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ABSTRACT 
 

The orexin endocrine system has been associated with a range of physiological 

functions including regulation of sleep and wake states, energy metabolism, 

addictive behaviour and modulation of stress hormones. 

 

The orexin system is characterized by two primarily hypothalamic endogenous 

peptide agonists that specifically stimulate two G protein-coupled receptors, 

orexin receptor 1 (OxR1) and orexin receptor 2 (OxR2) present in tissues of the 

central nervous system, and also in the periphery. Activation of these receptors 

primarily stimulates the Gq/phospholipase C/protein kinase C signalling 

pathway, a process that is dampened by specific recruitment and binding of β-

arrestin proteins. Furthermore, β-arrestins may confer a wide range of 

regulatory and signalling functions to activated receptor complexes in addition 

to inhibiting G protein-mediated signalling, including internalization, G protein-

independent signalling and degradation of the activated receptor complex.  

 

It has been previously detected that these receptors display subtype-specific 

differences in β-arrestin recruitment that is only observed over extended periods 

of up to several hours of agonist treatment utilizing extended bioluminescence 

resonance energy transfer (eBRET) techniques. In addition, these receptors 

displayed altered abilities to recycle rapidly upon activation. This work aimed to 

explore and contrast key structural and functional properties of human orexin 

receptor-β-arrestin association and complex formation upon heterologous 

expression in a cell line. 

 

Key structural determinants in the C-terminus of OxR2 were found to alter the 

ability of OxR2 to bind with β-arrestin. It was found that although primary 

structure is largely implicated in the ability of β-arrestins to bind some GPCRs, it 

appears that secondary structure may be equally as important. In addition, the 

β-arrestin-binding properties and ERK1/2 signalling ability of two clinically 

relevant OxR mutants (OxR1 I408V and OxR2 T401I) were investigated. 



Biophysical Insights into Orexin Receptor Complexes 
 

viii 
 

However, these properties were not observed to be significantly different to 

those of the respective wild-type receptors. 

 

The ability of OxRs to form heteromeric complexes and their effect on β-arrestin 

binding was investigated upon co-expression. The use of OxR-selective 

antagonists reciprocally provided evidence of OxA-induced heteromerization. In 

addition, co-expression of OxR subtypes was found to alter β-arrestin-binding 

kinetics in the absence of antagonist.   

 

Ubiquitination of GPCR complexes, the stability of this interaction and the 

formation of distinct polyubiquitin chain linkages on target proteins is important 

for the designation of proteosomal and non-proteosomal properties to these 

complexes. Ubiquitination of OxR-β-arrestin complexes was investigated by the 

OxA-induced proximity of β-arrestin and ubiquitin using eBRET, including the 

use of several ubiquitin mutants to explore the effect of distinct polyubiquitin 

chain linkages on this complex. Distinctive temporal profiles of β-arrestin-

ubiquitin proximity were revealed upon comparison of OxR1 and OxR2. In 

addition, the potency of OxA-induced OxR-β-arrestin-ubiquitin complex 

formation was compared to two other Gq-coupled endocrine-associated 

GPCRs, TRHR1 and AT1aR, which were found to exhibit increased potency at 

prolonged time points compared to that of OxA-stimulated OxR2. The results 

indicate that β-arrestin-ubiquitin proximity correlates with temporal stability 

previously observed with OxR-β-arrestin interactions. 

 

Extracellular signal-regulated kinases (ERK1/2; MAPK p44/42) are important 

enzymes involved in a host of cellular signalling processes that can be 

scaffolded by β-arrestin. Temporal ERK1/2 phosphorylation profiles of both OxR 

subtypes were investigated and found to be significantly elevated and sustained 

for OxR2 compared to OxR1 at time points typically associated with non-G 

protein-mediated ERK1/2 phosphorylation. In addition, the potency of OxA-

induced ERK1/2 phosphorylation was significantly decreased at OxR2 over 

prolonged time points, consistent with previously published temporal BRET 
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profiles and potencies for OxR-β-arrestin proximity, as well as the potency of 

OxA-induced β-arrestin-ubiquitin proximity established in these studies.  

 

This thesis demonstrates elements involved in the regulation and signalling of 

OxRs, as well as structural determinants involved in the association of OxR 

complexes with β-arrestin, through the use of homogeneous cell-based assays. 

This investigation has revealed important characteristics that could have a 

distinctive and essential role in the ability of the orexin system to regulate key 

physiological processes including sleep-wake cycles, metabolism and addictive 

disorders. These studies provide an expansion of knowledge into these 

functions and would be hoped to aid in the development of pharmacological 

therapies to target this system. 
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CHAPTER 1 

GENERAL LITERATURE REVIEW 

1.1 INTRODUCTION TO GPCRS 
 

G protein-coupled receptors (GPCRs) are the largest superfamily of cell surface 

receptors. These sensing proteins recognize substances in the internal and 

external environment of a multicellular organism and utilize and integrate these 

signals to mediate and maintain homeostasis. Approximately 800 GPCRs have 

been phylogenetically characterized as belonging to this superfamily 

(Fredriksson et al., 2003), and account for approximately 2% of genes encoded 

in the human genome (Dorsam et al., 2007).  

 

GPCRs are an important therapeutical target, which is evident by the availability 

of 30% of currently marketed drugs that directly target these receptors (Landry 

et al., 2008). In addition, the function of approximately 140 of these receptors 

currently remains undetermined or ‘orphaned’ (Landry et al., 2008).  

 

The completion of the human genome has resulted in a significant increase in 

the speed of characterisation of these ‘orphan’ receptors largely due to an 

increase in hypothetical sequence and structural homology to existing 

receptors. In addition, advances in molecular pharmacological techniques, such 

as the use of reverse pharmacology (Takenaka, 2001) to screen these 

hypothetical receptors against compound panels has stimulated the deduction 

of their function. De-orphanization, or the functional characterisation of putative 

GPCRs has seen the classification of these receptors evolve from three main 

families A, B and C (Lagerstrom et al., 2008), to the most recent classification of 

five main families: glutamate, rhodopsin, adhesion, frizzled/taste2 and secretin 

based on their phylogenetic similarity (Fredriksson et al., 2003). Broadly, all 

GPCRs characteristically exhibit seven linked transmembrane domains. The 

rhodopsin family makes up the largest subfamily with ~700 members, including 

the photo-sensing receptor rhodopsin. Receptors in this group typically exhibit a 
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conserved NPxxY motif in transmembrane 7 (Urizar et al., 2005), and the semi-

conserved (D/E)R(W/F/Y) motif in transmembrane 3 (Kobilka et al., 2007), both 

of which have been attributed to receptor stabilization (Kobilka et al., 2007; 

Urizar et al., 2005). Other members of this family include the amine receptors 

(e.g. dopamine, histamine receptors), beta-adrenergic and peptide-binding 

receptors including arginine vasopressin, thyrotropin-releasing hormone, 

angiotensin, and orexin receptors (Fredriksson et al., 2003). Characteristic 

properties of all other groups include extensive N-termini. The adhesion 

receptors characteristically exhibit various adhesion motifs in this region (Yona 

et al., 2008). Metabotropic glutamate receptors and GABAB receptors are key 

members of the glutamate family and exhibit N-termini in the shape of a ‘Venus 

fly-trap’ accredited to ligand-binding. The secretin family include members such 

as the glucagon, calcitonin and secretin receptors, and contain cysteine bridges 

in their N-termini (Stacey et al., 2000). Finally, the frizzled/taste 2 family include 

the ‘frizzled’ receptor involved in organism development as well as taste 

receptors (Fredriksson et al., 2003).   

 

GPCRs are involved in a vast array of functions including development of 

organisms (Schulte et al., 2007), immune-mediated processes (Viola et al., 

2008) and endocrine function (Vassart et al., 2011).  The regulation, function 

and distribution of GPCRs are implicated in pathologies such as cancer, 

specifically tumour progression and metastasis (Dorsam et al., 2007), and 

hormonal imbalances that lead to a range of metabolic, neurodegenerative 

diseases (Lundstrom, 2006), and sensory defects (Spiegel et al., 2004). In 

addition, GPCRs have been implicated in the merging field of stem cell 

research, with specific involvement in maintenance and differentiation of cells 

(Kobayashi et al., 2010).  

 

Given the range of functions and large proportion of this family of sensing 

proteins involved in cellular signalling these receptors are highly regarded as 

key therapeutic targets (Hopkins et al., 2002). 
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1.2 ACTIVATION OF GPCRS AND G PROTEIN-

MEDIATED SIGNALLING 
 

A wide range of substances and stimuli including amino acids, peptides, lipids, 

odorants and photons are able to activate GPCRs by interacting with the N-

terminus and/or transmembrane regions of the receptor.  

 

Upon binding, these substances typically alter the intramolecular bonding 

between key functional residues in transmembrane regions of the rhodopsin 

class of GPCRs (Ballesteros et al., 2001). This results in a change to the 

structural conformation of the receptor by intracellular helical rearrangement, 

and allows GPCRs to bind one or more members of the intracellular 

heterotrimeric Guanine (G) proteins involved in mediation of downstream 

signalling cascades (Dupre et al., 2009; Engelhardt et al., 2007; Wettschureck 

et al., 2005). The interaction of a G protein with a GPCR in the active state 

promotes the guanine nucleotide exchange factor (GEF) property of the GPCR, 

stimulating hydrolysis of the heterotrimeric G protein to two functional signalling 

entities Gα and the Gβγ dimer. As shown in Figure 1.1, 15 Gα subunits have been 

characterized in humans (Hurowitz et al., 2000), and can be divided into four 

classes Gs, Gi, Gq and G12/13 which have a range of downstream effectors 

including adenylyl cyclase (cAMP) protein kinase A (PKA) and protein kinase C 

(PKC) that mediate a diverse number of intracellular signalling cascades such 

as MAPK activation and release of intracellular Ca2+ into the cytosol (Neves et 

al., 2002; Wettschureck et al., 2005) (Figure 1.1). An additional level of 

complexity and specificity may be imparted by the ability of the Gβγ dimer to 

initiate signalling pathways by binding effectors such as inward-rectifying 

potassium and voltage-gated calcium channels. (Dupre et al., 2009; Smrcka, 

2008). Furthermore, switching of G protein coupling may occur under various 

conditions such as through cross-activation of signalling pathways (Daaka et al., 

1997) or through metabolic alterations (Karteris et al., 2005). 
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Figure 1.1 - Diagram of GPCR activation and G protein signalling 
cascades (Dorsam et al., 2007). 

 

Depending on the type of signalling pathway activated, a range of physiological 

functions may be modulated (Rozengurt, 2007). Through the advent of homo- 

or heteromerization, the signalling properties that may be originally 

characterized to a single GPCR may be extended to include either suppression 

or potentiation of a signal, as well as increased diversification of signalling 

pathways (Lohse, 2010; Rozenfeld et al., 2010). GPCRs may also expand their 

ability to signal through the interaction or transactivation of other non-G proteins 

including tyrosine kinase receptors (Gavi et al., 2006; Luttrell et al., 1999) and 

ion channels (Hur et al., 2002; Shukla et al., 2010) resulting in further signalling 

specificity (Bockaert et al., 2004). 

 

Mitogen activated protein kinases (MAPKs) are important signalling kinases that 

are involved in key cellular events such as differentiation, proliferation and 

apoptosis as well as maintenance of cell survival (May et al., 2008; Neves et al., 



Chapter 1 - General Literature Review  
 

5 
 

2002). The extracellular signalling regulated kinases (ERK1/2; MAPK p44/42) 

are a subset of this family and are key signalling effectors of GPCRs (van 

Biesen et al., 1996). Activation of these kinases may occur by multiple GPCR-

mediated pathways including Gα and Gβγ entities as well as through β-arrestin. 

G protein-mediated ERK1/2 phosphorylation may be differentially regulated 

through the activation of Gα - and Gβγ -mediated pathways of four G protein 

families - Gq, Gs, Gi and G12/13 (May et al., 2008). ERK1/2 phosphorylation 

mediated through Gq-coupled proteins originates from PKC activation and 

occurs through a cascade of two intermediate kinases: a MAPKKK that 

phosphorylates a MAPKK and in turn results in the end point of ERK1/2 

activation (Rozengurt, 2007). In addition, through the transactivation of receptor 

tyrosine kinases, GPCRs may be able to indirectly stimulate ERK1/2 production 

(Gavi et al., 2006). These pathways of ERK1/2 activation are typically G protein-

dependent, however, there are also G protein-independent pathways of ERK1/2 

phosphorylation, such as those mediated through the scaffolding of ERK1/2 on 

β-arrestin. 

 

G protein-mediated ERK1/2 activation occurs rapidly, in the order of minutes, 

and results in the ability of phosphorylated ERK1/2 to translocate to the nucleus 

and target the activation of various transcription factors (Rozengurt, 2007). This 

results in a range of functional and regulatory processes facilitating biochemical 

changes through to the cellular environment (Neves et al., 2002). 
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1.3 DESENSITIZATION OF GPCRS 
 

Once a GPCR has been activated, the amount of time taken for the initial G 

protein-mediated signalling process to occur must be regulated to ensure 

temporal specificity of the effector signal. Two protein families, the G protein-

coupled receptor kinases (GRKs) and the arrestins are primarily responsible for 

uncoupling the active G protein from its cognate receptor and returning the G 

protein to its inactive state. This promotes the termination of further downstream 

G protein-mediated signalling from occurring, termed desensitization.  

1.3.1 Homologous and heterologous desensitization 

Initial stages in the process of desensitization involve phosphorylation activity 

by two distinct mechanisms that can be distinguished temporally, as well as by 

the motif of target residues. Heterologous desensitization involves 

phosphorylation of a receptor independently of the receptor binding ligand, or 

being activated (Ferguson, 2007; von Zastrow, 2002). This activity is typical of 

kinases such as PKA and PKC as a result of second messenger-mediated 

activity from the activation of other receptors, and is presumed to be involved in 

general regulation of receptor signalling activity (Ferguson, 2007; von Zastrow, 

2002), and providing a pool of receptor that can be rapidly resensitized (Wolfe 

et al., 2007). This has been shown to occur with opioid receptors upon 

stimulation with chemokine ligands (Szabo et al., 2002). In addition, PKA 

phosphorylation has been shown to allow β2-adrenergic receptor (β2AR) to 

switch G protein-coupling from Gs to Gi activation (Daaka et al., 1997). 

 

Homologous desensitization occurs as a direct result of ligand activation of the 

receptor, resulting in receptor-specific phosphorylation (von Zastrow, 2002). 

One family that is acutely involved in this process is a member of 

serine/threonine protein kinases, the G protein-coupled receptor kinases 

(GRKs). GRKs were uncovered through investigations involving protein 

purifications, followed by C-terminal tail truncated receptor mutants and 

serine/threonine mutations that led to identification of an enzyme involved in the 
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homologous desensitization of β2AR, β-adrenergic receptor kinase (βARK, 

GRK2) (Benovic et al., 1986; Dohlman et al., 1987; Stadel et al., 1983; Strasser 

et al., 1986). GRKs consist of a family of seven eukaryotic proteins that can be 

simplistically divided into two groups, the visual (GRK1, 7) and non-visual GRKs 

(GRK2-6) (Premont et al., 2007). The non-visual GRKs are classified into two 

subfamilies based on their function and pre-activated compartmentation within 

the cell (Premont et al., 2007). The distribution of some GRKs also differs 

widely within various cells of the body (Ferguson, 2001; Shenoy et al., 2003b). 

 
All non-visual GRKs exhibit three common features important for desensitization 

of the receptor. Firstly, GRKs have the ability to phosphorylate serine and 

threonine residues on either the intracellular loops or the carboxy-terminus of 

receptors, preferentially in the active, ligand-bound state (Pitcher et al., 1998). 

This process involves covalent binding of a phosphate group to a terminal 

hydroxyl group on serine and threonine residues in motifs typically consisting of 

3 out of 4, or 4 out of 5 sequential serine/threonine residues (Marchese et al., 

2008; Oakley et al., 2000), and prefers an acidic residue upstream of the site 

(Berrada et al., 2000).  

 

Receptors have been found to be phosphorylated by one or several different 

GRKs, however, each receptor usually has higher affinity for a specific GRK 

(Carman et al., 1998). Specificity of kinases for these cluster sites does not 

necessarily overlap, as shown by the distinction of PKA and GRK-

phosphorylation of the β2AR (Vaughan et al., 2006). Secondly, GRKs associate 

with the phospholipid membrane to mediate their enzymatic activity. GRKs 

either translocate from the cytoplasm or remain pre-bound to the phospholipid 

membrane upon receptor activation and G protein heteromer dissociation. 

Lastly, all GRKs have the ability to bind to a class of GTPase activating proteins 

(GAPs) known as regulators of G protein-signalling (RGS) proteins that promote 

the hydrolysis of active Gα-GTP to GDP, and promote re-association of the G 

protein heterotrimer to the inactive state, terminating the signalling ability of the 

G protein (Pitcher et al., 1998).  



Chapter 1 - General Literature Review 

8 
 

Further delineation of GRK function is classified by two groups that are 

separable based on their N and C-termini compositions (Figure 1.2). The first 

class consisting of GRK2 and GRK3 share significant functional homology, 

namely a pleckstrin homology (PH) domain involved in binding to a large range 

of other proteins involved in targeting the kinase to the phospholipid membrane, 

compartmentation within the cell and interaction with other effector enzymes 

(Rebecchi et al., 1998; Willets et al., 2003). GRKs 2 and 3 have a dual role in 

the process of specific desensitization. Firstly, these enzymes are localized and 

activated at the cell surface by binding to free βγ subunits and membranous 

PIP2 through recognition sequences in the PH domain of GRK2 and GRK3, and 

additionally at the N-terminus of GRK2 (Dorn, 2009). Both GRK2 and GRK3 are 

able to directly bind to Gαq, Gα11, Gα14 and Gβγ subunits. In doing so, these 

enzymes are able to inhibit G protein activity independently of further 

mechanisms, without the requirement of phosphorylation (Ferguson, 2007). 

This is known as phosphorylation-independent desensitization and has been 

characteristic of receptors such as follicle-stimulating hormone receptor (FSH), 

parathyroid hormone receptor (PTHR) and serotonin receptor (5HT1B) coupled 

to an array of Gα proteins including Gαs, Gαq and Gαi respectively (Ferguson, 

2007). However, this type of desensitization is not specific for this group. 

GABAB can be desensitized by GRK4 in this manner (Perroy et al., 2003). 

 

 

Figure 1.2 - Diagram of GRK structure (Ferguson, 2001). 
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The second group consisting of GRKs 4, 5 and 6 are defined by their pre-

activated membrane-associated compartmentation in the cell. The members of 

this group are bound to the phospholipid membrane by either palmitoylation 

(GRK4, 6) or isoprenylation (GRK5) through their C-terminus. In addition, these 

GRKs have a specific PIP2 binding domain to aid in membrane binding rather 

than the multi-functional PH domain exhibited by GRK2 and 3 (Ferguson, 

2001). 

 

GRK knock-out (KO) mouse models provide insight into the critical nature of 

these enzymes in regulating signalling termination. In GRK5 KO mice, 

muscarinic cholinergic receptors have been shown to be supersensitive and 

phenotypically display hypoactivity and hypothermia (Gainetdinov et al., 2004). 

Lymphocyte cells have displayed altered chemotaxis in GRK 6 KO mice (Fong 

et al., 2002). However, GRK2 KO mice are embryonic lethal, exhibiting 

debilitating heart tissue morphology as a result of enhanced adrenergic 

signalling (Premont et al., 2007). 

 

GRKs provide the initial link involved in endocytosis or internalization of the 

activated receptor. Phosphorylation of receptor residues provides the energy 

requirement, and promotes recruitment of the multi-adaptor protein β-arrestin to 

bind to the receptor and terminate G protein-mediated signalling by increasing 

the affinity of the β-arrestin-receptor interaction (Lohse et al., 1992). The 

distribution and sequence of phosphorylated residues can be positively 

correlated to the binding affinity of these proteins (Gurevich et al., 2006b), and 

will be discussed in a subsequent section.  
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1.4 β -ARRESTINS: MULTI-FUNCTIONAL ADAPTOR 

PROTEINS 

1.4.1 Characterisation of β-arrestins 

Early studies showed that the ability of the GPCR rhodopsin, involved in visual 

processing, to activate the enzyme phosphodiesterase was quenched in the 

presence of a 48kDa protein, ‘S-antigen’ or visual arrestin (Kuhn, 1978; Wilden 

et al., 1986), named for its ability to ‘arrest’ the active signalling process. 

Subsequent studies observing desensitization characteristics of the β2-

adrenergic receptor found that purified preparations of GRKs resulted in an 

increase in the inactivation of Gα signalling, however, as the preparations were 

increasingly purified, a decrease in the level of receptor inactivation was 

observed (Benovic et al., 1987). In addition, when retinal arrestin was added, 

albeit at high concentrations to the purified preparations, the inactivation of β2-

adrenergic receptor was increased (Benovic et al., 1987).  This provided 

evidence that another substance was involved in the desensitization process, 

and that phosphorylation of non-visual GPCRs by GRKs alone was insufficient 

to mediate this specific process – at least for the β2-adrenergic receptor.  

 
Presently, four distinct arrestin proteins have been isolated and divided into two 

classes, the visual and non-visual arrestins. Cone arrestin (arrestin 1), and rod 

arrestin (arrestin 4) are both visual arrestins and found only in the retina. The 

group of non-visual arrestins consists of arrestin 2 or β-arrestin 1 (arrestin 2), 

and or β-arrestin 2 (arrestin 3) (Gurevich et al., 2006b). Both β-arrestins are 

ubiquitously expressed in cells of all mammals excluding the retina, and are 

expressed at a range of concentrations in various tissues (Ferguson, 2001).  

 

Knowledge of the relative concentration of proteins, such as β-arrestin, present 

in cells used for exogenous expression of receptors compared to that in 

natively-expressing cells is important for interpreting results. β-arrestin protein 

concentrations have been quantified in HEK293 cells, and were found to 
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contain approximately twice the amount of β-arrestin 1 as β-arrestin 2 (Ahn et 

al., 2004b). A similar result was observed with other heterologous cell lines 

such as an SV40 transformed adult monkey cell line originating from kidney 

epithelial cells (COS7) and an ovarian cell line originating from a chinese 

hamster (CHO), although these both express lower total levels of β-arrestins 

compared to HEK293 cells (Menard et al., 1997). In contrast, early studies 

suggested that β-arrestin 2 mRNA levels were present at higher levels in the 

central nervous system of rats compared to β-arrestin 1 (Attramadal et al., 

1992).  

 

β-arrestins 1 and 2 are 78% identical in humans, and share strong sequence 

homology compared to bovine and rat orthologs (Palczewski, 1994). Alternative 

splice variants of both β-arrestins have been isolated, but no differences in 

function have been reported (Ferguson, 2001). All non-mammalian vertebrates 

possess at least one non-visual arrestin (Gurevich et al., 2006b). Interestingly, 

β-arrestin 1 has not been found in other vertebrates and phylogenetic analysis 

of β-arrestin 1 suggests this may be the least evolutionarily conserved subtype, 

emerging in metazoans later than β-arrestin 2 (Gurevich et al., 2006a).  

 

Both non-visual and visual arrestins have similar roles in desensitizing receptors 

to further G protein-coupling by binding to phosphorylated receptors. However, 

although the desensitizing effects of both visual and non-visual arrestins are the 

same, they display specificity for either visual or non-visual receptors, 

respectively (Attramadal et al., 1992; Gurevich et al., 2006b). Upon binding to 

activated receptors, β-arrestins act synergistically with GRKs to desensitize 

these receptors through their interaction with intracellular loops of receptors, 

promoted by phosphorylated residues (Menard et al., 1997). β-arrestins typically 

bind GRK-phosphorylated receptors. There is some evidence for heterologous 

phosphorylation of receptors by either PKC (Namkung et al., 2004) or PKA 

(Benovic et al., 1985) playing a role in mediating β-arrestin-binding and 

desensitization in some instances. 
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However, for the majority of receptors, GRK-mediated phosphorylation 

promotes β-arrestin to interact and sterically hinder Gα protein effector function 

by blocking the Gα-receptor interaction (Kendall et al., 2009). The level of 

agonist-mediated desensitization was found to have a strong linear correlation 

with the amount of β-arrestin expressed, and a similar result was found with 

GRK2 (Kendall et al., 2009).  

 

β-arrestin knockout cells and mice provide some insight into the crucial roles 

these proteins play in regulating receptors. Depending on the receptor signalling 

profile under investigation, single knockout mice of either β-arrestin 1 or 2 

displayed a markedly decreased ability to terminate induced signalling (Kohout 

et al., 2001). In addition, desensitization and the ability to internalize activated 

receptor in embryonic fibroblast (MEF) cells transfected with β-arrestin 1 or 2 

siRNA was also reduced. In contrast, knockout of both β-arrestins in mice 

resulted in embryonic lethality. Similarly, double knockout MEFs exhibited a 

more pronounced reduction in the ability to desensitize activated receptor 

(Kohout et al., 2001). 

 

Two critical conformational changes occur that allow the receptor to bind and 

activate β-arrestin. Firstly, the agonist-induced active conformational state of the 

receptor promotes high-affinity binding of β-arrestin as described earlier. In 

addition, the binding of β-arrestin to the activated receptor itself promotes 

stability of the activated receptor-β-arrestin complex (Gurevich et al., 1997). 

However, for this to occur structural domains in β-arrestin are rearranged upon 

binding to the receptor, and in turn allow β-arrestin to scaffold intracellular 

proteins (Gurevich et al., 2006b).  

 

Structurally, β-arrestin contains two domains, the amino (N) and carboxyl (C) 

domains that are separated by hydrophobic residues, and importantly a central 

interdomain ‘hinge’ and polar core (Gurevich et al., 2006b). Based on the crystal 

structure and mutational studies of β-arrestin, a model has been proposed to 

explain how these elements result in the activation and stabilization of β-arrestin 

(Gurevich et al., 2006b). The polar core interacts with receptor-attached 
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phosphate groups and induces a conformational change in β-arrestin that 

results in a structural change, triggering the active conformation of β-arrestin, 

and allowing the release of the C-terminal tail that was originally hidden and 

bound within the polar core (Gurevich et al., 2006b). The C termini of both β-

arrestins contain motifs that bind to proteins involved in internalization and 

trafficking of the receptor complex. Furthermore, since their initial 

characterisation, β-arrestins have been intensely investigated due to their 

further roles in mediating signalling processes that are independent of initial G 

protein-mediated activation.  

 

Collectively, both β-arrestins have a similar function in mediating desensitization 

(Pierce et al., 2001). However, receptors can display differential β-arrestin 

subtype affinity. Although this may not affect desensitization of the receptor, this 

differential binding affinity is highly important for further downstream processes 

of the activated receptor complex. Active β-arrestins act as a scaffold that 

recruit a range of proteins that direct the receptor complex down certain 

pathways including internalization and regulation of the fate of the internalized 

receptor. For example, AT1aR and V2R recruit and bind both β-arrestins 

similarly and with high affinity, while β2AR appears to recruit β-arrestin 2 

strongly, and β-arrestin 1 poorly (Oakley et al., 2000). As will be outlined in the 

subsequent section, this has an important effect on β-arrestin-mediated 

functions. 

1.4.2 β-arrestin-mediated internalization and receptor sorting 

Associations with phospholipid membranes provide structural stability during 

active and inactive stages of the receptor life cycle (Jastrzebska et al., 2009). 

They also allow receptor complexes to traffic from origins in the golgi apparatus 

and endoplasmic reticulum to the plasma membrane on the cell surface, and 

compartmentalize to intracellular domains post-agonist stimulation (Jean-

Alphonse et al., 2011). Internalization, or the loss of cell surface receptor 

through the process of endocytosis, allows regulation of cell signalling by 

reducing available receptor from the cell surface, and is a property associated 
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with many GPCRs upon acute or prolonged agonist stimulation (Hanyaloglu et 

al., 2008). Constitutive internalization of some GPCRs may also occur 

irrespective of ligand stimulation (Ayoub et al., 2007; Scarselli et al., 2009). 

Additionally, this process may lead to the downregulation, or the net loss of 

receptor within a cell, effectively quenching all activity associated with the 

receptor (Tsao et al., 2001). Equally, upregulation or a net increase in the 

amount of receptor may occur as a result of continued receptor stimulation with 

an agonist (Cook et al., 2004), or inverse agonism (Leurs et al., 1998; Smit et 

al., 1996). 

 

Several agonist-mediated mechanisms of receptor internalization have been 

characterized, and can be broadly classified into two distinct types, β-arrestin-

dependent and -independent internalization (Gurevich et al., 2006b). β-arrestin-

independent internalization can occur through colocalization with lipid rafts and 

caveoli structures (Chini et al., 2009). Lipid rafts are sub-membranous 

structures formed by the association of sphingolipids and cholesterol, and 

caveolin proteins for caveolar lipid raft formation (Ostrom et al., 2004). 

Colocalization of these structures with GPCRs has been found to affect receptor 

stability, and may also alter ligand binding affinities of some GPCRs (Ostrom et 

al., 2004). In addition, these structures may allow specific signalling events 

through concentration and compartmentation of effector signalling proteins, 

such as adenylyl cyclases, and specific G protein-coupling within these 

structures (Ostrom et al., 2004; Rimoldi et al., 2003). GPCRs such as 

somatostatin SST2 receptor (Nouel et al., 1997), and GnRH receptor may 

colocalize with these structures (Navratil et al., 2003). For the case of β1AR, 

GRK phosphorylation promotes caveolae-mediated internalization, whereas 

PKA phosphorylation promotes internalization through an alternative pathway 

involving the structural protein clathrin (Rapacciuolo et al., 2003). 

 

β-arrestin-mediated internalization is initialized through the interaction of clathrin 

and adaptor protein 2 (AP-2) proteins to binding sites on the C-terminal tail of β-

arrestin 1 and 2. Clathrin is a triskelion structural protein that binds and forms a 

lattice coat around the membrane, allowing the membrane to initialize budding 
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from the membrane (Mousavi et al., 2004).This interaction is particularly 

promoted by AP-2 binding to β-arrestin. AP-2 is a heterotetrameric protein that 

binds to tyrosine and di-leucine motifs on target proteins (Marchese et al., 2008; 

Mousavi et al., 2004). It functions to aid clathrin-binding and allow enrichment of 

endocytosed cargo within vesicles (Wolfe et al., 2007). Internalization via this 

mechanism is completed upon the scission activity by the dynamin GTPases 

(Hanyaloglu et al., 2008). Dynamin cleaves off internalizing vesicles in the cell 

membrane by forming a helical ‘collar’ around the neck of the budding vesicle 

(Schmid et al., 1998). At this point, the receptor has been separated from the 

stimulatory external environment in clathrin-coated vesicles termed early 

endosomes. 

 

At this point in the internalization process, the fate of the receptor complex 

depends on the ability of the receptor and primary binding partners, such as β-

arrestin, to recruit factors involved in routing the internalized complex down a 

particular pathway (Figure 1.3). The stability of the β-arrestin-receptor complex 

is highly important in regulating the fate of the internalized endosome. Stability 

of β-arrestin-binding has been positively correlated to the number and 

composition of putative GRK phosphorylation sites on the receptor, and divided 

into two classes based on β-arrestin subtype affinity (Oakley et al., 1999; 

Oakley et al., 2001; Oakley et al., 2000). Using this classification, Class A 

receptors, such as β2AR, bind β-arrestin 2 with greater affinity than β-arrestin 1, 

while class B receptors, such as V2R, AT1aR, and TRHR1 display equal affinity 

for both β-arrestins (Oakley et al., 1999; Oakley et al., 2000).  
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Figure 1.3 - Diagram of receptor activation, β-arrestin-binding and 
internalization of GPCRs (Pierce et al., 2002). 

 

This simplistic classification of β-arrestin-binding affinity has been utilized and 

extended to determine the likely internalization pathway of receptors (Oakley et 

al., 1999). Receptors that strongly bind with β-arrestins are typically targeted 

from early to late endosomes, and progress through to proteosomes or 

lysosomes for degradation (Hanyaloglu et al., 2008) (Figure 1.3).  

 

Receptors present on early endosomes that bind with β-arrestin in a class A 

fashion are typically targeted to recycling endosomes and are trafficked back to 

the cell surface and re-sensitized to further ligand stimulation (Hanyaloglu et al., 

2008) Alternatively these receptors can be targeted to lysosomes, however, the 

half-life of this degradative process is substantially increased in comparison to 

that of lysosomal targeting of class B receptors (Marchese et al., 2008). This 

process effectively downregulates the amount of receptor available for signal 

generation in the cell, resulting in long-term desensitization (von Zastrow, 

2003).  

 

Spatiotemporal trafficking of receptors in endosomes is additionally regulated by 

groups of proteins that directly and indirectly bind to the β-arrestin-receptor 

complex. Rab GTPases, ESCRT proteins and PDZ ligands are three groups 
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that have all been found to regulate the internalization process. Although the 

function of Rab GTPases is not well understood, isoform-specific binding to the 

surface of endosomes has been found to control the trafficking localization of 

the endosome, depending on the bound isoform (Dale et al., 2004). Additionally, 

mutants of these proteins have been found to result in aberrant trafficking 

(Seachrist et al., 2003). ESCRT proteins and PDZ ligands carry out additional 

roles in endosomal targeting (Marchese et al., 2008). All of these processes 

involve the activity of multiple protein subtypes within each group that regulate 

intracellular activity of GPCRs at certain stages of the internalization pathway. 

1.4.3 β-arrestin-mediated signalling 

Receptor mediated signal transduction involves the activation and deactivation 

of kinases. Before the late 1990s, it was thought that GPCRs promoted the 

activation of signalling cascades solely through G protein activation. There is 

now substantial and growing evidence that the binding of β-arrestins to the 

receptor promotes the scaffolding and activation of signalling pathways that are 

temporally and spatially distinct from that mediated by G protein activation (May 

et al., 2008; Werry et al., 2006). 

 

β-arrestins have been found to scaffold proteins involved in multiple facets of 

receptor regulation and signalling. Assembly of kinases occurs by direct or 

indirect binding to β-arrestins and has been reported for the activation of 

signalling kinases such as c-Jun-N-terminal kinase (JNK), cellular-sarcoma 

tyrosine kinase (c-Src), Akt and MAPKs p38 and p44/42 (ERK1/2) (DeWire et 

al., 2007). The extent of β-arrestin-mediated signalling has been extended in a 

study mapping β-arrestin interacting proteins that are modulated upon activation 

of AT1aR by mass spectroscopy (Xiao et al., 2007; Xiao et al., 2010). These 

studies identified more than double the number of kinases involved in β-

arrestin-binding than have been previously reported in the literature (Xiao et al., 

2010). In addition, it was revealed that greater than 60% of proteins that bind to 

either β-arrestin isotype were involved either in signal transduction, or bind 
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directly to nucleic acid (Xiao et al., 2007). This indicates the important function 

of this scaffolding protein in cellular signalling.  

 

One of the features of β-arrestin-mediated signalling is that this form of 

signalling may be temporally and spatially differentiated from that of G protein-

mediated signalling (May et al., 2008). This has been particularly characterized 

for the pathways involved in MAPK ERK1/2 phosphorylation, which are 

fundamental kinases involved in key regulatory processes including 

transcriptional regulation, cell division and apoptosis (Rozengurt, 2007).  

 

Spatial distinction of β-arrestin-mediated signalling has been shown by the 

ability of β-arrestin-mediated ERK1/2 phosphorylation to compartmentalize into 

either nuclear or cytoplasmic regions (Pouyssegur et al., 2003). Resting cells 

typically contain cytoplasmic distributions of ERK1/2 and precursor kinases 

involved in the cascade (Pouyssegur et al., 2003). Upon activation, a key 

feature of ERK1/2 phosphorylation is translocation of these kinases to the 

nuclear domain, where they are able to target phosphorylation of various 

transcription factors (Rozengurt, 2007) (Figure 1.4). Additionally, It has been 

shown that artificially altering the correct compartmentalization of ERK1/2 has 

undesirable and deleterious effects on cellular function (Brunet et al., 1999; 

Robinson et al., 1998). In this way, scaffolding of β-arrestin with various 

enzymes involved in signalling may allow for compartmentalization of signalling 

cascades in the cytosol, inhibiting nuclear translocation of ERK1/2, and allowing 

preferential phosphorylation of cytosolic substrates (DeWire et al., 2007).  



Chapter 1 - General Literature Review  
 

19 
 

 

Figure 1.4 - Diagram of an hypothesized mechanism of G protein- and β-
arrestin-mediated ERK1/2 activation. 

 
Tohgo and others investigated the strength of the β-arrestin-receptor interaction 

using V2R and β2AR. A comparison between wild-type receptors, and chimeric 

receptors where the C-terminal tails were swapped, and enabled investigation 

of the temporal and spatial effects on ERK activation/phosphorylation (Tohgo et 

al., 2003). They found that a strong β-arrestin-receptor interaction, typical of a 

class B receptor (AT1aR), resulted in both an increased level of phosphorylated 

ERK bound to β-arrestin compared to the class A receptor (β2AR) as well as 

differing cellular distributions of phosphorylated ERK (Tohgo et al., 2003). 

 

In addition to spatial differences in ERK1/2 phosphorylation, temporal 

differences in ERK1/2 phosphorylation are important for designating specific 

signalling properties (Pouyssegur et al., 2003). Upon activation of GPCRs, such 

as AT1aR, temporal differences have been attributed to two pathways that 

independently lead to ERK1/2 phosphorylation. G protein-dependent ERK 

phosphorylation typically results in a rapid and strong ERK1/2 signalling 
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cascade that peaks between 2 and 5 minutes, and is trafficked to the nuclear 

domain (Tohgo et al., 2003). This pathway has been observed by elimination 

through the sensitivity of ERK1/2 activation to the inhibition of PKC, a kinase 

involved in the sequential signalling cascade (Ahn et al., 2004a; Ahn et al., 

2004b). Co-stimulation of AT1aR in the presence of a PKC inhibitor dramatically 

diminishes this response (Ahn et al., 2004a). In contrast, β-arrestin-dependent 

scaffolding and activation of ERK1/2 allows a prolonged and robust signal to 

occur over extensive time periods. Given that both the G protein- and β-arrestin-

mediated pathways operate independently of each other, it is not surprising that 

some agonists promote only β-arrestin-mediated signalling such as the 

angiotensin II analog [sarcosine1, Ile4, Ile8] (SII-AngII) acting at AT1aR (Violin et 

al., 2010; Wei et al., 2003). In addition, some receptors promote either β-

arrestin- or G protein-biased signalling (Rajagopal et al., 2010), and 

discrimination between these pathways may be important for suitable function. 

Finally, it may be seen that temporal and spatial characteristics of ERK1/2 

phosphorylation may be linked through the ability of β-arrestin to scaffold this 

signalling cascade. 
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1.5 UBIQUITINATION OF GPCR COMPLEXES 
 

Covalent modification is a fundamental theme observed throughout the process 

of GPCR activation that controls the fate of the activated receptor. 

Phosphorylation and palmitoylation have been observed earlier as key 

processes involved in activation and desensitization of G proteins, binding of β-

arrestin to the receptor and cell membrane, and internalization of receptors 

through GTPase activity. Equally, reversal of these modifications alters the 

active status of the target similar to a toggle switch.  

 

Degradation of proteins was originally thought to occur primarily through the 

lysosomal system discovered in the early 1950’s (Ciechanover, 2005). Although 

this appears to be true for extracellular proteins, an alternative mechanism of 

proteolysis has since become evident. This was through the observation of 

differential degradative half-lives and the ability of inhibitors of lysosomal 

proteases to differentially degrade populations of proteins (Ciechanover, 2005). 

The ubiquitin-proteosome system of protein degradation was subsequently 

discovered. Contrary to lysosomal degradation, this net endergonic form of 

protein degradation involves the conjugation of ubiquitin to the target 

intracellular protein, resulting in the ultimate activity of the 26S proteasome to 

degrade the protein into smaller peptides (Ciechanover, 2005). However, 

although both processes have a divergent initial pathway, both processes result 

in the breakdown of proteins, and furthermore both utilize and involve the 

activity of ubiquitin to arrive at a common degradative endpoint, albeit by 

different machinery (Ciechanover, 2005).  

 

Ubiquitination is a covalent post-translational modification of proteins that 

occurs throughout the quiescent and active stages of the GPCR life cycle 

(Shenoy, 2007). Generally, this process has wide-ranging effects in the 

transport, degradation and potential signalling effects of target proteins that 

ultimately effect functions such as quality control of proteins, DNA repair, 

transcription, cell-cycle progression and differentiation. (Liu et al., 2010; 

Weissman, 2001).  
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The process of ubiquitination is mediated through a multi-step process that 

culminates in the attachment of an 8kDa 76-amino acid residue to primarily 

lysine residues of target substrates (Liu et al., 2010). Ubiquitination is an ATP-

dependent conjugation process carried out in three stages, involving three 

enzyme families: E1 activating enzyme, E2 conjugating enzyme and E3 ligases. 

These enzymes are present in increasing proportions in humans, ranging from 

two E1 enzymes (Liu et al., 2010) to ~600 E3 ligases (Deshaies et al., 2009). 

Activity of E3 ligases mediates the final binding of the ubiquitin moiety to the ε-

amino group of lysine residues on target proteins (Figure 1.5). 

 

 

Figure 1.5 – Diagram of the ubiquitination process and various linkages 
that may occur (Dikic et al., 2009). 

 

The diversity in the enzymes involved in the multi-step process that ends in 

ubiquitin ligation to substrates is one of the regulatory mechanisms to ensure 

specificity of activity. Some E3 ligases such as mouse double minute 2 (Mdm2) 

and Nedd4 have been shown to mediate specific ubiquitination activity of GPCR 

complexes. The activity of E3 enzymes in promoting ubiquitination is 

counterbalanced by the activity of deubiquitinating enzymes (DUBs). The DUB 

USP33 has been revealed as a key enzyme involved in regulating the activity of 

β-arrestin ubiquitination (Shenoy et al., 2009).  

 

E3 ligases not only display substrate selective properties but may also be 

involved in another mode of functional specificity: the type of multimeric 
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linkages that ubiquitin may exhibit (Pickart et al., 2004; Woelk et al., 2007). 

Ubiquitin contains seven lysine residues within its primary structure. These may 

be used to mediate a further level of ubiquitin-targeted regulation through the 

ability of ubiquitin to form multivalent chains by polymeric linkage at one or more 

of these seven lysine residues. Both the length and the position at which 

polymerization occurs has been shown to determine the fate of ubiquitinated 

proteins (Ikeda et al., 2008; Pickart et al., 2004; Woelk et al., 2007). This 

distinguishes ubiquitination from other forms of covalent modification due to its 

ability to alter the tertiary structure of target proteins (Shenoy, 2007). 

 

The effect of ubiquitination of two of these lysine residues in ubiquitin has been 

studied and reveals important functional differences (Pickart et al., 2004). 

Covalent attachment of multiple ubiquitin moieties to lysine 48 (K48) has been 

shown to be important for proteosomal degradation (Chau et al., 1989; Finley et 

al., 1994). In contrast, mutation of lysine 63 (K63) has been shown to result in 

normal proteolytic function, but inhibited DNA repair in yeast cells (Spence et 

al., 1995), and has been found to be important for the trafficking of proteins 

(Hicke et al., 2003) and in regulation of NF-κB signalling (Sun et al., 2004).  

 

Ubiquitination of GPCRs and associated complexes is influential in regulating 

the function and fate of receptor complexes. For example, ubiquitination can 

impact receptor targeting to degradative or endocytic pathways (Ciechanover, 

2005). In addition, ubiquitination of GPCR complexes may influence their 

function by targeting to various subcellular compartments and promote 

proximity-based associations with other enzymes (Weissman, 2001). 

The function of ubiquitination at GPCRs was originally discovered through its 

activity on a GPCR ortholog, Ste2p involved in pheromone signalling in yeast 

cells. It was found that ubiquitination of the receptor was required for 

internalization of the receptor as well as lysosomal degradation. Furthermore, 

polyubiquitination amplified these functions (Hicke et al., 1998). The lack of 

ubiquitin conjugation resulted in both prevention of endocytosis and degradation 

of the receptor (Hicke et al., 1998). In contrast, ubiquitination of mammalian cell 

receptors exhibits differential effects on endocytic and degradative behaviour. 
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The first studies reporting ubiquitination of GPCRs in mammals examined β2AR 

(Shenoy et al., 2001). In contrast to yeast cells, ubiquitination, or lack thereof, 

did not affect internalization of β2AR, but resulted in aberrant degradation of the 

receptor (Shenoy et al., 2001).  

 

Although an appreciation of the effects that ubiquitination may have on GPCRs 

is in its infancy, a number of studies have revealed that ubiquitination of GPCRs 

plays a key role in trafficking and degradation of GPCR complexes (Shenoy, 

2007). Ubiquitination has been characterized with a number of GPCRs including 

the vasopressin V2 receptor (V2R) (Shenoy et al., 2003a), β2-adrenergic 

receptor (β2AR) (Shenoy et al., 2001), thyrotropin-releasing hormone receptor 

(TRHR) (Cook et al., 2003), CXCR4 (Marchese et al., 2001) and AT1aR 

(Shenoy et al., 2005). Each of these studies have shown that ubiquitination of 

these GPCRs is important for their degradation. Mutation of all lysine residues 

in β2AR resulted in a complete loss of ubiquitin binding to the receptor (Shenoy 

et al., 2001). The amount of internalized receptor remained the same for both 

the mutant and wild-type, however, degradation of the mutant was dramatically 

diminished after 24 hours of ligand stimulation (Shenoy et al., 2001). This has 

been similarly observed for other Family A GPCRs including CXCR4 (Marchese 

and Benovic, 2001), neurokinin 1 receptor (NK1R) (Cottrell et al., 2006), and a 

mutant of vasopressin receptor 2 (V2R, K268R), although internalization 

kinetics and signalling ability of the mutant may have been compromised 

(Martin et al., 2003).  

 

Alternate mechanisms of ubiquitin-mediated regulation of receptor 

internalization and degradation are evident in other receptors such as the δ-

opioid receptor (δOR). Ubiquitination of this receptor did not affect endocytosis 

or lysosomal/proteosomal degradation of the receptor (Tanowitz et al., 2002). 

Protease activated receptors (PAR1, PAR2) provide further insight into the 

function of receptor ubiquitination through their alternate methods of 

internalization. Unlike PAR2, PAR1 can be both constitutively and actively 

internalized, however, an AP-2 site is required for the constitutive internalization 

of PAR1. Using ubiquitin mutant receptors, it was found that ubiquitination 
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negatively regulates the level of PAR1 constitutive internalization compared to 

the wild-type receptor (Wolfe et al., 2007). However, upon activation of PAR2, 

mutation of lysines did not inhibit internalization, but receptor was retained in 

early endosomes (Jacob et al., 2005). 

 

It was shown by comparison of β2AR and β1AR, which is not readily 

ubiquitinated upon agonist addition, that β1AR is resistant to degradation (Liang 

et al., 2004). However, although ubiquitination of GPCRs has been shown to be 

dispensable for regulation of GPCR degradation, it is important for the 

internalization of GPCR complexes (Cook et al., 2003; Shenoy et al., 2003a; 

Shenoy et al., 2001). Indeed, the temporal nature of β-arrestin ubiquitination 

has been shown to mirror the stability of β-arrestin recruitment to GPCRs 

(Shenoy et al., 2007; Shenoy et al., 2005; Shenoy et al., 2003c). β-arrestin with 

a compromised ability to be ubiquitinated exhibited only a transient ability to be 

recruited to AT1aR, which typically exhibits stable β-arrestin recruitment. This 

resulted in both a reduced ability to promote internalization, and an impaired 

ability to stimulate β-arrestin-mediated ERK1/2 phosphorylation (Shenoy et al., 

2005). However, a β-arrestin chimera fused with ubiquitin promoted stable β-

arrestin-mediated ERK1/2 phosphorylation in a complex with β2AR, which 

characteristically transiently binds with β-arrestin (Shenoy et al., 2007). These 

studies indicate the highly influential activity that ubiquitination has on GPCR 

function. The regulation of ubiquitination is highly complex and diverse in the 

range of functions that it may provide to substrate proteins. An understanding of 

the effect that these modifications have on GPCRs and their binding partners is 

critical to appreciate their wide range of functions.  
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1.6 OLIGOMERIC COMPLEXES OF GPCRS 
 

The study of GPCR-protein interactions is fundamental to understanding the 

potential range of effector activity that a GPCR may possess to alter cellular 

biochemistry. The complexity of cellular systems suggests that integration and 

communication between these signalling entities would be physiologically and 

homeostatically advantageous. The ability of a GPCR to associate with other 

like or biochemically different receptors and to function in a quaternary 

macromolecular complex (Ferre et al., 2009) is a concept under intense 

investigation to establish a more functionally comprehensive receptor profile 

within the context of the physiological cell background. Indeed, a microarray 

study that was carried out to determine the mRNA expression levels of a range 

of GPCRs in human tissue found that between 40-120 GPCRs were expressed 

in most tissues in the body (Hakak et al., 2003). The upper percentile of this 

statistic was found expressed in neuronal tissues (Hakak et al., 2003). 

Therefore, the establishment that more than one GPCR is present in a 

particular cell provides a background for physiological relevance of 

oligomerization. Indeed, over the last thirty years, an increasing amount of 

evidence has accumulated concerning altered biochemical aspects such as the 

ability to recognize ligand, the signal transduction pathway followed, and 

alteration of trafficking patterns of one GPCR in the presence of another GPCR 

(Lohse, 2010). In addition, pharmacological aspects such as potency and/or 

efficacy of a particular signalling pathway of one GPCR may be altered through 

cross-modulation by another GPCR (Milligan et al., 2007).  

 

Ultimately, the formation of oligomeric complexes may convey characteristically 

distinguishable features that are important for studying the pathology of disease 

states and may provide insight into more specific drug targets as well as the 

selection or formulation of specific compounds to reduce off-target effects in 

therapeutic use.  

 

Dimerization is a term commonly used to describe the association between two 

or more GPCRs in the literature (Lohse, 2010). However, as this field of 
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research expands, the terminology is also in a state of flux (Fuxe et al., 2010). 

The terms ‘homomerization’ or ‘heteromerization’ are now increasingly adopted 

to describe the association between two or more GPCRs that are biochemically 

similar or different, respectively. Oligomerization is a more general term that 

implies less discrimination between the biochemistry of the constituent subunits 

that make up the inferred complex, and will be used in this thesis. Most recently, 

the term ‘macromolecular complex’ has been implemented to describe an all-

encompassing complex consisting of multiple signalling units such as GPCRs, 

but also implies the possible involvement of other signalling units operating in 

the complex (Ferre et al., 2009). 

