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Abstract

Recent advances in the understanding of the major class of cell surface G protein

coupled receptors (GPCRs) have added complexity to their molecular

pharmacology. Firstly GPCRs signal not only through G proteins but also other

partners such as -arrestins - adaptors initially characterised for roles in

desensitisation and endocytosis. The second is that GPCRs can form homodimers

or heterodimers between different subtypes. The functional significance of

dimerisation remains debatable, with part of the controversy surrounding an

inability to directly assign pharmacological properties to dimers, or receptor-

effector complexes, of known molecular composition.

This thesis explores the use of bimolecular fluorescence complementation (BiFC),

as a means to address this problem. In BiFC, protein-protein interactions are

identified by complementary fluorescent protein fragment tags, which refold and

generate a fluorescent signal upon association. As BiFC is irreversible it therefore

identifies receptor complexes of known composition. The Y receptor family,

which respond to neuropeptide Y (NPY), and related hormones peptide YY and

pancreatic polypeptide, were chosen as model GPCRs to explore the use of BiFC

in identifying -arrestin interactions and investigating the behaviour of receptor

dimers. The 4 cloned Y receptor subtypes share G protein coupling pathways, but

less is known about their relative recruitment of -arrestins and regulation by

endocytosis. Moreover, potential heterodimerisation (e.g. Y1/Y5) has largely

unproven physiological roles in central feeding and appetite regulation.

First, BiFC based high content imaging assays were established to quantify the

pharmacology of β-arrestin2 recruitment to Y receptor subtypes, and 

demonstrate the correlation between this process and agonist induced

endocytosis (Chapter 3). Targeted mutagenesis, demonstrated the shared

involvement of key intracellular receptor domains in arrestin recruitment and

internalisation. Fluorescence recovery after photobleaching, and fluorescence
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correlation spectroscopy were used to measure the diffusion of fluorescent Y

receptor complexes and demonstrated that NPY stimulation slowed receptor

motility, reconciling with the propensity of these receptors to undergo

endocytosis (Chapter 4). The use of a novel BiFC system allowed, for the first

time, this slowed motility to be correlated with the behaviour of defined Y

receptor-arrestin signalling complexes.

To study dimerisation, BiFC was used to constrain Y1 receptor subtypes as homo

or heterodimers of precise composition. Quantitative platereader imaging of

recomplemented YFP measured BiFC dimer internalisation as an indirect readout

of β-arrestin recruitment and dimer function (Chapters 5 and 6). Constraining Y1 

receptor and 2-adrenoceptor BiFC homodimers had no effect on agonist

promoted internalisation. Selective mutagenesis of residues within a single

protomer of each dimer illustrated that occupation of a single ligand binding site

and the presence of one phosphorylated C terminal domain was sufficient. These

results also implied symmetrical binding of β-arrestin to Y1 receptor dimers, an 

observation supported by the earlier single molecule imaging techniques.

Finally, constrained Y1/Y5 receptor BiFC heterodimers showed modified

pharmacology not evident for other heterodimer combinations (Y1/Y4, Y1/2AR).

The most striking alterations were a switching of the behaviour of Y5 subtype

selective antagonists from surmountable (at the Y5 receptor) to insurmountable

inhibition of NPY stimulated internalisation of the Y1/Y5 dimer; while in contrast

Y1 antagonists became ineffective in inhibiting Y1/Y5 dimer responses. These

observations suggest selective allosteric interactions between the respective Y1

and Y5 receptor protomers. Previous attempts to develop anti obesity agents that

selectively target either the Y1 or Y5 receptor subtype, have lacked long term

clinical efficacy. However identification of novel pharmacology of the Y1/Y5

dimer, and a strategy to screen for selective antagonism of this pairing using the

BiFC system, may be a way to identify future therapeutic treatments for obesity.
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Chapter 1: Introduction

1.1 The G protein coupled receptor superfamily

G-protein coupled receptors (GPCRs) represent the largest group of membrane

receptors found in the human genome, numbering over 800 unique members

(Benovic and von Zastrow, 2014) and are integral to a vast number of

physiological processes including vision, cardiac function, neurotransmission,

appetite, immune responses and olfaction (Wolfe and Trejo, 2007). GPCR targets

comprise 30-50% of drugs currently marketed (Garland, 2013), and their cognate

ligands encompass not only classical neurotransmitters such as the monoamines,

but also peptides, proteins, lipids, glycoprotein hormones, ions and sensory

signals such as photons, odorants and taste ligands (Musnier et al., 2010),(Fung

JJ, 2009). Following activation by ligand binding, GPCRs traditionally couple at

their cytoplasmic elements to heterotrimeric G proteins (Gαβγ). The signalling

cascades produced can have rapid short term physiological effects via the

production of second messenger molecules as well as long term effects via

changes in gene expression.

1.1.1 The pharmacological principles of GPCR signalling

GPCRs can be activated by binding endogenous ligands naturally occurring in the

body, such as adrenaline to the β2-adrenoceptor or neuropeptide Y (NPY) to the 

NPY Y1 receptor. The site that an endogenous ligand binds to is termed the

othosteric binding site. Exogenous ligands (eg. drugs) are also capable of binding

to this site and activating GPCRs, often by mimicking the effect of the

endogenous ligand, such as Isoprenaline binding to the β2-adrenoceptor (Sato et 

al., 1996). The ability of a ligand to bind to a receptor is termed its affinity, while

the ability of a ligand to stabilise an active receptor complex once bound is

termed (intrinsic) efficacy. The potency of a ligand is a more empirical term that

relates to the concentration of ligand required to produce a functional effect (e.g.



2

determined by the EC50 value (effective concentration for 50 % response on a

concentration response curve). Potency depends on both ligand affinity and

efficacy at the target receptor, but also on properties of the system, for example

the number of receptors present, or the extent of signal amplification between

the receptor and the measured endpoint.

Ligands that activate GPCRs and lead to the induction of biological responses are

termed agonists. Agonists which show high efficacy are full agonists, and can

often produce maximal responses whilst occupying only a small proportion of

expressed receptors, because of receptor reserve due to signal amplification

(Figure 1.1, A). A partial agonist shows lower efficacy at inducing responses in

relation to a full agonist. This sub maximal response, relative to a full agonist,

occurs even when the agonist occupies the entire receptor population. An

inverse agonist binds to receptors at the orthosteric binding site, but stabilises

the inactive conformation of the receptor. Thus, if receptors show constitutive

activity (by adopting an active conformation in the absence of agonist) inverse

agonists can induce functional responses opposite to that of an agonist.

An antagonist is a ligand which inhibits agonist mediated receptor responses

without activating the receptor itself. True antagonists therefore have affinity for

the receptor but no positive efficacy, though inverse agonists (with “negative”

efficacy) also behave as antagonists in inhibiting agonist effects. Competitive

antagonists bind to the same receptor orthosteric ligand binding site as the

agonist (B). They sterically block agonist binding, meaning that higher

concentrations of agonist are required to outcompete the antagonist occupancy

(assuming reversible binding in both cases), resulting in reduced potency of this

agonist in the presence of antagonist. In functional assays, the effect of

competitive antagonists will be seen as rightward parallel shifts of agonist

concentration response curves with no effect on maximum responses – known as

surmountable antagonism. Antagonism may also be insurmountable, in that no

amount of agonist can overcome the inhibition observed to regain the maximal
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response (C). This antagonism can occur because of irreversible covalent binding

of the antagonist to the receptor orthosteric binding site, or because the

antagonist is non-competitive, and binds to a topographically distinct allosteric

site.
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Figure 1.1: The principles of agonist and antagonist pharmacology at GPCRs

An agonist is a ligand that stabilises a GPCR conformation which activates the receptor resulting in a biological response (A). Full agonists show
high efficacy at inducing maximal responses, whereas partial agonists have lower efficacy and can only induce submaximal responses irrespective
of the degree of receptor occupation. An inverse agonist can bind and inhibit constitutively active receptors, inducing a response opposite to
that of an agonist at the same receptor. Surmountable competitive antagonists (B) are able to bind to the same orthosteric ligand binding site as
the agonist, but do not result in receptor activation, consequently sterically blocking agonist binding. In the presence of increasing
concentrations of competitive antagonist, higher concentrations of agonist are required to out compete the antagonist, resulting in a parallel
rightward shift in observed agonist concentration response curves. Antagonism may also be insurmountable, in that no amount of agonist can
overcome the inhibition (C). This antagonism can be due to an antagonist covalently binding to the receptor orthosteric binding site or binding to
a topographically distinct site termed the allosteric site. In functional assays insurmountable antagonism manifests as a drop in the magnitude of
the observed maximum response.
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1.2. Structural properties of GPCRs

1.2.1 GPCR Classes

GPCRs are composed of seven helical transmembrane domains(TM I-VII), 3

intracellular (ICL 1-3) and extracellular loops (ECL 1-3), an extracellular amino

terminal and an intracellular carboxyl tail (Figure 1.2) (Unal et al., 2012). Electron

cryo-microscopy of 2D crystals of bovine rhodopsin, suggested that the 7

transmembrane helices are arranged in a counterclockwise formation with TM3

tilted towards the centre of the helical bundle (Unger and Schertler, 1995). This

orientation was confirmed from the first crystal structure of rhodopsin

(Palczewski et al., 2000) and later GPCR crystal structures. An additional

amphipathic helix (helix 8) is found at the end of TM7 and lies parallel to the

cytoplasmic face of the plasma membrane (Kirchberg et al., 2011). In rhodopsin,

Helix 8 connects the transmembrane helical bundle to the receptor C terminal tail

via two palmitoylated cysteine residues at Cys322 and Cys323.

Both within and between GPCR families, sequence analysis has shown that

particularly the N and C terminal domains can vary greatly. GPCRs can be divided

into three major structural classes – A, B and C (Pierce et al., 2002). The largest

group, Class A, comprises of 19 subgroups that includes rhodopsin, the opioid

family (κ, γ, µ, δ), the adenosine family (A1, A2A, A2B,A3), the muscarinic family

(M1-M5) and the two receptor families used in this thesis - neuropeptide Y (Y1,

Y2, Y4 and Y5), and adrenoceptors (α1A, 1B, 1D; α2A, 2B, 2C and β1-3). Class A 

GPCRs typically have a short extracellular N terminus, with ligand binding

occurring at the extracellular loops (peptide ligands) or within transmembrane

helices that form a ligand binding pocket (e.g. adrenaline at the B2AR (Strader et

al., 1989, Rasmussen et al., 2007b)).

Class B receptors include those for gastrointestinal peptide hormones, such as

glucagon and vasoactive intestinal peptide receptors (Pierce et al., 2002). The N

terminal domain is typically the site of ligand binding, and contains six cysteine
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residues that form disulphide bridges that facilitate this (Grace et al., 2004). Class

C receptors include the metabotropic glutamate receptor and GABAB receptors

(Pierce et al., 2002). They are particularly characterised by an elaborate N

terminal ligand binding region, composed of a Venus flytrap domain which can

assume a variety of conformations depending upon the presence or absence of

agonists and antagonists (Kniazeff J, 2004). As discussed in more detail later in

the thesis (chapters 5 and 6), class C GPCRs have been shown to form obligate

dimers in order to function, partly via interactions of these Venus fly trap

domains.

The typical structure of a Class A GPCR is shown in Figure 1.2 and has been

confirmed from crystal structures (Venkatakrishnan et al., 2013). The first Class A

GPCR to be crystallised was rhodopsin, long considered the model GPCR for Class

A basal and active conformations. Crystal structures were obtained from primary

retinal tissue of the inverse agonist bound (11-cis-retinal) form representative of

the inactive state (Palczewski et al., 2000) and a constitutively active opsin form,

representing the active state (Jager et al., 1996). This structure is not strictly

active rhodopsin as the opsin does not have 11-trans retinal bound, the active

isomer produced by light activation. Although many of the structural motifs

involved in receptor activation are highly conserved amongst Class A GPCRs,

rhodopsin responses are unique in that they are essentially ‘all or nothing’. This is

due to the covalently tethered ligand and requirement for photon induced

isomerisation of the covalently bound retinal from a inverse agonist

conformation (11-cis) to an active trans conformation, which is sufficient to cause

full rhodopsin activation (Jager et al., 1996) (Kobilka and Deupi, 2007).

Crystallisation of inactive rhodopsin provided an early template for modelling

other GPCR structures, but has now also been followed by the successful

crystallisation of 18 other GPCR conformations. Crystal structures of inactive

inverse agonist/ antagonist bound Class A receptors have been obtained for

human muscarinic M2 (Haga et al., 2012), rat muscarinic M3 (Kruse et al., 2012),
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human histamine H1 (Shimamura et al., 2011), human adenosine A2A (Jaakola et

al., 2008) and the opioid receptor family (Wu et al., 2012), (Manglik et al., 2012)

and (Granier et al., 2012)). in addition to the Class B receptor corticotrophin

releasing factor receptor-1 (Hollenstein et al., 2013) and the transmembrane

domain of the Class C metabotropic glutamate receptor 5 (Dore et al., 2014).

However the largest range of crystal structures has been obtained for the β2-

adrenoceptor. Unlike rhodopsin, β2-adrenoceptors readily convert between a 

range of inactive and active conformations, with multiple ligands with differing

efficacies able to stabilise distinct receptor sub states (Bockenhauer et al., 2011),

and a level of basal constitutive activity not seen for rhodopsin (Rasmussen et al.,

2007b). Crystal structures have been obtained for the inactive receptor form

bound to the partial agonist carazolol (Cherezov et al., 2007), (Rasmussen et al.,

2007b, Rasmussen et al., 2007a), and for the active agonist bound form stabilised

using a nanobody (Rasmussen et al., 2011a) or bound to the G protein

heterotrimer (Gs) (Rasmussen et al., 2011b).

Interestingly crystallisation has implied that some Class A GPCRs form

homodimers, such as the ligand free β1AR (Huang et al., 2013) inactive antagonist 

bound chemokine CXCR4 receptors (Wu et al., 2010) and µ (Manglik et al., 2012),

κ (Wu et al., 2012) and δ opioid (Granier et al., 2012) receptors. However crystal 

structures are a ‘snapshot’ of a particular receptor conformation, normally

obtained under artificial conditions (solubilised, purified protein with substantive

modification of the receptors by mutagenesis to improve stability) (Warne et al.,

2008), therefore the functional relevance of dimerisation remains controversial

(see Chapter 5 and Chapter 6).
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Figure 1.2: Schematic of GPCR 7 transmembrane helical structure.

Residues conserved in the primary sequence of all Class A rhodopsin like GPCR’s (seen in
red). They include the Asn1.50 (TM1) and Asp2.50 (TM2); Arg3.50 (TM3) a key residue of
the ‘ionic lock’ and part of the conserved E (D) RY motif and Pro7.50 (TM7) of the NPxxY
motif. Furthermore Trp4.50 on TM4 is conserved in 97% of Class A GPCR’s, and forms an
interhelical hydrogen bond with Asn2.50. Residues in blue are conserved in the majority
of class A GPCR’s and include a cysteine (Cys3.25) at the top of TM3 which forms a
stabilising disulphide link with ECL2; Asp3.49 and Tyr3.51 of the E (D) RY motif (TM3) and
Asn7.49 and Tyr7.53 of the NPxxY motif (TM7).

Residue numbers are as stated for the human β2-adrenoceptor using the Ballesteros-
Weinstein numbering system (Ballesteros and Weinstein, 1995).
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1.2.2 The structural features of GPCRs

The traditional view of GPCR activation is the ternary complex model consisting

of a GPCR bound to agonist in a high affinity state which is simultaneously

stabilised by effector proteins binding to the intracellular face of the receptor

(Kenakin and Christopoulos, 2013, Samama et al., 1993). Agonists can activate

receptors as their binding results in conformational changes of the receptor

transmembrane domains, disrupting the molecular interactions holding the

receptor in its low energy inactive state. However the existence of multiple

receptor conformations and the phenomena of constitutive activity and biased

agonism, means the reality is likely to be far more complex.

1.2.2.1 Transmembrane helices and the ligand binding pocket

The transmembrane domains of Class A GPCRs are typically 25-35 amino acids

long, and form stable alpha helices that transverse the plasma membrane.

Mutations introduced into the helices can disrupt the formation and alignment of

the helical bundle (Unal et al., 2012). The transmembrane helices are broadly

responsible for transducing conformation changes brought about by ligand

binding, downwards to the intracellular face of the receptor. Across the

transmembrane helices of all GPCRs, structural diversity is most concentrated at

the extracellular half of the helical bundle. For this half, homology estimates from

all GPCR structures suggest only 6% of residues are conserved, compared to 26%

for the intracellular half of the helical bundle (Katritch et al., 2012).

Analysis of available crystal structures suggests there is a network of interhelical

contacts principally between residues of TM3 (eg. 3.32, 3.36 using Ballesteros

Weinstein numbering (Ballesteros and Weinstein, 1995)), TM6 (eg. 6.48, 6.51) and

TM7 (eg. 7.39) that position the helices to form a ligand binding cradle

(Venkatakrishnan et al., 2013). Additionally, the highly conserved residues

Asn1.50 of TM1 and Asp2.50 on TM2 form a hydrogen bond network with

residues in TM2 and 7 (Figure 1.2). Furthermore Trp4.50 on TM4 is conserved in



10

97% of Class A GPCR’s, and forms an interhelical hydrogen bond with Asn2.40 of

TM2 which ‘locks’ TM3 within the helix bundle as a ‘structural hub’. A hydrogen

bond network involving a cluster of water molecules extending from the ligand

binding pocket into the cytosplamic ends of the transmembrane helices is found

in both rhodopsin and carazolol bound β2-adrenoceptor crystal structures 

(Scheerer et al., 2008), (Rosenbaum et al., 2007).

It is worth noting that although the primary sequence of residues of the binding

pocket may vary, all GPCR ligands, be that peptide, lipids or monoamines, occupy

a similar ‘pocket’ within the receptor structure. This indicates that there are

conserved structural elements which are crucial to binding and receptor

activation. However subtype selective residues of the ligand binding pocket can

confer some specificity by contacting elements of the ligand directly. The ligand

binding cleft of β2-adrenoceptors carries a negative charge centred around Asp 

3.32 (Cherezov et al., 2007), (Rasmussen et al., 2007a) which reconciles with

observations from mutagenesis studies. It has been suggested that this residue

contacts the positive amine found on the endogenous β-adrenoceptor 

catecholamine ligands adrenaline and noradrenaline (Sato et al., 1999) and the

synthetic analogue isoprenaline (Savarese and Fraser, 1992). This residue is also

responsible for binding positive amine moieties of the ligand for other

monoamine receptors such as muscarinic acetylcholine (Page et al., 1995) ,

histamine (Jongejan et al., 2005) and dopamine D2 (Lan et al., 2006). Additionally

Ser5.42 and Ser5.46 residues of TM5 of the β2-adrenoceptor are responsible for 

binding the hydroxyl groups found on the catechol ring of catecholamine ligands

(Sato et al., 1999). When these residues are mutated, receptor affinity for the full

agonist isoprenaline is decreased by 10-25 fold (Strader et al., 1988). Phe6.51

found in TM6 has also been shown to interact with the phenyl ring of adrenaline

(Strader et al., 1989).
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1.2.2.2 The extracellular loop 2 (ECL2)

The available crystal structures of Class A GPCRs have implied that the access of

ligand to the binding pocket may also be regulated, often by the ECL2 domain.

The β2-adrenoceptor has a large, solvent exposed ECL2 that creates a channel to 

allow small water soluble ligands downwards access to a binding pocket buried

within the TM helical bundle (Cherezov et al., 2007) as described above. The

importance of the ECL2 in governing the charge distribution and shape of the

channel leading to the ligand binding site, may define ligand specificity. For

example the crystal structure of the β1-adrenoceptor has shown that the ECL2 is 

also heavily involved in defining ligand access. Both β1 and β2AR subtypes have 

relatively high fidelity in the amino acids residues that line each ligand binding

pocket, with the only two residues different in β1AR (Val4.56, Phe7.35) and β2AR 

(Thr4.56, Tyr7.35) functionally equivalent. However marked differences have

been observed in the sequence of their ECL2 regions, suggesting that it is the

access to the ligand binding pocket that differs (Rosenbaum et al., 2007).

Regulated ligand access by ECL domains is supported by evidence from the crystal

structures obtained from receptors with diffusable ligands, such as the spingosine

1 phosphate receptor (S1P) (Hanson et al., 2012) or GPR40 (Srivastava et al.,

2014). For these receptors the ECLs, in conjunction with the amino terminus,

block the extracellular face of the receptor to ligands. In order to access the

binding pocket, ligands must traverse the lipid bilayer in order to enter laterally.

However the degree of influence the ECLs exert over ligand binding itself can

differ with GPCR or ligand. When binding large peptide ligands, such as NPY, the

ECLs can directly participate in this process. For example Asp6.59 is highly

conserved across the NPY Y receptor family. Mutation of this residue resulted in a

drastic loss of agonist binding affinity (Walker et al., 1994, Merten et al., 2007).

However functional activation of Y receptors by agonist still requires engagement

with the helical core. Even for some receptors with small molecule ligands, direct

participation of the ECLs has been observed. For the adenosine A2A receptor for
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example, interaction of adenosine with Phe5.29 located in ECL2 is necessary for

high affinity binding (Katritch et al., 2012).

Additionally disulphide bridges formed between the ECLs and transmembrane

domains have been suggested to contribute to stabilising the highly ordered

secondary structure of the receptor (Peeters et al., 2011, Katritch et al., 2012).

Several are subtype specific, but one that appears to be highly conserved across

all known GPCR Class A structures is between cysteine residues of ECL2 and TM3

(Cys3.25; (Venkatakrishnan et al., 2013)) which has been suggested to anchor the

extracellular side of TM3 close to the proposed ligand binding site to minimise

the movement of its extracellular end during receptor activation.

1.3 The role of conserved motifs in maintaining the inactive state of Class A

GPCRs

A range of non covalent interactions, predominantly found in the central

transmembrane helical core, are believed to play a role in stabilising the inactive

state of Class A GPCRs. Of these, two motifs have been found to be highly

conserved across rhodopsin-like receptors.

1.3.1 The DRY motif of TM3

The Glu/Asp-Arg-Tyr (E/DRY) motif is centred around Arg3.50 of the β2-

adrenoceptor at the bottom of TM3 (Figure 1.2) and is found in 75% of all Class A

GPCRs (Rasmussen et al., 2007a). Insights from the crystal structure of inactive

rhodopsin have shown that ionic salt bridges form both within this motif (Glu/Asp

with Arg) and between Arg3.50 and residues of TM6 (Glu6.30 and Thr6.36;

(Scheerer et al., 2008)). This ‘ionic lock’ has been proposed to constrain

rhodopsin in an inactive conformation and has also been observed in crystal

structures of ligand free β1AR (Huang et al., 2013), inactive dopamine D3 (Chien 

et al., 2010) and inactive adenosine A2A bound to certain antagonists (Dore et al.,

2011). However the significance of the ionic lock for other Class A GPCRs remains

debatable. Mutagenesis of DRY motif residues resulted in constitutive activity of
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in β2AR and β1AR receptors in the absence of agonist (Scheer et al., 2000), 

(Ballesteros et al., 2001). Molecular dynamic modelling has also suggested a

highly stable ionic lock in β1AR (Greasley et al., 2002) and µ opioid receptors 

(Kolinski and Filipek, 2010). However an intact ionic lock has not been observed in

crystal structures of inactive β2AR (Cherezov et al., 2007). This may however be a 

consequence of the crystallisation process and the addition of large protein

modification (such as nanobodies (Rasmussen et al., 2011a)) to stabilise the

structure. For receptors such as β2AR that have been shown by NMR 

spectroscopy to adopt a variety of intermediate conformations (Nygaard et al.,

2013), crystallisation can only provide a ‘snapshot’ of the particular conformation

stabilised during crystallisation. Interestingly data from molecular dynamic

modelling has suggested that for dynamic receptors, such as β2AR, the fidelity of 

the ionic lock may also be dynamic (Romo et al., 2010)) or ligand dependent

(Bhattacharya et al., 2008).

1.3.2 The NPxxY motif

The NPxxY motif (Asn-Pro-X-X-Tyr) is found at the junction between TM7 and

helix 8 (Asn7.49 to Tyr7.53) and is highly conserved in Class A GPCRs. The Tyr

residue within this motif interacts with a conserved Phe residue (Phe6.52) in TM6

via its aromatic side chains (Park et al., 2008). Additionally residues in the NPxxY

motif mediate a hydrogen bond network with residues in TM1 and TM2

(Balaraman et al., 2010) and Trp 6.48 in the CWxP motif in TM 6 (see Figure 1.2)

(Bhattacharya et al., 2008). Mutations of the extended NPxxY(x)5,6F motif have also

been shown to effect receptor behaviour beyond activation, such as receptor

expression, sequestration and ligand affinity (Fritze et al., 2003).

1.4 Structural changes in GPCRs upon ligand induced activation

Conformational changes in multiple domains, involving many of the residues

holding the inactive state, are required to disrupt the molecular interactions

typically holding the receptor in its low energy inactive state.
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1.4.1 Movement of transmembrane helices

Observations from the crystal structures of inactive and active β2AR have shown 

that the largest change in the TM domains upon activation is a 14Å outward

movement of the intracellular ends of TM6 (Rasmussen et al., 2011a).

Additionally there is a smaller movement and helical extension of the cytoplasmic

end of TM5. These movements are driven by ligand binding to the extracellular

regions of these helices pulling them inwards in a rocking motion which

subsequently displaces the intracellular ends. This suggests that local changes

surrounding the ligand binding site translate to far greater movement of the

intracellular domains of the helices (Venkatakrishnan et al., 2013).

Breakage of the DRY motif also facilitates the rotation of TM6 around a conserved

proline (Pro 6.50) that moves it away from TM3 towards TM5 (Dunham and

Farrens, 1999). This rotation of TM6 is also observed for β2AR (Ghanouni et al., 

2001) leading TM5 and 6 to rearrange their side chains by aromatic stacking so

that TM5 interacts with the Trp residue in the CWxP motif of TM6 (Holst et al.,

2010). This rotation of TM6 is also confirmed by solid state NMR, whereby an

inward rotation of the extracellular side of TM6 close to the ligand binding site

occurs, but a substantial outward rotation of the intracellular domain is observed

(Ding et al., 2013). An additional rotation of TM7 around another conserved

proline (Pro 7.50), caused an inward movement of this helix towards TM3 closing

the entrance to the ligand binding site of both A2A and β2 structures (Jaakola et 

al., 2008), (Cherezov et al., 2007). In rhodopsin, the network of water molecules

forming hydrogen bond interactions in TM2, 3, 6 and 7 are disrupted to allow

rapid toggling to the active state and to reinforce the helical deformation of TM7

(Palczewski, 2006).  Although this network is not seen in the β2-adrenoceptor 

crystal structures, this may be due to inadequate resolution (Rasmussen et al.,

2011a).
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Importantly for downstream signalling, movement of helices 3, 5 and 6 sterically

facilitates the binding of effector proteins such as G proteins, by creating a

crevice in the intracellular face of the receptor (Nygaard et al., 2013).

