simulations have led to the interpretation that a lipid 

headgroup may insert into the ligand binding pocket of the A2A receptor in the 

unoccupied state and spread TM1 and TM2; this hydrophobic mismatch is 

eliminated by the presence of cholesterol, resulting in increased stability of the 

structure. (Lyman et al., 2009). Results indicating a stabilizing effect of cholesterol 

were also obtained in molecular dynamics studies of rhodopsin (Khelashvili et al., 

2009). Furthermore, cholesterol facilitated the crystallization of metarhodopsin I 

(Ruprecht et al., 2004) and β2-adrenergic receptor (Yao and Kobilka, 2005; 

Cherezov et al., 2007; Rasmussen et al., 2011). It is therefore conceivable that the 

presence of palmitoyl moieties may also stabilize the helices and thereby eliminate 

the need to reside in an environment enriched in cholesterol. Indeed, I could show 

in a cAMP accumulation assay that the A2A receptor mutant was more resistant to 

cholesterol depletion. 

 
The above interpretation is in good agreement with our observation that wild type 

A2A receptor, upon agonist activation, visited confined areas with a higher 

probability than the palmitoylated receptor version (Keuerleber et al., 2012). We 

calculated the sizes of the confined areas, which overall corresponded to that of a 

hypothetical lipid raft. Therefore, we speculated that the restricted collision coupling 

may be attributed to the lateral segregation of the wild type A2A receptor to a 

confinement area corresponding to a (putative) lipid raft (Keuerleber et al., 2012). 

Further support to this proposal comes from the observation that, in the presence of 

the agonist, palmitoylation resulted in a more homogeneous receptor distribution, 
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which is due to elimination of two receptor species: the slow fraction of receptors as 

well as the highly mobile and fast receptor population (Keuerleber et al., 2012). 

 
Plotting the arithmetic means of the results of the quantum dot experiments showed 

that the mobility of the wild type and mutant overlapped to a considerable extent. In 

contrast, the distributions of individual mobilities were indicative of substantial 

differences between wild type and mutant receptors. This supports the conclusion 

that FRAP is too insensitive of a method to assessing changes in diffusion. The fact 

that I did measure differences in single experiments can be rationalized with the 

ensemble nature of the FRAP recordings, averaging the large heterogeneity of 

receptors, which are measured by SPT. Transient confinement events were likely to 

impact the fraction of mobile receptors and/or the fluorescence recovery rate, 

depending on the relative distribution of A2A receptors, which were subjected to 

synchronized bleaching in a defined membrane strip. Only if the more dominant 

population of diffusing receptors is undergoing a change in mobility induced by 

agonist, FRAP may be suitable for detection of such changes. Contrary, methods 

following the mobility of individual molecules may deliver additional knowledge on 

the heterogeneity of the particle in question. With an average region of interest 

(ROI) of 4.3 µm in diameter, FRAP recorded in the present study a much larger 

area compared to the SPT measurements, which followed the movement of single 

quantum dots attached to single receptors. Using the technique of single molecule 

tracking it has been observed in several studies that membrane proteins are 

segregated into confined domains – the size of which is ranging from 100-1000 nm 

– of the plasma membrane; membrane proteins included in such studies were, e.g., 

the transferrin receptor (Sako and Kusumi, 1994) and the µ-opioid receptor 

(Daumas et al., 2003). Therefore, FRAP may be more suitable to detect diffusion 

over a longer range, i.e., between individual domains in the plasma membrane. 

 

4.3 Formation of a ternary complex by the A2A receptor-R309C 

In this study, I also investigated the influence of receptor palmitoylation on the 

formation of high-affinity sites in competition binding assays. The A2A receptor is 

known to form a ternary complex with its G protein Gs. That complex is resistant to 

the action of guanine nucleotides, including GTPγS (Nanoff et al., 1991). The 
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evidence for ternary complex formation is the presence of two populations of 

binding sites, i.e., high- and low-affinity sites. The curves that were generated had 

slope factors (= Hill coefficients) that were below one and were more adequately 

described by assuming the presence of two populations of binding sites.  

 
When employing the palmitoylated A2A receptor version, the number of ternary 

complexes with high affinity observed in the present study, was modestly reduced. 