1.6.1 Constitutive and agonist-induced macromolecular 
complex formation of GPCRs 

The cellular location and time at which GPCRs can form homo- or hetero-

oligomeric complexes throughout their life cycle may be highly variable. 

Complex formation may be required for the synthesis and maturation of the 

receptor in order to be functionally viable (Dalrymple et al., 2008; Milligan, 

2010). In addition, some receptors may display constitutive association, while 

others display ligand-promoted changes in their ability to form complexes 

(Dalrymple et al., 2008). Constitutive GPCR oligomerization has been found to 

be important for receptor functionality. Proper membrane targeting and 

functional capacity has been shown to be important for a Class C receptor, 

GABAB. Association of two subunits, GABABR1 and GABABR2 in the ER/Golgi 

were found to be required to yield a functional receptor capable of being 

targeted to the cell membrane, and eliciting a G protein-mediated signal (White 

et al., 1998). In addition, complex formation may be inferred using mutated 

receptors. It was reported that an α1bAR, α2bAR and β2AR mutant that was 

unable to traffic to the cell surface also prevented cell surface localization of co-

expressed wild-type α1bAR (Canals et al., 2009; Lopez-Gimenez et al., 2007). 

 

Oligomerization of GPCRs has gained considerable interest due to the partial 

ability of a ligand to modify the trafficking, pharmacology and/or signalling 

capacity of a particular receptor in a manner that does not occur upon similar 
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stimulation of the receptor as a monomeric signalling entity. Studies have 

shown that the presence of one receptor can change the pharmacology of 

another when co-expressed. Ligand binding may be altered such as upon 

activation of µ- and δ-opioid receptors (George et al., 2000). Co-expression of 

both receptors was shown to alter the potency of several agonists (George et 

al., 2000). Allosteric modulation involves a change in receptor function caused 

by the binding of a ligand to a site other than the orthosteric, or natural ligand- 

binding site. This is an important concept since it can also be extended to 

‘laterally-directed’ allosterism whereby a receptor can be modulated by another 

receptor in a macromolecular complex (Kenakin, 2009; Smith et al., 2010). 

1.6.2 Oligomerization of GPCRs and β-arrestin bias 

Upon GPCR activation, there is typically a range of signalling pathways that a 

receptor is able to promote, including the activation of multiple classes of G 

protein- and β-arrestin-mediated signalling (Rajagopal et al., 2010). In addition, 

some ligands are able to selectively promote the activation of particular 

signalling pathways, an attribute that has been associated with the active 

conformation of the ligand-bound receptor (Rajagopal et al., 2010). An example 

of this is the modified angiotensin agonist SII-AngII that is able to activate a 

particular active conformation of AT1aR resulting in a lack of G-protein-

mediated signalling, and a bias towards β-arrestin-mediated signalling 

(Holloway et al., 2002; Wei et al., 2003). In addition, the unbiased agonist AngII 

is also able to promote a similar biased signal upon a receptor that has a 

mutated ‘DRY’ motif important for G protein-coupling (Rovati et al., 2007; Wei et 

al., 2003). Therefore, biased-signalling may occur through the activity of a 

biased ligand or a biased receptor.  

 

Oligomerization of GPCRs has introduced a novel addition to β-arrestin-biased 

signalling. Specifically, the ability of GPCR complexes to alter their affinity for β-

arrestin has been observed. Complexes involving µ-opioid and δ-opioid 

receptors have been observed to display altered signalling favouring β-arrestin-

mediated ERK1/2 activation (Rozenfeld et al., 2007). In addition, other β-
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arrestin-mediated functions such as internalization and resensitization were 

altered in the presence of µ-opioid and neurokinin heteromers (Pfeiffer et al., 

2003). The ability of heteromers to recruit β-arrestin, and the β-arrestin-binding 

profile that oligomeric orexin receptors may display would have important 

consequences on β-arrestin-mediated processes, and were investigated in this 

study. 

1.6.3 Biophysical methods to investigate oligomeric complexes 

The increasing amount of research and knowledge regarding the potential for 

GPCRs to form homo/heteromeric complexes has evolved partly due to the use 

of novel methods to study these occurrences. Biochemical analysis such as co-

immunoprecipitation is commonly used to infer GPCR oligomerization, however, 

the ability to monitor interactions in live cells and in real-time has arguably led to 

a greater physiological understanding of the effects of oligomerization. 

Biophysical methods such as BRET and FRET, and functional complementation 

assays involving combinations of these techniques, have increasingly been 

used in studies to show differential functional outputs of a receptor in the 

context of a macromolecular complex (Albizu et al., 2010; Han et al., 2009). 

One particular method, the GPCR Heteromer Identification Technology (GPCR-

HIT) allows receptor heteromers to be monitored in a ligand-dependent manner 

by utilizing a GPCR interacting protein, such as β-arrestin (See et al., 2011). 

Using BRET, three components are co-expressed: an untagged receptor, a 

BRET-tagged receptor, and a BRET-tagged GPCR-interacting protein that is 

able to be recruited to the untagged receptor upon agonist stimulation. Upon 

selective agonist activation of the untagged receptor, a BRET signal denotes 

proximity of the two receptors indicative of a heteromeric interaction (See et al., 

2011). 

 

This method allows kinetic profiling of β-arrestin-binding, and was implemented 

in this study to observe the effects of orexin receptor subtype co-expression on 

the ability to recruit β-arrestin over extended time periods. As will be 

subsequently mentioned (refer to §1.7.3), co-expression of both orexin 
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receptors has been detected in neuronal and peripheral tissues, and can be 

stimulated by a common endogenous ligand. Therefore, observation of their 

possible collaborative effects on signalling is vital for understanding their 

function in a physiological environment. 

1.6.4 Heteromeric complexes involving Orexin Receptors 

Little is currently known about the ability of orexin receptors to form homomers 

and heteromeric complexes with other receptors, or between both subtypes. 

Studies from this laboratory have provided some initial evidence that orexin 

receptors can form homo- and heteromeric complexes (Dalrymple, 2008). 

Furthermore, the heteromer complex of OxR1-Cannabinoid 1 receptor (OxR1-

CB1R) has been investigated, yielding evidence of altered pharmacological 

profiles of OxR1 upon CB1R co-expression in a heterologous cell line (Ellis et 

al., 2006; Hilairet et al., 2003). The potency of MAPK signalling mediated by 

OxA-activated OxR1 was significantly increased upon co-expression of CB1R 

(Hilairet et al., 2003), but significantly decreased when the cells were 

additionally pre-treated with a CB1R antagonist, SR141716. Furthermore, co-

treatment with OxA and a CB1R antagonist appears to alter trafficking profiles 

of CB1R, but only when these receptors are co-expressed (Ellis et al., 2006). 

This is an example of allosterism whereby the presence, and likely interaction of 

both receptors, results in altered pharmacology and cellular trafficking of OxR1. 

Although the functional relevance of this association is not clear, co-localization 

of these receptors has been found in the CNS (Ellis et al., 2006). Additionally, 

the antagonist SR141716, once marketed as an anti-obesity drug (Rimonabant, 

(Pi-Sunyer et al., 2006)), has been taken off the market due to severe side 

effects such as depression and mood disorders (Mitchell et al., 2007). Clearly, 

non-specific effects of compounds are a primary problem for therapeutic use.  
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1.7 THE OREXIN ENDOCRINE SYSTEM 

1.7.1 Introduction 

Over a decade ago, two independent research groups discovered the major 

signalling proteins of the ‘orexin’ system (Sakurai et al., 1998) and the 

synonymously named ‘hypocretin’ system (de Lecea et al., 1998). Sakurai and 

colleagues employed reverse pharmacological techniques by ‘fishing’ for 

endogenous ligands using recombinant HEK293 cell lines expressing orphan 

GPCRs. De Lecea and associates initially used molecular biological techniques 

to produce a series of hypothalamic mRNA clones (Gautvik et al., 1996), and 

subsequently utilized subtractive PCR hybridization to discover the peptide 

precursor involved in signalling of this system (de Lecea et al., 1998). Both 

groups discovered that this presumed neurological system was involved in 

endocrine signalling. 

 

The nomenclature implemented reflects the initial physiological findings, and 

provides insight into the history of this conserved system. Sakurai and 

colleagues observed that when the discovered peptides were administered to 

rats, their feeding behaviour was influenced hence the name ‘orexin’ was 

introduced which is derived from the latin term ‘orexis’ meaning ‘appetite’. De 

Lecea and colleagues recognized the similarity in primary structure of these 

peptides to secretin (de Lecea et al., 1998), a gastrointestinal peptide and 

member of the incretin family. Interestingly, amino acid sequence comparisons 

to other non-mammalian species such as fish, in addition to other known 

homologs of the incretin family has revealed that this neuroendocrine system 

emerged approximately 650 million to 1 billion years ago (Alvarez et al., 2002). 

 

The probable age of this system highlights the importance of the known 

functions that this system regulates, and more importantly how certain 

environmental factors such as the circadian rhythms and food availability are 

integrated to maintain energy homeostasis in mammals during different 

physiological conditions. In addition, co-involvement of the orexin system in the 
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regulation of reproductive activity, psychiatric disorders and neurological 

conditions that have high negative social impacts provide a mandate for 

understanding how this system functions, and how it may be observed and 

implemented for future therapies and treatments. For ease of reading, ‘orexin’ 

nomenclature will be used throughout this thesis. 

1.7.2 Endogenous orexin agonists 

Orexin A (OxA) and Orexin B (OxB) agonists are endogenous polypeptides 

primarily present in neurons in the lateral and posterior hypothalamus, and 

perifornical nuclei of the brain (Date et al., 1999; Nambu et al., 1999; Peyron et 

al., 1998). Both peptides originate from a common precursor protein, pre-

proorexin, the gene for which has been localized to chromosome 17q21 in 

humans (Sakurai et al., 1998). This 131 amino acid precursor polypeptide is 

approximately 75% conserved amongst mammalian species (Sakurai et al., 

1999; Voisin et al., 2003). Upon convertase and peptidase activity, the 

prohormone is cleaved to yield 33 amino acid (OxA) and 28 amino acid (OxB) 

peptides. These peptides then undergo maturation by post-translational 

modification, involving C-terminal amidation (Sakurai et al., 1999). Additionally, 

the N-terminal glutamine of OxA is cyclized by transamidation. OxA also 

exhibits secondary structure through disulphide bond linkage between two sets 

of cysteine residues (Sakurai et al., 1998) (Figure 1.6). 
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Figure 1.6 – Diagram of OxA structure. Protein Data Bank; 1WSO, (Takai et al., 

2006). 

 

OxA and OxB are 46% identical in primary structure. OxA exhibits total 

conservation amongst mammalian species, while OxB exhibits a high degree of 

conservation amongst vertebrates, with only 2 amino acids exhibiting variability 

across species (Voisin et al., 2003). The C-terminal region of OxA is similar to 

that of OxB, while the N-terminal region is more variable. 

 

Both of these peptides are present in vesicles in the presynaptic terminal where, 

upon release into the synaptic cleft, they bind to target receptors on 

postsynaptic neurons (Gatfield et al., 2010; Matsuki et al., 2008). In addition, 

target receptors have also been shown to be present on orexin-producing 

neurons in addition to efferent neurons (Guan et al., 2002). Orexin neurons 

receive input from a range of excitatory afferent substances including 

glutamate, vasopressin, thyrotropin-releasing hormone and dopamine present 

in regions such as the ventral lateral preoptic area (VLPO), suprachiasmatic 

nucleus (SCN) and dorsomedial hypothalamic (DMH) areas that act on various 

receptors to stimulate exocytosis of orexin compounds (Matsuki et al., 2008). In 

addition, humoral factors such as ghrelin and cholecystokinin (CCK) from 

peripheral regions are also sensed and activate orexin neurons (Tsujino et al., 

2005; Yamanaka et al., 2003) Various inhibitory signals including GABA, 

serotonin, NPY and changes in glucose concentration counteract orexin 
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stimulation to impart regulation of orexin activity (Matsuki et al., 2008). Orexin 

neurons project to efferent neurons in many regions of the brain through the 

binding and activation of two G protein-coupled receptors. This activity conveys 

their regulatory effects including modulating sleep-wake states and the 

maintenance of arousal, regulation of feeding and reward-seeking activities 

(Sakurai, 2007). 

 

In addition to the activity of orexin in the central nervous system, immunological 

or detection of orexin mRNA was observed in digestive system organs including 

human stomach (Ehrstrom et al., 2005), rat duodenum (Naslund et al., 2002) 

and both rat and human small intestine (Kirchgessner et al., 1999). Rat and 

human α (Nakabayashi et al., 2003; Ouedraogo et al., 2003), β (Kirchgessner et 

al., 1999; Nakabayashi et al., 2003) and δ cells of the pancreas were 

immunoreactive for orexin (Nakabayashi et al., 2003). Orexin was also detected 

in the rat testis (Barreiro et al., 2004; Karteris et al., 2003; Mitsuma et al., 2000), 

human kidneys (Nakabayashi et al., 2003) and placenta, and were highlighted 

by both immunohistochemistry and RT-PCR in cells of these tissues 

(Nakabayashi et al., 2003). This anatomical information is helpful in 

understanding the wide range of peripheral activities that the orexin system 

imparts to maintain physiological homeostasis (Heinonen et al., 2008) and will 

be discussed in a subsequent section (refer to § 1.7.5). 

1.7.3 Orexin Receptors 

Orexin peptides were found to specifically bind to two orphaned GPCRs in 

1998, and these were subsequently renamed to orexin receptor 1 (OxR1) and 

orexin receptor 2 (OxR2). These receptors belong to the β sub-family of 

receptors in the rhodopsin class according to the most recent classification 

(Fredriksson et al., 2003), or more commonly are classified as Family A 

receptors (Sakurai et al., 1998). Genetically, OxR1 has been localized to 

chromosome position 1p33, while OxR2 is located on chromosome 6 (6p11-

q11) in humans (Sakurai et al., 1998). OxR2 is slightly larger than OxR1 in 

length at 444 amino acids compared to 425 amino acids for OxR1 (Sakurai et 

al., 1998) (Figure 1.7). Both of these receptors are highly conserved amongst 
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mammalian species (Wong et al., 2011), and exhibit 94% sequence similarity 

(Sakurai et al., 1998). Using the rhodopsin GPCR model for structural 

comparison, the transmembrane domains, and intracellular loops 1 and 2 

exhibit a high degree of homology (Voisin et al., 2003). However, a higher 

degree of sequence disparity is observed on comparison of extracellular loop 3 

and the C-terminal tail, OxR2 revealing an additional 11 amino acids present in 

the C-terminal tail of OxR2 compared to OxR1 (Voisin et al., 2003).  

 

Orexin A and B display equal binding affinity for OxR2, while OxR1 displays 

approximately 10-fold lower binding affinity for OxB (Sakurai, 1998). In addition, 

it has been noted that binding affinities of these receptors are slightly reduced 

compared to other receptors (Sakurai et al., 1998; Voisin et al., 2003). OxR1 

and 2 are present in many regions throughout the brain and display both 

overlapping and non-overlapping distributions on neurons (Marcus et al., 2001; 

Trivedi et al., 1998). In addition, orexin receptors have been located in 

overlapping distributions in the adrenal cortex, digestive system, pancreas, 

testis, kidney and adipose tissue (Heinonen et al., 2008). Given the wide array 

of these receptors, as well as the ability of some of these tissues to produce 

orexin ligand, this system has the anatomical potential to regulate a vast array 

of functions. 
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Figure 1.7 – Primary structure of OxR1 and OxR2, and transmembrane 
domain prediction according to the hidden markov model. Both OxR1 and 

OxR2 contain putative palmitoylation sites in their C-terminal tails that allow anchoring with the 

cell membrane (Kukkonen et al., 2002). 

OxR1

OxR2
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1.7.4 Signalling pathways of the Orexin system 

Activation of orexin receptors promotes the stimulation of a number of G 

protein-mediated signalling pathways. The Gq - phospholipase C (PLC) – PKC 

mediated pathway that results in the production of inositol triphosphate (IP3), 

and release of intracellular Ca2+ stores is shared by both receptors (Scammell et 

al., 2011). Signalling through this pathway has been shown to stimulate MAPKs 

ERK1/2 and p38 in addition to other signalling pathways (Ramanjaneya et al., 

2009). Furthermore, receptor-specific pathways have also been identified. 

OxR1 has been shown to allow the stimulation of ERK1/2 through an IP3-

independent pathway that is dependent on extracellular calcium (Johansson et 

al., 2008; Kukkonen et al., 2001; Magga et al., 2006). This pathway may involve 

the activity of L-type receptor operated Ca2+ channels (ROCs) leading to Ca2+ 

influx (Kohlmeier et al., 2008). In addition, studies have revealed that ERK1/2 

activation through this pathway exhibits higher OxA-mediated potency than the 

IP3-dependent pathway, however, there is a dependency of this response on 

extracellular calcium concentration (Magga et al., 2006).  

 

OxR2, but not OxR1, has also been shown to activate other G-proteins 

including Gi and Go through the use of pertussis toxin in a hybrid neuronal cell 

line (Zhu et al., 2003). In addition, a study has shown the significant 

dependency of Gq, Gi as well as Gs on ERK1/2 phosphorylation in HEK293 cells 

stably expressing OxR2 thorough the use of dominant negative G protein 

mutants (Tang et al., 2008). However, OxR1 has been shown to couple to 

multiple PLC subtypes and also phospholipase D (PLD) upon activation with 

different agonist concentrations (Johansson et al., 2008). In addition, OxR1 has 

been shown to stimulate adenylyl cyclase through a novel PLC isotype, and 

also through a less potent Gs-mediated pathway in Chinese hamster ovary 

(CHO) cells (Holmqvist et al., 2005). Therefore, definitive G protein-mediated 

pathways that orexin receptors may activate are unclear, and tend to differ 

between heterologous cell types utilized. 

 

Another interesting observation is the ability of the orexin system to regulate 

receptor expression, and the ability to switch G protein-coupling depending on 
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the metabolic state of the organism (Karteris et al., 2005). OxR expression was 

increased in the hypothalamus upon orexin administration, but downregulated in 

the adrenal cortex in a food deprived state compared to the fed state. In the 

same state, upregulation of Gs, Gq and Go but not Gi proteins was evident in 

OxA-treated hypothalamic tissue (Karteris et al., 2005). This study indicates the 

direct association of acute metabolism on orexin system function in a probable 

attempt to regain homeostatic conditions. 

 

Signalling targets of OxR-mediated ERK1/2 phosphorylation have been 

investigated for OxR1. A gene expression analysis in HEK293 cells revealed a 

panel of regulated genes, 30% of which were involved in cell growth, and 27% 

involved in metabolism (Kodadek et al., 2010). ERK1/2 phosphorylation has 

been associated with the regulation of a steroidogenic protein (steroidogenic 

acute regulating protein, StAR) by activation of both OxRs endogenously co-

expressed in a kidney cell line (Ramanjaneya et al., 2008). In addition, a study 

has also shown that orexins may be involved in angiogenesis mediated by 

ERK1/2 phosphorylation (Kim et al., 2010). Therefore, ERK1/2 phosphorylation 

is an important signalling component of orexin activation. 

1.7.5 Functions of the Orexin System 

Since the discovery of orexin constituents in the central nervous system, a 

number of physiological functions have been associated with the activity of the 

orexin system.  Studies conducted for more than a decade have found orexin 

activity involved in the modulation of feeding behaviour, integration of sleep-

wake states and maintenance of the state of vigilance, and involvement in 

reward seeking behaviour. In addition, many other attributes observed in the 

periphery have been associated with the activity of this system.  

1.7.5.1 Feeding regulation 

The hypothalamus is recognized as the energy balance-regulating centre of the 

central nervous system (Dietrich et al., 2009). All processes that produce or 

require energy are primarily regulated by the activity of hypothalamic neurons 
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that sense a wide range of hormones and satiety signals that travel from various 

regions of the body, and act upon these cues by eliciting subsequent signals to 

reach other regions of the central nervous system and/or endocrine tissues. 

Neuropeptide Y (NPY) and melanocortin peptide (POMC) producing neurons 

located in the arcuate nucleus are potent positive and negative reinforcers of 

feeding, respectively (Gao et al., 2008). Melanin concentrating hormone (MCH) 

is located in the lateral hypothalamus and stimulates feeding behaviour. 

Additionally, orexins also operate in this region, and participate in this regulation 

through positive and negative feedback to regions within the hypothalamus 

(Gao et al., 2008) (Figure 1.8). 

 

Figure 1.8 – Co-regulation of the satiety centre in the arcuate nucleus to 
orexin neurons in the lateral hypothalamus. Various satiety signals promote or 

inhibit the activity of orexin neurons in the lateral hypothalamus (LH) in co-operation with 

melanocortin- and neuropeptide Y (NPY)/Agouti-related protein (AgRP) containing neurons in 

the arcuate nucleus (Arc). The ‘orexigenic’ activity of orexin signalling promotes feeding 

behaviour to maintain energy balance. 

 

One of the first characterized features of the orexin system was the ability to 

stimulate feeding behaviour in rats upon central exogenous administration of 

OxA (Sakurai et al., 1998; Yamanaka et al., 2000). Additionally, although NPY 

has a similar effect on feeding behaviour, and was more potent than orexin 

stimulation, orexin activity was more prolonged than that of NPY (Sakurai et al., 
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1998), which may indicate a more long-term regulatory role of orexins in 

appetite behaviour. Conversely, induced lesions of the hypothalamus in rats 

resulted in a decreased appetite, resulting in lower food consumption, however, 

body mass index remained similar which may indicate an involvement in the 

regulation of metabolic rate (Hara et al., 2001). It was also noticed that OxB 

activity was more short lived, particularly at lower concentrations compared to 

OxA when injected in rats (Sakurai et al., 1998). Additional evidence for orexin-

specific involvement includes a similar reduction in appetite and food 

consumption when treated with the OxR1-selective antagonist, SB-334867 

(Rodgers et al., 2001). Upon orexin administration, these rats resumed their 

normal eating behaviour (Rodgers et al., 2001). 

 

Interestingly, studies that were conducted using chronic administration of orexin 

found that although hyperphagic activity was observed during the sleeping 

hours of the day, it also resulted in a decreased amount of food consumed 

during the active period (Yamanaka et al., 1999). In addition, there is evidence 

for the involvement of orexin in regulating food anticipatory behaviour 

independently of circadian rhythm involvement. Feeding at certain non-typical 

periods of the day have been found to result in a change in the peak levels of 

the signalling protein, Fos, in orexin neurons towards the time that food was 

given. Ablation of orexin neurons did not result in this shift (Akiyama et al., 

2004; Mieda et al., 2004). As shown earlier, orexin neurons are able to sense 

peripheral metabolic cues such as glucose, ghrelin, leptin and cholecystokinin, 

and this activity along with the ability to co-regulate neighbouring systems 

involved in feeding demonstrates the importance of the orexin system in 

metabolic regulation. 

1.7.5.2 Sleep and wake regulation 

One of the most studied roles of the orexin system is the regulation of the states 

of sleep and wake that they impart. Following on from studies observing effects 

on feeding behaviour, a confounding factor was the time of day at which these 

studies were carried out (Willie et al., 2001). Orexins have been found to be 

involved in the regulation of vigilance including the maintenance of wakefulness, 
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and sleep. In particular they maintain the ability to maintain rapid eye movement 

(REM) sleep, as opposed to non-rapid eye movement (NREM) sleep, and the 

latency between these two modes (Sakurai, 2007). A current hypothesis of the 

role of orexins involves the regulation of opposing neurotransmitter activity 

during the states of sleep and wake. This involves efferent activity of orexin 

neurons to activate regions involved in the maintenance of vigilance by 

promoting monoaminergic and cholinergic neuronal activity. This stimulates 

wakefulness and NREM sleep by subsequent efferent stimulation from these 

regions to higher thalamic and cerebral cortex regions in the brain (Saper et al., 

2005). Conversely, afferent GABAergic neurons originating from the VLPO 

region are able to directly inhibit orexin neurons, and thereby indirectly promote 

sleep (Sakurai, 2007; Saper et al., 2005). Both monoaminergic and GABAergic 

neurons negatively regulate each other, but this balance can be imbalanced by 

orexin activity (Saper et al., 2005). This has become known as the ‘flip-flop’ 

switch hypothesis (Saper et al., 2005), and demonstrates the importance of the 

orexin system in regulating sleep-wake states. 

 

Pathological orexin function can result in disorders of sleep and wake states. 

The most described disorder of orexin malfunction is narcolepsy, a condition 

characterized by excessive daytime sleepiness and the sudden inception into 

deep sleep (Dauvilliers et al., 2007; Zeman et al., 2004). Additionally, cataplexy, 

or sudden muscle atonia induced by emotional states, is also observed in this 

condition (Dauvilliers et al., 2007). Neurobiologically, the condition can be 

further characterized by sudden incursions from NREM sleep or wakefulness 

into REM sleep, also known as ‘sleep attacks’ (Dauvilliers et al., 2007). This 

debilitating disease affects approximately 0.05% of the world population 

(Longstreth et al., 2007; Silber et al., 2002). This is similarly observed in Europe 

(Ohayon et al., 2002), however, Japanese populations show a slightly higher 

rate of incidence (Honda, 1979). This difference has been investigated with 

regard to the possibility of certain genetic predispositions to this condition 

(Fontana et al., 2010). In particular, the human leukocyte antigen marker (HLA) 

DQB1*0602 has been associated with the incidence of this disease (Mignot et 

al., 1997).  
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Autoimmune-based attacks on orexin-producing neurons have been 

hypothesized, however, no evidence of this occurrence has been shown 

(Overeem et al., 2006). 

 

One of the key characteristics of narcolepsy is a dramatic reduction in orexin 

peptide in the CSF fluid (Baumann et al., 2006). Orexin peptide deficiency has 

been shown to be critically involved in narcolepsy observed in dogs (Lin et al., 

1999), and in humans (Gencik et al., 2001; Thannickal et al., 2000; Thannickal 

et al., 2003). Orexin deficiency is now a key diagnostic marker for the prognosis 

of narcolepsy (Sakurai, 2007). In addition, a loss of orexin signalling through 

mutation of the orexin peptide, and possibly orexin receptor polymorphisms may 

also be associated with this condition (Peyron et al., 2000). 

1.7.5.3 Regulation of addictive behaviour 

Anatomically, neuronal activity in the lateral hypothalamus has been associated 

with reward- and pleasure-seeking activity through orexin administration (Harris 

et al., 2005). Orexin activity has been shown to project to regions of the brain 

including the nucleus accumbens (NAc) and ventral tegmental area (VTA) by 

GABAergic transmission, stimulating the dopamine system involved in more 

direct addictive and pleasure seeking behaviours (Koob et al., 1998; Narita et 

al., 2006). Injection of orexin into rat brains has been shown to reinstate reward-

seeking behaviour that had been previously extinguished, and may be an 

important link in understanding relapse of certain addictive behaviours (Boutrel 

et al., 2008). More evidence of orexin involvement was observed by the ability 

of the OxR1-selective antagonist SB-334867 to prevent reinstatement activity 

upon subsequent orexin administration (Harris et al., 2005; Hutcheson et al., 

2011). 

1.7.5.4 Other attributed functions and associations 

In addition to the effects of the orexin system in the central nervous system, 

orexins have also been shown to exhibit activity in the periphery (Heinonen et 

al., 2008). Studies have shown that the orexin system and the gonadotrophin 

system may co-modulate female reproduction activity through the hypothalamic-
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pituitary-ovarian axis (Silveyra et al., 2010). In addition, male reproductive 

activity through the hypothalamic-pituitary-gonadal axis has been attributed to 

processes involved in spermatogenesis and testicular function (Nurmio et al., 

2010). Production of steroids such as glucocorticoids (Kagerer et al., 2010) and 

regulation of steroidogenic enzymes such as steroidogenic acute regulatory 

protein (StAR) (Ramanjaneya et al., 2008; Wenzel et al., 2009) from the adrenal 

gland have been shown to occur upon orexin administration. StAR is critically 

involved in the production of androgens through a pathway involving cholesterol 

transport (Ramanjaneya et al., 2008). Through the analysis of a number of 

orexin-mediated signalling pathways, the rate-limiting step carried out by this 

enzyme has been shown to be acutely regulated by the orexin system 

(Ramanjaneya et al., 2008). 

 

Finally, the presence of an immunoreceptor tyrosine-based inhibitory motif 

(ITIM) on OxR1 indicates that this receptor may be involved in agonist-driven 

apoptosis (Laburthe et al., 2010; Voisin et al., 2003). Orexin administration to 

three different cancerous cell lines (colon, pancreatic and neuroblastoma) 

resulted in a concentration-dependent decrease in cell growth, in conjunction 

with a concentration-dependent increase in apoptosis (Rouet-Benzineb et al., 

2004; Voisin et al., 2008; Voisin et al., 2006). This indicates that orexins could 

also be potential drug targets in cancer. 

1.7.6 Therapeutic intervention of the Orexin system 

The wide range of functions attributed to the orexin system activity may enable 

intervention of many associated disorders by altering orexin signalling activity. 

Highly specific single or dual receptor-selective non-peptide antagonists have 

been characterized and intensely investigated for their abilities to reduce 

vigilance promoted by orexin activity (Sakurai et al., 2011). Insomnia, a 

debilitating condition characterized by difficulty in sleep initiation and generally 

abnormal sleep (Ohayon, 2002), could be the result of aberrant orexin over-

signalling. Depending on the criteria, this condition has a prevalence of between 

approximately 5-40% in studies carried out throughout the world, and is more 

prevalent in females than males (Ohayon, 2002). The dual receptor-selective 
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antagonist ACT078573 (almorexant) is currently in clinical trials and has been 

shown to improve this condition significantly (Hoever et al., 2010). MK4305 

(suvorexant), is another notable dual-receptor antagonist that is currently in 

phase III clinical trials (Winrow et al., 2011) for this condition. 

 

In addition to dual receptor antagonists, multiple single receptor antagonists 

have been characterized for OxR1, and two compounds have been used to 

selectively antagonize OxR2, TCS-OX2-29 (Hirose et al., 2003) and JNJ-

10397049 (McAtee et al., 2004). Although dual OxR-selective antagonists have 

been found to be efficacious at inhibiting orexin activity (Sakurai et al., 2011), 

comparative effects to the activity of single receptor-selective antagonists have 

been investigated and display alterations to sleep states (Dugovic et al., 2009). 

Administration of JNJ-10397049 has been shown to promote decreased sleep 

latency and improved NREM and REM sleep. Use of a dual receptor antagonist 

had similar effects, however, an OxR1 antagonist (SB-408124) had no effect on 

these factors (Dugovic et al., 2009). Intriguingly, upon co-administration of both 

single receptor antagonists, the effect that the OxR2 antagonist had was 

reduced (Dugovic et al., 2009). Further insight into how these receptors signal, 

and how they may interact may be important criteria for the development of 

therapeutics. 

 

Due to the effects of orexins on stimulation of feeding, these antagonists may 

also be beneficial for the treatment of eating disorders. In addition, orexin 

agonists may be beneficial in the alleviation of conditions associated with 

narcolepsy-cataplexy such as excessive daytime sleepiness (Sakurai et al., 

2011). An OxR2-selective agonist modified from orexin B, [Ala11, D-Leu15] OxB, 

has been characterized with 400-fold selectivity for OxR2 compared to OxR1, 

however, a recent study has shown that depending on the cell background used 

this degree of OxR-selectivity may be more variable (Putula et al., 2011).  

 

A key consideration with the use of compounds that target the orexin system 

would be maintenance of specificity for a certain condition. The plethora of 

functions that the orexin system is involved in creates a problem when a 

particular issue is to be addressed. Although orexin antagonists may promote 
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greater vigilance and sleep quality, disturbances to other attributed functions 

such as feeding behaviour have also been observed (Samson, 2009). It is 

hoped that further investigation into how orexins bind their cognate receptors, 

signal and integrate their activities will aid in the development of more specific 

therapies in the future. 
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CHAPTER 2 

GENERAL MATERIALS AND METHODS 

2.1 INTRODUCTION 
 

This section outlines general materials and techniques used to generate data 

throughout this thesis. Specific techniques will be explained in the relevant 

sections. In particular, bioluminescence resonance energy transfer (BRET) is 

described in detail in Chapter 3. 

2.2 CELL LINES AND TISSUE CULTURE 
 

Human embryonic kidney (HEK293FT) cells (Invitrogen, Australia) are HEK293 

cells that were transfected with a plasmid that constitutively expresses the SV40 

T antigen controlled by the CMV promoter to increase transfection efficiency. 

HEK293FT, HEK293 (American Type Culture Collection) and all HEK293 stable 

cell lines (HA-OxR1, HA-OxR1-Venus, HA-OxR2, HA-OxR2-Venus, HA-

OxR1(I408V)-Venus, HA-OxR2(T401I)-Venus were maintained in complete 

Dulbecco’s Modified Eagle’s Medium (DMEM; Invitrogen, Australia), containing 

10% fetal calf serum (Gibco, Australia), 0.3 mg/mL L-glutamine, 100 IU/mL 

penicillin and 100 µg/mL of streptomycin (Gibco). Both HEK293FT and stably 

transfected HEK293 cell lines required G418 antibiotic (0.4-0.5mg/mL) to 

remain continually selected for expression of transfected plasmid cDNA. 

2.3 CELL STORAGE AND RECOVERY  
 

All HEK293 and HEK293FT cells were stored at -80°C for short periods upon 

initiation of the freezing process before storing cells in the gas phase of liquid 

nitrogen at -180°C. Cells were frozen down upon recovery from liquid nitrogen 

to maintain low-passage cell populations. To freeze cells, cells were initially 

spun down in a centrifuge at 1000 rpm for 5 min. The supernatant was 
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aspirated and the cell pellet was resuspended in a freezing mix consisting of 

10% dimethyl sulfoxide (DMSO, Sigma-Aldrich) in 10% FCS DMEM to reach a 

concentration of approximately 1-2×106 cells/mL. 1 mL of this mixture was 

placed in a CryoTube™ vial (Nunc) and placed in a freezing container (Cryo 

1°C Freezing Container, Nalgene) in a -80°C freezer to reduce the temperature 

by approximately 1°C/min. Cells were recovered by immediately defrosting 

samples in a 37°C water bath, spinning the cell sample down at 1000 rpm for 5 

min before resuspending the cells in 5 mL of 10% FCS DMEM and incubating in 

a flask at 37°C. 

2.4 MOLECULAR CLONING OF CDNA VECTORS 

2.4.1 Plasmid cDNA construction 

All cDNA constructs used in this thesis were assembled in either pcDNA3 or 

pcDNA3.1+ vectors. Both vectors are similar in structure and function, however, 

the multiple cloning site (MCS) differs between both vectors. cDNA was sub-

cloned in-frame utilizing the restriction enzyme sites present in the multiple 

cloning site of either vector as shown in Figure 2.1. 

 
Figure 2.1 – Diagram of pcDNA3 and pcDNA3.1+ vectors including the 
restriction sites present in the multiple cloning site. Adapted from technical 

notes (Invitrogen, 2011). 
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Wild-type orexin receptor cDNAs were kindly provided by M. Yanagisawa 

(Howard Hughes Medical Institute, Dallas, TX, U.S.A.); β-arrestin 1 and β-

arrestin 2 cDNAs were kindly provided by J. Benovic (Kimmel Cancer Research 

Institute, Philadelphia, U.S.A). Venus was kindly provided by Atsushi Miyawaki 

(RIKEN Brain Science Institute, Wako-city, Japan), and Rluc8 was kindly 

provided by Andreas Loening and Sanjiv Gambhir (Stanford University, 

Stanford, CA). cDNA constructs of HA-OxR1-EGFP, OxR1-Rluc8, HA-OxR2-

EGFP, OxR2-Rluc8, β-arrestin 1-EGFP, β-arrestin2-EGFP, and β-arrestin 2-

Rluc8 were constructed and described previously (Dalrymple, 2008; See et al., 

2011). HA-OxR1-EGFP and HA-OxR2-EGFP were sub-cloned to form HA-

OxR1-Venus and HA-OxR2-Venus through cleavage and ligation at compatible 

restriction enzymes sites at the 5’ and 3’ ends of the fluorophore (XhoI, XbaI). 

Similarly, β-arrestin 1-Rluc8 was formed by cleavage of β-arrestin 2 from the β-

arrestin 2-Rluc8 vector and insertion of β-arrestin 1 using compatible restriction 

enzymes (refer to Figure 2.2). 

 

Table 2.1 – Details of Orexin receptor and β-arrestin cDNAs used 

throughout this thesis. 

 

Protein Species Genbank Accession No.
Orexin Receptor 1 (HCRTR1) human (Homo sapiens) AAL50221
Orexin Receptor 2 (HCRTR2) human (Homo sapiens) NP001517

β-arrestin 1 (ARRB1) bovine (Bos taurus) NP776668

β-arrestin 2 (ARRB2) bovine (Bos taurus) DAA18916
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Figure 2.2 – Diagram of BRET-tagged Orexin receptor or β-arrestin cDNA 

constructs. Sequences highlighted in pink were generated from constructs made 

previously as shown. Sequences were cleaved using the restriction enzymes 

highlighted in red to generate the new constructs. 

2.4.2 Polymerase Chain Reaction (PCR) and mutagenesis 
techniques 

PCR was used to generate some constructs used in this thesis as indicated. 

Primers were used for introducing restriction sites and/or removing stop codons 

if required to generate fusion cDNA products. Primers were designed based on 
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techniques provided for the Quikchange™ Site-Directed Mutagenesis Kit 

(Stratagene). PCR reactions for mutagenesis were carried out using KOD DNA 

Polymerase (Novagen) according to the procedure shown in Table 2.2 and 

Figure 2.3. 

 

Table 2.2 - Typical PCR setup using KOD polymerase. 

 
 

A GeneAMP® PCR System 9700 (PerkinElmer, Applied Biosystems) 

thermocycler was used to carry out PCR reactions using the following 

conditions: 

 
Figure 2.3 - Thermocycler temperatures and times for PCR reactions. 
 

Samples were subsequently digested with 20U of DpnI restriction enzyme (New 

England Biolabs) overnight at 37°C to cleave template DNA, and subsequently 

stored at 4°C. A sample of this product was run on a 2% agarose gel to both 

detect the presence of newly synthesized plasmid DNA, and as a preliminary 

verification that the product is of the correct size. Pending successful presence 

and size of DNA product, PCR products were purified using a QIAquick PCR 

Ingredient Amount/
Volume

Final 
Concentration

Template DNA 10-20 ng 0.2-0.4 ng/µL

dNTP mixture (2mM each) 5  µL 0.3 mM

MgSO4 (25mM) 3 µL 1.5 mM

PRIMER 1 (10μM) 1.5 µL 0.3 μM

PRIMER 2 (10μM) 1.5 µL 0.3 μM

10x Buffer for KOD Polymerase 5 µL 1x

KOD polymerase 1 µL   1U

ddH2O (up to 50 µL) -

Final Volume 50 µL

95℃ 70℃

60-65℃

0:10

(25s/kb)

4℃

∞

95℃

0:202:00

20 CYCLES1 CYCLE
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Purification Kit (Qiagen) and subsequently sequenced (refer to §2.4.4). Upon 

successful verification of cDNA sequences, the coding cDNA region was 

excised from the plasmid and re-inserted into sequenced vector to ensure no 

mutations were present in the vector due to processes throughout the PCR 

mutagenesis procedure that may result in unnecessary mutations. Restriction 

digests were carried out using the necessary restriction endonucleases and 

associated buffers (New England Biolabs).  

2.4.3 Plasmid cDNA preparation and quantification 

Concentrated preparations of cDNA were obtained by bacterial replication of 

plasmids. cDNA was transformed into TOP10 Electrocomp™ E. coli cells 

(Invitrogen) by electroporation at a potential difference of 1.6kV. Cells were 

subsequently incubated in SOC medium (Sigma-Aldrich), and incubated at 

37°C, shaking at 200 rpm for 1 hour. Cells were then spread on LB-agar plates 

containing ampicillin, and incubated overnight at 37°C. The next day, colonies 

were selected and picked for subsequent preparations. 

 

Small preparations of plasmid were obtained during initial sub-cloning and 

verification stages of cDNA synthesis. Upon verification of the cDNA sequence 

(refer to §2.4.4), large preparations of cDNA were grown and purified to obtain 

more concentrated preps for experimental use. All preparations were carried out 

with either a Miniprep or HiSpeed Maxiprep Kit (Qiagen), depending on the 

concentration of plasmid required. A starter culture containing 6 mL of LB broth 

(Difco™ LB Broth, Becton Dickinson), 6 µL of ampicillin (0.1mg/mL) and a 

single colony of transformed cells grown on an LB-Agar plate with ampicillin 

was incubated with overnight shaking (200rpm) at 37°C. 100 µL of this culture 

was added to 100 mL of LB broth with 100 µL of ampicillin (0.1mg/mL) and 

grown with overnight shaking (180 rpm) at 37°C. cDNA was harvested the 

following day according to manufacturer’s instructions (Qiagen). DNA was 

eluted in ddH2O and stored at -20°C. 

 

DNA was quantified using a Nano-drop 2000 spectrophotometer (Thermo 

Fisher Scientific). A 1-2 µL sample of DNA was used and double-stranded DNA 
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protocol was selected. 260/280 values were specified and the ratio consistently 

remained between 1.8 and 2.0.  

2.4.4 Verification of cDNA sequence 

cDNA sequences were continually verified throughout the construction 

procedure, as well as periodically throughout the experimental period to ensure 

that the nucleotide sequences were, and remained, in-frame and correct in 

comparison to published sequences. Purified DNA samples for sequencing 

were prepared and sent to the AGRF (Australian Genome Research Facility, 

Brisbane) according to the following volumes and concentrations: 

1) ~600-800 ng template cDNA 

2) 1.5 µL primer (9.6 pmol, 6.4 pmol/µL) 

3) ddH2O to a total volume of 12 µL 

DNA samples were labelled, and sequenced using Big Terminator Dye 

reagents followed by clean-up and capillary separation using an AB 3730xl 

DNA analyser (Applied Biosystems). Sequence and trace files were received 

and analysed using Geneious 5.0 software (Biomatters  Ltd., Auckland). 

2.5 PREPARATION OF COMPOUNDS AND OTHER 

CHEMICALS 
 

Orexin A (American Peptide Company), SB-334867, TCS-OX2-29 (Tocris 

Bioscience), thyrotropin-releasing hormone (TRH), angiotensin II (ATII) and 

Dynasore (Sigma-Aldrich) were prepared from initial stocks to suitably 

concentrated aliquots. 
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2.6 HETEROLOGOUS CELL LINES AND CDNA 

TRANSFECTION METHOD 

2.6.1 Transient transfection 

Cells transfected with plasmids containing cDNA for the expression of various 

proteins were transfected using Genejuice® transfection reagent (Novagen) 

according to the manufacturer’s instructions. Briefly, for transfection in a 6-well 

plate, 100 µL of serum-free DMEM and 3 µL of GeneJuice® were incubated for 

5 minutes at room temperature before adding DNA to the serum-free 

DMEM/GeneJuice® mixture at the recommended ratio. Cells were subsequently 

incubated at 37°C/5% CO2 overnight before commencing further assay 

procedures. 

2.6.2 Generation of stable cell lines 

Stable cell lines of HA-OxR1-Venus, HA-OxR2-Venus, HA-OxR1(I408V)-Venus 

and HA-OxR2(T401I)-Venus were generated using HEK293 cells. Initially, 

pcDNA3.1+ cDNA was linearised using a single-cutting restriction enzyme 

(PvuI, New England Biolabs), and transfected as described in the previous 

section (refer to § 2.6.1), but maintained in media containing transfection 

reagent for 48 hours incubating at 37°C/5% CO2. Media was subsequently 

aspirated, the cells were washed with PBS and trypsinised using 100 µL/well for 

1 minute before adding 1 mL of 10% FCS complete DMEM. Cells were spun 

down and resuspended in fresh 10% FCS complete DMEM and plated onto 10 

cm dishes (10 mL/dish) at a range of concentrations to generate sparse cell 

densities. 18-24 hours later, media was aspirated and replaced with 10% FCS 

complete DMEM containing G418 (Geneticin®, Gibco) at a concentration of 400 

µg/mL. Cells were maintained at 37°C/5% CO2 in 10% FCS complete DMEM 

containing G418, and this media was replaced every 48 hours over a period of 

2 weeks. Growth of potential cell colonies was observed closely. Colonies were 

chosen based on their origination from a single cell, and were subsequently 

picked using 3mm cloning discs (Sigma-Aldrich), and placed in 6-well plates 
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containing 10% FCS complete DMEM and 400 µg/mL of G418. Cells were 

observed for growth and fluorescence using a fluorescence microscope (IX71 

Inverted Microscope, Olympus). Selected colonies were stored and recovered 

as described earlier (refer to §2.3). 

2.7 INOSITOL PHOSPHATE CELL SIGNALLING ASSAYS 
 

Inositol phosphates (IPs) are downstream species formed by activation of the G 

protein (Gq)-mediated cellular signalling pathway upon activation, (Figure 2.4, 

refer to §1.7.5). IP assays were carried out on several OxR mutants to ensure G 

protein-mediated signalling through Gq was maintained, indicating coupling of 

OxR1/2 had been retained and was similar to that of the wild-type receptor. 

 

Initial assays were carried out using radioactively-labelled inositol, however, 

advances in fluorescence resonance energy transfer (FRET) techniques and 

novel fluorescent dyes have enabled new antibody-based technologies for 

measurement of bioactive cellular compounds such as inositol phosphate 

production (Degorce et al., 2009). An alternative antibody-based assay was 

adopted due to advantages in precision of the signal attained, and throughput of 

the assay. Potency could be compared between both assay methods, however, 

efficacy was not cross-comparable due to an inability of standardization 

between methods. 
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Figure 2.4 – Diagram of Gq-mediated inositol phosphate production and 
its detection. The radioactive method involves the use of 3H-myo-inositol which can be 

incorporated at various stages of IP generation (blue boxes). The amount of total inositol 

phosphate can be detected by scintillation (refer to §2.7.1). Alternatively, the IP-one HTRF® 

assay (CisBio) indirectly measures IP1 generated by cell stimulation by competitive binding with 

d2 fluorophore-labelled IP1 (665 nm emission) (yellow box). Upon binding of an anti-IP1 

monoclonal antibody labelled with a long-life lanthanide fluorophore Lumi4-Tb™ terbium 

cryptate (620 nm emission), UV stimulation (340 nm) excites the cryptate fluorophore and TR-

FRET is used to resolve a signal indicating the detection of exogenous IP1. However, upon 

binding of cell-generated IP1, FRET is not permissible, resulting in a lack of signal attributed to 

detection of endogenous IP1. Inositol phosphates are unable to be converted back to myo-

inositol in the presence of Lithium ions, resulting in a measurable accumulation of inositol 

phosphates over time with both forms of assay. 

2.7.1 Radioactive-based IP assays 

HEK293FT cell were transfected (as described in §2.6) in 6-well plates and 

incubated at 37°C/5%CO2 overnight in 10% FCS DMEM. 18 hours post-

transfection, cells were harvested and re-plated in 24-well dishes pre-coated 

with poly-L-lysine with 5% FCS DMEM at a concentration of 2.5×105 cells/well 
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using 5% FCS DMEM. 26 hours post-transfection, media was replaced in each 

well with 500 µL of inositol-free DMEM (MP Biomedicals) containing 1% FCS, 

0.3 mg/mL L-glutamine, 100 IU/mL penicillin, 100µg/mL of streptomycin and 

1µL/mL of myo-3H-inositol (GE Life Sciences). Cells were incubated at 37°C 

overnight. 16 hours later, media was aspirated and cells were washed twice 

with 1 mL of Buffer A (refer to Appendix I) before adding 250 µL of ligand 

diluted in Buffer A with 10 mM LiCl, or non-specific binding control (Buffer A and 

10 mM LiCl only), was then added to wells in triplicate  and incubated for 40 

minutes at 37°C. Media was aspirated and replaced with 1 mL of 10 mM formic 

acid and incubated for 30 minutes at 4°C. Liquid fractions of each well were 

then transferred to 5 mL test tubes containing 500 µL of a solution of Dowex 

(AG108) formate anion-exchange resin (Bio-Rad) in ddH2O (50% v/v) for 

inositol capture. Tubes were briefly vortexed, and allowed to settle. The liquid 

fraction was aspirated and replaced with 1 mL of ddH2O, vortexed briefly and 

allowed to settle before aspirating the liquid fraction. 1 mL of 60mM ammonium 

formate and 5 mM sodium tetraborate was added to each tube, vortexed briefly 

and allowed to settle before aspirating the liquid fraction with care to avoid 

disturbing the resin. 1 mL of 1 M ammonium formate and 0.1 M formic acid was 

then added to each of the tubes, vortexed briefly and allowed to settle. Finally, 

800 µL of the liquid fraction was transferred to 6mL scintillation vials 

(PerkinElmer), labelled as ligand-induced IP production. 

 

Total [3H] inositol phosphates were measured by adding 1 mL of solubilisation 

solution (refer to Appendix I) to each of the wells of the 24-well plate containing 

adhered cells, and placed on a plate shaker for 10 minutes before transferring 

the solution to a scintillation vial. 

 

4 mL of Optiphase HiSafe 2 scintillation cocktail (PerkinElmer) was added to 

each of the vials before capping the tubes and measuring radioactivity levels 

using a scintillation counter (1209 RackBeta liquid scintillation counter; Wallac) 

and recording the number of disintegrations per minute (DPM). Recorded 

radioactivity values of ligand-induced IP production were expressed as a 

fraction of the total inositol phosphate radioactivity. 
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2.7.2 Antibody-based IP assays (IP-One HTRF® Assay) 

18 hours post-transfection of cells in 6-well plates (refer to §2.6), cells were 

harvested and resuspended in 5% FCS complete DMEM with 25 mM HEPES 

buffer. Approximately 80-100,000 cells were placed in 96-well plates pre-coated 

with poly-L-lysine to a total volume of 100 µL. 16-18 hours later, agonist was 

diluted in 1X stimulation buffer (supplied in kit). Media was aspirated and 

replaced with 50 µL of the agonist solution at the appropriate concentration in 

triplicate wells. Cells were incubated at 37°C/5% CO2 for 30 minutes. 12.5 µL of 

IP1-d2 (supplied) was added to each well, followed by 12.5 µL of anti-IP1 

labelled with terbium cryptate (supplied, Fig. 2.4) both diluted in lysis buffer 

(supplied). Cells were incubated at room temperature in the dark for 1 hour 

before fluorescence was read on a multi-label plate reader (EnVision 2102, 

PerkinElmer Life Sciences). 