1.4.2 The CWxP transmission switch

The transmission switch, also called the rotamer toggle switch, works in

conjunction with the movements of TM3 and TM6 and breakage of the ionic lock.

The Pro6.50 residue of the CWxP motif in TM6 causes a kink of the intracellular

end of this helix so that it moves outward from TM3 (Bhattacharya et al., 2008)

and towards TM5. This tilted TM6 helix is now stabilised via an interaction with

the Tyr residue of the NPxxY motif in TM7 (Scheerer et al., 2008). The CWxP motif

therefore effectively links conformational changes at the ligand binding site with

movements of TM5 and 6 via the rearrangement of the interface that exists

between TM3, 5 and 6 (Deupi and Standfuss, 2011).

1.4.3 The DRY motif ‘ionic lock’

The largest change upon receptor activation, suggested by crystallisation of

rhodopsin, is a 11.4 Angstrom movement outward of the intracellular ends of

TM6 away from TM3, resulting in the breakage of the ‘ionic lock’ between the

conserved Arg3.50 of TM3 and Glu6.30 of TM6. The ‘ionic lock’ residues in

rhodopsin compensate for this energy expenditure by forming new stabilising

hydrogen bonds with residues in TM5 (Arg3.50 to Tyr 5.64) and TM6 (Glu6.30 to

Lys5.66). However the importance of the ionic lock in the activation of other

GPCRs remains debatable as crystal structures of active (Rasmussen et al., 2011a)

and G protein bound (Rasmussen et al., 2011b) β2AR all contained intact ionic 

locks. However the Arg3.50 residue of this motif is highly conserved across Class

A GPCR sequences, suggesting it may fulfil an additional role. The position of this

residue at the cytoplasmic end of TM3, in conjunction with the movement of TM5

and 6 means this residue is able to directly interact with the carbonyl backbone
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of the C terminus of the G protein α subunit seen in crystal structures (Scheerer 

et al., 2008) and solid state NMR (Ding et al., 2013).

1.4.4 NPxxY motif

In the inactive receptor, a hydrophobic barrier of TM2,3 and 6 separates a water

mediated hydrogen bond network within the receptor TM domains from the DRY

motif. The movement of TM6 brought about by receptor activation, breaks the

interaction of the NPxxY motif with helix 8, connecting the hydrogen bond

network with the DRY motif at the cytoplasmic end of TM3 (Fritze et al., 2003),

(Park et al., 2008).

1.4.5 Intracellular loops

The agonist induced movement of TM5 and 6, creates a space on the intracellular

face of the receptor to allow ICL2 and 3 residues to interact with G proteins.

Evidence from the crystal structure of β2AR-GS complex has suggested that

receptor activation causes a 6Å displacement of the Gα subunit towards the β2AR 

C terminal and transmembrane core (Rasmussen et al., 2011b). No changes were

observed for the Gβγ subunits. Interaction of receptor ICL2 with the N terminus of

the Gα subunit led to substantial changes in the highly conserved G protein P loop

that surrounded the β phosphate of GDP, suggesting the key step promoting GDP 

release (Figure 1.3; see description of the G protein cycle in section 1.5). These

results were also confirmed by peptide amine hydrogen deuterium exchange

mass spectroscopy (Chung et al., 2011) suggesting that these changes in G

protein interaction are not a consequence of the protein modifications required

for crystallisation. Interestingly this study also found evidence for pre coupling of

inactive GDP bound G proteins and the β2AR intracellular domain, which may 

reconcile with the constitutive activity of a fraction of receptors in the absence of

agonist. ICL2 has also been proposed to be important for determining the

selectivity of GPCR-G protein interactions. For the thyrotropin receptor (TSHR) for

example, residues 525-527 of ICL2 drive agonist induced coupling to Gαs, but
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residues 528-532 direct Gαq coupling (Kosugi et al., 1994). Additionally the

protease activated receptor 1 (PAR1) has been shown to couple to multiple G

protein subtypes Gq/11, Gi/o or G12/13 (see section 1.5.1) However mutagenesis

studies have shown that five key residues within ICL2 direct coupling to the G(q/11)

subtype exclusively (McCoy et al., 2012).

Multiple studies have also implied the importance of ICL3 for G protein coupling.

In rhodopsin, mutation of several hydrophobic residues in this region reduced the

activation rate of the cognate G protein transducin, by 90% (Acharya et al., 1997).

For TSHR, ICL3 in conjunction with the intracellular domain of TM6, has been

shown to directly interact with multiple residues within the G protein structure

(Huang et al., 2005). However to date no clearly defined G protein consensus

motif within ICL3 has been identified. Moreira (2014) has suggested that this may

be a consequence of ICL3 being one of the least conserved regions of Class A

GPCRs meaning that coupling selectivity would be impossible to detect from the

primary structure alone. In addition even closely related GPCR subtypes show

notable discrepancies in the secondary structure adopted by ICL3 (reviewed in

(Moreira, 2014)).

1.5 The G protein cycle

There are two principle classes of G proteins – the small monomeric class which

are comprised of 3 main branches Ras, Raf and Rap which act as GTPases (Cherfils

and Zeghouf, 2013) and the larger heterotrimeric G proteins.

Heterotrimeric G proteins are historically the principle mechanism by which GPCR

activation, through binding of extracellular stimuli, results in the initiation of

intracellular signalling cascades (Oldham and Hamm, 2008). These G proteins are

comprised of three subunits termed α, β and γ (Figure 1.3). In the inactive G 

protein these subunits are complexed together as a heterotrimer with Gα bound

to guanosine diphosphate (GDP). Following ligand binding, the now activated

GPCR can in turn activate its cognate G protein via the exchange of GDP for

guanosine triphosphate (GTP) at Gα. The G protein heterotrimer then dissociates
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into Gα-GTP and Gβγ subunits, which are able to positively and negatively regulate

downstream effectors, leading to the regulation of second messenger molecules

such as cyclic AMP, cyclic GMP, inositol trisphosphate, diacylglycerol and

intracellular calcium. Cessation of G protein activation comes via the hydrolysis of

GTP for GDP at the Gα subunit, facilitated by the intrinsic GTPase activity of Gα,

meaning that G protein dependent signalling is self limiting. Amplification is

inbuilt as a single agonist molecule binding to a single receptor is capable of

activating a large pool of G proteins and inducing the production of a cascade of

second messenger molecules, which can lead to pharmacological properties such

as receptor reserve (Chabre and le Maire, 2005).

1.5.1 G protein dependent signalling

There are at least 20 subtypes of G subunit, which group G proteins into four

main classes – Gs, Gi/o, Gq and G12 (Premont and Gainetdinov, 2007). These

classes are, to a greater or lesser extent, activated selectively by different GPCRs.

Receptors that preferentially couple to the Gαs subtype include activated β2AR 

(Gilman, 1984), which has been implicated in the control of vascular and airway

smooth muscle relaxation, blood vessel dilation and bronchodilation (Johnson,

2006). Gαs activation stimulates adenylyl cyclase leading to the production of the

second messenger molecule cyclic AMP (cAMP). cAMP itself activates cAMP

dependent protein kinase (PKA) which phosphorylates cytosolic targets such as

ion channels (Gray et al., 1998), nuclear targets such as the transcription factor

cAMP response element binding protein (CREB), leading to changes in gene

transcription, and in the case of the β2AR, proteins that regulate smooth muscle 

tone. cAMP can also inhibit the release of Ca2+ ions from intracellular stores and

in the case of β2AR activation this also leads to the relaxation of airway smooth 

muscle (Johnson et al., 2005). The novel cAMP mediators, termed Epac1 and

Epac2 can act alone or in concert with PKA. They are guanine nucleotide

exchange factors for Ras-like small GTPases, which catalyse the exchange of GDP

for GTP and can regulate multiple processes including ion transport, neuronal



responses and vesicle trafficking (

Gs with adenylyl cyclase and the production of cAMP has typically been observed

at the plasma membrane.

Figure 1.3: The hetero

Upon binding ligand (red), GPCRs undergo a series of conformational changes that
promotes the binding of heterotrimeric G proteins to the intracellular face of the
receptor and the exchange of GDP for GTP at the G
dissociation of the G
signalling partners (B). Signalling is terminated upon hydrolysis of GTP to GDP, facilitated
by the intrinsic GTPase activity of G
trimer structure.
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responses and vesicle trafficking ((Grandoch et al., 2010)).

Gs with adenylyl cyclase and the production of cAMP has typically been observed

at the plasma membrane.

The heterotrimeric G protein cycle

Upon binding ligand (red), GPCRs undergo a series of conformational changes that
promotes the binding of heterotrimeric G proteins to the intracellular face of the
receptor and the exchange of GDP for GTP at the Gα subunit (A). GTP binding c
dissociation of the Gα and Gβγ subunits, whereby both can then interact with downstream
signalling partners (B). Signalling is terminated upon hydrolysis of GTP to GDP, facilitated
by the intrinsic GTPase activity of Gα subunit. The Gα and Gβγ subuni
trimer structure.

). Finally, the coupling of

Gs with adenylyl cyclase and the production of cAMP has typically been observed

Upon binding ligand (red), GPCRs undergo a series of conformational changes that
promotes the binding of heterotrimeric G proteins to the intracellular face of the

subunit (A). GTP binding causes
subunits, whereby both can then interact with downstream

signalling partners (B). Signalling is terminated upon hydrolysis of GTP to GDP, facilitated
subunits then reform the
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However evidence is now emerging that internalised β2-adrenoceptors (see 

section 1.6.2) can continue to signal within endosomes with a more sustained

profile of cAMP production observed (Vilardaga et al., 2014).

Conversely receptors signalling through the Gi subunit, such as the NPY receptor

family, adenosine A1 and A3 receptors and the opioid receptors µ,δ and κ, induce 

inhibition of adenylyl cyclase and subsequent cAMP production, ultimately

inhibiting protein kinase A activation (Michel et al., 1998). Additionally receptors

of the Neuropeptide Y family have been shown to signal via Gi to activate

inwardly rectifying potassium GIRK ion channels in rat thalamic neurons (Sun et

al., 2001).

The Gq subunits are modulated by receptors including the muscarinic M1, M3 and

M5 leading to activation of phospholipase Cβ and subsequent production of the

second messengers diacylglycerol (DAG) and inositol trisphosphate (IP3). IP3

released into the cytosol can act on IP3 ligand gated calcium channels located on

the membrane of the endoplasmic reticulum, leading to release of calcium from

intracellular stores (Ferris and Snyder, 1992). DAG chiefly activates protein kinase

C, which can regulate receptor desensitisation. Physiological effects include

vasoconstriction in the circulatory system and contraction of smooth muscle cells

in the digestive and urinary systems via various effectors (Rang, 2003).

The G12/13 subunits regulate actin cytoskeletal rearrangement via Rho guanine

exchange factors (GEFs) activating the small G protein Rho (Wang et al., 2006). An

example of this is the activation of G12/13 via stimulation of the thrombin receptor

results in platelet shape changes (Offermanns et al., 1994).

1.6 Termination of GPCR activation – the classical role of arrestins

The regulation of processes involved in GPCR activation right through to receptor

recycling or degradation allows spatial and temporal control of GPCR signalling.

Regulation can occur at several points in the pathway but here I will focus on

those mechanisms that directly affect GPCRs.
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Cessation of signalling induced by the activation of GPCRs occurs by a process

called desensitisation. Heterologous desensitisation occurs independently of

ligand binding, with phosphorylation of receptor intracellular loop and C terminal

residues by protein kinases A and C (Luttrell and Gesty-Palmer, 2010).

Homologous desensitisation is targeted to ligand activated receptors and is the

classical function of the accessory protein β-arrestin. Key serine and threonine 

residues in the receptor C terminus and the third intracellular loop are

phosphorylated by G protein-coupled receptor kinases (GRKs) (Luttrell and

Lefkowitz, 2002), with GRKs showing greater affinity for activated GPCRs

(Premont and Gainetdinov, 2007). GRK phosphorylation alone is not enough to

drive receptor desensitisation; it instead chiefly increases the affinity of β-

arrestins for receptors (Luttrell and Lefkowitz, 2002). These rapidly translocate

from the cytosol to dock at the receptor phosphorylated residues, sterically

blocking receptor coupling to additional G proteins even in the continued

presence of agonist (Premont and Gainetdinov, 2007), leading to receptor

desensitisation and endocytosis into intracellular vesicles.  The interaction of β-

arrestins with GPCRs was first visualised using GFP tagged β-arrestin2 recruitment 

to the β2AR (Barak et al., 1997b). Real time measures of this interaction (further 

discussed in Chapter 3) have been made using resonance energy transfer

methods, for thyrotropin releasing hormone receptors or vasopressin V2

receptors (Kocan et al., 2008), dopamine D2 (Masri et al., 2008), orexin (OXR2)

(Hasbi et al., 2004) and angiotensin AT1 receptors (Hansen et al., 2004).

Additionally BRET was used to investigate the kinetics of this interaction following

agonist stimulation for the NPY receptor subtypes Y1, Y2, Y4 and Y5 (Berglund et

al., 2003b).

There are 4 subtypes of arrestin - arrestin 1 (visual) and 4 (cone) are

predominantly expressed in visual tissue (Luttrell and Gesty-Palmer, 2010). The

function of arrestins was first identified in rhodopsin, whereby visual arrestin,

alongside rhodopsin targeted GRK1, was shown to be crucial to desensitisation of
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photon activated rhodopsin (Wilden et al., 1986) and steric inhibition of the

specialised G protein transducin (Krupnick et al., 1997b). Lohse et al identified a

molecule analogous to visual arrestin (-arrestin) that was also involved in the

desensitisation of other activated GPCR’s following their phosphorylation by

GRK’s, using β2-adrenoceptor as a model system (Lohse et al., 1990). COS-7 cells 

transfected with this protein inhibited function of GRK phosphorylated β2-

adrenoceptor compared to control cells. This inhibition was 20-40 times more

effective at GRK phosphorylated β2-adrenoceptors than nonphosphorylated 

receptors (Lohse et al., 1990). Subsequently β-arrestin1 (arrestin2) and β-

arrestin2 (arrestin3) isoforms have been identified which are ubiquitously

expressed (Luttrell and Gesty-Palmer, 2010) and share 78% sequence homology

with one another (DeWire et al., 2007) as well as sequence and structural

homology with the two visual arrestins (Kendall and Luttrell, 2009). Observations

have suggested that GPCRs may show a bias for β-arrestin subtype; for example 

the activated β2-adrenoceptor preferentially binds β-arrestin 2 over 1 (Moore et 

al., 2007). Both subtypes have been implicated in regulating GPCR endocytosis,

for example through overexpression of β-arrestin2 leading to increased agonist 

induced sequestration of β2-adrenoceptor and conversely expression of a 

dominant negative form of β-arrestin2 inhibiting this process (Ferguson et al., 

1996).

1.6.1 The molecular interactions facilitating β-arrestin binding to GPCRs 

Crystal structures have revealed that -arrestins show structural similarities with

one another. This common domain structure is also shared to an extent by the α-

arrestin proteins, which are an ancestral relative of β-arrestins.  α-arrestins are 

involved in intracellular trafficking processes, but their ability to regulate GPCRs

remains largely unclear(Puca and Brou, 2014). This suggests that the shared

motifs are likely to reflect the similar roles of these proteins in intracellular

trafficking (Gurevich and Gurevich, 2013).
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Arrestins are comprised of two concave domains; the N domain (8-180 residues)

comprised of a single α helix and the C domain (188-362 residues) made up of 2 

short helices and an extended C tail connected by a flexible linker (Gurevich and

Gurevich, 2006). Visual and β-arrestins are constrained in the basal state by a 

series of intramolecular interactions. The polar core primarily stabilises the

inactive conformation via electrostatic attractions between a series of highly

conserved charged residues Asp27, Arg170, Lys171, Asp292, Asp299 and Arg394

(rat β-arrestin 2) that make up the polar core (Xiao et al., 2004). Alanine 

substitution of any of these residues resulted in an arrestin mutant that is able to

bind to unphosphorylated receptor (Vishnivetskiy et al., 2000). Additionally

charge reversal of the Arg170 residue disrupted the delicate balance of the polar

core leading to an arrestin form that is able to bind unphosphorylated active

receptor. These observations suggested that the polar core of arrestin is

responsible for recognising the phosphorylation status of the receptor, and drives

conformational change when it is disrupted on binding negatively charged

phosphorylated receptor residues. This has recently been demonstrated in the

crystal structure of β-arrestin1 in complex with a V2 receptor C tail 

phosphopeptide (Shukla et al., 2013). An additional feature of inactive arrestin

structure is hydrophobic interactions that occur between the N terminal β strand 

1 (residues 103-111), α helix 1 (9-14) and the last β strand of the C terminus (373-

380) (Xiao et al., 2007), (Gurevich and Gurevich, 2004) termed the 3 element

interaction.

The agonist induced activation of GPCRs and the subsequent phosphorylation of

their C terminal domain by GRKs, facilitates arrestin recruitment and engagement

with the intracellular face of the receptor. Arrestin has been shown to exhibit

highest affinity binding for active phosphorylated receptors (Bayburt et al.,

2011),(Vishnivetskiy et al., 2011). For example studies on visual arrestin in vitro

have shown low affinity binding to unphosphorylated active receptors or inactive

phosphorylated receptors, with 20 fold increased binding observed for active
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phosphorylated receptors (Gurevich and Gurevich, 2004). Initial studies involving

C terminal truncations of β2-adrenoceptors (Bouvier et al., 1988), resulted in 

receptors with delayed agonist induced desensitisation. The authors postulated

that this was due to the receptor being sensitive to phosphorylation of residues

within this receptor domain by GRK’s. Further C terminal truncation studies in

other GPCRs such as complement 5A (Braun et al., 2003), rhodopsin (Kisselev et

al., 2004), prostagladin EP4 (Neuschafer-Rube et al., 2004) have supported this

assertion. Removal of the Y1 receptor C terminal, alongside mutation studies

identified a region within the rat Y1 (Ser352 to Lys360; (Holliday et al., 2005)) and

human Y1 sequences (Met355 to Thr362; (Ouedraogo et al., 2008)) that contains

a putative ‘phosphorylation motif’ that facilitates desensitisation, β-arrestin2 

binding and ultimately Y1 receptor internalisation. Additionally studies of β-

arrestin recruitment to the NPY Y1 receptor have implied that mutation of these

sites led to severely impaired β-arrestin2 recruitment (Kilpatrick et al., 2010). 

Interestingly for both the Y1 receptor and rhodopsin, there does not seem to be a

single ‘magic bullet’ residue that when phosphorylated drives internalisation,

rather a minimum number of residues must be phosphorylated (Kilpatrick et al.,

2010) (Doan et al., 2006) (Shukla et al., 2013).

Observations from the β2-adrenoceptor have also suggested that different GRK 

subtypes can phosphorylate distinct receptor sites (Nobles et al., 2011). These

‘phosphorylation barcodes’ might lead to distinct signalling outcomes, by

stabilising different β-arrestin conformations. Similar observations from Gq/11

coupled M3-muscarinic receptors have suggested that phosphorylation profiles

may be tissue/cell specific and might contribute to the differential effects of the

same receptor observed in different tissues (Butcher et al., 2011).

NMR spectroscopy studies have indicated that visual arrestin binding to inactive

phosphorylated rhodopsin results in small movements of the polar core and the 3

element interaction described above (Zhuang et al., 2013). However the arrestin

C tail remains constrained. Binding of visual arrestin to active unphosphorylated
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rhodopsin, resulted in conformational changes of the 3 element interaction alone

resulting in increased local mobility of this region. No changes in the

conformation of the C terminal tail were observed. However in this context,

arrestin is not fully activated, suggesting further global conformational changes

are required. All these observations indicated that arrestin has two independent

‘sensors’ recognising the phosphorylation and activation states of the receptor

(Gurevich and Gurevich, 2004), (Nobles et al., 2007) (Zhuang et al., 2013) with

both elements needed for transition of arrestin to the fully active state (discussed

further in Chapter 5).

Binding to active phosphorylated receptors, results in major global

conformational changes in both the N and C domain of arrestin (Zhuang et al.,

2013), (Hanson et al., 2006), (Vishnivetskiy et al., 2011). The elucidation of the

crystal structure of β-arrestin1 bound to a GPCR C terminal phosphopeptide 

(consisting of a B2AR chimera containing the vasopressin V2 receptor C terminus

which stably interacts with β-arrestin due to a cluster of phosphorylation sites) 

has supported many of the previous indications of structural changes inherent to

activation (Shukla et al., 2013). The burying of charged residues in the arrestin

polar core is energetically unfavourable. Phosphate residues attached to the

activated GPCR C terminal tail by GRK’s, are ‘guided’ by lysine residues 10 and 11

to the ‘phosphate sensor’ of the polar core (Gurevich and Gurevich, 2004) where

upon engagement disrupts the delicate balance of the core. These lysine residues

face opposing directions on the β-strand I, so that when they migrate they disrupt 

the hydrophobic 3 element interactions. This leads to a pronounced movement

of the arrestin C tail (Palczewski et al., 1991), (Hanson et al., 2006), (Vishnivetskiy

et al., 2010), (Zhuang et al., 2013), (Kim et al., 2012) that has also been observed

in crystal structures of receptor bound visual arrestin (Kim et al., 2012) and GPCR

phosphopeptide bound β-arrestin1 (Shukla et al., 2013). The arrestin C tail is then 

available to interact with accessory partners such as clathrin and adaptin. In

addition an extensive 20° rotation of the N and C terminal domains relative to
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one another was seen in the active β-arrestin1 structure and driven by the hinge 

domain between the N domain and α helix I. Shukla et al. (2013) have suggested 

that this rearrangement may expose large interaction interfaces in the arrestin

structure for binding signalling partners ((Shukla et al., 2013)).

Additional interactions also occur between arrestin residues and regions of the

receptor also implicated in G protein binding. Hydrogen-deuterium exchange

mass spectroscopy (HDX-MS) has suggested that the finger loop domain of β-

arrestin1 can directly engage with a β2AR chimera containing the vasopressin V2 

receptor C terminus (Shukla et al., 2013). The finger loop is inserted into the

space between TM3, 5 and 6 created by β2AR activation and the residue Lys 77 

crosslinks with a fellow lysine reside in ICL3 of the receptor.

Arrestin residues in the N terminal domain β strands V and VI (49-90) and C 

terminal β strands XV and XVI (237-268) have been implicated in determining the 

difference in specificity of visual arrestin or -arrestin1 binding to GPCRs

(Vishnivetskiy et al., 2011). Of these only 35 residues differ between the two

subtypes, but visual arrestin shows almost exclusive preference for binding

rhodopsin, whereas -arrestin1 shows more promiscuity for GPCRs. Simultaneous

swapping of these regions switched the receptor binding preference of -

arrestin1 to that of visual arrestin (Vishnivetskiy et al., 2004). Selective mutation

studies implicated 5 specific N terminal and 9 specific C terminal residues as

being largely responsible for this arrestin-GPCR specificity by directly contacting

the receptor (Vishnivetskiy et al., 2011). BRET measurements showed that

alanine substitution of these residues abolished binding of -arrestin1 to

dopamine D2 or muscarinic M2 receptors, but only decreased binding to β2AR. 

This discrepancy suggested that interface between arrestin and GPCR cytosplamic

domains may vary with GPCR.
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Figure 1.4: The key structural elements of β-arrestin showing residues which mediate 
GPCR trafficking
A ribbon diagram is shown of the structure of β-arrestin1, with N and C domains 
identified alongside the polar core. Motifs implicated in the binding of G protein,
phosphoinositides, clathrin, and β-adaptin are also shown (A). Panels B and C show the 
‘inactive’ (apo-β-arrestin1) and ‘active’ (β2AR/V2R phosphopeptide bound) β-arrestin1 
structures. Engagement of the phosphopeptide (shown in blue), disrupts the charge
balance of the polar core centred around Arg169, causing displacement of the β-arrestin 
C tail and global rearrangement of both N and C terminal domains. The C tail is then free
to bind members of the endocytic machinery.

Figure taken from (Kang et al., 2014).
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1.6.2 The role of arrestins in receptor trafficking

Intracellular trafficking is a homeostatic mechanism by which cells regulate

signalling and functional responses to stimuli through the transit of receptor

proteins between the cell surface and various intracellular vesicular

compartments.. This process is particularly significant for GPCRs due to the wide

range of structurally diverse ligands to which they bind and the diverse

physiological functions they regulate (Hanyaloglu and von Zastrow, 2008).

Typically in response to agonist, receptors are rapidly removed from the cell

surface and internalised into intracellular compartments. This process is termed

endocytosis, and can take distinct forms. For the majority of GPCRs including, β2-

adrenoceptors and the NPY Y receptor family, this process is dependent on the

protein clathrin and -arrestins (see below 1.6.2.1).

However it should also be noted that clathrin independent endocytosis has been

observed for a range of membrane proteins including but not limited to

transforming growth factor β receptors, autocrine motility factor receptors and 

interleukin-2 receptors (reviewed in (Le Roy and Wrana, 2005)). One mechanism

of this is the formation of membrane buds termed caveolae (60-80nm in

diameter) that consist of the cholesterol binding protein caveolin 1 and

glycolipids (Doherty and McMahon, 2009). The GTPase dynamin mediates the

fission of these caveolar vaginations from the plasma membrane into the cell

where they can fuse with endosomes.

The importance of β-arrestin recruitment in receptor endocytosis can also differ 

with subtype. For example β-arrestin2 is crucial to the internalisation of β2-

adrenoceptors (Tsao and von Zastrow, 2001). However for PAR1 receptors,

although they are dependent on β-arrestin for desensitisation, both constitutive 

and agonist induced internalisation is independent of β-arrestin (Paing et al., 

2002).
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Following endocytosis, receptors are sorted and either recycled back to the cell

surface or degraded in lysosomes. Here I will focus on the mechanism of

endocytosis that requires β-arrestin recruitment and is clathrin mediated.  

1.6.2.1 Clathrin mediated endocytosis and receptor sorting

Upon activation, the C tail of arrestin is released allowing arrestin to act as a

molecular scaffold for adaptor proteins involved in the internalisation of

receptors. β-arrestin2 can interact directly with clathrin and direct receptors to 

clathrin coated pits (approximately 100nm in diameter) for their subsequent

endocytosis (Goodman et al., 1996) via the engagement of a clathrin binding

motif (LIEFD) found in the β-arrestin2 C tail (Kang et al., 2009). The endocytic 

adapter AP-2 also interacts with the β-arrestin2-GPCR complex (Laporte et al., 

1999) via a C tail motif ([D/E]xxFxx) in β-arrestin2 that interacts with the β2 

subunit of AP-2. AP-2 promotes the recruitment of clathrin and the targeting of

receptors to pits composed of a polyhedral lattice of clathrin heavy and light

chains (Figure 1.5). The recruitment of AP-2 is aided by interaction of β-arrestin2 

with phosphoinositides (IP6) with both high and low affinity binding sites found in

the N and C terminal arrestin domains respectively (Kang et al., 2014) (Figure

1.4).