A likely explanation for this observation is the fact that in preparations of broken 

cells the palmitoylated A2A receptor is separated from Gs with a higher probability 

because of its wider diffusion range. Palmitoylated receptors may therefore 

separate from their G proteins and be trapped more likely in a vesicle free of any Gs 

than the unpalmitoylated ones. Alternative explanations, such as a reduced 

receptor affinity for the agonist or for the G protein, are unlikely to be responsible for 

the reduced number of ternary complexes formed by the A2A receptor-R309C 

mutant. This conclusion is based on the fact that, in the unliganded state, the 

affinity of the palmitoylated A2A receptor for the agonist is modestly increased. As 

mentioned, one possible explanation for this may be that anchoring of helix 8 via 

the palmitoyl moiety to the membrane stabilizes the structure of agonist-bound 

receptor. It is also conceivable, that the loss of the positive charge, i.e., the 

positively charged side chain of arginine309, may have an effect. The A2A receptor-

R309C mutant formed a tight ternary complex resistant to GTPγS, comparable to the 

wild type A2A receptor; agonist affinity was similar for both receptor variants. 

Therefore, it can be concluded that neither the presence nor the absence of a 

palmitoylated cysteine affects the coupling to the G protein. This is supported by a 

series of earlier studies: (i) coupling of the G protein to the A1-adenosine receptor 

was not impaired by mutating its palmitoylated cysteine to alanine (Gao et al., 

1999b). (ii) In line with that result, the human A1 receptor, when heterologously 

expressed in E. coli, interacted equally well as the receptor found in brain 

membranes (Jockers et al., 1994); this heterologously expressed receptor is not 

palmitoylated since E. coli does not support this modification. (iii) In contrast, other 

reports suggested that palmitate attachment was necessary for the coupling of 

receptors to G proteins in cells; an example is the β2-adrenergic receptor (O'Dowd 

et al., 1989; Chini and Parenti, 2009). It has to be noted, however, that the assays 

were employed on the basis of indirect readouts and therefore were confounded by 
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additional events, such as enhanced desensitization of palmitoylation-less 

receptors (Chini and Parenti, 2009). In addition, all GPCRs that were expressed in 

E. coli (therefore lacking palmitoylation) and reconstituted together with G proteins 

interacted with their corresponding G proteins with high affinity and appropriate 

selectivity (Freissmuth et al., 1991; Bertin et al., 1992; Jockers et al., 1994).  

 

4.4 Outlook 

Taken together, the data presented in this work provide solid evidence that 

restricted collision coupling is relieved and the diffusion of the agonist-liganded A2A 

receptor is accelerated in a mutant receptor version that carries a palmitoylated 

cysteine in its C-terminus. Throughout the study, I used the R309C point mutant of 

the A2A receptor. When addressing the question if the amino acid exchange itself 

could (partly) contribute to the observed EC50 shift for the A2A receptor-R309C 

mutant, I resorted to an alanine mutant, i.e., the A2A receptor-R309A mutant. This 

mutant had interesting new features. Initial experiments with transiently expressed 

A2A receptor-R309A showed that this receptor still underwent restricted collision 

coupling, i.e., EC50 values did not shift to the left when receptor levels were 

increased. However, its affinity for the agonist CGS21680 was several-fold higher 

than that of the wild type A2A receptor (Keuerleber et al., 2012). It may therefore be 

interesting to examine the role of the C-tail in stabilizing the ligand binding pocket.  

 
The wild type A2A receptor forms homo- and heterodimers, e.g., with the adenosine 

A1-adenosine receptor and the D2-dopamine receptor (Canals et al., 2004; Fuxe et 

al., 2005). We previously demonstrated using FRAP that the dopamine agonist 

quinpirole did not induce a mobility reduction when the D2 and A2A receptors were 

co-expressed (Charalambous et al., 2008). The present study – showing that the 

wild type and the mutant A2A receptors are found in different membrane 

environments – raises the interesting question, if this has any effect on the 

dimerization with the D2 receptor. This issue may be addressed by FRAP or a more 

advanced technique such as “TOCCSL” (thinning out clusters while conserving the 

stoichiometry of labeling), which allows for tracking two receptors simultaneously 

(Brameshuber and Schutz, 2012). 
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Palmitoylation is thought to be a dynamic process (Qanbar and Bouvier, 2003; 

Salaun et al., 2010). Our SPT experiments suggested that changes in 

palmitoylation of the A2A receptor did not appear to happen on the timescale of 

seconds to minutes (Keuerleber et al., 2012). To address this question further, 

palmitoylation events may be assessed under basal and agonist-stimulated 

conditions and the extent of palmitoylation may be measured using a quantitative 

mass spectrometry approach.  

 
Finally, all of the experiments in this study and in Keuerleber et al. (Keuerleber et 

al., 2012), were carried out in HEK293 cells, which do not endogenously express 

the A2A receptor and potentially lack some of its natural interaction partners, too. 