 

Data was analysed using the following calculation: 

 
𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑  𝑠𝑖𝑔𝑛𝑎𝑙   665  𝑛𝑚   ×  10000

𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑  𝑠𝑖𝑔𝑛𝑎𝑙  (620  𝑛𝑚)  

 
Data was analysed using non-linear regression analysis. Since this assay 

measures a competitive interaction, the maximal and minimal values were 

subsequently normalized by inverting the curve (i.e. maximal value = 0%, 

minimal value = 100%) for presentation and in order to preserve EC50 (or 

measured IC50) values and relative efficacy of IP stimulated by receptors for 

comparison. 
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2.8 STATISTICAL ANALYSES – METHODS AND 

IMPLICATIONS 
 

Statistical software (GraphPad Prism 5.0) was used to carry out all analyses in 

this thesis. Statistical analyses carried out throughout this thesis involved the 

use of Student’s two-sample t-tests when the means of two groups were 

compared. When the means of three or more groups were measured, one-way- 

or two-way ANOVA tests were used. When data to be analysed was collected 

from the same sample at multiple time points, ANOVA tests with repeated 

measures was implemented. Kinetic data involving measurements of mean 

values over time were analysed using a two-way ANOVA mixed model with 

Bonferroni’s post-tests to compare means at certain timepoints. 

 

All of these tests assume that the variances between means samples measured 

are not significantly different, which would skew the significance observed due 

to the sensitivity of this parameter to the t-test. However, the F-test used in 

ANOVA assessments is less sensitive to this parameter. It should be noted that 

post-analysis tests carried out for ANOVAs adjust the alpha value according to 

the number of samples included in the test, and may therefore be conservative 

with large data sets (Rothman, 1990). However, the incidence of attaining a 

Type I error (false positive) may be reduced, but at the expense of attaining a 

Type II error (false negative). Therefore, statistical significance in the analysis of 

large data sets involving extended time measurements and multiple data points 

may be considered conservative. 

 

Independence of data sets may be defined as ‘observations determined at 

different times or by different individuals without knowledge of the value of the 

first observation’ (Dawson et al., 2004). For assays carried out in this thesis, 

independence was maintained by carrying out identical assays at different 

times.
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CHAPTER 3 

BIOLUMINESCENCE RESONANCE ENERGY TRANSFER 

(BRET) – IMPLEMENTATION AND OPTIMIZATION 

3.1 INTRODUCTION 
 

This chapter provides an in-depth look at the evolution, mechanism and 

applications of BRET. In addition, technical aspects of BRET implementation as 

well as optimization of the technique are described for carrying out assays 

specific for this thesis. 

3.2 MEASUREMENT OF GPCR-PROTEIN 

INTERACTIONS 
 

In order to define novel effector functions of a particular GPCR and characterize 

the activity of key molecular associations between GPCRs and their interacting 

proteins, biochemical and biophysical techniques constitute the mainstream set 

of methods employed. The most recent and exciting development of these 

methodologies involves using the biophysical principle of resonance energy 

transfer (RET). Two core forms of RET have been characterized and 

developed: fluorescence resonance energy transfer (FRET) and the sister 

technique bioluminescence resonance energy transfer (BRET). These methods 

have been increasingly employed by researchers investigating GPCR–protein 

interactions due to the distinct advantages that they offer (Pfleger et al., 2005; 

Pfleger et al., 2003). In particular, BRET techniques provide investigators with 

several further benefits that will be described in detail throughout this chapter. 

 

BRET technology has evolved through the generation of improved luminophore, 

fluorophore and substrate constituents since its initial use to investigate the 

interaction between circadian clock proteins in 1999 (Xu et al., 1999). This has 

resulted in a series of sub-methods being designed for certain applications. 
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Extended temporal monitoring of GPCR–protein interactions (Pfleger et al., 

2007; Pfleger et al., 2006a) and the use of mutant luciferases to increase 

detection sensitivity are examples of two recent progressions in BRET 

methodology that enable researchers to monitor long-term or elusive GPCR–

protein interactions. In addition, the ability of BRET technology to scale from 

small single-plate sample sizes through to multi-plate high-throughput analysis 

of GPCR–protein interactions exemplifies the highly versatile nature of this 

technology (Reiter et al., 2006; Violin et al., 2007). In this way, BRET 

technology can be implemented by small laboratories and commercial entities 

alike to aid in the discovery and development of therapeutic GPCR-targeted 

substances (Violin et al., 2007). 

 

The application of BRET technology will provide many researchers with the 

tools required to investigate the formation of GPCR–protein complexes within 

and between any of the three major families of GPCRs. 

3.2.1 Advantages and constraints of BRET 

Conventional biochemical methods aimed at detecting protein–protein 

interactions such as glutathione S-transferase pull down, co-

immunoprecipitation and yeast-two-hybrid assays have provided much inferred 

information on the formation of certain GPCR–protein complexes in vitro (Rios 

et al., 2001); however, the physiological relevance of this information is often 

questionable due to the high degree of preparation and processing (Park et al., 

2004). The isolation of cell extracts and purification of membrane proteins 

involves chemical processes using various detergents (Park et al., 2004). These 

processes could potentially denature GPCR–protein complexes due to the 

highly hydrophobic nature of GPCRs, resulting in either artefactual aggregation 

or separation of physiological complexes. Nevertheless, the use of a stringent 

control base, such as the use of a range of different processing detergents, can 

further validate biochemical means of detecting protein interactions. Under 

optimal conditions, these biochemical techniques do have the ability to infer an 

interaction directly between a GPCR and another protein. RET techniques, on 

the other hand, can only infer this interaction indirectly based on their respective 
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changes in proximity throughout an assay. However, the condition that BRET is 

reliant upon (namely the distance between the two molecules) is highly 

favourable for suggesting a legitimate interaction, since this distance is almost 

synonymous with an intermolecular interaction between two proteins when 

suitably labelled with luminescent or fluorescent BRET species. Nonetheless, 

controversy exists over the interpretation of BRET data relating to constitutive 

protein interactions (James et al., 2006). These interpretations involve altering 

the relative or absolute protein concentration in the cell to provide further 

validation of a bona fide GPCR–protein interaction and will be discussed in 

further detail in §3.2.9. The use of BRET in a study may not eliminate the need 

for biochemical assays as a primary means of determining a GPCR–protein 

interaction, since these techniques can be used in association to fortify the 

verification of the interaction. Biochemical studies can provide a means of 

identifying and providing evidence as to the presence and size of a certain 

GPCR–protein complex, depending on the specificity of the antibody used. 

Biophysical analysis by means of BRET can then determine a greater near-

physiological specificity of the interaction by secondary verification using a 

range of kinetic models and suitable controls (Pfleger et al., 2006b). This 

provides a more conclusive method of characterizing the nature of a GPCR–

protein interaction, and can be extended to monitor the temporal dynamics of 

the interaction. Defining the relative, temporal nature of GPCR–protein 

interactions using biochemical techniques is possible, but measurements made 

at multiple time points require significantly more serial processing time and 

resources. BRET techniques overcome these problems by eliminating the level 

of post-assay cellular processing, thereby increasing the physiological 

relevance of the assay data. In addition, BRET offers the ability to obtain data of 

GPCR–protein complex formation dynamics as they occur physiologically at 

37°C in live cells and in real time. 

3.2.2 Principles of BRET 

Bioluminescence has evolved as a primordial form of communication to signal a 

behavioural response from one organism to another (Greer et al., 2002). 

Cnidarian sea creatures, such as the jellyfish Aequorea victoria and the sea 
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pansy Renilla reniformis, commonly exhibit this biophysical process that is the 

basis for the contemporary technique of BRET currently used by many 

laboratories to study the cellular biology of protein–protein interactions. BRET 

allows both qualitative and quantitative monitoring to be carried out on putative 

GPCR–protein complexes. The process occurs via oxidation of a 

coelenterazine substrate by a donor enzyme (e.g. Renilla luciferase, Rluc). If 

sufficiently close to an acceptor fluorophore (e.g. enhanced green fluorescent 

protein, EGFP), energy emitted from this reaction is transmitted in a 

nonradiative dipole–dipole manner at wavelengths corresponding to the energy 

excitation spectrum of the fluorophore. The fluorophore will consequently emit 

light energy at longer wavelengths, according to its distinct emission spectrum 

(Pfleger et al., 2006b). The light energy emitted by both of these processes can 

be monitored and compared using a dual-filter luminometer to determine if 

energy transfer has occurred between the donor and acceptor. In this way, an 

increased level of energy emitted from the acceptor fluorophore compared with 

that emitted at the same time point from the oxidation of coelenterazine is 

indicative of the proximity favouring RET between the species. The physical 

distance over which RET occurs (<10 nm) is significant, since distances within 

this range are indicative of physiological protein–protein interactions (Wu et al., 

1994). Figure 3.1 illustrates how BRET occurs and how it can be used to 

assess the interaction between a GPCR and an interacting protein of interest. 

 

The principles involved for detecting protein–protein interactions using BRET 

were initially described by Ward and Cormier (Ward et al., 1976). However, the 

first application and protein–protein interaction discovery using BRET was only 

relatively recently revealed (Xu et al., 1999) and laid out the foundation for 

studies involving interactions between protein species in bacterial (Nieto et al., 

2006; Shimizu et al., 2006), plant (Subramanian et al., 2004; Xu et al., 2007) 

and mammalian cells (Pfleger et al., 2005). The dipole–dipole-induced RET rate 

and efficiency between a donor and an acceptor have been set out according to 

the theory proposed in the seminal paper on the relationship between 

fluorescence and intermediate molecular energy states (Förster, 1948). The 

spectroscopic properties of the donor and acceptor, the orientation of the two 

dipoles, the quantum yield and the lifetime of the donor are critical determining 
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factors of RET. The Förster distance, or the critical distance at which energy 

transfer between the donor and acceptor is equal to the decay rate of the donor, 

is specific to the donor–acceptor pair used and is an important determinant of 

RET efficiency (Wu et al., 1994). The overlap integral, or spectral overlap 

between the donor emission and acceptor absorption spectra, is important in 

resolving the signal-to-noise ratio and is again dependent on the spectral 

properties of the RET pair. Critically, the efficiency of RET is inversely 

proportional to the distance between donor and acceptor to the sixth power (Wu 

et al., 1994). Investigation of the conformation of β-arrestin by monitoring the 

intramolecular distance between the carboxyl and amino termini during 

inactivated and activated states is an example of the exquisite distance 

dependency of BRET (Charest et al., 2005). 
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Figure 3.1 – Diagram of the principles of the BRET methodology in the 
context of monitoring GPCR-protein interactions. As an example, measurement 

of BRET that occurs from the interaction of a GPCR with a putative intracellular protein tagged 

with donor or acceptor, respectively. The GPCR is intracellularly-tagged with a donor enzyme, 

Renilla luciferase (Rluc), and the intracellular protein is tagged with an acceptor fluorophore, 

yellow fluorescent protein (YFP). Upon addition of a coelenterazine-based substrate and in the 

presence of molecular oxygen, the substrate is oxidized by the Rluc enzyme, emitting light and 

carbon dioxide. If the intracellular protein does not interact with the GPCR complex, conditions 

prevent resonance energy transfer occurring (A). In this example, addition of ligand promotes 

interaction between the GPCR and intracellular protein. Provided that the relative tag distance 

and orientation are favourable for resonance energy transfer to occur, light energy from both the 

donor and acceptor are measured at their characteristic wavelengths (B). 

3.2.3 BRET substrates – coelenterazine and EnduRen™ 

Various coelenterazine and coelenterazine-based analogues can be used as 

substrates for BRET assays depending on the particular application required to 

promote altered spectral characteristics upon oxidation catalyzed by luciferase 

(Inouye et al., 1997; Levi et al., 2007). All assays performed in this thesis were 

carried out with either coelenterazine h or a protected form of coelenterazine h, 
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EnduRen™. EnduRen™ is particularly useful for measurement of BRET assays 

over many hours, over which substrate typically becomes a limiting factor 

(Pfleger et al., 2006a). In addition, coelenterazine is inherently unstable at the 

physiological temperature of mammalian cells (37°C), and can be degraded by 

extracellular enzymes present in serum. The use of EnduRen™ substrate 

solves this problem by providing a steady rate of usable substrate upon 

cleavage by intracellular esterases (see Figure 3.2). Spectral characteristics of 

EnduRen are the same as coelenterazine h. 

 

 
Figure 3.2 – Diagram of EnduRen™ biochemistry in living cells. Upon 

addition of EnduRen™ to live cells for a BRET assay (A), EnduRen™ is able to permeate 

through the bi-lipid membrane at a steady rate to reach equilibrium where intracellular esterases 

cleave the protected ester groups of EnduRen™ (B), resulting in coeleterazine h substrate (C) 

that can be oxidized by Renilla luciferase resulting in bioluminescence. Image modified from 

application notes; Promega Corp. 

3.2.4 Labelling proteins for BRET detection 

A key difference between FRET and BRET is the requirement for the cDNA 

sequence of the GPCR and the putative interacting protein under investigation 

to be genetically fused with cDNA encoding either the luminophore enzyme or a 

fluorophore when using BRET (Figure 3.3). Immunolabelling of fluorescent 

proteins for BRET detection is a possibility; however, the availability and 

specificity of antibodies to the proteins of interest often excludes these 

procedures. The carboxyl (C) terminus of GPCRs is typically tagged for 

EnduRen™ coelenterazine h

extracellular cytosol

A B C
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investigations of intracellular protein interactions. However, provided that the 

tag does not interfere with the normal structural folding or physiological function 

of the protein, the tag may be integrated into any suitable region of the protein. 

This may be particularly beneficial if both the N and C termini of the receptor or 

protein are known to be structurally or functionally involved in a known process. 

The types of BRET tag to be conjugated onto each protein will depend on the 

particular BRET method adopted, which will be discussed in more detail in § 

3.2.11). 

 

 
Figure 3.3 – Pathway for construction and use of cDNA for BRET assays. 
A typical scenario for the construction of BRET fusion cDNA constructs. Suitable expression 

vectors containing the cDNA sequence of the protein of interest are genetically fused in-frame, 

at either the N- or C-terminal, with either the donor or acceptor tag. The stop codon between the 

cDNA sequences is also removed to ensure generation of a fusion protein. The plasmid is 

transformed into competent bacterial cells (e.g. TOP10; Invitrogen) and cultured. The DNA is 

then extracted, purified and is ready to be transfected for a BRET assay. 

3.2.5 Validation of BRET fusion proteins 

Determining if there are any changes in the functional attributes of the protein of 

interest due to the addition of a BRET tag is critical for generating meaningful 
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conclusions. Any data generated from a BRET experiment must be interpreted 

in light of possible differences in the activity of the protein by comparing function 

with the untagged or native form. To test the function of BRET-tagged GPCRs, 

a common method is to measure the potency/efficacy of agonists to generate 

second messengers. Concentration/dose–response curves generated from the 

activation of BRET-tagged GPCRs can be compared against the wild-type 

GPCR to achieve this. Assays are available for the measurement of commonly 

generated second messengers, such as inositol phosphates and cyclic 

adenosine monophosphate. Since GPCRs should be principally present at the 

plasma membrane, confocal microscopy is often an excellent mechanism to 

confirm visually that the receptor is capable of being adequately trafficked to the 

cell surface. Fluorophore-tagged GPCRs (i.e. acceptors) may be visualized 

directly; however, luminophore-tagged GPCRs (i.e. donors) may require 

attachment of immunochemical tags such as myc, FLAG or haemagglutinin and 

labelling with suitable antibodies for detection. Confocal microscopy may also 

be used to indicate whether the activity of the putative interacting protein has 

been compromised, particularly if the protein should be localized to a particular 

cellular compartment. Fusion of immunochemical tags may also be of use in 

assays, such as enzyme-linked immunosorbent assays (ELISAs). Cell-based 

ELISAs (Sedgwick et al., 1992) can be particularly beneficial in determining 

membrane expression of proteins. Any other testing would be at the 

investigator’s discretion, depending on the function of the particular protein. 

3.2.6 BRET expression systems and transfection of fusion 
proteins 

After the BRET fusion cDNA constructs have been assembled, a suitable 

expression system is required for both proteins to be synthesized. It should also 

be noted that certain cell lines might contain endogenous levels of the proteins 

under investigation, which may affect the BRET signal by providing competition 

for the tagged proteins. Performing western blotting can typically assess levels 

of endogenous protein and any such findings should be considered when 

interpreting the results. Heterologous cell lines such as HEK293 or COS-7 cells 

are commonly used, however, a range of endogenous GPCRs have been 
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discovered in these cells (Thomas et al., 2005), and may need to be accounted 

for in the interpretation of BRET data. 

 

Expression of fusion proteins in various cell types requires the use of a suitable 

transfection method. For mammalian cells, an example would be the use of 

cationic lipids to aid in the packaging and transportation of DNA across the bi-

lipid plasma membrane into the cytosol. Importantly, transfection reagents 

should be tested for efficiency and cytotoxicity with the specific mammalian cell 

line to be used. Basic selection of successfully transfected cells may be 

achieved through the use of antibiotics targeted towards selectable markers 

present in the cDNA construct, however, in the case of double transfections 

required for BRET assays, the use of two antibiotics targeted towards each 

BRET fusion construct would be preferable.  

 

Mammalian cells that are transiently transfected with fusion protein-coding 

cDNA can result in a broad range of protein expression levels. Transient DNA 

transfections are suitable for most BRET experiments, however, if the protein of 

interest does not express well, the generation of stably transfected cells may be 

a preferred alternative. Stable cell lines are produced through continual 

selection of cells that have been successfully transfected with one or both 

BRET-tagged cDNA constructs. This method should decrease the range of 

variability in protein expression over that observed for a transiently expressing 

cell population. The generation of monoclonal rather than polyclonal stable cell 

lines are preferred as this will further reduce the variability of protein expression. 

It should be noted that some cDNA constructs will express at a higher level than 

others, and that due to the level of overexpression of the constructs, high 

expression of one construct might equate to lower expression of the other 

construct due to the constraints placed on the cellular protein machinery. This 

should be taken into account when deciding appropriate amounts and ratios of 

cDNA to transfect. 

 

A drawback of the BRET detection system is the enhanced expression, or over 

expression of proteins in quantities that may be greater than that observed 

physiologically. This may result in the attainment of artificial BRET signals, 
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simply due to the close proximity of donor and acceptor fusion proteins. An 

alternative approach may be carried out by homologous recombination of BRET 

fusion protein sequences targeted towards specifically designed recipient cell 

lines, to generate isogenic stable cell lines (Liu et al., 2006). This technique has 

been used in a study to investigate the effects of a particular GPCR-protein 

interaction (Roy et al., 2007), but has yet to be utilized for a BRET assay. Its 

use may result in better control and more physiologically relevant levels of 

expressed protein. Methods are available to measure these expression levels in 

a cell population for BRET assays and will be discussed in the proceeding 

section.  

3.2.7 Methods for measuring protein expression 

The relative measurement of donor and acceptor protein concentrations in cell 

cultures for BRET assays is crucial for the analysis and interpretation of results. 

The ability to replicate BRET assays with low inter-assay variability is 

statistically beneficial for the generation of meaningful conclusions. If the GPCR 

or protein under investigation has been fused with a suitable antigenic 

determinant that is accessible to an introduced antibody, cell-based ELISA 

techniques can be used to compare the GPCR cell surface expression between 

two populations and also intracellular levels if a suitable permeabilization agent 

is used. This will allow protein expression to be compared by ratiometric means. 

Comparative levels of acceptor fluorescence may also be determined by 

measuring the total fluorescence emitted by a predetermined number of cells 

using a band-pass filter appropriate for the fluorescent probe used. 

Alternatively, absolute levels of either donor or acceptor protein may be 

determined using either membrane preparations or purified protein extracts of 

the transfected cells. The equation, methodology and variables required for this 

analysis have been previously determined (Remy et al., 1999), though not for 

use in a BRET assay. The fluorescence or luminescence intensity of transfected 

cells can be measured using a fluorometer or luminometer with a suitable band-

pass filter set or using a scanning spectrometer (refer to §3.2.11). Alternatively, 

fluorescence-activated cell sorting (FACS) is capable of determining both the 

percentage of expressing cells and level of acceptor concentration per cell 
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(Pfleger et al., 2006b). By extension, this process can be used to purify cells 

that contain a certain desired level of protein expression. Unless a suitable 

fluorescently-conjugated antibody can be targeted towards the donor protein, 

measurement of donor protein expression cannot be determined using this 

technique. Conjugation of immunochemical tags to the donor protein may be 

required to measure concentration of Rluc-tagged proteins and aid in 

determining donor protein expression. 

3.2.8 Determining optimal expression of BRET-tagged proteins 

Establishing the optimal ratio of donor and acceptor BRET-tagged proteins is 

critically important for obtaining appreciable BRET signals, as well as in 

generating overall conclusions. Two variables exist: the overall level of BRET 

protein expression and the relative expression levels of donor and acceptor 

BRET-tagged proteins. As mentioned earlier, the overall level of protein 

overexpression should be kept to a minimum to reduce the level of nonspecific 

interactions that may occur. Adjustment of the ratio between acceptor and 

donor expression will not only lead to more resolute BRET signals, but can also 

be used to indicate specificity, elaborated on in §3.2.9. Generally, the ratio of 

acceptor to donor protein expression should be higher than unity and typically 

ranges from 2:1 to 4:1. However, these values depend on a range of 

characteristics specific to the GPCR–protein pair under investigation, including 

the relative affinity between the GPCR–protein pair and the known or likely 

stoichiometry of the interacting pair (Pfleger et al., 2006b). For example, the 

stoichiometry of ubiquitinated GPCRs is dependent on either the formation of 

monoubiquitinated or polyubiquitinated complexes. The formation of 

polyubiquitinated protein complexes has recently been optimized for detection 

using BRET (Perroy et al., 2004). Importantly, the relative expression levels of 

acceptor and donor BRET constructs are highly dependent upon the efficiency 

of transfection (the amount of protein expressed for a given amount of 

transfected acceptor or donor construct cDNA). Assessment of protein 

expression can be determined using the techniques described in §3.2.7; 

however, titration assays are often useful to determine the optimal acceptor–

donor BRET construct ratio. 
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3.2.9 Methods for assessing BRET specificity 

Alteration of the total concentration and ratio between donor and acceptor 

BRET-tagged proteins is often used to validate the specificity of a GPCR–

protein interaction. Two different methods have been formulated to assess the 

specificity of a putative GPCR–protein interaction (Marullo et al., 2007). 

Saturation or titration assays can be used to measure constitutive interactions 

and dynamic interactions at a single time-point per individual assay. This 

technique involves the expression of a constant amount of donor protein, with 

an increasing level of acceptor protein. A specific GPCR–protein interaction 

should result in the generation of a hyperbolic curve with an asymptote tending 

to the maximal BRET value. BRETmax is the BRET ratio value that corresponds 

to the horizontal asymptotic value at high acceptor-to-donor ratios. This value 

indicates the tendency towards a saturation point, where all available donor 

proteins are interacting with acceptor proteins, such that addition of more 

acceptor protein will not result in a greater number of interactions. BRET50 

values are typically used to compare the specificity of a GPCR–protein 

interaction by indicating the ratio of acceptor- over donor-conjugated proteins 

required for a half-maximal BRET value to be attained. In contrast, nonspecific 

interactions result in a near-linear relationship between BRET ratio and 

increasing acceptor-to-donor ratios (Marullo et al., 2007).  

 

An alternative procedure involves the displacement or competition of acceptor-

conjugated proteins by employing an increasing amount of either the untagged 

‘acceptor’ protein or another non-interacting protein while keeping the 

concentration and ratio of both the donor and acceptor BRET-tagged proteins 

the same. If the interaction is specific, then successively increasing the amount 

of untagged ‘acceptor’ protein will result in a sigmoidal decrease in BRET ratio. 

If an increasing concentration of a known noninteracting protein is included in 

successive assays, then the BRET ratio should remain the same for specific 

interactions between the donor and acceptor BRET-tagged proteins (Marullo et 

al., 2007).  

 

Although these methods have been used to provide evidence for a number of 
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GPCR–protein interactions, controversy exists over their use (James et al., 

2006). The overexpression of donor and acceptor proteins is a primary concern 

for interpreting the physiological relevance of such interactions, and the use of 

stringent controls is critical. 

3.2.10 BRET controls 

The use of suitable controls for BRET assays is vital to generate significant 

conclusions. Typically, cells expressing the donor protein only are assayed 

alongside donor- and acceptor-expressing cells. Upon the addition of substrate, 

the donor-only control will indicate the background BRET signal. Alternatively, if 

a substance such as a ligand alters the GPCR–protein interaction, matched 

donor- and acceptor-expressing cell populations can be used. These are 

measured and treated in parallel with either the ligand or the vehicle in which 

the ligand was diluted (Pfleger et al., 2006c). Positive and negative 

experimental controls should be used in all BRET assays to ascertain the 

relevance of data obtained. Positive controls may take the form of a known 

GPCR–protein interaction, particularly an interaction containing a similar GPCR 

to the one being tested. For example, the interaction between the angiotensin II 

receptor type 1a and β-arrestin 2 produces strong and stable BRET ratios over 

extended periods of time, typical of a class B receptor β-arrestin binding profile 

(Pfleger et al., 2006a). Preferably, positive control BRET pairs should also be 

expressed in the same respective cellular compartment as the proteins being 

studied. A suitable negative control should involve assaying a protein of similar 

size, shape and cellular localization to the interacting protein under 

investigation. For example, the known inability of gonadotrophin-releasing 

hormone receptor (GnRHR) to bind to β-arrestin due to the lack of an 

intracellular C-terminal tail (Pfleger et al., 2004) makes this pair a suitable 

negative control candidate when investigating GPCR–β-arrestin interactions. In 

addition, the innate inability of angiotensin II receptor type 2 to bind to β-arrestin 

2 upon activation (Turu et al., 2006) is a similar example of a suitable negative 

control for these investigations. Alternative negative control candidates may be 

developed by utilizing mutant forms that exhibit a loss-of-function mutation, and 
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result in the inability to bind with the complementary protein under investigation. 

These are potentially more powerful as negative controls, since a greater 

number of variables, such as size, shape and cellular localization, are held 

constant. 

3.2.11 BRET methods and spectral characteristics 

Currently, three BRET sub-methods are generally utilized, categorized 

principally by the coelenterazine-based substrate used. A summary of these 

methods, including the substrate donor tags and acceptor tags used, is 

presented in Table 3.1. Importantly, the choice of BRET sub-method will directly 

influence the construction of the donor and acceptor BRET-conjugated proteins. 

Multiple fluorophores (Tsien, 1998), as well as multiple mutated forms of Rluc 

(De et al., 2007; Loening et al., 2007), are  available to optimize the signal 

acquired between the GPCR and putative interacting protein of interest. Two 

variables can be altered in a BRET assay, depending on the dynamic properties 

of the GPCR–protein interaction pair under investigation. For constitutive 

interactions, measuring BRET at a single time point may be beneficial, for 

example, in association with the methods employed in §3.2.9. In this case, a 

range of concentrations of donor and acceptor protein may be used, but the 

assay time must be kept constant. On the other hand, long-term GPCR–protein 

dynamics can be monitored over a range of time points, but sequential 

measurements must be carried out under the same protein concentration 

conditions. Typically, once a suitable concentration and ratio of donor and 

acceptor proteins is attained, time-course studies may subsequently be 

performed. 
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3.3 MATERIALS AND METHODS 
 

The following method was used for all BRET assays described in subsequent 

sections. 

3.3.1 Materials 

Reagents used in this section were OxA (American Peptide Company), TRH 

(Bachem), EnduRen™ (Promega), coeleterazine h (Promega) and HEPES (4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Gibco). Note that stock 

EnduRen™ substrate must be warmed to 37°C to dissolve before use. 

3.3.2 Cell Maintenance 

HEK293FT cells were maintained at 37°C in 5% CO2 and complete Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 5-10% foetal calf serum 

(FCS; Gibco). HEK293FT media also contained Geneticin (G418; 400 µg/ml; 

Gibco).  

3.3.3 BRET assay protocol using mammalian cells 

This protocol details how BRET assays were implemented and carried out 

throughout this thesis. For all assays performed herein, transiently transfected 

cells were assayed in an adhered state. Both BRET1 and eBRET sub-methods 

were used as labelled in the relevant chapters. 

 

1) HEK293FT cells were cultured as described in §2.2 in a 6-well plate at a 

density of 5-6 ×105 cells/mL, depending on the growth rate, such that 

general confluency was ~50-60% after 18-24 h. An even distribution of cells 

in each well was ensured. 

2) Cells were incubated at 37°C/5% CO2 overnight.  
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3) Approximately 16-24h after plating of cells in a 6-well plate, cells were 

transfected with donor and acceptor constructs using Genejuice transfection 

reagent (Novagen) as described in §2.6. 

4) Cells were incubated at 37 °C/5% CO2 overnight. 

5) Approximately 18-24 h after transfection, cells were washed with 1 mL of 

PBS, and 100 µL of 0.05% trypsin/ 0.25 mM EDTA was added. 80-100,000 

cells were transferred into each well of a white 96-well plate (Nunc) using 

phenol-red free 5% FCS complete DMEM with 25 mM HEPES buffer to a 

total volume of 100 µL. Cells were then incubated at 37°C/5% CO2 

overnight. 

6) Being careful not to disturb the adhered cell monolayer, approximately 16 h 

later media was aspirated and substrate was added to each well. Substrate 

was diluted in 5% FCS phenol-red-free complete DMEM with 25 mM HEPES 

to a final concentration as follows:  

i. BRET1 – coelenterazine h substrate was added (5 µM final 

concentration) and measured immediately.  

ii. eBRET – EnduRen™ substrate was added (40 µM final 

concentration). Cells were allowed to incubate for at least 1.5-2 h at 

37 °C/5% CO2 protected from light before assaying. 

7) The 96-well plate was placed into a VictorLight™ 1420 luminometer 

(PerkinElmer) with a plate-heater equilibrated to 37°C. Two filters were used 

to measure short (440-500 nm) and long (510-590 nm) wavelength 

luminescence corresponding to donor and acceptor emission wavelengths, 

respectively. Measurements were taken sequentially for between 0.5-3 s per 

filter before proceeding to the next well. Individual measurement times of 3 s 

were required for EGFP-Rluc combinations, however, cells expressing 

Venus or EGFP and Rluc8-tagged protein combinations were recorded for 

0.5 s due to the higher relative quantum yield. For all assays, subsequent 

re-measurements were taken in the same order either immediately or after a 

pre-set time interval. 

8) Luminescence and fluorescence values were read over a short period 

before adding the ligand to establish a baseline BRET level according to the 

BRET method used as follows: 
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i. 5-15 min for BRET1 

ii. 10-30 min for eBRET 

9) Ligand, either agonist or antagonist, was added to the correct final 

concentration required after establishment of a baseline BRET level. In 

some cases, both agonist and antagonist were added with a time interval in 

between. 

10) Luminescence and fluorescence values were recorded over the required 

time period. Fluorescence values were attained before substrate addition. 

Cell populations were excited using a 480 nm light source and relative 

emission values were recorded using an EnVision™ 2102 multilabel reader 

at 535 nm using appropriate filters (PerkinElmer). Luminescence was 

recorded after substrate addition, and before treatments were added using a 

VICTOR™ Light 1420 luminometer (PerkinElmer) at 415-465 nm using 

appropriate filters. Values were normalized within either the fluorescence or 

luminescence categories. 

3.3.4 BRET calculations and statistical analysis of results 

All acquired BRET luminescence data were analysed comparing a ligand-

treated and control-treated cell population that were identically transfected. The 

equation used to calculate the BRET signal labelled as the ‘ligand-induced 

BRET signal’ in all relevant assays is as follows: 

 

      BRET  signal = !"#$  !"#$%$&'()   !"#$%&!!"#$!#%
!"#$%  !"#$%$!"#$   !"#$%&!!"#$!#%

− !"#$  !"#$%$&'()   !"#$%&"!!"#$!#%
!"#$%  !"#$%$&'()   !"#$%&"!!"#$!#%

  

 

Data were imported into GraphPad Prism 5.0 (GraphPad, California U.S.A.) for 

graphic and statistical analysis. Statistical analyses of BRET data were 

dependent on the type of BRET analysis carried out. Kinetic data were 

analysed using a two-way repeated-measure ANOVA procedure with 

Bonferroni post-hoc tests. For BRET concentration- or dose-response data, 

two-way ANOVA or Student’s t-test was carried out where appropriate.  
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3.4 OPTIMIZATION OF BRET 
 

It is important that the GPCR-protein combination under investigation be 

optimized for BRET analysis. Investigations between Orexin receptors and 

other intracellular proteins that have been presented in this thesis were initially 

optimized for appropriate internal conditions such as tag orientation for the 

BRET pair under investigation, in addition to optimization of experimental 

conditions required for long-term BRET assays. 

3.4.1 BRET tag orientation for OxRs and β-arrestins 

The tag orientation for β-arrestin was investigated by fusion of either Rluc or 

EGFP on the N- or C- terminus of β-arrestin 1 or 2 (Figure 3.4). It is evident that 

BRET assays including N-terminally BRET-tagged β-arrestin 1 or 2 (Figure 

3.4A, B) results in a noisier BRET signal than when C-terminally tagged with 

Rluc. This was shown in the presence of multiple ratios of acceptor/donor, and 

also upon interaction of β-arrestin with another GPCR, TRHR1. It is also evident 

that C-terminally-tagged β-arrestins display an acceptor-dependent increase in 

BRET ratio (Figure 3.4C, D), while noise renders this indistinguishable with co-

expression of N-terminally-tagged β-arrestins (Figure 3.4A, B). BRET signals 

were also notably lower in cells expressing BRET-tagged β-arrestin 1, and 

potential reasons for this difference will be discussed in more detail in a 

subsequent section (refer to §4.4.1). 
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Figure 3.4 – BRET1 kinetic assays of OxR2 or TRHR1 interactions with N 

and C-terminally Rluc-tagged β-arrestin 1 and 2 in HEK293FT cells. C-

terminally EGFP-tagged OxR2 or TRHR1 were co-expressed with N-terminally-tagged β-

arrestin 1 (A), β-arrestin 2 (B) or C-terminally-tagged β-arrestin 1 (C) or β-arrestin 2 (D). Cells 

were treated with 1 µM OxA, or 1 µM TRH at t=0. Multiple ratios of transfected acceptor (OxR2 

or TRHR) to donor (β-arrestin) cDNA amounts as displayed. Data are presented from a single 

assay (n=1). 

 

A modified version of Renilla luciferase (Rluc8), was utilized for these studies 

due to the increased stability and greater luminescence intensity upon 

coelenterazine oxidation (Loening et al., 2007). The receptor of the OxR-protein 

interaction under investigation using BRET must be BRET-tagged on the 

intracellular side of the receptor. However, either the luminophore or 

fluorophore may be bound. A comparison of orientations using either Rluc or 

Rluc8 luminophores was carried out (Figure 3.5). It is evident that Rluc- and 

Rluc8- tagged OxR2 combinations both result in lower BRET signals than that 

of EGFP-tagged OxR2-expressing cell populations (Figure 3.5). Although these 

may not be directly comparable since more acceptor is typically transfected, the 

level of expression to the amount of transfected EGFP-tagged receptor has 
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been previously shown to be higher than that of Rluc-tagged receptors 

(Dalrymple, 2008). It is evident that the OxR2-Rluc/β-arr2-EGFP combination 

results in a similar BRET ratio to that of the OxR2-Rluc8/βarr2-EGFP 

combination. However, in the reverse orientation, it is evident that the OxR2-

EGFP/βarr2-Rluc8 pair result in a higher BRET ratio that also exhibits greater 

stability than the OxR2-EGFP/βarr2-Rluc. An aberrant signal observed for the 

long-term BRET assay in Figure 3.5 was further investigated due to the need to 

carry out future assays for this length of time. The common time point at which 

this occurred indicated that this may be either a systematic issue, or an issue 

with the equipment involved. 

 

 
Figure 3.5 – eBRET kinetic assays of OxR2 interactions with β-arrestin 2 

involving altered luminophore-fluorophore orientations in HEK293FT 
cells. C-terminally-tagged OxR2 with either EGFP, Rluc or Rluc8 were co-expressed with C-

terminally-tagged β-arrestin 2 with either EGFP, Rluc or Rluc8 (A). Fluorescence data were 

recorded for each of the co-expressed cell populations and expressed as a percentage of the 

overall maximal value (B). Data are presented from a single assay (n=1). 

3.4.2 EnduRen™ substrate concentration  

Since the aberrant deflection in the BRET ratio did not occur until approximately 

2 hours after agonist stimulation, the final concentration of EnduRen substrate 

used was varied and tested to determine if this was limiting for long-term BRET 

assays. As shown in Figure 3.6, a range of 30-75 µM of EnduRen was tested. 
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the same time point under all substrate concentration conditions. The 

manufacturer’s recommended concentration of 60 µM was within this range. 

From this it was evident that substrate limitation was not a contributing factor to 

the development of the observed aberrant BRET signal.  

 

 
Figure 3.6 – eBRET kinetic assays of OxR2-β-arrestin 2 interactions 

involving variable concentrations of EnduRen substrate in HEK293FT 
cells. C-terminally EGFP-tagged OxR2 was co-expressed with C-terminally Rluc8-tagged β-

arrestin 2 and incubated with various final concentrations of EnduRen substrate before 

commencement of the assay and treatment with 1 µM OxA (A). Luminescence values are 

shown from both short- and long- wavelength filters capturing Rluc8 and EGFP signals, 

respectively from each of the three tested EnduRen concentrations 75µM (B), 40µM (C), and 30 

µM (D). Data are presented from a single assay (n=1). 

3.4.3 Optimization of well volume 

The well volume of the 96-well plate used for BRET assays may have a variable 

working volume up to ~180 µL. As shown in Figure 3.7, not only did a lower 
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the well volume also correlated to a slightly elevated BRET ratio after 6 hours of 

agonist stimulation.  

 Figure 3.7 - eBRET kinetic assays of OxR2- and TRHR1-β-arrestin 2 

interactions involving varying microwell volumes in HEK293FT cells. C-

terminally EGFP-tagged OxR2 (A) or TRHR1 (B) was co-expressed with C-terminally Rluc8-

tagged β-arrestin 2. Volumes shown in the figure legend indicate the well volume prior to 

commencement of assay. 100 µL (open circle) indicates that media was not replaced prior to 

commencement of assay. 100 µL (closed circle) indicates media was replaced prior to 

commencement of assay. Ligand and substrate were added to this well assuming the well 

volume remained at 85µL. Media was replaced in all other wells on the day of the assay to a 

final volume as shown. EnduRen concentration remained constant (40 µM) between all well 

volumes. Fluorescence data were recorded for each of the measured well volumes for OxR2- 

(C) and TRHR1-expressing cells (D) prior to commencement of assay. Data are presented from 

a single assay (n=1). 

3.4.4 Effects of assay temperature on BRET kinetics 

An additional variable in performing BRET assays with live cells is the 

temperature at which the cells are maintained during measurement. As shown 

in Figure 3.8, decreasing the temperature of the plate heater in the VictorLight™ 
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luminometer from the physiological temperature of mammalian cells of 37°C 

down to 32°C and further to near-room temperature of 28°C resulted in a 

decreased initial BRET ratio over time before reaching a maximal point after 

approximately 10 min of OxA stimulation (Figure 3.8A). Fluorescence 

measurements indicated that each of the cell populations contained similar 

levels of EGFP-tagged receptor.  

 

 
Figure 3.8 – BRET1 kinetic assay of OxR1-β-arrestin 2 interactions 

comparing Rluc8 kinetics under different temperature conditions in 
HEK293FT cells. C-terminally EGFP-tagged OxR1 and C-terminally Rluc8- tagged β-

arrestin 2 were co-expressed at a 3:1 ratio of transfected cDNA, respectively. Cells were 

assayed at plate heater temperatures of 28°C, 32°C, or 37°C (A). Fluorescence of each of the 

measured cell populations were recorded for comparison (B). Temperature equilibration was 

reached between assays before commencing. Data are presented from a single assay (n=1). 
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3.5 DISCUSSION 
 

BRET has many applications for inferring the specificity and kinetic interaction 

of two (or more) proteins of interest. However, for each protein interaction set 

under investigation, optimization is required to obtain suitable conditions for 

valid conclusions to be made. In these studies, an investigation of conditions 

involving orexin receptor and β-arrestin proteins was required before valid 

experimental data could be obtained. Initially, fluorophore-tagged OxRs and 

luminophore-tagged β-arrestin were selected due to signal strength. BRET 

assays typically involve the expression of a greater amount of fluorescently-

tagged protein compared to luminophore-tagged protein (refer to §3.2.8).  

 

While the receptor must be C-terminally-tagged for investigations involving 

intracellular proteins, the orientation of β-arrestin BRET-tagging is more 

variable. Both the N- and C-termini contain binding motifs for proteins involved 

in signalling and trafficking (Ma et al., 2007). Both orientations of tagged β-

arrestin have been used in BRET studies (Pfleger et al., 2006b; See et al., 

2011; Storez et al., 2005) and appear to give similar results. In addition, the 

linker peptide that separates the BRET tag from the β-arrestin protein would 

allow a degree of flexibility to enable appropriate protein binding. Nonetheless, 

the orientation chosen may have a direct or indirect effect on the binding of the 

particular protein under investigation. This should be taken into consideration 

upon interpretation of data. 

 

As observed in Figure 3.5, the use of the modified Rluc enzyme, Rluc8, has 

resulted in a higher and more stable BRET signal, as has been observed 

elsewhere (Kocan et al., 2008). This is particularly important for interactions that 

were previously either non-detectable or detectable at a very low level. 

However, it does appear that the kinetics the Rluc8 enzyme confers to the 

protein interaction under investigation are different to that of the Rluc-based 

system. Indeed this was observed in a recent study comparing both of these 

luminphores (Kocan et al., 2008). Therefore, the BRET kinetics between these 

two systems would not seem to be directly comparable. Comparisons of BRET 
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signal or kinetics using either an Rluc- or Rluc8-based system should be 

independently observed and analysed, with conclusions made accordingly. 

 

Monitoring Orexin receptor-β-arrestin interactions over extended time periods 

was optimized according to the data provided for well volume. A lack of humidity 

in the external well microenvironment may result in more rapid evaporation of 

media, particularly over many hours of measurement, and be detrimental to the 

internal cellular microenvironment. The addition of media, such as PBS, into 

surrounding wells of the microplate may serve to increase the humidity of the 

environment immediately surrounding the plate and decrease evaporation rates 

as carried out previously (Pfleger et al., 2006a). However, it was decided to 

increase the volume of the measured wells in an attempt at maintaining rigour 

for comparison of data. Substrate concentration remained the same as previous 

assays with EnduRen. In addition, HEPES buffer was included in the assay 

media to maintain physiological pH as previously carried out (Pfleger et al., 

2006a). This resulted in stable BRET kinetics that could be monitored for 

greater than 6 hours if required. 

 

It is interesting to note that the initial BRET kinetics observed are highly 

dependent on the temperature of the plate heater in the luminometer. Indeed, 

internalization rates of proteins have been investigated and found to be 

significantly influenced by assay temperature (Janoshazi et al., 2007; Rode et 

al., 1997). These clear effects of temperature on cellular physiology highlight 

the need to assess these protein-protein interactions, not only in live cells, but 

also at physiological temperature, in order to maximize physiological relevance.  
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CHAPTER 4 

β -ARRESTIN-BINDING TO OREXIN RECEPTORS 

4.1 INTRODUCTION 
 

The mode and selectivity of β-arrestin-binding to receptors has been highly 

investigated due to the importance of β-arrestins in mediating receptor-specific 

functions such as intracellular sorting and signalling properties of agonist-

stimulated receptors, as reviewed earlier (§1.4.2-1.4.3). GRK phosphorylation of 

motifs in the intracellular region of the receptor is typically critical for 

conformational changes that result in stable receptor-β-arrestin-binding 

(Gurevich et al., 2006b). Three approaches are characteristically implemented 

to investigate differences in the ability of GPCRs to recruit and bind β-arrestins 

to GRK phosphorylated motifs. The formation of single or multiple 

serine/threonine C-terminal tail mutants by alanine-scanning mutagenesis, the 

formation of chimeric receptors involving C-terminal tail substitutions, or 

truncations of the C-terminal tail (Heding et al., 2000; Milasta et al., 2005; 

Shenoy et al., 2003c) have been used to analyse these potential loss-of 

function mutants with respect to GRK phosphorylation and/or β-arrestin-binding. 

Methods used to infer these differences include visual observation of β-arrestin 

co-localization and trafficking of wild-type receptors by confocal microscopy 

(Oakley et al., 1999; Oakley et al., 2000), differences in the rate and maximum 

amount of receptor internalization and phosphorylation (Hanyaloglu et al., 

2002), as well as concentration- and time-dependent changes in BRET ratio of 

ligand-treated receptors (Hamdan et al., 2005). All of these methods ranging 

from qualitative visualization to more quantitative observations, are important for 

understanding critical functional differences in GPCR-β-arrestin binding.  

 

The delineation between two groups of GPCRs that display altered β-arrestin-

binding stabilities was documented in a series of studies by Oakley and 

colleagues (Oakley et al., 1999; Oakley et al., 2001; Oakley et al., 2000). The 
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first of this set of studies showed that although β2AR was internalized upon 

agonist stimulation, it did not traffic with β-arrestin to endosomes, unlike V2R 

(Oakley et al., 1999). A chimeric receptor of β2AR with its C-terminus 

substituted with the last 29 amino acids of V2R rescued this function (Oakley et 

al., 1999). In addition, a reversely oriented V2R chimera with the last 72 amino 

acids substituted for the C-terminus of β2AR resulted in a similar loss of co-

localization (Oakley et al., 1999). Further analysis of the serine/threonine 

clusters in the C-terminus of V2R revealed that mutation of a proximal cluster of 

putative GRK-phosphorylated residues resulted in a loss of co-localization with 

β-arrestin 2.  

 

Chimeras formed by swapping the tail of β2AR and V2R have been studied 

during the initial development of the β-arrestin-binding classification system 

(Oakley et al., 2000), and subsequently in a follow-up study (Shenoy et al., 

2003c). It was found that β-arrestin-binding characteristics were primarily 

dependent on determinants located in the C-terminal tail rather than from the 

‘parent’ receptor. Swapping the β2AR C-terminal tail for that of V2R (β2AR-

V2Rtail) resulted in class B-type characteristics for β-arrestin-binding, and class 

A characteristics conferred to the reversely formed V2R-β2ARtail mutant 

(Shenoy et al., 2003c). This was also found in another study investigating a way 

to increase the ability of cannabinoid receptor 1 to bind to β-arrestin 2 (Vrecl et 

al., 2009). 

 

Other studies involving the V1aR-V2R(C-tail), β2AR-V2R(C-tail), β2AR-

AT1aR(C-tail) and GnRHR-TRHR(C-tail) chimeric receptors demonstrated 

differences in receptor-β-arrestin internalization and trafficking pathways 

(Anborgh et al., 2000; Bowen-Pidgeon et al., 2001; Innamorati et al., 2001) that 

may be attributable to their ‘gain of function’ C-terminal tail compositions with 

respect to β-arrestin-binding stability (see Figure 4.1). All of these receptors 

exhibited more stable β-arrestin-binding and a reduced ability to recycle with 

respect to their parental receptors. (Anborgh et al., 2000; Bowen-Pidgeon et al., 
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2001; Innamorati et al., 2001). ‘Parental’ being the receptor of which the C-

terminus has been exchanged. 

 

However, a study involving a chimeric β2AR with a TRHR1 C-tail (β2AR-TRHR1 

C-tail) observed that the receptor did not co-localize with β-arrestin in a TRHR1-

like manner upon agonist stimulation (Gehret et al., 2010). This study indicated 

that residues outside of the C-terminal tail may also be equally important for β-

arrestin-binding in this situation. However, the reverse chimera (TRHR1-β2AR 

C-tail) translocated with β-arrestin in a class A-dependent manner, indicating 

the importance of the TRHR C-terminal tail in orchestrating this process (Gehret 

et al., 2010). A similar occurrence was also observed in another study 

comparing the differential ability of µ- and δ-opioid receptors to internalize in a 

β-arrestin-dependent manner (Wang et al., 2003). A chimeric µ-opioid receptor 

(class A) with a δ-opioid (class B) C-terminal tail did not alter β-arrestin-binding 

characteristics, instead a region in the third intracellular loop was found to alter 

the function of the receptor independently of the C-tail substitution (Wang et al., 

2003).  

 

 
Figure 4.1 - Primary structure comparison of the C-terminal regions of 
multiple GPCRs. Bold underlined residues indicate putative GRK phosphorylation clusters 

for β-arrestin-co-localization. Red underlined residues indicate clusters critical for β-arrestin-co-

localization. Black underlined residues indicate non-critical resides for β-arrestin co-localization. 

(Modified from (Oakley et al., 1999; Oakley et al., 2001); contains data from (Milasta et al., 

2005)). 

 

It was hypothesized in these studies by Oakley and colleagues (Oakley et al., 

1999; Oakley et al., 2001; Oakley et al., 2000) that the presence of multiple 

serine/threonine clusters resulted in stable β-arrestin binding and this could be 

V2R     NPWIYASFSSSVSSELRSLLCCARGRTPPSLGPQDESCTTASSSLAKDTSS

NTR1   NPILYNLVSANFRQVFLSTLACLCPGWRHRRKKRPTFSRKPNSMSSNHAFSTSATRETLY

OTR   NPWIYMLFTGHLFHELVQRFLCCSASYLKGRRLGETSASKKSNSSSFVLSHRSSSQRSCSQPSTA

AT1AR   NPLFYGFLGKKFKKYFLQLLKYIPPKAKSHSSLSTKMSTLSYRPSDNMSSSAKKPASCFEVE

β2AR   NPLIYCRSPDFRIAFQELLCLRRSSLKAYGNGYSSNGNTGEQSGYHVEQEKENKLLCEDLPG
 TEDFVGHQGTVPSDNIDSQGRNCSTNDSLL 

OxR1        NPIIYNFLSGKFREQFKAAFSCCLPGLGPCGSLKAPSPRSSASHKSLSLQSRCSISKISEHVVLTSVTTVLP  
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correlated to other GPCRs based on the primary structure of their C-terminal 

tails. However, although multiple clusters may be present on the C-tail, not all of 

these residues were required for β-arrestin-binding (Oakley et al., 1999; Oakley 

et al., 2001) (see Figure 4.1). Furthermore, the third intracellular loop, as well as 

the first and second intracellular loops may also be involved in these 

interactions (Gehret et al., 2010; Gurevich et al., 2006b). From these studies, it 

was observed that β-arrestins can display multiple binding configurations 

between different GPCRs (Gurevich et al., 2006b). In this study, it was 

questioned whether multiple configurations of β-arrestin binding may also exist 

at the same receptor depending on receptor conformation. 