These accessory proteins bound to β-arrestin2 drive the sequestration of 

receptors inside the cell via clathrin coated pits (Figure 1.5). These pits enable

receptors to be sequestered into the cell by the small G protein dynamin,

whereupon they enter the endosomal trafficking network (Kendall and Luttrell,

2009). The longevity of the GPCR-arrestin interaction can determine the fate of

the sequestered receptor (Kendall and Luttrell, 2009). Receptors with greater

affinity for β-arrestin2 (such as the β2-adrenoceptor) rapidly dissociate from each 

other following internalisation, due to arrestin de-ubiquitination (see 1.6.2.2

below) (Wolfe and Trejo, 2007), (Kendall and Luttrell, 2009). They then re-

sensitise and recycle back to the plasma membrane (Kendall and Luttrell, 2009).

Those receptors with equal affinity for β-arrestin 1 and 2 (such as the V2 
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Vasopressin receptor) remain in complex due to the continued presence of

stabilising ubiquitin (Luttrell and Lefkowitz, 2002), (Kendall and Luttrell, 2009),

(Shenoy and Lefkowitz, 2003). Following early endosomal sorting (Moore et al.,

2007), receptors are then slowly recycled or sorted and degraded in lysosomes

(Kendall and Luttrell, 2009). This downregulation decreases the proportion of

receptors at the plasma membrane and is a process allowing longer term

modulation of receptor signal duration and magnitude (Kendall and Luttrell,

2009) (Moore et al., 2007).

1.6.2.2 The role of post translational modifications in trafficking

GPCR trafficking is also regulated by post translational modifications and binding

to other trafficking proteins. For example both β-arrestin2 and β2AR are 

ubiquitinated by the E3 ubiquitin ligase Mdm2 which increases GPCR

internalisation (Shenoy and Lefkowitz, 2003), (Kommaddi and Shenoy, 2013).

Mdm2 binding is also facilitated by the binding of the small protein parken to β-

arrestin2 (Ahmed et al., 2011). The covalent attachment of a Small Ubiquitin-like

Modifier protein (SUMO) to Lys 400 in the β-arrestin2 C tail has also been shown 

to increase β2AR endocytosis (Wyatt et al., 2011). Additionally nitrosylation at 

Cys410, has been shown to enhance the association of β-arrestin2 with clathrin 

heavy chains leading to accelerating the rate of sequestration (Ozawa et al.,

2008).  Some GPCRs such as human β2AR, bovine rhodopsin and the M2 

muscarinic receptors are also subject to palmitolylation (Escriba et al., 2007)

whereby one or more palmitate molecule is covalently attached to C terminal

receptor cysteine residues. Palmitoylation has been suggested to aid the delivery

of some GPCRs to the plasma membrane. For example mutation of

palmitoylation sites in the follicle stimulating hormone receptor have been shown

to decrease receptor surface expression by 10-30% (Uribe et al., 2008).



Figure 1.5: The molecular machinery involved in GPCR desensitisation and internalisation

Agonist binding to its cognate GPCR leads to conformational changes within the GPCR helical domains
activation. G protein coupled receptor kinases (GRK’s) are recruited to the activated receptor and phosphorylate the receptor
key serine or threonine residues in its C terminal domain. These phosphates can act as docking sites to facilitate t
of β-arrestin to the receptor. β-arrestin desensitises the receptor by sterically hindering further G protein coupling to the GPCR.
β-arrestin can then act as a molecular scaffold for a variety of molecules essential to GPCR in
2. Following sequestration into the cell the internalised receptor has one of two fates
association with arrestin. Class A receptors, such as β2
the plasma membrane. Class B receptors, suc
then slowly recycle or are degraded.

Figure adapted from (Kendall and Luttrell, 2009)
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The molecular machinery involved in GPCR desensitisation and internalisation

Agonist binding to its cognate GPCR leads to conformational changes within the GPCR helical domains
activation. G protein coupled receptor kinases (GRK’s) are recruited to the activated receptor and phosphorylate the receptor

residues in its C terminal domain. These phosphates can act as docking sites to facilitate t
arrestin desensitises the receptor by sterically hindering further G protein coupling to the GPCR.

arrestin can then act as a molecular scaffold for a variety of molecules essential to GPCR in ternalisation
Following sequestration into the cell the internalised receptor has one of two fates , partly influenced

association with arrestin. Class A receptors, such as β2-adrenoceptors, readily dissociate from β-arrestin and rapidly recycle to
the plasma membrane. Class B receptors, such as the V2 vasopressin receptor, form stable complexes with β

Preferential pathways are shown in bold.

(Kendall and Luttrell, 2009)

Agonist binding to its cognate GPCR leads to conformational changes within the GPCR helical domains that facilitate receptor
activation. G protein coupled receptor kinases (GRK’s) are recruited to the activated receptor and phosphorylate the receptor at

residues in its C terminal domain. These phosphates can act as docking sites to facilitate t he recruitment
arrestin desensitises the receptor by sterically hindering further G protein coupling to the GPCR.

ternalisation such as clathrin and AP-
, partly influenced by the strength of its

stin and rapidly recycle to
, form stable complexes with β-arrestin which are
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1.7 The role of β-arrestin in signalling 

The role of β-arrestin in GPCR desensitisation and internalisation is now well 

established. However evidence now suggests that β-arrestins themselves can also 

act as signalling components in their own right (Rajagopal et al., 2010) and can

interact with a wide range of signalling partners including but not limited to

protein kinases such as c-Src, p38 and ERK1/2 (Xiao et al., 2007), (Shukla et al.,

2008),(Song et al., 2009), phosphodiesterase (PDE) 4 to accelerate cAMP

degradation (Baillie et al., 2003) and diacylglycerol kinases to assist the quenching

of diacylglycerol dependent signalling (such as PKC) (Nelson et al., 2007).

β-arrestin activated ERK has been suggested to impact translational regulation as 

it is sequestered in the cytoplasm unlike G protein dependently activated ERK

which translocates to the nucleus and activates transcription factors (Gesty-

Palmer et al., 2006), reviewed in (Musnier et al., 2010). This suggests that G

protein dependent and G protein independent activation of ERK can result in

distinct functional outcomes via the stabilisation of different receptor ‘active’

conformations or ‘ligand selective states’ (Shukla et al., 2008). The concept of

biased agonism offers the potential to be able to pharmacologically separate and

direct signalling pathways depending on the ligand used and could represent a

novel therapeutic agent (Shukla et al., 2008). The role of β-arrestin in signalling 

has driven the interest in the identification of ligands that selectively bias

signalling towards these G protein independent pathways. For example ligands

that have inverse agonist activity at the β2-adrenoceptor for adenylyl cyclase 

activation (ie. inhibit Gs coupling) are capable of activating MAPK (Azzi et al.,

2003) with increased ERK phosphorylation following propranolol stimulation and

ICI118551. Using a dominant negative mutant of β-arrestin and mouse embryonic 

fibroblast β-arrestin knockouts, this partial activation of ERK was shown to be Gα 

independent but β-arrestin dependent. The authors propose that the phenomena 

of G protein independent activation of MAPK occurs when GPCR-G protein

coupling is ablated or inhibited by particular ligands, suggesting that different
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ligands can stabilise different active states of the receptor and ‘bias’ signalling

towards a G protein dependent or independent pathway. The β2-adrenoceptor 

ligand carvedilol has been shown to bias signalling to G protein independent

pathways (Wisler et al., 2007).  For example, stimulation of the β2-adrenoceptor 

with carvedilol led to a distinct receptor phosphorylation profile to that seen for

the unbiased agonist isoprenaline indicative of a differential recruitment of GRK

subtypes (Nobles et al., 2011). The phosphorylation ‘barcode’ resulting from

cavedilol binding promotes a conformation of receptor-β-arrestin2 that favours G 

protein independent signalling pathways.

Parathyroid hormone receptor (PTH1R) ligands can activate Gs and also Gq/11, and

internalise in a β-arrestin dependent manner. Parathyroid hormone stimulation 

induces MAPK activation with a rapid G protein dependent phase followed by a

prolonged G protein independent phase (Gesty-Palmer et al., 2006). RNA

silencing and the use of G protein inhibitors showed that this prolonged MAPK

activation was β-arrestin dependent and wholly distinct from G protein 

involvement. Biased agonism was also observed at the PTH1R, as the inverse

agonist for Gs and Gq, PTH-1A, can still stimulate prolonged MAPK activity in

HEK293 cells again confirmed by RNA silencing to be β-arrestin dependent.  

The impact of biased agonism, therefore requires greater elucidation to tease out

potential effects of signalling crosstalk, however it does provide the potential to

improve therapeutic selectivity. For example the angiotensin II receptor ligand

TRV027 has been shown in vitro to selectively bias signalling towards β-arrestin 

dependent pathways (Violin et al., 2010). This bias was translated to early clinical

studies in humans where TRV027 treatment was shown to have cardioprotective

effects in both healthy volunteers and those suffering from systolic heart failure

which was selective for the renin-angiotensin system (Violin et al., 2014). TRV027

is currently in phase IIb clinical trials in acute heart failure.
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1.8 The NPY Y receptor family

1.8.1 Peptide ligands

The endogenous ligands of the NPY receptors are neuropeptide Y (NPY), peptide

YY (PYY) and pancreatic polypeptide (PP). They are all 36 amino acid peptides

with an amidated C terminal tyrosine (Figure 1.6A; (Babilon et al., 2013).

Although PYY and PP only share 70% and 50% sequence homology with NPY

(Cerda-Reverter and Larhammar, 2000) they have been proposed to share a

common defined U shaped tertiary structure comprising of an extended N

terminal polyproline helix followed by a amphipathic α helix, connected by a β 

turn (Michel et al., 1998). This structure has been derived from the crystal

structure of avian PP resolved in 1981 (Blundell et al., 1981). An alternative

structure has also been proposed based on the nuclear magnetic resonance

(NMR) structure of human NPY in the presence of membrane mimicking micelles

(composed of dodecylphosphocholine) (Bader et al., 2001). This structure also

contains the alpha helical regions as before, but the N terminus shows greater

flexibility and lacks the U shaped fold. The authors propose that this model may

more likely reflect the physiological status of NPY and other related peptides.

NPY is the most abundant neuropeptide in the brain, with greatest expression

found in the hypothalamus (Bai et al., 1985) where it is primarily produced in the

arcuate nucleus (Morris, 1989) (Fetissov et al., 2004). NPY is also expressed in the

periphery as a co-transmitter in postganglionic sympathetic neurones and the

adrenal medulla, with circulating human plasma levels estimated to be 5-

19pmol/L (Onuoha et al., 2000). Additionally NPY and noradrenaline are co-

released from central catecholamine neurons during nerve stimulation (Illes and

Regenold, 1990).

In contrast to NPY, peptide YY (PYY) and pancreatic polypeptide (PP) are both

hormones, with PYY released from endocrine L cells most widespread in the distal

ileum and colon, but present throughout the gastrointestinal tract (Ekblad and
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Sundler, 2002). PP is exclusively expressed by pancreatic F type cells (Adrian et

al., 1978). Both NPY and PYY can be cleaved by endogenous dipeptidyl peptidase

IV in the periphery to generate the truncated forms NPY3-36 and PYY3-36 (Borowsky

et al., 1998).



Figure 1.6: The sequence and structur

Panel A shows the 36 amino acid length sequence of
Residues highlighted in pink show the location of alpha helical regions within the
sequence (panel
structure predicted from
helical regions are again indicated in pink. Panel
nuclear magnetic resonance imaging of
mimicking micelles, whereby the N terminal domain is shown to be relativel
is more likely to reflect the peptide’s physiological form.

Figure adapted from
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Figure 1.6: The sequence and structural models proposed for NPY

shows the 36 amino acid length sequence of porcine NPY
Residues highlighted in pink show the location of alpha helical regions within the

(panel B). A topographical interpretation of NPY showing the
ture predicted from the crystal structure of avian pancreatic polypeptide. The alpha

helical regions are again indicated in pink. Panel C shows the structure as predicted from
nuclear magnetic resonance imaging of human NPY in the presence of membrane

cking micelles, whereby the N terminal domain is shown to be relativel
is more likely to reflect the peptide’s physiological form.

Figure adapted from (Babilon et al., 2013) with panel C taken from
with the structure derived from (Monks et al., 1996).

http://www.rcsb.org/pdb/explore/jmol.do?structureId=1RON, last updated 13
2014.

NPY

NPY and PYY and bovine PP.
Residues highlighted in pink show the location of alpha helical regions within the

of NPY showing the defined U shaped
the crystal structure of avian pancreatic polypeptide. The alpha

shows the structure as predicted from
NPY in the presence of membrane

cking micelles, whereby the N terminal domain is shown to be relatively flexible and

taken from the Protein Data

, last updated 13-07-2011; page
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1.8.2 NPY Y receptor family

The NPY Y receptor subtypes are Class A GPCRs, withFour functional subtypes in

man termed the Y1,Y2,Y4 and Y5 (Michel et al., 1998). A further subtype, the y6,

has been identified but is a truncated form that is not expressed in primates

(Rose et al., 1997). Structural domains are relatively consistent between

subtypes, with the exception of the Y5 subtype which has a short C terminal

domain and a larger ICL3. All 5 receptor subtypes couple to Gi/o proteins, and are

capable of binding to a similar array of ligands. However subtypes differ in their

endogenous and synthetic ligand selectivity, which is likely a reflection of the

relatively low sequence homology of 27-32% (Michel et al., 1998, Sjodin et al.,

2006).

1.8.2.1 Y1 receptor

The Y1 receptor is expressed in a wide range of species, with more than 92%

sequence homology observed for human, rat, pig, guinea pig, mouse and cattle

(Michel et al., 1998) (see Figure 1.7). The Y1 subtype shows a wide distribution

throughout the body, but the greatest concentrations are found within regions of

the hypothalamus, namely the arcuate nucleus, paraventricular and dorsomedial

nuclei (Fetissov et al., 2004). Y1 receptors are also expressed in vascular smooth

muscle cells, adipose tissue, kidney and the gastrointestinal tract (Michel et al.,

1998). Y1 receptors are able to bind both NPY and PYY with high affinity (Cabrele

and Beck-Sickinger, 2000), but show reduced affinity for PP (Gehlert and

Gackenheimer, 1997). This subtype is also able to bind the NPY analogue Leu31,

Pro34 NPY (Fuhlendorff et al., 1990) with high affinity

BIBO3304 is a highly selective Y1 antagonist exhibiting 2600 fold selectivity over

Y2, Y4 and Y5 receptors (Wieland et al., 1998). The closely related non peptide

antagonist BIBP3326 also shows high selectivity for the Y1 subtype over other Y

receptors but also shows relatively high affinity binding (Ki 79nM) for

neuropeptide FF receptors (Mollereau et al., 2001). The dimeric C terminal NPY
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analogue GR231118 has also been suggested to be a highly potent antagonist at

the Y1 receptor (Ishihara et al., 1998), however it is worth noting that this was

when compared to selectivity at the Y2 subtype. Additionally GR231118 has been

shown to be a potent agonist at human Y4 (Parker et al., 1998) and to a lesser

extent rat Y5 and Y2 receptors as well showing affinity for neuropeptide FF

receptors (Mollereau et al., 2001). Caution should therefore be taken when

assuming the selectivity of these antagonists in assays where multiple subtypes

may be present.

Figure 1.7: The rat Y1 receptor sequence
A snake plot showing the structure of the rat Y1 receptor. Amino acids are numbered
according to cDNA sequence. The presence of a disulphide bridge between TM3 and
ECL2 is predicted residues Cys112 to Cys197) in addition to receptor palmitoylation at
Cys337.
Figure courtesy of Dr Nick Holliday.
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1.8.2.2 Y2 receptor

The Y2 receptor subtype is predominantly expressed in the central nervous

system, particularly within the arcuate nucleus of the hypothalamus (Dumont et

al., 1998), whereby their activation at presynaptic junctions can inhibit the

release of the neurotransmitters NPY and glutamate (Klapstein and Colmers,

1993). The Y2 receptor is also expressed in spleen, liver, blood vessels, white and

brown adipose tissue and the gastrointestinal tract (Michel et al., 1998).

The Y2 receptor shows similar affinities for NPY and PYY and lower affinity for PP

(Michel et al., 1998). However unlike the Y1 receptor, the Y2 receptor is also

capable of binding the truncated forms NPY3-36 and PYY3-36 with high affinity

(Keire et al., 2000) and has low affinity for Leu31, Pro34 NPY (Gerald et al., 1995).

1.8.2.3 NPY Y4

Expression of the Y4 receptor subtype is largely localised to the gastrointestinal

tract, but has also been documented in the hippocampus and hypothalamus

(Dumont et al., 1998), (Lindner et al., 2008). Like the Y2 receptor, the Y4 subtype

has been suggested to mediate the satiety effects of PP and perhaps also PYY

(Sainsbury et al., 2003). The Y4 receptor is a “PP-selective” receptor, binding PP

with high affinity (Gehlert et al., 1997) (Tough et al., 2006) and showed reduced

affinity for NPY and PYY and Leu31, Pro34 NPY (Gehlert et al., 1996b). The NPY C

terminal analogue GR231118 has also been shown to be a potent agonist at

human Y4 receptors (Parker et al., 1998).

1.8.2.4 NPY Y5

The highest expression for the Y5 subtype is seen in the brain, specifically the

hippocampus and hypothalamus (Parker and Herzog, 1999). Both the mRNA and

protein expression of the Y5 receptor overlaps with that of the Y1 receptor in

these regions of rat brains (Parker and Herzog, 1999) with immunohistochemistry

further confirming distinct receptor co-expression within the same cells and

nerve fibres of this brain region (Wolak et al., 2003). Additionally both receptors
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are located on chromosome 4q31-q32, and share an overlapping gene structure

(Nguyen et al., 2012).

The rank order of potency of Y5 receptors for endogenous ligands is NPY≥PYY≥PP 

(Michel et al., 1998). However this subtype is relatively non-selective, and is

capable of responding to both NPY3-36 and PYY3-36 (Gerald et al., 1996) and also

[Leu31,Pro34] NPY (Balasubramaniam, 1997), analogues traditionally used to

define Y1 versus Y2 receptor pharmacology. However synthetic ligands have also

been created that selectively target the Y5 subtype with high affinity, in

comparison to other Y receptors such as the agonists cPP(1-17)(Ala31,Aib32) (17-

36) NPY (Dumont et al., 2003) and DTrp32NPY (Balasubramaniam et al., 1994) and

antagonists such as CGP71683 (Criscione et al., 1998), NPY5RA972 (Block et al.,

2002) and L152,804 (Kanatani et al., 2000) (see chapter 6).

1.8.3 Peptide binding to NPY receptor subtypes

The Y1, Y2 and Y5 subtypes differ the most in sequence homology, but yet share

high affinity binding to the same ligand NPY, suggesting that the small proportion

of conserved residues are important to ligand binding (Sjodin et al., 2006). All 3

subtypes have been shown to interact with the amidated C terminal domain of

NPY and PYY, but differ in their interaction with the N terminus. The Y1 subtype

requires a complete N terminal domain of NPY (Larhammar et al., 1992) reflected

in its lack of affinity for the N terminal truncated forms NPY3-36 and PYY3-36.

However the Y2 and Y5 receptor subtypes have equal affinity for NPY, PYY and

NPY3-36 and PYY3-36, suggesting the N terminal portion of the peptide is not as

crucial.

Ligand binding to NPY receptor subtypes has been suggested to occur within the

transmembrane helical bundle and also involve extracellular loop residues.

Extensive mutagenesis of the human Y1 receptor was used to characterise

residues important to binding both peptide agonists and non peptide antagonists

(Kannoa et al., 2001, Sjodin et al., 2006). Mutation of the highly conserved Tyr100

to alanine led to a complete loss of NPY binding (Kannoa et al., 2001, Sautel et al.,
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1995). This residue is a tyrosine or serine in the Y2 and Y5 receptors respectively,

and the hydroxyl group both thes amino acids contain has been proposed to

interact with the amidated C terminus of the peptide ligand directly (Sjodin et al.,

2006). The TM6 residues F286 and His298 have also been implicated in ligand

binding (Kannoa et al., 2001). Mutation of the Y1 receptor specific residue

Asn116 (TM3) has also been shown to produce a 35 fold decrease in binding of

the Y1 selective antagonist SR120819A (Sjodin et al., 2006). Asp286 at the

interface of TM6 and ECL3 of Y1 and Y4 receptors has also been shown to form a

salt bridge with Arg35 of NPY and PP (Merten et al., 2007). This residue in Y2 and

Y5 receptors is also conserved but instead interacts with Arg33 of the peptide,

and requires an additional interaction of Asp199 in ECL2 to Arg25 of the peptide

for high affinity binding (Lindner et al., 2008). This suggests that some residues

have a shared importance for ligand binding across the subtypes, but subtype

specific residues are also involved. Babilon et al. (2013) have suggested that the

Y1 and Y4 subtypes may have distinct ligand binding modes to that seen for the

Y2 and Y5 subtypes based on these mutation studies and may reflect the closer

sequence homology of this receptor pairing (Babilon et al., 2013).

1.8.4 Physiological implication of NPYergic peptide signalling

The NPY receptor subtypes have been implicated in a range of physiological

processes such as feeding responses, energy expenditure, anxiolysis, nociception,

circadian rhythms, bone metabolism, inflammation, and cognitive impairment

(reviewed in (Holzer et al., 2012)). NPY can also act in conjunction with

noradrenaline in perivascular sympathetic neurons to promote vasoconstriction

(Wahlestedt et al., 1990b). In addition, aberrations in receptor expression have

also been seen in cancer. Overexpression of NPY receptor subtypes have been

implicated in ERK signalling driven proliferation and migration of a variety of

tumours, with overexpression of Y1 and Y2 receptors seen in human breast

carcinomas, and glioblastomas respectively and Y5 receptors in a range of cancer

cell lines (Sheriff et al., 2010). Both Y1 and Y5 subtypes have also been shown to
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mediate NPY effects on stimulating vascular endothelial growth factor secretion

from endothelial cells and subsequent angiogenesis in breast cancer cell lines

(Medeiros and Jackson, 2013).

However the physiological role of the NPY receptor subtypes that has historically

attracted the most pharmacological interest is their control of appetite, (Zhang et

al., 2011) - specifically the regulation of centrally mediated food intake and

satiety, and processes such as lipid metabolism, and insulin secretion.

The arcuate nucleus, a major hypothalamic centre for appetite regulation, is

responsible for innervating the majority of the hypothalamus, with chemical and

neuronal signals generated in the periphery also integrated here. As well as

expressing all 4 of the functional NPY receptor subtypes, (Dumont et al., 1998),

the arcuate nucleus also expresses receptors for the orexigenic hormone ghrelin

(Willesen et al., 1999), the satiety adipose hormone leptin (Elmquist et al., 1998)

and insulin (Marks et al., 1990). NPY release from arcuate neurons can be

temporally controlled by these receptors depending on the energy expenditure

balance, with insulin and leptin able to inhibit NPY secretion and ghrelin stimulate

it (Zhang et al., 2011). NPY is a potent stimulator of hyperphagia, with its release

correlated with food intake in rodents (Clark et al., 1984), (Kalra et al., 1991) in a

circadian fashion (Akabayashi et al., 1994). Direct injection of NPY into

hypothalamic regions of rats results in a dose dependent increase in food intake

(Stanley and Leibowitz, 1985), (Stanley et al., 1986), (Leibowitz et al., 1988),

(Zarjevski et al., 1993). Through both its central actions and peripheral

sympathetic nerve release, increased NPY signalling is also implicated in other

processes of energy homeostasis which result in weight gain and increased fat

storage, such as hyperinsulinemia, insulin hyper responsiveness, insulin

resistance in skeletal muscle, increased de novo lipogenesis in white adipose

tissue and suppressed thermogenesis in brown adipose tissue (reviewed in

(Zhang et al., 2011)). Therefore increased NPYergic tone has been implicated as

one of the signalling pathways in the development and persistence of obesity.
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Elevation in circulating NPY levels have been observed in obese women

(Baranowska et al., 2005) when compared to healthy women. Obese rats fed a

high fat diet for 22 weeks have increased mRNA expression of NPY in the

hypothalamus (Huang et al., 2003). Similar increases have also been seen for

obese rats with defective leptin signalling (Stephens and Caro, 1998) in keeping

with the inhibitory role of leptin on NPY secretion previously documented.

Both PYY and PP have been shown to be secreted following food ingestion and

act in the periphery as satiety factors. Once secreted, PYY is cleaved to its

predominant form PYY3-36, allowing selective binding to Y2 receptors and to a

lesser extent Y5 (Holzer et al., 2012). PYY and PYY3-36 binding to Y2 receptors in

the enteric nervous system have been shown to inhibit colonic transit in mice

(Wang et al., 2010). PYY and PYY3-36, together with co-released peptides from

ileal and colonic cells, such as GLP-1, inhibit gastric acid secretion and mediate

the ‘ileal brake’ that slows gastric emptying in response to food entering the

small intestine (Field et al., 2010). PP can also inhibit gastric emptying via the

vagus nerve (Field et al., 2010) , peristalsis (Fujimiya and Inui, 2000) and

intestinal electrolyte and water secretion via binding to Y4 receptors expressed

on the intestinal epithelium (Tough et al., 2006).

Therefore the control of central feeding responses is a delicate balance between

the brain-gut axis involving multiple signalling inputs that can have both

synergistic and opposing physiological effects. which are partly mediated by the Y

family of receptors.

1.8.4.1 Y1 and Y5 receptor roles in stimulating food intake

Interestingly Y receptor subtypes can be grouped based on their roles in feeding

responses. The Y1 and Y5 subtypes mediate NPY induced orexigenic responses,

with both originally identified as ‘feeding receptors’ (Haynes et al., 1998).

Significantly reduced mRNA expression levels of Y1 and Y5 receptors in the

hypothalamus have been observed for rodents that are resistant to diet induced

obesity (compared to control obese animals)(Huang et al., 2003) suggesting the
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role of both receptors in obesity development. Direct administration of NPY into

the hypothalamus of Y1 receptor knock out mice led to decreases in feeding

responses. However germline knock out models of the Y1 receptor in mice

surprisingly do not show substantial changes in spontaneous feeding (Kushi et al.,

1998), (Howell et al., 2003) but more subtle reductions in hyperphagia compared

to wildtype controls (Pedrazzini et al., 1998).

However paradoxically, Y1 receptor germline knock outs developed late onset

obesity suggested to be due to decreased metabolic rate. This was also

associated with hyperinsulinemia with increased circulating insulin suggested to

increase adipose tissue glucose storage (Kushi et al., 1998). Similar development

of late onset obesity have also been seen Y5 receptor knock out mice (Marsh et

al., 1998), (Higuchi et al., 2008), suggesting they may be a degree of

compensation between the Y1 and Y5 subtypes in respect to feeding responses

(Nguyen et al., 2012). However significant reductions in feeding were seen in Y1

receptor deficient ob/ob mice (Pralong et al., 2002) in addition to a significant

decrease in body weight, suggesting that deficiency in Y1 receptor mediated

effects is more pronounced in physiological conditions of high NPY

concentrations.