Therefore, key aspects – in particular the SPT experiments – must be recapitulated 

in cells that express the receptor endogenously. This is of particular interest in 

neurons, because their membrane is by definition compartmentalized. To do so will 

allow confirming and further assessing the functional relevance of palmitoylation in 

a more native environment.  
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5 MATERIALS AND METHODS 

5.1 Materials 

All cell culture reagents were from PAA Laboratories (Pasching, Austria), except 

fetal calf serum (FCS) and LipofectaminePlusTM (Invitrogen, Carlsbad, CA, USA). 

[2,8-3H]Adenine (28.1 Ci/mmol) and [9,10-3H(N)]palmitic acid (47.7 Ci/mmol) were 

purchased from PerkinElmer (Boston, USA), [3H]ZM241385 (50 Ci/mmol) from 

American Radiolabeled Chemicals, Inc. (St. Louis, MO, USA) and unlabeled 

ZM241385 from Tocris Bioscience (Bristol, UK). Triton X-100 and methyl-β-

cyclodextrin were obtained from Fluka, (Sigma-Aldrich Co., St. Louis, MO, USA). 

Ro-20-1724 was bought from Calbiochem (Darmstadt, Germany). Alumina (activity 

grade I, type WN-3: neutral), CGS21680, adenosine 3’,5’-cyclic monophosphate 

(cAMP), forskolin, GTPγS, fatty-acid free bovine serum albumin, polybrene, poly-D-

lysine, xanthine amine congener (XAC) and standard chemicals were purchased 

from Sigma-Aldrich Co. Adenosine deaminase, Bovine serum albumin (BSA), and 

complete protease inhibitor cocktail were from Roche Applied Science (Mannheim, 

Germany) and polyfect transfection reagent from Qiagen (Hilden, Germany). TRIS 

and scintillation cocktail Rotiszint®-eco plus were from Carl Roth GmbH (Karlsruhe, 

Germany). Radioactivity was quantified using the liquid scintillation analyzer Tri-

Carb 1900CA (Packard Instrument, Meridien, CT, USA). DOWEX® AG 50 WX-4 

Ion Exchange Resin (mesh size 200-400, counter-ion: Na) was from Serva, 

Heidelberg, Germany. N-dodecyl-β-D-maltoside is a product of Thermo Fisher 

Scientific (Waltham, MA, USA). Polyclonal antibodies recognizing ERK1/2 (p44/42 

MAP kinase) and its dual-phosphorylated, i.e., active form were purchased from 

Cell Signaling Technology (Danvers, MA, USA). The rabbit polyclonal antibody 

against flotillin-1 was from Sigma and the rabbit polyclonal antibody reactive against 

GFP (ab290) was purchased from Abcam Plc (Cambridge, UK). The mouse 

monoclonal antibody against the A2A receptor (clone 7F6-G6-A2) was from Millipore 

(Billerica, MA, USA). The rabbit antiserum directed against Gβ was raised against 

amino acids 8-23 of Gβ1/2 (Hohenegger et al., 1996). Protein A-sepharose, anti-

rabbit and anti-mouse IgG1 conjugated to horseradish peroxidase (HRP) were from 

GE Healthcare (Little Chalfont, UK). 
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5.2 cDNA constructs and cloning 

Arginine309 was replaced by cysteine in the human A2A receptor cDNA using the 

QuikChange Lightning site-directed mutagenesis kit (Agilent Technologies, Inc., 

Santa Clara, CA, USA). The sequence of the forward primer was as follows (the 

mutated nucleotides are indicated in bold and underlined to introduce the R309C 

mutation and a silent mutation for insertion of an Eco72I/PmaCI site, respectively): 

C ATT CGC AGC CAC GTG CTG TGC CAG CAA GAA CCT TTC. Several 

versions of the A2A receptor cDNA were generated, encoding wild type and mutant 

receptors tagged on their C-terminus with YFP and two versions with a N-terminal 

FLAG-tag (pCMV-Tag2B and SF-NTAP background). FLAG-tagged A2A receptor 

wild type and mutant were cloned into pBABEpuro (provided by Christoph 

Österreicher) using the SnaBI (Eco105I) and SalI restriction sites and the following 

primers: TTT TAC GTA ATG GAT TAC AAG GAT GAC GAC G (forward primer, 

including the FLAG-tag) and TTT GTC GAC TCA GGA CAC TCC TGC TCC 

(reverse primer). The sequences were confirmed by automated DNA sequencing. 

All primer sequences are in 5’ to 3’ direction.  

 

5.3 Cell culture 

HEK293 cells were maintained in Dulbecco’s modified Eagle medium (DMEM) 

containing high glucose (4.5 g/l), 10 % FCS, 2 mM glutamine and 0.25 g/l Geneticin 

(G418) at 37°C in a 5 % CO2 humidified atmosphere. Glass plates for microscopy 

and cell culture dishes for cAMP accumulation and MAPK assay were coated with 

poly-D-lysine before seeding the cells. 