 

Structure of the intracellular regions of the GPCR is important for interactions 

with β-arrestin. Covalent modification can alter the structure of these 

intracellular regions resulting in altered conformations (Johnson et al., 1993). 

Similarly, palmitoylation of the C-terminal tail of GPCRs may also affect binding 

with β-arrestins through alterations in the phosphorylated state of the GPCR 

(Charest et al., 2003; Hawtin et al., 2001). These modifications may introduce 

direct or indirect effects on the signalling activity of the ligand-activated GPCR 

by altering the conformation of the C-terminal tail (Chini et al., 2009).  Mutation 

of palmitoylation sites has been shown to disrupt β-arrestin-binding of V1aR 

(Hawtin et al., 2001), V2R (Charest et al., 2003), 5HT4a receptor (Ponimaskin et 

al., 2005), and β-arrestin-mediated internalization of thromboxane A2 receptor 

(Reid et al., 2007). Therefore, recognition of putative palmitoylation sites, in 

addition to phosphorylation sites, in the C-terminal tail adds potential structural 

information important in β-arrestin-binding. 

 

The majority of these studies that have investigated determinants responsible 

for stable β-arrestin binding have been observed through receptor 

internalization, differences in total phosphorylation and/or co-localization with β-

arrestin. However, a biophysical approach using BRET may be implemented to 

indicate relative β-arrestin binding stabilities that may not be detected using 

more macro-molecular techniques. BRET assays carried out using bicistronic 

HEK293 stable cell lines, expressing both BRET-tagged receptor and β-arrestin 
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2, were conducted on a set of several GPCRs that differ in their stability to bind 

β-arrestin (Hamdan et al., 2005). Time-dependent differences in the maximal 

BRET ratio over 30 min of agonist stimulation, as well as concentration-

dependent differences were observed between both classes of β-arrestin 2-

binding receptors. In addition, substitution of the C-terminus of CXCR4 with that 

of CCR5 resulted in a substantial increase in maximal BRET ratio indicating a 

more stable β-arrestin-binding conformation (Hamdan et al., 2005). This 

technique can be used to monitor the β-arrestin-GPCR molecular proximity in a 

quantitative manner, which may be particularly useful for comparing and 

contrasting long-term proximity kinetics between GPCRs and β-arrestins. 

4.1.1 Orexin receptor-β-arrestin Interactions 

Limited studies have been carried out investigating the interactions and 

functional significance between orexin receptors and β-arrestins. Work from this 

laboratory has shown that both OxR1 and OxR2 share similar short term BRET 

proximity profiles, up to 30 min of agonist stimulation (Dalrymple and Jaeger et 

al., 2011). However, long-term stimulation (up to 4 hours) reveals a more 

transient interaction of β-arrestin 1 or 2 with OxR1 compared to OxR2 when 

treated with OxA (Dalrymple and Jaeger et al., 2011). In addition, upon 

internalization, OxR1 recycles back to the cell surface more quickly than OxR2 

(Dalrymple and Jaeger et al., 2011). A study observing time-dependent co-

localization of OxR1 and β-arrestin 1 found that OxR1 remains perimembranous 

upon short-term treatment, but does co-localize with β-arrestin 1 into 

endosomes over longer periods of agonist stimulation (Evans et al., 2001).  

 

Serine/threonine clusters in the C-terminal tail of OxR1 have been investigated 

for their role in promoting β-arrestin-mediated internalization of OxR1 (Milasta et 

al., 2005). It was found that of the two distinct clusters present in the C-terminal 

tail of OxR1, only one was required for β-arrestin 2 to co-localize with this 

receptor in an equivalent manner to the non-mutated receptor (Milasta et al., 

2005).  
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4.1.2 Clinically associated orexin receptor C-terminal mutations 

4.1.2.1 Association of OxR1 I408V with polydipsic hyponatremia in 
schizophrenic subjects 

A mutation in the C-terminal tail of OxR1 has been associated with both  

polydipsia and hyponatremia in schizophrenic subjects (Fukunaka et al., 2007; 

Meerabux et al., 2005) and as a ‘benign polymorphism’ in the prevalence of 

narcolepsy (Peyron et al., 2000). However, no further studies on the association 

with narcolepsy have been conducted. Polydipsic hyponatremia, is defined as 

water intoxication due to excessive thirst (Meerabux et al., 2005) and an 

associated inability to excrete water due to kidney and/or antidiuretic hormone 

(ADH) disturbances (de Leon et al., 1994) resulting in low extracellular sodium 

concentration and can be lethal (Torres et al., 2009). A missense mutation 

(A1222G) results in a non-synonymous amino acid alteration from isoleucine to 

valine (I408V; rs2271933). This results in loss of a branch-chain methyl group, 

and is present between the two putative GRK phosphorylation sites in OxR1 

(Milasta et al., 2005). 

 

The onset of polydipsia occurs in approximately 20% of patients with 

schizophrenia (de Leon et al., 1994), and approximately 25% of these patients 

may exhibit water imbalances that lead to hyponatremia (Torres et al., 2009). 

This disorder had been associated with approximately 20% of premature deaths 

in schizophrenic patients (Vieweg et al., 1985), and this statistic still holds today 

in a follow-up study (Hawken et al., 2009). Amongst the group, patients with 

polydipsia had a 74% greater chance of mortality than non-polydipsic patients 

(Hawken et al., 2009). 

 

The cause of this condition is currently unknown, but has been associated with 

pathologies of an atrophied or reduced-volume anterior hippocampus of 

subjects (Goldman et al., 2004; Goldman et al., 2007). This has been 

associated with a reduction in cognition as well as neuroendocrine function in 

relation to water balance and physiological stress (Torres et al., 2009). 

Physiologically, polydipsic hyponatremic schizophrenic subjects display a 
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lowered point at which vasopressin is released into the system (Goldman et al., 

1996). Lowered feedback inhibition of the glucocorticoid adrenocorticotropic 

hormone (ACTH) upon cortisol treatment in patients with this condition has also 

been described, and may be associated with hippocampal pathophysiology 

(Goldman et al., 2007).  

 

Two reports have drawn similar conclusions in associating this mutation with the 

susceptibility of schizophrenic patients to excessive or abnormal thirst coupled 

with low sodium concentration in their blood (Fukunaka et al., 2007; Meerabux 

et al., 2005). In the initial case study that characterized this polymorphism in a 

group of schizophrenic patients, three mutations in both OxR1 and OxR2 were 

analyzed, and only the hOxR1 I408V mutation was significantly associated with 

the disease (Meerabux et al., 2005). The study also provides evidence of similar 

calcium mobilization between both the mutant and wild-type receptors. 

Interestingly, the study by Fukunaka and colleagues associated both residues 

with the disease (Fukunaka et al., 2007). One study observed allele differences 

between two neuronal cell lines.  SK-N-MC, a human neuroblastoma cell line, 

and NT-2, a human neuron-committed teratocarcinoma both express 

endogenous OxR1. Multiple clones of these cells were analysed and found to 

contain a mixture of both the isoleucine and valine variants in NT-2 cells, and 

only the valine (408V) mutation in SK-N-MC cells (Wieland et al., 2002). This 

study concluded that post-translational process may be responsible for this 

occurrence, as well as the possibility of heterodimerization with other as yet 

unknown receptors (Wieland et al., 2002). Lastly, a recent study investigated a 

possible association between this mutation and panic disorder, however an 

association was not found (Annerbrink, 2008). 

 

Since the orexin system has been found to be critically involved in water 

balance (Kunii et al., 1999) this mutation in OxR1 may be directly linked to this 

pathophysiologic condition. Nonetheless, association between the orexin 

system and other systems, such as the dopaminergic system and renin-

angiotensin system, may be equally likely. Mutations in the dopamine D2 

receptor have been reported to lead to a similar susceptibility in patients 

(Matsumoto et al., 2005), and activation of the D2 receptor with the agonist, 
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clozapine, results in alleviation of the condition (Canuso et al., 1999). 

Additionally, the renin-angiotensin system has been hypothesized to interact 

with the dopamine system to regulate water intake (Verghese et al., 1993). 

Although a study found no significant association between a particular 

polymorphism in the angiotensin-converting enzyme (ACE) (Meerabux et al., 

2005), this system has overlapping activities with both the orexin and 

dopaminergic systems (Meerabux et al., 2005). 

 

The vasopressin system is an endocrine system that consists of three receptors 

V1a, V1b and V2 and one endogenous peptide ligand, arginine vasopressin 

(AVP; also known as ADH). While V2R is primarily associated with maintenance 

of water balance, V1a and V1b are involved in the maintenance of cognitive brain 

functions such as learning/memory (Frank et al., 2008). A strong association of 

the vasopressin system with schizophrenia has been established (Frank et al., 

2008). Additionally, the symptoms of polydipsia and hyponotremia fall outside of 

the homeostatic balance that this system can normally control. There is 

evidence that vasopressin receptors and OxR1 may be co-expressed in some 

neuronal and renal tissues (Blanco et al., 2003; Sakurai et al., 1998; Spinazzi et 

al., 2005; Trivedi et al., 1998; Zingg, 1996). Corticosterone production is 

involved in mediation of physiological stress responses. Corticotrophin releasing 

hormone (CRH or CRF) and its receptor (CRHR) is involved in maintaining 

physiological stress levels that are pathological in the schizophrenic disease 

state. Additionally, the corticotrophin and vasopressin systems are related in 

their ability to mediate responses to osmotic stress, which is a key pathology in 

polydipsic hyponatremic schizophrenic subjects (Yoshida, 2008).  

 

It has been hypothesized that due to the position of the mutation on the C-

terminus of OxR1, this mutant may be involved in the formation of a complex 

with other GPCRs. In addition, the position of this mutation may also influence 

β-arrestin-binding to the receptor. 
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4.1.2.2  Association of OxR2 T401I with narcolepsy 

In the same mutation screen from which the I408V mutant of OxR1 was 

discovered, another single nucleotide polymorphism resulting in a missense 

mutation was discovered in the C-terminal tail of OxR2. This mutation (C1202T; 

T401I) was associated as a ‘possible weak penetrant allele’ in subjects with a 

familial history of a particular human leucocyte antigen (HLA) mutation, 

DQB1*0602 (Peyron et al., 2000). This HLA subtype is highly correlated to 

patients with narcolepsy-cataplexy, and more so with patients with severe 

cataplexy (Mignot et al., 1997). However, although an autoimmune-mediated 

link has been associated with immune system marker alleles (Alaez et al., 2008; 

Mignot et al., 1997), there is no direct evidence of an autoimmune response 

causing narcolepsy with or without cataplexy. No other prevalence statistics are 

available that document this mutant. 

 

Grossly, this mutation involves the substitution of threonine, a hydrophilic 

residue that can be phosphorylated, for isoleucine, a hydrophobic residue that 

cannot be phosphorylated. This mutation is situated in one of three 

hypothesized GRK phosphorylation cluster sites in OxR2 (NetPhos 2.0, (Blom 

et al., 1999) that may be involved in β-arrestin-binding. A recent study has 

shown that this mutant results in a near total elimination of ERK1/2 

phosphorylation upon activation of the receptor by either orexin A or B (Tang et 

al., 2008). Although this may be the result of a reduced capacity of the receptor 

to signal through its cognate G protein, the specific position of the residue in the 

C-terminal tail and the ability of β-arrestin 2 to regulate MAPK ERK1/2 signalling 

both support the possibility of a mutant that binds β-arrestin in a manner 

different to that of the wild type receptor. 
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4.2 MATERIALS AND METHODS 

4.2.1 Materials  

Ligands used were OxA and OxB (American Peptide Company), antidiuretic 

hormone (ADH; Tocris Bioscience), corticotropin-releasing hormone (CRH; 

Tocris Bioscience), SB-334867 antagonist (Tocris Bioscience). Other reagents 

used included the dynamin inhibitor, Dynasore (Tocris Bioscience). 

4.2.2 Cell maintenance 

HEK293FT cells were maintained at 37°C in 5% CO2 and complete media 

(DMEM containing 0.3 mg/mL glutamine, 100 IU/mL penicillin and 100 µg/mL 

streptomycin (Gibco) supplemented with 5-10% foetal calf serum (FCS; Gibco)). 

HEK293FT media also contained Geneticin (G418; 400 µg/ml; Gibco).  

4.2.3 cDNA constructs 

Wild type orexin receptor cDNAs were kindly provided by M. Yanagisawa 

(Howard Hughes Medical Institute, Texas, USA), and β-arrestin 1 and β-arrestin 

2 cDNAs were kindly provided by J. Benovic (Kimmel Cancer Research 

Institute, Philadelphia, USA). cDNA sequences were PCR amplified and 

subcloned into pcDNA3.1+ backbone vectors containing enhanced green 

fluorescent protein (EGFP), Venus yellow fluorescent protein or Renilla 

luciferase (Rluc or Rluc8) cDNA. The stop codon between the sequences was 

removed in order to generate constructs capable of being translated into fusion 

proteins upon transfection. Venus was kindly provided by Atsushi Miyawaki 

(RIKEN Brain Science Institute, Wako-city, Japan) and Rluc8 was kindly 

provided by Andreas Loening and Sanjiv Gambhir (Stanford University, 

Stanford, CA). Fusion cDNA constructs were verified by ABI Prism BigDye 

Terminator sequencing (Australian Genome Research Facility, Brisbane, 

Australia), and compared with published sequence data. 
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HA-OxR1-EGFP-pcDNA3 and HA-OxR1(I408V)-EGFP-pcDNA3 constructs 

were generated by Matthew Dalrymple (Lab for Molecular Endocrinology-

GPCRs, WAIMR). A further series of OxR mutants were generated as part of 

this thesis by either PCR mutagenesis or sub-cloning as described in §2.4, with 

the assistance of Ruth Seeber (Lab for Molecular Endocrinology-GPCRs, 

WAIMR). A more detailed description of the methods used to construct these 

mutants is provided in Table 4.1, and the primers that were used for PCR 

mutagenesis where necessary are provided in Table 4.2. 

 
Table 4.1 – cDNA constructs generated for use in this section. 

 
 
 

cDNA construct 
(in pcDNA3.1+ vector)

cDNA construct 
(in pcDNA3.1+ vector)

Template cDNA 
(in pcDNA3.1+ vector) Method of ConstructioncDNA construct 

(in pcDNA3.1+ vector)
cDNA construct 

(in pcDNA3.1+ vector)
Template cDNA 

(in pcDNA3.1+ vector) Method of Construction

OxR1OxR1OxR1OxR1
1 HA-OxR1ct2-Venus HA-OxR1ct2-EGFP Sub-cloning (restriction 

digestion/ligation)
2 HA-OxR1(I408V)-Venus HA-OxR1-Venus PCR mutagenesis 

(I408V primers)
OxR2OxR2OxR2OxR2

3 HA-OxR2(A399)-Venus HA-OxR2-Venus PCR mutagenesis 
(A399 primers)

4 HA-OxR2(A406)-Venus HA-OxR2-Venus PCR mutagenesis 
(A406 primers)

5 HA-OxR2(A427)-Venus HA-OxR2-Venus PCR mutagenesis 
(A427 primers)

6 HA-OxR2(A399, A406)-
Venus

HA-OxR2(A399)-Venus PCR mutagenesis 
(A399, A406 primers)

7 HA-OxR2(A399, A427)-
Venus

HA-OxR2(A399)-Venus PCR mutagenesis 
(A427 primers)

8 HA-OxR2(A406, A427)-
Venus

HA-OxR2(A406)-Venus PCR mutagenesis 
(A427 primers)

9 HA-OxR2(A399, A406, 
A427)-Venus

HA-OxR2(A399, A406)-
Venus

PCR mutagenesis 
(A427 primers)

10 HA-OxR2(A399, E402Q)-
Venus

HA-OxR2(A399)-Venus PCR mutagenesis 
(E402Q primers)

11 HA-OxR2(A399, E402Q, 
A406, A427)-Venus

HA-OxR2(A399, A406, 
A427)-Venus

PCR mutagenesis 
(A399, E402Q, A406, 
A427 primers)

12 HA-OxR2(T401I)-Venus HA-OxR2-Venus PCR mutagenesis 
(T401I primers)
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Table 4.2 – Primers used to generate cDNA as shown in Table 4.1 

 

4.2.4 Mammalian cell transfections 

Transient transfections were carried out in HEK293FT cells as previously 

described using Genejuice® transfection reagent according to manufacturer’s 

recommendations (refer to §2.6.1). Stably transfected HEK293 cells with HA-

OxR1-Venus, HA-OxR1(I408V)-Venus, HA-OxR2-Venus or HA-OxR2(T401I)-

Venus were constructed as described previously (refer to §2.6.2), and 

maintained in 400 µg/mL G418. 

 

cDNA construct
Primers (5’➔3’)Primers (5’➔3’)

cDNA construct Forward Primer Reverse Primer
OxR1OxR1OxR1

HA-OxR1(I408V)-Venus CAGAGCCGATGCTCCGTC
TCCAAAATCTCTGAG

CTCAGAGATTTTGGAGA
CGGAGCATCGGCTCTG

           OxR2           OxR2           OxR2
HA-OxR2(A399)-Venus AGGGGACGAGCTGCAGCA

GAGGCACGGAAG
CTTCCGTGCCTCTGCTG
CAGCTCGTCCCCT

HA-OxR2(A406)-Venus CCGGAAGGCCTTGGCCGC
TCAAATCAGCAAC

GTTGCTGATTTGAGCGG
CCAAGGCCTTCCGG

HA-OxR2(A427)-Venus GCAAGTTGTGCTCGCTGC
CATAGCCGCACTCCCAGC
AGCCAATGG

CCATTGGCTGCTGGGAG
TGCGGCTATGGCAGCGA
GCACAACTTGC

HA-OxR2(A399, A406)-Venus CTCACCAGGGGACGAGCT
GCCGCAGAGGCCCGGAAG
GCC

GGCCTTCCGGGCCTCTG
CGGCAGCTCGTCCCCTG
GTGAG

HA-OxR2(A399, A427)-Venus A399 template + A427 
primer (Fw)

A399 template + A427 
primer (Rv)

HA-OxR2(A406, A427)-Venus A406 template + A427 
primer (Fw)

A406 template + A427 
primer (Rv)

HA-OxR2(A399, A406, A427)-
Venus

A399, A406 template + 
A427 primer (Fw)

A399, A406 template + 
A427 primer (Rv)

HA-OxR2(A399, E402Q)-Venus AGGGGACGAGCTGCCGCA
CAGGCCCGGAAG

CTTCCGGGCCTGTGCGG
CAGCTCGTCCCCT

HA-OxR2(A399, E402Q, A406, 
A427)-Venus

AGGGGACGAGCTGCCGCA
CAGGCCCGGAAG

CTTCCGGGCCTGTGCGG
CAGCTCGTCCCCT

HA-OxR2(T401I)-Venus CCAGGGGACGAACTAGCA
TAGAGAGCCGGAAG

CTTCCGGCTCTCTATGC
TAGTTCGTCCCCTGG
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4.2.5 BRET assays 

All BRET assays were carried out using HEK293FT cells and have been 

described previously (refer to §3.3). Fluorescence values were attained before 

substrate addition. Cell populations were excited using a 480 nm light source 

and relative emission values were recorded using an EnVision™ 2102 

multilabel reader at 535 nm using appropriate filters (PerkinElmer). 

Luminescence was recorded after substrate addition, and before treatments 

were added using a VICTOR™ Light 1420 luminometer (PerkinElmer) at 415-

465 nm using appropriate filters. Values were normalized within either the 

fluorescence or luminescence categories. 

4.2.6 Inositol phosphate assays 

All inositol phosphate assays were carried out as previously described using 

either the radioactive method (refer to §2.7.1) or the antibody-based (IP-One 

HTRF®) method (refer to §2.7.2) as indicated. 

4.2.7 Statistical analyses 

All statistical analyses were carried out as previously described (refer to §2.8). 
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4.3 RESULTS 

4.3.1 Effect of an OxR1-OxR2 chimera on β-arrestin-binding 

kinetics 

In previous studies from this laboratory, it was revealed that OxR1 binds both β-

arrestin 1 and 2 in a more transient manner than OxR2 binds either β-arrestin 

(Dalrymple and Jaeger et al., 2011). The primary structure of OxR1 and OxR2 

C-terminal tails differ dramatically (Figure 4.2), and for this reason it was 

hypothesized that swapping the C-terminal tail of OxR1 for that of OxR2 would 

result in a receptor capable of binding to β-arrestin in a more stable manner. A 

chimera was constructed using PCR techniques to generate OxR1ct2. The site 

at which the chimera was mutated at was distal to the NPIIY motif (Figure 4.2).  

 

 
Figure 4.2 - Diagram of OxR1, OxR2 and OxR1ct2 chimera C-terminal tail 
primary structure. Yellow highlighted region indicates OxR1 sequence, which is identical 

to OxR2, and the green highlighted region indicates OxR2 sequence. Red highlighted residues 

indicate putative GRK phosphorylation sites*. Underlined residues indicate putative 

palmitoylation sites. Residues conserved between OxR1 and OxR2 are marked by a black dot. 

Residues belonging to transmembrane helix 7 are shown in grey, and black residues are part of 

the C-terminal domain according to hydropathy analysis (Voisin et al., 2003). * Putative OxR1 

phosphorylation sites were previously described (Milasta et al., 2005), although notably that 

study indicated that only the distal cluster played a role in β-arrestin binding. Putative OxR2 

phosphorylation sites were determined by NetPhos 2.0 prediction software (Blom et al., 1999).  

 

 

 

NPIIYNFLSGKFREEFKAAFSCCCLGVHHRQEDRLTRGRTSTESRKSLTTQISNFDNISKLSEQVVLTSISTLPAANGAGPLQNW
OxR1
OxR2

OxR1ct2

NPIIYNFLSGKFREQFKAAFSCCLPGLGPCGSLKAPSPRSSASHKSLSLQSRCSISKISEHVVLTSVTTVLP

NPIIYNFLSGKFREEFKAAFSCCCLGVHHRQEDRLTRGRTSTESRKSLTTQISNFDNISKLSEQVVLTSISTLPAANGAGPLQNW
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The Venus-tagged OxR1ct2 chimera was functionally validated by comparing its 

ability to generate inositol phosphate (IP) with similarly-tagged wild-type OxR1 

and OxR2 upon OxA stimulation. OxA elicited a similar potency for OxR1ct2 as 

OxR1 and OxR2 in generating IP. Half maximal values calculated through non-

linear regression of the data revealed that no significant differences in potency 

of OxA-mediated IP generation between the OxR1ct2 chimera (logEC50 = -7.81 

± 0.17), OxR1 (logEC50 = -8.11 ± 0.12) or OxR2 (logEC50 = -8.15 ± 0.09) was 

evident upon statistical analysis (one-way ANOVA; p=0.11; Figure 4.3). A 

comparison of maximal efficacy determined by comparing mean inositol 

phosphate values upon stimulation with 1 µM OxA revealed an approach of 

overall significance of means (one-way ANOVA, p=0.05). Subsequent multiple 

comparison tests revealed significant differences between OxR2 and OxR1ct2 

(p<0.05), but not between OxR1 and OxR1ct2 (p>0.05). The data indicate that 

the OxR1ct2 mutant does not significantly alter the potency of inositol 

phosphate production in comparison to its parent receptor, OxR1. In addition, 

potency was maintained upon comparison to OxR2, however, OxR1ct2 

revealed a slightly depressed level of IP production at the highest recorded 

concentration of 1 µM OxA. 
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Figure 4.3 - Concentration-response data of inositol phosphate production 
for C-terminally Venus-tagged OxR1, OxR2 and OxR1ct2 upon OxA 
stimulation. Data were normalized to OxR2 values and fitted using non-linear regression 

techniques. Data are expressed as mean ± SEM of at least 3 independent experiments. 

 

Recruitment and interaction kinetics of the OxR1ct2 mutant with both β-arrestins 

was subsequently investigated using BRET. HEK293FT cells co-expressing 

Rluc8-tagged β-arrestin 1 or 2 and Venus-tagged OxR1, OxR2 or OxR1ct2 

were stimulated with OxA and monitored for proximity over a period of 3 hours 

(Figure 4.4A,B). Both OxR1 and OxR2 displayed kinetics that were similar in 

kinetic profile to the prior published work (Dalrymple and Jaeger et al., 2011), 
although the magnitude of the BRET signal was higher overall due to the 

difference in BRET systems employed. In addition, all receptors displayed a 

higher BRET signal with β-arrestin 2 than β-arrestin 1, an observation that has 

been previously detected (Dalrymple and Jaeger et al., 2011). Significance was 

observed between OxR1 and OxR2 profiles for both OxR1 and OxR2 in the 

presence of β-arrestin 1 or 2 from 15 min and 5 min post OxA stimulation, 

respectively (Figure 4.4A,B). However, in contrast to the strong recruitment and 

stable BRET signals observed for both OxR1 and OxR2, OxR1ct2 exhibited an 

almost complete ablation of both initial β-arrestin recruitment and loss of 
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subsequent receptor-β-arrestin proximity over the 1 hour measurement period 

upon OxA stimulation (Figure 4.4A,B). Relative expression levels for each of the 

constructs were evaluated by fluorescence measurement before treatment was 

administered. Significant differences in fluorescence values were observed 

between the chimera and OxR2, but not OxR1 (Figure 4.4C). Luminescence 

values of Rluc8-tagged β-arrestins remained similar between all cell 

populations. Therefore, although differences in protein expression levels were 

observed between OxR1ct2 and OxR2, this was not observed between 

OxR1ct2 and OxR1.  The dramatic differences observed in the magnitude of the 

OxR1 and OxR1ct2 BRET signals would not appear to be attributable to 

differences in protein levels. 

 

 
Figure 4.4 - eBRET kinetic data of OxR1, OxR2 and OxR1ct2, and 
associated fluorescence data in HEK293FT cells. BRET proximity assay involving 

Venus-tagged OxRs and Rluc8-tagged β-arrestin 1 (A) or β-arrestin 2 (B) treated with 0.6 µM 

OxA at t=0. Fluorescence and luminescence data of Venus-tagged receptors co-expressed with 

Rluc8-tagged β-arrestin 1 (C) or β-arrestin 2 (D) carried out prior to agonist stimulation. Data are 

presented as mean ± SEM of at least 3 independent assays. * indicates p<0.05 on comparison 

of OxR1 and OxR2 profiles. Δ indicates p<0.05 between receptor-expressing cell populations as 

shown. 
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4.3.2 Effect of OxR2 C-terminal phosphorylation cluster 

mutations on β-arrestin-binding 

Work carried out in the previous section indicated that the primary structure, 

specifically the number of serine/threonine clusters located in the C-terminal tail, 

alone may not be primarily responsible for stability of β-arrestin-receptor 

binding. Location and configuration of these clusters on the C-terminal tail may 

be additionally important in determining the affinity of this interaction. 

 

To investigate this further, a series of mutations were constructed containing 

serine/threonine to alanine substitutions at each of the hypothesized 

phosphorylation clusters in the OxR2 C-terminal tail and monitoring their 

interaction with β-arrestins in HEK293FT cells (Figure 4.5). In addition, a 

negatively charged residue in the most proximal cluster was neutralized and 

studied for differences in β-arrestin-receptor recruitment and proximity upon 

agonist stimulation (Figure 4.5). 

 

 
 
Figure 4.5 - Diagram of OxR2 C-terminal tail primary structure, 
serine/threonine (and glutamate/glutamine) cluster mutants and 
combinations of these mutations. Putative OxR2 phosphorylation sites were obtained 

by NetPhos 2.0 prediction software (Blom et al., 1999). Mutant cluster sites are marked in bold. 

Mutations from serine/threonine to alanine (or glutamate to glutamine, (E402Q)) are labeled in 

bold red. Residues belonging to transmembrane helix 7 are shown in grey, and black residues 

are part of the C-terminal domain according to hydropathy analysis (Voisin et al., 2003).  
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Initial assays were conducted observing BRET proximity of OxR2 and each of 

the mutants with β-arrestin 2, expressed in HEK293FT cells using a constant 

amount of acceptor and donor cDNA (Figure 4.6). On initial observation, a 

dramatic decrease in BRET signal was observed for the double mutant (A406-

A427; Figure 4.6B,C). A similar reduction was observed upon additional 

mutation of the most proximal cluster site (A399-A406-A427; Figure 4.6C). 

OxR2 mutants involving only a single cluster appear to interact with β-arrestin at 

either a similar or slightly higher level over the period of measurement (Figure 

4.6A), however, caution should be exercised in interpreting these data as 

fluorescence analysis indicates that the fluorescence values recorded were 

variable between populations of the wild-type or mutant-expressing cells, most 

displaying significant differences (Figure 4.6D). A higher level of fluorescence 

was recorded for most mutants compared to the non-mutated receptor. 

However, the differences between recorded fluorescence values and BRET 

signal did not correlate with regard to the double (A406-A427) and triple (A399-

A406-A427) mutants. Fluorescence values for the A406, A427 mutant were 

similar to the wild-type receptor exhibiting no significant difference. The 

fluorescence of the triple mutant (A399-A406-A427) was significantly higher 

than non-mutated OxR2 (p<0.05; Figure 4.6D), however, compared to the other 

mutants, the dramatically reduced BRET signal observed for this mutated 

receptor indicates that this mutant along with the double (A406-A427) mutant 

exhibit a dramatic loss in BRET signal. Additionally, the shape of the kinetic 

profile of both of these mutants was similar to non-mutated OxR2.  
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Figure 4.6 – eBRET kinetic data of Venus-tagged WT OxR2 and C-terminal 

tail mutants with β-arrestin 2-Rluc8 in HEK293FT cells. Cells were treated with 

0.6 µM OxA at t=0. BRET interaction profiles were recorded in cell populations co-expressing 

Rluc8-tagged β-arrestin 2 and either unmutated BRET-tagged OxR2 and single S/T cluster 

mutants (A), unmutated OxR2 and double S/T cluster mutants (B) or unmutated OxR2, double 

S/T mutant (A406-A427) and the triple mutant (A399-A406-A427) (C). Fluorescence data of 

Venus-tagged receptors were measured prior to commencement of the assay (D). 

Luminescence data of Rluc8-tagged β-arrestin 2 (D) were recorded prior to treatment of cells as 

detailed in §4.2.5. * indicates p<0.05 upon comparison with OxR2 and considered significantly 

different. Data are presented as mean ± SEM of three independent assays. 

 

Since the expression levels of the mutated receptors relative to non-mutated 

OxR2 could result in artificially suppressed or inflated BRET signals, assays 

were conducted to titrate the amount of transfected receptor according to the 

fluorescence values. A range of receptor cDNA transfection amounts and a 

constant level of donor (Rluc8-tagged β-arrestin 2) cDNA was transfected in 

HEK293FT cells, and BRET assays were carried out (Figure 4.7). The wild-type 

and each of the mutant receptors displayed a receptor cDNA concentration-

dependent increase in BRET signal, and the magnitude of BRET signals appear 
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to be correlated to fluorescence levels (Figure 4.7). For ease of visualization of 

these data, an arbitrary line at a BRET signal of 0.5 was drawn to show the 

dramatic reduction in range and overall peak BRET signal exhibited by the 

A406-A427 and A399-A406-A427 mutants (Figure 4.7G,H) compared to that of 

the other mutants and non-mutated OxR2 (Figure 4.7A-F).  
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Figure 4.7 - eBRET kinetic data involving titration of Venus-tagged WT 

OxR2 and C-terminal mutant constructs with β-arrestin 2 in HEK293FT 

cells. 0.1-0.6 µg of Venus-tagged OxR2 or OxR2 C-tail mutant was co-transfected with a 
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constant amount (0.1 µg) of β-arrestin 2-Rluc8. Cells were treated with 0.6 µM OxA at t=0. Data 

are presented from a single assay. 

 

Upon re-plotting of these data using BRET signals attained at 30 min post OxA 

stimulation, the relationship between OxA-induced BRET signal and an 

increasing acceptor/donor transfection ratio was analysed (Figure 4.8). As 

shown, for OxR2 and all of the OxR2 mutants except for the A406-A427 and 

triple cluster mutants, a curve approaching BRET saturation was observed. 

However, both the A406-A427 and triple cluster mutants displayed a more 

linear association that was lower in BRET magnitude than the other non-

mutated and mutated receptors (Figure 4.8). These data are indicative of a 

specific interaction occurring between unmutated OxR2 and all of the double 

mutants, except for that of the A406-A427 mutant and the triple mutant (A399-

A406-A427) which appear to be exhibit a less specific interaction with β-arrestin 

2 (Figure 4.8). 

 

 
Figure 4.8 – Saturation plot of eBRET kinetic data involving titration of 

Venus-tagged WT OxR2 and C-terminal mutant constructs with β-arrestin 

2 expressed in HEK293FT cells. BRET values were collected at 30 min post-agonist 
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stimulation and re-plotted against increasing acceptor (receptor) to donor cDNA ratios. Amounts 

of transfected donor were kept constant. Data are from a single assay.  

 

Finally, the data acquired from these BRET assays shown in Figure 4.6 were 

analysed for correlation between acceptor (receptor) cDNA amount and cell 

fluorescence using linear regression (Figure 4.9). Data from these analyses 

resulted in coefficient of determination values ranging between 0.78 and 0.93 

(Table 4.3). This indicates that the acceptor (Venus-tagged OxR2 and mutants) 

cDNA transfection amount has a strong positive correlation with corresponding 

cell fluorescence in the presence of an unchanged amount of donor (Rluc8-

tagged β-arrestin) transfection. This supports the requirement to titrate acceptor 

cDNA levels to infer differences in BRET magnitude with regard to recruitment 

and proximity between β-arrestin and mutated or non-mutated OxR2. 

Subsequently, the data from this assay was used to titrate the amount of 

transfected cDNA by interpolation for further BRET assays. 

 

 
Figure 4.9 – Linear correlations between cell fluorescence and increasing 
amounts of transfected Venus-tagged OxR2 (acceptor) cDNA. Fluorescence 

of cell populations expressing increasing levels of both unmutated and mutated OxR2, while 

maintaining the same amount of transfected donor (Rluc8-tagged β-arrestin 2) cDNA was 
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measured. Goodness of fit plots are shown as a result of linear regression carried out between 

these two variables. 

 
Table 4.3 – Coefficient of determination (R2) values of cell fluorescence 
against transfected acceptor cDNA upon linear regression. The coefficient of 

determination value indicates the strength of correlation between the observed assay values 

and the predicted values obtained by linear regression (Dawson et al., 2004). The predicted 

linear correlation between cell fluorescence and transfected cDNA is plotted in Figure 4.9. 

 

 
 

Following studies observing the interaction of these OxR2 mutants with β-

arrestin 2, their interaction with β-arrestin 1 was investigated. Using titrated 

amounts of transfected receptor cDNA, eBRET assays were carried out over 

three hours of agonist stimulation (Figure 4.10). It would seem that despite the 

higher variation in BRET kinetic signals observed, these results were similar to 

those observed with β-arrestin 2. Notably, there does not seem to be a 

significant variation in the BRET kinetics or magnitude of the ratio for all of the 

single cluster mutants, and two of the double cluster mutants (Figure 4.10A,B). 

However, similarly to that observed for β-arrestin 2, the OxR2 A406-A427 and 

A399-A406-A427 mutants displayed a reduced magnitude in BRET ratio 

compared to the wild-type that was significant at some time points (Figure 

4.10C). Additionally, fluorescence and luminescence data indicates that there 

was no significant differences between these measured properties for each of 

the co-expressed receptor-β-arrestin cell populations (Figure 4.10D).  
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OxR2 (A399, A406) 0.92
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Figure 4.10 – eBRET kinetic data of Venus-tagged WT OxR2 and C-

terminal tail mutants with β-arrestin 1-Rluc8 in HEK293FT cells. Cells were 

treated with 0.6 µM OxA at t=0. BRET interaction profiles were recorded in cell populations co-

expressing Rluc8-tagged β-arrestin 1 and either unmutated BRET-tagged OxR2 and single S/T 

cluster mutants (A), unmutated OxR2 and double S/T cluster mutants (B) or unmutated OxR2, 

double S/T mutant (A406-A427) and the triple mutant (A399-A406-A427) (C). Fluorescence 

data of Venus-tagged receptors were measured prior to commencement of the assay (D). 

Luminescence data of Rluc8-tagged β-arrestin 1 (D) were recorded prior to treatment of cells as 

detailed in §4.2.5. * p<0.05 and considered significantly different. Data are presented as mean ± 

SEM of three independent assays. 
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A406-A427 mutants prompted other aspects of the mutated receptor to be 

analysed. The ability of the A399-A406-A427 mutant to couple to Gq protein and 

stimulate IP production was observed and an OxA concentration-dependent 

comparison was made with non-mutated OxR2 (Figure 4.11). A significant 

increase in OxA-stimulated potency was observed for the A399-A406-A427 

mutant compared with unmutated OxR2, however, the increase in potency was 

a modest 3.5-fold. Maximal OxA efficacy for IP generation was unaltered upon 

0 30 60 90 120 150 180
0.0

0.1

0.2

0.3

0.4

0.5

0.6 OxR2
A399
A406
A427

Time (min)

Li
ga

nd
-in

du
ce

d 
BR

ET
 s

ig
na

l

0 30 60 90 120 150 180

0.0

0.1

0.2

0.3

0.4

0.5

0.6

OxR2
A406, A427
A399, A406, A427

* * ** * * *

Time (min)

Li
ga

nd
-in

du
ce

d 
BR

ET
 s

ig
na

l

0 30 60 90 120 150 180
0.0

0.1

0.2

0.3

0.4

0.5

0.6 OxR2
A399, A406
A399, A427
A406, A427

Time (min)

Li
ga

nd
-in

du
ce

d 
BR

ET
 s

ig
na

l

Fluorescence Luminescence
0

50

100

150

0

50

100

150

OxR2
A399
A406
A427

A399 A406
A399 A427
A406 A427
A399 A406 A427

C
el

l f
lu

or
es

ce
nc

e
(5

35
 n

m
, %

 o
f O

xR
2) C

ell lum
inescence

(470 nm
, %

 of O
xR

2)

A B

C D



Chapter 4 - β-arrestin-binding to Orexin Receptors  
 

115 
 

comparison of the triple mutant and unmutated OxR2 (Figure 4.11). 

Interestingly, this mutant receptor displayed an increase rather than a decrease 

in potency signifying that a gain rather than loss of function may be attributable 

to this mutant with respect to Gq-mediated signalling, perhaps as a 

consequence of impaired receptor desensitization. 

 

 
Figure 4.11 – Concentration-response data of inositol phosphate 
production for C-terminally Venus-tagged OxR2 and the OxR2 A399-A406-
A427 mutant upon OxA stimulation. logEC50 values for OxR2 (-8.15 ± 0.09) and OxR2 

A399-A406-A427 (-8.69 ± 0.10) were significantly different (p<0.05) upon analysis. Data are 

presented as mean ± SEM of five independent assays.  

 

Upon further analysis of the most proximal serine/threonine cluster (A399), it 

was found to contain a residue with a strong negative charge (Figure 4.5). 

Negative charges may play an important role in β-arrestin-binding (V. Gurevich, 

personal communication), and the effect the charge of this residue may have on 

β-arrestin-binding was investigated. Although the A399 mutation did not seem 

to be detrimental to β-arrestin binding, this mutant did seem to display elevated 

BRET kinetics, with regard to the magnitude of the BRET signal, compared to 

unmutated OxR2 (Figure 4.6A, Figure 4.10A). To investigate this, the charge of 
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the glutamic acid residue was neutralized while maintaining the size of the 

residue by mutation to glutamine (E402Q; Figure 4.5). BRET assays involving 

interactions of β-arrestin 1 and 2 with OxR2 A399 mutants containing the 

additional residue mutation resulted in similar BRET kinetics to the original 

mutated versions without the additional mutation (Figure 4.12A,B). An elevation 

in BRET signal for the A399 mutant compared to unmutated OxR2 upon 

interaction with β-arrestin 1 was observed, and similarly observed in the 

presence of β-arrestin 2 (Figure 4.12A). This difference was significant after 90 

min of agonist stimulation with β-arrestin 1 (Figure 4.12A), but not significant in 

the presence of BRET-tagged β-arrestin 2 (Figure 4.12B). In addition, 

fluorescence values recorded for each of the receptors were insignificantly 

different upon co-expression with either β-arrestin subtype (Fig 4.12C). Finally, 

charge neutralization did not have any effect on the BRET signal of the A399-

A406-A427 triple mutant (Figure 4.12). 
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Figure 4.12 – eBRET kinetic data observing the effect of neutralizing a 
negatively charged residue (E402Q) in the most proximal C-terminal tail 

S/T residue cluster (A399) of OxR2 on the interaction with β-arrestin 1 or 

2. Venus-tagged OxR2 was co-expressed with either β-arrestin 1-Rluc8 (A) or β-arrestin 2-

Rluc8 (B) and treated with 0.6 µM OxA at t=0. Fluorescence data of Venus-tagged receptors co-

transfected with either β-arrestin 1 or 2 were generated prior to commencement of the assay 

(C). * indicates significance was observed (p<0.05) between means of OxR2 and A399 at 

between 90-180 min of agonist stimulation. Data are presented as mean ± SEM of at least three 

independent assays. 

 

Since both the A406-A427 and A399-A406-A427 mutants both exhibit reduced 

agonist-induced proximity with β-arrestin, a dynamin inhibitor (Dynasore) was 

employed in a subsequent BRET assay to observe the effects that inhibition of 

internalization may have on these OxR2 mutants with regard to β-arrestin 

proximity. As shown in Figure 4.13, the dynamin inhibitor effectively increased 

the overall BRET signal, indicating an increase in β-arrestin proximity with the 

receptor. Intriguingly, the relative increase in BRET signal induced by Dynasore 

differed depending on the receptor and β-arrestin pair observed (Figure 4.13). 
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In an attempt to quantitate these relative differences in BRET signal, data are 

presented at 30 minutes post-OxA stimulation corresponding to the peak BRET 

signal for both Dynasore and control groups (Figure 4.13D). Upon subtraction of 

the control-treated mean BRET signal from the Dynasore-treated mean BRET 

signal, a trend in decreasing differences is observed from unmutated OxR2 to 

the A406-A427 mutant, and further to the A399-A406-A427 mutant (Figure 

4.13D). Additionally, this was similarly observed for receptors co-expressed with 

either β-arrestin 1 or β-arrestin 2. Although there was clearly a significant 

difference in fluorescence levels between OxR2 and both mutants for these 

assays (Figure 4.13C), the relative differences in BRET signal between 

Dynasore-cotreated and control-cotreated cells does not correlate to increases 

in cell fluorescence (Figure 4.13C,D). However, it cannot be excluded that 

expression levels affect the signals observed. Nonetheless, these data correlate 

with previous assays that observed altered β-arrestin binding properties of 

unmutated OxR2 compared to A406-A427 and A399-A406-A427 mutants 

(Figures 4.6C, 4.8, 4.10C, 4.12A,B). 
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Figure 4.13 – eBRET kinetic data investigating the effect of the dynamin 

inhibitor, Dynasore, on the proximity between OxR2 and β-arrestin. Venus-

tagged OxR2, A406-A427 or A399-A406-A427 mutants were co-expressed with β-arrestin 1-

Rluc8 (A) or β-arrestin 2-Rluc8 (B) and incubated at 37°C for 30 minutes with either 100 µM of 

Dynasore (open squares) or DMSO control (closed circles) before commencement of assay and 

addition of 0.6 µM OxA at t=0. Fluorescence data of Venus-tagged receptors co-transfected with 

either β-arrestin 1 or 2 were collected prior to commencement of the assay (C). Mean BRET 

values were calculated from data collected at 30 min (dotted line; A, B) post-agonist stimulation 

(D). Values were calculated by subtracting the mean BRET value for control-treated cells from 

that of identically transfected Dynasore-treated cells. * p<0.05 and considered significantly 

different. Data are presented as mean ± SEM of four independent assays. 
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4.3.3 An investigation into Orexin Receptor-β-arrestin 

interactions of C-terminal mutants with clinical associations 

4.3.3.1  OxR1 I408V 

A single nucleotide polymorphism (A1222G; I408V, Figure 4.14) that results in a 

substitution mutation in the C-terminal tail region of OxR1 was investigated for 

possible alterations in the ability to bind with β-arrestin. Initial characterization of 

this mutant was carried out to ensure that the receptor maintains its ability to 

couple to Gq protein, and stimulate inositol phosphate turnover similarly to the 

non-mutated receptor (Figure 4.15). As shown, OxR1 I408V displays near 

identical potency and efficacy to the non-mutated OxR1 (Figure 4.15). 

 

 
Figure 4.14 – Diagram of OxR1 C-terminal tail primary structure and point 
mutation I408V. The I408V mutation is indicated (arrow, bold red). Putative serine/threonine 

GRK phosphorylation clusters of OxR1 are shown in bold (Milasta et al., 2005). Importantly, the 

distal Ser/Thr cluster (TSVTT) was found to be critical for β-arrestin-binding and internalization, 

but not the more proximal site (SSAS) (Milasta et al., 2005).  

 
 
 
 
 
 

NPIIYNFLSGKFREQFKAAFSCCLPGLGPCGSLKAPSPRSSASHKSLSLQSRCSISKISEHVVLTSVTTVLPWT
I408V
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Figure 4.15 – Concentration-response data of inositol phosphate 
production for OxR1 and the OxR1 I408V mutant upon OxA stimulation. 
Non-linear regression techniques were used to generate a concentration-response curve. 

logEC50 values were -8.16 ± 0.17 for OxR1 and -8.24 ± 0.21 for OxR1 I408V. Potency and 

maximal efficacy (comparison of means at 1 µM OxA) were similar for both receptors. Data are 

presented as mean ± SEM of three independent assays. 

 

Following the investigation into Gq protein-coupling that demonstrated 

equivalent potency and efficacy compared to the unmutated receptor, β-

arrestin-binding properties were investigated. Interactions of the mutant 

receptor (OxR1 I408V) with β-arrestin 1 or 2 compared to interactions with the 

unmutated counterpart (OxR1) did not reveal any initial differences in the BRET 

kinetic profile or significant differences between initial BRET peaks over a 20 

min period of stimulation with OxA using a range of receptor cDNA ratios 

(Figure 4.16A-C). In addition, the fluorescence levels of cells were similar 

between both mutant and wild-type receptor cell populations (Figure 4.16D). 
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Figure 4.16 – BRET kinetic proximity assay involving EGFP-tagged OxR1 

and mutant OxR1 I408V and Rluc8-tagged β-arrestin 2 in HEK293FT cells. 
Cells were treated with 1µM OxA at t=0 (A-C). The ratio of transfected acceptor/donor (3:1 (A); 

4:1 (B); 5:1 (C)) was modified by increasing the amount of acceptor and maintaining a constant 

amount of transfected donor. Fluorescence data of EGFP-tagged receptors co-transfected at 

the respective acceptor/donor ratio with β-arrestin 2 and measured prior to commencement of 

the assay (D). No significant differences were found between fluorescence levels. Data are 

presented as mean ± SEM of three independent assays. 
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course, the mutant receptor BRET kinetic profile did not diverge from that of 

wild-type OxR2 in the presence of either β-arrestin (Figure 4.17). Co-expression 

with β-arrestin 2 resulted in BRET ratios of higher magnitude for both the 

mutant and unmutated receptor as has been previously observed for OxR1 

(Figure 4.4A,B).  
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Figure 4.17 – eBRET kinetic assay involving either Venus-tagged OxR1 or 

OxR1 I408V mutant, and Rluc8-tagged β-arrestin 1 or 2 in HEK293FT cells. 
Cells were treated with 1µM OxA at t=0. β-arrestin 1 co-expressed with OxR1 constructs (A). β-

arrestin 2 co-expressed with OxR1 constructs (B). Data are presented as mean ± SEM of three 

independent assays.  

 
Concentration-response data involving OxA-stimulated cells expressing either 

OxR1 or OxR1 I408V and β-arrestin 2 revealed that there was no significant 

shift in potency, or efficacy induced by the mutant receptor (Figure 4.18A). 

Similar fluorescence values were also recorded for both tagged OxR1 and 

OxR1 I408V mutant (Figure 4.18B). Inhibition of dynamin activity also resulted 

in a similar increase and maximal peak in BRET ratio for both the wild-type and 

mutant receptors in cells that displayed similar fluorescence values (Figure 

4.19A). In addition, antagonism of the OxA-promoted BRET interaction between 

OxR1 and OxR1 I408V mutant using SB-334867 resulted in a similar rate of 

decrease, and near complete ablation of BRET ratio to basal levels (Figure 

4.20A). Again, fluorescence levels were similar for assays between HEK293FT 

cells expressing either mutated or unmutated OxR1 (Figure 4.19B and 4.20B).  
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Figure 4.18 – BRET concentration-response data of Venus-tagged OxR1, 

OxR1 I408V and Rluc8-tagged β-arrestin 2 in HEK293FT cells. Cells co-

expressing BRET-tagged OxR1 or OxR1 I408V and β-arrestin 2 were treated with various 

concentrations of OxA and data were collected and analyzed 20 min post-agonist stimulation 

(A). Cell fluorescence data indicating Venus-tagged receptor expression was measured prior to 

commencement of the assay (B). Data are presented as mean ± SEM of three independent 

assays. 

 

 
Figure 4.19 – eBRET kinetic data of Venus-tagged OxR1, OxR1 I408V and 

Rluc8-tagged β-arrestin 2 in the presence of Dynasore or control in 

HEK293FT cells. Cells were pre-incubated with 100 µM Dynasore (squares; A) or DMSO 

control (circles; A) for 30 minutes at 37°C prior to commencement of assay. Cells were 

subsequently treated with 0.6 µM OxA at t=0 (A). Cell fluorescence data indicating Venus-

tagged receptor expression was measured prior to commencement of the assay (B). Data are 

presented as mean ± SEM of three independent assays. 
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Figure 4.20 - eBRET kinetic data of Venus-tagged OxR1, OxR1 I408V and 

Rluc8-tagged β-arrestin 2 in the presence of SB-334867 antagonist or 

control in HEK293FT cells. Cells were treated with 0.6 µM OxA (circles; A), or 0.6 µM 

OxA at t=0 and 10 µM SB-334867 20 min after agonist-stimulation (squares; A). Cell 

fluorescence data indicating Venus-tagged receptor expression was measured prior to 

commencement of the assay (B). Data are presented as mean ± SEM of three independent 

assays. 