The intravenous administration of a range of Y1 receptor agonists in rats, such as

[DArg25]NPY, stimulates increased food intake (Mullins et al., 2001). Prolonged

stimulation led to significant increases in body weight and fat gain (Mullins et al.,

2001), increased lipogenesis (Henry et al., 2005), and circulating insulin levels

(Gao et al., 2004). Similar effects have also been observed when using Y5

receptor selective agonists such as [Ala31, Aib34] NPY which were able to

significantly increase feeding behaviour in rats (Cabrele et al., 2000). The Y5

receptor chimeric agonist 2-36 [K4,RYYSA19-23]PP (McCrea et al., 2000) also was

able to dramatically increase food intake in a rat model.

Therefore activation of both Y1 and Y5 receptor subtypes has both been

implicated in the stimulation of food intake in vivo. Potential compensatory
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effects between these two subtypes have been proposed instead to be due to

coregulation of feeding responses. In support of this concurrent germline and

hypothalamic knock out of both Y1 and Y5 receptors in mice, resulted in

decreased spontaneous and fast induced food intake when fed a high fat diet

suggesting a coordination between these subtypes (Nguyen et al., 2012). This

coordination has also been suggested to be via the Y1 and Y5 receptors forming

heterodimers that are able to modulate one another (Gehlert et al., 2007) and

result in altered pharmacology compared to either receptor acting alone (see

Chapter 6).

1.8.4.2 Y2 and Y4 receptor roles in satiety

Conversely the activation of Y2 and Y4 receptor subtypes has been implicated in

the induction of satiety. Gut derived peptides such as PYY and PP, are satiety

signals that can trigger the termination of feeding via binding to both receptor

subtype (Batterham et al., 2003b, Batterham et al., 2002). Therefore agonist

therapies that target either subtype were attractive targets for anti obesity

treatments (see section 1.8.6.2).

Mice models with germline knock out of Y2 receptors show increased food intake

(Naveilhan et al., 1999), (Sainsbury et al., 2002). Knock out studies have shown

discrepancies in respect to effects on body weight, with both increases

(Naveilhan et al., 1999) and no changes observed (Sainsbury et al., 2002) but is

likely due to either differences in the mice model used, experimental stress

affecting typical mice feeding behaviour or differential effects seen in the central

or periphery (Zhang et al., 2011). For example, hypothalamic deletion in adult

mice has resulted in significant increases in food intake, weight gain and fat

deposition (Shi et al., 2010). This group also showed by deleting Y2 receptors only

expressed on NPYergic neurons, that the Y2 receptors can regulate NPY

expression in an autocrine manner in the arcuate nucleus (Shi et al., 2010).

Knock out studies of the ligand PYY, resulted in mice developing an obese

phenotype with (Batterham et al., 2006) or without any significant change in
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feeding (Wortley et al., 2007). Another study suggested that PYY knock out may

result in hyperinsulinemia (Boey et al., 2006) similar to effects after Y1 receptor

ideletion. Conversely, overexpression of PYY in mice models leads to marked

inhibition of diet induced obesity (Boey et al., 2006). Crossing this line with an

ob/ob line can rescue the obese phenotype with significant reductions on weight

gain, adiposity and improved glucose tolerance observed. These in vivo models

therefore suggest that PYY and PYY derivatives play a substantial role in the

control of feeding responses via activation of the Y2 receptor.

Although Y4 receptors are expressed in the brain regions implicated in appetite

regulation, its primary endogenous agonist, PP is exclusively expressed in the

pancreas and is released prior to PYY via vagal cholinergic mechanisms (Schwartz

et al., 1978). The extent of PP release is in proportion to the calorific load, leading

to inhibition of exocrine function, stimulation of gastric motility and gastric

secretion (Zhang et al., 2011). However Zhang et al., 2011, have suggested that

many of the anorexigenic effects in the CNS attributed to PP are actually due to

binding of NPY to the Y4 subtype (Zhang et al., 2011) , although this seems

unlikely based on the reduced affinity of the Y4 receptor for NPY (Chapter 3,

Figure 3.9) (Gehlert et al., 1997).

Germline deletion of Y4 receptors in mice resulted in a lean phenotype with

reduction in body weight and adiposity but no change in food intake (Sainsbury et

al., 2003). The authors suggest reduction in body weight is driven by changes in

energy expenditure and metabolic rate. A synergistic effect on reduced adiposity

and increased energy expenditure was observed when both the Y4 and Y2

receptors were ablated (Zhang et al., 2010). Therefore as for the Y1-Y5 receptors

in respect to orexigenic effects, coregulation between Y2 and Y4 receptors may

be involved in anorexigenic effects.
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1.8.5 Obesity –the health and socioeconomic implications

As of 2013, it was estimated that 61.9% of adults and 28% of children aged 2-15

in the UK are overweight or obese 2. Obesity rates have also vastly increased

globally over the past three decades (Finucane et al., 2011) with suggestions that

prevalence is correlated to socioeconomic state. Obesity is typically defined by

an individual having a body mass index (BMI) in excess of 30 kg/m2, compared to

18.5-25 kg/m2 for a healthy individual (Mitchell et al., 2011). Measurements of

waist circumference are also used to evaluate individual health risks. Medical

complications associated with obesity cost the NHS more than £5 billion pounds

each year and include higher incidences and morbidity rates of coronary heart

disease, hypertension, type 2 diabetes, cognitive dysfunction, sleep apnea, non

alcoholic liver disease and many forms of cancer including thyroid, colorectal,

renal, pancreatic, oesophageal, ovarian and breast (reviewed in (Mitchell et al.,

2011)).

A gap exists in the market for pharmacotherapies targeting obesity, as social

drives by governments and health officials in promoting healthier lifestyles and

exercise have been largely unsuccessful. Diet and exercise programmes are also

often ineffective for maintaining long term weight loss. Surgical intervention in

the form of bariatic surgery is not only costly (private health care estimates range

from £5000-£15,000) but carries a high risk of internal bleeding, thrombosis and

pulmonary embolism 3 with mortality rates in the USA estimated at 1:1000

patients. Additionally the NHS will only consider patients with a BMI in excess of

35 as eligible.

In order to obtain food and drug administration (FDA) approval in the USA, drug

treatments in phase trials must show a sustained weight loss of approximately 5%

of total body weight, which could significantly improve the quality of life for

2 https://www.gov.uk/government/policies/reducing-obesity-and-improving-diet authored by the
Department of Health and Jane Ellison MP, March 25

th
2013. Accessed 01-09-2014.

3
http://www.nhs.uk/conditions/weight-loss-surgery/Pages/Introduction.aspx; page last

reviewed 05-11-2013. Accessed 01-09-2014.
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obese individuals. However as obese individuals are likely to require these

therapies chronically, their safety profiles must be beyond dispute. Currently the

majority of anti obesity agents have been withdrawn from market due to a lack of

efficacy or concerns over safety. Only orlistat, a pancreatic lipase inhibitor, is

currently approved for long term use, however many patients cannot tolerate its

gastrointestinal side effects. The noradrenaline and dopamine stimulators

diethylpropion and benzphetamine have been approved for short term use (12

weeks) in the USA, but there are concerns over potential drug abuse in longer

term use (Cheung et al., 2013). Sibutramine, a noradrenaline/5-HT reuptake

blocker was withdrawn from the market in 2010 due to major cardiovascular

effects (Cheung et al., 2013). Rimonabant, a cannabinoid 1 receptor antagonist

was also withdrawn worldwide due to significant psychiatric side effects such as

suicide. As of June 2014, the FDA had postponed the approval of the combined

therapy Contrave following phase III trials, due to worries over long term

cardiovascular risks. Therefore there is a large currently unmet demand for anti

obesity therapies that are effective and safe.

1.8.6 Targeting the NPY receptor subtypes in anti obesity therapies

1.8.6.1 The Y1 and Y5 subytpes

The primary aim of many pharmacotherapies to treat obesity was in inducing

reductions in food intake. Historically, the first focus on anti-obesity agents

targeted at Y receptors was on inhibiting NPY orexigenic effects modulated

through the Y1 and Y5 receptors, by the use of highly subtype selective

antagonists. A number of Y1 receptor selective antagonists have been developed,

which bind with high affinity. Direct injection of BIBO3304 or 1229U91 into the

paraventricular nucleus of lean or obese rats inhibited NPY induced hyperphagia

(Kanatani et al., 1996). However the therapeutic use of these Y1 receptor

antagonists in the clinic was limited due to their poor bioavailability in both oral

and peripheral administration (Kanatani et al., 2001) restricting their use to
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pharmacological research. An orally active compound J-104870 when

administered via the intracerebroventricular and intraperitoneal route was able

to inhibit hypothalamic NPY induced food intake in Zucker fatty rats (Kanatani et

al., 1999) leading to significant reduction in weight gain and lipid accumulation in

the liver (Ishihara et al., 2002). A similar antagonist, J-115814 also showed similar

effects on NPY induced feeding (Kanatani et al., 2001), however its therapeutic

use has been limited due to cardiovascular toxicity (Fermini and Fossa, 2003).

A range of Y5 selective antagonists have also been developed that have shown

high selectivity and the ability to inhibit NPY and/or Y5 agonist induced

hyperphagia in rats. Of these CGP71683A showed high efficacy in both acute and

chronic administration, however it also showed cross reactivity with muscarinic

and serotonin 5-HT receptors raising the potential for physiological side effects

(Criscione et al., 1998). Additionally GW438014A showed high efficacy, but poor

oral bioavailability (Daniels et al., 2002). MK-0557 showed promise in mice

studies with chronic administration suppressing high fat diet and DTrp32NPY

induced obesity in mice (Erondu et al., 2006). However this efficacy did not

translate to human clinical trials, where a 1 year trial with MK-0557 treatment

induced no meaningful clinical weight loss. Clinical trials with Velneperit (S-2367)

in 656 patients also showed limited human efficacy with no clinically significant

weight loss observed compared to placebo (George et al., 2014). Therefore both

Y1 and Y5 selective antagonists showed promise as inhibitors of agonist induced

hyperphagia in rodent studies, but translating this to human trials has so far been

unsuccessful. The potential coregulation of Y1 and Y5 receptors in the control of

central feeding responses in rats (Nguyen et al., 2012) suggests pharmacological

targeting of both subtypes simultaneously, may provide a therapeutic alternative

(discussed further in chapter 6).

1.8.6.2 The Y2 and Y4 subtypes

The roles of Y2 and Y4 receptors in satiety, also suggest that agonists targeting

either subtype may have therapeutic potential in treating obesity. Administration
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of PYY3-36 in rats, mice and humans (Batterham et al., 2002), (Batterham et al.,

2003a) reduced food intake and/or body weight. These effects were abolished in

Y2 deficient mice (Batterham et al., 2002) or in the presence of the Y2 selective

antagonist BIIE0246 (Abbott et al., 2005), suggesting the anorexic effects of PYY3-

36 are driven by activation of Y2 receptors. Long term 7-56 day administration of

PYY3-36 or another Y2 peptide agonist produced sustained reductions in body

weight and adiposity but transient changes in feeding in obese rodents whether

given daily (Ortiz et al., 2007) or continuously (Pittner et al., 2004). This suggested

that long term changes in weight are driven by alterations in energy expenditure

as opposed to long term decreases in feeding (Zhang et al., 2011). Unlike leptin

administration, where obese patients tended to develop resistance to treatment

over time, PYY3-36 appeared to remain effective in clinical trials (Batterham et al.,

2003a). However the therapeutic use of PYY3-36 in humans is currently limited as

i.v. administration of high doses has been documented to cause nausea and

vomiting (Sloth et al., 2007), but well tolerated doses appear to have decreased

efficacy in decreasing food intake. Additionally Allison et al., 2006, have also

suggested that PYY3-36 treatment may have long term effects on bone mass

(Allison and Herzog, 2006).

Peripheral administration of physiological doses of PP also produces rapid satiety

in fasted normal weight mice (Asakawa et al., 1999). Administration in Y4 knock

out mice abolishes the anorexic effects of PP confirming the specific role of Y4

receptors in these responses (Balasubramaniam et al., 2006). Peripheral

administration of physiological doses of PP in healthy men decreased rapid and

transient food intake (Batterham et al., 2003b). Repeated treatment in ob/ob

mice leads to decreased body weight and food intake (Asakawa et al., 1999).

Circulating PP levels in humans have been correlated with some disease states.

Patients with Prader Willi syndrome who are morbidly obese, with hyperphagia

have very low concentrations of PP (Zipf et al., 1981), but peripheral

administration of PP can result in decreased food intake (Berntson et al., 1993)
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for these patients, suggesting a potential therapeutic option if issues of

bioavailability and peptide life span can be improved.

Whilst combination treatments of PYY3-36 and PP have shown no additive effects

on reducing food intake in mice or humans, the shared roles of Y2 and Y4

receptors in satiety mechanisms suggests that other methods of co-targeting this

pairing may be effective (McGavigan and Murphy, 2012). One such compound

was obinepitide, a synthetic dual analogue of PYY3-36 and PP. The poor

bioavailability of obinepitide, whereby daily or twice daily subcutaneous

injections were required, made it unsuited to long term use (McGavigan and

Murphy, 2012), however improved anoretic effects were observed suggesting

that ‘Y2/Y4 complexes’ (potentially in the form of heterodimers) might still be a

valid target for anti obesity therapies.

Y receptor family targeted therapies in anti obesity treatment, have therefore

shown potential but there is a need to increase efficacy in vivo whilst retaining

bioavailability. Suggested coregulation, potentially reflecting receptor

dimerisation, between subtypes also increases the complexity of developing

selective therapies due to the potential impact of compensatory mechanisms or

novel signalling. Therefore investigating the pharmacological consequences of

dimerisation would be of benefit to potentially improve therapeutic targeting.
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1.9 Aims of this thesis:

Whilst the preferential coupling of all Y receptor subtypes to the Gi class of G

proteins is well established, less is known of their relative abilities to interact with

β-arrestins and the role this interaction plays in regulating receptor intracellular 

trafficking, which may underlie substantive functional differences between the

subtypes. To this end, Chapter 3 makes a systematic comparison of Y receptor β-

arrestin association and intracellular trafficking, developing high content imaging

assays to quantify agonist and antagonist pharmacology. In particular it will

characterise the association of Y receptor subtypes with β-arrestins using a 

technique known as bimolecular fluorescence complementation (BiFC), which is

capable of identifying receptor signalling complexes of precise composition.

Chapter 4 develops these methods further in conjunction with single molecule

imaging techniques, such as fluorescence correlation spectroscopy (FCS), to

characterise the mobilities and stoichiometry of Y receptor complexes, and the

influence of ligand occupancy. For the first time, the combination of FCS and BiFC

approaches is used to describe the behaviour of molecular Y receptor-arrestin

complexes at the plasma membrane.

The potential of GPCRs to form dimers is now widely accepted, but the functional

importance in respect to signalling protein interaction, modified receptor

trafficking and signalling is still in debate. This evidence is discussed in detail in

Chapters 5 and 6, in which a novel BiFC based imaging system is described which

constrains GPCRs as dimers of precise composition, allowing pharmacological

responses to be directly attributable to defined GPCR dimer populations. Chapter

5 will explore the influence of Y receptor and 2AR homodimerisation on one

functional readout – receptor endocytosis. Selective protomer mutagenesis will

be used to investigate the functional requirements for ligand binding site

occupancy, receptor activation and phosphorylation within the dimer – allowing

conclusions to be drawn about the stoichiometry of β-arrestin2 recruitment to 

the dimer interface. Chapter 6 extends this technique to investigations of Y1
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receptor heterodimer pharmacology, demonstrating that heterodimerisation

between Y1 and Y5 receptors, the key co-expressed “feeding” receptors,

selectively influences both agonist and antagonist pharmacology.
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Chapter 2: Materials and methods

2.1 Materials

pcDNA3.1zeo(+) and pcDNA4/TO(+) DNA vectors, HEK293T/TR cells, OptiMEM,

lipofectamine and the selection antibiotics zeocin and blasticidin were from

Invitrogen (Paisley, UK). pCMV FLAG vector was from Agilent (Santa Clara, CA,

USA). All oligonucleotide primers were synthesised by Eurogentec (Seraing,

Belgium). The GenEluteTM gel extraction, PCR purification, miniprep and maxiprep

kits were purchased from Sigma Aldrich (Gillingham, UK). Restriction enzymes,

fast shrimp alkaline phosphatase, T4 DNA ligase and pJET cloning kit were

obtained from Fermentas (St Leon-Rot, Germany). 1kb DNA ladder was

purchased from Promega (Madison, WI). Additional molecular biology reagents

were also purchased from Sigma Aldrich (Gillingham, UK). DNA sequencing was

carried out by the DNA sequencing laboratory, School of Life Sciences, University

of Nottingham.

All cell culture plasticware was purchased from Fisher Scientific (Loughborough,

UK) with all medium reagents from Sigma (Gillingham, UK). The SNAPSurfaceTM

Alexa Fluor 647 was obtained from New England Biolabs (Hitchen, UK). The

compounds Neuropeptide Y (NPY), peptide YY (PYY), pancreatic polypeptide (PP),

Pro NPY ((Leu 31, Pro 34) NPY), NPY 3-36 and cPP (1-17)(Ala31, Aib32) NPY (18-36)

were purchased from Bachem (Bubendorf, Switzerland). The compounds DTrp32

NPY, BIBO3304 trifluoroacetate, CGP71683 hydrochloride, NPY5RA972, L182,504,

isoproterenol hydrochloride (isoprenaline), salmeterol, salbutamol hemisulphate,

propranolol hydrochloride, ICI 118,551 and forskolin were all obtained from

Tocris Cookson (Avonmouth, Bristol, UK). Both [3H] Adenine and [14C] cAMP were

purchased from Amersham Biosciences UK (Buckinghamshire, UK), the poly prep

columns and Dowex AC ‘50’ 50W-4X resin from Bio-Rad (Hercules, CA), and

imidazole was from Applichem (Darmstadt, Germany), [125I] PYY and scintillation

fluid from Perkin Elmer (Groningen, Netherlands) and scintillation vials from
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Sarstedt (Nümbrecht, Germany). Whatman GF/B filters (Size 21/4 x 121/4 inches)

were purchased from Brandel Inc (Maryland, USA).

All compounds were stored as single use aliquots at -20°C diluted in aqueous

stock with the exception of the Y receptor antagonists BIBO3304, CGP71683,

NPY5RA972, L182,504 and the β2-adrenoceptor agonists formoterol and 

salmeterol which were diluted in DMSO. Non-dissolved stock compounds were

stored as instructed either at room temperature (β2-adrenoceptor ligands eg. 

isoprenaline), 4°C (non peptide Y receptor ligands eg. L182,504) or -20°C (peptide

ligands eg. NPY, PP).

All other chemicals if not directly stated were obtained from Sigma Aldrich

(Gillingham, UK).

2.2 Methods

2.2.1 Molecular biology

A summary of all constructs used is provided in Table 2.3. Rat Y1 receptor and β2-

adrenoceptor cDNAs were provided by Professor T Schwartz of the University of

Copenhagen, Denmark. Human Y2, Y4 and Y5 receptor, D2L dopamine and

human arrestin cDNAs were obtained from the Missouri S&T cDNA resource

centre (www.cDNA.org)

.2.2.1.1 Amplification of DNA

2.2.1.1.1 Using sited directed mutagenesis to generate a C terminal phospho-

site negative mutant of the NPY Y1 receptor

PCR-based site directed mutagenesis (Quikchange) was used to selectively

mutate specific serine and threonine residues in the C terminal domain of the rat

NPY Y1 receptor cDNA sequence (Genbank reference number: Z11504). This

phospho-site deficient mutant was termed Y15A after the number of alanine

mutations that were introduced. Mutagenesis reactions were performed using

Accuzyme, a 5’-3’ DNA polymerase (Bioline, London, UK). This enzyme also has 3’-
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5’ exonuclease proofreading activity whereby nucleotide mismatches identified in

the newly synthesised DNA are excised and the correct base pair inserted.

Accuzyme can amplify large regions of DNA (up to 5kbp) with high fidelity

producing blunt ended products.

2.2.1.1.1.2 Mutagenesis primer design

Two sets of complementary primers were designed to introduce 5 amino acid

changes into the template cDNA strand in succession. The specific amino acid

codons were identified and mutated to a codon used frequently in human cells to

account for species specific codon usage bias. Primer sequences contained 12-15

conserved bases either side of the mutated codons and both forward and reverse

primers recognised the same sequence on opposite template DNA strands. The

forward primer sequence was identical to the coding strand of the template DNA

(except for the introduced mutations), with the reverse primer the reversed and

complemented sequence of this (see Table 1). A further consideration in primer

design was GC base content, with a figure of 40-60% desirable for stable binding

of primer sequences to template DNA. Where possible, primer sequences ended

with a GC clamp to promote specific primer binding (due to the stronger triple

hydrogen bonding of G and C bases). The melting point of primers was also

considered (dependent on the degree of GC content and primer length) with

temperatures of 58-62°C preferred in order to minimise the chance of secondary

annealing. When generating the Y15A mutant, sequential rounds of mutagenesis

were required. 3 mutations were introduced in the first round. This mutant

(when confirmed as correct with sequencing) was used as the template for the

second round of mutagenesis to introduce the 2 additional mutations. The same

protocol was followed for both rounds. All primers were purchased from

Eurogentec and are detailed in Table 2.1.
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2.2.1.1.1.3 PCR-based site directed mutagenesis protocol

Reactions were prepared in 200µl PCR tubes consisting of 25ng template DNA

(pCMV FLAG Y1-Yc first round), 125ng of forward and reverse primers (1µl each),

200µM dNTP’s (2µl), AccuBuffer buffer (5µl; supplied with enzyme; 60mM Tris-

HCl, 6mM (NH4)2SO4, 10mM KCl, 2mM MgSO4; pH 8.3) and 2.5 units of Accuzyme

(not added to the starting mix) in double distilled water (ddH20) to give a total

volume of 50µl. A negative control reaction was also set up containing all

components except Accuzyme. Reactions were carried out using a thermocycler

block (Mastercycler gradient, Eppendorf, UK). The initial step, whereby double

stranded template DNA was denatured to single stranded DNA, was performed at

95°C for 30 s (see Figure 2.1). The temperature was then decreased (typically to

58-60°C for mutagenesis reactions; for 1min), and Accuzyme added at this point.

This “HotStart” procedure, following the first round of denaturation and primer

annealing to the template, minimised non specific DNA amplification by

Accuzyme. The annealing temperature was varied depending on the primer used

but was typically 5°C less than the melting temperature of the primer to allow

specific primer hybridisation. Finally the extension step was performed (68°C for

10min; equating to approximately 1.5min per kbp) whereby the DNA polymerase

synthesised a new complementary DNA strand from the primer sequence in a 5’

to 3’ direction. This sequence of cycles (denaturation, annealing and elongation)

was repeated 18 times, with the newly synthesised fragment DNA (containing the

region to be amplified) now also acting as the template DNA. Following

completion of all cycles, tubes were cooled and held at 4°C.

Samples were then treated with the restriction enzyme Dpn I for 2hr at 37°C, 20

min at 60°C. Dpn I can only cleave methylated DNA (ie the original template

DNA), therefore digestion with this enzyme will leave the unmethylated mutated

DNA intact as a circular plasmid for efficient transformation. 2µl of each Dpn I

digested sample was then transformed into XL-1 competent cells (see section

2.2.1.7.1), grown on a small scale and purified (miniprep; section 2.2.1.8) before
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being screened using restriction enzyme digestion (section 2.2.1.3). If the isolated

DNA was of an expected size, the sample was then sequenced to confirm the

presence or absence of the desired mutations. (Figure 2.2; section 2.2.1.2).

If correct, the DNA was ligated into fresh plasmid vector. This was to prevent

unwanted mutations that may have been introduced elsewhere during the

mutagenesis process being carried over into the DNA. DNA in fresh vector was

then transformed into XL-1 cells and then grown up on a larger scale (maxiprep;

section 2.2.1.9).



Figure 2.1: The principles of using polymerase chain reaction (PCR) to amplify specific regions of DNA

PCR begins with an initial high temperature step, whereby double stranded te
(denaturation). The reaction is then cooled to facilitate annealing of short oligonucleotide forward and reverse primers to complementary
sequences in the two DNA strands (hybridisation). DNA synthesis usin
direction (elongation). This entire cycle is repeated with the newly synthesised double stranded DNA fragment (containing the desired region to
be amplified) now acting as the template. Every cycle doubles the amount of DNA synthesised in the previous cycle.
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Figure 2.2: A sequence chromatogram showing the positions of selective mutations introduced into the

The top sequence shows the wildtype rat NPY Y1 receptor sequence (
alanine mutations of selective serine and threonine residues within the NPY Y1 receptor (mutations indicated by arrows). This
deficient mutant receptor was termed Y15A after the number of mutations introduced. This chromatogram was created using Chrom
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: A sequence chromatogram showing the positions of selective mutations introduced into the rat NPY Y1 receptor sequence

ws the wildtype rat NPY Y1 receptor sequence (amino acid residues 350-367). The lower sequence shows the position of
alanine mutations of selective serine and threonine residues within the NPY Y1 receptor (mutations indicated by arrows). This
deficient mutant receptor was termed Y15A after the number of mutations introduced. This chromatogram was created using Chrom

NPY Y1 receptor sequence

367). The lower sequence shows the position of
alanine mutations of selective serine and threonine residues within the NPY Y1 receptor (mutations indicated by arrows). This phospho-site
deficient mutant receptor was termed Y15A after the number of mutations introduced. This chromatogram was created using Chrom as 2.
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2.2.1.1.1.4 Amplification of the Human NPY Y5 receptor using polymerase chain

reaction (PCR)

In this case, the polymerase chain reaction (PCR) was used to amplify the entire

human NPY Y5 receptor cDNA (residues 2-444). The PCR protocol was similar to

that used for site directed mutagenesis with some modifications. Here a different

high fidelity DNA polymerase, PWO (Roche, Burgess Hill, UK) was used. PWO is

also a 5’-3’ DNA polymerase with 3’-5’ exonuclease proofreading activity.