 

5.3.1 Transient transfections and stable cell lines 

For transient expression, HEK293 cells were transfected with plasmids encoding 

A2A receptor wild type or mutant and in some instances YFP-tagged A1 receptor 

(Málaga-Diéguez et al., 2010) using the calcium phosphate precipitation method 

(Graham and van der Eb, 1973). In brief, to transfect a single 100 mm culture dish, 

20 μg cDNA was mixed with 2.5 M CaCl2 and HBS buffer (50 mM HEPES, 280 mM 

NaCl, 1.5 mM Na2HPO4, pH 7.08) and incubated for 6 min at room temperature. 
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The calcium phosphate-DNA precipitate was then added drop-wise to the cells. 

After 4 h the cells were overlaid with 1 ml phosphate-buffered saline (PBS) 

containing 12 % glycerol, rinsed twice with PBS, and FCS-containing medium was 

added. These cells were used for experiments 24-48 h later. For the generation of 

stable cells lines, transfected cells were subjected to selection in the presence of 

G418 (0.5-0.75 g/l). Single colonies that emerged 1-2 weeks later were expanded 

and maintained in the presence of 0.25 g/liter G418. 

 

5.3.2 Production of retrovirus and retroviral infection 

HEK293 cell lines stably expressing FLAG-tagged wild type A2A receptor and A2A 

receptor-R309C were produced by retroviral infection using pBABEpuro. Phoenix 

ecotropic cells, a retrovirus producer line based on HEK293T, were grown to 60 % 

confluence on 6-well culture dishes and transfected with pBABEpuro encoding 

FLAG-tagged versions of A2A receptor wild type or mutant using polyfect 

transfection reagent according to the manufacturer’s instruction. After 6 h medium 

was changed to 3 ml RPMI complete medium and grown for further 48-72 h. 

Supernatant was filtered through a 0.45 µm filter and applied in presence of 4 µg/ml 

polybrene to HEK293 cells grown on 100 mm cell culture dishes to 20-30 % 

confluence. 12 h later 7 ml DMEM was added, and 24 h later the medium was 

exchanged for fresh DMEM. This was repeated another 24 h later, but in presence 

of 2 µg/ml puromycin to select for puromycin-resistant cell clones. 

 

5.4 Fluorescence microscopy 

Receptor expression was visualized by confocal microscopy on a LSM 510, Zeiss 

Axiovert 200 (Zeiss, Jena, Germany) laser scanning microscope equipped with an 

argon laser (30 mW) and a Zeiss Plan-Apochromat 63x/1.40 Oil DIC objective. 

Stably transfected cells growing on poly-D-lysine-coated 24 mm glass cover slips 

were kept in Krebs-HEPES buffer and YFP-tagged proteins were excited using the 

514 nm laser line, and fluorescence emission was collected using a 530 nm long 

pass emission filter. The Zeiss LSM Image Browser (Version 4.2.0.121) was used 

to analyze the images. 
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5.4.1 Fluorescence recovery after photobleaching 

FRAP was recorded and analyzed as described recently (Charalambous, 2007; 

Charalambous et al., 2008) with some modifications: a circular region of the plasma 

membrane (the ROI) with a diameter of 4.3 µm was chosen for photobleaching and 

monitoring. An additional rectangular region was used to record the decrease in 

total fluorescence. The ROI was bleached with the 514 nm laser line at 100 % laser 

power (8.3 A) with 20 iterations (to reduce the fluorescence intensity by roughly 

70 %). A series of 50 images of the bleached ROI was subsequently captured to 

record the recovery of the fluorescence using the following scanning parameters: 

2 % laser power, a 225 µm pinhole, scan speed 9, averaging 4 scans, and 12 bit 

dynamic range. Each image series were converted to TIFF files and the mean 

fluorescence of each image was extracted using WCIF ImageJ (version 1.37c); the 

corresponding time point was allocated to every single image. The resulting data 

were corrected for background fluorescence and loss in total fluorescence, and 

then fitted to a equation describing a single exponential rise from bottom (B) to 

maximum (M): y(t) = (M - B) × (1 - e-kt) + B; y(t) represents the recovered 

fluorescence at time t; ‘M’ represents the extent of fluorescence recovery; B’ is the 

relative fluorescence intensity immediately after bleaching (and before recovery); 

and the constant ‘k’ defines the rate of recovery. The recovery half-time t1/2 is 

defined by ln 2/k. To allow the comparison of different FRAP experiments the half-

time t1/2 was normalized to the length of the bleached region. Furthermore, the 

diffusion coefficient D was calculated using the equation t1/2 = βω2/4D (Axelrod et 

al., 1976). The parameter ‘β’ is dependent on the degree of bleaching and was set 

to 1.3 for all measurements (Yguerabide et al., 1982). ‘ω’ is the radius of the ROI, 

which was 2.15 µM. All recordings were carried out at room temperature. 