 

ERK1/2 phosphorylation kinetics were investigated between OxR1 and OxR1 

I408V over a period of 1 hour of OxA stimulation (Figure 4.21). Although the 

ERK1/2 phosphorylation profile of the mutant appeared slightly heightened at 

30 minutes, no significant differences in ERK1/2 phosphorylation kinetics were 

observed over the duration of measurement (Figure 4.21A). Cell lines stably 

expressing either receptor exhibited similar fluorescence values (Figure 4.21B). 
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Figure 4.21 - ERK1/2 phosphorylation kinetic data of OxR1 and OxR1 
I408V stably expressed in HEK293 cells. Cells were treated with 0.6 µM OxA at t=0. 

Data are normalized as a percentage of the maximal value attained. Data are presented as 

mean ± SEM of three independent assays. 
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synergistic effects occurring between OxR1 (OxR1 or mutant) and the third 

party co-expressed receptor interacting with β-arrestin 2 (Figure 4.22C,F,I,L,O). 

Overall, BRET profiles were similar when treated with OxA only. V2R (Figure 

4.22H,I) and CRHR1 (Figure 4.22K,L) co-expression did seem to stabilize the 

BRET ratio over a longer period of time when co-treated with OxA and AVP, 

however, no difference was observed between unmutated OxR1 and OxR1 

I408V. 
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Figure 4.22 – eBRET kinetic data of Venus-tagged OxR1 or OxR1 I408V co-

expressed with β-arrestin 2-Rluc8 and an untagged receptor in HEK293FT 

cells. In addition to expression of BRET-tagged OxR1 or OxR1I408V and BRET-tagged β-

arrestin 2, untagged receptors were co-expressed as follows: V1aR, (A-C); V1bR, (D-F); V2R, 

(G-I); CRHR1, (J-L); CRHR2, (M-O). Cells were treated with various agonists at t=0. In the first 

column cells were treated with the agonist of the untagged receptor - 1 µM AVP, (A,D,G); 1 µM 

CRF (also known as CRH) (J,M). In the second column, cells were treated with 1 µM OxA 

(B,E,H,K,N), and in the third column cells were co-treated with agonists at the same 

concentration to activate both receptors (C,F,I,L,O). Data are presented from a single assay. 
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Since no differences in BRET profiles between OxR1 and the I408V mutant 

receptor were observed, subsequent follow-up assays were not carried out with 

β-arrestin 2. Instead, similar assays involving interactions between β-arrestin 1 

and OxR1 or the mutant were carried out (Figure 4.23A-O). Slight differences in 

the AVP-induced BRET signal were observed between OxR1 and OxR I408V 

and β-arrestin 1 when co-expressed with V1bR (Figure 4.23D) and V2R (Figure 

4.23G). Although insignificantly different, an increasing BRET ratio was 

observed for cells co-expressing V1bR and OxR1 I408V, compared to the 

baseline signal observed with V1bR and wild-type OxR1. However, the 

interaction was not ligand-induced as an initial BRET peak was not observed for 

interactions with either the mutant or wild-type receptor. The difference 

observed may be due to drifting of the BRET signal caused by inherent issues 

in the BRET system employed, however, this was not observed when cells were 

treated with OxA, expressed in a replicate transfected cell population (Figure 

4.23E). When these cells were co-treated with AVP and OxA (Figure 4.23F), a 

similar profile to that of the OxA-treated cells was evident. However, none of 

these profiles exhibited statistical significance between wild-type OxR1 and 

mutant OxR1 I408V. Cells co-transfected with V2R also exhibited slight 

differences in AVP-stimulated BRET signal between wild-type and mutant OxR1 

(Figure 4.23D). The wild-type receptor seems to cause a slightly higher BRET 

signal than the mutant (Figure 4.23D). This was not observed with the OxA 

control treatment, nor the dual treatment. Nonetheless, none of these 

differences were significant. 
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Figure 4.23 – eBRET kinetic data of Venus-tagged OxR1 or OxR1 I408V co-

expressed with β-arrestin 1-Rluc8 and an untagged receptor in HEK293FT 

cells. In addition to expression of BRET-tagged OxR1 or OxR1I408V and BRET-tagged β-

arrestin 1, untagged receptors were co-expressed as follows: V1aR, (A-C); V1bR, (D-F); V2R, 

(G-I); CRHR1, (J-L); CRHR2, (M-O). Cells were treated with various agonists at t=0. In the first 

column cells were treated with the agonist of the untagged receptor - 1 µM AVP, (A,D,G); 1 µM 

CRF (also known as CRH) (J,M). In the second column, cells were treated with 1 µM OxA 

(B,E,H,K,N), and in the third column cells were co-treated with agonists at the same 

concentration to activate both receptors (C,F,I,L,O). Data are presented as mean ± SEM of 

three independent assays. 
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4.3.3.2 OxR2 T401I 

A single nucleotide polymorphism resulting in a substitution mutation at position 

401 of OxR2 (C1202T; T401I, Figure 4.24) was investigated for deviations in 

binding to β-arrestin. This mutation occurs on the C-terminal tail of the receptor, 

within the most proximal  serine/threonine phosphorylation cluster site (A399) in 

OxR2 that was investigated earlier. Although mutation of serine and threonine 

residues to alanine within this region did not result in any dramatic changes in 

BRET ratio over time with β-arrestin 1 or 2, this specific mutation (T401I) was 

analysed in isolation.  

 
Figure 4.24 – Diagram of OxR2 C-terminal tail primary structure and point 
mutation T401I. Hypothesized serine/threonine phosphorylation clusters are shown in bold 

and were determined by NetPhos 2.0 prediction software (Blom et al., 1999). The T401I 

mutation is indicated (arrow, bold red). 

 

The affinity and efficacy of OxA-stimulated inositol phosphate production of the 

OxR2 T401I were almost identical to the non-mutated receptor (Figure 4.25). In 

addition, the similar maximal efficacy indicates that the mutant receptor is 

expressed to a similar extent as OxR2. BRET studies observing the interaction 

between OxR2 and OxR2 T401I and β-arrestin 1 or 2 resulted in similar profiles 

over a measurement time of 1 hour of OxA stimulation (Figure 4.26). Although a 

slightly depressed initial BRET interaction was observed with OxR2 T401I and 

β-arrestin 2 (Figure 4.26B), this difference was not significant. In addition, there 

were no significant differences in the fluorescence levels emitted between cells 

expressing the mutated or non-mutated receptor (Figure 4.26C).  

NPIIYNFLSGKFREEFKAAFSCCCLGVHHRQEDRLTRGRTSTESRKSLTTQISNFDNISKLSEQVVLTSISTLPAANGAGPLQNW

OxR2

NPIIYNFLSGKFREEFKAAFSCCCLGVHHRQEDRLTRGRTSIESRKSLTTQISNFDNISKLSEQVVLTSISTLPAANGAGPLQNW
WT

T401I 
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Figure 4.25 – Concentration-response data of inositol phosphate 
production for OxR1 and the OxR1 I408V mutant upon OxA stimulation. 
Non-linear regression techniques were used to generate a concentration-response curve.  

logEC50 values were -8.39 ± 0.05 for OxR2 and -8.38 ± 0.05 for OxR2 T401I. Potency and 

maximal efficacy (comparison of means at 1 µM OxA) were nearly identical for both receptors. 

Data are presented as mean ± SEM of two independent assays. 
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Figure 4.26 – eBRET kinetic data of EGFP-tagged OxR2 or OxR2 T401I and 

Rluc-tagged β-arrestin 1 or 2 co-expressed in HEK293FT cells. OxR2 or OxR2 

T401I was co-expressed with either Rluc-tagged-β-arrestin 1 (A), or β-arrestin 2 (B). Cells were 

stimulated with 1 µM OxA or control at t=0. Fluorescence data of EGFP-tagged receptors was 

measured prior to commencement of the assay (C). Data are presented as mean ± SEM of 

three independent assays. 

 

A concentration-response BRET analysis of OxA-induced OxR2 or OxR2 T401I 

proximity to β-arrestin 2 was investigated and found no significant differences in 

potency or efficacy (Figure 4.27). This was carried out with HEK293FT cells 

emitting similar levels of fluorescence. The propensity and strength of this 

interaction was further inspected by co-treating cells with the dynamin inhibitor, 

Dynasore, in addition to OxA (Figure 4.28). No difference in the increase in 

BRET ratio was observed between cells expressing OxR2 compared to OxR2 

T401I. 
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Figure 4.27 – BRET concentration-response data of Venus-tagged OxR2, 

OxR2 T401I and Rluc8-tagged β-arrestin 2 in HEK293FT cells. Cells co-

expressing BRET-tagged OxR2 or OxR1 T401I and β-arrestin 2 were treated with various 

concentrations of OxA and data were collected 20 min post-agonist stimulation (A). 

Fluorescence data of Venus-tagged receptors were measured prior to commencement of the 

assay (B). Data are presented as mean ± SEM of three independent assays. 

 
Figure 4.28 – eBRET kinetic data of Venus-tagged OxR2 or OxR2 T401I 

mutant and Rluc8-tagged β-arrestin 2 treated in the presence of Dynasore 

or control in HEK293FT cells. Cells expressing BRET-tagged OxR2 (black) or OxR2 

T401I (red) were pre-incubated with 100µM Dynasore (squares), or DMSO control (circles) at 

37°C before commencement of the assay and stimulation with 0.6 µM OxA at t=0 (A). 

Fluorescence data of Venus-tagged receptors were measured prior to commencement of the 

assay (B). Data are presented as mean ± SEM of three independent assays. 
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ERK1/2 phosphorylation kinetics were investigated for the OxR2 T401I mutant 

and compared with the non-mutated receptor over a period of 1 hour of OxA 

stimulation (Figure 4.29). No significant differences in the kinetic profile between 

both receptors were evident.  

 
Figure 4.29 – ERK1/2 phosphorylation kinetic data of OxR2 and OxR2 
T401I stably expressed in HEK293 cells. Cells were treated with 0.6 µM OxA at t=0. 

Data are normalized as a percentage of the maximal value attained. Data are presented as 

mean ± SEM of three independent assays. 
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4.4  DISCUSSION 

4.4.1   An OxR1 mutant that signals through G protein displays 

a loss of β-arrestin-binding 

BRET assays involving tagged orexin receptors and β-arrestins provide an 

insight into the proximity and relative strength of these proteins to form 

complexes in real-time. These data can be displayed to reveal kinetic profiles 

providing two dimensions to compare and contrast these characteristics. The 

interaction of β-arrestins with GPCRs has been categorized into two classes 

based on their strength and stability of complex formation as well as apparent β-

arrestin-subtype binding preference (Oakley et al., 1999; Oakley et al., 2000). 

β2AR, V1aR and µ-OR in conjunction with TRHR1, V2R, AT1aR, D2R and δ-OR 

have been well studied due to their differences in stability and formation of 

complexes with β-arrestins (Gurevich et al., 2006b; Shenoy et al., 2003c; Wang 

et al., 2003). The orexin receptors display relatively stable binding properties 

with both β-arrestins, however, these receptors do not fall easily into the current 

β-arrestin-binding classification system (Dalrymple and Jaeger et al., 2011). 

Extended BRET assays displayed kinetic profiles between β-arrestin and OxR1 

that were more transient over a period of four hours of OxA stimulation 

compared to profiles between β-arrestin and OxR2, which exhibited a more 

robust and stable kinetic profile. Significant differences were present after 67 

and 75 min of agonist stimulation in the presence of either β-arrestin 1 or 2, 

respectively (Dalrymple and Jaeger et al., 2011). 

 

The BRET control data presented here for OxR1 and OxR2 interactions with β-

arrestins (Figure 4.4) are in agreement with those previously observed BRET 

data. Although the magnitude of the BRET ratio is in general higher in these 

assays due to the more sensitive BRET system employed, BRET kinetic profiles 

were conserved compared to published data (Dalrymple and Jaeger et al., 

2011). Differences in BRET kinetics between the luminophore used in these 

studies (Rluc8) and that previously used (Rluc) have been observed in a BRET 
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optimization study (Kocan et al., 2008). This may be an issue for comparison of 

results using both systems, however, data presented here for comparison 

utilized the same Venus/Rluc8 system, therefore it is assumed that the effects 

these tags may have on the stability of the tagged proteins would be uniformly 

present. 

 

The cell background in which these measurements were taken may explain the 

difference in the magnitude of BRET ratio observed between BRET-tagged β-

arrestin 1- and 2- expressing groups. Direct BRET measurements involve the 

activity of two populations of proteins: a BRET-tagged β-arrestin subtype and a 

BRET-tagged OxR subtype. However, in addition indirect activity that can affect 

the BRET signal include endogenously expressed GRKs and β-arrestins. 

Importantly, endogenous β-arrestin would be able to compete with the 

overexpressed, BRET-tagged β-arrestin potentially altering the BRET signal. 

Studies have shown that HEK293 cells contain a high complement of 

endogenous GRKs and β-arrestins as measured by mRNA and protein levels 

relative to other commonly used heterologous cell lines (Ahn et al., 2004b; 

Menard et al., 1997). In addition, endogenous β-arrestin 1 is present at a higher 

level than β-arrestin 2 (Ahn et al., 2004b). Therefore, it would be feasible that 

the lower overall BRET ratio observed for OxR-β-arrestin 1 proximity may be 

due to competition between endogenous and BRET-tagged β-arrestin 1. In 

contrast, lower endogenous β-arrestin 2 levels could result in a higher relative 

β-arrestin 2-OxR signal relative to that of β-arrestin 1. 

 

There are limited studies that have explored the interaction between orexin 

receptors and β-arrestins, and the majority of these data only show qualitative 

effects on OxR-β-arrestin binding. One study observed marked co-localization 

of OxR1 and β-arrestin 1 into internalised vesicles upon OxA stimulation using 

confocal microscopy (Evans et al., 2001). Using similar techniques, it was found 

in a subsequent study that mutation of two serine/threonine residue cluster sites 

in the C-terminal tail of OxR1 resulted in altered co-localization and signalling 

between β-arrestin 2 and mutant OxR1 (Milasta et al., 2005). Mutation of both 
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residue clusters to alanine resulted in a loss of β-arrestin co-localization upon 

OxA stimulation. However, mutation of the single distal site, but not the proximal 

site on the carboxyl tail of OxR1 resulted in a similar loss of co-localization with 

β-arrestin 2 (Milasta et al., 2005). This study indicates that although the 

presence or absence and quantity of these clusters may be important for β-

arrestin-binding, the distribution and location of these clusters, as well as the 

secondary structure of these regions and tertiary structure of the receptor 

overall, may play an equally important role in the stability of β-arrestin-binding. 

Indeed, it would seem appropriate that β-arrestin-binding motifs need to be 

appropriately positioned and oriented, not simply present in the primary 

structure of the receptor, consistent with the requirement for an active receptor 

conformation as well as receptor phosphorylation. 

 

Another important finding of the Milasta et al. study was that although robust 

internalization and β-arrestin co-localization occurred with wild-type OxR1, the 

C-terminal mutant that did not co-localize with β-arrestin 2 still internalized into 

intracellular vesicles (Milasta et al., 2005). This finding indicates that β-arrestin-

independent internalization may also be occurring to ensure the receptor is 

properly trafficked upon agonist stimulation. However, the effect of β-arrestin 1 

was not tested in this study. β-arrestin-independent internalization has been 

observed with other receptors such as PAR2 and 5HT2A (Gray et al., 2001; 

Stalheim et al., 2005). Nonetheless, since the OxR1ct2 mutant does not interact 

with either β-arrestin as detected by BRET, characterization of the 

internalization properties of this mutant could be useful for further studies in 

determining the level of β-arrestin-dependency required for OxR1 

internalization.  

 

The OxR1ct2 chimera was created to gain insight into the relevance of the C-

terminal tail in OxR-β-arrestin association. It was hypothesized that 

translocation of the OxR2 C-terminal to OxR1 would bestow increased β-

arrestin stability to the mutant receptor. Surprisingly, in contrast to the studies 

that indirectly observed an increase in β-arrestin-binding stability of the β2AR-
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V2Rtail chimera (Shenoy et al., 2003c), a near complete loss of β-arrestin 

binding occurred with OxR1ct2 (Figure 4.4). It appears that Gq-protein-coupling 

remained intact as no significant alteration to affinity or efficacy in inositol 

phosphate generation was observed compared to OxR1 or OxR2 (Figure 4.3). 

However, differential binding affinity with other G proteins that may couple with 

OxR1 cannot be excluded (Holmqvist et al., 2005; Zhu et al., 2003). These 

ligand-dependent inositol phosphate production data also indicate that the 

chimeric receptor is functional, as the receptor would need to be localized to the 

cell membrane for ligand activation of the receptor to occur. Cell fluorescence 

levels indicate a significant difference between Venus-tagged OxR2 and 

OxR1ct2 (Figure 4.4C,D), which may be partly responsible for the dramatic 

difference in BRET profiles, however, the stark difference in BRET profiles 

would suggest that this is not entirely responsible for this difference. In addition, 

there was no significant difference in fluorescence levels between OxR1 and 

OxR1ct2 even though there was clearly a significant difference in the BRET 

profiles for each. 

 

A comparison between both OxRs reveals that these receptors have the least 

homology in their third intracellular loop and C-terminal tail domains with 

approximately 50% and 30% homology at the third intracellular loop and C-

terminal tail, respectively. In addition, OxR2 contains an extra 13 amino acids in 

this region (Voisin et al., 2003). Therefore, it is probable that other interactions 

may be important in stabilizing the OxR1-β-arrestin binding interface. 

Furthermore as discussed above, potential secondary structure is also likely to 

play an important role, along with C-terminal tail interactions with intracellular 

loops. There is a precedent for this occurrence in the relation between 

extracellular loop interactions and distinct ligand binding conformations (Pfleger 

et al., 2008). The principles for these interactions may be considered similar to 

that for β-arrestin-binding. 

 

Studies have shown that palmitoylation sites in the C-terminal tail can influence 

β-arrestin-binding stability (Charest et al., 2003; Gehret et al., 2010; Qanbar et 

al., 2003). Both OxRs contain putative palmitoylation sites 17 amino acids 
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downstream of the NPIIY motif. OxR1 contains two, while OxR2 contains three 

cysteine residues in this location (Figure 4.2). These differences may result in 

differences in forming ‘thioesteracyl’ bonds (Qanbar et al., 2003) with lipids in 

the cell membrane, altering C-terminal tail secondary structure and 

consequently β-arrestin-binding. However, this form of covalent modification is 

not restricted to cysteine residues (Qanbar et al., 2003) and could form 

elsewhere in the C-terminal tail and/or third intracellular loop. Nonetheless, the 

restriction site used to excise OxR1 was upstream of these cysteine residues, 

and therefore the OxR2 sites were maintained in the chimera. 

 

It is realistic to assume that a vital function of the OxR2 C-tail that functions 

normally with OxR2 has been obstructed in the OxR1ct2 mutant, and this loss-

of-function with respect to β-arrestin-binding may be attributed to multiple 

factors associated with the function of the C-terminal tail. The inability to form 

favourable C-terminal tail secondary structure for stable β-arrestin-receptor 

association may be a primary problem associated with the diminished detection 

of BRET proximity between these proteins, however, the assumption of this 

statement is dependent on a similar spatial orientation of the tagged proteins, 

which may not be the case. An unfavourable orientation of BRET tags due to 

steric hindrance between the measured and detecting proteins, or other binding 

properties of the protein complex could impede energy transfer and account for 

the loss of BRET signal. However, upon observation of the kinetics of the 

OxR1ct2-β-arrestin interaction, it is evident that there is an initial peak in ligand-

induced BRET signal. Although it is very low, the interaction returns to basal 

levels after 30 minutes or 1 hour of agonist stimulation for β-arrestin 1 and 2, 

respectively. These kinetics would suggest a loss in OxR-β-arrestin binding 

stability over a loss of detection of this interaction, however, further studies 

involving BRET saturation assays could further eliminate this issue. 

 

In conclusion, this chimera could be observed as a G-protein-biased receptor 

with respect to the formation of possible signalling complexes upon OxA 

stimulation, however, other forms of signalling were not observed in this study. 

In addition, regions outside of the C-terminal tail of the OxR1ct2 chimeric 
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receptor, possibly in the third intracellular loop, could provide critical residues 

for maintaining tertiary structure of this region for stable β-arrestin-binding. A 

study involving D2R has reported a G-protein-biased receptor upon mutation of 

intracellular loop 3 with respect to signalling (Lan et al., 2009), and this may 

share properties with the OxR1ct2 mutant. A more complete signalling profile 

including treatment with the lower affinity agonist OxB and the OxR1-selective 

antagonist SB-334867, in conjunction with ERK1/2 phosphorylation signalling 

output could further characterize the biased nature of this mutant receptor. 

Finally, this chimera could be useful in future studies to separate β-arrestin- and 

G-protein-mediated signalling pathways. 

4.4.2 Investigation into the redundancies of GRK 
phosphorylation motifs in the C-terminal tail of OxR2 

The composition of the C-terminal tail appears to possess more complex 

attributes associated with stability of β-arrestin-binding. From the previous study 

investigating the OxR1ct2 mutant, it appears that the presence of putative GRK 

phosphorylation motifs in the C-terminal tail may not be fully responsible for 

interaction and stabilization of β-arrestin-binding. Therefore, this matter was 

further investigated to determine possible redundancies in the requirement of 

GRK phosphorylation cluster sites for stable binding of β-arrestin with OxR2. 

Several OxR2 C-terminal tail mutants were constructed involving various 

combinations of alanine substitutions at the putative GRK phosphorylation 

cluster sites. This method was chosen over the construction of truncations of 

the C-terminal tail in an attempt to preserve the inherent structure of the region. 

Structural changes that may occur as a result of unintentional changes would 

be difficult to interpret. In addition, the C-terminal region has been shown to be 

important for receptor function, and truncations in this region have resulted in 

defective trafficking and membrane localization of receptors (Oksche et al., 

1998; Pagano et al., 2001; Pooler et al., 2009). 

 

BRET assays involving β-arrestin proximity showed that despite some 

significant differences in fluorescence levels, which may be correlated to 
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receptor expression, all of the singly mutated constructs displayed a similar 

BRET kinetic profile compared to the unmutated receptor, upon titration. 

Additionally, other than differences in the magnitude of the BRET signal in 

comparison of BRET profiles of both β-arrestin subtypes, differential kinetics 

were not observed between β-arrestin 1 or 2 and the OxR2 mutants. Given the 

large size of β-arrestins, the overlapping temporal nature of β-arrestin binding 

raises a question of OxR preference for recruitment of either β-arrestin subtype. 

Indeed, it may be possible that distinct populations of OxRs are present that 

differentially bind β-arrestins, and the signal observed is a mixture of these 

interactions. OxR1 does exhibit more rapid recycling compared to OxR2 

(Dalrymple and Jaeger et al., 2011), and this may be associated with 

differences in β-arrestin interaction stability.  A study has shown that differences 

occur in the preference and time required for translocation of β-arrestin-binding 

between class A and B β-arrestin-binding receptors (Oakley et al., 2000). 

Observing the co-localization of β-arrestin-bound OxR complexes with the 

family of Rab proteins may provide additional information about altered β-

arrestin binding of OxRs, and how this may relate to internalization and 

signalling properties. 

 

The single cluster mutations did not reduce the BRET signal indicating OxR-β-

arrestin proximity (Figures 4.6A, 4.10A). However, surprisingly, the A399 mutant 

appeared to stabilize the β-arrestin 1-OxR2 interaction to some extent, 

particularly in the assay investigating comparative effects with the E402Q 

mutant (Figure 4.12). The magnitude of the BRET ratio in this case was 

significantly different to the non-mutated receptor. In addition, this stabilization 

was also observed with β-arrestin 2, however, significance was not evident due 

to high variability. Although the A399 and A406 mutants appear to have altered 

BRET profiles with β-arrestin 2 from the initial assay (Figure 4.6A), subsequent 

assays involving titrations of the expressed receptor revealed that this was most 

likely due to differences in expression levels. As shown, the amount of receptor 

expressed as indicated by the fluorescence levels was proportional and highly 

correlated in a linear fashion to the magnitude of the BRET ratio. Therefore, 
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subsequent assays were titrated to eliminate the significant difference in 

expression. 

 

Two of the double mutants gave a similar response to the non-mutated 

receptor, however, the A406-A427 mutant exhibited a profile that was 

dramatically reduced in the presence of tagged β-arrestin 1 and 2, although the 

shape of the kinetic profile remained similar to the non-mutated receptor. This 

reduction was observed throughout all assays and does not seem to be 

associated with an expression issue as similar fluorescence values were 

recorded for this mutant as for the non-mutated receptor. A similar reduction in 

BRET ratio was observed for the triple mutant, indicating that the A399 cluster 

did not have any significant additional effect on the stability of β-arrestin-

binding. Plotting the BRET ratio against the acceptor/donor ratio also provides 

insight into the lack of β-arrestin-binding of the A406-A427 and A399-A406-

A427 mutants compared to all the others (Figure 4.8) due to the near-linear 

relationship observed. All other receptors displayed a hyperbolic relationship, 

which is typically associated with specific interactions (Marullo et al., 2007). The 

outcomes of BRET assays involving serine/threonine mutants are summarized 

in Figure 4.30. 

 

 
Figure 4.30 – Diagram of serine/threonine residues found to be important 

for stable β-arrestin-binding or co-localization with OxRs. 

 

This indicates that there may be a shifting interface between the scaffold setup 

by the C-terminal region of the receptor and β-arrestin, and redundancy in the 
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requirement of GRK phosphorylated sites may exist. A model has been 

hypothesized that suggests a ‘two-site’ mode of activation for high affinity 

binding of β-arrestin with receptors: one site that recognizes phosphorylated 

residues and disrupts the polar core of inactive β-arrestin, and one site that 

recognizes conformational changes associated with the activated state of the 

receptor (Gurevich et al., 2006b).  

 

From data presented here, it is evident that only a single putative 

phosphorylation site is required for stable β-arrestin-binding. The most proximal 

site by itself (399 site characterized by the A406-A427 mutant) cannot promote 

stable β-arrestin-binding. However, it may be necessary for secondary or 

tertiary structure formation of the C-tail, as differences in BRET signal were 

observed with the A399 mutant, which may correlate to altered β-arrestin-

binding interactions through alterations to the orientation of BRET tags.  

 

The data here seem to support the model posited by Gurevich and colleagues 

(Gurevich et al., 2006b), as one putative GRK site would provide the region of 

negative charge required for activation and stabilization β-arrestin-binding. 

However, other sites are not necessarily required for β-arrestin-binding, but 

instead may contribute to altered conformations of secondary or tertiary 

structure in the intracellular domain. This may explain why the OxR1ct2 mutant 

does not bind β-arrestin to a significant extent.  

 

In the study conducted by Milasta and colleagues (Milasta et al., 2005), it was 

found that the distal GRK phosphorylation cluster site was required for β-

arrestin translocation and co-localization with OxR1 (Figure 4.30). Mutation of 

the more proximal site did not affect this activity (Milasta et al., 2005). In 

comparison with the present study, the sites on the OxR1 C-terminal tail are in a 

similar location to the A399 and A427 residues in OxR2 upon observation of 

primary structure (Figure 4.30). Therefore, some parallels in OxR-β-arrestin 

binding may exist between both subtypes, however, the additional site observed 

for OxR2-β-arrestin binding may allow this subtype to form more highly stable 

BRET profiles consistent with previous work (Dalrymple and Jaeger et al., 
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2011). β-arrestin dissociation is likely to be dependent upon receptor 

dephosphorylation. Consequently, one hypothesis to emerge from the current 

work is that the OxR2-β-arrestin interaction is more stable than the OxR1-β-

arrestin interaction because loss of β-arrestin-binding requires 

dephosphorylation of two sites rather than one.  

 

There have also been some recent studies with findings potentially relevant for 

future research on orexin receptors. Phosphorylation of sites likely to be 

involved in β-arrestin-binding have been shown to be regulated by the time of 

agonist stimulation and location of the activated receptor complexes within the 

cell for somatostatin subtype 2A (sst2A) receptor (Ghosh et al., 2011). 

Furthermore, selective phosphorylation of these sites may be regulated by the 

agonist used resulting in altered internalization (Nagel et al., 2011), and 

possibly β-arrestin-binding properties. Therefore, these contributing factors may 

also be involved in the regulation of OxR-β-arrestin binding. 

 

In comparison with the other receptors that have been characterized, OxR2 

contains two critical clusters, one or the other of which is required to maintain 

stable β-arrestin-binding. Other receptors that stably bind with β-arrestin 2 such 

as oxytocin (OT) and angiotensin (AT1a) receptors display reduced co-

localization with β-arrestin 2 upon mutation of a single cluster. However, 

comparison of β-arrestin translocation and differences in BRET ratio magnitude 

cannot be empirically inferred. Nonetheless, other receptors that strongly bind 

β-arrestin display sets of serine/threonine clusters that are similar in position to 

that of OxR1 and OxR2, yet both these receptors display altered β-arrestin-

binding kinetics that cannot be deduced based on their primary structure. 

 

Although β-arrestin translocation and co-localization with OxR1 may not be 

directly compared with differences in BRET kinetics observed for OxR2, 

internalization has been shown to be β-arrestin-dependent for the non-mutated 

OxR1 (Milasta et al., 2005). An apparently β-arrestin-independent component of 

internalization for the OxR1 distal mutant may exist as the Milasta et al. study 

states, and was discussed earlier. However, qualitative receptor-β-arrestin co-
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localization and a quantitative receptor-β-arrestin BRET kinetic profile indicating 

a stable interaction may be correlated and differ for different receptors. There is 

evidence for this in comparison of β2AR and V2R (Shenoy et al., 2003c). β2AR 

tends to display a more transient interaction with β-arrestin than V2R, and this is 

reflected in the differing co-localization of these receptors upon agonist 

stimulation (Shenoy et al., 2003c). Under this assumption, loss of co-localization 

of the receptor with β-arrestin, as exhibited by OxR1 mutant 1 (Figure 4.30; 

Milasta et al., 2005) would be expected to exhibit either a depressed BRET 

profile as exhibited by OxR2 A406-A427 or A399-A406-A427 mutants, or a 

near-complete loss of BRET signal as exhibited by the OxR1ct2 mutant 

depending on the transient nature of the interaction.  

 

A previous BRET study aids in the interpretation of these data. Differences 

between GPCRs that bind with β-arrestin strongly against those that bind β-

arrestin poorly were delineated by time- and concentration-dependent 

differences in BRET profiles (Hamdan et al., 2005). V2R and CCR5 profiles 

were similar to that observed in this study for OxR2 kinetically, and OxR2 A406-

A427 and A399-A406-A427 mutant profiles were similar to β2AR and V1aR 

profiles. Therefore, OxR2 A406-A427 and A399-A406-A427 mutant profiles 

resemble a β-arrestin 2-binding profile of a ‘class A’ receptor over the time 

course of 30 minutes as shown (Hamdan et al., 2005). Indeed, the incomplete 

loss of BRET signal even with the triple mutant is consistent with Class A 

receptors such as β2AR that do not possess any serine/threonine clusters 

(Figure 4.1), but still bind β-arrestin, albeit with lower avidity. 

 

In contrast, the complete loss of BRET signal with the OxR1ct2 mutant 

suggests that other regions in the intracellular domain of OxR2 that have not 

been investigated in this study are associated with β-arrestin-binding. Indeed, 

there is evidence to suggest a critical importance of the structural configuration 

of the C-terminal tail in determining how OxRs interact with β-arrestins. As 

mentioned previously, such importance is consistent with the conformational 

requirement of β-arrestin binding attributed by receptor activation. 
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A number of limitations in the interpretation of this data are present such as the 

effect of mutations on the structure of the C-terminal tail itself. Firstly, binding of 

agonist to the various mutated receptors has not been examined. Differences in 

OxA-OxR2 binding could result in differences in β-arrestin-binding. However, 

the fact that equivalent potency and efficacy of secondary messenger was 

established for the A399-A406-A427 mutant, indicates that equivalent binding 

characteristics were maintained. The loss of negative charge in any of the 

mutated regions may affect the structure of the C-terminal tail, and result in 

altered conformation of β-arrestin-binding regardless of the phosphorylation 

status of these clusters. However, it is assumed given the similar size of the 

substituted residues that these modifications would have a minimal effect on the 

overall structure of the C-terminal tail, other than the changes that were 

measured. The BRET tags attached to the end of the C-terminus of OxR2 and 

β-arrestin 2 may also have an effect on the binding conformation of the 

complex. The concentration-responsive inositol phosphate generation assays 

indicated that there were no significant changes in maximal efficacy or affinity of 

the BRET-tagged OxR2 A399-A406-A427 mutant, compared to the BRET-

tagged non-mutated OxR2. In addition, tagged and non-tagged receptors have 

been similarly compared (Dalrymple and Jaeger et al., 2011) with regard to IP 

generation, resulting in no significant differences in potency. Therefore, this is 

indicative that the BRET tags do not conflict with G-protein-mediated function.  

 

The A399 cluster did not have a significant effect on altering the BRET signal, 

so this cluster was looked at in more detail and found to contain a central 

glutamic acid residue. Given that β-arrestin is activated by negatively charged 

residues, and that negatively charged residues around putative GRK 

phosphorylation sites may have an effect on β-arrestin-binding (V. Gurevich, 

personal communication), the effect of altering this residue was investigated by 

mutation to a similarly sized neutral amino acid, glutamine (E402Q). eBRET 

kinetic assays revealed that this mutation did not have an effect on the stability 

of binding β-arrestin 1 or 2. The slightly lowered kinetic for the A399-E402Q 

OxR2 mutant in the presence of tagged β-arrestin 1 approaching three hours of 

agonist stimulation was not significant from the kinetics of the A399 mutant. 
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Dynamin inhibition has the effect of dramatically increasing the magnitude of the 

receptor-β-arrestin BRET signal (Dromey, 2007). This presumably occurs 

through persistent receptor-β-arrestin complex formation at the cell membrane 

that is unable to internalize through clathrin-dependent mechanisms due to the 

lack of dynamin GTPase activity (Garcia Lopez et al., 2009; Macia et al., 2006; 

Thompson et al., 2006). Data presented here show this increase relative to 

control-treated cell populations. Importantly, it was found that the level of 

increase in BRET magnitude was not similar between non-mutated and mutated 

OxR2. Although it is difficult to interpret the cause of this difference in increase, 

it may be correlated to the stability of the receptor-β-arrestin interaction. If stable 

binding of β-arrestin to the receptor at the cell surface was interrupted through 

mutation of specific GRK phosphorylation sites, and the interaction was no 

longer stable, then the transient nature of the interaction may reduce the inpact 

of the dynamin inhibitor that prevents internalization of the β-arrestin-receptor 

complex. This was observed in a study with 5HT4R (Barthet et al., 2005). 

Addition of dominant negative dynamin (K44A) resulted in a significant increase 

in cell surface expression of the wild-type receptor when stimulated with agonist 

for 30 minutes, however, a mutant that displayed reduced β-arrestin recruitment 

did not result in a significant difference in cell surface receptor when Dynamin 

K44A was added (Barthet et al., 2005). This indicates that dynamin inhibition 

may be used as a tool to observe effects of a reduced β-arrestin-binding mutant 

compared to a non-mutated receptor. As observed, a decreased Dynasore-

promoted difference in BRET signal was observed for the A399-A406-A427 

mutant in comparison to OxR2-expressing cells (Figure 4.13). These data 

correlate to a decreased association between β-arrestin and the mutant 

receptor compared to that of the non-mutated receptor, and may indicate that 

this mutant has altered internalization properties to the unmutated receptor. 

 

This study has demonstrated requirements in the ability of OxRs to bind β-

arrestin that are specific to each receptor. Both receptors could be considered 

to exhibit class B β-arrestin-binding characteristics initially, yet long-term 

kinetics of their interaction with β-arrestins indicates a difference in association 

stability. Through the generation of a chimeric receptor and alanine mutations in 
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the C-terminal tail of OxR2, a greater understanding of the function of the C-

terminal tail with respect to β-arrestin-binding has been established. This 

information may be useful in the generation of therapies for β-arrestin-mediated 

functions including the trafficking and signalling of OxR complexes. Targeting 

specific regions within the β-arrestin-OxR binding region could allow modulation 

of the time course and stability of β-arrestin-mediated OxR effector functions.  

4.4.3 OxR1 I408V and polydipsic hyponatremia in schizophrenia 

The potency and efficacy of OxA-stimulated, G-protein-mediated signalling of 

the I408V mutant or non-mutated OxR1 did not alter with respect to inositol 

phosphate production (Figure 4.15). This indicates that the mutation does not 

affect Gq-coupling. Initial BRET proximity assays indicated that the mutant may 

promote a higher BRET ratio than the non-mutated receptor, however, no 

significant differences in BRET ratio were observed over short (Figure 4.16) or 

long-term (Figure 4.17) stimulation with OxA between OxR1 or OxRI I408V and 

β-arrestin 1 or 2. In addition, an OxA concentration-dependent difference in 

BRET ratio was not observed either (Figure 4.18), indicating similar potency of 

the interaction between both receptors. Dynamin inhibition had a similar effect 

on the I408V mutant as non-mutated OxR1 on the stability of the membrane-

bound complex. Both displayed a similar increase in BRET ratio in the presence 

of the dynamin inhibitor (Figure 4.19). The OxR1-selective antagonist SB-

334867 resulted in a similar decrease in BRET ratio after 20 minutes of agonist 

stimulation (Figure 4.20). This indicates that the antagonist is able to separate 

β-arrestin 2 and OxR1 or OxR1 I408V at similar rates after ligand activation. 

Finally, phosphorylated ERK1/2 levels were equivalent between both mutant 

and non-mutated receptors upon OxA addition over a period of 1 hour of 

stimulation (Figure 4.21).  

 

These data indicate that no disturbances in β-arrestin-binding were evident 

using these biophysical techniques. Equivalent levels of total cell fluorescence 

indicated similar expression levels of both receptors. 
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Ligand-induced BRET interactions were investigated between OxR1 or OxR1 

I408V and multiple vasopressin and corticotrophin-releasing hormone 

receptors. The GPCR heteromer identification technology (GPCR-HIT) 

technique (See et al., 2011) was used to investigate the ability of vasopressin or 

corticotrophin-releasing hormone receptors to cross-activate OxR1 or OxR1 

I408V. For each of these interactions, the positive control - OxA-stimulation or 

co-treatment of OxA with AVP or CRH resulted in modest increases in ligand-

induced BRET ratios. However, no AVP- or CRH-stimulated increases in BRET 

ratio were observed indicative of a lack of complex formation occurring between 

OxR1 or OxR1 I408V, β-arrestin 2 and the vasopressin or corticotropin 

releasing hormone receptor. Importantly, there was no difference observed 

between both mutant and non-mutated OxR1. However, there could potentially 

be a difference in BRET profiles between OxR1 and I408V receptors in the 

presence of BRET-tagged β-arrestin 1, and V1bR or V2R when treated with AVP. 

Although the separation between these profiles was insignificant, there does 

appear to be an emerging difference. Both of the positive controls for all of 

these interactions resulted in similar BRET profiles that reached a similar 

maximal ligand-induced peak BRET signal. These data indicate that alternate 

complex formation activity may be occurring between OxR1 and OxR1 I408V. 

However, reversal of the orientation in which this activity was measured, as well 

as titration of the amounts of receptor expressed would be required to formulate 

any conclusions.  

4.4.4 OxR2 T401I and associations with narcolepsy 

Since the A399 mutation in OxR2 did not have a significant effect on β–arrestin-

binding as presented earlier, it was unlikely that the T401I mutation in OxR2 

would cause any changes in β-arrestin-binding. However, as this mutation was 

not previously investigated in isolation, it was profiled for completeness. 

Nonetheless, time and concentration-dependent BRET proximity assays did not 

result in any differences between the mutant and non-mutated receptor. Despite 

the fact that a study has shown that ERK1/2 phosphorylation of the T401I 

resulted in nearly ablated levels compared to the non-mutated receptor when 
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stimulated with OxA or OxB (Tang et al., 2008), this was not observed in this 

study. A similar cell background was used, however, the time point at which the 

single measurement of ERK1/2 phosphorylation was measured was not 

indicated. Still, measurement of ERK1/2 phosphorylation up to 60 minutes was 

measured in this study, and usually covers the typically measured time points. 

 

Further investigation into this mutant may be warranted with respect to the 

formation of complexes with other receptors. Since this mutation has been 

linked to an immune marker that forms part of an extracellular cell membrane 

receptor, it is tempting to suggest these GPCRs may form part of a larger 

complex incorporating members of the immune system. Indeed, co-operation 

between MHC molecules and GPCRs has been observed (Loconto et al., 

2003). 
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CHAPTER 5 

OLIGOMERIZATION OF OREXIN RECEPTORS AND  

β -ARRESTIN-BINDING 

5.1 INTRODUCTION  
 

One of the most interesting concepts of GPCR biology is the ability of a GPCR 

to alter the pharmacology or signalling properties of other, biochemically distinct 

GPCRs. Changes in cellular signalling, through altered G protein-coupling or β-

arrestin-binding (Rozenfeld et al., 2010), may occur through either a physical 

interaction or functional interaction by signalling cross-talk between co-

expressed GPCRs (Jockers et al., 2011). These changes may result in an 

alteration of physiological conditions promoted through the novel signalling 

abilities, such as function of the nervous system, or metabolism (Jockers et al., 

2011). In addition, these functional changes may inevitably lead to 

pathophysiology in some cases (Dalrymple et al., 2008).  

 

Previously, the importance of C-terminal tail secondary structure was discussed 

regarding its likely role in OxR-β-arrestin-binding, and the effect it may have on 

promoting suitable tertiary structure for these interactions. In addition to these 

investigations, quaternary structure is likely to be important for orexin receptor 

biology. Indeed, in a previous study, there was evidence to suggest that co-

expression of OxR1 and CB1R may have an effect on the signalling profile of 

both receptors (Ellis et al., 2006; Hilairet et al., 2003).  

 

Resonance energy transfer (RET) techniques have been utilized as a key 

method in inferring the presence and function of oligomeric complexes (Ayoub 

et al., 2010; Ciruela et al., 2010; Eidne et al., 2002; Pfleger et al., 2005; Pfleger 

et al., 2003). BRET is particularly suitable for the study of protein-protein 

interactions due to its ability to avoid potential problems associated with laser 

excitation, such as photobleaching of fluorophores and direct excitation of 
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acceptor fluorophores. In particular, the association of BRET with the GPCR 

Heteromer Identification Technology (GPCR-HIT; See et al., 2011), allows 

characterization of receptor heteromerization through the ability to selectively 

activate a GPCR and observe the ‘indirect’ effects exhibited by cross-activation 

of a BRET-tagged receptor and a BRET tagged protein bound to the untagged 

receptor (refer to Figure 5.1). 

 

Figure 5.1 – Diagram of GPCR-HIT technology. In its simplest form, two distinct 

receptors, one untagged (GPCR B) and the other GPCR (GPCR A) tagged with a reporter 

component (RC1), are co-expressed with a protein (β-arrestin) fused to a second reporter 

component (RC2) that is known to bind to GPCR B. For purposes of this thesis, RC1 is a 

fluorophore (Venus) fused to the C-terminal tail of the receptor, and RC2 is the luminophore 

Rluc8 fused to β-arrestin. Upon ligand addition that specifically binds and activates GPCR B, the 

BRET signal is insensitive to the detection of GPCR A (A) or B (C) homomers, however, in the 

presence of a GPCR A/B heteromer (B), a BRET signal may be observed through indirect 

BRET between RC1 and RC2, given suitable proximity of constituent receptors, indicative of a 

heteromeric interaction (Modified from (See et al., 2011)). 

 

A number of studies have observed a wide-range of effects that orexin receptor 

activation has on a wide-range of physiological processes. In addition, β-

arrestin has been found to bind to both orexin receptors with similar avidity but 

tangibly different temporal profiles (Dalrymple and Jaeger et al., 2011). Since a 

number of neurological and peripheral tissues contain various distributions of 

both OxR subtypes (Johren et al., 2001; Marcus et al., 2001; Trivedi et al., 

A B C

BRET
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1998), and the endogenous agonist, OxA, is able to activate these receptors to 

a similar extent, a likely discriminatory factor may be the ability of OxR subtypes 

to form oligomeric complexes in certain tissues. Therefore, these studies aimed 

to investigate the ability of OxRs to form oligomeric complexes, and the 

temporal β-arrestin-binding properties that these complexes may exhibit, 

through the use of BRET and GPCR-HIT (See et al., 2011).  

5.2 MATERIALS AND METHODS 

5.2.1 Materials 

Ligands used in this section were Orexin A (OxA, American Peptide Company), 

OxR1-selective non-peptide antagonist N-(2-Methyl-6-benzoxazolyl)-N'-1,5-

naphthyridin-4-yl urea (SB-334867, Tocris Bioscience) and OxR2-selective 

antagonist (2S)-1-(3,4-Dihydro-6,7-dimethoxy-2-(1H)-isoquinolinyl)-3,3-

dimethyl-2-[(4-pyridinylmethyl)amino]-1-butanone hydrochloride (TCS-OX2-29, 

Tocris Bioscience) (refer to Figure 5.2). 

 

Figure 5.2 – Chemical structures of two orexin receptor-selective 
antagonists. SB-334867 is an OxR1-selective antagonist that has been shown to exhibit 

blood-brain barrier permeability (Porter et al., 2001). TCS-OX2-29 is a water-soluble compound 

that exhibits selectivity for OxR2 (Hirose et al., 2003). 

5.2.2 Cell maintenance 

HEK293FT cells were maintained as described earlier (refer to §2.2-2.3). 

SB-334867 TCS-OX2-29
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5.2.3 cDNA constructs 

The construction of pcDNA3.1+ vectors containing coding frames of HA-OxR1-

Venus, HA-OxR2-Venus, HA-OxR1, HA-OxR2, β-arrestin 1-Rluc8 and HA-

OxR2 (A399, A406, A427)-Venus have been described in a previous section 

(refer to §2.4.1 and §4.2.3). β-arrestin 2-Rluc8 was constructed in this 

laboratory by Ruth Seeber and Ethan See as described earlier (refer to §2.4). 

5.2.4 Mammalian cell transfections 

Transient transfections in HEK293FT cells were carried out as previously 

described using Genejuice® transfection reagent according to manufacturer’s 

recommendations (refer to §2.6.1). 

5.2.5 BRET assays 

BRET assays were carried out as previously described (refer to §3.3). 

Fluorescence values were attained by stimulation of cells with a 480nm light 

source and recording relative emission values using an EnVision™ 2102 

multilabel reader at 535 nm (PerkinElmer). Luminescence values shown were 

recorded after substrate addition from the last recorded relative emission value 

(415-465 nm) before any treatments were carried out using a VICTOR™ Light 

1420 luminometer (PerkinElmer). Values were normalized within either 

luminescence or fluorescence category. 

5.2.6 Statistical analyses 

All statistical analyses were carried out under the assumptions previously 

described for valid inferences of the test results to be made (refer to §2.8). 

Analysis of BRET kinetic assays were carried out by two-way repeated 

measures ANOVA with Bonferroni’s post-test analysis. P values less than 0.05 

indicate that there was evidence to reject the null hypothesis of a lack of 

difference in mean values in favour of an alternative hypothesis indicating a 

difference in means.  
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5.3 RESULTS 

5.3.1 Investigation into β-arrestin-binding characteristics of 

orexin receptor oligomers 

An initial investigation into OxR oligomerization was carried out by expressing 

BRET-tagged OxR1 with either untagged OxR1 or OxR2 in the presence of β-

arrestin 1 or 2 in HEK293FT cells and observing orexin A-induced BRET signals 

(Figure 5.3). This arrangement involves non-selective agonism of each of the 

co-expressed receptors. This arrangement was selected since the relatively 

more stable OxR2-β-arrestin BRET kinetics compared to that of OxR1 may 

overshadow differences in BRET kinetics effects observed through OxR1-β-

arrestin interactions. Upon OxA stimulation, an increase in BRET ratio was 

observed in the presence of either β-arrestin. Significant differences were not 

observed between BRET profiles of samples containing both OxR-subtype 

populations in the presence of BRET-tagged β-arrestin 1, however, the profile of 

OxR1- and OxR2- expressing cells does seem to be slightly heightened in 

comparison to cells expressing only the OxR1 subtype (Figure 5.3A). In the 

presence of BRET-tagged β-arrestin 2, the difference in BRET profiles between 

cells expressing OxR1-Venus + OxR1 and OxR1-Venus + OxR2 was more 

pronounced. A more transient OxR1-β-arrestin 2 BRET profile was observed 

that returned to near- baseline levels at the end of the measured time course 

(Figure 5.3B). In comparison, the BRET profile of cells co-expressing BRET-

tagged OxR1 and untagged OxR2 was more prolonged and stable over the 

three hour measurement period (Figure 5.3B). A significant difference in mean 

BRET ratios was observed between profiles after 75 min of continual OxA 

stimulation, and continued throughout the remainder of the time course (Figure 

5.3B). Data did indicate a degree of variation in cellular fluorescence and 

luminescence between cells populations, however, these differences were not 

significantly different (Figure 5.3C,D). 
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Figure 5.3 – eBRET kinetic data of Venus-tagged OxR1 co-expressed with 

either untagged OxR1 or OxR2 and β-arrestin 1 or 2-Rluc8 treated with 

OxA in HEK293FT cells. Cells co-expressing either β-arrestin 1-Rluc8 (A) or β-arrestin 2-

Rluc8 (B) with OxR1-Venus and untagged OxR1 (A, B; red) or OxR1-Venus and untagged 

OxR2 (A, B; blue) were treated with 0.6 µM Orexin A at t=0. Fluorescence (C) and 

luminescence (D) analysis of cells co-expressing Venus-tagged receptors and Rluc8-tagged β-

arrestins and an untagged receptor were carried out prior to agonist stimulation (colours as for 

BRET assays). Values were normalized as a percentage of the maximal value acquired for 

each β-arrestin group, and as described in §5.2.5. Data are presented as mean ± SEM of three 

independent assays. * indicates statistically significant difference at time points shown (p<0.05).  

5.3.2 Investigation into the effects of co-expression of an orexin 
receptor C-terminal mutant on oligomeric complex formation 

Earlier assays characterized the effect of the OxR2 A399-A406-A427 mutant 

(see Figure 5.4 for reference) on agonist-induced OxR2-β-arrestin proximity 

when co-expressed with β-arrestin 1 or 2 compared to non-mutated OxR2 using 

BRET (refer to §4.3.2). The results indicated a significant reduction of OxA-

induced proximity between the receptor and β-arrestin (refer to §4.3.2). 
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Figure 5.4 – Diagram of the C-terminal tail of OxR1, OxR2 and the OxR2 C-
terminal mutant, A399-A406-A427. Bold residues indicate putative GRK 

phosphorylation sites as specified earlier (refer to §4.3.1, Figure 4.1). Red, bold residues 

indicate serine/threonine residues that were mutated to alanine. BRET assays showed a 

dramatic reduction in BRET signal between the Venus-tagged OxR2 mutant and β-arrestin 1 or 

2 (refer to § 4.3.2). 