2.2.1.1.1.5 Primer design

Two complementary primers (34-40 bases) were designed to anneal to the start

and end of the human NPY Y5 receptor sequence (Genbank Reference number:

NM_006174.2). They were also designed to introduce a Bam HI (GGATCC) and a

Not I (GCGGCCGC) restriction enzyme site prior to the start and after the end of

the Y5 sequence respectively (Figure 2.3). The initiation methionine codon was

removed from the start of the Y5 sequence so that the receptor could ultimately

be inserted continuously into the pCMV vector downstream of a FLAG tag (Figure

2.5; see section 2.2.1.3.2.1). The stop codon was also removed to allow C

terminal fluorescent protein fragment tags to be added, and the position of the

NotI site was designed so that it located the Y5 sequence in frame with the

fluorescent protein tag in the vector on cloning

Forward: 5’ G AGT GGA TCC GAT TTA GAG CTC GAC GAG TAT TAT AAC 3’

Receptor codons: Bam HI D L E L D E Y Y N

Reverse: 5’ ATT AGC GGC CGC CAT ATG AAG ACA GTG TAT AAG G

Receptor codons: Not I M H L C H I L

Figure 2.3: PCR primer design for amplifying the human NPY Y5 receptor

The forward primer sequence is detailed in the top section, alongside the corresponding
Y5 receptor codon sequence. The initiation methionine codon has been omitted. The
second section shows the reverse primer reversed and complemented to the final part of
the Y5 sequence, excluding the STOP codon. Restriction enzyme consensus sites are
underlined.
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2.2.1.1.1.6 PCR protocol

Reactions were prepared in 200µl PCR tubes, comprised of 25ng template cDNA

(p3.1neo human Y5 receptor), 600nM each of forward and reverse primers,

200µM dNTP’s (final concentration), PWO buffer (5µl; supplied with enzyme;

10mM Tris-HCl, 25mM KCl, 5mM (NH4)SO4, 2mM MgSO4; pH 8.9) and 0.5µl PWO

enzyme (added at a later point) in ddH20 to make a total volume of 50µl. Using

the thermocycler block, a similar protocol was followed as for site directed

mutagenesis, with PWO polymerase following an initial HotStart primer annealing

step. 25 cycles of PCR were performed, with an annealing temperature of 58°C

and an extension step at 72°C for 90sec. (for the last 15 cycles, 5 sec was added

to the extension time each cycle). Following the completion of all cycles, tubes

were cooled and held at 4°C.

Following the completion of the PCR cycles, the DNA was visualised using gel

electrophoresis, and the size of the fragment accessed (section 2.2.1.4). If

correct, the fragment band was excised and purified (section 2.2.1.5.1).

2.2.1.1.1.7 Ligation of PCR generated human NPY Y5 receptor cDNA into pJET

vector

The PCR Y5 receptor cDNA fragment was first subcloned into the vector pJET1.2

(CloneJET PCR cloning kit, Fermentas). Ligation of the PCR cDNA blunt-ended

product into the pJET vector disrupts the expression of a gene encoding the

restriction endonuclease enzyme eco46/R. This enzyme is typically lethal to host

E coli cells therefore only bacterial clones with insert containing plasmids are

capable of growth.

pJET ligation reactions were performed in 0.5ml Eppendorf tubes consisting of

10µl 2x pJET ligation buffer containing polyethylene glycol to improve the

efficiency of blunt end ligations (supplied with enzyme), 1µl pJET vector (50ng),

1µl purified PCR product and 1µl T4 DNA Ligase in nuclease free water to give a

total volume of 20µl. Reactions were incubated for 30min at 22°C, before being

transformed into XL-1 cells (section 2.2.1.7.1). DNA was then grown up on a small
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scale and purified (miniprep; section 2.2.1.8), before being screened using

restriction enzymes (section 2.2.1.3) and gel electrophoresis (section 2.2.1.4).

PCR derived DNA was then sequenced and if correct, ligated into fresh vector

(firstly pcDNA3.1 zeo or pcDNA4 TO containing (between KpnI and BamH1) a

Kozak sequence prior to the initiation methionine residue and FLAG tag) using a

restriction digest (Bam HI/Not I; sections 2.2.1.3 and 2.2.1.6) before fluorescent

protein tags could be inserted downstream (using a Not I / Xba I restriction

digest; section 2.2.1.3). Complete constructs were then cultured on a larger scale

(maxiprep; section 2.2.1.9) to be used in mammalian cell transfections (section

2.2.2.1).

2.2.1.2 DNA sequencing

The sequences of all engineered DNA were checked for any alterations that may

have been erroneously introduced, and that mutations purposely introduced

were present (Figure 2.2). The appropriate forward and reverse primers for that

particular construct (dependent on the vector cDNA used; see Table 1) were

used. All sequencing was undertaken by the DNA sequencing laboratory at the

University of Nottingham.

2.2.1.3 Restriction digestion

Restriction enzymes recognise and bind to a specific small sequence of

nucleotides (termed restriction sites) and subsequently cleave DNA into

fragments. Typically constructs were digested with two different restriction

enzymes (a ‘double digest’) at either end of the ‘insert’ DNA (eg. receptor,

fluorescent protein tag). The same enzyme pair was used to digest the ‘vector’

DNA ultimately receiving the insert (eg. pCMV FLAG, pcDNA3.1 zeo Snap). The

enzymes chosen also produced complementary ‘sticky ends’, whereby an

overhang stretch of unpaired nucleotides was left following digestion. The

different ‘sticky ends’ left by double enzyme digestion of both insert and vector
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DNA are complementary and can subsequently be joined together in only one

orientation using T4 DNA ligase (see section 2.2.1.6).

When performing a restriction digest, 2µg of DNA (in a total volume of 20µl) was

added to a sterile 0.5ml Eppendorf tube along with 2µl of 10x fast digest buffer

(supplied with enzyme) and digested with 1µl of each restriction enzyme (Fast

Digest; Fermentas). This reaction was incubated for 1hr at 37°C, followed by

20min at 65°C and 5min at 80°C to heat inactivate the restriction enzymes.

Digested DNA was then identified and isolated using gel electrophoresis (Figure

2.8; see section 2.2.1.4).

2.2.1.3.1 Generation of a Snap tagged receptor construct

Receptor cDNA was inserted into a pcDNA 3.1zeo plasmid already containing the

Snap tag sequence (181 amino acids; see Table 2.3). This vector was previously

made by Dr Holliday. A short sequence derived from 5HT3 receptor derived signal

sequence (amino acids MRLCIPQVLLALFLSMLTGPGEGSRK) was added upstream of

the Snap tag sequence to facilitate insertion of the receptor protein into the

membrane during translation. This construct was also tagged at the C terminus

with an N terminal fragment of Venus YFP (Yn; residues 2-173).

This p3.1zeo Snap vector (see Figure 2.4) contained a human cytomegalovirus

(CMV) promoter, which is a strong promoter that expresses well in a variety of

mammalian cell lines and allowed for a high level of receptor expression. This

vector also contained a polyadenylation signal (bovine growth hormone derived;

bGH poly A) which is a transcription termination sequence that aids expression in

eukaryotic cells as well as sites for sequencing primers (T7 promoter and bGHrev;

see section 2.2.1.2). Sites of antibiotic resistance for the selection of both

transformed bacterial cells (ampicillin) and transfected mammalian cell lines

(zeocin; see Table 2.2 for details) were also included.

All cDNAs of interest were inserted into the vector in frame downstream of the

Snap tag, via the multiple cloning site (MCS) which contained several restriction

enzyme sites (Figure 2.4). Receptor cDNAs were placed between BamHI and XhoI
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(β2AR), or BamHI and Not I (Y1) restriction sites, due to the presence of an 

internal Xho I site in the Y1 sequence. Inserted receptor cDNA sequences lacked

the initiation methionine codon and the 3’ STOP codon to allow the addition of a

Venus Yellow Fluorescent Protein (vYFP) fragment (N terminal 2-173 termed Yn;

these numbers equated to the native Green Fluorescent Protein (GFP) sequence

(Kilpatrick and Holliday, 2012) ). This fragment was placed between Not I / Xho I

and Xba I restriction sites yielding LRPLE (Y1) or LE (β2AR) amino acid linkers.   
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cDNA3.1 zeo Snap Y1-Yn construct

Panel A shows a schematic of the multiple cloning site restriction enzyme sites used to
generate receptor-Yn constructs in pcDNA3.1 zeo Snap vector. Panel B shows a vector
map of the pcDNA3.1 zeo Snap Y1-Yn. NPY Y1 receptor cDNA
inserted into the pcDNA 3.1 zeo vector downstream of a Snap sequence
fragment tag (Yn; purple) was inserted downstream of the receptor cDN

Yn in frame cDNA. Additional features contained in the vector are also
included and key single and remaining double cut restriction enzyme sites indicated.

ultiple cloning site restriction enzyme sites used to
Yn constructs in pcDNA3.1 zeo Snap vector. Panel B shows a vector

cDNA (shown in yellow) was
downstream of a Snap sequence (purple). A BiFC

) was inserted downstream of the receptor cDNA, giving the
. Additional features contained in the vector are also

ble cut restriction enzyme sites indicated.
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2.2.1.3.1.2 Exchanging C terminal fluorescent protein fragment tags on FLAG

tagged receptor constructs

2.2.1.3.1.2.1 pCMV FLAG Receptor-Yc / Gc

Enzymatic digestion was used to ultimately insert receptor cDNAs into a pCMV

FLAG vector also containing a C terminal fragment of Venus YFP (termed Yc

throughout). This vector contained a FLAG tag epitope (MDYKDDDDK), which

gave the option to identify this receptor construct by techniques such as antibody

live labelling (Figure 2.5). This vector also contained a pCMV promoter to allow

for high receptor expression, and polyadenylation signals (Simian1 virus 40 (SV40)

derived) to aid eukaryotic protein expression.

The NotI enzyme could not be used when cloning receptor cDNA in the correct

orientation into the pCMV FLAG vector, because of an additional NotI site

upstream of the FLAG tag. To account for this receptor cDNA was first inserted

into a p3.1zeo vector between Bam HI and Not I (NPY Y1) or Xho I (β2AR) 

restriction sites (see figure 2.5). Receptor cDNA sequences lacked the initiation

methionine codon and the 3’ STOP codon to allow the addition of a C terminal

vYFP fragment (173-238; termed Yc) or a C terminal superfolder GFP fragment

(173-238; Gc) between Not I / Xho I and Xba I restriction sites using a LRPLE

linker. The GFP sequence used had previously been engineered to contain

superfolder mutations S30R, F99S, N105T, M153T and V163A (Pedelacq et al.,

2006). The entire receptor-Yc construct was then inserted into the pCMV FLAG

vector, downstream of the vector FLAG tag via a Bam HI and Apa I digest.
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2.5 pCMV FLAG Receptor-Yc/Gc construct

shows a schematic of the multiple cloning site restriction enzyme sites used to
generate receptor-Yc constructs in pCMV FLAG vector. Panel B shows an example vector
map of the pCMV FLAG Y1-Yc. NPY Y1 receptor cDNA (shown in yellow

CMV vector downstream of a FLAG tag. A BiFC fragment tag (
in frame downstream of the receptor cDNA. Additional features contained in

the vector are also included and key single and remaining double cut restriction enzyme

shows a schematic of the multiple cloning site restriction enzyme sites used to
Yc constructs in pCMV FLAG vector. Panel B shows an example vector

yellow) was inserted into
CMV vector downstream of a FLAG tag. A BiFC fragment tag (Yc; purple) was

. Additional features contained in
included and key single and remaining double cut restriction enzyme
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2.2.1.3.1.2.1.2 pcDNA4 TO FLAG Receptor-GFP

Receptor cDNA tagged with a full length superfolder GFP tag (GFP) was inserted

into the pcDNA4 TO vector downstream of a FLAG tag epitope (MDYKDDDDK).

The pcDNA4 TO vector contains a pCMV promoter in conjunction with two

tetracycline operator sequences (see figure 2.6) inserted between the TATA box

and the transcription initiation start site. This sequence was identical to that of

pcDNA 3.1zeo with the exception of the tetracycline operon sequence. As for

pCDNA3.1zeo, the vector used for cloning contained a Kozak sequence, start

methionine and FLAG tag placed between KpnI and BamH1 of the multiple

cloning sequence.

Receptor cDNA sequences lacked the initiation methionine codon and the 3’

STOP codon to allow the C terminal addition of full length superfolder GFP placed

between Not I and Xba I restriction sites after an LRPLE linker (see Figure 2.6).

2.2.1.3.3 Adding C terminal fragment tags to β-arrestin2 constructs  

Human β-arrestin1 or 2 cDNA (Genbank reference NM_ 004041 or NM_004313), 

containing a Kozak sequence (GCCACC) prior to the initiation methionine residue

and no STOP codon (as described in Kilpatrick et al 2010), was inserted into the

pcDNA3.1zeo vector using enzymatic digestion with EcoRI and Not I (Figures 2.7).

The pcDNA3.1zeo vector was previously described in section 2.2.1.3.1. A N

terminal vYFP fragment (residues 2-173; Yn) or an N terminal GFP fragment (2-

173; Gn) was added in frame downstream of the β-arrestin2 cDNA [creating a 

QRPLE linker] and placed between Not I and Xba I restriction sites.
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2.6 pcDNA4 TO FLAG Receptor-GFP construct

Panel A shows a schematic of the multiple cloning site restriction enzyme sites used to
enerate receptor-GFP constructs in p4 TO FLAG vector. Panel B shows an example

vector map of the pcDNA4 TO FLAG Y1-GFP. NPY Y1 receptor
was inserted into the pCMV vector downstream of a FLAG tag. A full length superfolder

) was inserted in frame downstream of the receptor cDN
features contained in the vector are also included and key single and remaining double
cut restriction enzyme sites indicated.

Panel A shows a schematic of the multiple cloning site restriction enzyme sites used to
GFP constructs in p4 TO FLAG vector. Panel B shows an example

cDNA (shown in yellow)
pCMV vector downstream of a FLAG tag. A full length superfolder

downstream of the receptor cDNA. Additional
included and key single and remaining double
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Figure 2.7 pcDNA3.1 zeo βarrestin2

Panel A shows a schematic of the multiple cloning site restriction enzyme sites used to
generate β-arrestin
vector map of the pcDNA3.1zeo β
inserted into the
inserted in frame
the vector are also
sites indicated.
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2.7 pcDNA3.1 zeo βarrestin2-Yn/Gn construct

Panel A shows a schematic of the multiple cloning site restriction enzyme sites used to
arrestin-Yn constructs in pcDNA3.1zeo vector. Panel B shows an example

vector map of the pcDNA3.1zeo β-arrestin2-Yn. β-arrestin2 cDNA
inserted into the pcDNA3.1zeo vector downstream. A BiFC fragment tag (

in frame downstream of the β-arrestin cDNA. Additional features contained in
the vector are also included and key single and remaining double cut restriction enzyme

Panel A shows a schematic of the multiple cloning site restriction enzyme sites used to
Yn constructs in pcDNA3.1zeo vector. Panel B shows an example

cDNA (shown in orange) was
pcDNA3.1zeo vector downstream. A BiFC fragment tag (Yn; purple) was

. Additional features contained in
le and remaining double cut restriction enzyme
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2.2.1.4 Visualisation and isolation of DNA using agarose gel electrophoresis

Gel electrophoresis allows the separation of DNA molecules based upon their size

by applying an electric field through an agarose gel matrix. Smaller negatively

charged DNA molecules move faster through the pores of the gel, towards the

positive electrode of the electric field, than larger DNA molecules.

A gel was prepared consisting of 1% agarose (Sigma Aldrich) dissolved in TBE

buffer (89mM Tris HCl, 89mM Boric acid, 2mM EDTA (ethylenediaminetetraacetic

acid); pH 7.6). The mixture was allowed to cool to touch whereupon ethidium

bromide (0.1µg ml-1) was added. Ethidium bromide is a chemical agent which

intercalates into DNA. Upon exposure to ultraviolet light, ethidium bromide

bound to DNA is intensely fluorescent, allowing DNA to be visualised as discrete

bands on the gel. The gel was then left to set, prior to being placed into an

electrophoresis tank and covered entirely with TBE buffer. DNA samples were

mixed with blue loading buffer (0.25% w/v bromophenol blue, 50% v/v glycerol in

TBE) and loaded. 5µl of 1kb DNA ladder (Promega) was also added as a molecular

weight marker. The gel was run at 80V for 30-45 minutes until sufficient

migration of the DNA was achieved to separate the bands of interest..

DNA was visualised using an UV light box (Syngene GVS-30 transilluminator) and

if required the DNA band of the correct size excised. A representative gel showing

a variety of constructs used throughout this thesis and the DNA bands obtained

following their restriction digestion can be seen in figure 2.8.
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: A representative agarose gel showing various restriction digests
Yn or pCMV FLAG Y1-Yc constructs.

A 1kb marker was included to allow molecular weights (in base pairs) to be estimated
(lane 1). In lanes 2 and 3, the pcDNA3.1zeo Snap Y1-Yn construct (2 µg throughout) was
digested with 2 different restriction enzyme pairs. Digestion with KpnI and XbaI yielded
the complete construct (ie. Snap, Y1 receptor plus Yn tag; approximately 2300bp) and its
corresponding vector band (pcDNA3.1zeo, 5000 bp). Alternative

HI, liberated the Snap tag (at approximately 600bp
zeo, Y1 receptor and Yn tag). Other examples show the isolation of the Y1

4; approximately 1200bp), the Yn fragment (lane 5
Yc fragment (lane 6; approximately 250bp) alongside thei

various restriction digests of p3.1zeo

A 1kb marker was included to allow molecular weights (in base pairs) to be estimated
Yn construct (2 µg throughout) was

th KpnI and XbaI yielded
Yn tag; approximately 2300bp) and its

). Alternatively digestion with KpnI
tag (at approximately 600bp) and the vector band

tag). Other examples show the isolation of the Y1
Yn fragment (lane 5; approximately 500bp)

Yc fragment (lane 6; approximately 250bp) alongside their corresponding vector
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2.2.1.5 Preparation of insert and vector cDNA for ligation

2.2.1.5.1 Gel extraction of insert DNA

Restriction digested DNA fragments for ligation were separated by agarose gel

electrophoresis and isolated using a gel extraction kit (Sigma Aldrich). This

method of DNA purification is a silica gel-based which uses column

chromatography. The gel slice containing the desired DNA fragment was weighed

in a sterile Eppendorf and 3 gel volumes of gel solubilisation solution added and

the tube incubated for 10 min at 60°C. The chaotropic salts in the solubilisation

solution disrupt the ordered structure of water molecules surrounding the DNA.

This creates a hydrophobic environment that promotes the binding of the DNA

phosphate backbone to the silica of the spin column whilst proteins and other

contaminants do not bind and are washed away. One gel volume of isopropranol

was then added to the solubilised gel solution to increase specific binding of the

DNA to the column. Column preparation solution was added to the binding

column and the column centrifuged for 1min at 12,000rpm. The solubilised gel

solution was then added and centrifuged for1 min at 12,000rpm facilitating the

binding of the DNA to the silica filter of the column. A solvent based wash

solution, containing 70% ethanol was added to remove any contaminants without

affecting DNA binding (DNA does not dissolve in ethanol solution). A further 2min

centrifuge at 12,000rpm removed any excess ethanol. The DNA was then

unbound from the silica of the column upon addition of 40µl ddH2O and a 1min

centrifugation at 12,000rpm. The DNA was now in solution and ready to use in

ligation reactions.

2.2.1.5.2 Preparation of vector DNA

Following double digest with restriction enzymes, 2 µg vector DNA was treated

with shrimp alkaline phosphatase (SAP; 2µl SAP buffer (supplied with enzyme ;

100mM Tris-HCl, 50mM MgCl2, 1M KCl, 0.2% Triton-X-100, 1mg ml-1; pH 8.0) and

2µl SAP) for 2hr at 37°C. The purpose of SAP treatment is to remove phosphates
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from exposed nucleotides at the ends of the linearised plasmid DNA in order to

prevent self-ligation. In order to be used in ligation reactions, the vector DNA

was purified using a PCR clean up kit (Sigma Aldrich) following the manufacturer’s

instructions. Like the gel extraction kit (as described in section 2.2.1.5.1) it uses

silica spin columns to remove contaminants such as excess salts and protein.

Vector DNA was eluted in 40µl ddH2O.

2.2.1.6 Ligations

The insert and vector preparations (as described in sections 2.2.1.5.1 and

2.2.1.5.2.1) were ligated together in a 3:1 insert:vector molar ratio. DNA

concentrations in both preparations were calculated assuming an 80% yield from

the gel purification (insert; I) and PCR clean up (vector; V) protocol, and starting

from 2µg of DNA:

2µg DNA x (size of isolated I or V/ size of original plasmid in its entirety) x 0.8

= concentration of I or V DNA isolated in the 40µl elution.

50ng of vector DNA was deemed optimal for use in ligations to produce single

circular plasmids. A 1:3 ratio of vector to insert was used, therefore assuming

50ng of vector contains x moles, the following equation was used to calculate the

correct amount of insert DNA required:

ng of insert needed = 3x 50ng x (size of I/size of V)

The actual volume in µl of vector and insert to be added was then calculated

(based on the number of moles required and the actual concentration present in

the eluate). Positive and negative ligations were set up in 0.5ml Eppendorf tubes,

with ddH2O added in place of insert to the negative control (but all other

components present). 1µl of 10x T4 Ligase buffer (supplied with the enzyme) and

1µl T4 DNA ligase were added to give a total volume in ddH2O of 10µl per ligation

reaction. Reactions were performed at 16°C for 16 hours.

5µl of both positive and negative ligations were transformed in XL-1 competent

cells as described in section 2.2.1.7.1.
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2.2.1.7 Preparation of competent cells

The XL-1 strain of E.coli is suitable for making chemically competent cells as

mutations have been introduced that make it more amenable for DNA uptake.

Mutations in recA recombinase minimises recombination of the introduced

plasmid DNA with host DNA and increases the stability of inserts. The lack of

endA nuclease improves the quality of purified plasmid DNA isolates. A hsdR17

mutation knocks out EcoK 1 methylase, which prevents cleavage of transformed

plasmid DNA by endogenous endonucleases. The gene encoding tetracycline

resistance (on the F’ episome) has also been introduced.

Agar plates were produced using 35 grams of Luria Bertani (LB) agar powder

(Sigma Aldrich) dissolved in 1L of ddH20 which was sterilised by autoclaving. The

mixture was allowed to cool to hand hot and tetracycline was added at a

concentration of 10 µg ml-1 before being poured into Petri dishes and allowed to

set. The XL-1 strain E.coli cells were streaked out onto these LB agar plates using

sterile apparatus with the aim of obtaining single colonies. Plates were incubated

overnight at 37°C. The next day a single colony was inoculated into 5ml of sterile

LB broth containing 10µg/ml-1 tetracycline and grown overnight at 37°C with

shaking at 225rpm. On the third day this 5ml preparation was added to 20ml of

2YT medium and incubated at 225rpm until cell growth had reached a density of

OD600 = 0.2-0.8. The entire 20ml preparation was then poured into a 1L flask

containing 80ml 2YT medium plus 10µg ml-1 tetracycline. This solution was

further agitated until OD600 = 0.5-0.9 before being diluted to 250ml using 2YT

medium. Cells were grown until a precise density of OD600 = 0.6 was obtained and

the solution rapidly cooled in ice water to arrest further growth. The solution

was centrifuged for 15 min at 4,000rpm at 4°C and the subsequent pellet was

resuspended in 50ml TfB I solution (30mM potassium acetate, 50mM MnCl2,

64mM KCl, 10mM CaCl2 and 15% glycerol; pH 5.8) on ice with gentle shaking. The

solution was further centrifuged for 8min at 4,000 rpm at 4°C, the supernatant

poured off and the pellet resuspended in 10ml cold TfB II buffer (10mM 3-(N-
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morpholino) propanesulphonic acid (MOPS), 1mM KCl, 75mM CaCl2 and 15%

glycerol; pH 7.4) on ice with gentle shaking. 400µl resuspension was aliquoted

into pre chilled microcentrifuge tubes, snap frozen in liquid nitrogen and stored

at -80°C until required.

2.2.1.7.1 Transformation of DNA into competent E.coli cells

Transformation is the process of introducing plasmid DNA into E coli cells. By

treating cells using a heat shock process and with chemicals, they become

competent to take up DNA.

Aliquots of competent cells (described in section 2.2.1.7) were gently thawed on

ice and 100µl of cell suspension per transformation was added to pre-chilled

Eppendorf tubes. 1.5µl of β-mercaptoethanol (1.4M in H2O) was then added to

each tube. β-mercaptoethanol is a reducing agent which increases the efficiency 

of transformations by inactivating surface nucleases and making the cell wall

permeable to nucleic acids (Brzobohaty and Kovac, 1986). Cells were incubated

on ice for 10min before 5µl of a ligation reaction or 10ng circular plasmid DNA

was added to the tube and mixed by swirling. The reaction mix was then

incubated on ice for 30min, to allow the DNA to associate with the competent

cells. Following this, cells were heat shocked for 45 s at precisely 42°C to facilitate

uptake of DNA by the competent cells. The length of time and the temperature

used are critical to the efficiency of the transformation. Reaction tubes were then

returned to ice for 2min before 400µl LB broth was added to each tube. Tubes

were then incubated for 1hr at 37°C with gentle shaking at 225rpm. Following

this 100µl transformation mix was plated onto LB agar plates containing the

correct selection antibiotic for the specific plasmid being transformed (eg. 75µg

ml-1 ampicillin or 30µg ml-1 kanamycin). Plates were then grown overnight at 37°C

and the next day colony growth assessed. Only those cells that have taken up the

introduced plasmid DNA express the appropriate antibiotic resistance protein

required to grow. 2 single colonies were then picked and each inoculated into

5ml of LB broth containing the appropriate selection antibiotic (75µg ml-1
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ampicillin or 30µg ml-1 kanamycin). These miniprep cultures were then grown

overnight at 37°C with gentle shaking at 225rpm.

2.2.1.8 Small scale (miniprep) isolation and purification of cDNA

The purpose of performing a miniprep is to further amplify and then isolate the

plasmid vector from the transformed bacteria. Purification of the DNA was

performed using a silica binding spin column protocol using alkaline-SDS lysis

according to the manufacturer’s instructions (Sigma Aldrich). A 3ml sample of the

overnight preparation was pelleted by centrifugation for 5 min at 5,000rpm. The

resulting pellet was resuspended in hyperosmotic sucrose resuspension buffer

containing RNase that degrades RNA in the preparation.

The cells were then lysed using an alkaline solution containing sodium dodecyl

sulphate (SDS), a very strong detergent, which solubilises the lipid bilayer of the

cells and denatures any proteins that may be bound to the desired plasmid DNA.

This lysis solution contains NaOH, a strong base that disrupts the hydrogen bond

network intrinsic to DNA base pairing of chromosomal DNA essentially denaturing

it into single stranded DNA. However the supercoiled nature of the plasmid DNA

means it is not irreversibly affected. The solution was then neutralised using a

buffer containing potassium acetate (KOAc). The larger chromosomal DNA,

proteins and cell debris do not renature correctly and instead aggregate into an

insoluble precipitate, whereas the plasmid DNA remains soluble. This

neutralisation step also added chaotropic binding salts that facilitated plasmid

DNA binding to the silica of the spin column. The solution was then centrifuged

for 10min at 12,000rpm to form a pellet to remove any contaminants.