 

5.5 cAMP accumulation assay 

The formation of [3H]cAMP was determined as reported in the literature (Kudlacek 

et al., 2001). Cells (3*105/well) were seeded into poly-D-lysine-coated 6-well culture 

dishes and allowed to adhere overnight. The cellular ATP pool was metabolically 

labeled by incubating cells for 16 h in presence of [3H]adenine (1 µCi/well) in 1 ml 

FCS-supplemented DMEM. Thereafter, the cells were serum-starved in presence of 
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the phosphodiesterase inhibitor Ro-20-1724 (100 μM) and adenosine deaminase (5 

µg/ml) for 1 h. In case of cholesterol depletion, the cells were incubated during the 

starvation time with methyl-β-cyclodextrin (0-20 mM). To study the effect of 2-

bromopalmitate, cells were grown in presence of 100 µM 2-bromopalmitate for 48 h 

prior to agonist stimulation. The formation of [3H]cAMP was stimulated by addition 

of different concentrations of CGS21680 (0-3000 nM) in triplicates for 20 min at 

37°C; forskolin (5-10 µM), a direct activator of adenylyl cyclase, was used as a 

positive control. Constitutive activity was studied by adding the antagonist 

ZM241385 (10 and 100 nM) simultaneously with forskolin (25 µM). The reaction 

was stopped by adding 1 ml of 2.5 % perchloric acid together with 100 μM 

(unlabeled) cAMP. The culture dishes were incubated at 4°C for 30 min. Then, the 

supernatant (1 ml) was taken off and neutralized with 4.2 M KOH (110 µl). 

[3H]cAMP was isolated by sequential chromatography on DOWEX® and alumina 

columns. A volume of 1 ml of each sample was applied to a DOWEX® column and 

washed with 2 ml double distilled water (ddH2O); the DOWEX® columns were then 

placed on top of alumina columns and 4 ml ddH2O were added; the eluate was 

dripped into the alumina column. The alumina columns were placed on top of 

scintillation vials and 6 ml imidazol buffer (20 mM imidazol, 200 mM NaCl) was 

added and the eluted [3H]cAMP was collected in the vials. Radioactivity was 

measured after addition of 10 ml scintillation fluid by liquid scintillation counting. 

 

5.6 Preparation of membranes 

All steps of membrane preparation were done on ice. HEK293 cells stably 

expressing wild type or mutant A2A receptor were grown to 90-100 % confluence in 

150 mm cell culture dishes. The cell layer was rinsed twice with ice-cold PBS and 

scraped off in ice-cold PBS. The lysate of two dishes was transferred to a 15 ml 

Falcon tube and harvested by centrifugation (200 × g, 10 min, 4°C). The pellet was 

resuspended in 1 ml hypotonic buffer (25 mM HEPES, pH 7.5, 2 mM MgCl2, 1 mM 

EDTA) in the presence of complete protease inhibitor cocktail, subjected to two 

freeze-thaw cycles (frozen in liquid nitrogen, followed by rapid thawing at 37°C) and 

sonicated four times for 10 s in a cold-water bath. Membranes were collected by 

centrifugation at 34,000 × g for 30 min at 4°C (Sorvall RC5C centrifuge, SE-12 
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rotor). The pellet was resuspended in 400 µl of the buffer described above. The 

protein concentration was estimated by Coomassie Blue binding. 

 

5.7 Radioligand binding assay 

The binding assay protocol was adapted from that of Charalambous et al. 

(Charalambous et al., 2008). Binding assays with the high affinity A2A-selective 

antagonist [3H]ZM241385 were carried out in a 200 µl reaction volume in duplicate 

in Tris/MgCl2/EDTA buffer (50 mM Tris-HCl pH 7.5, 5 mM MgCl2, 1 mM EDTA) 

supplemented with 5 µg/ml adenosine deaminase. Membranes (prepared as 

described under 5.6) of HEK293 cells stably expressing wild type and mutated 

receptors were used. The protein concentration was estimated by Coomassie Blue 

binding and adjusted in the binding reaction (5-100 µg/assay) to avoid radioligand 

depletion. Serial dilutions of [3H]ZM241385 (~0.625-20 nM) were used for saturation 

experiments; in parallel non-specific binding was determined in the presence of 10 