 

The effect of this mutant was now further examined in the context of OxR 

complex formation. Following on from the previous assay in which a difference 

in BRET kinetics was observed between OxR1 and β-arrestin 2 in the presence 

of untagged, non-mutated OxR2 (Figure 5.3), the effect of co-expression of 

untagged non-mutated OxR2 was compared with co-expression of the 

untagged OxR2 A399-A406-A427 mutant (Figure 5.5). The initial amplitude in 

BRET ratio for cells co-expressing mutated OxR2 was slightly higher in the 

presence of both BRET-tagged β-arrestin 1- and β-arrestin 2-expressing cells 

(Figure 5.5A,B). Additionally, the kinetics appear to be different between cells 

co-expressing the mutant (Figure 5.5A,B; pink) and non-mutated receptor 

(Figure 5.5A,B; blue). Cells co-expressing non-mutated OxR2 tended to form a 

more stable BRET signal, not decreasing to any significant extent over the 

measurement period (Figure 5.5B). In contrast to this, BRET kinetics measured 

from cells co-expressing OxR2 A399-A406-A427 tended to decrease over time 

relative to cells co-expressed with unmutated, untagged OxR2 (Figure. 5.5A,B). 

This was more evident in cells expressing tagged β-arrestin 2 (Figure 5.5B), 

where the initial BRET amplitude was also higher compared to cells co-

expressing Rluc8-tagged β-arrestin 1 (Figure 5.5A). For comparative purposes, 

data from the previous assay characterizing the OxR1-Venus + OxR1 BRET 

profile (Figure 5.3A, B; red) is shown (Figure 5.5A,B; red). The BRET profile of 

the OxR1-Venus + OxR2 mutant appears kinetically similar to that of the OxR1-

Venus + OxR1 profile observed earlier. However, this was not as evident in 

cells co-expressed with β-arrestin 1 (Figure 5.5A). Data also indicated that 

BRET-tagged OxR1 fluorescence and luminescence was not significantly 

NPIIYNFLSGKFREEFKAAFSCCCLGVHHRQEDRLTRGRTSTESRKSLTTQISNFDNISKLSEQVVLTSISTLPAANGAGPLQNWOxR2
NPIIYNFLSGKFREQFKAAFSCCLPGLGPCGSLKAPSPRSSASHKSLSLQSRCSISKISEHVVLTSVTTVLPOxR1

NPIIYNFLSGKFREEFKAAFSCCCLGVHHRQEDRLTRGRAAAEARKALAAQISNFDNISKLSEQVVLAAIAALPAANGAGPLQNWA399, A406, A427
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different between cell populations co-expressing either the mutated or non-

mutated OxR1 or OxR2 (Figure 5.5C, D). 

 

 
Figure 5.5 – eBRET kinetic data of Venus-tagged OxR1 co-expressed with 

either untagged OxR1, OxR2 or OxR2 (A399, A406, A427) and β-arrestin 1 

or 2-Rluc8 treated with OxA in HEK293FT cells. Cells co-expressing either Rluc8-

tagged β-arrestin 1 (A) or Rluc8-tagged β-arrestin 2 (B) co-expressed with OxR1-Venus and 

untagged OxR2 (A, B; blue), OxR1-Venus and untagged OxR2 (A399-A406-A427) (A, B; pink) 

or OxR1-Venus and untagged OxR1 (A, B; red) were treated with 0.6 µM OxA at t=0. 

Fluorescence (C) and luminescence (D) analysis of cells co-expressing Venus-tagged OxR1, 

Rluc8-tagged β-arrestins and an untagged receptor were carried out prior to agonist stimulation 

(colours as for BRET assays). Values were normalized as a percentage of the maximal value 

acquired for each β-arrestin group, and as described in §5.2.5. Data are presented as mean ± 

SEM of three independent assays. 
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5.3.3 An investigation into orexin-specific antagonist use in 

orexin receptor-β-arrestin oligomeric complex formation. 

All of the assays carried out thus far involved non-selective agonism of both 

receptors. In doing so, direct BRET effects envoked by direct activation of 

BRET-tagged-OxR1 and subsequent recruitment of BRET-tagged β-arrestin are 

difficult to be differentiated from the indirect effect that activation of the 

untagged receptor may have on the stability of the oligomeric receptor complex 

(Figures 5.3, 5.5). In an attempt to counteract this issue, the GPCR-HIT 

technique was employed by using OxR-selective antagonists to effectively 

impede the direct BRET interaction, and allow observation of any indirect 

effects that may be attributed to OxR heteromerization.  

 

Two OxR-selective antagonists were characterized in terms of their ability to 

alter the proximity of OxR1 or OxR2 with β-arrestin 2 upon stimulation with OxA 

in HEK293FT cells (Figure 5.6). As mentioned earlier (refer to §1.7.6), these 

antagonists are characterized in the literature (Hirose et al., 2003; Smart et al., 

2001) as being subtype-selective. SB-334867 is OxR1-selective, and TCS-OX2-

29 is OxR2-selective with respect to calcium mobilization. However, although 

these antagonists have been recognised as OxR subtype-selective in assays 

measuring G protein-mediated secondary signalling messenger generation, 

concentration-dependent β-arrestin recruitment was examined using BRET to 

investigate the effect of these antagonists specifically on OxR-β-arrestin 

proximity. 

 

Concentration-response analyses were carried out by treatment of cells co-

expressing either BRET-tagged OxR1 or OxR2 and β-arrestin 2 with various 

concentrations of antagonist, and subsequently stimulated with a range of 

concentrations of OxA (Figure 5.6). Increasing concentrations of SB-334867 

antagonist resulted in dramatically decreased efficacy and potency of OxA-

induced OxR1-β-arrestin 2 proximity (Figure 5.6A). A similar reduction in 

potency was observed with increasing concentrations of TCS-OX2-29 

antagonist for OxR2-β-arrestin 2 proximity (Figure 5.6D). However, maximal 
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efficacy reached with various TCS-OX2-29 concentrations does not appear to 

have been reduced to the appreciable extent as observed with SB-334867 

activity on OxR1-β-arrestin 2 proximity using similar concentrations of each 

antagonist (Figure 5.6A,C). This was confirmed by statistical analysis of OxA-

induced BRET signals upon maximal (10 µM) OxA stimulation of OxR2-

expressing cells (Figure 5.6D; p>0.05).  

 

Figure 5.6 – BRET concentration-response data involving the addition of 
various concentrations of OxR-selective antagonists to OxA-treated 

HEK293FT cells expressing HA-OxR1-Venus or HA-OxR2-Venus and β-

arrestin 2-Rluc8. Cell populations co-expressing β-arrestin 2-Rluc8 and either Venus-

tagged OxR1 (A, C) or Venus-tagged OxR2 (B, D) were pre-treated with various concentrations 

of SB-334867 (A, B) or TCS-OX2-29 (C, D) for 20 minutes. Subsequently, cells were treated 

with various concentrations of OxA. Concentration-response analyses were calculated 30 min 

after OxA agonist stimulation. The dotted line indicates the concentration of OxA (0.6 µM) used 

for subsequent assays in this section. Data are presented as mean ± SEM of three independent 

assays, except for (B), which is presented as a single assay (n=1). logEC50 values are 

displayed in Table 5.1. 
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Table 5.1 – logEC50 values from concentration-response data in Figure 5.6. 
‘Control’ indicates OxA was added in the absence of antagonist. N.D. indicates that the EC50 

value could not be determined as the data was either unable to be fitted, or the concentration 

was not used. N.C. indicates the value was unable to be calculated due to lack of information 

required. Relative selectivity indicates fold-difference in EC50 values observed between 

receptors using the same antagonist (columns) or between antagonists using the same receptor 

(rows). Shaded green cells indicate the concentrations used for assays in this thesis, as well as 

the relative selectivity of these antagonists at each receptor. ‘OX’ indicates TCS-OX2-29 

antagonist, ‘SB’ indicates SB-334867 antagonist, ‘R1’ indicates OxR1 and ‘R2’ indicates OxR2. 

* indicates that although a curve could not be fitted due to lack of efficacy (refer to figure 5.6A, 

red symbols), it could be predicted that the relative difference would be greater than 100-fold. 

 
 

In addition, given the range of antagonist concentrations used, the data indicate 

that SB-334867 has a more potent effect of reducing both efficacy and potency 

of OxR1-β-arrestin 2 proximity than that of TCS-OX2-29 activity on OxR2-β-

arrestin 2 proximity (Figure 5.6A,D; Table 5.1). Non-selective effects of 

antagonists on OxR-β-arrestin 2 proximity were observed with higher antagonist 

concentrations (Figure 5.6B,C). Antagonist concentrations of 100 µM TCS-OX2-

29 lowered the potency of OxA-induced OxR1-β-arrestin 2 proximity while 

retaining similar efficacy (Figure 5.6C), and similarly 100 µM SB-334867 at 

OxR2 resulted in a decrease in OxA potency, while retaining similar efficacy 

(Figure 5.6B). However, the lower concentrations of 1 µM and 10 µM of each of 

the antagonists did not display any appreciable shifts in potency or efficacy at 

the receptors at which they do not bind selectively (Figure 5.6B,C). EC50 values 

SB-334867SB-334867SB-334867 TCS-OX2-29TCS-OX2-29TCS-OX2-29 relative selectivity 
(between 

antagonists)[Antagonist]
logEC50logEC50

[Antagonist]
logEC50logEC50

relative selectivity 
(between 

antagonists)[Antagonist]
Mean SEM

[Antagonist]
Mean SEM

relative selectivity 
(between 

antagonists)

OxR1

control -7.22 0.16 control -7.39 0.16

OxR1
0.1 µM -7.53 0.40 0.1 µM N.D. N.D. N.C.

OxR1 1 µM -6.32 0.41 1 µM -7.30 0.16 ~9.5x (SB>OX)OxR1
10 µM N.D. N.D. 10 µM -7.18 0.15 N.C. (>9.5x, SB>OX)

OxR1

100 µM N.D. N.D. 100 µM -6.67 0.16 N.C.

OxR2

control -7.33 N.C. control -7.14 0.14

OxR2 1 µM -7.28 N.C. 1 µM -6.87 0.19 ~2.5x (OX>SB)OxR2 10 µM -7.37 N.C. 10 µM -6.49 0.23 ~7.5x (OX>SB)OxR2

100 µM -6.90 N.C. 100 µM -5.77 0.27 ~13.5x (OX>SB)

relative 
selectivity 
(between 
receptors)

control controlrelative 
selectivity 
(between 
receptors)

0.1 µM N.C.N.C. 0.1 µM N.C.N.C.relative 
selectivity 
(between 
receptors)

1 µM ~9x (R1>R2)~9x (R1>R2) 1 µM ~3x (R2>R1)~3x (R2>R1)

relative 
selectivity 
(between 
receptors) 10 µM N.C. (>100x)*N.C. (>100x)* 10 µM ~5x (R2>R1)~5x (R2>R1)

relative 
selectivity 
(between 
receptors) 100 µM N.C.N.C. 100 µM ~8x (R2>R1)~8x (R2>R1)
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for OxR-β-arrestin proximity in the presence of these antagonists and relative 

selectivity of each receptor for either antagonist as well as relative selectivity of 

each antagonist for either receptor are shown in Table 5.1. Importantly, the 

relative selectivity of TCS-OX2-29-mediated inhibition of OxR2-β-arrestin 2 

proximity against OxR1-β-arrestin 2 proximity was substantially lower than the 

relative inhibition selectivity for both of these interactions using the SB-334867 

antagonist (Table 5.1). 

 

Having generated these concentration-response data involving OxR subtype-

selective antagonists SB-334867 and TCS-OX2-29, a more detailed approach 

to the observation of indirect OxR-β-arrestin 2 proximity using BRET coupled 

with GPCR-HIT was investigated. HEK293FT cells expressing either a single 

BRET-tagged OxR, or co-expressing a BRET-tagged OxR and an untagged 

alternate OxR subtype with BRET-tagged β-arrestin 2 were assayed (Figure 

5.7). Pre-incubation of cells co-expressing BRET-tagged OxR1 and untagged 

OxR2 with SB-334867 antagonist allowed a modest increase in BRET ratio 

when stimulated with OxA (Figure 5.7A). This increase was not observed in the 

presence of both antagonists, or when tagged OxR1 was solely expressed 

(Figure 5.7A). In the opposite situation, OxA-stimulation of BRET-tagged OxR2 

co-expressed with untagged OxR1 and treated with TCS-OX2-29 antagonist 

resulted in an increase in BRET ratio greater in magnitude than observed in 

cells solely expressing OxR2, or when treated with both antagonists (Figure 

5.7B). However, statistically significant differences in mean BRET values were 

not established. Stimulation with OxA followed by post-treatment with either SB-

334867 antagonist (Figure 5.7C) or TCS-OX2-29 antagonist (Figure 5.7D) 

resulted in a dramatic drop in BRET ratio although the drop was not quite as 

great when both receptors were expressed, indicating an incomplete blockade 

of β-arrestin recruitment (Figure 5.7C,D). This incomplete blockade appeared to 

be overcome by co-treatment with both antagonists (Figure 5.7C,D). 

Additionally, the heightened (above baseline) agonist-induced BRET signals 

observed in Figure 5.7B and D, even following dual antagonist treatment can be 

correlated to the concentration-response data (Figure 5.6C,D; Table 5.1). Using 

the specified concentration of OxA and TCS-OX2-29 indicated, only 
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approximately 80% of the OxR2-β-arrestin 2 BRET signal could be blocked, 

however, as approximately 25% of the OxR1-β-arrestin 2 BRET signal was also 

compromised at this concentration, TCS-OX2-29 concentration was not 

increased. Nonetheless, statistical significance between mean BRET values 

was not observed. Cell fluorescence and luminescence data indicated that 

although these levels appear to be variable between cells expressing the same 

or different populations of OxRs, statistically significant differences were not 

observed (Figure 5.7E,F). 
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Figure 5.7 – eBRET kinetic data of a Venus-tagged OxR co-expressed with 

β-arrestin 2-Rluc8 and an untagged OxR or pcDNA3 control in HEK293FT 

cells. Cell populations containing β-arrestin 2-Rluc8 and either Venus-tagged OxR1 with 

pcDNA3 control (black circles; A, C), Venus-tagged OxR1 and untagged OxR2 (red 

open/closed circles; A, C), Venus-tagged OxR2 with pcDNA3 control (blue circles; B, D) or 

Venus-tagged OxR2 and untagged OxR1 (green open/closed circles; B, D) were pre-treated 
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with 10 µM SB-334867 (A; arrow) or 100 µM TCS-OX2-29 (B; arrow), or co-treated with both 10 

µM SB-334867 and 100 µM TCS OX2-29 (A, B; arrow, open symbols) for 20 min and 

subsequently treated with 0.6 µM OxA (A, B; arrow), or pre-stimulated with 0.6 µM OxA agonist 

(C, D; arrow) and post-treated with 10 µM SB-334867 (C; arrow) or 100 µM TCS-OX2-29 (D; 

arrow), or co-treated with 10 µM SB-334867 and 100 µM TCS-OX2-29 (C, D; arrow, open 

circles) after 20 min of 0.6 µM Orexin A stimulation. Fluorescence (E (i), F (i)) and 

luminescence (E (ii), F (ii)) analyses of cells co-expressing a Venus-tagged OxR, Rluc8-tagged-

β-arrestin 2 with or without an untagged receptor were carried out prior to agonist stimulation 

(colours as for BRET assays). The letters on the abscissa A, C and B, D correspond to the 

response of cells measured in A, C (E) and B, D (F), respectively. Fluorescence and 

luminescence values were acquired as described in §5.2.5. Values were normalized as a 

percentage of the OxR1- or OxR2-Venus only-expressing population of cells. Data are 

presented as mean ± SEM of at least four independent assays. 
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5.4 DISCUSSION 

5.4.1 Insights into OxR heteromers through non-selective 
agonism using BRET 

A potentially critical aspect of orexin system biology is the ability of OxR1 and 

OxR2 to form heteromeric complexes. This could result in the alteration of their 

individual biochemical properties, or their combined effects in mediating a 

cellular response upon activation. Multiple tissues throughout the central 

nervous system and peripheral tissues co-express both OxRs, and expression 

levels of each OxR subtype in these tissues can be very distinctive (refer to 

§1.7.3). Therefore, although assays conducted in this thesis have been carried 

out in an artificial cell system with respect to orexin expression, the use of this 

system should be justified through the observed physiological co-expression of 

both OxR subtypes in cells throughout the body (refer to §1.7.3). In addition, 

orexin A agonist has also been found in multiple tissues throughout the body, 

and should be able to activate OxRs on cells expressing one or both subtypes. 

 

In contrast to studies that have characterised heteromers using an agonist 

specific to one receptor, and detecting a stimulatory or biochemically altered 

property of another receptor (Jockers et al., 2011; Lohse, 2010), these studies 

involve co-stimulation with a common agonist, OxA, that displays similar binding 

affinity and G protein-mediated signalling as measured by calcium production 

and inositol phosphate production at both orexin receptors (Dalrymple and 

Jaeger et al., 2011; Sakurai et al., 1998). The use of BRET in this case is 

instrumental to the detection of receptor oligomers due to its ability to monitor 

interactions between proteins in live cells and in real-time (Ayoub et al., 2010; 

Eidne et al., 2002; Pfleger et al., 2005; Pfleger et al., 2003). 

 

It appears that upon addition of a non-selective agonist for both receptors in the 

heteromer, the overall BRET profile tends to follow the dominant, more stable 

OxR2-β-arrestin-binding profile (Figure 5.3) observed in earlier data (refer to § 

4.3.1, Figure 4.3; (Dalrymple and Jaeger et al., 2011). This is similar to that in 
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earlier studies identifying β-arrestin-binding properties of the vasopressin 1a 

receptor (V1aR)-vasopressin 2 receptor (V2R) heteromer (Terrillon et al., 2004). 

V1aR typically interacts more transiently with β-arrestin in a more ‘class A’ 

pattern, rapidly recycling back to the cell surface upon activation, while V2R 

stably recruits β-arrestin and co-internalizes into endosomes (Terrillon et al., 

2004). However, upon co-expression of both receptors, the heteromer results in 

a β-arrestin-mediated internalization pathway mirrored by the β-arrestin-binding 

kinetics of V2R upon activation by a non-selective agonist, AVP (Terrillon et al., 

2004). Although similar OxR-β-arrestin-binding kinetics were observed for both 

subtypes, OxR1 exhibits quicker recycling kinetics than those of OxR2, 

reminiscent of that observed for V1aR (Dalrymple and Jaeger et al., 2011). This 

was similarly observed in this study, and parallels can be seen in β-arrestin-

binding kinetics between V2R and OxR2 as well as V1aR and OxR1. 

 

Co-expression of the OxR2 C-terminal tail mutant (A399-A406-A427) with 

BRET-tagged OxR1 and BRET-tagged β-arrestins (Figure 5.5) resulted in a 

BRET profile similar to that of cells expressing only OxR1. In addition, co-

expression of both BRET-tagged OxR1 and the OxR2 mutant displayed a less 

stable BRET profile than cells expressing both OxR1 and OxR2. This may be 

explained by two likely operational modes. Firstly, co-expression of OxR2 with 

OxR1 may result in a heteromer configuration that allows β-arrestin to bind with 

OxR1 in a more stable manner. Alternatively, a suitable proximity between both 

receptors may allow BRET-tagged β-arrestin stably bound to OxR2 to come into 

close proximity with BRET-tagged OxR1, and result in the more stable OxR2-

like β-arrestin-binding profile observed. However, these models do not include 

the effect that homomeric receptor populations may have on the BRET signal. A 

BRET signal would not be detected through untagged OxR2 homomers (see 

Figure 5.1). OxR1 homomers could be detected, and would be a component of 

the BRET signal. Additonally, it would be difficult to distinguish heteromers from 

OxR1 homomeric interactions. Nonetheless, the altered BRET profiles observed 

between cells expressing OxR1, and cells expressing OxR1 and OxR2 are 

consistent with these receptors participating in a heteromeric interaction. In the 

case of cells co-expressing OxR1 and the OxR2 mutant, the OxR2 mutant has 
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a much lower affinity for β-arrestin-binding as shown previously (refer to § 

4.3.2), and may result in the preferential binding of β-arrestin to OxR1, resulting 

in the less stable BRET kinetic observed. Alternatively, if a complex did form 

between OxR1 and the OxR2 mutant, but the reduced affinity of the OxR2 

mutant for β-arrestin resulted in the complex displaying an OxR1-like BRET 

profile, this would be indistinguishable from the former arrangement. 

 

These assays highlight the difficulties encountered when attempting to 

distinguish ‘specific’ effects of an OxR heteromer, that is, the effects mediated 

by the untagged member of the heteromeric population, when both receptors 

are activated with a non-selective agonist.  

5.4.2 The use of OxR-subtype-selective antagonists to reveal 
heteromers using GPCR-HIT/BRET 

The ability of both OxR subtypes to recruit and bind β-arrestin, and the 

availability of OxR-subtype-selective antagonists has allowed the GPCR-

Heteromer Identification Technology (GPCR-HIT) (See et al., 2011) to be 

employed, involving the use of BRET to investigate OxR-subtype heteromeric 

complex formation. This technology allows OxR heteromers to be indirectly 

detected by promoting BRET-tagged β-arrestin recruitment to the untagged 

receptor in combination with the prevention of BRET-tagged-OxR-β-arrestin 

association through antagonist activity at this receptor (refer to Figure 5.8). 

However, this technique is insensitive to the detection of homomeric complexes 

(refer to Figure 5.8). Sub-maximal concentrations of OxA were used according 

to the OxR-β-arrestin concentration-response data observed, to prevent any 

deleterious effects of overstimulation of receptors. 

 

This investigation commenced by initially investigating the relative selectivity of 

the OxR-subtype selective antagonists SB-334867 and TCS-OX2-29 with 

respect to their effects on OxR-β-arrestin 2 proximity using BRET. Although 

these antagonists are subtype selective, they may display a degree of non-

selective OxR antagonism. In addition, the relative selectivity may differ 
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between OxR-β-arrestin interactions and G protein-mediated signalling outputs 

such as calcium mobilization or inositol phosphate generation that were used to 

report the relative degree of OxR-subtype selectivity (Hirose et al., 2003; Smart 

et al., 2001). 
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Figure 5.8 – Illustration of various combinations of OxR oligomers and the 
use of GPCR-HIT technology employed to detect the presence of OxR1-
OxR2 heteromers upon OxR1-selective antagonism and non-selective 
OxA agonism. C-terminally-Venus-tagged OxR1, Rluc8-tagged β-arrestin and untagged 

OxR2 were co-expressed in HEK293FT cells. Cells were treated with 10 µM SB-334867 

antagonist followed by 0.6 µM OxA agonist. In the presence of OxR1 homomers, SB-334867 

prevents the recruitment of β-arrestin to the receptor complex resulting in no BRET signal (A). In 

the presence of OxR2 homomers, β-arrestin may be recruited since SB-334867 at this 
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concentration has no significant effect on the OxR2-β-arrestin 2 recruitment. However, untagged 

OxR2 is unable to promote a BRET signal in the sole presence of Rluc8-tagged β-arrestin (B). 

OxA agonism of a complex involving OxR1 and OxR2 promotes β-arrestin recruitment, 

however, only specifically to OxR2 since SB-334867 prevents OxR1-β-arrestin recruitment. 

However, if OxR1 and OxR2 are in close proximity, a BRET signal may be attained between 

OxR1 and β-arrestin recruited by OxR2 (C). 

 

The concentration-response data involving OxR-subtype selective antagonists 

indicated that increasing concentrations of both of these antagonists decreases 

OxR-β-arrestin proximity upon OxA stimulation. Subtype-selectivity of this effect 

was observed, although some non-selective antagonism occurred at OxR1 

using TCS-OX2-29 antagonist, particularly at higher antagonist concentrations 

(Figure 5.6, Table 5.1). 

 

At the concentration used, TCS-OX2-29 antagonist did not completely reduce 

the BRET signal from cells expressing BRET-tagged OxR2. A higher 

concentration was not used due to the non-selective effect on OxR1. Therefore 

a component of the BRET signal observed upon agonist treatment of the OxR2-

Venus + OxR1 cell population treated with TCS-OX2-29 also contains a 

component of the direct OxR2-β-arrestin BRET signal resulting from the inability 

to fully antagonize this interaction using the indicated concentration of TCS-

OX2-29. Nonetheless, co-treatment of cells expressing both OxRs with OxA 

and pre- or post-treatment with both antagonists resulted in largely similar 

BRET mean values compared to cells expressing either OxR1- or OxR2-

subtype alone. This decrease indicates that the indirect signal that is detected 

between BRET-tagged β-arrestin bound to the untagged receptor and the 

BRET-tagged OxR can be specifically eliminated upon antagonist treatment, 

and is a further indication that a specific heteromer forms between OxR 

subtypes. 

 

The observed concentration-response characteristics exhibited by the SB-

334867 antagonist with regard to OxR-β-arrestin interactions suggested that at 

high concentrations of OxA, SB-334867 would be able to inhibit the proximity of 

OxR1-β-arrestin 2 interactions to a greater extent than similarly stimulated 
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OxR2-β-arrestin 2 interactions in the presence of TCS-OX2-29. Indeed, this was 

the case as the concentration of SB-334867 used completely eliminated the 

OxR1-β-arrestin BRET signal, whereas the OxR2-β-arrestin BRET signal was 

not completely eliminated in the presence of a 10-fold higher concentration of 

TCS-OX2-29. Finally, these subtle potency differences not observed through 

downstream G protein-mediated signalling may result in differences to 

downstream OxR-β-arrestin-mediated signalling activity in the presence of a 

heterogeneous population of OxR subtypes. 

 

Additional differences were also observed between both antagonists.  Indeed, 

the data suggest that these antagonists may bind to the receptor by different 

mechanisms. Calculation of OxA-stimulated potency with increasing 

concentrations of SB-334867 to OxR1-expressing cells could not be evaluated 

due to lack of efficacy (Figure 5.6A). The dramatic reduction in maximal efficacy 

of OxA-stimulated OxR1 with increasing concentrations of SB-334867 indicates 

this substance binds to OxR1 in a non-competitive manner. This property was 

similarly observed in a previous study observing inositol phosphate production 

(Malherbe et al., 2009). Additionally, SB-334867 only had an effect on OxA-

mediated potency of OxR2-β-arrestin 2 proximity with the highest tested 

concentration of 100 µM. In contrast, TCS-OX2-29 appears to display 

surmountable antagonism on OxA-stimulated OxR2-β-arrestin 2 proximity. No 

significant reduction in maximal efficacy upon increasing antagonist 

concentration was detected, indicating its activity as a competitive antagonist at 

OxR2. Previously studies have shown that IC50 values for calcium mobilization 

are similar for both antagonists (Hirose et al., 2003; Smart et al., 2001), 

however, it appears that this similarity is not observed for OxR-β-arrestin 

recruitment. Nonetheless, the concentration-response BRET data and the 

kinetic BRET data observed in this study correlate with their relative abilities to 

selectively antagonize OxR-β-arrestin proximity. 

 

Utilizing GPCR-HIT, the data shown here provide evidence that OxR1 and 

OxR2 form heteromers in the presence of β-arrestin 2 (Figure 5.7). Cells that 

co-expressed either OxR1-Venus + OxR2 or OxR2-Venus + OxR1, and were 



Chapter 5 - Oligomerization of Orexin Receptors and β-arrestin-binding  
 

175 
 

treated with a selective antagonist that targets the BRET-tagged receptor, 

revealed an elevated and sustained BRET ratio compared to cells expressing 

the BRET-tagged constructs alone (Figure 5.7). Furthermore, a complete 

blockade of the BRET signal was achieved upon co-treatment with both 

antagonists, suggesting the presence of heteromeric OxR complexes. The 

relative differences between BRET signals observed after OxA stimulation in 

pre- and post-antagonist treatment categories is suggestive that the antagonist 

does not have a direct affect on the ability of OxRs to form a heteromeric 

complex. A difference in means was not detected as significant in either 

orientation using either antagonist. However, it is visually apparent that the 

ligand-dependent BRET signal increase compared to the control could only 

occur if the receptor was present in a heteromeric complex (Figure 5.7).  

  

This lack of a significant difference in means may be an indication of the 

proportion of OxRs that form homomers or heteromers in the cell population; 

which may be reflected by the relative affinity of OxRs to form homo- or 

heteromeric complexes. In addition, the relative expression levels of tagged and 

untagged receptors may also influence the equilibrium of homomeric or 

heteromeric OxR association. Another potential issue may be the unsuitable 

orientation or proximity of BRET tags resulting in steric hindrance of a BRET 

signal. Finally, there is a possibility that OxR heteromers may be able to 

constitutively associate with β-arrestin 2. Constitutive association cannot be 

distinguished using the data shown due to the GPCR-HIT method used to attain 

the BRET ratio. A heightened BRET ratio in the ‘agonist’ treated cell population, 

indicative of a constitutive interaction, would be cancelled out by the similar 

BRET ratio observed in the ‘vehicle’ treated well prior to agonist stimulation 

resulting in a BRET signal that is insensitive to constitutive activity. Accordingly, 

if a background, constitutive level of OxR complex formation was occurring, this 

would result in a reduced ability to detect a ligand-induced BRET signal, relative 

to the level of constitutive activity.  

 

The ability of GPCR heteromers to constitutively bind with β-arrestin 2 has been 

shown for µ- and δ-opioid receptors upon co-expression, and was not observed 
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when individually expressed in CHO cells (Rozenfeld et al., 2007). In addition, 

this association led to an altered ERK1/2 phosphorylation signalling response 

through β-arrestin (Johren et al., 2001) that may be associated with the ability of 

δ-opioid receptor to interact with β-arrestin in a more stable manner than µ-

opioid receptor (Lowe et al., 2002). Further details of ERK signalling mediated 

by OxR activation will be elaborated on in Chapter 7. 

 

An alternative method of BRET that can be used to distinguish constitutive 

interactions involves subtracting the BRET ratio of donor-only-expressing cells 

from cells expressing both the acceptor and donor fusion proteins in the 

quiescent state (Pfleger et al., 2006c). However, this could not be carried out 

using the GPCR-HIT method since ligand-induced changes are required. 

Further experiments to investigate disruption of OxR complexes could be 

carried out using GPCR-HIT through the use of mutant constructs, such as the 

OxR2 A399-A406-A427 mutant to gain further insight into the stability of 

heteromeric complexes in association with β-arrestin-binding. 

 

Administration of the OxR1-subtype-selective antagonist to tissues expressing 

both OxR subtypes may display altered signalling effects in tissues that express 

only the OxR1 subtype due to the ability of these receptors to form heteromer 

complexes. Indeed, heteromerization has been shown through the use of 

another OxR1-selective antagonist. SB-674042 displays similar OxR1-selective 

antagonist properties as SB-334867 (Malherbe et al., 2009). A study has shown 

that in cells co-expressing OxR1 and cannabinoid 1 receptor (CB1R), the 

potency of CB1R-specific agonist (WIN55,212-2) to stimulate phosphorylated 

ERK1/2 production is reduced in the presence of SB-674042 (Ellis et al., 2006). 

Additionally, SB-674042 also promoted the relocalization of co-expressed OxR1 

and CB1R to the cell surface (Ellis et al., 2006). This indicates that OxR1 is able 

to modulate the activity of another biochemically different receptor in the 

presence of an OxR1-selective antagonist. Data presented in this thesis show 

that this may also be the case with orexin receptors, with OxR1-OxR2 

heteromers adopting an OxR2-like β-arrestin interaction profile in a similar 
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manner to V1aR-V2R heteromers adopting a V2R-like β-arrestin interaction 

profile (Terrillon et al., 2004). 

5.4.3 Conclusion 

It may be seen that relative expression levels in tissues and the affinity of OxRs 

to form homomeric or heteromeric complexes may play a role in the stability of 

β-arrestin recruitment upon OxR-selective antagonist administration, and result 

in a characteristic OxR-β-arrestin-binding profile dependent upon these factors.  

 

The ability of GPCRs to form dimers and higher order oligomers has been 

shown in numerous previous studies. In studies conducted here, OxR 

oligomerization was indirectly detected through the ability of β-arrestin 2 to be 

recruited and function as a reporter in the presence of an OxR-selective 

antagonist. In addition, the stability of β-arrestin-binding was shown to differ in 

the presence of a homogeneous or heterogeneous OxR-subtype population. 

This would have important implications with regards to the temporal nature of β-

arrestin-mediated activity through OxR activation. 
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CHAPTER 6 

UBIQUITINATION OF OREXIN RECEPTOR COMPLEXES 

6.1 INTRODUCTION 
 

Covalent modification of GPCR complexes by ubiquitination has been shown to 

influence various properties of GPCR function (Shenoy, 2007). This process 

has been shown to regulate internalization as well as the fate of internalized 

complexes into degradative, or further cellular signalling pathways. In particular, 

β-arrestin ubiquitination may be a key regulatory mechanism through which β-

arrestin complexes are maintained (Shenoy, 2007; Shenoy et al., 2005; Shenoy 

et al., 2003c).  

 

Structurally dissimilar to another significant post-translational modification, 

phosphorylation, ubiquitination involves the attachment of a 76-amino acid 

peptide to lysine residues on target proteins, the regulation of which is unclear 

for GPCRs (Nabhan et al., 2010; Shenoy et al., 2008). Further modes of 

regulation may be imparted by the formation of polymeric ubiquitin linkages at 

specific residues within ubiquitin (Pickart et al., 2004; Woelk et al., 2007). In 

particular, multimeric linkages at lysines 48 (K48) and 63 (K63) have been 

shown to have distinctive and dissimilar effects on the fate of intracellular 

proteins. Linkages at K48 have been shown to be important for proteosomal 

degradation (Chau et al., 1989; Finley et al., 1994), while multimerization at K63 

may be important for certain signalling pathways (Sun et al., 2004), but lack of 

conjugation at this residue was not found to be detrimental to degradation of 

targeted proteins (Spence et al., 1995). However, this intrinsic regulatory ability 

of ubiquitination has not been explored for GPCRs. 

 

Detection of ubiquitination has been enhanced through the ability to monitor 

these interactions in real-time using BRET. A method to detect the ability of 

both GPCR ubiquitination and β-arrestin ubiquitination in the same cell has 

been developed (Perroy et al., 2004). Additionally, kinetic assays using BRET 
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were carried out comparing two GPCRs, V2R and β2AR that characteristically 

exhibit strong and weak associations with β-arrestin respectively. This was 

reflected in the ubiquitination profiles of these receptors. V2R exhibited 

sustained β-arrestin-ubiquitin proximity, while that involving β2AR was more 

transient (Perroy et al., 2004).  

 

In previous studies, a temporal difference in the ability of orexin receptors to 

stably recruit β-arrestin was observed (Dalrymple and Jaeger et al., 2011). This 

study aims to observe temporal β-arrestin-ubiquitin proximity upon orexin 

receptor activation using the BRET approach instituted by Perroy and 

colleagues, and compare these long-term temporal profiles between both orexin 

receptor subtypes. 
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6.2 MATERIALS AND METHODS 

6.2.1 Materials 

Ligands used in this section were Orexin A (OxA, American Peptide Company), 

Angiotensin II (ATII, Tocris Bioscience) and thyrotropin-releasing hormone 

(TRH, Bachem). 

6.2.2 Cell Maintenance 

HEK293FT cells were maintained as described previously (refer to § 2.2-2.3). 

6.2.3 cDNA constructs 

Orexin receptor and β-arrestin constructs have been described earlier (refer to § 

2.4.1). GFP-Ubiquitin was acquired from the Addgene database, and an EcoRV 

site was added to the 5’ end of ubiquitin by PCR to form compatible restriction 

enzyme sites to enable sub-cloning into pcDNA3-Venus (without a stop codon) 

vector, to form Venus-ubiquitin-pcDNA3 resulting in the ability of Venus-

ubiquitin to be translated as a fusion protein (Figure 6.1, Table 6.1). 

 

Ubiquitin cDNA constructs were created using the method described in an 

earlier section (refer to § 2.4.2). Ubiquitin K48A (A142G, A143C), K63A 

(A187G, A188C) and the double mutation (K48-63A) were carried out by 

mutagenesis as described in Table 6.1, using primers listed in Table 6.2. After 

each PCR mutagenesis reaction, the PCR fragment was cleaved with restriction 

enzymes and reinserted back into sequenced pcDNA3 vector (Figure 6.1). 

cDNA constructs were then sequenced as described in § 2.4.4 and verified for 

appropriate in-frame insertion into the vector and correctly non-mutated/mutated 

residues.  
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Figure 6.1 – Diagram of Venus-ubiquitin-pcDNA3 cDNA constructs, and 
protein translation for mutant and wild-type constructs. The diagram illustrates 

the region within the multiple cloning site of pcDNA3 that contains the DNA coding sequence of 

the expressed fusion protein. Protein translation of ubiquitin is only shown for ease of 

visualization. Bold black characters (lysine) indicate wild-type residues. Bold red characters 

indicate mutated (alanine) residues.  
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Multiple cloning site

MQI-(43)-GKQLEDGRTLSDYNIQKESTLHLVLRLRGG* WT
PROTEIN TRANSLATION
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Table 6.1 – Summary of ubiquitin cDNA constructs used in this section 
and how they were generated. The plasmid containing GFP-ubiquitin was acquired 

(Addgene plasmid 11928) (Dantuma et al., 2006). The Genbank accession number for ubiquitin 

cDNA is NM_021009. The primers mentioned are detailed in Table 6.2. 
 

 
 

Table 6.2 – List of primers used to generate cDNA constructs in Table 6.1 

 

6.2.4 Mammalian cell transfections 

Transient transfections in HEK293FT cells were carried out as previously 

described using Genejuice® transfection reagent according to manufacturer’s 

recommendations (refer to §2.6.1). 

6.2.5 BRET assays 

All BRET assays were carried out using HEK293FT cells and have been 

described previously (refer to § 3.3). Fluorescence values were attained by 

stimulation of cells with a 480nm light source and relative emission values were 

cDNA construct Template cDNA Method of Construction
5’ EcoRV-ubiquitin-XbaI 3’-pcDNA3 GFP-ubiquitin-pEGFP-

C1
PCR mutagenesis/sub-
cloning (5’ EcoRV, 3’ XbaI)

Venus-ubiquitin-pcDNA3 5’ EcoRV-ubiquitin-XbaI 
3’-pcDNA3

Sub-cloning (restriction 
digestion/ligation)

Venus-Ubiquitin (K48A)-
pcDNA3

Venus-ubiquitin-
pcDNA3

PCR mutagenesis 
(ubiquitin K48A primers)

Venus-Ubiquitin (K63A)-
pcDNA3

Venus-ubiquitin-
pcDNA3

PCR mutagenesis 
(ubiquitin K63A primers)

Venus-Ubiquitin (K48,63A)-
pcDNA3

Venus-Ubiquitin 
(K48A)-pcDNA3

PCR mutagenesis 
(ubiquitin K63A primers)

cDNA construct
Primers (5’➔3’)Primers (5’➔3’)

cDNA construct
Forward Primer Reverse Primer

5’ (EcoRV)-ubiquitin-(XbaI) 3’-
pcDNA3

ATATTATGATATC
GCTTCGGGCCGCA
TGC

ATAATATTCTAGA
TCCGGTGGATCCC
GGG

Venus-Ubiquitin (K48A)-
pcDNA3

GAGGCTGATCTTT
GCTGGAGCACAGC
TGGAAGATGGGC

GCCCATCTTCCAG
CTGTGCTCCAGCA
AAGATCAGCCTC

Venus-Ubiquitin (K63A)-
pcDNA3

CTACAACATCCAG
GCAGAGTCCACCC
TGC

GCAGGGTGGACTC
TGCCTGGATGTTG
TAG
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recorded using an EnVision™ 2102 multilabel reader at 535 nm (PerkinElmer). 

Luminescence was recorded after substrate addition (415-465 nm) before any 

treatments were carried out using a VICTOR™ Light 1420 luminometer 

(PerkinElmer). Values were normalized within either luminescence or 

fluorescence categories. 

6.2.6 Statistical analyses 

Statistical analyses of kinetic BRET assays were carried out using two-way 

repeated measures ANOVA F-tests for analysis of kinetic data followed by 

Bonferroni’s post-test analysis. Analysis of EC50 values for concentration-

response data was performed by one-way ANOVA followed by two-sample t-

tests not protected for multiple comparisons. The results of two-sample t-tests 

were only considered if the omnibus one-way ANOVA suggested significance. 

This post-test analysis was carried out due to the observation of significance in 

the one-way ANOVA, but lack of significance observed between mean EC50 

values upon Bonferroni’s correction in post-test analyses. Bonferonni’s 

correction is considered to be a conservative test that may result in reporting of 

false negative values (Narum, 2006). Nonetheless, significance was reported 

using this correction, but should be interpreted as a conservative assessment of 

significance. 
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6.3 RESULTS 

6.3.1 Detection of β-arrestin-ubiquitin proximity upon 

stimulation of Orexin receptors using BRET 

The ability of orexin receptors and β-arrestin to form a complex with ubiquitin 

was investigated by BRET (Figure 6.2). Initial assays were carried out using 

BRET-tagged β-arrestin 1 co-expressed with BRET-tagged wild-type ubiquitin 

or three other ubiquitin mutants containing lysine substitutions for alanine, along 

with an untagged orexin receptor (Figure 6.3). Upon OxA stimulation, a 

moderate BRET signal was induced in the presence of either orexin receptor 

and additionally in the presence of non-mutated or mutated BRET-tagged 

ubiquitin (Figure 6.3A-D). However, the signal was more sustained and 

heightened in the presence of OxR2 (Figure 6.3F) compared to OxR1 (Figure 

6.3E). Upon comparison between ubiquitin species, there were no significant 

differences between profiles of either receptor in the presence of non-mutated 

ubiquitin (Figure 6.3A), ubiquitin K48A (Figure 6.3B), or ubiquitin K63A (Figure 

6.3C) mutants. However, there was a significant difference between OxRs in 

the presence of ubiquitin K48-63A from 15-180 min post-agonist stimulation as 

detected by carrying out a two-way ANOVA test (Figure 6.3D). Fluorescence 

and luminescence data indicated no significant differences in the expression 

levels between each of the ubiquitin constructs (Figure 6.3G,H).  
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Figure 6.2 – Diagram of BRET detection of β-arrestin-ubiquitin proximity. 
Schematic representation of BRET to characterize temporal kinetics of β-arrestin-ubiquitin 

proximity in live HEK293FT cells in real time at 37°C. Unstimulated cells contain β-arrestin-

Rluc8 and WT, K48A, K63A or K48-63A ubiquitin-Venus in the presence of non BRET-tagged 

OxR1 or OxR2, (A). Upon stimulation with Orexin A (OxA), β-arrestin translocates to 

phosphorylated residues on the receptor C-terminus and is ubiquitinated, resulting in BRET 

occurring between fusion proteins, (B). Note that a minor component of the BRET signal 

resulting from receptor ubiquitination cannot be excluded (refer to §6.4.1). 
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Figure 6.3 – eBRET kinetic data of ubiquitin-β-arrestin 1 proximity in the 

presence of either OxR1 or OxR2 in HEK293FT cells. C-terminally Rluc8-tagged 

β-arrestin 1, and N-terminally Venus-tagged non-mutated ubiquitin (A); ubiquitin K48A (B); 

ubiquitin K63A (C); or ubiquitin K48-63A (D) were transiently co-expressed with either HA-

tagged OxR1 (open circles) or OxR2 (closed circles). Cell populations expressing BRET-tagged 

β-arrestin 1 and either OxR1 (E) or OxR2 (F) were compared between cells expressing all wild-

type and mutant ubiquitin constructs. Cells were treated with 0.6 µM OxA at t=0. Fluorescence 
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(G) and luminescence (H) was acquired for all cell populations, along with a mock-transfected 

control according to previously described methods (refer to § 6.2.5). Data are presented as 

mean ± SEM of three independent assays. * indicates p<0.05 upon comparison of means at a 

5% level of significance. 

 

Subsequently, interactions between ubiquitin and β-arrestin 2 were investigated 

in the presence of an OxR subtype (Figure 6.4). Similar to the results for β-

arrestin 1, a ligand-induced interaction was observed in the presence of either 

OxR subtype, however, the signal displayed in the presence of β-arrestin 2 was 

higher in magnitude and more prolonged for both OxR subtypes than in the 

presence of β-arrestin 1 (Figure 6.4A-D).  

 

Over the four-hour time course of measurement, significance was observed 

between BRET profiles of the two OxR subtypes. The BRET profiles involving 

OxR2 (Figure. 6.4F) were heightened and sustained compared to that of OxR1 

(Figure 6.4E), and parallel that observed in the presence of β-arrestin 1 (Figure 

6.3E,F). The least level of significance was observed between OxR subtypes in 

the presence of non-mutated ubiquitin where significance was infrequently 

observed after 2 hours of agonist stimulation (Figure 6.4A). In the presence of 

ubiquitin K48A (Figure 6.4B), significantly different BRET ratios were observed 

in earlier stages of the time course at 25 minutes and 45-90 minutes post-

agonist stimulation. OxR profiles for both ubiquitin K63A (Figure 6.4C) and 

ubiquitin K48-63A (Figure 6.4D) displayed significantly different values after 10-

15 min of agonist stimulation and remained significant up to the end of the time 

course. Cells transfected with either the non-mutated or mutated ubiquitin 

constructs displayed similar levels of fluorescence and luminescence in the 

presence of either OxR subtype (Figure 6.4G,H). 
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Figure 6.4 – eBRET kinetic data of ubiquitin-β-arrestin 2 proximity in the 

presence of either OxR1 or OxR2 in HEK293FT cells. C-terminally Rluc8-tagged 

β-arrestin 2, and N-terminally Venus-tagged non-mutated ubiquitin (A); ubiquitin K48A (B); 

ubiquitin K63A (C); or ubiquitin K48-63A (D) were transiently co-expressed with either HA-

tagged OxR1 (open circles) or OxR2 (closed circles). Cell populations expressing BRET-tagged 

β-arrestin 2 and either OxR1 (E) or OxR2 (F) were compared between cells expressing all wild-
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type and mutant ubiquitin constructs. Cells were treated with 0.6 µM OxA at t=0. Fluorescence 

(G) and luminescence (H) was acquired for all cell populations, along with a mock-transfected 

control according to previously described methods (refer to § 6.2.5). Data are presented as 

mean ± SEM of three independent assays. * indicates p<0.05 upon comparison at a 5% level of 

significance. 

 
Comparisons of BRET kinetic profiles between non-mutated and mutated 

BRET-tagged ubiquitin subtypes in the presence of OxR1 and β-arrestin 2 did 

not present any significant differences (Figure 6.5A). However, co-expression of 

OxR2 and BRET-tagged β-arrestin 2, revealed significant changes between 

some profiles. In the presence of non-mutated ubiquitin, ligand-induced BRET 

kinetics tended to remain at a more sustained level throughout the duration of 

the time course compared to BRET profiles for cells expressing each of the 

mutant ubiquitin constructs (Figure 6.5B-D). Cells expressing mutant ubiquitin 

constructs displayed BRET ratios that returned to near-baseline values up to 

the duration of the time course. Upon comparison of non-mutated and ubiquitin 

K48A-expressing cells, early time points up to approximately 2 hours post-

agonist stimulation resulted in the display of similar kinetics and BRET ratios, 

but then diverged to reveal sporadic significance differences up to the duration 

of the time course (Figure 6.5B). The ubiquitin K48A mutant resulted in a faster 

rate of decrease in the BRET ratio, to return to baseline levels at 4 hours post-

agonist stimulation. In contrast, comparison of non-mutated ubiquitin with 

ubiquitin K63A (Figure 6.5C) and ubiquitin K48-63A (Figure 6.5D) in the 

presence of OxR2 revealed early timepoints where cells expressing both 

mutated ubiquitin constructs displayed higher initial rates of increase in BRET 

ratio, but then declined throughout the remainder of the measurement period. 

Indeed data from both ubiquitin K63A and ubiquitin K48-63A displayed 

overlapping profiles (Figure 6.5G). In contrast, the profile of ubiquitin K48A was 

lower, but kinetically similar compared to both of the other ubiquitin mutants 

(Figure 6.5E,F).  
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Figure 6.5 – Further analysis of eBRET kinetic data of ubiquitin-β-arrestin 

2 interactions in the presence of either OxR1 or OxR2 in HEK293FT cells. 
A comparison of ubiquitin kinetics between BRET-tagged β-arrestin 2 and non-mutated or 

mutated ubiquitin in the presence of untagged HA-OxR1 is shown (A). A comparison of ubiquitin 

kinetics between β-arrestin 2 and non-mutated or mutated ubiquitin in the presence of OxR2 is 
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shown (B-G). Data are presented as mean ± SEM of three independent assays. * indicates 

p<0.05 at a 5% level of significance. 

6.3.2 Potency of agonist-mediated β-arrestin-ubiquitin 

proximity upon stimulation of Orexin receptors compared with 
other GPCRs 

The OxA-mediated potency of β-arrestin 2-ubiquitin BRET proximity was 

investigated in the presence of OxR1 or OxR2 and compared to that of 

potencies induced by TRH-treated TRHR and AngII-treated AT1aR (Figure 6.6). 

Concentrations of ligand that induce a half-maximal BRET response (EC50) 

were established at several timepoints between 30 and 90 minutes post-agonist 

stimulation (Figure 6.6). The concentration-response curves were observed to 

separate into two groups based on their ligand concentration to induce a half-

maximal BRET ratio. Concentration-response curves of AT1aR and TRHR1 

tend to exhibit overlapping and greater agonist-stimulated potencies than OxR1 

and OxR2 after approximately 60 min of agonist stimulation (Table 6.3). This 

difference became apparent upon statistical analysis. One-way ANOVA tests 

revealed significance between mean EC50 values from 60 to 90 min of agonist 

stimulation (Table 6.3, 6.4). Further analysis provided evidence to suggest 

significantly different means between OxR2 and AT1aR, as well as between 

OxR2 and TRHR1. Significance was observed between OxR1 and TRHR1 at 

60 min post-agonist stimulation; however, no further significance was observed 

between OxR1 and AT1aR and TRHR1 at subsequent time points. It should be 

noted that the variation observed for mean EC50 values of OxR1 and OxR2 was 

higher than that of AT1aR and TRHR1 as shown by 95% confidence intervals of 

these means (Figure 6.7), and may have an effect on the statistical tests that 

were carried out, however, significantly different variances were not observed 

when carrying out the main omnibus (ANOVA) F-test (p<0.05). 
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Figure 6.6 – Comparative BRET concentration-response data of ubiquitin-

β-arrestin proximity in the presence of HA-tagged OxR1, OxR2, AT1aR and 

TRHR transiently expressed in HEK293FT cells. Cells were treated with various 

concentrations of agonist (OxR1 and OxR2, OxA; AT1aR, AngII; TRHR, TRH), and responses 
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were measured between 30 and 90 minutes of agonist stimulation at 10 minute intervals. Data 

are presented as mean ± SEM of four to six independent assays. 