The binding column was prepared by being placed into a centrifuge tube and

500µl column preparation solution added before centrifugation at 12,000rpm for

1min. The neutralised lysate was then added to the column and centrifuged again

at 12,000rpm to promote binding of the plasmid DNA to the silica filter of the

column. The filter was then washed using a solution containing solvent (80%

ethanol) which dissolves residual salts and other contaminants from the
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preparation (then eluted in the supernatant). The plasmid DNA is unaffected and

remains bound to the column. The column was re-spun again for 2min at

12,000rpm to remove any residual ethanol. The plasmid DNA was then eluted

from the column using 100µl ddH2O or Tris-EDTA (TE; 10mM Tris HCl, 0.1mM

EDTA; pH 8.0). The resulting miniprep (approximate concentration of 50ng/µl)

was then digested using restriction enzymes in order to screen whether they

contained the correct plasmid DNA, or stored at -20°C for later use.

2.2.1.9 Large scale (maxiprep) isolation and purification of DNA

If screening of a miniprep produces a correct result, a larger yield of cDNA may be

required for use in cellular transfections. This was achieved using a maxiprep kit

(Sigma Aldrich) according to the manufacturer’s instructions. Many of the buffer

solutions are of a similar composition to those used in the miniprep kit.

A ‘starter’ culture consisting of 20µl of the correct miniprep clone (not purified)

was placed in a 20ml tube containing 5ml LB broth plus the required antibiotic

(75µg ml-1 ampicillin or 30µg ml-1 kanamycin) and grown for eight hours during

the course of the day at 37°C with gentle shaking (225rpm). This starter culture

was then added to a 500ml conical flask containing 120ml sterile LB broth

containing the appropriate antibiotic (75µg ml-1 ampicillin or 30µg ml-1

kanamycin) and grown overnight at 37°C with gentle shaking (225rpm).

The following day, the overnight culture was centrifuged for 15 min at 4,000rpm

at 4°C. The pellet was then resuspended in a resupension buffer, a hyperosmotic

sucrose solution containing RNase to degrade any RNA that may be present in the

preparation. An alkaline detergent solution composed of NaOH and SDS, was

added and centrifuge tubes inverted 6 times to mix the contents. The lysis

solution was left on for 3min, until the solution was clear and viscous.

The solution was then neutralised using a chilled solution containing potassium

acetate. The larger chromosomal DNA, proteins and cell debris precipitate into an

insoluble cluster, whereas the plasmid DNA remains soluble in the supernatant. A

binding solution was then added and centrifuge tubes inverted once before the



80

contents were immediately poured into the barrel of a prepared filter syringe and

left to sit for 5min, whilst binding columns were prepared. Half of the lysate was

expelled into the tube, before centrifugation at 4,000rpm and the eluate

discarded. The second half of the lysate was then added to the binding column

and the process repeated. This resulted in the plasmid DNA becoming bound to

the filter of the column. The filter was washed with two wash solutions, the first

for 2 min at 4,000rpm and the second with a solution containing solvent (80%

ethanol) for 5min at 4,000rpm. This second solution removes residual salts and

other contaminants from the purified DNA which remains in the filter.

The binding column was then removed and placed in a clean 50ml collection

tube. 3ml of elution solution was then added and the tube centrifuged for 5min

at 4,000rpm. Ethanol precipitation was then performed to further concentrate

and purify the eluted DNA. 3M sodium acetate (pH 5.0) was added in a 1:10 ratio

(300µl, giving a final concentration of 0.3M) to the 3ml DNA elute. The Na+ ions

neutralise the negative charges on the DNA sugar phosphate backbone and

subsequent addition of chilled 100% ethanol as a 2.2 x volume (7.2ml) displaces

the less polar water molecules surrounding the DNA phosphates. The plasmid

DNA precipitates out of this solution, and can be collected following

centrifugation for 20min at 4,000rpm. This was followed by adding 1ml of chilled

70% ethanol and the solution centrifuged for 10min at 4,000rpm, to remove any

residual salt from the precipitated DNA. The resulting supernatant was removed

and the pellet re-centrifuged to remove residual ethanol. The pellet was then left

to air dry for approximately 20min. The pellet was then resuspended in TE buffer

(10mM Tris-HCl, 1mM EDTA; pH 7.4) and concentration and purity determined

using a spectrophotometer (BioPhotometer, Eppendorf) with absorbance read at

260nm (the wavelength at which double stranded DNA absorbs light). This

absorbance was converted to a DNA concentration using the calibration for

double stranded DNA (1 AU = 50 ng / ml). Protein peak absorption was also

measured at 280nm, and the ratio between these two values (260/280nm)
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indicated the purity of the sample DNA. A ratio of 1.7-1.9 was desired, as it was

indicative of relatively pure double stranded DNA. The volume of the preparation

was then adjusted to a stock DNA concentration of 1µg/µl in TE buffer.

2.2.2 Cell culture

2.2.2.1 Cell lines and passaging

The base cell line typically used for bimolecular fluorescence complementation

(BiFC) studies of constrained GPCR dimers, were HEK293T cells stably expressing

clonal Snap modified receptor fused to a N terminal fragment of Venus YFP (2-

172; Yn) (see Figure 2.4). Additionally cell lines were also generated using this

Snap receptor-Yn cell line, co-transfected with a mixed population of FLAG tagged

receptor cDNA (lacking the STOP codon) within the pCMV FLAG vector (see Figure

2.5). The complete dual transfect cell line is therefore referred to as Snap

receptor-Yn / FLAG receptor-Yc.

The cell lines used for BiFC studies of receptor: β-arrestin association were also 

dual transfects stably expressed in HEK293T cells, as described previously

((Kilpatrick et al., 2010)). These consisted of a clonal population of β-arrestin2-Yn 

β-arrestin1-Gn or β-arrestin2-Gn (Figure 2.7), co-expressed with a mixed 

population of FLAG receptor -Yc or -Gc(Figure 2.5).

Additionally HEK293TR tetracycline inducible cell lines were also used in some

experiments. Here receptor-GFP cDNA sequences were placed in the pcDNA4/TO

vector downstream of the FLAG epitope (Figure 2.6). Receptor expression was

induced following treatment with tetracycline (see section 2.2.2.4).

All cell lines were grown in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% foetal bovine serum (FBS) in 75 cm2 tissue culture flasks

(T75s) at 37°C and 95% O2/5% CO2. Medium was supplemented with

maintenance concentrations of the appropriate antibio-tic required for the

transfected constructs in that cell line (see Table 2.2). Cells were only grown up

to 80% confluency prior to passaging to prevent cell detachment. When
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passaging cellsthe presence of residual FBS can deactivate trypsin, therefore cells

were first washed with PBS followed by treatment with 1ml trypsin (0.25% w/v in

Versene; Lonza Wokingham Ltd (Wokingham, UK)). Trypsin is a serine protease

that facilitates cell detachment by hydrolysing proteins that enable cells to

adhere to the culture flask. Washing the flask surface with 10ml DMEM

prevented trypsin from further proteolysis and allowed detached cells to be

collected. Cells were then centrifuged then resuspended in 5ml DMEM. For cell

passaging, and an appropriate volume of cell suspension added to a T75 flask to

give a required dilution ratio typically of 1:5-1:20. Maintenance concentrations of

appropriate antibiotic were also included (see Table 2.2).

For experiments, 100µl cell suspension was loaded onto a haemocytometer and

the number of cells within a 1mm2 area counted (25x0.04mm2 squares totalling

0.1µl volume). The average number of cells per ml was calculated by multiplying

the number of cells by 10,000. This cell suspension was then resuspended in an

appropriate volume of DMEM to give the required cell density. Prior to seeding,

the wells of an appropriate plate were coated with poly-D-lysine (10 µg ml-1 in

double distilled H2O; filter sterilised using a 0.2µm filter) for 30min at room

temperature before being aspirated and washed with DMEM.

Typically cells were seeded the day before experimentation with the exception of

cells under the tetracycline repressor system (eg. HEK293TR Y1-GFP) or cells used

for cAMP accumulation experiments (see Table 4 for details).

2.2.2.2 Transfection

Transfection is the process of introducing DNA into a recipient eukaryotic cell

and, for stable transfection, the integration of this DNA into the host cell’s

genome. Stable transfections were undertaken using lipofectamine (Invitrogen)

and the appropriate cell line (HEK293T or HEK293TR cells) to generate mixed

populations. Cells were grown to 70% confluence in T25 flasks and the media

replaced with 1.2 ml OptiMEM (Invitrogen). Mixtures of 2 µg DNA in 200µl

OptiMEM and 18 µl lipofectamine also in 200µl OptiMEM, were prepared
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separately and then combined to allow lipofectamine:DNA complexes to form

over 1hr at room temperature. At the end of the incubation, a further 800µl

OptiMEM was added to the DNA-lipofectamine reaction, which was then mixed

by vortexing. The entire 1.2 ml DNA-lipofectamine mixture was then carefully

added to the T25 flask of cells and left for 24 h at 37°C and 95% O2/5% CO2. The

next day, cells were passaged using the standard protocol described (in section

2.2.2.3) and seeded at a 1:5 ratio. The appropriate antibiotic was also added at

concentration required for selection (Table 2.2).

2.2.2.3 Dilution cloning

Dilution cloning was used to generate HEK293T clonal cell lines expressing Snap

modified receptor constructs, namely Snap Y1-Yn, Snap Y1Y99A-Yn and Snap

β2ARYn, and the β-arrestin1-Gn or β-arrestin2-Gn base lines These clonal cell 

lines were then either expressed alone or used to create a dual stably transfected

cell line for use in BiFC dimer experiments. Mixed populations of cell lines

generated by stable transfection (2.2.2.1) were passaged (2.2.2.3) and counted

(2.2.2.1). Serial dilutions were created whereby an appropriate aliquot of cell

suspension was added to a universal containing 20ml DMEM and the appropriate

antibiotic required to give dilutions of ~200 cells per 20ml and ~20 cells per 20ml.

Of each dilution, 200µl per well was seeded onto a clear flat bottomed 96 well

plate with the aim to place 1 cell per well. Cells were left to grow until they had

reached approximately 50% confluency, with growth medium (containing the

required antibiotic for selection) replaced regularly. Only wells containing

colonies grown from a single foci were selected, with growth medium removed

and cells washed with 100µl PBS followed by treatment with 50µl trypsin. Gentle

pipetting was used to detach and collect cells, which were added to an individual

well of a 24 well plate containing 1.5ml DMEM. Cells were then grown to

approximately 70% confluency with cell morphology assessed, before being

moved to 6 well plates. Additionally 100µl cell suspension of each clone was

seeded onto 2 wells of a poly-D-lysine coated 96 well plate to allow clones to be



84

screened for receptor expression. Screening was achieved using Snap tag

labelling (see section 2.2.5.4) and imaging using an IX Ultra confocal plate reader.

The growth of positive clones was expanded in T75 flasks before being frozen.

The clone showing appropriate levels of receptor expression was either used

alone in experiments, or co-transfected with FLAG and Yc tagged receptor

constructs to generate mixed population BiFC dimer cell lines (eg. Snap Y1-Yn

(clone) / FLAG Y1-Yc (mixed)).

2.2.2.4 Induction of receptor expression using tetracycline

For receptor constructs expressed in HEK293TR cells (e.g. Y1-GFP), receptor

expression was induced following treatment with tetracycline (1µg ml-1) 24 h

prior to experimentation. The promoter of pcDNA4/TO contained two operon

sites (see figure 2.6) that are typically bound by the repressor protein co-

expressed in HEK293TR cells. This repressor control mechanism subsequently

prevents receptor transcription initiation. Treatment with tetracycline led to a de-

repression process, whereby the repressor protein is now bound by tetracycline.

This leads to the dissociation of the repressor protein from the tetracycline

operon sites, allowing receptor transcription to commence from the pCMV

promoter (Yao et al., 1998).

2.2.3 [125I] PYY competition binding studies

2.2.3.1 Membrane preparation

Crude membranes were freshly prepared from HEK293T or 293TR (following

tetracycline induction) cell lines, grown to 70% confluent in T75 flasks. All

equipment and buffers were kept on ice whilst membranes were prepared.

Medium was aspirated from flasks, and cells washed using PBS. 15ml of

membrane preparation buffer (25mM HEPES, 10mM Na2EDTA and 0.1mM AEBSF;

pH 7.4) was fired at the cells to detach them from the flask. The cell suspension

was added to a Dounce homogeniser. A further 5ml of membrane preparation

buffer was used to wash the surface of the T75 flask to collect any remaining
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cells. This 5ml of suspension was also added to the homogeniser. The entire

suspension was then homogenised 15 times using a pestle to break down cell

architecture. The suspension was then centrifuged for 20min at 40,000x g and

the resulting pellet resupended in 15ml of membrane resupension buffer (25mM

HEPES, 1mM Na2EDTA and 0.1mM AEBSF; pH 7.4) and added to the homogeniser.

A further 5ml was used to wash the centrifuge tube and collect any remaining

cells. The homogenisation process was repeated and the resulting suspension

centrifuged again for 20min at 40,000x g. The resulting pellet was resuspended in

4ml of membrane resuspension buffer and placed in a homogeniser. The

suspension was homogenised 50 times, before being placed on ice until needed.

2.2.3.2 Assay protocol

Experimental incubation buffer consisted of 25mM HEPES, 2.5mM CaCl2 and

1.0mM MgCl2, 0.1% BSA and 0.01% bacitracin (pH7.4). Bacitracin was included in

the assay buffer as a metallopeptidase inhibitor.

For GTPγS displacements, saponin was also included in the assay buffer at a final 

concentration of 30µg/ml-1, in order to permeabilise cell membranes and allow

access of the GTPyS to micelles (Cohen et al., 1996).

400µl of assay incubation buffer was added first to each experimental tube. Serial

dilutions of competing non radioactive ligands (at 10x final concentration) were

made up in assay incubation buffer and then added as a 50µl aliquot in duplicate

to the appropriate tube and tubes vortexed.  GTPγS dilutions were not made up 

until needed due to its instability. A stock volume of [125I] PYY was diluted in

incubation buffer to give a final experimental concentration per tube of 15pM.

The volume for dilution was determined for each experiment, to account for the

decreasing activity of the radioligand as it decays. Firstly the activity of stock (in

Bq) was calculated using the equation:

1. ቀ
ୱ୲୭ୡ୩୳ୱୣ ୢ (ஜ୪)

୲୭୲ୟ୪୴୭୪୳୫ ୣୱ୲୭ୡ୩ (ஜ୪)
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where D is the difference in days between the assay date and the reference date,

and t1/2 is the half life of Iodine-125

Radioactive activity required per tube (500 µl) was then calculated using the

equation:

2. Assay concentration (15pM)/2*specific activity of radioligand (81.4

Bq/fmol).

The dilution volume was finally calculated using the equation:

3. (Equation 1/ Equation 2)*volume of radioligand per tube (25µl)

This 25µl aliquot of diluted [125I] PYY was added to the side of each assay tube (ie.

not directly to the assay buffer to avoid cross contamination with the competing

ligands) and tubes vortexed. 10µl aliquots of [125I] PYY were saved for later

calibration of the gamma counter counting efficiency. A 25µl aliquot of diluted

cell membranes was then added to all assay tubes (except the designated blanks),

and tubes vortexed. The stock volume of diluted membranes was vortexed every

6 tubes to prevent settling. Therefore each assay tube contained a total volume

of 500µl consisting of:

400µl assay incubation buffer

50µl cold ligand

25µl diluted [125I] PYY

25µl diluted membranes

Competition binding assays were carried out for 90 minutes at 21°C with gentle

shaking. Membrane bound ligand was then separated by filtration through

Whatman GF/B filters pre-soaked in 0.3% polyethyleneimine solution using a

Brandel cell harvester. Retained radioactivity was quantified using a gamma

counter (Packard Cobra II, Perkin Elmer, Waltham, MA, USA).

2.2.4 [3H]cAMP accumulation assay

Typically in response to receptor activation, the enzyme adenylyl cyclase converts

ATP to cAMP and pyrophosphate. Therefore the production of cAMP can be used

as a readout of the activity of adenylyl cyclase. To facilitate this [3H] adenine can
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be used to label pools of intracellular adenine nucleotides, such as ATP ([3H]ATP)

which is then converted to [3H]cAMP. In response to the activation of receptors

coupled to the Gi class of G proteins, such as Y receptors, the Gα subunit inhibits

adenylyl cyclase and subsequent [3H]cAMP production. Measuring [3H]cAMP

production in response to agonist stimulation gives an indication of the degree of

receptor induced inhibition with sequential column chromatography used to

recover [3H] cAMP from [3H] ATP (Donaldson et al., 1989).

2.2.4.1.1 Dowex columns

A slurry of Dowex AC ‘50’ 50W-4X resin mesh 200-400 (1:1 (v/v)) with distilled

water was mixed under constant stirring and 2.4ml of this suspension was added

to each Bio-Rad ‘Poly-prep’ column. Columns were regenerated prior to each

experiment using 10ml 1M HCL, followed by 2 washes of 10ml distilled water.

Columns were cleaned after each experiment using 10ml 1M NaOH followed by 2

washes of 10ml distilled water.

2.2.4.1.2 Alumina columns

Columns were prepared when 0.6g of Neutral alumina WN-3 was added to each

Bio-Rad ‘Poly-prep’ column. Both prior to and after each experiment, columns

were washed twice with 10ml 0.1M imidazole.

2.2.4.2 Assay protocol

The assay protocol was adapted from (Donaldson et al., 1989). Due to the large

number of cells required for each assay, HEK293T cells were cultured in 175cm2

flasks (T175). Cells were seeded onto poly-D-lysine coated 24 well plates two days

prior to experimentation at a density of 100,000 cells per well in a total volume of

500µl (see section 2.2.2.3). On the day of the experiment, cells were loaded with

100µl of serum free DMEM containing 1µl [3H] adenine per well (2 µCi/ml; ie.

25µl [3H] adenine in 2.5ml DMEM per plate) added using a 10ml Eppendorf

combitip. Plates were incubated for 2hr at 37°C/5% CO2 to allow incorporation of

[3H]adenine into intracellular pools of adenine nucleotides. Following this,
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extracellular [3H]adenine was removed by washing once with 400µl of serum free

DMEM and replaced with 400µl DMEM/0.1% BSA containing 1mM rolipram (a

phosphodiesterase IV inhibitor). Antagonists, where used, were added at this

stage at an appropriate concentration, and plates incubated for 30 min at

37°C/5% CO2. Serial dilutions of desired agonist were made up in a vehicle buffer

of DMEM/0.1% BSA. A 50µl aliquot of agonist was added to designated wells,

along with a negative control of vehicle alone. Cells were preincubated with

agonist for 10min at 37°C/5% CO2, before the addition of 50µl per well of

forskolin (final concentration 30 µM) in serum free DMEM. Plates were then

incubated for a further 1hr at 37°C/5% CO2. Reactions were terminated using

50µl concentrated HCL added to all wells, followed by the addition of 100µl of

[14C] cAMP solution per well (0.25µl [14C] cAMP in 2.5ml ddH2O per plate). The

addition of [14C] cAMP, allowed the percentage recovery sample cAMP during

column chromatography to be estimated and corrected for. Therefore 3 vials

containing 100µl of [14C] cAMP alone from the day of the assay, representing

100% recovery controls, were saved to be read at a later date alongside the

corresponding plate. Assay plates were frozen and stored at -20°C in a

radioactivity designated freezer prior to recovery of [3H]cAMP and [14C]cAMP

using sequential column chromatography.

2.2.4.3 [3H] cAMP and [14C] cAMP recovery

Sequential chromatography using prepared Dowex and Alumina Biorad columns,

was used to isolate [3H] cAMP from [3H] ATP. This method was based on that

described by (Salomon et al., 1974). Columns were prepared as described above

(2.2.7.1), during which time assay plates were thawed at room temperature. The

whole well contents, totalling 650µl, was transferred to Dowex columns and left

to drip through. The resin of the Dowex columns, though negatively charged

themselves absorb the negatively charged nucleotides, cAMP, AMP, ADP and ATP

delaying their passage through the column. Upon washing the columns with 3ml

distilled water, the more negatively charged molecules, ATP and ADP are repelled
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by the negatively charged Dowex and forced through the column. The less

negatively charged AMP and cyclic AMP are retained in the Dowex column. The

Dowex columns were then placed over the alumina columns. The addition of 6ml

distilled water per Dowex column facilitated the elution of cAMP ([3H] cAMP,

[14C] cAMP and unlabelled cAMP) into the alumina column. Alumina columns

were then placed directly over scintillation vials, with 5ml 0.1M imidazole added

to each column to allow the elution of cAMP from the column into the vial (due

to the induced rise in pH). 8ml of scintillation fluid was added to each vial, in

addition to the 3 100% recovery vials saved from the day of the experiment. All

vials were then counted using a β scintillation counter capable of simultaneous 

dual counting of [3H] and [14C].

The scintillation fluid added to each vial contains phosphors which have

luminescence properties. Upon decay [3H] and [14C] radioisotopes emit β-

particles, which transfer energy absorbed by the phosphor. They then re-emit

this as photons, which are counted to give counts per minute (cpm). The use of a

control radioactive sample alongside each vial, allowed the efficiency of the mix

of scintillation fluid/elution to be determined. From this cpm values were

corrected to give estimated disintegrations per minute (dpm) values. The use of

dual counting of samples relies on the two radioisotopes decaying with different

energies from each other. The β-particles emitted by [14C] have more energy than

those produced by [3H], and are therefore recognised as distinct species by the

scintillation counter producing a separate value for each isotope’s disintegration.

2.2.5 Automated platereader assays

2.2.5.1 Agonist induced internalisation of HEK293TR GFP tagged receptors

HEK293TR cells stably expressing FLAG-tagged receptor-GFP constructs were

seeded onto poly-D-lysine coated 96 well clear flat bottomed black sided plates

(Greiner 655090, Greiner Bio-One, Stonehouse, UK) two days prior to assay at a

density of 20,000 cell per well. The next day cells were treated with 1 µg/ml
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tetracycline to induce receptor expression (see section 2.2.2.4). On the day of

experiment, cells were washed once with medium consisting of HEPES buffered

saline solution (HBSS; 147mM NaCl, 5 mM KCl, 1.3mM CaCl2, 1mM MgSO4, 10mM

HEPES, 2mM NaCH3COCO2; pH 7.45) supplemented with 0.1% bovine serum

albumin (BSA). This was then replaced with 100µl per well of HBSS. BSA was

included in the assay vehicle to prevent the peptide ligands from sticking to the

plasticware. Vehicle (HBSS) or agonist additions were made to triplicate wells and

incubated at 37°C for times as indicated. Following this, cells were washed with

phosphate buffered saline (PBS) and fixed in 3% paraformaldehyde (PFA)/PBS for

10min at room temperature. Cells were then washed with PBS for 5min followed

by nuclei staining using H33342 (bisbenzimide H 33342 trihydrochloride; Sigma

Aldrich; 2µg ml-1 in PBS) for 15min at room temperature. Wells were then washed

twice with PBS before being imaged using an IX Ultra confocal plate reader

(Molecular Devices). A Plan Fluor 40x NA0.6 extra long working distance air

objective with a pinhole set to 4 was used to image four central sites per well.

405nm (DAPI; cell nuclei) and 488nm (GFP) laser excitation were used. Laser

powers and gains were kept constant for all experiments (see Table 2.6).

2.2.5.2 Bimolecular fluorescence complementation (BiFC)

Bimolecular fluorescence complementation (BiFC) is a fluorescence based

technique which can be used to investigate defined protein-protein interactions.

A fluorescent protein is split into 2 non fluorescent halves N and C terminal

fragments. These fragments can be covalently fused to proteins of interest eg.

receptor-Yc and β-arrestin2-Yn (Kilpatrick et al., 2010). Upon interaction of the 

tagged proteins, the two fragment tags are brought into close proximity

facilitating their association and refolding into the full length vYFP. The

chromophore matures, which then produces a fluorescent signal that acts as a

readout of the interaction of the two tagged proteins (Kerppola, 2009).
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Figure 2.9: The principle of bimolecular fluorescence complementation (BiFC)

Two proteins of interest can be covalently tagged with complementary fragments of vYFP. Following interaction of the tagged proteins, these
fragments re-associate and re-fold to form full length vYFP. Following chromophore maturation, observed fluorescence acts as a readout of
protein-protein interaction.
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Figure 2.10: Example plate layouts used in automated platereader assays

Representative plate layouts used for agonist concentration response courses (A)
antagonist pretreatment followed by agonist stimulation (B; + representing antagonist
treated columns). All values are stated as nanomolar concentrations.
of a timecourse experiment is also shown (C) with agonist treated wells indicated (+).

atereader assays

for agonist concentration response courses (A) and
stimulation (B; + representing antagonist

treated columns). All values are stated as nanomolar concentrations. An example layout
with agonist treated wells indicated (+).
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2.2.5.3 Measuring the interaction of β-arrestin2 with NPY Y receptors using BiFC 

HEK293T cells stably co-expressing a mixed population of FLAG-NPY Y receptor-Yc

and clonal β-arrestin2-Yn (Y1/A2) or β-arrestin-Gn (Y1/A1G, Y1/A2G) were seeded 

the day prior at a density of 40,000 cells per well onto poly-D-lysine coated 96

well clear bottomed black sided plates (Greiner 655090). Cells were washed with

serum free DMEM/0.1% BSA (vehicle) and replaced with 100µl per well. Plates

were incubated for 20min at 37°C/5% CO2. Agonists or vehicle control were

added to the appropriate-triplicate wells to give a final concentration range of 10-

10 to 10-6M and incubated for 60min at 37°C/5% CO2. Cells were then washed,

fixed and nuclei stained as described in section 2.2.3.1. Plates were also imaged

using an IX Ultra confocal platereader, fitted with a Plan Fluor 40x NA0.6 extra

long working distance air objective, with 405nm (DAPI; cell nuclei) and 488nm

(YFP; BiFC signal) laser lines used for excitation. A larger pinhole diameter of 7

was used for imaging recomplemented YFP to improve the signal to noise ratio.

2.2.5.4 Receptor visualisation of Snap tagged receptors

The Snap tag is a 20 kDa mutated version of the human DNA repair protein O6-

alkylguanine transferase (hAGT). Physiologically this enzyme removes alkyl

groups on the O6 position of guanine bases of DNA and covalently transfers them

to an internal cysteine residue (Pegg, 2011). This property has been exploited for

use in tagging recombinant proteins by engineering hAGT to react with

exogeneous benzylguanine substrates covalently bound to a fluorophore (BG-

AF647 throughout). This leads to irreversible labelling of the Snap tag with the

fluorescent probe allowing direct visualisation of N terminally Snap modified

receptors. Snap surface labels are membrane impermeant, therefore only

receptors that have been successfully trafficked from the endoplasmic reticulum

or Golgi apparatus and are subsequently expressed at the cell surface (with

extracellular Snap tag) are labelled.
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Figure 2.11: The principle of combining Snap labelling and BiFC to study the interaction
of two receptor protomers.