µM XAC. In competition binding experiments membrane preparations (15-60 

μg/assay) were incubated in the buffer described above ± NaCl (150 mM) in the 

presence of antagonist [3H]ZM241385 (2-3 nM) and increasing concentrations of 

the agonist CGS21680 (0-100 µM). One experimental design included the 

additional presence of GTPγS (100 µM). Binding was allowed to proceed for 60 min 

at 37 °C and terminated by rapid filtration of the cell suspension with a Skatron semi 

automatic cell harvester (Skatron AS, Lier, Norway) onto GF/B glass microfiber 

filters (Whatman International Ltd., Maidstone, UK); for this, 10 mM Tris-HCl pH 7.5, 

1 mM MgCl2, ± 150 mM NaCl was used. The filters were dissolved in scintillation 

cocktail and the radioactivity was quantified. 

 
Binding to intact HEK293 cells was employed to study receptor internalization. Cells 

stably expressing wild type or mutant A2A receptor were incubated in 100 mm cell 

culture dishes in medium in presence of 1 µM CGS21680 or 1 µM ZM241385 for 

the indicated time (0-8 h). Thereafter, cells were washed with ice-cold PBS and 

resuspended cells (1*105 cells/assay) were incubated with 2 nM [3H]ZM241385 for 

60 min as described above. Non-specific binding was determined in the presence of 

the hydrophilic (cell-impermeable) agonist CGS21680 (100 µM) and the internal 
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receptor binding sites were blocked with 10 µM hydrophobic (cell-permeable) XAC 

antagonist. The XAC values were subtracted from the data. 

 

5.8 Preparation of detergent-resistant membrane fractions 

HEK293 cells stably expressing A2A receptor wild type or mutant were grown in 150 

mm cell culture dishes. For each experiment were confluent cells of two dishes 

incubated in DMEM without FCS for 30 min followed by the addition of 3 µM 

CGS21680 for further 30 min. Membranes were prepared as described under 5.6 

and subjected – with some modifications – to density gradient centrifugation as 

reported earlier (Schuck et al., 2003). Membranes were resuspended in 0.5 ml 

buffer (50 mM Tris-HCl pH 7.4, 2 mM EDTA, 150 mM NaCl), and homogenized by 

10 aspiration cycles each through a 20- and a 27-gauge needle. Buffer (0.5 ml) 

containing 0.5 % Triton X-100 was added. Extraction was done on ice for 30 min. 

The lysate (0.7 ml) was adjusted to 42 % (wt/wt) sucrose by adding 1.4 ml of 59 % 

sucrose in buffer, overlaid with 6 ml of 35 % and 4 ml of 5 % sucrose, and 

centrifuged at 217,000 × g (Beckman Optima L-70 ultracentrifuge, 4°C, rotor SW-40 

Ti, settings “slow acceleration”, “no brake”) for 19 h. Samples were fractionated in 1 

ml aliquots from the top (fraction 1) to the bottom (fraction 12). 75 µl of each fraction 

as well as 5 µl ‘loaded lysate’ plus 70 µl ddH2O were heated together with 25 µl 4x 

loading buffer (60 mM Tris-HCl pH 8, 25 % glycerol, 2 % SDS, 14.4 mM β-

mercaptoethanol, 40 mM DTT, 0.1 % bromphenol blue) for 10 min at 45°C, followed 

by 20 min at 55°C. 6-38 µl of these samples were analyzed by SDS-polyacrylamide 

gel electrophoresis and transferred to nitrocellulose membranes. Fractions 

containing DRMs were identified using anti-flotillin-1 and anti-Gβ antibodies. 

 

5.9 MAPK stimulation assay 

The conditions for stimulation of MAPK are outlined in Klinger et al. (Klinger et al., 

2002b). HEK293 cells were seeded into 35 mm cell culture dishes coated with poly-

D-lysine; 5*105 cells per well. On the next day, cells were starved for 2-4 h in 

serum-free medium supplemented with 5 µg/ml adenosine deaminase, followed by 

stimulation with 1 µM CGS21680 for indicated time points (0-120 min), or with 

different concentrations (0-1000 nM) of CGS21680 for 5 min at 37°C. As a positive 



MATERIALS AND METHODS 

 76 

control, cells were exposed to 1 µM PMA for 20 min. Subsequently, the cell layer 

was rinsed twice with ice-cold PBS and snap-frozen by the addition of liquid 

nitrogen. After thawing, 80 µl MAPK lysis buffer (50 mM Tris-HCl pH 7.4, 100 mM 

NaCl, 1 % NP-40, 0.1 % SDS, 10 mM EDTA, 1 mM Na3VO4, 10 mM NaF and 

complete protease inhibitor cocktail) was added, the cell lysate was transferred to a 

1.5 ml reaction tube, incubated on ice for 20 min and centrifuged (16,000 × g, 20 

min, 4°C). Samples (20-30 μg of protein) were subjected to electrophoretic 

resolution and transferred to a nitrocellulose membrane. Activation of MAPK was 

detected using an antiserum recognizing the dually phosphorylated active enzyme 

(p-ERK); anti-holo-ERK1/2 antibody served as loading control. Immunoreactive 

bands were visualized using a FluorChemHD2 imaging system (Alpha Innotech 

Corp., San Leandro, CA, USA) and quantified using ImageJ (Version 1.45r).  