 

Table 6.3 – Summary of logEC50 values from concentration-response 
curves displayed in Figure 6.6. SEM indicates standard error of the mean of logEC50 

values. 

 
 

Table 6.4 – Summary of p-values from statistical tests that were carried 
out comparing logEC50 values from concentration-response data. A one-way 

ANOVA was carried out to test for significance amongst means. Values in bold indicate reported 

P values were less than 0.05 and were therefore considered to provide evidence for a 

statistically significant difference between mean logEC50 values at a 5% level (bold, highlighted 

yellow). P values reported for the two-sample t-test were not adjusted for multiple comparisons.  
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Figure 6.7 – 95% confidence interval of logEC50 values for each of the time 
points that yielded significance through one-way ANOVA analysis as 
shown in Table 6.2. The time points indicate the time at which data were analysed after 

0.6 µM OxA agonist addition  – 60 min (A); 70 min (B); 80 min (C); or 90 min (D), post-agonist 

stimulation. 
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6.4 DISCUSSION 

6.4.1 OxA stimulation of Orexin receptor subtypes promotes 

distinct temporal profiles of β-arrestin-ubiquitin proximity 

Covalent modification of GPCRs and their binding partners appears to be 

critical for regulating the activity of many GPCRs (Torrecilla et al., 2006). 

Ubiquitination seems unique in its ability to potentially govern multiple facets of 

receptor function including internalization, compartmentalization, signalling and 

degradation of the receptor complex, depending on the stability and secondary 

structure of ubiquitin linkages to target proteins (Pickart et al., 2004). 

Characterization of the temporal aspects of β-arrestin-ubiquitin proximity is 

potentially informative for investigating the stability of receptor complexes and 

the influence it may exert on β-arrestin-mediated activities. In this study, the 

temporal profiles of β-arrestin-ubiquitin proximity were observed upon activation 

of OxR1 or OxR2 with OxA. It should be noted that these assays did not 

measure the direct association between β-arrestin and ubiquitin. Since this 

assay is proximity-based, it is possible that a component of the signal may 

result from ubiquitin interacting directly with the OxR, or other proteins in the 

macromolecuar complex. However, in light of previous studies, measurement of 

the nature of the stability of the macromolecular complex as a whole would be 

an overarching theme in the interpretation of these data.  

 

In the presence of both β-arrestin subtypes, the profile of β-arrestin-ubiquitin 

proximity appears to be more transient upon OxR1 activation compared to that 

observed in the presence of OxR2. This difference in stability correlates with 

OxR-β-arrestin proximity observed previously (refer to Chapter 4) (Dalrymple 

and Jaeger et al., 2011), as well as the ability of OxR2 to stimulate more 

sustained ERK1/2 phosphorylation than OxR1 over a similar period of time 

(refer to Chapter 7) (Dalrymple and Jaeger et al., 2011). In contrast to the 

previous β-arrestin-ubiquitin BRET study that observed a difference in BRET 

signals in the presence of β2AR and V2R over a period of 10 minutes (Perroy et 

al., 2004), the difference observed between OxRs was only significant after this 
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period of time. Some analogies between OxR1 and β2AR may be observed with 

regard to relative β-arrestin-binding stability compared to other receptors such 

as OxR2, AT1aR or V2R. However, OxR1 does possess GRK phosphorylation 

cluster sites, and displays substantially greater β-arrestin-binding stability than 

β2AR. Indeed, the temporal differences observed for OxRs occur at a later 

timepoint upon continual stimulation. The difference between β-arrestin subtype 

profiles may be due to competition of endogenous with BRET-tagged β-arrestin 

1, given that β-arrestin 1 is expressed at a higher level than β-arrestin 2 (refer to 

§ 4.4.1). 

 

An additional insight into the temporal profiling of β-arrestin ubiquitination was 

carried out in the presence of multiple ubiquitin mutants containing lysine 

substitutions for alanine at positions 48, 63 or both. The initial intention for the 

use of the K48-63A mutant was due to the previously described possibility for 

multiple acceptor moieties to cause quenching or interference phenomena 

resulting in an aberrant BRET signal (Perroy et al., 2004). There was evidence 

of this occurring in the presence of wild-type BRET-tagged ubiquitin by a 

dramatic decrease in the maximal BRET value that could be achieved using 

wild-type ubiquitin compared to K48-63A ubiquitin. In addition, it also appears 

that the BRET50 value, or the fluorescence/luminescence ratio that results in a 

half-maximal BRET signal, was augmented in the presence of wild-type 

ubiquitin compared to K48-63A ubiquitin (Perroy et al., 2004). This would 

additionally indicate a decreased propensity of the interaction between wild-type 

ubiquitin and β-arrestin compared to that in presence of the K48-63A mutant 

(Marullo et al., 2007). Indeed, there is some evidence of this occurring in the 

current studies. The overall BRET signals in the presence of wild-type ubiquitin 

were lower, and at some points significantly lower, in the early stages of the 

time course compared to that in the presence of K48A-K63A. However, a more 

striking difference in the kinetic profile was observed when comparing these two 

ubiquitin constructs with two additional single mutant constructs. While 

differences were not observed in the presence of OxR1, multiple differences 

were observed in the presence of OxR2 in the full array of ubiquitin mutants. 

Given the earlier described capacity for ubiquitin chain linkage at specific 
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residues resulting in altered receptor function, it may be the case that while the 

BRET signal may be optimized in the presence of the double lysine ubiquitin 

mutant, this may additionally alter the functions mediated by modification of β-

arrestin ubiquitination. This may be reflected by the temporal differences in the 

BRET signals observed, that may result in altered trafficking or 

compartmentalization of GPCR complexes. Conversely, this may also be used 

as an additional tool complemented by the BRET methodology to distinguish 

between the abilities of various macromolecular complexes to undergo 

ubiquitin-driven activity by modulation of ubiquitin function. 

6.4.2 Agonist potency for β-arrestin-ubiquitin proximity 

associated with Orexin receptors is lowered compared to other 
classical Gq-coupled GPCRs 

Potency differences observed between OxR1 or OxR2 and two other Gq-

coupled receptors, AT1aR and TRHR1 indicate that a significantly higher 

concentration of OxA was required to elicit a similar level of β-arrestin-ubiquitin 

proximity than that of AngII-stimulated AT1aR or TRH-stimulated TRHR. As 

shown in Table 6.5, ligand-binding and two other G-protein-mediated 

responses, inositol phosphate turnover and calcium mobilization, were similar 

between all receptors. IC50 values acquired for OxA ligand-binding of OxRs was 

slightly higher than that of the two other receptors. In addition, the limited 

binding studies that have been performed on the OxRs indicate that their affinity 

for orexins is relatively lower than that of other peptide receptors (Voisin et al., 

2003). Nonetheless, this difference was less pronounced than a comparison of 

EC50 values observed for β-arrestin 2 recruitment (Table 6.5). This indicates that 

OxRs have a lower potency for β-arrestin, and by extension the range of 

functions that β-arrestin provides to OxRs. The difference observed in calcium 

mobilization EC50 values between Sakurai and colleagues and Smart and 

colleagues may be due to the sensitivity of extracellular calcium concentration 

on the potency of OxA to mediate calcium responses (Ammoun et al., 2003). 

Low extracellular calcium resulted in a significantly lower potency for calcium 

mobilization upon OxA activation of OxR1, however, this difference was less 
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pronounced for OxR2 (Ammoun et al., 2003; Lund et al., 2000). A further study 

found that Ca2+ influx could be mediated via a pathway independent of Gq-

coupling for OxR1 (Magga et al., 2006). However, this was not observed for 

OxR2, and this would not explain why potency for β-arrestin-mediated functions 

is dramatically decreased for the OxRs. Additionally, differences in EC50 values 

for β-arrestin-ubiquitin proximity were observed to be less significant between 

AT1aR or TRHR and OxR1 in comparison to significance between AT1aR or 

TRHR1 and OxR2. The more potent Ca2+ influx pathway may operate under 

conditions of lower agonist concentration, while higher OxA concentrations may 

mediate alternate β-arrestin-mediated pathways that could be involved in either 

counterbalance or integration of the more potent OxR1-mediated Ca2+ influx 

pathway. These studies highlight the need for further exploration of β-arrestin-

mediated functions of OxRs to fully understand their function. 

 
Table 6.5 – Compilation of ligand binding (IC50), inositol phosphate 

accumulation (EC50), calcium mobilization (EC50) and β-arrestin 2 

recruitment (EC50) values for OxR1, OxR2, AT1aR and TRHR1 from 
multiple sources. OxR1 and OxR2 were treated with Orexin A, AT1aR was treated with 

AngII, TRHR1 was treated with TRH. 

 

Ligand binding (IC50; nM)Ligand binding (IC50; nM)
Inositol phosphate 

accumulation (EC50; nM)
Inositol phosphate 

accumulation (EC50; nM)
Calcium Mobilization 

(EC50; nM)
Calcium Mobilization 

(EC50; nM)
β-arrestin 2 recruitment 

(EC50; nM)
β-arrestin 2 recruitment 

(EC50; nM)

OxR1OxR1

OxR2OxR2

AT1aRAT1aRAT1aRAT1aRAT1aRAT1aRAT1aR

TRHR1TRHR1TRHR1TRHR1

20 Sakurai et al., 1998 4.1-11.4 Dalrymple et al., 2011
30 Sakurai et al., 1998 617-822 Dalrymple et al, 2011

20 Sakurai et al., 1998 4.1-11.4 Dalrymple et al., 2011
~10 Smart et al., 2000 28-87 § 5.3.1

38 Sakurai et al., 1998 2.1-5.2 Dalrymple et al., 2011
34 Sakurai et al., 1998 139-290 Dalrymple et al, 2011

38 Sakurai et al., 1998 2.1-5.2 Dalrymple et al., 2011
~5 Smart et al., 2000 51-100 § 5.3.1

15.8-25.1 Sanni et al., 2010 1.1 Violin et al., 2010

0.1-0.3 Morinelli et al., 2007

9.7 Violin et al., 2010
15.8-25.1 Sanni et al., 2010 1.1 Violin et al., 2010

0.1-0.3 Morinelli et al., 2007
1.4-1.8 Szidonya et al., 2007

15.8-25.1 Sanni et al., 2010

1.5 Szidonya et al., 2007 0.1-0.3 Morinelli et al., 2007
1.4-1.8 Szidonya et al., 2007

1 Shukla et al., 2006
1.5 Szidonya et al., 2007 0.1-0.3 Morinelli et al., 2007

1.4-1.8 Szidonya et al., 2007

1 Shukla et al., 2006
1.5 Szidonya et al., 2007 0.1-0.3 Morinelli et al., 2007

~3 Sanni et al., 2010
1 Shukla et al., 2006

0.8-12.6 Sanni et al., 2010

0.1-0.3 Morinelli et al., 2007

~3 Sanni et al., 2010
~0.5 Martin et al., 1995 0.8-12.6 Sanni et al., 2010

0.1-0.3 Morinelli et al., 2007

~3 Sanni et al., 2010

4-8 Hanyaloglu et al., 2002 7.8-8.1 Hanyaloglu et al., 2001

5-9 Cao et al., 1998
13.2-20.8 Dromey, 2007

~7.5 Cao et al., 1998 2.8-7 Hanyaloglu et al., 2002
5-9 Cao et al., 1998

13.2-20.8 Dromey, 2007

13 Itadani et al., 1998
0.5-1.2 O’Dowd et al., 2000

5-9 Cao et al., 1998

2.2-6.8 Kocan et al., 2008
10-14 O’Dowd et al., 2000

0.5-1.2 O’Dowd et al., 2000
5-9 Cao et al., 1998

2.2-6.8 Kocan et al., 2008
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CHAPTER 7 

SIGNALLING AND FUNCTIONAL OUTPUT OF OREXIN 

RECEPTORS 

7.1 INTRODUCTION 
 

GPCRs can mediate a vast array of cellular signalling pathways that result in an 

alteration to cellular biochemistry (Dorsam et al., 2007). As their name 

suggests, these receptors have been found to primarily couple to an array of G 

proteins that result in activation of a particular signalling pathway. However, 

GPCRs have also been found to transactivate other non-GPCRs such as 

tyrosine kinases and ion channels resulting in novel signalling cascades (Hur et 

al., 2002; Luttrell et al., 1999). β-arrestins have been characterized as key 

signalling scaffold proteins that can promote distinct signalling pathways to that 

mediated by G proteins. One of the major signalling cascades that β-arrestin 

appears to participate in is the scaffolding and phosphorylation of mitogen-

activated protein kinases (MAPKs) including MAPK p44, 42 (ERK1/2). ERK1/2 

phosphorylation is involved in crucial cellular events such as differentiation, 

proliferation, and apoptosis as well as cytoskeletal remodelling of cells.  

 

The co-involvement of both G protein and β-arrestin-mediated ERK1/2 has 

been characterized with other GPCRs (Ahn et al., 2004a; Tohgo et al., 2003) 

and found to result in temporally and spatially distinct signalling cascades (May 

et al., 2008; Werry et al., 2006). Furthermore, β-arrestin-mediated signalling 

was found to be highly dependent upon the stability of β-arrestin-receptor 

binding and the ubiquitinated state of β-arrestin in this complex (Shenoy et al., 

2005; Shenoy et al., 2003c; Shenoy et al., 2009). 

 

Orexin receptors mediate G protein activity that occurs primarily through the 

activation of Gq, however, other G protein-mediated pathways have been 

characterized for the OxRs (refer to §1.7.4). In addition, phosphorylated ERK1/2 
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has been shown to be activated by both OxR1 and OxR2 in previous studies 

(Ammoun et al., 2006; Milasta et al., 2005; Ramanjaneya et al., 2009; Tang et 

al., 2008). However, a comparative temporal exploration of ERK1/2 

phosphorylation has not been carried out between OxR1 and OxR2. 

7.1.1 Measurement of cell responses using label-free systems 

Label-free cell systems can be utilized in GPCR studies to record physical, 

functional or structural characteristics of cells when treated with stimulatory 

compounds (Scott et al., 2010). These proprietary systems measure physical 

cellular effects through either optical or electrical methods (Atienza et al., 2006; 

Scott et al., 2010). As stated, the main advantage of these systems is the ability 

to characterize the properties of a receptor without the requirement of the 

receptor to be labelled, and may be performed in primary cell lines, provided 

that they have substrate attachment capability. In addition, these assays may 

be performed for large scale screening programs. However, it must be stated 

that direct functional activity attributed to a particular signalling pathway cannot 

be determined using this technology (Fang, 2006; Scott et al., 2010). 

7.1.2 Dimerization of β-arrestins 

A method using BRET to infer receptor activation through conformational 

changes in β-arrestin conformation has been published (Charest et al., 2005). 

Intramolecular BRET was detected utilizing tags on both the amino and 

carboxyl termini of β-arrestin. Upon activation of V2R, alterations in the BRET 

ratio were indicative of a conformational change in β-arrestin that resulted from 

V2R activation (Charest et al., 2005). It was also briefly shown that co-

expression of untagged V2R in the presence of Rluc- and YFP-tagged β-

arrestin 2 lowered the basal BRET ratio, and this was not increased upon 

agonist stimulation (Charest et al., 2005). However, the formation of oligomeric 

protein complexes has been observed to occur with β-arrestins. Both β-arrestin 

1 and 2 have been shown to form constitutive homo- and hetero-dimers using 

BRET in COS7 cells (Storez et al., 2005). The mechanism that enables the 
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dimeric state of β-arrestins has been shown to involve inositol 1,2,3,4,5,6-

hexakisphosphate binding (IP6 or phytic acid) (Hanson et al., 2008; Milano et 

al., 2006). It has been hypothesized that these complexes are present as 

quiescent species in transiently transfected cells to prevent non-specific β-

arrestin activity, however, their activity is controversial. β-arrestin 2 oligomers 

have been shown to be required for inhibition of p53-mediated apoptosis 

(Boularan et al., 2007). This was shown by BRET saturation data involving co-

expression of β-arrestin 2 BRET fusion constructs containing mutations in IP6 

binding residues with BRET-tagged Mdm2 (Boularan et al., 2007). Therefore, β-

arrestin oligomerization adds an additional regulatory element involved in the 

control of cellular signalling processes. These studies observed the possibility of 

detection of β-arrestin interactions as a result of stimulation of non-BRET-

tagged OxRs expressed in a heterologous cell line. 

 

The aim of this section was to compare and contrast the ability of OxR1 and 

OxR2 to mediate ERK1/2 phosphorylation over extended periods of time using 

a homogeneous cell-based assay (SureFire™ ERK1/2 phosphorylation kit, 

PerkinElmer). Additionally, other functional implications of OxR activation were 

briefly observed through the use of label-free systems. These studies along with 

others (Dalrymple and Jaeger et al., 2011) have shown differences in β-arrestin-

binding between both OxR subtypes (refer to Figure 4.4), in addition to altered 

ubiquitination profiles (refer to Figures 6.3 and 6.4). Furthermore, these studies 

continue to observe the comparative ability of OxRs to function through 

activation of ERK1/2 phosphorylation in HEK293 cell lines stably expressing 

either orexin subtype. 
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7.2 MATERIALS AND METHODS 

7.2.1 Materials 

The ligand used in this section was Orexin A (American Peptide Company). 

PKC inhibitors used were (2-[8-(Aminomethyl)-6,7,8,9-tetrahydropyrido[1,2-

a]indol-3-yl]-3-(1-methylindol-3-yl)maleimide; Bisindolylmaleimide X), a 

bisindolylmaleimide derivative that selectively inhibits conventional PKC 

isoenzyme subtypes (PKCα, PKCβ, PKCγ) (Ro-31-8425, Calbiochem). 

GF109203X is another bisindolylmaleimide derived PKC inhibitor with highly 

specific PKC selectivity over other protein kinases (2-[1-(3-

Dimethylaminopropyl)indol-3-yl]-3-(indol-3-yl)maleimide; Gö 6850 (GF109203X, 

Tocris Bioscience) (refer to Table 7.1). 

 

Table 7.1 – IC50 values of two PKC inhibitors used in this section, Ro-31-
8425 and GF109203X. 

 
 
 
 
 
 
 
 

IC50 values (nM)IC50 values (nM)
References

Ro-31-84251 GF109203X2 References

PKCα
PKCβI
PKCβII
PKCγ
PKCδ
PKCε
PKCζ
PKA
PKG
CAM-dependent 
kinase

8 8.4-20 1Muid et al., 1991
8 18 1Wilkinson et al., 1993

14 16 2Jacobson et al., 1995
13 20 2Martiny-Baron et al., 1993

- 2102 2Toullec et al., 1991
39 132

- 5800
- 33000
- 4600

19000 -
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7.2.2 Cell maintenance 

HEK293FT cells were maintained as described previously (refer to §2.2-2.3). 

7.2.3 cDNA constructs 

HA-OxR1-pcDNA3.1+, HA-OxR2-pcDNA3.1+, HA-OxR1-Venus-pcDNA3.1+ 

and HA-OxR2-Venus-pcDNA3.1+ vectors were constructed as described 

previously (refer to §2.4). β-arrestin 2-Rluc8, β-arrestin 1-Venus and β-arrestin 

2-Venus have been characterized previously (Kocan et al., 2009; See et al., 

2011). 

7.2.4 Mammalian cell transfections 

Transient transfections were carried out in HEK293FT cells as previously 

described using Genejuice® transfection reagent according to manufacturer’s 

recommendations (refer to §2.6.1). Stably transfected HEK293 cells with HA-

OxR1-Venus or HA-OxR2-Venus were constructed as described previously 

(refer to §2.6.2). HEK293 cells stably transfected with HA-OxR1 or HA-OxR2 

were generated by Dr. Matthew Dalrymple (Dalrymple, 2008). 

7.2.5 BRET assays 

All BRET assays were carried out using HEK293FT cells and have been 

described previously (refer to §3.3). Fluorescence values were attained before 

substrate addition. Cell populations were excited using a 480 nm light source 

and relative emission values were recorded using an EnVision™ 2102 

multilabel reader at 535 nm using appropriate filters (PerkinElmer). 

Luminescence was recorded after substrate addition, and before treatments 

were added using a VICTOR™ Light 1420 luminometer (PerkinElmer) at 415-

465 nm using appropriate filters. Values were normalized within either the 

fluorescence or luminescence categories. 
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7.2.6 Detection of ERK1/2 phosphorylation 

A homogeneous cell-based assay was employed to detect the presence of 

phosphorylated ERK1/2. The SureFire® AlphaScreen assay (PerkinElmer Life 

Sciences) detects the presence of phosphorylated ERK1/2 using antibodies that 

specifically target T202/Y204 phosphorylation of ERK1/2 (p44, p42 MAPK). 

Figure 7.1 illustrates how these phosphorylated species are specifically 

detected. 

 

 
 
Figure 7.1 – Illustration of the principle of SureFire® AlphaScreen 
technology. Upon generation of phosphorylated ERK1/2 in cells, streptavidin-coated ‘donor’ 

beads exhibiting antigenicity for ERK1/2, and Protein A-conjugated ‘acceptor’ beads exhibiting 

antigenicity only for phosphorylated ERK1/2 (phospho-substrate) are added to a homogeneous 

solution of lysed cells. Energy transfer and light emission at 520-620 nm indicates the presence 

of phosphorylated ERK1/2. (Modified from (PerkinElmer, 2009)). 

 

24 hours after transient transfection in HEK293FT cells or 16-18 hours before 

carrying out an assay in stably transfected HEK293 cells, 60,000 cells were 

plated in a white 96-well plate (Nunc) in phenol-red free, serum-free complete 

DMEM and incubated overnight at 37°C/5%CO2. 16-18 hours later, media was 

removed and replaced with fresh phenol-red free, serum-free complete DMEM. 

Cells were incubated for an hour before treatments were carried out using 

phenol-red free, serum-free complete DMEM as diluent. Lysis buffer (supplied) 

was subsequently added to all cells and measured using the supplied reagents 

according to manufacturer’s instructions. Measurements were carried out in 

triplicate wells of a 384-well ProxiPlate Plus (PerkinElmer Life Sciences). The 
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plate was incubated at room temperature for 2 hours before reading the plate 

on a multilabel reader (EnVision™ 2102, PerkinElmer Life Sciences) using 

AlphaScreen™ settings. 

7.2.7 Impedance-based whole cell response measurements 

The xCELLigence™ platform is a label-free live cell assay system (Roche) that 

can be used to detect changes in morphology, proliferation and viability of cells 

expressing various GPCRs (Atienza et al., 2006; Roche Diagnostics GmbH, 

2008). The system utilizes a 96-well plate with an electrode array integrated into 

the bottom of each well. Upon addition and attachment of cells to the bottom of 

the well, impedance is measured and differences in this measurement may be 

detected upon changes induced to the local ionic environment of the cell 

(Atienza et al., 2006; Roche Diagnostics GmbH, 2008). Aforementioned 

changes in cell morphology, proliferation and viability can contribute to affecting 

change in the local ionic environment of the cell, and alter the index of change 

in impedance or ‘cell index’, which can be monitored and recorded in real-time. 

 

Cells were transiently transfected with either HA-OxR1-Venus or HA-OxR2-

Venus 16-18 hours before transferring 40,000 cells to each well of a 96-well 

plate with an imbedded electrode array. This cell density was selected after a 

prior optimization procedure to determine optimal cell density for maximal cell 

index after transfection. Cells were monitored and the ‘cell index’ measured 

according to assay procedures. Throughout the procedure, cells were 

measured in a cell incubator at 37°C/5%CO2. 

7.2.8 Fluorescence microscopy 

Stably transfected HEK293 cells were observed under the fluorescence 

microscope (IX71 Inverted Microscope, Olympus) for localization prior to 

carrying out ERK1/2 phosphorylation assays. Cell populations incubating in 

complete DMEM on glass coverslips were fixed with 0.5% paraformaldehyde 

and subsequently stained with Hoechst 33342 (Invitrogen, Australia). Cell 

preparations were excited with filtered light from a halogen transmission lamp in 
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the blue spectrum, and light emission was detected in the green spectrum and 

recorded (Venus fluorescent probe). Subsequently, preparations were excited 

with ultraviolet light and light in the blue spectrum was measured (Hoechst 

nuclear staining). 

7.2.9 Statistical analyses 

All statistical analyses were carried out under the assumptions previously 

described for valid inferences of the test results to be made (refer to §2.8). 

Analysis of BRET kinetic assays were carried out by two-way repeated 

measures ANOVA with Bonferroni’s post-test analysis. P values less than 0.05 

indicate that there was evidence to reject the null hypothesis of a lack of 

difference in mean values in favour of an alternative hypothesis indicating a 

difference in means.  
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7.3 RESULTS 

7.3.1 Measurement of ERK1/2 phosphorylation upon activation 
of OxR1 or OxR2 with OxA over extended time periods 

The ability of orexin receptors to mediate the phosphorylation of MAPK p44/42 

(ERK1/2) upon agonist stimulation was quantified initially in HEK293 cells 

transiently transfected with OxR1 or OxR2 (Figure 7.2). No agonist-induced 

increase was observed relative to the control cells treated with 10% FCS 

(Figure 7.2A). Control treated cells reached a peak level of ERK1/2 

phosphorylation after 5 minutes of stimulation with 10% FCS, and dropped back 

to near-basal levels after 15 minutes, and continued at this level throughout the 

1 hour time course. The fluorescence levels of both populations of OxR-

transfected cells were similar between both receptor subtypes, and 

considerably elevated against background fluorescence levels. These data 

indicated that conditions were not optimal for this assay to detect OxA-

stimulated ERK1/2 phosphorylation. 

 

Subsequently, HEK293 cells were prepared to stably express either OxR 

subtype. Fluorescence microscopy revealed that membrane expression was 

exhibited (Figure 7.3). Furthermore, a similar level of expression was visually 

observed within each cell population (Figure 7.3). Subsequent ERK1/2 

phosphorylation assays were carried out in these stably transfected cells. Upon 

OxA stimulation, both cell populations exhibited a sharp elevation in ERK1/2 

phosphorylation that attained maximal levels between 2 and 5 minutes (Figure 

7.4B). However, after 10 minutes, pERK1/2 was maintained at higher levels in 

cells expressing OxR2 compared to those expressing OxR1. This difference 

between both receptor subtypes continued to be significantly different after up 

to 120 minutes of OxA stimulation (Figure 7.4A). 

 



Chapter 7 – Signalling and Functional Output of Orexin Receptors 
 
 

210 
 

 
Figure 7.2 – ERK1/2 phosphorylation kinetic data of HA-OxR1-Venus and 
HA-OxR2-Venus transiently transfected in HEK293FT cells. Cells expressing 

either HA-OxR1-Venus, or HA-OxR2-Venus were treated with 0.6 µM OxA, 10% FCS or PBS 

control over a time course of 1 hour (A). Fluorescence data of untransfected cells, or cells 

expressing Venus-tagged receptors was collected and measured prior to commencement of the 

assay (B). Values were normalized to maximal values for each receptor subtype. Data are 

presented as mean ± SD of a single assay carried out in triplicate (n=1). 
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Figure 7.3 – Fluorescence microscopy of stably transfected HEK293 cells 
with HA-OxR1-Venus or HA-OxR2-Venus. Cells expressing HA-OxR1-Venus (A) or 

HA-OxR2-Venus (B). Green indicates staining of receptor and blue indicates staining of the 

nucleus (Hoechst). (Magnification 20x). 

 

In conjunction with the stimulation of cells with OxA, an attempt was made to 

reduce the level of G protein-mediated ERK1/2 phopshorylation, and allow the 

A

B
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profile of other contributing components to be observed more clearly by 

attenuating the activity of PKC. Maximal levels of ERK1/2 phosphorylation that 

were observed to be maximal at 2 minutes post OxA-only treatment were 

maximal at between 5 and 10 minutes when treated with OxA in the presence of 

the PKC inhibitor (PKCi) Ro-31-8425 (Figure 7.4B). However, it was observed 

that this PKC inhibitor significantly blunted the overall level of ERK1/2 

phosphorylation in OxR1-expressing cells to a higher degree over the entire 

time course than for OxR2-expressing cells (Figure 7.4). This resulted in a 

relatively higher level of pERK1/2 in OxR1-expressing cells than in OxR2-

expressing cells in the presence of the inhibitor. Significant differences in mean 

ERK1/2 phosphorylation levels between OxA-only-treated and OxA/PKCi 

treated cells were found between 2 and 5 minutes for OxR2-expressing cells, 

and between 2 and 120 min for OxR1-expressing cells. Furthermore, the 

comparatively depressed ERK1/2 phosphorylation profile that was observed in 

OxR1-expressing cells compared to OxR2-expressing cells when treated 

exclusively with OxA was relatively elevated when both cell populations were 

co-treated with the PKC inhibitor (Figure 7.4). Additionally, this elevated 

difference for OxR1-expressing cells was only significant at 5 minutes post-OxA 

stimulation. 

 

The ability of OxR1 to stimulate atypical PKC isotypes in addition to 

conventional isotypes may provide a problem when selecting a specific PKC 

inhibitor. An alternative PKC inhibitor was briefly used to detect differences that 

may be attributable to the type of PKC inhibitor used. As shown in Table 7.1, 

GF109203X has similar properties to that of Ro-31-8425, however, it has been 

tested against other protein kinases, such as PKA, and found to be selective for 

PKC. Upon OxA agonist stimulation only, a similar profile was observed 

compared to that seen earlier (Figure 7.5). A prolonged, augmented level of 

ERK1/2 phosphorylation in OxR2-expressing cells was observed relative to that 

of OxR1-expressing cells (Figure 7.5). Upon co-addition with PKC inhibitor 

GF109203X, a similar elevated level of ERK1/2 phosphorylation was observed 

in OxR1-expressing cells after approximately 10 minutes of OxA stimulation 
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(Figure 7.5). However the profiles displayed more similarity in magnitude than 

that previously observed in Figure 7.4. 

 
Figure 7.4 – ERK1/2 phosphorylation kinetic data upon treatment of OxR1 
and OxR2 stably transfected in HEK293 cells. Cells were pre-treated with either 1 

µM Ro-31-8425 (PKC inhibitor; PKCi) or control followed by post-treatment with 0.6 µM OxA 

over the time points shown up to 2 hours (A). Subset of (A) displaying the first 30 min after 
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agonist stimulation (B). Values were normalized to maximal values for each receptor subtype. 

Data are presented as mean ± SEM of four independent experiments. * indicates means are 

statistically significant (p<0.05) between OxA treated cells expressing either OxR1 and OxR2. 

 
Figure 7.5 – ERK1/2 phosphorylation kinetic data of OxR1 and OxR2 
stably transfected in HEK293 cells in the presence of PKC inhibitor 
GF109203X. Cells were pre-treated with 1 µM GF109203X (PKCi) or control for 30 minutes 

prior to treatment with 0.6 µM OxA at t=0 and measured over the time course shown up to 2 
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hours (A). Subset of (A) displaying the first 30 min after agonist stimulation (B).  Values were 

normalized to percentages of maximal values for each receptor subtype. Data are presented as 

mean ± SD of a single assay carried out in triplicate. 

7.3.2 Temporal differences in OxA-stimulated potency for 
ERK1/2 phosphorylation 

The potency of OxA-mediated ERK1/2 phosphorylation in HEK293 cells 

expressing OxR1 and OxR2 was studied at two distinct time points, 2 minutes 

and 90 minutes post OxA-stimulation (Figure 7.6, Table 7.2). These points were 

chosen from previous literature that showed that two different mechanisms of 

ERK1/2 phosphorylation may operate at temporally distinct time points (Ahn et 

al., 2004a). OxA potency for ERK1/2 phosphorylation in OxR1-expressing cells 

was not significantly different between 2 and 90 minutes post agonist 

stimulation (Figure 7.6A). However, the error for the mean value at the 90 

minute time point was substantial (see Table 7.2) due to lack of efficacy (Figure 

7.4A). The ERK1/2 phosphorylation profile at 90 minutes was ~55% of maximal 

for OxR2-expressing cells, but only ~25% for OxR1-expressing cells (Figure 

7.4A). 

 

Significant differences in potency were observed in OxR2-expressing cells at 

corresponding time points (Figure 7.6B). Specifically, the potency was 

significantly decreased at the later 90 minute time point compared to the earlier 

2 minute time point. Interestingly, the EC50 value at the 2 minute time point for 

OxR1-expressing cells was very similar to the EC50 value for OxR2-expressing 

cells 90 minutes post-OxA treatment. 
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Figure 7.6 – ERK1/2 phosphorylation concentration-response data of OxA-
treated OxR1- or OxR2-stably transfected HEK293 cells. Cells stably transfected 

with OxR1 (A), or OxR2 (B) were treated with a range of concentrations of OxA for 2 min 

(closed symbols) or 90 min (open symbols) before lysing and carrying out the assay according 

to the described protocol (refer to §7.2.5). Values were normalized to percentage of maximal 

values at each time point. Data are presented as mean ± SEM of four independent experiments. 
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Table 7.2 – Summary of logEC50 values and 95% confidence intervals for 
OxR1 and OxR2 BRET concentration-response curves presented in Figure 
7.6. 

 

7.3.3 Whole cell responses upon stimulation of orexin 
receptors 

The advent of systems that allow the detection of whole cell responses upon 

stimulation of GPCRs was implemented in these studies with orexin receptors. 

Similar to that observed in the BRET profiles, OxA-stimulation of cells 

expressing either orexin subtype resulted in an increase in cell index that 

reached a maximal point at approximately 30 minutes post-OxA stimulation 

(Figure 7.7). Additionally, the profile of OxR1-expressing cells reached baseline 

levels earlier than OxR2- expressing cells, although this difference could not be 

substantiated statistically (Figure 7.7A,B). In addition to OxA-stimulation, co-

treatment with PKC inhibitor was also carried out. Interestingly, profiles of both 

OxR1- and OxR2-expressing cells were temporally similar, reaching basal 

levels at similar time points (Figure 7.7A,B). Additionally, data at early 

timepoints shown up to 30 minutes revealed a slower rate of increase in cell 

index for both cell populations (Figure 7.7C,D).  

 
 
 

 
 

 

 

ReceptorReceptor Measurement time 
after agonist addition logEC50 value

EC50 95% confidence 
intervals (nM)

EC50 95% confidence 
intervals (nM)Measurement time 

after agonist addition logEC50 value
Lower Upper

OxR1

OxR2

OxR1

OxR2

2 minutes
-7.37 ± 0.16 19.7 91.5

2 minutes
-8.13 ± 0.11 4.5 12.5

90 minutes
-7.57 ± 0.31 6.3 113.5

90 minutes
-7.33 ± 0.09 30.9 72.5
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Figure 7.7 – xCELLigence data of OxR1 and OxR2 transiently transfected 
in HEK293FT cells. Cells expressing either HA-OxR1-Venus (A) or HA-OxR2-Venus (B) 

were either pre-treated with 1 µM Ro-31-8425 (PKC inhibitor; PKCi) or control for 30 minutes 

followed by 1 µM OxA at t=0 and data were recorded over 4 hours. For ease of viewing, subsets 

of data displaying the first 30 minutes after agonist addition are shown for OxR1-expressing 

cells (C) or OxR2-expressing cells (D). Data were normalized to the mock-treated control and 

presented as the mean ± SD of a single assay carried out in triplicate. 

7.3.4 Insights into β-arrestin subtype proximity upon agonist 

stimulation of untagged receptors 

BRET proximity was investigated upon treatment of cell populations expressing 

donor and acceptor BRET-tagged β-arrestins with untagged OxR1 or OxR2. In 

cells expressing β-arrestin 1-Venus and β-arrestin 1-Rluc8, OxA stimulation of 

either OxR did not result in a BRET signal increase above baseline levels. 

However, upon OxR1 activation, the BRET ratio did appear to decrease below 

baseline levels potentially indicating a reduction in proximity between the 

different BRET-tagged β-arrestin 1 fusion proteins upon agonist stimulation 
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(Figure 7.8A). In cells expressing β-arrestin 2-Venus and β-arrestin 2-Rluc8, an 

increased BRET signal was observed upon OxR2 stimulation that remained 

elevated for the duration of the time course (Figure 7.8B). This was similarly 

observed upon OxR2 stimulation in cells co-expressing β-arrestin 1-Venus and 

β-arrestin 2-Rluc8. For both, significant differences in mean BRET values were 

observed intermittently throughout the time course upon comparison with cells 

expressing the different BRET-tagged β-arrestin 1 fusion proteins (Figure 7.8B). 

These data reveal altered BRET profiles between OxR subtypes expressing 

similar compositions of BRET-tagged β-arrestins. With cells co-expressing 

OxR1, fluorescence and luminescence values corresponding to the levels of 

expression of β-arrestins revealed similar levels between the three cell 

populations (Figure 7.8C). However, a significantly reduced fluorescence level 

was recorded for cells expressing OxR2, β-arrestin 2-Venus and β-arrestin2-

Rluc8 (Figure 7.8D) compared to the two other OxR2-expressing cell 

populations (Figure 7.8D). This difference was not observed with luminescence 

values. Nonetheless, this did not seem to have an effect on the BRET signal, as 

the corresponding BRET profile was nearly identical to that of cells expressing 

OxR2, β-arrestin 1-Venus and β-arrestin 2-Rluc8 (Figure 7.8B). 
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Figure 7.8 – eBRET assay of C-terminally BRET-tagged β-arrestin subtype 

proximity in the presence of an untagged receptor. Rluc8- and Venus-tagged β-

arrestin 1 (black symbols), Rluc8-tagged β-arrestin 2 and Venus-tagged β-arrestin 1 (red 

symbols) or Rluc8- and Venus-tagged β-arrestin 2 (blue symbols) were co-transfected with 

either untagged OxR1 (A) or OxR2 (B). Cells were treated with 0.6 µM OxA (A, B) at t=0. 

Fluorescence and luminescence was acquired for OxR1-expressing (C) and OxR2-expressing 

(D) cell populations according to previously described methods (refer to §7.2.5). Data are 

presented as mean ± SEM of three independent assays. * indicates p<0.05 upon comparison of 

means at a 5% level of significance compared to cells expressing β-arrestin 1-Venus and β-

arrestin 1-Rluc8. Δ indicates p<0.05 upon comparison of means at a 5% level of significance 

compared to cells expressing β-arrestin 2-Venus and β-arrestin 2-Rluc8. 
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7.4 DISCUSSION 

7.4.1 OxR subtypes display altered ERK1/2 phosphorylation 
kinetics 

Through the use of stably transfected HEK293 cells, assessment of ERK1/2 

phosphorylation indicates that OxR2 exhibits a more elevated and prolonged 

signalling profile than OxR1 at longer time points of up to 120 minutes of 

agonist stimulation (Figure 7.4). Previously it was observed that OxR2 forms 

more stable complexes with both β-arrestin and ubiquitin than OxR1. Although 

the heightened phosphorylated ERK1/2 profile of OxR2 does not discern 

between G protein- and β-arrestin-mediated ERK1/2 phosphorylation, the ability 

of OxR2 to form more stable β-arrestin-binding and OxR complex ubiquitination 

over prolonged periods, similar to that observed for OxA-stimulated pERK1/2, 

indicate a likely important difference in the ability of both complexes of OxR 

subtypes to scaffold and maintain a secondary ERK1/2 phosphorylation 

cascade. Previous studies have shown both G protein- and β-arrestin-mediated 

pERK1/2 signal components through knockdown of β-arrestin, and chemical 

inhibition of G protein-mediated pERK1/2 upon stimulation of AT1aR (Ahn et al., 

2004a). When comparing β-arrestin 2 knockdown and mock-knockdown cells, 

the pERK1/2 signal peaks at 2-5 minutes, and the levels dramatically decline 

upon further agonist stimulation (Ahn et al., 2004a). The time points at which 

maximal pERK1/2 levels were observed in the current study were similar to that 

observed by Ahn and colleagues (Ahn et al., 2004a) (Figure 7.4). Additionally, 

upon comparison of β-arrestin knockdown and mock-knockdown cells after 

AT1aR stimulation, a significantly lower level of pERK1/2 was observed after 5-

10 minutes of agonist stimulation (Ahn et al., 2004a). In contrast, this is the 

point at which significant differences between the temporal profiles of OxR1 and 

OxR2 becomes apparent (Figure 7.4). This difference may also be visually 

observed in another study upon OxA-treatment of both OxR subtypes for 10 

minutes (Ammoun et al., 2006). This indicates a likely role of non-G protein-

mediated pERK1/2 in differential OxR subtype signalling that may include β-
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arrestin-mediated involvement, particularly for processes that require prolonged 

ERK1/2 signalling. 

 

The differences observed upon co-treatment with PKC inhibitors (Figure 7.4, 

7.5) may indicate that OxR2 has a much higher dependency on PKC-mediated 

pERK1/2 than OxR1. In addition, OxR1 may have a higher dependency on non-

G protein-mediated pERK1/2 (Figure 7.4). However, it has been shown that 

OxR2 is able to stimulate multiple G protein pathways (Karteris et al., 2001; 

Tang et al., 2008). In addition, OxR1 is able to stimulate multiple 

phospholipases, in addition to multiple conventional and atypical PKCs 

(Ammoun et al., 2006; Johansson et al., 2008). Therefore, multiple pathways 

uncommon to both OxRs may be capable of mediating a pERK1/2 signal, and 

would require a closer investigation into these processes through chemical and 

genetic regulation. Furthermore, in terms of β-arrestin- versus G protein-

mediated ERK1/2 phosphorylation, the pERK1/2 concentration-response 

experiments potentially provide further insights, as discussed below. 

 

A previous study observing extended pERK1/2 profiles upon activation of either 

V2R or a chimeric receptor involving the C-terminal tail of β2AR on V2R 

(V2β2AR), observed pERK1/2 with the chimeric receptor that was more 

prolonged (Tohgo et al., 2003), and equivalent in duration to that of the present 

study. This may seem contradictory since both OxR1 and β2AR exhibit an ability 

to recycle back to the cell surface after activation, but the particularly rapid 

recycling of β2AR may result in continual steady-state β-arrestin-binding and a 

resultant elevated pERK1/2 signal (Tohgo et al., 2003). In comparison V2R, 

unlike AT1aR and the OxRs, is largely degraded and not recycled (Bouley et al., 

2005), which correlates with a relatively less sustained pERK1/2 profile (Tohgo 

et al., 2003). OxR1 exhibits β-arrestin-binding that persists for longer than β2AR. 

As such, OxR1 exhibits a β-arrestin-binding profile closer to that of V2R. The 

current study indicates a unique comparison of both OxRs in their ability to 

maintain phosphorylated ERK1/2. In addition, this further emphasizes the need 

for refinement of the classification of GPCRs given that both OxRs bind with β-

arrestin, but exhibit long-term differences in their stability of binding, which may 
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be reflected in their ability to scaffold and promote pERK1/2 signalling 

cascades. 

 

Significant differences in OxA-stimulated ERK1/2 phosphorylation potency at 

distinct time intervals for OxR2 may indicate alternate pathways of ERK1/2 

phosphorylation that can be temporally distinguished (Figure 7.6). These data 

were collected at different time points from an identical population of cells and 

provide important insights into the presence of alternate ERK1/2 stimulating 

pathways through temporal distinction. The significantly lower potency of 

ERK1/2 phosphorylation observed upon extended agonist stimulation 

corresponds to the potency of OxR-β-arrestin interactions observed previously 

(Dalrymple and Jaeger et al., 2011). Additionally, this also corresponds to the 

potency of ubiquitination of OxR complexes observed earlier (refer to Chapter 6, 

Table 6.1). Interestingly, a study showed that β-arrestin 2 knockdown lowered 

the potency of angiotensin-treated AT1aR compared to mock-knockdown cells 

for 5 minutes (Ahn et al., 2003). The magnitude of loss of potency was similar to 

that observed in this study at the 90 minute timepoint.  

 

In OxR1-expressing cells, no potency difference was observed between the two 

time points. The inability to measure the potency as shown by the high level of 

error at OxR1 90 minutes post-agonist stimulation precludes interpretation of 

these data at this timepoint. However, the potency of OxR1 at the 2 minute 

timepoint was equivalent to that at OxR2 at 90 minutes post-agonist stimulation. 

This may indicate a substantial involvement of β-arrestin even at this early 

timepoint, especially given the rapid recycling of OxR1 compared to OxR2 

(Dalrymple and Jaeger et al., 2011). It must be emphasized that these data do 

not directly discriminate between both ERK1/2 phosphorylation pathways, 

although it is interesting that a greater role for β-arrestin-mediated signalling at 

early timepoints for OxR1 could provide some explanation for the less 

pronounced effect of PKC inhibition compared to OxR2 (Figure 7.4, 7.5).  

 

Studies have shown significant reliance of ERK1/2 phosphorylation potency 

mediated by OxA-stimulated OxR1 on extracellular calcium concentration 
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(Magga et al., 2006). Therefore, this may also affect the observed potency. In 

conclusion, OxR-specific differences in temporal ERK1/2 phosphorylation have 

been observed, and may provide important insights into OxR-subtype specific 

functional characterization. Further studies utilizing β-arrestin small interfering 

RNA (siRNA) for example, are likely to be required to substantiate these 

findings. 

7.4.2 Observation of functional effects of OxR activation with 
label-free technology 

Functional properties were briefly observed for both orexin receptor subtypes 

using a system that does not require receptor labelling. These data are not 

conclusive, but instead provide an insight into structural changes that occur in 

cells expressing either OxR subtype upon agonist stimulation. An increase in 

the cell index indicates that less impedance, or resistance was measured, which 

occurs upon coverage of a greater surface area of the well bottom (Roche 

Diagnostics GmbH, 2008). Since the time scale of this occurrence would 

preclude proliferation of cells, this suggests that the treated cells change 

morphology upon agonist addition. The recorded cell index is maximal at 

approximately 30 minutes post-agonist stimulation for both receptors (Figure 

7.7). This could provide enough time for a β-arrestin-mediated process to 

develop. Interestingly, OxR1-expressing cells return to baseline levels sooner 

than OxR2, indicating a more sustained structural change (Figure 7.7). Upon 

co-treatment with a PKC inhibitor, no visible differences were evident in the 

long-term, however, in the first 10 minutes post-agonist stimulation differences 

in the cell index profile were observed. A more comprehensive analysis of these 

data would require a greater number of assays. Nonetheless, these data offer 

support to previously observed differences in OxR-subtype-specific β-arrestin-

binding and ERK1/2 phosphorylation (Figure 7.7). Proteomic analysis of β-

arrestin-binding partners in cells with nascent and stimulated AT1aR, revealed a 

group of proteins involved in cytoskeletal structure including proteins in the 

Actin, Tubulin, Filamin and Myosin families (Xiao et al., 2007). In addition, β-

arrestin has also been found to bind microtubules and in doing so promote the 
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binding of Mdm2, involved in β-arrestin ubiquitination, as well as ERK1/2 to 

presumably compartmentalize cytosolic signalling processes (Hanson et al., 

2007). However, this may not be entirely receptor-dependent (Hanson et al., 

2007). This study, along with the present body of work provides a possible 

functional outcome of β-arrestin-mediated ERK1/2 phosphorylation activity. In 

addition, these studies correlate with previously observed temporal differences 

in β-arrestin-mediated processes between OxR subtypes. It must be stated that 

these assays cannot discern a particular functional pathway. However, the use 

of various chemical substances may be used to strengthen evidence of a 

particular pathway involved in the observed structural change. Nonetheless, 

cytoskeletal rearrangement may be an important target of orexin activation in 

neurological and peripheral tissues. Other MAPKs such as p38 that are known 

to scaffold on β-arrestin are also activated upon OxR stimulation (Tang et al., 

2008), and their perturbation may provide additional insight into OxR-subtype-

specific signalling processes. 

7.4.3 Further insights into OxR function through β-arrestin 

oligomerization  

The ability and possible function of β-arrestin oligomers has been strongly 

investigated due to the functional implications that this may impart with regard 

to ERK1/2 signalling (Xu et al., 2008). There is evidence to suggest that β-

arrestins form constitutive oligomers (Storez et al., 2005), however, there is 

debate as to whether multiple populations of β-arrestin protomers may exist 

(DeFea, 2008). In this study, BRET increases indicating an increase in the 

proximity between BRET-tagged β-arrestin 2 molecules and heteromeric 

complexes of β-arrestin 1 and 2 were evident upon co-expression with OxR2 

(Figure 7.8B). However, clumping of β-arrestins upon agonist stimulation may 

be an issue since saturation data were not generated. Nonetheless, if this was 

the case, analysis of cells expressing BRET-tagged β-arrestin 1 fusion proteins 

and untagged OxR2 would be expected to result in a similar increase in BRET 

signal due to a lack of specificity. However, this was not the case as they 

exhibited a significantly lowered BRET profile compared to the two other cell 
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populations (Figure 7.8B). Although expression levels of β-arrestins were not 

similar between all combinations of cell populations, they do not explain the 

differences observed in the kinetic profiles (Figures 7.8C,D). A caveat of this is 

the inability to measure receptor expression, however, given that the tagged 

versions of these receptors express sufficiently, the expression of these 

untagged receptors was assumed to be sufficient. Although inconclusive, these 

data may provide evidence of OxR-subtype specific differences in their ability to 

recruit and bind various forms of β-arrestin complexes. In addition, this form of 

assay may be valuable for measuring the ability of receptors to interact with β-

arrestin if tagging of the receptor presents an issue. However, further analysis 

into the specificity of these interactions would be required to validate these data 

and this assay system. 
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CHAPTER 8 

GENERAL DISCUSSION 
 

The ability of the orexin system to modulate critical physiological conditions has 

propelled investigations into how this system functions. Neuroendocrine 

regulation over the onset of sleep/wake cycles, promotion of addictive 

behaviour as well as modulation of feeding behaviour have been characterized 

by stimulation or inhibition of this system. This has allowed insight into how 

mammals maintain homeostasis and integrate with their environment. Equally, 

pathologies including sleeping disorders, the inability to maintain suitable 

metabolic energy balance and drug addiction pose substantial health, economic 

and social issues in society. Involvement of the orexin system in these 

conditions makes this system a key target for developing therapies to 

counteract these maladies. 

 

Signalling processes that allow the orexin system to carry out these regulatory 

processes are mediated by the activity of two endogenous ligands, OxA and 

OxB, that selectively bind and activate two GPCRs, OxR1 and OxR2. In-vivo 

studies have shown phenotypic changes as a result of orexin activity, however, 

the molecular mechanisms by which orexin receptors are able to transduce their 

signal into the cell are critical to understanding how this system can be 

modulated.  