The schematic illustrates how HEK293T cells were stably transfected with a clonal GPCR
protomer (A) expressing an N terminal Snap tag. The Snap tag is a small polypeptide
based on a mammalian DNA repair protein, which irreversibly transfers the alkyl group of
a membrane impermeant fluorophore conjugated substrate (AF-647) to a cysteine
residue of the tag sequence allowing the surface expression of Snap labelled receptor to
be imaging using the Cy5 filter settings of a confocal platereader (B). To investigate the
internalisation of receptor dimers, Snap-protomer A can be co-expressed with an
additional FLAG labelled protomer B. Both protomers (A and B) are tagged at their C
terminus with a fragment of YFP. Receptor dimerisation brings the two fragments into
close proximity whereupon they can refold into recomplemented YFP. This produces a
fluorescent signal that identifies a discrete interaction between receptors of known
composition (‘BiFC dimer’).
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2.2.5.5 Agonist induced internalisation of BiFC constrained GPCR dimers

For BiFC dimer experiments, Snap 647 labelling of Snap-Receptor-Yn (termed

protomer A; Figure 2.11) allowed the simultaneous imaging of this population

with the BiFC dimer population (complementation between Snap Receptor-Yn /

FLAG Receptor-Yc protomers A+B; recomplemented YFP) in the same cell. This

allowed the responses of the BiFC dimer population to be compared with the

protomer A population (be that monomers, dimers or oligomers).

HEK293T cells stably co-expressing Snap-receptor protomer A-Yn alongside a

mixed population of FLAG-tagged receptor protomer B-Yc were seeded onto

poly-D-lysine coated 96 well clear flat bottomed black sided plates (Greiner

655090) on the day before experiment at a density of 40,000 cells per well. On

the day of experiment, cells were treated with serum supplemented DMEM

containing 0.2µM Snap AF647 for 30min at 37°C/5% CO2. Wells were then

washed with HBSS/0.1% BSA before being replaced with 100µl per well of HBSS /

0.1% BSA. Vehicle or agonist were added as a 20µl aliquot typically at a final

concentration range of 10-10 to 10-6M to triplicate wells and incubated at 37°C for

times as indicated. Cells were then fixed and nuclei stained as described

previously (2.2.3.1). Plates were imaged using an IX Ultra confocal platereader,

fitted with a Plan Fluor 40x NA0.6 extra long working distance air objective, with

a pinhole set to 7 using 405nm (DAPI; H33342 cell nuclei) and 488nm (FITC; YFP

BiFC signal) and 647nm (Cy5; Snap AF647 label) laser excitation.

2.2.6 Specific platereader assay methods

2.2.6.1 Assays requiring pretreatment with antagonist

Where antagonist pre-treatment was required after the initial wash, the contents

of wells of even numbered columns was replaced with 100µl of HBSS/0.1% BSA

containing the appropriate concentration of antagonist (see Figure 2.10, plate

layout B). To the wells of odd numbered columns, 100µl of medium alone was
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added. Plates were incubated for 30min at 37°C/5% CO2, prior to agonist

addition. From this point on the assay protocol followed that of section 2.2.3.1.

2.2.6.2 Timecourse assays

To assess the timecourse of agonist induced internalisation of receptor

constructs, the same protocol as for section 2.2.5.3 or 2.2.5.5 was followed until

the replacement of well volumes with 100µl per well of HBSS/0.1% BSA. 100nM

NPY was then added as a 20µl aliquot to the centre of wells in rows B D and F at

an appropriate time point, such that incubations finished concurrently The time

intervals chosen were 30, 20, 15, 12, 10, 8, 6, 4, 2, and 1min (see plate layout).

Assay medium was quickly removed, by flicking the well contents into a sink. Cells

were immediately fixed as described in 2.2.3.1.

2.2.7 Confocal microscopy

HEK293T Snap-receptor cell lines were seeded onto poly-D-lysine coated 8 well

clear plates (Nunc Lab-Tek, Thermo-Fisher Scientific, UK) at a density of 50,000

cells per well. The next day, live cells were labelled with 0.2µM Snap AF647 as

previously described (see section 2.2.3.4), washed twice with HBSS/0.1% BSA

(vehicle) and treated with either 300µl vehicle or 100nM NPY in HBSS/0.1% BSA

for 30 min at 37°C. Images were taken using a Zeiss LSM 510 (Carl Zeiss Ltd.,

Welwyn, UK) fitted with a 63x Plan Apochromat NA 1.4 oil objective using Argon

488nm (Recomplemented vYFP) and HeNe 633nm (SNAP-surface AF647) laser

lines for excitation.

Multitrack settings were utilised, so that the sample was illuminated sequentially

with the distinct laser excitations to prevent bleed-through from one to the

other. Long pass and band pass emission spectra are detailed in Table 2.5.

A pinhole diameter of 1.5 Airy units was set for the longest wavelength acquired

(633 nm / long pass 650nm) and the optical slice subsequently matched for the

shorter wavelength (488nm / BP 505 – 550 nm). This pinhole size was larger than

the optimal pinhole size of 1 Airy unit in order to improve the signal to noise ratio
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when imaging BiFC fluorescence. Microscope detector gains and amplifier offsets

were consistently adjusted within data groups to enable comparison between

control and treated samples and prevent oversaturation. All images were taken

at 1024x1024 pixels per frames with 8 averages limiting total laser exposure per

acquisition to approximately one minute.

When using HEK293TR receptor-GFP cell lines, cells were seeded two days prior

to assay at a density of 20,000 cells per well. The next day receptor expression

was induced following the addition of 1µg ml-1 tetracycline (see section 2.2.2.4).

Cells were also imaged using a Zeiss LSM 510 fitted with a 63x Plan Apochromat

NA 1.4 oil objective using an Argon 488nm laser line for excitation and emitted

light collected via a 505-550nm bandpass filter, using a pinhole diameter of 1 Airy

unit. Gains and offsets were consistently adjusted within data groups to prevent

oversaturation. All images were taken at 1024x1024 pixels per frame with 8

averages.

2.2.8 Fluorescence correlation spectroscopy (FCS)

Fluorescence correlation spectroscopy (FCS) is a technique which measures the

diffusion of fluorescently tagged moieties through a fixed confocal volume of

approximately 0.25µm3. As fluorescent particles pass through this volume, they

produced time dependent fluctuations in intensity which were analysed to

generate information concerning the mobility, concentration and molecular

brightness of these particles (Figure 2.12; see Chapter 4).

2.2.8.1 Calibration

FCS measurements were performed using a Zeiss Confocor 2 fluorescence

microscope fitted with a c-Apochromat 40x NA 1.2 water immersion objective

lens. Calibration was required to ensure the optimal position of the beam path

and to confirm a detection volume of Gaussian shape. Calibration was first

performed using rhodamine 6G (Invitrogen, DR6G; known diffusion coefficient, D =

3x10-6 cm2 s-1). 10-2M stock solutions of Rhodamine 6G was diluted to 10-6M and
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10-8M aliquots in ultrapure fluorescence free water. 300µl of each dilution was

placed into separate wells of an 8 well plate and left for 5min before calibration.

The plate was placed over the objective, and firstly centred on the well containing

the 10-6M solution. Both the lower then upper surface of the 8 well plate were

determined using the reflection beampath and the focal position set 200µm

above the upper surface as the defined well bottom.

A beampath was then selected which gave the correct laser excitation, dichroic

mirror and emission filter for detecting GFP tagged receptors. An Argon laser set

to 25% output, with a pinhole diameter of 1 Airy unit was used. When calibrating

using 10-6M rhodamine, a laser power of 0.3% was used and the collar correction

adjusted to give a count rate of 200-250 kHz. The position of the pinhole was

then scanned and automatically optimised by the machine in both the x and y

axis alongside adjustment of the collimator position (z axis). The x,y and z values

were recorded for each experiment, with the x and y values not expected to

widely vary. The objective was then centred over the well containing the 10-8M

rhodamine solution and the laser power increased to give a count rate of

approximately 50-70 counts per molecule. Rhodamine calibration measures of 3

x 15 seconds reads were then carried out using a range of laser powers (5-1%).

The first read was used to bleach immobile species within the sample in order to

obtain a more stable trace in the absence of systematic decreases in mean

intensity over the recording time. However in reality, bleaching for rhodamine is

minimal (due to its fast diffusion), and was therefore included as a control for

measurements of fluorescent protein tagged cells where bleaching is much more

prevalent. The calibration autocorrelation curves were then fitted using the

inbuilt analysis software (Zeiss AIM, Jena, Germany) to a one component 3D

diffusion model with the structural parameter set to free (see section 2.2.11.1 for

further details of equations used). All counts per molecule and structural

parameters for each laser power used were recorded in order to confirm that the

system was calibrated correctly and to calculate the parameters required for
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analysis post experiment. The structural parameter is a value that is extremely

sensitive to correct calibration as it is the ratio of the height to waist radius of the

confocal volume. For correct rhodamine calibration this value should be

approximately 5 for a Gaussian detection volume (independent of the laser

power used).
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Figure 2.12: The principles of fluorescence correlation spectroscopy (FCS)

The confocal volume was positioned on the upper membrane of the cell (A) and the diffusion of fluorescently tagged molecules through the
confocal volume was detected. These time dependent fluctuations in fluorescent intensity were measured (B) and analysed to give quantitative
data concerning the mobility and concentration of these fluorescent particles (C).
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2.2.8.2 Measuring the diffusion of superfolder GFP tagged receptors using FCS

HEK293TR cells expressing FLAG receptor-GFP were seeded on poly-D-lysine

coated 8 well plates (Nunc Lab-Tek, Thermo Fisher Scientific, UK) at a density of

20,000 cells per well. The next day receptor expression was induced upon

tetracycline addition (1µg ml-1 see section 2.2.2.4). FCS experiments were

performed two days post seeding. On the day of the assay, cells were washed

with HBSS/0.1% BSA. Well contents were then replaced with 400µl per well

vehicle and cells pretreated with either vehicle or 100nM NPY for 15min at

37°C/5% CO2. Following this plates were placed over the objective (previously

calibrated as detailed in section 2.2.5.1) and fluorescent cells (of approximately

equivalent brightness) were selected from live imaging using a Zeiss Axiocam HR

camera with GFP exposure set to 700ms. To prevent bleaching, a low laser power

(0.1%) was used to place the xy position of the focal volume over the centre of a

nucleus. The z position of the confocal volume was determined by performing a z

scan which, for plasma membrane limited tagged receptors, produced 2 peaks

defining the upper and lower membranes of the cell. The focal volume was then

placed at the z position on the upper membrane. When recording

autocorrelation fluctuations, the laser power was increased to 0.3% (0.61

kW/cm2) and a 15sec prebleach was performed followed by 2 x 15sec reads.

2.2.8.3 Measuring the diffusion of FLAG receptor-Gc and β-arrestin2-Gn 

complexes using FCS

HEK293T cells co-expressing a mixed population of FLAG receptor-Gc and clonal

β-arrestin2-Gn were seeded on poly-D-lysine coated 8 well plates at a density of

50,000 cells per well the day before experimentation.

On the day of the assay, cells were washed with HBSS/0.1% BSA (vehicle). Well

contents were then replaced with 400µl per well of vehicle and cells pretreated

with 100nM NPY for 1 h at 37°C/5% CO2.
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Fluorescent cells were again selected from live imaging using a Zeiss Axiocam HR

camera. However GFP exposure during selection was increased to 1000 ms, to

account for the reduced signal to noise ratio of recomplemented GFP. A defined

plasma membrane was difficult to identify for GFP BiFC cells, therefore the xy

position of the confocal volume was placed over an area of high intensity

fluorescence corresponding to internalised receptor within perinuclear recycling

compartments. Following cell selection, a z scan was performed as before but the

confocal volume was now placed slightly offset of the fluorescence intensity peak

representing the upper membrane. From this point, the same assay protocol was

followed as for full length GFP tagged receptors (section 2.2.8.2).

2.2.9 Fluorescence recovery after photobleaching (FRAP)

Fluorescence recovery after photobleaching (FRAP) is a technique that can be

used to quantify the 2D diffusion of fluorescently tagged molecules. Additionally

FRAP can also provide estimates on the respective proportions of mobile and

immobile fluorescent molecules present. In FRAP the fluorescent molecules

present on a small region of interest (ROI) on a cell, are irreversibly

photobleached using a high intensity laser power. Subsequent recovery of

fluorescence due to the lateral diffusion of non bleached fluorescent molecules

into the bleached area are recorded and estimates of diffusion coefficients

calculated (Ishikawa-Ankerhold et al., 2012).

2.2.9.1 Using FRAP to measure the diffusion of GFP tagged receptors

HEK293TR cells expressing native or mutant Y1 receptor-GFP were seeded on

poly-D-lysine coated 8 well plates (Nunc Lab-Tek) at a density of 20,000 cells per

well. The next day receptor expression was induced using tetracycline addition

(1µg ml-1 see section 2.2.2.4). FRAP experiments were performed two days post

seeding.
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2.2.9.2 Using FRAP to measure the diffusion of Y1 receptor/β-arrestin2 BiFC 

complexes

For FRAP investigations using HEK293T cells coexpressing Y1 receptor and β-

arrestin constructs tagged with superfolder GFP complementary fragments (e.g.

Y1/A2G) cells were seeded on poly-D-lysine coated 8 well plates (Nunc Lab-Tek)

at a density of 40,000 cells per well. FRAP experiments were performed the

following day.

2.2.9.3 FRAP experimental protocol

FRAP experiments were performed using a Zeiss LSM710 laser scanning

microscope using a 63x Plan-Apochromat NA 1.4 oil objective. Argon 488nm (full

length or recomplemented GFP) laser excitation was used with emitted light

collected between 493 -558nm. On the day of the assay, cells were washed with

HBSS/0.1% BSA. Well contents were then replaced with 400µl per well of vehicle

and cells pretreated with either vehicle or 100nM NPY for 15min (GFP tagged

constructs) or 60min (GFP fragment tagged constructs) at 37°C/5% CO2. Slides

were then transferred to a heated stage and left to equililbrate at 37°C. A 1.4µm2

ROI (radius 0.66µm; red circle in Figure 2.13) was placed on the lower plasma

membrane adjacent to the coverglass. 10 images were then acquired at 0.5sec

intervals (512x512 pixels) to provide a baseline value of fluorescence intensity for

the ROI. The region of interest was then bleached using 50 iterations of 100%

laser power. Fluorescence recovery was then measured for 90 (full length GFP) to

120 sec (recomplemented GFP). Following this ROIs were also placed on an area

of the coverslip containing no cells (background ROI; blue circle) and an adjacent

cell of comparable fluorescence intensity to the cell investigated (representative

cell; green circle). These representative ROI’s allowed background fluorescence

and the amount of non bleached fluorescent signal lost during imaging

(background bleaching) to be corrected for in recovery curves. A one phase

exponential model was used to fit FRAP recovery curves (see section 2.12).



Figure 2.13: Representative images showing

Representative images show a FRAP experiment being performed on Y1
circular area on the lower plasma membrane approximately 1.
is shown in red (Prebleach panel). Following bleaching, t
spot (bleach panel). Following the recording of fluorescence recovery, representative
(green) and background (blue) references ROIs are drawn (recovery panel).

2.2.10 Data analysis

2.2.10.1 [125I] PYY competition

As each ligand concentration was performed in duplicate, the average gamma

count was used. Non specific binding, comprising less than 5% of total specific

binding was subtracted from the data. Specific disintegrations per minute

molecule (dpm) were converte

Specific cpm * (1/60) * (100 / CE) * 1000 / protein * (1 / SA)

Where 60 is the factor to convert counts per minute to counts per second.

Where CE = counting efficiency (%), based on the day’s reference [

aliquot, protein = amount of protein (µg) in membrane aliquot, and SA = specific

activity (81.4 Bq / fmol).

IC50 values were calculated from displacement curves fitted using non linear least

squares regression in GraphPad Prism 5.02. The Cheng Prusoff equation was

used to convert IC
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Figure 2.13: Representative images showing the placement of ROI used in FRAP

Representative images show a FRAP experiment being performed on Y1
circular area on the lower plasma membrane approximately 1.3µm to be photobleached
is shown in red (Prebleach panel). Following bleaching, this area is now seen as a black
spot (bleach panel). Following the recording of fluorescence recovery, representative
(green) and background (blue) references ROIs are drawn (recovery panel).

2.2.10 Data analysis

PYY competition binding

s each ligand concentration was performed in duplicate, the average gamma

count was used. Non specific binding, comprising less than 5% of total specific

binding was subtracted from the data. Specific disintegrations per minute

molecule (dpm) were converted to fmol/mg using the formula:

Specific cpm * (1/60) * (100 / CE) * 1000 / protein * (1 / SA)

Where 60 is the factor to convert counts per minute to counts per second.

Where CE = counting efficiency (%), based on the day’s reference [

rotein = amount of protein (µg) in membrane aliquot, and SA = specific

activity (81.4 Bq / fmol).

values were calculated from displacement curves fitted using non linear least

squares regression in GraphPad Prism 5.02. The Cheng Prusoff equation was

used to convert IC50 measurements to pKi values where appropriate:

the placement of ROI used in FRAP

Representative images show a FRAP experiment being performed on Y1-GFP cells. The
µm to be photobleached

his area is now seen as a black
spot (bleach panel). Following the recording of fluorescence recovery, representative
(green) and background (blue) references ROIs are drawn (recovery panel).

s each ligand concentration was performed in duplicate, the average gamma

count was used. Non specific binding, comprising less than 5% of total specific

binding was subtracted from the data. Specific disintegrations per minute

d to fmol/mg using the formula:

Specific cpm * (1/60) * (100 / CE) * 1000 / protein * (1 / SA)

Where 60 is the factor to convert counts per minute to counts per second.

Where CE = counting efficiency (%), based on the day’s reference [125I] PYY

rotein = amount of protein (µg) in membrane aliquot, and SA = specific

values were calculated from displacement curves fitted using non linear least

squares regression in GraphPad Prism 5.02. The Cheng Prusoff equation was

values where appropriate:
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 Ki = IC50/ (1+[L]/Kd)

where [L] is the concentration of free radioligand and Kd the dissociation constant

of the radioligand derived from homologous displacements of PYY for the

receptor.

Homologous PYY displacements were used to derive approximate estimates of

Bmax values (in pmol mg-1 membrane protein) using the equation:

 Bmax = TSBxIC50/[L]

where TSB is the total specific binding in the absence of agonist and [L] the

radioligand concentration used.

To convert disintergration counts to fmol/mg the counting efficiency of the

gamma counter was firstly determined using the equation:

1. =
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ୟୡ୲୧୴୧୲୷୭୤୰ୟୢ ୧୭୪୧୥ୟ୬ୢ୭୬ ୡ୭୳୬୲ୢୟ୷
100ݔ

The concentration of radioligand per assay in fmol/mg was then calculated using

the equation:

2. = ቀ
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where A = the half life of the radioligand

B = protein amount within the assay volume used (µg/tube).

C = the known specific activity of the radiolabel (81.4 Bq/fmol).

All values are quoted as means ± s.e.m throughout.

2.2.10.2 Inhibition of cAMP accumulation

To determine the efficiency of the column chromatography, the average of the 3x

100% recovery vials per experiment was used to give the expected [14C]-cAMP

dpm values assuming 100% column efficiency (the ‘100% recovery dpm’). To

correct for column efficiency, the [14C] dpm value from each individual column

was divided by this 100% ‘recovery dpm’ to give the fraction recovered from that

column (the recovery fraction). The corrected [3H] dpm value for each column

was then determined by dividing the [3H] dpm obtained from the counter by this
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recovery fraction. All cAMP data presented in this thesis are expressed as

corrected [3H] dpm values obtained from raw data which has been normalised

using negative (unstimulated cells representing 0% basal values) and positive

controls (wells stimulated with 30µM forskolin only representing 100% values) to

allow different assay plates to be compared. Normalised dpm values from

multiple experiments were pooled and then plotted against agonist

concentration with bottom values constrained to 100% and Hill slopes set equal

to 1. Antagonist Kb values were calculated as for section 2.2.9.1.2.

2.2.10.3 Automated image analysis of plate reader images

The images acquired using the IX Ultra confocal platereader (see section 2.2.3;

Figure 2.14) can be analysed using various algorithms (MetaXpress 2.0, Molecular

Devices) to provide quantitative data of receptor internalisation. All images

acquired were 16 bit greyscale, meaning each pixel is represented as a number

from 0 (black) to 65535 (white). Images of receptor internalisation (Example

images from Y1-GFP receptor internalisation are shown in Figure 2.14; panel A

and B) or BiFC images of NPY Y receptors interacting with β-arrestin were 

analysed using a granularity algorithm which identified regions of internalised

fluorescence as ‘granules’ of 3-15 µm in diameter (Figure 2.14 panel C; white

spots). Additionally fluorescence intensity thresholds were set to negative

(vehicle) and positive plate controls (top concentration of full agonist used). The

addition of a nuclear stain H33342 identified nuclei, allowing all data to be

expressed on a per cell basis (Figure 2.14 panel C; green masks). Internalised

vesicles were assigned to an identified nucleus based on proximity.

All values were averaged from triplicate wells (4 sites imaged per well; ie. 12 sites

of data obtained per point). Granularity analysis gives several parameters such as

granule count, intensity and area which all produced similar results. All data

presented derived from measurements of granule count per cell. BiFC receptor

dimer images were also analysed using the granularity algorithm.



Figure 2.14: Representative images of automated confocal imaging and quantitative
analysis of Y1
Representative images show Y1
following control (HBS
inclusion of a nuclear stain (H33442) identified nuclei (granularity analysis panel; green
spots). Concurrent use of a granularity algorithm on sets of paired images allowed the
quantification of internalised fluorescence on a per cell basis. This fluorescence was
identified as granules of 3
Stimulation with 1µM NPY resulted in marked internalisation of Y1
was reflected in an increase in the number of intracellular granules quantified when
compared to control images.

For both Snap 647 images (Snap labelled receptor population; Snap Receptor

and BiFC dimer images (Snap Receptor

was kept consistent; for investigations using Y receptors granule size was set to 3

15µm in diameter,

receptors. Fluorescence intensity thresholds differed for the two wavelengths

used, but were again set based comparison between negative (vehicle) and
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: Representative images of automated confocal imaging and quantitative
analysis of Y1-GFP receptor internalisation in response to NPY stimulation
Representative images show Y1-GFP receptors stably expressed in HEK293TR cells
following control (HBSS/0.1% BSA) or 1µM NPY stimulation (30m
inclusion of a nuclear stain (H33442) identified nuclei (granularity analysis panel; green
spots). Concurrent use of a granularity algorithm on sets of paired images allowed the

f internalised fluorescence on a per cell basis. This fluorescence was
identified as granules of 3-15µm in diameter (Granularity analysis panel; white spots).
Stimulation with 1µM NPY resulted in marked internalisation of Y1

ted in an increase in the number of intracellular granules quantified when
compared to control images.

647 images (Snap labelled receptor population; Snap Receptor

and BiFC dimer images (Snap Receptor-Yn / Receptor-Yc population) granu

was kept consistent; for investigations using Y receptors granule size was set to 3

diameter, with granule size set to 2-15µm in diameter

Fluorescence intensity thresholds differed for the two wavelengths

used, but were again set based comparison between negative (vehicle) and

: Representative images of automated confocal imaging and quantitative
GFP receptor internalisation in response to NPY stimulation

GFP receptors stably expressed in HEK293TR cells
M NPY stimulation (30min at 37°C/5%CO2). The

inclusion of a nuclear stain (H33442) identified nuclei (granularity analysis panel; green
spots). Concurrent use of a granularity algorithm on sets of paired images allowed the

f internalised fluorescence on a per cell basis. This fluorescence was
15µm in diameter (Granularity analysis panel; white spots).

Stimulation with 1µM NPY resulted in marked internalisation of Y1-GFP receptors. This
ted in an increase in the number of intracellular granules quantified when

647 images (Snap labelled receptor population; Snap Receptor-Yn)

Yc population) granule size

was kept consistent; for investigations using Y receptors granule size was set to 3-

15µm in diameter for β2AR 

Fluorescence intensity thresholds differed for the two wavelengths

used, but were again set based comparison between negative (vehicle) and
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positive (1µM NPY for NPY Y receptors and 10µM Isoprenaline for β2AR 

receptors) plate controls.

All automated image analysis data was exported as an Excel spreadsheet and

analysed using GraphPad Prism 5 (Prism 5.02; GraphPad Software Inc, San Diego,

CA).

2.2.10.3.1 Concentration response curves measured using plate reader assays

Data was normalised to the top concentration of the specific full agonist used (eg.

1µM NPY for NPY Y1 receptors or 10µM Isoprenaline for β2AR). Concentration 

response curves were fitted to pooled data from at least 3 individual experiments

using non linear least squares regression (Prism 5.02; GraphPad). Additionally

some data sets were expressed where appropriate as percentage fold increase

over basal with all data constrained at basal values to 100%. Hill slopes were

fitted freely but constrained to a maximum of 2. If a maximum response could be

defined agonist pEC50 values were stated (expressed as –log EC50; pEC50) as mean

± standard error of the mean and responses fitted as defined by the equation:

Response = = Rmax.[Agonist]n/([Agonist]n+EC50
n)

Where Rmax is the maximum response and n is the Hill Slope.

2.2.10.3.2 Antagonist pretreatment

Responses following antagonist pretreatment were analysed using the Gaddum

equation to determine the affinity of the competitive antagonist used. Firstly the

concentration ratio (CR) was determined as the ratio of the agonist EC50 value in

the absence and presence of a particular concentration of antagonist ([B]). The

antagonist equilibrium dissociation constant (Kb) was then calculated using the

equation: Kb = [B] / (CR-1)

The Kb, equilibrium dissociation constant represents the concentration of

antagonist required at equilibrium to occupy 50% of receptors. Each individual Kb

value from independent experiments was pooled and expressed as mean ±

standard error of the mean.
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2.2.10.3.4 Timecourse of stimulation

Timecourse experimental data were analysed using single phase association

kinetics using Prism 5. A latency period (typically of 2 minutes) was included

where appropriate to account for the delay between agonist addition and initial

response, as indicated in the relevant Figure legends.

2.2.11 FCS

2.2.11.1 Autocorrelation analysis

In FCS the pinhole of the microscope objective can be positioned to create a

Gaussian shaped confocal detection volume (~0.25fl) on a region of interest, such

as the plasma membrane of a cell. As fluorescently tagged moieties diffuse

through this volume they produce time dependent fluctuations in detected

fluorescent intensities. Autocorrelation analysis compares the size of a

fluctuation (δI) with the mean fluorescent intensity (<I>) at time T with that of a 

subsequent fluctuation at time T+τ.  Using the whole range of τ values, the 

autocorrelation function (G(τ)) can be derived, which is then normalised to the 

square of the mean intensity measured (<I>). The autocorrelation function is

thus:  G(τ) = 1 + <δI(T).δI(T+τ)> / <I>2 (Figure 2.12C).