 

5.10 Metabolic labeling with [3H]palmitate and immunoprecipitation 

Labeling with [3H]palmitate was done as published by Fukata et al. (Fukata et al., 

2006) with some modifications. HEK293 cells (3*105 cells/well) were seeded into 6-

well culture dishes and 20 h later lipofected with plasmids encoding FLAG-tagged 

versions of wild type A2A receptor, A1 receptor, or A2A receptor-R309C, according to 

the manufacturer’s instruction. The medium was replaced 4 h later, and cells were 

grown for another 24 h. Cells were preincubated in serum-free medium 

supplemented with 10 mg/ml fatty acid-free bovine serum albumin, then labeled 

with [3H]palmitic acid (0.25 mCi/well) for 4 h, rinsed with PBS, and resuspended in 

0.15 ml lysis buffer (20 mM Tris-HCl pH 7.4, 1mM EDTA, 100 mM NaCl, 1 % SDS). 

To dilute the SDS concentration to 0.1 %, 1.35 ml lysis buffer containing 1 % Triton 

X-100 (instead of SDS) was added after 5 min. The samples were centrifuged at 

16,000 × g for 10 min at 4°C, and the resulting supernatants were incubated 

overnight with anti-GFP antibody (2 µl corresponding to 10 µg of total IgG) under 

gentle rotation at 4 °C. Subsequently, pre-equilibrated protein A-sepharose (6 mg 

per sample) was added and incubated with gentle rotation for 3 h at 4°C. Samples 

were washed three times with Triton X-100-containing lysis buffer and eluted by 

heating the samples in 0.1 ml loading buffer (62.5 mM Tris-HCl pH 6.8, 10 % 

glycerol, 2 % SDS, 0.01 % bromphenol blue) at 95°C for 2 min. An aliquot of each 

sample (40 µl) was analyzed by SDS-polyacrylamide gel electrophoresis; the 
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resolved proteins were fixed by soaking the gel in fixing solution (25 % isopropyl 

alcohol, 65 % water, 10 % acetic acid) for 30 min and incubated in the fluorescent 

signal amplifier NAMP100 (GE Healthcare) for 30 min, dried under vacuum, and 

exposed to a X-ray film (Kodak BioMax MS) at -80°C for 2-8 weeks.  

 

5.11 Mass spectrometry 

Membranes were prepared from HEK293 cells expressing FLAG-tagged versions of 

A2A receptor wild type or mutant, as outlined in 5.6. Membranes (1 mg/ml) were 

solubilized in 5 volumes of buffer containing 25 mM HEPES-NaOH pH 7.5 and 0.2 

mM n-dodecyl-β-D-maltoside. The suspension was rotated over night at 4°C. 

Unsolubilized material was removed by ultracentrifugation (250,000 × g for 2 h at 

4°C, Beckman Optima L-70 ultracentrifuge, T65 rotor) and the resulting supernatant 

was incubated with 0.1 ml pre-equilibrated anti-FLAG agarose beads for 1 h at 4°C. 

Beads were transferred to a gravity flow column and washed three times with 0.5 ml 

solubilization buffer containing 1 % Triton-X100. The column was incubated twice 

with 0.1 ml buffer containing 20 mM Tris-HCl pH 8 and 6 M urea buffer for 10 min at 

25°C under stopped-flow conditions. The eluate was collected by spinning the 

column in a tabletop centrifuge (30 × g for 1 min), transferred to a Microcon Ultracel 

YM-3 column (Millipore GmbH, Vienna) and concentrated by centrifugation (16,000 

× g, 65 min, 4°C). The desalted and concentrated sample was digested with 25 µl 

trypsin solution (0.2 mg/ml) over night at 37°C. Concentrated acetic acid (5 µl) was 

added to stop the digestion reaction. The digested samples were analyzed by nano-

LC-MS/MS as described previously (Keuerleber et al., 2012): for mapping of tryptic 