 

β-arrestins are key scaffolding proteins that interact with many GPCRs and 

bestow a range of features including inhibiting G protein-mediated signalling, 

governance of internalization, as well as providing a scaffold to initiate and 

maintain independent signalling pathways. Critical aspects of how β-arrestin 

regulates these processes through the formation of complexes with the orexin 

system were investigated in this thesis.  

 

Bioluminescence resonance energy transfer (BRET) is a critical technology that 

allows the measurement of temporal proximity between proteins in real-time  
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and in live cells. Importantly, proximity of β-arrestin to an activated GPCR can 

be determined using this technique. In this thesis, a number of optimizations to 

the BRET system including the orientation of BRET tags, suitable concentration 

of substrate and volume of media required in the microwell for extended BRET 

(eBRET) observations were necessary for further experimentation. Additionally, 

the effect of temperature on the proximity of BRET-tagged OxRs and β-arrestins 

was briefly observed. Temperature was found to positively correlate with the 

rate of increase in BRET kinetics. Although this would be expected, these 

observations may be significant for temperature-dependent protein-protein 

observations. Importantly, these optimizations provided a baseline from which 

all subsequent assays could be appropriately measured. 

 

Stability of β-arrestin-receptor binding is important for determining the fate and 

signalling capacity of activated receptor complexes. In previous work 

(Dalrymple and Jaeger et al., 2011), and in this study, it has been shown that 

OxR1 displays reduced β-arrestin proximity over long periods of stimulation 

compared with OxR2. Since OxR2 exhibits a greater number of putative β-

arrestin-binding motifs than OxR1 on the C-terminal tail, it was hypothesized 

that replacement of the OxR1 C-tail with that of OxR2 would increase the affinity 

of OxR1 for β-arrestin. However, despite maintaining similar G protein-coupling, 

this mutant receptor exhibited a near total loss of β-arrestin binding. It was then 

hypothesized that secondary structure of the C-terminal tail that perhaps 

stabilizes tertiary structure of the receptor is important for stable β-arrestin-

binding. A previous study showed that a site in the distal C-tail was required to 

maintain β-arrestin localization with OxR1. In this study, a number of OxR2 C-

terminal tail mutants were constructed by substituting serine/threonine residues 

at three putative GRK clusters with alanine residues. As with the previous work 

investigating OxR1, the most proximal site did not appear to be involved in 

receptor-β-arrestin interactions. Furthermore, it was found that only one of the 

two more distal GRK sites was required for stable β-arrestin-binding, and 

redundancy was observed between the two sites. Finally, mutation of all 

clusters resulted in receptor that was substantially, but not entirely, deficient in 
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ability to recruit β-arrestin, adopting a more ‘Class A’, β2AR-like profile. This 

work indicates that apart from the quantity of phosphorylation cluster sites, 

secondary structure in the C-tail is likely to have an important role in β-arrestin 

binding. Further studies may involve observing the signalling properties, such 

as ERK1/2 phosphorylation, of these mutated receptors and correlate this to the 

ability of OxRs to facilitate β-arrestin-mediated signalling.  

 

Two OxR mutants (OxR1 I408V and OxR2 T401I) were investigated that 

possessed single point mutations in areas either surrounding or part of putative 

GRK clusters in the C-terminal tail. It was hypothesized that mutation of these 

residues may affect β-arrestin-binding stability that may be attributed to clinical 

associations, however, no changes to β-arrestin proximity or G protein-

mediated function were observed. 

 

Carrying on from studies that involved observation of β-arrestin-binding and 

possible secondary or tertiary structural involvements, quaternary structure was 

investigated in terms of the ability of OxRs to form heteromers. It was observed 

that co-expression of OxRs in HEK293FT cells resulted in altered OxR1-β-

arrestin proximity in the presence of OxR2. This indicates that in cellular 

environments throughout the body that express both OxRs, activation with OxA 

may result in a stronger and more stable OxR1 proximity with β-arrestin than in 

OxR1-only expressing cells. This may have important implications for targeted 

therapies involving OxR1. The use of BRET in association with GPCR-HIT 

provided further evidence for OxR1-OxR2 heteromerization, utilizing selective 

inhibition of either receptor. These data may provide an insight into novel 

functional abilities important for developing treatments. Further investigations 

into the function of this duality with regard to cellular signalling, such as altered 

affinities for MAPKs, would be critical to develop a deeper understanding of 

orexin system function. 

 

Ubiquitination of GPCR complexes is a key modulator of GPCR function with 

respect to internalization, degradation and signalling. The temporal nature of β-

arrestin ubiquitination has been shown to follow that of β-arrestin-binding, and 
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was investigated as an additional component that differentiates the ability of β-

arrestin to bind to either of the OxR subtypes. BRET profiles of OxR complex-

ubiquitin proximity exhibited similar stabilities to that of OxR-β-arrestin proximity. 

Furthermore, concentration-response data of OxR complex ubiquitination 

exhibit similar potency to that of OxR-β-arrestin proximity. However, a lower 

potency of both receptor-β-arrestin binding and receptor complex ubiquitination 

compared with two other well characterized endocrine receptors, AT1aR and 

TRHR1, indicates an altered temporal ability to mediate these processes. These 

data indicate that ubiquitination, and the functions that may be imparted by 

ubiquitination may be altered for the OxRs. An investigation into the properties 

that regulate ubiquitination of OxR-β-arrestin complexes would be an important 

step into further characterization of complex formation and differentiation 

between OxRs.  

 

Altered BRET profiles were also observed for both receptors upon mutation of 

residues within ubiquitin that are suggested to be involved in different functions. 

The ability to observe these altered temporal changes was uniquely established 

in this thesis. In association with observations of internalization properties and 

more visually qualitative studies, these BRET studies may be useful for 

investigating the role of ubiquitin in various processes. 

 

The final aspect of β-arrestin function that was observed was the ability of OxR 

complexes to maintain phosphorylated ERK1/2. Both OxR-β-arrestin proximity 

and OxR-β-arrestin-ubiquitin complex proximity indicated that OxR2 may 

sustain phosphorylated ERK1/2 for longer periods than OxR1 due to its ability to 

maintain a β-arrestin scaffold. Assays conducted in this thesis provided 

evidence for this occurrence. OxR2 exhibited more sustained ERK1/2 

phosphorylation compared to OxR1. In addition, the potency of ERK1/2 

phosphorylation observed at an early timepoint (2 min) for OxR2 was similar to 

that of inositol phosphate and calcium signalling observed in these and previous 

studies. However, at 90 minutes parallels in the potency for ERK1/2 

phosphorylation and OxR2-β-arrestin-ubiquitin were observed. This indicates 

that OxR2 displays two distinct ERK1/2 phosphorylation pathways. Further 
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studies involving knockdown of β-arrestin would be important in establishing 

specific OxR-β-arrestin-mediated roles of ERK1/2 activation. Additionally, an 

insight into the locality of these complexes by microscopy would be an 

important step in determining the likely substrates for phosphorylated ERK1/2.  

 

The highly conserved nature of the orexin system from an evolutionary 

perspective, and its critical influence on the maintenance of vigilance and 

concerted regulation of energy balance highlights the importance of 

understanding how this system operates. This thesis has explored and 

contrasted four critical mechanisms that characterize novel functional aspects 

between the two orexin receptors. All of these functions may be attributed to the 

activity of OxR-β-arrestin-ubiquitin complexes.  

 

Insights into OxR-β-arrestin binding stability suggest that secondary, and 

possibly tertiary C-terminal tail structure dictate the stability of β-arrestin-

binding. The temporal ubiquitination of OxRs has been found to differ between 

the OxRs and correlate well with β-arrestin-binding. This provides a novel 

aspect of differential OxR regulation that has not been explored. Furthermore, 

BRET analysis has provided temporal data of ubiquitin mutants indicating that 

OxRs may exhibit altered cellular compartmentalization over extended periods 

of stimulation.  

 

In addition, temporal differences in the activation of key signaling enzymes, 

ERK1/2, were observed that could be attributed to differences in the stability of 

OxR-β-arrestin-ubiquitin complexes. Although these signaling pathways have 

been previously characterized, this study provides novel comparative 

information on differential signalling between both OxRs. Finally, quaternary 

structure was investigated and provides novel information regarding the ability 

of these receptors to co-operate and interact with one another, which may result 

in novel signalling or regulatory pathways. Further investigations into this novel 

aspect of OxR structure are recommended. 

 



Chapter 8 – General Discussion 
 
 

232 
 

Further studies involving observation of the activity of orexin B on these 

functions would provide a more detailed look at how OxR can be regulated. One 

key area that requires further investigation is observation of 

compartmentalization properties of the various OxR-β-arrestin complexes 

observed in this thesis. Altered abilities of OxR internalization and degradation 

upon co-expression in cells, or in the presence of the ubiquitin mutants would 

be an interesting corollary to the temporal differences observed in this thesis. 

Finally, an investigation into other signalling cascades that may be scaffolded 

by OxR-β-arrestin-ubiquitin complexes, as well as characterization of the 

effector sites of ERK1/2 and other potential signalling cascades, could be 

utilized for the development of therapies to modulate critical functions that are 

regulated by this system. 
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APPENDIX I - MATERIALS 
 
Bacterial Media 
 

1) LB (Luria-Bertani) media 
10 g Bacto-tryptone (Becton Dickinson), 5 g yeast extract (Becton Dickinson) 

and 5 g Sodium Chloride (NaCl) (Sigma) was dissolved in 1 L of ddH20. pH was 

adjusted to 7.5 and autoclaved. For agar plates, 15 g of Bacto-agar (Becton 

Dickinson) was added to broth before sterilization. The solutions were slowly 

cooled to ~60°C before antibiotics were added to avoid denaturation of 

antibiotics. 

 
Antibiotics 
 

1) Ampicillin  

50 mg/mL in H2O, filter-sterilised. Stock solutions were stored at -20°C. 

 

General Reagents (Molecular cloning) 
 

1) Agarose Gels 
1-2 g of agarose (Sigma) was added per 100 mL of ddH2O (1-2%) and 

dissolved by slow heating. Gels were cooled after complete dissolution and 0.5 

µL of ethidium bromide was added before pouring. 

 

2) 6x Gel-loading buffer (Agarose Gels) 
0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol FF, 30% (v/v) 

glycerol in ddH2O, stored at 4°C. 

 

3) 50x TAE electrophoresis buffer 
242 g Tris base, 57.1 mL acetic acid, 100 mL 0.5M EDTA (pH 8.0) was added 

per 1 L of ddH2O and autoclaved. 
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4) Phosphate-buffered saline (PBS) 
8 g Sodium Chloride (NaCl), 0.2 g potassium chloride (KCl), 1.44 g disodium 

hydrogen phosphate (Na2HPO4) and 0.24 g of potassium dihydrogen phosphate 

(KH2PO4) was dissolved per 1 L of ddH2O. pH was adjusted to 7.4 with HCl and 

autoclaved. 

 

Tissue Culture Solutions 
 

1) Complete DMEM medium 
5 mL of L-glutamine (0.3 mg/mL final concentration; Gibco), 5 mL 

penicillin/streptomycin (100 IU/mL final concentration of penicillin, 100 µg/mL of 

streptomycin;  Gibco) was added to 500 mL of Dulbecco’s modified Eagle’s 

medium (DMEM; Gibco). Fetal calf serum (FCS, Gibco) was added if required 

to the concentration specified. 

 

2) Trypsin-EDTA solution 
Trypsin-EDTA was supplied as a 10x liquid solution containing 5 g/L of trypsin 

(0.5% w/v), 2 g/L EDTA and 8.5 g/L of NaCl in 100 mL. 5 mL aliquots (stored at 

-20°C) were diluted in 45 mL of phosphate-buffered saline PBS and stored at 

4°C. 

 

3) Poly-L-lysine 
Sterile poly-L-lysine hydrobromide (70-150,000 MW; Sigma) was diluted in 

ddH2O to a final concentration of 0.1 mg/mL and stored at 4°C.  

 

Radioactive inositol phosphate assay buffers/solutions 
 

1) Buffer A 
1 mg/mL fatty-acid free BSA, 140mM NaCl, 20 mM HEPES, 4mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 4mM KCl, 8mM D-

glucose, 1 mM magnesium chloride (MgCl2), 1 mM calcium chloride (CaCl2). 

The solution was adjusted to pH 7.2 with concentrated NaOH. 
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2) 10mM formic acid 
1.86 g of formic acid and 28.6 mL of perchloric acid (PCA) was added to 800 

mL ddH2O and made up to a final volume of 1 L. 

 

3) 0.6 M ammonium formate/500 mM sodium tetraborate 
37.83 g of ammonium formate and 19.07 g of sodium tetraborate was dissolved 

and made up to 1 L in ddH2O. 

 

4) 1 M ammonium formate/0.1 M formic acid 
31.53 g of ammonium formate and 50 mL of 1M formic acid was dissolved and 

made up to 500 mL in ddH2O. 

 

5) 10% sodium dodecyl/lauryl sulphate (SDS) 
10% SDS (W/V) was dissolved in ddH2O and autoclaved. 

 

6) Solubilisation solution 
ddH2O containing 0.2M NaOH and 1% SDS (described previously).  
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Reveals Differences between Receptor Subtypes. The Journal of 
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Reviews 
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Matthew B. Dalrymple1, Werner C. Jaeger1,2, Karin A. Eidne, and Kevin D. G. Pfleger3

From the Laboratory for Molecular Endocrinology-G Protein-Coupled Receptors, Western Australian Institute for Medical Research
and Centre for Medical Research, University of Western Australia, Nedlands, Perth, Western Australia 6009, Australia

OrexinGprotein-coupled receptors (OxRs) and their cognate
agonists have been implicated in a number of disorders since
their recent discovery, ranging from narcolepsy to formation of
addictive behavior. Bioluminescence resonance energy transfer
assays of agonist-occupied OxRs provided evidence for a strong
dose-dependent interactionwith both trafficking proteins!-ar-
restin 1 and 2 that required unusually high agonist concentra-
tions compared with inositol phosphate signaling. This appears
to be reflected in functional differences in potency with respect
to orexin A (OxA) and OxR2-dependent ERK1/2 phosphory-
lation after 90 min compared with 2 min, potentially consistent
with !-arrestin-mediated versus G protein-mediated signaling,
respectively. Furthermore, extended bioluminescence reso-
nance energy transfer kinetic data monitoring OxA-dependent
receptor-!-arrestin and !-arrestin-ubiquitin proximity sug-
gested subtype-specific differences in receptor trafficking, with
OxR2 activation resulting in more sustained receptor-!-arres-
tin-ubiquitin complex formation than elicited by OxR1 activa-
tion. Enzyme-linked immunosorbent assay (ELISA) data also
revealed that OxR1 underwent significantly more rapid recy-
cling compared with OxR2. Finally, we have observed sustained
OxA-dependent ERK1/2 phosphorylation in the presence of
OxR2 comparedwithOxR1. Although bothOxR subtypes could
be classified as class B receptors for !-arrestin usage based on
the initial strength of interaction with both !-arrestins, our
temporal profiling revealed tangible differences between OxR
subtypes. Consequently, OxR1 appears to fit uneasily into the
commonly used !-arrestin classification scheme. More impor-
tantly, it is hoped that this improved profiling capability, ena-
bling the subtleties of protein complex formation, stability, and
duration to be assessed in live cells, will help unlock the thera-
peutic potential of targeting these receptors.

The orexin system is intimately involved in regulation and
integration of sleep-wake states withmetabolic energy levels, as

well as the development of addictive behavior (1–3). Over a
decade ago, the orexin system was characterized by a single
gene encoding precursor peptides orexin A (OxA)4 and orexin
B (OxB) in neurons of the lateral hypothalamus (4, 5) and also in
peripheral tissues (6). In the central nervous system, neurons
send dense projections to nearly all regions of the brain (7),
where orexins have specificity for two G protein-coupled
receptors (GPCRs), orexin receptors 1 and 2 (OxR1 andOxR2).
OxA displays similar potency for both receptors; however, OxB
is substantially less potent at OxR1 compared with OxR2, as
measured by ability to stimulate Ca2! release (4).

Agonist-induced GPCR activation promotes phosphoryla-
tion of intracellular serine/threonine residues of many GPCRs
by G protein-coupled receptor kinases (GRKs) (8). Typically,
this event promotes recruitment of the multiadaptor proteins
!-arrestin 1 and !-arrestin 2 (also known as arrestin-2 and
arrestin-3, respectively) that results in desensitization of G pro-
tein-mediated signaling, and it generally provides a scaffold for
internalization of the activated GPCR complex into endosomes
inside the cell (9).
It has been shown for a number of GPCRs that trafficking of

their activated complexesmay be !-arrestin-independent (10–
16). Indeed, there is notable evidence for some receptors not
preferentially internalizing with !-arrestins despite interacting
with them (13). However, the majority of GPCRs appear to
utilize!-arrestins at some stage in the trafficking process, and it
appears that an important factor in determining the ultimate
fate of the receptor-!-arrestin complex tends to be the strength
of the receptor-!-arrestin interaction.

In general terms, there are believed to be two possible out-
comes for the GPCR following internalization. Resensitization
may occur by dephosphorylation of the receptor complex
allowing recycling back to the cellmembrane. Alternatively, the
complexmay be targeted to late endosomes for proteosomal or
lysosomal degradation (17). Additionally, it has been shown
that GPCR-!-arrestin complexes can act as scaffolds for alter-
native downstream kinase signaling pathways, such as Src tyro-
sine kinases, Akt, and extracellular signal-regulated kinase
(ERK) 1/2, independently ofGprotein coupling of the receptors
(18–22). Importantly, this can alter the spatio-temporal nature
of receptor-mediated kinase signaling (23).
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Research Council of Australia via Project Grant 404087 (to K. A. E. and
K. D. G. P.) and Fellowships 212064 and 353709 (to K. A. E. and K. D. G. P.,
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Further functional outcomes of activated GPCR complexes
have been correlated with the stability of ubiquitination of both
GPCRs and !-arrestins (24, 25). Ubiquitination involves a mul-
tistep process culminating in the covalent attachment of ubiq-
uitin to a protein that is consequently targeted for degradation
through either the 26 S proteasomeor lysosomes (26, 27).How-
ever, it also appears that ubiquitin modification can also com-
partmentalize protein complexes directly, or through the bind-
ing of ubiquitin-binding elements, to host a range of other
nonproteolytic processes. These include regulation of endocy-
tosis and cellular signaling (28–30), depending on the conjuga-
tion site and multimeric state of ubiquitin (31). Recently, the
ubiquitination status of!-arrestin-boundGPCRcomplexes has
been shown to play roles in endosomal targeting, ERK1/2 acti-
vation (32), and determining the stability of!-arrestin-receptor
complexes (33). In addition, the state of these interactions
seems to parallel the duration and magnitude of ERK1/2 phos-
phorylation through the scaffold activity exhibited by the mul-
tiadaptor protein properties of !-arrestin (34, 35).
Here, we show that both human orexin receptor subtypes

interact with both!-arrestins 1 and 2 in an agonist dose-depen-
dent manner but with 2 orders of magnitude lower potency
than observed for G protein signaling. These potencies are
lower than we have observed for other GPCRs interacting with
!-arrestins. Furthermore, this difference is reflected in a
potency shift between early (2 min) and late (90 min) OxA-
induced ERK1/2 phosphorylation that is likely to result from
predominantly G protein-mediated versus predominantly !-
arrestin-mediated signaling, respectively (34, 35). Furthermore,
bioluminescence resonance energy transfer (BRET) data indi-
cate that the nature of the receptor-arrestin-ubiquitin complex
differs between OxR subtypes, with OxA-induced BRET kinet-
ics for proximity between receptor and !-arrestin or !-arrestin
and ubiquitin correlating with the kinetics of both receptor
recycling and ERK1/2 phosphorylation.

EXPERIMENTAL PROCEDURES

Materials—Wild type orexin receptor cDNAs were kindly
provided byM.Yanagisawa (HowardHughesMedical Institute,
Dallas, TX); !-arrestin 1 and !-arrestin 2 cDNAs were kindly
provided by J. Benovic (Kimmel Cancer Research Institute,
Philadelphia), and phosphorylation-independent !-arrestin
mutants (R169E and R170E) were generously provided by V.
Gurevich (Vanderbilt University Medical Centre, Nashville,
TN). cDNA sequences were PCR-amplified and subcloned into
pcDNA3.1! backbone vectors containing enhanced GFP
(EGFP), Venus yellow fluorescent protein, or Renilla luciferase
(Rluc or Rluc8) cDNA. The stop codon between the sequences
was removed to generate constructs capable of being translated
into fusion proteins upon transfection, as described previously
(36, 37). Venus was kindly provided by Atsushi Miyawaki
(RIKEN Brain Science Institute, Wako-city, Japan), and Rluc8
was kindly provided by Andreas Loening and Sanjiv Gambhir
(Stanford University, Stanford, CA). cDNA encoding ubiquitin
(Addgene plasmid 11928) (38) was similarly subcloned into a
Venus (no stop codon)-pcDNA3.1! vector. Because of the abil-
ity of ubiquitin to form polyubiquitin chains, lysine residues at
positions 48 and 63 were mutated to alanine. This has been

done previously when BRET assays involving ubiquitin have
been carried out, to avoid the potential for multiple acceptor
moieties causing quenching or interference phenomena (39).
Fusion cDNA constructs were verified by ABI Prism BigDye
terminator sequencing (Australian Genome Research Facility,
Brisbane, Australia) and compared with published sequence
data. Ligands used were OxA and OxB (American Peptide
Company).
Cell Culture and Transfection—COS-7, HEK293, and

HEK293FT cells were maintained at 37 °C in 5% CO2 and com-
plete media (Dulbecco’s modified Eagle’s medium (DMEM)
containing 0.3 mg/ml glutamine, 100 IU/ml penicillin, and 100
"g/ml streptomycin (Invitrogen) supplemented with 5% fetal
calf serum (FCS; Invitrogen)). HEK293FTmedia also contained
geneticin (G418; 400 "g/ml; Invitrogen). Transfections were
carried out 24 h after cell seeding using GeneJuice (Novagen)
according to the manufacturer’s instructions. HEK293 stable
cell lines were maintained in 400–500 "g/ml G418.
Inositol Phosphate Assays—COS-7 cells were seeded in

100-mm dishes at a density of 700,000 cells/dish, and total ino-
sitol phosphate production was measured as described previ-
ously (37).
BRET Assays—COS-7 or HEK293FT cells transfected 48 h

earlier were harvested and prepared as described previously in
white 96-well plates (Nunc) (37). For BRET1 dose-response
assays, coelenterazine h substrate was added to a final concen-
tration of 5"M, and analysis was carried out immediately. Sam-
ples were incubated for 5 min in the presence of various con-
centrations of agonist and then measured for four sequential
reads. For extended BRET (eBRET) assays, cells were resus-
pended in HEPES-buffered (25 mM) phenol-red free DMEM
with 5% FCS to maintain viability. EnduRenTM substrate (Pro-
mega) was added to each well at a final concentration of 60 "M.
Cells were left for 2 h at 37 °C, 5% CO2 in order for the cell-
permeable substrate to equilibrate. Samples were sequentially
read using either aMithrasTMLB940 luminescence plate reader
(Berthold) or VICTOR LightTM 1420 luminescence counter
(PerkinElmer Life Sciences) using appropriate filter sets as
detailed below. eBRET kinetics were measured for "30 min to
obtain a basal signal. Cells were then treated with vehicle or
ligand and read continuously for several hours. BRET ratios for
!-arrestin recruitment to OxRs were calculated by subtracting
the ratio of #500 nm emission over the 400–475-nm emission
for a cell sample containing only the Rluc construct from the
same ratio for a sample containing both the Rluc and EGFP
fusion proteins as described previously (37). The ligand-in-
duced BRET signal for !-arrestin-ubiquitin proximity was cal-
culated by subtracting the ratio of 520–540-nm emission over
the 400–475-nm emission for a vehicle-treated cell sample
containing both Rluc8 and Venus fusion proteins from the
same ratio for a second aliquot of the same cells thatwas treated
with ligand as described previously (40). The final pretreatment
reading is presented at the zero time point (time of ligand or
vehicle addition).
Confocal Microscopy—HEK293 cells were seeded in 6-well

plates at a density of 650,000 cells/well, and confocal micros-
copy procedures were carried out as described previously (37).
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Enzyme-linked Immunosorbent Assay (ELISA)—OxR con-
structs were generated with a hemagglutinin (HA) epitope tag
incorporated at the N terminus of OxR1 and OxR2. Stably
transfected HEK293 cells expressing either HA-OxR1 or HA-
OxR2 were plated into 24-well plates at 200,000 cells/well with
completemedia. The next day,mediawere removed, and 0.5ml
of media containing a 1:2500 dilution of anti-HA serum (raised
in rabbit and generously provided by S. Schulz, Institute of
Pharmacology and Toxicology, University of Jena, Germany)
was added to wells. Cells were then incubated with antibody at
4 °C for 2 h. Media were removed and replaced with 0.5 ml of
media containing OxA. Cells were then incubated at 37 °C for
1 h. Following treatment, cells were washed with phosphate-
buffered saline (PBS). They were then fixed in 0.5 ml of Zam-
boni’s fixative at room temperature for "30 min, either imme-
diately (0minwashout) or following incubation for 20, 40, or 60
min in media. Fixative was removed, and the cells were washed
twice with PBS before adding 0.5 ml of PBS containing second-
ary antibody (anti-rabbit IgG, horseradish-peroxidase-linked
whole antibody raised in donkey; Amersham Biosciences). Sec-
ondary antibody was diluted 1:2000. Samples were incubated at
room temperature with gentle rocking for "2 h. Finally, cells
were washed twice with PBS before 250 "l of horseradish per-
oxidase substrate 2,2$-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) (Sigma) was added to wells and incubated at room
temperature with rocking for "15 min. 200-"l aliquots were
then transferred to a clear-bottomed 96-well plate, and samples
were measured at 405 nm using an Envision 2102 multilabel
plate reader (PerkinElmer Life Sciences). All treatments were
performed in triplicate, and each assay included a primary anti-
body control.
Homogeneous Cell-based ERK1/2 Phosphorylation Assay—

ERK1/2 phosphorylation was measured using the SureFire
ERK1/2 phosphorylation kit (TGR Biosciences) with IgG Pro-
tein A AlphaScreen donor/acceptor beads (PerkinElmer Life
Sciences) (41). HEK293 cells stably expressingOxR cDNA con-
structs were seeded in white 96-well plates (Nunc) at a density
of 60,000 cells/well in serum-free DMEM. After 16 h, media
were replaced, and treatments were carried out 1 h later.
Treated cells were assayed according to the manufacturer’s
instructions, and samples were measured using an Envision
2102 multilabel plate reader (PerkinElmer Life Sciences).
Data Presentation and Statistical Analyses—Data were pre-

sented and analyzed using Prism 5.0 software (GraphPad). Sig-
moidal dose-response curves were fitted to the data for inositol
phosphate production, !-arrestin recruitment to OxRs, and
ERK1/2 phosphorylation using nonlinear regression. Statistical
comparisons of logEC50 values and recycling time course data
were assessed using two-way analysis of variance with Bonfer-
roni post-test analysis or Student’s t test where appropriate.
Statistical significance for eBRET and ERK1/2 phosphorylation
kinetic data was determined using a two-way repeatedmeasure
analysis of variance with Bonferroni post-test analysis.

RESULTS

Inositol Phosphate Signaling—Wild type (WT) and EGFP-
tagged human OxR constructs for both subtypes were able to
induce robust inositol phosphate production in the presence of

either orexin ligand. In response to OxA or OxB treatment, the
signaling potencies of EGFP-taggedOxR1 andOxR2 constructs
were not significantly different from respective WT receptors
(Table 1). As expected, a nanomolar effective concentration of
agonist was shown to elicit a half-maximal response for OxA at
OxR1 and OxR2, as well as OxB at OxR2. Additionally, the
potency ofOxBwas substantially lower atOxR1 comparedwith
that observed with OxA at OxR1 or OxB at OxR2, as has been
similarly observed for G protein-mediated Ca2! signaling (4).
BRET Dose-Response Analysis of OxR-!-Arrestin Proximity—

BRET EC50 values for OxR-!-arrestin proximity were found to
be 2 orders of magnitude higher (Table 2) than the EC50 values
observed for inositol phosphate production (Table 1). These
data were generated using COS-7 cells; however, similar BRET
EC50 values were observed using HEK293FT cells (data not
shown). The use of phosphorylation-independent !-arrestin
mutants had little effect, indicating that receptor phos-
phorylationwas not generally a limiting factor under these con-
ditions. A small but significant difference in potency was
observed forOxR1 compared withOxR2 in COS-7 cells treated
with OxA (Table 2). This was also observed with the phos-
phorylation-independent mutants. Again, similar observations
were made with HEK293FT cells, although the differences

TABLE 1
EC50 data for inositol phosphate signaling dose-response assays com-
paring wild type with EGFP-tagged OxR subtypes
Inositol phosphate production was measured in COS-7 whole cell lysates trans-
fected with wild type (WT) or EGFP-tagged OxRs and treated with a range of
concentrations of OxA or OxB. Results are presented as mean % S.E. of three
independent experiments. Statistics were carried out using logEC50 values.

OxR1 EC50 OxR2 EC50

nM nM
OxA
Receptor-WT 5.2 % 1.1 2.6 % 0.5
Receptor-EGFP 9.6 % 1.8 4.3 % 0.9

OxB
Receptor-WT 59.4 % 14.1a,b 2.3 % 1.0
Receptor-EGFP 92.0 % 18.3a,b 2.9 % 0.7

a p & 0.05 compared with respective OxR2.
b p & 0.05 compared with respective receptor treated with OxA.

TABLE 2
EC50 data for BRET OxR-!-arrestin proximity dose-response assays
COS-7 cells were co-transfected with either OxR1 or OxR2 (EGFP-tagged) and
either a wild type (WT) or phosphorylation-independent mutant (R169E or R170E)
form of !-arrestin 1 or 2 (Rluc-tagged). Cells were treated with a range of concen-
trations of OxA or OxB at 37 °C. Results are presented as mean % S.E. of three
independent experiments. Statistics were carried out on logEC50 values.

OxR1 EC50 OxR2 EC50

nM nM
OxA

!-Arrestin 1-WT 777.0 % 54.6a 375.9 % 121.5
!-Arrestin 2-WT 719.4 % 102.2a 214.7 % 75.7
!-Arrestin 1-R169E 412.1 % 44.1a 138.7 % 22.7b
!-Arrestin 2-R170E 400.8 % 46.5a 161.5 % 18.2

OxB
!-Arrestin 1-WT Too high to determine 334.3 % 112.6
!-Arrestin 2-WT Too high to determine 383.6 % 203.3
!-Arrestin 1-R169E 3766.8 % 546.7a 228.3 % 65.5
!-Arrestin 2-R170E 3788.8 % 366.4a 278.2 % 148.1

a p & 0.05 compared with OxR2.
b p & 0.05 compared with the respective !-arrestin WT. Note that as EC50 values
for OxB-induced OxR1 proximity with !-arrestin 1 or 2 WT were too high to
determine, statistical comparisons involving these values could not be carried
out.
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between receptors treated with OxA were not statistically sig-
nificant in these cells (data not shown).
BRET EC50 values for OxR2 proximity to mutant !-arrestins

in the presence of OxB were significantly less than those
observed for OxR1 paired with the same !-arrestins (Table 2).
BRET EC50 values for OxR1 proximity to WT !-arrestins
treated with OxB could not be obtained, as sufficiently high
concentrations of OxB could not be tested (Table 2). This indi-
cates substantially lower potency than at OxR2, even if statisti-
cal analysis is precluded.OxBBRETEC50 values forOxR2prox-
imity to !-arrestins were not significantly different than
respective EC50 values from OxA dose-response analyses.
The!-arrestin proximity potency shift observed between the

different OxR subtypes activated by OxB (Table 2) appears to
reflect that observed for inositol phosphate production (Table
1), which in turn reflects published differences in OxB binding
affinity at the two receptors (4). Therefore, for the remainder of
the study, we focused our attention on investigating potential
differences between the OxR subtypes when activated by OxA,
which has similar binding affinity (4), and inositol phosphate
production potency (Table 1) at both receptors.

eBRET Monitoring of OxA-induced OxR-!-Arrestin Prox-
imity—Following treatmentwith 1"MOxA,COS-7 cells trans-
fected with BRET-tagged pairs of OxR and !-arrestin subtypes
elicited a robust initial increase in BRET response (Fig. 1,A and
B). The response was similarly observed for all OxR-!-arrestin
combinations, although slightly heightened for OxR interac-
tions with !-arrestin 2. However, subsequent kinetics differed
between OxR subtypes. OxR2-expressing cells displayed a sig-
nificantly more stable BRET signal with both !-arrestins in
comparison with OxR1 over 4 h of continual stimulation with
OxA. A significant divergence between OxR subtype kinetic
profiles was observed after 67 min for !-arrestin 1 (p & 0.05;
Fig. 1A), and 75 min for !-arrestin 2 (p & 0.05; Fig. 1B) and
continued over the rest of the 4-h measurement period.
Confocal Microscopy Indicates That Both OxR Subtypes

Internalize into Endosomes following OxA Treatment—
HEK293 cells transfected with OxR1-EGFP or OxR2-EGFP
exhibited fluorescence on the cell surface indicative of receptor
expression at the plasma membrane (Fig. 2). Following treat-
ment with 1 "M OxA for either 5 or 30 min, similar punctate
fluorescence was observed throughout the cytosol of cells con-
taining all combinations of EGFP-tagged OxRs and untagged
!-arrestins, consistent with similar internalization into endo-
somes (Fig. 2).
OxR Subtypes Recycle at Different Rates following OxA

Treatment—Recycling of the receptor back to the cell surface
was monitored after treatment with OxA for 60 min and sub-
sequent washing out of agonist for specified time periods (Fig.
3). After immediate cell fixation following agonist treatment,
both stably expressing cell lines exhibited a similar decrease in
cell surface HA immunoreactivity consistent with the similar
levels of receptor internalization observed with confocal
microscopy. However, after a 20-min washout period, a sig-
nificantly lower percentage of HA-OxR2 was detected at the
cell surface compared with HA-OxR1 (Fig. 3). This differ-
ence was not observed for washout periods of 40 min and
greater (Fig. 3).

!-Arrestin 2-Ubiquitin eBRET Kinetics Differ between OxR
Subtypes—Upon OxA treatment of cells co-expressing BRET-
tagged !-arrestin 2 and ubiquitin constructs, in addition to an
untagged OxR subtype, a robust increase in BRET signal was
observed for both receptors (Fig. 4). The maximal BRET signal

FIGURE 1. eBRET kinetic data for OxA-induced OxR proximity to !-arres-
tin 1 and 2. To assess EGFP-tagged OxR1 and OxR2 proximity to Rluc-tagged
!-arrestin 1 (A) and !-arrestin 2 (B), a basal BRET signal was established in the
absence of ligand for 30 min. Cells were then treated with either vehicle or
OxA and monitored in real time for up to 4 h. Results are presented as the
mean BRET ratio % S.E. of at least three independent experiments. *, p & 0.05
between OxR subtypes treated with OxA.

FIGURE 2. Confocal microscopy showing redistribution of OxRs following
OxA treatment. OxR1-EGFP or OxR2-EGFP was visualized in HEK293 cells
overexpressing untagged !-arrestin 1 or 2. The distribution of EGFP-tagged
OxRs is shown in untreated cells compared with those treated with OxA for
5 or 30 min as indicated.

Profiling of Orexin Receptor-Arrestin-Ubiquitin Complexes

MAY 13, 2011 • VOLUME 286 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 16729



was significantly higher for cells expressing OxR2 compared
with OxR1 after 12 min of OxA stimulation and remained so
over the 4-h measurement period (Fig. 4). In addition, the time
at which the peak BRET signal for OxR2 was reached was later
than for OxR1. The BRET signal for OxR2 was relatively sus-
tained over the 4-hmeasurement period. In contrast, the OxR1
signal was transient, returning to and remaining at base line
after "75 min of ligand stimulation (Fig. 4).
OxR Subtypes Display Different ERK1/2 Phosphorylation

Kinetics—Using the homogeneous cell-based SureFire assay,
ERK1/2 phosphorylation was monitored over a period of 4 h
following stimulation with a maximal dose of OxA in cells sta-
bly transfected with either OxR subtype (Fig. 5A). Maximal lev-
els of phosphorylated ERK1/2 (pERK1/2) were observed 2 min
after agonist stimulation, and all subsequentmeasurement data
were normalized to this maximal value. Relative levels of

pERK1/2 were similar at 5 min post-agonist stimulation; how-
ever, a significantly lower level of pERK1/2 was observed for
OxR1 compared with OxR2 at 10 min and up to 2 h following
sustained agonist stimulation (Fig. 5A). Kinetically, OxR2-ex-
pressing cells exhibited amore stable, prolonged pERK1/2 pro-
file compared with OxR1. pERK1/2 levels in OxR1-expressing
cells dropped to "30% of maximal levels after 60 min and were
similar throughout the remainder of the 4-h time course,
whereasOxR2 exhibited amore gradual decrease over the same
time period (Fig. 5A).
OxR2 Exhibits a Time-dependent Shift in ERK1/2 Phosphor-

ylation Potency—OxA-induced ERK1/2 phosphorylation dose-
response data were generated at two distinct time points, 2 and
90 min post-agonist stimulation. For OxR1 at 90 min, the
ERK1/2 phosphorylation exhibited insufficient dose depen-
dence to generate meaningful data, and so comparison of the
2- and 90-min time points could not be made. However, for
OxR2 a significantly higher dose of OxAwas required at 90min
(EC50 % S.E. of 47.3 % 12.3 nM) compared with 2 min (EC50 %

FIGURE 3. OxR recycling rates following OxA treatment. HA-OxR1 and HA-
OxR2 stable cell lines were treated for 60 min with OxA, following which cells
were either washed and fixed immediately (0 min washout) or washed and
incubated in media for varying time periods before fixing. Data are presented
as the percentage of receptors at the cell surface relative to untreated sam-
ples (mean % S.E.) from three independent experiments. *, p & 0.05 com-
pared with OxR1 at same time point.

FIGURE 4. eBRET kinetic data for OxA-induced !-arrestin 2-ubiquitin
proximity in the presence of OxR1 or OxR2. Kinetic profiles of changes
in proximity between Rluc8-tagged !-arrestin 2 and Venus-tagged ubiq-
uitin in the presence of untagged OxR1 or OxR2 transiently transfected in
HEK293FT cells. Cells were treated with OxA and measured over a 4-h
period. Data are expressed as mean % S.E. of three independent experi-
ments; *, p & 0.05 between OxR1 and OxR2 from 12 min up to 4 h post-
agonist stimulation.

FIGURE 5. ERK1/2 phosphorylation data for OxR1 and OxR2 stably
transfected in HEK293 cells. A, stably transfected HEK293 cells were
treated with OxA and measured over a 4-h period. Data were normalized
to time-matched vehicle treatments and are expressed as a percentage of
the maximal response induced at 2 min post-agonist treatment. Data are
expressed as mean % S.E. of four independent experiments. *, p & 0.05
between OxR1 and OxR2 from 10 to 120 min post-agonist stimulation.
B, dose-response data were collected at 2 and 90 min post OxA treatment
of OxR2-expressing cells. Data were expressed as a percentage of the
maximal response induced at the time point. Data are expressed as
mean % S.E. of four independent experiments.
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S.E. of 7.5% 1.3 nM) to achieve a similar proportion of pERK1/2
(p & 0.05 evaluated using logEC50 values; Fig. 5B).

DISCUSSION

Potency of!-Arrestin Recruitment toOxRs—The potencies of
!-arrestin recruitment to both OxRs were surprisingly low,
being 2 orders of magnitude lower than observed for inositol
phosphate production. These potencies are lower than we have
observed for other GPCRs interacting with !-arrestins using
BRET, including angiotensin II receptor type 1 (37), thyrotro-
pin-releasing hormone receptor (40), and chemokine receptors
CCR5 and CXCR4 (42). Investigations of the role of receptor
phosphorylation in receptor-!-arrestin interactions, and sub-
sequent receptor internalization, have taken advantage of the
properties of mutant !-arrestins (43–46). Mutant !-arrestins
(R169E and R170E) do not require receptor phosphorylation
for activation (47) and were included in the study to assess
whether receptor phosphorylation was a limiting factor for the
potency of !-arrestin recruitment to OxRs in these cells. Over-
all, this would appear not to be the case as the only statistically
significant difference when comparing WT and mutant !-ar-
restins was with OxA acting on the combination of !-arrestin 1
and OxR2 in COS-7 cells (2.7-fold shift). These data suggest
that either nonlimiting amounts of GRK were present or that
GRK phosphorylationmay not be required for !-arrestin bind-
ing. However, as a previous study observed that elimination of a
particular GRK phosphorylation motif in OxR1 resulted in a
loss ofOxR1 internalization and!-arrestin co-localization (48),
it is likely that GRK phosphorylation is required for OxR-!-
arrestin binding.
Temporal Differences between OxR Subtypes with Respect to

!-Arrestin Recruitment—Our eBRET data imply that although
both OxRs are capable of associating with both !-arrestins fol-
lowing OxA activation, OxR2 appears to have a more stable
interaction with !-arrestins that is sustained significantly lon-
ger compared with OxR1, with this being reflected in the BRET
signal from populations ofmany individual receptor-!-arrestin
interactions in many cells. The small but significant difference
in BRET EC50 values between OxR subtypes, at least in COS-7
cells (Table 2), is also consistent with OxR2 interacting with
!-arrestins more avidly than OxR1.
The role of GRK phosphorylation in !-arrestin binding to

activatedGPCRs has been discussed previously (20, 49–51), the
stability of which has been found to be positively correlated
with the composition and quantity of serine/threonine residue
clusters in the C-tail of receptors (49, 51). Sequence analysis of
amino acid residues in the C-tail of OxR subtypes indicates that
OxR1 has two putative GRK-specific phosphorylation sites (17,
48, 52, 53), only one ofwhich appears to play a significant role in
!-arrestin interaction (48). In contrast, OxR2 contains three of
these motifs (17). Thus, the potential for more extensive phos-
phorylation of theOxR2 subtype following agonist bindingmay
contribute to the more stable interaction observed between
OxR2 and !-arrestins compared with OxR1.
It should be noted that other intracellular serine/threonine

residues outside the C-tail of GPCRs could also play a role in
!-arrestin recruitment. Neuropeptide Y receptor subtype 5
exhibits a robust interaction with !-arrestin 2 measured using

BRETdespite possessing a relatively short C-tail with few phos-
phorylation sites (54). However, Y receptor subtype 5 has an
extended third intracellular loop with phosphorylation sites
(54). In addition, membrane association of the C-tail by palmi-
toylation can also affect !-arrestin-binding stability (55–57).
However, both OxRs possess similar putative palmitoylation
sites in the proximal C-tail and GRK phosphorylation sites in
the third intracellular loop.
OxR1 Recycles More Rapidly than OxR2—Results from stud-

ies of receptor-!-arrestin coupling using chimeric receptors in
which the C-tails of GPCRs were swapped indicated that, at
least for the receptors investigated, the rate of !-arrestin-de-
pendentGPCR recycling and resensitization directly correlated
with the presence or absence of highly conserved serine/threo-
nine clusters within the C-tail of the receptor (58, 59). The fate
of the receptor-!-arrestin complex is often correlated with the
strength and stability of this interaction, which is itself typically
dependent upon the amino acid composition of the receptor
C-tail (19, 53, 59). Work with the somatostatin receptor sub-
types, for example, showed that receptor degradation, recy-
cling, and up/down-regulation were all determined, to an
extent, by receptor phosphorylation and !-arrestin coupling
(60). From our study, it would appear that the higher rate of
OxR1 dissociation from either form of !-arrestin, despite a
strong initial interaction (as evidenced by the eBRET kinetic
assays), is associated with more rapid recycling back to the
plasma membrane compared with OxR2.
OxA-induced !-Arrestin-Ubiquitin Proximity Provides Fur-

ther Insights into OxR Complex Stability—Covalent modifica-
tion of receptors and their binding partners appears to be crit-
ical for regulating the activity of many activated GPCRs (61).
Ubiquitination seems unique in its ability to potentially govern
multiple facets of receptor function, including internalization,
compartmentalization, signaling, and degradation of the recep-
tor complex, depending on the stability and secondary struc-
ture of ubiquitin linkages to target proteins (31). !-Arrestin
ubiquitination may be influential in regulating some of these
receptor-mediated events with certain GPCRs (25, 32, 62). Fur-
thermore, loss-of-function mutation of !-arrestin with respect
to receptor-specific !-arrestin ubiquitination may result in the
inability of some receptor complexes to internalize into endo-
somes (24, 32) and alter the ability of !-arrestin to scaffold and
compartmentalize pERK1/2 signaling complexes (24). Charac-
terization of the temporal aspects of !-arrestin-ubiquitin prox-
imity is potentially informative for investigating the stability of
receptor complexes and the influence it may exert on !-arres-
tin-mediated activities. Using BRET, the kinetics of !-arrestin-
ubiquitin proximity has been explored for two GPCRs, !2-ad-
renergic receptor and vasopressin receptor 2, that represent
class A and B !-arrestin-binding receptors, respectively (39).
There is some evidence for enzymes that co-regulate ubiquiti-
nation and deubiquitination events associating with the re-
ceptor complex in a class-dependent manner to allow stable
ubiquitination of vasopressin receptor 2 and more transient
ubiquitination of !2-adrenergic receptors upon agonist stimu-
lation (62). Similarly, chimeric !2-adrenergic receptors and
vasopressin receptor 2 with swapped C-tails appear to exhibit
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!-arrestin ubiquitination stability dependent on the origin of
the C-tail (33).
In this study, OxR2-expressing cells display a more stable,

prolonged BRET signal for energy transfer between tags on
!-arrestin 2 and ubiquitin that is kinetically similar to that of
!-arrestin recruitment to this receptor, whereas OxR1-ex-
pressing cells display a more transient BRET signal indicating
more transient receptor-arrestin-ubiquitin complex formation
compared with OxR2. Note that we have not directly assessed
either !-arrestin or receptor ubiquitination per se, and
although most of the BRET signal is presumed to result from
!-arrestin interaction with ubiquitin, as these are the BRET-
tagged proteins in the complex, it cannot be excluded that a
component of the signal results from ubiquitin interacting
directly with the OxR or other proteins in the macromolecular
complex. This would bring the Venus tag on ubiquitin into
close proximity to the Rluc8 tag on the !-arrestin that is also
interacting with the receptor complex. Either way, the observa-
tions that more sustained ubiquitination correlates with
increased stability of the receptor-!-arrestin complex are con-
sistent with previous findings (33, 39, 62) and support our
observations from the eBRET assays monitoring receptor-!-
arrestin proximity and the recycling assays.
Correlation with ERK1/2 Phosphorylation—We observed

significantly elevated and sustained pERK1/2 following activa-
tion ofOxR2 comparedwithOxR1 at time points typically asso-
ciated with non-G protein-mediated ERK1/2 phosphorylation
(34, 63). The elevated level of pERK1/2 for OxR2 at the later
time points compared with OxR1 is consistent with OxR2
forming amore stable secondary signaling complex that is likely
to involve !-arrestin. Consequently, this may also indicate that
OxR2 scaffolds and maintains pERK1/2 in the cytosol rather
than allowing nuclear translocation as has been observed for
non-G protein-mediated ERK1/2 signaling (64–66). Indeed,
the possibility of non-G protein-mediated ERK1/2 signaling
has been observed in a study involving chemical inhibition of
the G protein-mediated pERK1/2 pathway for OxR2 (67). Fur-
thermore, significant differences inOxApotency atOxR2when
comparing 2- and 90-min stimulation time points also indicate
that ERK1/2 activation occurs via different mechanisms at the
different time points. Indeed, the observed ERK1/2 activation
that is presumed to be predominantly via a non-G protein-
mediated pathway occurs at higher doses, consistent with the
lower potency of receptor-!-arrestin proximity compared with
G protein-mediated signaling.
Do Both OxRs Fit the Current Classification for !-Arrestin

Usage?—GPCRs exhibiting weak, transient !-arrestin interac-
tions with an apparent preference for !-arrestin 2 tend to be
deemed class A receptors, although GPCRs that form strong,
stable interactions with both !-arrestins tend to be denoted
class B receptors for !-arrestin usage (59). Results from the
eBRET kinetic studies indicate that both OxRs can associate
robustly with both !-arrestins, superficially making them both
candidates for class B classification according to !-arrestin
usage (52, 59). Indeed, previous confocal microscopy studies
have shown!-arrestin 2 co-localizedwithOxR1 in acidic endo-
somes following OxA stimulation (48). The class B assignment
is also supported by the combination of our confocal micros-

copy and ELISA data showing that both OxRs are internalized
to similar degrees. Furthermore, although OxR1 displays a
more transient association than OxR2, the profiles are similar
for both !-arrestins. However, the rapid recycling observed
with OxR1 does not fit the class B categorization well and nei-
ther does the relatively weak and transient ubiquitination pro-
file. Interestingly, such unusual behavior resembles that
observed with somatostatin sst2A receptor that was classified
uneasily as class B for !-arrestin usage as it formed stable com-
plexes with both !-arrestins, yet was rapidly resensitized and
recycled to the plasma membrane without detectable receptor
ubiquitination (60). Bradykinin 2 receptor is another notable
example as it appears to interact strongly with !-arrestin 2
when bradykinin is present (42, 68), but it recycles rapidly fol-
lowing agonist washout (68), similar to our observations with
OxR1. Moreover, the functional differences revealed by the
pERK1/2 kinetic profiles further highlight the differences
between the OxR subtypes. It has been considered previously
(60, 68) and our data further indicate that the taxonomy of
GPCRs according to !-arrestin usage may need to be refined to
discriminate between receptors that interact stronglywith both
!-arrestins yet exhibit divergent kinetic profiles. Perhaps a class
C for !-arrestin usage is required, as suggested by Simaan et al.
(68), for bradykinin 2 receptor, with OxR1 and sst2A receptor
fitting into this category. Furthermore, our findings indicate
that temporal characterization of the receptor-arrestin-ubiqui-
tin complex may help to differentiate potential members of the
different classes, with the ultimate aim of improving our under-
standing of receptor systems in vitro so that they can be corre-
lated more effectively to physiological and pathological roles
in vivo.
In conclusion, the orexin neuroendocrine system is an

intriguing physiological entity with vast potential as a target for
therapeutic intervention, particularly as it appears to play a
unique and fundamental role in regulating and integrating so
many key biological systems from sleep-wake tometabolism. A
greater understanding of the mechanisms regulating its func-
tion is crucial if this pharmacological potential is to be tapped.
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