A2A receptor peptides information-dependent acquisition was employed and and 

MRM mass spectrometry identified the palmitoylated peptide. A Dionex Ultimate 

3000 nano-HPLC system (Dionex, Amsterdam, The Netherlands) in pre-

concentration mode was used for reversed phase separation of the samples before 

MS using a Dionex Acclaim PepMap 100 C18 100 Å column (150 mm x 75 µm) 

with a particle size of 3 µm. The mobile phase consisted of solvent A (0.1 % 

aqueous formic acid) and solvent B (80 % acetonitrile 0.08 % and 20 % aqueous 

formic acid). Tryptic peptides were eluted using a gradient of 4-60 % solvent B in 40 

min at a flow rate of 300 nl/min. The eluate was directly introduced into a hybrid 

triple quadrupole/linear ion trap 4000 QTRAP MS/MS system (AB Sciex, 
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Framingham, MA, USA) equipped with a NanoSprayII ion source and was operated 

with Analyst 1.5.2 software. The experiments were performed in positive ionization 

mode. Nebulizer gas, ion spray voltage, and declustering potential were optimized 

for each experiment. Information-dependent acquisition experiments for tryptic 

peptide identification of the receptor included enhanced MS to examine the 

molecular weight of peptide ions and enhanced resolution scans to confirm charge 

states of the ions. Detection of ions above threshold with a charge state of +2 to +5 

or with an unknown charge state triggered collision-induced dissociation of three 

enhanced product ion scans to collate fragment ions and presented the product ion 

spectrum for subsequent database searches. Database searching was carried out 

using the ProteinPilot™ software (Version 4.0) and the Paragon algorithm (AB 

Sciex). To identify the S-palmitoylation of the receptor mutant, MRM acquisition was 

performed with a dwell time of 50 ms and Q1/Q3 set in unit resolution. At least three 

Q1/Q3 transitions were monitored for the tryptic peptides (Table 5-1), which were 

LNGHPPGVWANGSAPHPER (99 % confidence), VLAAHGSDGEQVSLR (99 %), 

QMESQPLPGER (97 %) and SHVLCQQEPFK (99 %).  

 
Table 5-1: Multiple reaction monitoring (MRM) transitions; Q1: molecular weight (MW) of 

MRM precursor ion; Q3: MW of fragment ions after dissociation; CE: collision energy; 

*palmitoylation of cysteine 
 

MRM ID Sequence (tryptic peptide) Q1 (Da) Q3 (Da) CE (V) 

wt A2AR control 1 LNGHPPGVWANGSAPHPER 997,26 401,20 54 

  997,26 635,30 54 

  997,26 1221,60 54 

wt A2AR control 2 VLAAHGSDGEQVSLR 769,98 375,20 38 

  769,98 788,40 38 

  769,98 1047,50 38 

wt A2AR control 3 QMESQPLPGER 636,41 458,20 38 

  636,41 668,40 38 

  636,41 1012,50 38 

A2AR-R309C 
non-palmitoylated 

SHVLCQQEPFK 658,32 324,40 40 

  658,32 1049,50 40 

  658,32 1148,24 40 

  658,32 936,60 40 

  658,32 225,20 40 

  658,32 391,60 40 

A2AR-R309C 
palmitoylated 

SHVLC*QQEPFK 777,80 324,40 53 

  777,80 225,20 53 

  777,80 391,60 53 
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The MRM transitions were identified experimentally from the nano-LC-MS/MS 

information-dependent acquisition experiments; the transition of the S-palmitoylated 

peptide was calculated by adding the net mass of 238 Da. 

 

5.12 Single particle tracking 

Stable HEK293 cell lines expressing FLAG-tagged wild type A2A receptor or A2A 

receptor-R309C – produced by retroviral infection using pBABEpuro – were used for 

SPT as described in Keuerleber et al. (Keuerleber et al., 2012). 

 

5.13 Statistical analysis 

As software for statistical analysis, either GraphPad Prism 5 (version 5.01) for 

SigmaPlot 11.0 was used. Saturation binding curves, concentration-response 

curves and radioligand displacement curves were subjected to non-linear least 

squares curve fitting to equations describing a rectangular hyperbola, the sum of 

two hyperbolas or the Hill equation using a Marquardt-Levenberg algorithm. The 

improved fit associated with the choice of the more complex model was evaluated 

by an F-test based on the extra sum-of-squares principle. The diffusion coefficients, 

calculated on the basis of quantum dot experiments, were rounded to 10-3 µm2/s 

and logarithmically transformed for further analysis. A Kruskal-Wallis test followed 

by Dunn’s multiple comparisons was performed to compare diffusivity of wild type 

A2A receptor and A2A receptor-R309C in the absence or presence of agonist 
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