Non linear curve fitting of data derived from the autocorrelation function using a

biophysical model, was used to produce an autocorrelation decay curve (see

Figure 2.12, panel C). From this curve, specific parameters of the fluorescent

particles within the confocal detection volume can be defined, namely the

average dwell time (τD) representing the halfway point of the G(τ) decay (Briddon 

and Hill, 2007) and the average particle number N, from its inverse relationship to

the autocorrelation function at time zero (G0).

Experimental calibration using a fluorophore with a known diffusion coefficient,

in this case rhodamine 6G (D = 3x10-6 cm2 s-1), alongside the structural parameter

obtained in calibration, allowed the volume and waist radius of the confocal

volume to be determined per experiment (ω0=(4D.τD)1/2). This volume, in
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conjunction with individual τD values allowed the diffusion coefficients (D) of the

fluorescently tagged receptor or complex to be calculated using the equation

D=ω2
0/4τD. The concentration of 2D limited fluorescent particles (ie. receptors 

expressed in plasma membranes) within the confocal detection volume, was

derived using the equation N/(πω2
0).

The model chosen for curve fitting of calibration reads was 1x3D free, as it

incorporates movement in x,y and z dimensions. Very rapid fluctuations (< 10 µs)

were also recorded of excited fluorophore electrons exhibiting delayed decay and

emission. This property, termed the triplet factor, was accounted for by a pre-

exponential term (not shown) in the 1x3D model chosen (1x3D + Triplet):
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In addition to components already described, m is the total number of

components (in this case m=1), fi is the fractional contribution that component i

attributes to the curve (in this case 1), and S is the structural parameter related to

the shape of the confocal volume.

A 2D model, was used to fit traces of GFP tagged receptors and BiFC complexes as

this model only incorporates diffusion in x and y within the plasma membrane.

This model also incorporates a fast pre-exponential component (<10µs) that

accounts for on-off transitions in fluorescence, termed ‘blinking’, that is a

consequence of the photophysics of GFP. In this fit, the number of components

(m) was 2. The following equation was used for fitting traces to a 2D model:
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This model typically gave two dwell times, τD1 and τD2, as well as fi in terms of

the percentage each component contributes to the overall amplitude of the

autocorrelation curve at G(0) (τD1 % and τD2 %).
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2.2.11.2. Photon counting histogram (PCH)

In a subset of FCS experiments, the raw fluctuation measurements were also

exported and analysed using photon counting histogram (PCH) analysis (Chen et

al., 1999). Unlike autocorrelation analysis which describes the temporal

behaviour of fluorescence fluctuations, PCH analysis is concerned with the

variations that occur in the amplitude of excitation intensity in different parts of

the confocal volume. PCH analysis can provide information on molecular

brightness (ε) and an alternative calculation of particle concentration. When 

performing PCH analysis, the fluorescence trace is divided into bins of a specific

time. For diffusion of receptor GFP (dwell time ~40 ms) for example, a bin time of

1 ms was chosen throughout to be less than the dwell time of the fluorescent

species but to exclude more rapid time dependent fluctuations attributed to the

photophysics of the fluorophore.

The photon counts in each bin were counted, with a frequency histogram

generated with the x axis representing the number of photon counts k and the y

axis the number of bins containing those counts k. This histogram deviates from

an expected Poisson distribution due to the uneven illumination of the confocal

volume, whereby the greatest excitation is found in the centre of the volume.

This deviation from the ideal Poisson distribution can be measured in PCH

analysis, and a fit modelled on the number (N) and the molecular brightness (ε) of 

fluorescent species.

PCR calibration reads (rhodamine) were fitted to a 1 component model. The

purpose of this calibration was to provide a first order correction value (F), which

accounts for deviation from a Gaussian observation volume when using single

photon rather than 2 photon excitation (Huang et al., 2004). This value was then

used in the analysis of experimental data, using 1 or 2 component PCH models

with a bin time set to 1msec.
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2.2.12 Calculating diffusion coefficients from FRAP recovery curves

A one phase exponential model was used to fit FRAP recovery curves using data

previously corrected for background fluorescence and global bleaching of the

image (Zen 2010 software, Zeiss, Jena, Germany). The following equation was

used:

 I(t) = I0-I1.e-t/T1

I0 is the final intensity value of recovered fluorescence, I1 is the amplitude of the

recovered fraction, T1 is an exponential decay time and t equals time.

t1/2 times of recovery were calculated using the equation:

 t1/2 = T1 In0.5

Percentage of mobile fractions (F1) were calculated using:

 = F1 = 100.I1/(IB-IA)

where IB is the initial fluorescence intensity pre bleaching and IA is the

fluorescence intensity recorded post bleaching.

Diffusion coefficients of fluorescence recovery were calculated using the

equation:

 D= radius of bleached area2/4.t1/2

2.2.13 Statistical analysis

Multiple comparisons between data sets were compared using GraphPad Prism

one way analysis of variance (ANOVA) and Dunnett’s post tests to determine

statistical significance (Chapters 3, 5 and 6). For FCS, PCH and FRAP

measurements (Chapter 4), a normal distribution of diffusion co-efficient data

was not assumed, and the non parametric Kruskal-Wallis test followed by Dunn’s

post test was used to determine statistical significance between groups.

Student’s unpaired t tests were used to test significance in all other experiments.

All data throughout is expressed as mean ± standard error of the mean (s.e.m).
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Table 2.1: Oligonucleotide primers used for polymerase chain reactions and mutagenesis reactions

Receptor Primer sequence Tm (°C) % GC Length

PCR

Human Y5 - Forward GAGTGGATCCGATTTAGAGCTCGACGAGTATTATAAC 70 43 37

Human Y5 - Reverse ATTAGCGGCCGCCATATGAAGACAGTGTATAAGG 73 47 34

Mutagenesis rat Y1 Phosneg (Y15A)

First round forward (3 mutations) GCATACGGACGTGGCCAAGGCTGCTTTGAAGC 79 59 32

First round reverse GCTTCAAAGCAGCCTTGGCCACGTCCGTATGC

Second round forward (2 mutations) CTATAGCCATGGCAGCCATGCATAC 68 52 25

Second round reverse GTATGCATGGCTGCCATGGCTATAG

Bolded regions show restriction enzyme sites.
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Table 2.2: The use of antibiotics in maintaining cells in culture

Antibiotic resistance

Parent cell line Cell line cDNA Construct Receptor plasmid Concentration Experimental use

HEK293T Zeocin  Snap Y1-Yn; β arrestin2-Yn pcDNA 3.1 zeocin 200µg ml-1 BiFC constrained dimers, β-arrestin2 
association

HEK293T Neomycin
(G418)

Y1-Yc; β2AR-Yc pCMV FLAG 0.8mg ml-1 BiFC constrained dimer, BiFC β-
arrestin2 association

HEK293TR Blasticidin For tetracycline operon pcDNA4/TR 5µg ml-1 Internalisation, FCS

A table summarising the antibiotics used in routine cell culture, the parent cell line plasmid they select for and the selection concentration used.
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Table 2.3: Table of tagged constructs used throughout this thesis.

Host vector N terminal

tag

cDNA insert C terminal

tag

Bacterial

resistance

Mammalian

resistance

Tetracycline

inducible

Plasmid

map

pcDNA3.1

zeocin

Snap Y1 (rat) Yn Ampicillin Zeocin No Figure 2.4

Snap Y15A (rat) Yn Ampicillin Zeocin No

Snap β2AR (human) Yn Ampicillin Zeocin No

β-arrestin2 Yn Ampicillin Zeocin No Figure 2.7

β-arrestin2 Gn (sf)* Ampicillin Zeocin No

β-arrestin2LIEFD Gn (sf) Ampicillin Zeocin No

β-arrestin1 Gn (sf) Ampicillin Zeocin No

pCMV FLAG Y1 (rat) Yc Kanamycin Neomycin No Figure 2.5

FLAG Y1 Gc (sf) Kanamycin Neomycin No

FLAG Y16A Yc Kanamycin Neomycin No

FLAG Y16A Gc (sf) Kanamycin Neomycin No
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FLAG Y15A (rat) Yc Kanamycin Neomycin No

FLAG Y1Y199A(rat) Yc Kanamycin Neomycin No

FLAG Y4 (human) Yc Kanamycin Neomycin No

FLAG Y5 (human) Yc Kanamycin Neomycin No

FLAG β2AR (human) Yc Kanamycin Neomycin No

FLAG β2ARN322A (human) Yc Kanamycin Neomycin No

FLAG β2ARY326A (human) Yc Kanamycin Neomycin No

pcDNA4/TO FLAG Y1 (rat) GFP (sf) Ampicillin Zeocin Yes Figure 2.6

FLAG Y4 (human) GFP (sf) Ampicillin Zeocin Yes

FLAG Y5 (human) GFP (sf) Ampicillin Zeocin Yes

FLAG Y2 (rat) GFP (sf) Ampicillin Zeocin Yes

FLAG Y2H155P (rat) GFP (sf) Ampicillin Zeocin Yes Figure 2.6

*sf abbreviation refers to superfolder GFP
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Table 2.4: Table detailing the parameters required for seeding of cells depending on the experimental use.

Cell seeding

Plate layout Cell density/cell Volume/well Day plated Experimental use

96 well

HEK293T 40, 000 100 µl Day prior Platereader experiments

HEK293TR 20, 000 100 µl 2 days prior Platereader experiments

24 well

HEK293T 100, 000 500 µl 2 days prior Inhibition of cAMP accumulation

8 well

HEK293T 50, 000 300 µl Day prior Confocal microscopy, FCS, FRAP

HEK293TR 25, 000 300 µl 2 days prior Confocal microscopy, FCS, FRAP
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Table 2.5: Laser excitation and emission spectra for use with the IX Ultra confocal platereader

Laser excitation Fluorophore emission Laser power Laser gain

H33342 (cell nuclei) 405nm 447/60nm 40% 500

BiFC (recomplemented YFP or GFP) 488nm 525/50nm 50% 550

Receptor-GFP (superfolder) 488nm 525/50nm 30% 500

Snap receptor 647nm 685/40nm 35% 500

Table 2.6: Laser excitation and emission spectra for use with a confocal Zeiss LSM 510

Laser excitation Laser type Emission filter Laser power Gain

BiFC (recomplemented YFP or GFP) 488nm Argon BP 505-530nm 3% 850-1000

Receptor-GFP (superfolder) 488nm Argon BP 505-530nm 3% 800-900

Snap receptor 633nm Helium-Neon LP650nm 15% 800-900

BP = band pass filter; LP = long pass filter
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Chapter 3: Measurement of β-arrestin2 recruitment and 

endocytosis of fluorescently tagged NPY Y receptors

using high content imaging and automated analysis

3.1 Introduction

3.1.1 The importance of fluorescence based imaging techniques

Fluorescence based imaging techniques provide the opportunity to visualise

cellular proteins, such as GPCRs, in their native environment at a single cell

level. Recent advances in both the fluorescence proteins themselves and

imaging techniques have allowed the spatial and temporal resolution of

protein-protein interactions in living and fixed cells. This is particularly

important as many of these interactions are involved in the regulation of a

wide range of physiological processes. For example the recruitment of β-

arrestins has been implicated in regulating GPCR desensitisation, endocytosis,

and subsequent trafficking (see Chapter 1; section 1.6) as well as directing

signalling in their own right to produce therapeutically relevant outcomes

(Chapter 1, section 1.7).

A variety of techniques have been used to selectively visualise receptors and

other proteins in cells. Some of these are theoretically applicable to receptors

in their native environment. For example antibodies conjugated to

fluorophores offer potentially high labelling as they selectively recognise a

small receptor peptide epitope expressed on the target protein. However this

epitope must be of high enough selectivity to minimise non specific binding

and antibodies (particularly those that are monoclonal) are expensive. In

respect to GPCRs, fluorescent ligands are an alternative label as they both

identify receptor expression and act as a pharmacological probe (Kuder and

Kiec-Kononowicz, 2008). However a caveat of this technique is that the

addition of a fluorescent label can adversely affect the affinity of a ligand for

its target receptor, and the localisation of ligands and their receptors may
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differ during intracellular trafficking. However fluorescent imaging of proteins

within a cell, more often requires genetic modifications to target proteins.

Snap tagging can be used to attach a fluorophore to the protein itself. This is a

modified form of a DNA repair enzyme, which covalently binds a synthetic

probe (most often a fluorophore) transferred from a benzyl guanine

substrate, and can be inserted as genetically engineered tag attached to the

target protein (see Chapter 5 for further details on Snap tag labelling). This

technique minimises non specific labelling as the probe is chemically inert in

respect to other proteins. Genetically encoded full length fluorescent protein

tags also offer an alternative method of labelling, and do not require the

addition of exogenous substrates. Both fluorescent protein (typically 27 kD)

and the Snap tag enzyme (20 kD) represent substantive modifications to the

labelled receptor, which may potentially affect function. As the fluorescent

protein is encoded alongside that of the target protein, labelling is

theoretically of a 1:1 stoichiometry. However to improve their effectiveness

as biological labels, naturally occurring fluorescent proteins have required

engineering.

3.1.2 The engineering of fluorescent proteins for use in biological assays

The isolation and subsequent cloning of green fluorescent protein (GFP) from

the jellyfish species Aequorea Victoria (Prasher et al., 1992) combined with

advances in microscopy, has revolutionised the imaging of biological

processes in single cells. Fluorescent proteins have also been isolated from

other species, such as DsRed from the sea anemone Discosoma (Patterson,

2007). The elucidation of the crystal structure of GFP revealed a 11 stranded

beta barrel wrapped around a central alpha helix (Figure 3.1, A; (Ormo et al.,

1996)). Each strand consists of 9-13 residues linked by inter-strand loops.

During maturation the chromophore is buried inside the beta barrel,

ultimately resulting in the production of fluorescence. A photon hitting the

chromophore excites an electron from its ground state to an excited energy

state. When the electron falls back to its lower state, it loses energy either by

emitting a photon or from heat or vibration (Figure 3.1B). This emitted
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photon is of lower energy and therefore a longer wavelength than the excited

photon. This is manifested as a difference (in terms of the frequency or

wavelength) in the maximum peaks observed for the fluorescence absorption

and emission spectra. This difference is termed the Stokes shift (Figure 3.1C).



Figure 3.1: The tertiary structure of GFP

The tertiary structure of GFP is shown in A, with the
(A). The 11 β strands surrounding th
Absorption of light by the chromophore excites an electron from a ground state of energy to a higher energy state. The energy
returning to a relaxed state is emitted
of light is illustrated in C and is termed the Stoke’s shift.

Figure A was taken from (Tsien, 1998)
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: The tertiary structure of GFP

tertiary structure of GFP is shown in A, with the central residues that form the chromophore shown as a ball and stick representation
The 11 β strands surrounding the chromophore are also shown. Panel B shows the principle of electron excitation and emission.

Absorption of light by the chromophore excites an electron from a ground state of energy to a higher energy state. The energy
returning to a relaxed state is emitted as photons of a longer wavelength than that originally absorbed. This shift in frequency or wavelength
of light is illustrated in C and is termed the Stoke’s shift.

(Tsien, 1998).

central residues that form the chromophore shown as a ball and stick representation
are also shown. Panel B shows the principle of electron excitation and emission.

Absorption of light by the chromophore excites an electron from a ground state of energy to a higher energy state. The energy lost upon
as photons of a longer wavelength than that originally absorbed. This shift in frequency or wavelength
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Maturation of the chromophore in GFP and GFP derived polypeptides is a

multistep process consisting of a folding step, followed by the formation of

the native conformation of the protein and finally oxidation of an internal

tripeptide which becomes the core of the chromophore (Ser65-Tyr66-Gly67;

(Heim et al., 1995)). However wildtype GFP has some properties that make its

use as a biological label in mammalian cells unsuitable, such as a relatively low

quantum yield and poor folding and maturation at 37°C (Patterson, 2007).

To address some of these limitations, selective mutations were introduced

into the wildtype GFP sequence. An initial mutation at serine residue 65 to

threonine resulted in GFP with increased quantum yield and crucially a single

excitation peak which lessens potential ultraviolet excitation, avoiding

damage to living cells (Heim et al., 1995). An additional mutation was then

introduced at F64L which resulted in accelerated chromophore maturation at

37°C and was termed eGFP (Cormack et al., 1996). The rate of folding,

chromophore maturation, fluorescence intensity and thermostability of the

protein at 37°C was further improved by additional mutation of the eGFP

sequence. These included the ‘cycle 3’ mutations (F99S, M153T and V164A)

which increased fluorescence intensity compared to wildtype GFP due to

improved folding efficiency (Crameri et al., 1996) as well as substitutions at

residues S30R, Y39N, N105T, Y145F, I171V and A206V. All wildtype GFP

derived fluorescent proteins have a tendency to form dimers, albeit at high

(µM) concentrations. This property is undesirable in biological assays, as it can

lead to the atypical localisation and disrupted function of any labelled

proteins. Therefore a lysine substitution was also introduced at alanine

residue 206 (A206K) which inhibited the formation of GFP dimers (Zacharias

et al., 2002). These 11 mutations resulted in a GFP variant, that was more

suitable for use in fluorescence based biological assays and was termed

superfolder GFP (Pedelacq et al., 2006). As for A206K, the A206V substitution

was introduced, based upon theoretical modelling of dimeric GFP, to hinder

the probability of superfolder GFP forming dimers (Pedelacq et al., 2006). The

S30R substitution is the greatest contributor to increasing folding rate and
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efficiency at 37°C by mediating the formation of an electrostatic network of

residues in β strands 1, 2, 5 and 6. This increased the inherent stability of the 

structure even when fused to a poorly folding protein partner. These

mutations ultimately resulted in the fluorescence intensity of GFP being 60%

greater than that of eGFP with no changes to either excitation or emission

spectra.

Both the eGFP and GFP forms can be used as biological tags to label proteins

of interest, such as GPCRs, in order to investigate the pharmacological

properties of these receptors.

3.1.3 GFP variants – Yellow Fluorescent Protein

The eGFP sequence has been further engineered to produce coloured variants

with different excitation and emission spectra (from blue to orange). This is

typically done by substituting residues in the immediate environment

surrounding the chromophore with residues that are spatially similar. Of these

the yellow variant (eYFP) was produced by a substitution of a threonine

residue that lies close to the chromophore at position 203 with tyrosine

(T203Y). However eYFP has a relatively slow folding and maturation rate at

37°C, as well as being sensitive to pH and halides. Therefore additional

mutations were introduced to address these limitations resulting in the

variant form Venus YFP (vYFP) (Nagai et al., 2002). The principle mutation,

F46L is responsible for increasing the rate of folding and chromophore

maturation at 37°C by accelerating the oxidation of Tyr66 residue within the

internal tripeptide at the core of the chromophore. This F46L mutation is

specific to YFP, as the same mutation introduced into eGFP and other GFP

variants had no effect upon maturation. 4 additional ‘folding mutations’ were

also introduced; F64L. M153T, V163A S175G which are also shared with other

GFP variants. All enhanced folding and maturation at 37°C by introducing

highly flexible smaller side chains outside the β barrel structure within the 

connecting loop regions. These 4 mutations were also effective at decreasing

pH and halide sensitivity of vYFP. However they did not have any significant

effect upon fluorescent intensities, when compared to eGFP (100%), with
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relative brightness values being 151% for eYFP and 156% for vYFP

respectively.

3.1.4 The use of fluorescent proteins

Full length fluorescent proteins have been expressed in a wide range of

species including mammalian, nematode, plant, insect, fungi and yeast cells

(reviewed in (Tsien, 1998) ). Theoretically GFP derived proteins can be

expressed in any cell amenable to genetic modification (Hu et al., 2002). The

intrinsic fluorescence of these proteins means there is no requirement for

external substrates. Additionally unlike immunolabelling techniques (such as

antibody conjugates) no cell permeabilisation or fixation is required.

Fluorescent protein expression appears to be well tolerated by live cells, and

is easily detected using standard FITC excitation and emission filters (for GFP)

on a fluorescence microscope.

Arguably the most successful use of fluorescent proteins has been in directly

labelling proteins of interest in order to visualise their subcellular location.

The gene encoding the fluorescent protein is fused in frame with that of the

gene encoding the target protein, (Kallal and Benovic, 2000). The resulting

chimera is then expressed in the cell, effectively in a 1:1 stoichiometry.

Protein-GFP fusions have been successfully identified in a range of organelles

including secretory vesicles, the endoplasmic reticulum, Golgi apparatus,

mitochondria, peroxisomes and nucleus (reviewed in (Tsien, 1998)). They have

also been used to label plasma membrane spanning proteins, including

GPCRs. The β2-adrenoceptor was the first GPCR to be successfully labelled 

with eGFP (Barak et al., 1997a) and was then followed by labelling of GPCRs

spanning all classes of the superfamily (reviewed in (Kallal and Benovic,

2000)). For example, both N terminal eGFP (Gicquiaux et al., 2002) and C

terminal vYFP (Kilpatrick et al., 2010) tags have been used to investigate the

agonist induced internalisation of NPY Y1 receptors.

Fluorescent proteins tags have also been used to study the real time dynamics

of protein-protein interactions, such as the recruitment of proteins from the

cytosol to the plasma membrane. For example the desensitisation and
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endocytosis of many activated GPCRs, has been shown to be dependent upon

interaction with β-arrestin (Chapter 1; section 1.6). This association has been 

visualised at a distinct range of GPCRs such as the β2-adrenoceptor, dopamine 

D1 and angiotensin II type 1A receptors by imaging the fluorescence

redistribution of GFP tagged β-arrestin2 from the cytosol to the plasma 

membrane following receptor activation (Barak et al., 1997b, Zhang et al.,

1996). This technique was also sensitive enough to show trafficking of β-

arrestin2-GFP to distinct subcellular locations depending on the stability of its

interaction with specific GPCRs (Zhang et al., 1996).

3.1.5 Protein Complementation Assays

The use of fluorescent tags to label proteins can provide useful information on

their cellular distribution and co-localisation with other structures (for

example β-arrestin-GFP with GPCRs). However colocalisation can only imply 

but not resolve protein-protein interactions. Standard light microscopy is

limited in spatial resolution by Abbe’s limit which states that a point source of

light must form a diffraction limited spot 150 - 250 nm in diameter, depending

on wavelength and the numerical aperture of the lens .

However there are a range of fluorescence based techniques that can be used

to investigate protein-protein interactions indirectly including fluorescence

resonance energy transfer (FRET), fluorescence lifetime imaging microscopy

(FLIM), bioluminescence resonance energy transfer (BRET) which can be used

singularly or in conjunction with each other (Ciruela et al., 2014). Protein

complementation assays (PCA) offer a further option for discretely identifying

the molecular composition of protein complexes (Diekmann and Hoischen,

2014). A ‘reporter’ protein is split into its complementary N and C terminal

fragments, which are both fused to proteins of interest. Upon close

association of the two proteins, the fragment tags are able to re-fold and

produce a readout indicative of specific protein-protein interactions

(Kerppola, 2008b, Hu and Kerppola, 2003). Initial assays produced an

enzymatic readout, with fragments of β-galactosidase or dihydrofolate 

reductase used (reviewed in (Kerppola, 2008a, Michnick et al., 2011)).
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However in order to visualise many of these interactions an exogenous

chromogenic or fluorogenic substrate is required, which can risk disrupting

the environment surrounding the PCA complex, for example through cell lysis.

Therefore PCA’s utilising fluorescent protein fragments were developed which

exploit the intrinsic fluorescence produced when fluorescently tagged

proteins interact within living cells (Kerppola, 2013, Ghosh et al., 2000). This

modification was termed bimolecular fluorescence complementation (BiFC).

3.1.6Bimolecular Fluorescence Complementation (BiFC)

In bimolecular fluorescence complementation (BiFC), fluorescent proteins (for

example vYFP) are split into their complementary N and C terminal fragments.

Proteins of interest (such as receptor and β-arrestin2) are covalently tagged 

with these fragments (see Figure 2.2) which themselves are not fluorescent

(Hu et al., 2002). However upon protein association, the fragments are

brought into close proximity and refold to reform the full length fluorescent

protein (Rose RH, 2010). The resulting fluorescent signal acts as a readout of

tagged protein-protein interaction. Fluorescence complementation was

initially demonstrated using split eGFP fused to leucine zippers of

transcription regulatory proteins both in vitro and in E coli (Ghosh et al.,

2000). This assay was then modified using eYFP fragments to successfully

visualise the interaction of Fos and Jun transcription factors in vitro and in

living transfected mammalian COS cells (Hu et al., 2002). BiFC has now been

successfully used in a wide range of cell systems such as bacteria, yeast,

insect, plant and mammalian (Kerppola, 2009, Vidi and Watts, 2009) using a

wide variety of fluorescent protein fragments (Kodama and Hu, 2012).

As the beta barrel of the fluorescent protein must be present in order to

maintain the complex network of polar residues surrounding the

chromophore (Ormo et al., 1996), the location of the split point, typically

within the loops connecting individual β-strands of the barrel, is crucial to 

successful complementation. In this work, the fluorescent protein tags

generated from vYFP or superfolder GFP (see Chapter 4), contained an

overlapping region of residues meaning that β strand 8 was repeated at this 
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break point in both the N (residues 2-172 termed Yn or Gn) and C terminal

(residues 155-238 termed Yc or Gc) fragments. For both vYFP and GFP this

break point was between β strands 7-8 (amino acids 154/155) or β strands 8-9 

(amino acids 172/173). The use of BiFC fragments with an overlapping region

has been shown to aid the refolding process (Hu and Kerppola, 2003) and

increase the kinetics of BiFC development when compared to using fragments

that lack this overlap (Kilpatrick et al., 2010).

Figure 3.2: The principle of using BiFC to investigate the interaction of Y receptor
subtypes with β-arrestin2.  

Y receptor subtypes were tagged at the C terminal domain with a fragment of Venus
YFP (Yc). The complimentary vYFP fragment (Yn) was covalently attached to the C
terminus of β-arrestin2. Following addition of the agonist NPY, the receptor then 
associates with β-arrestin2, bringing the two fluorescent fragments into close 
proximity allowing them to refold to form the full length YFP. Following a period of
maturation, the chromophore then matures to produce a fluorescent signal which
can act as a readout of receptor- β-arrestin2 association (Kilpatrick et al., 2010) (see 
Chapter 2, 2.2.5.3).

One of the reasons for using BiFC in this thesis, as opposed to other PCA’s or

FRET is that the subcellular localisation of receptor-β-arrestin2 complexes 

could be visualised directly using single wavelength measurements on a

standard confocal platereader. Quantification of this fluorescent ‘BiFC signal’

using automated analysis provided an indirect measure of the recruitment of

β-arrestin2 to activated receptors (Kilpatrick et al., 2010).  
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3.2 Aims of this chapter

The mains aims of this chapter are to undertake a quantitative comparison of

the relative abilities of different Y receptor subtypes to recruit β-arrestin2 and 

undergo regulatory endocytosis. This will be achieved by using GFP tagging of

Y receptor subtypes, or YFP BiFC fragment tagging of Y receptor (receptor-Yc)

and β-arrestin2 (Yn).  The extent to which these two processes (Y receptor 

internalisation and β-arrestin2 binding) are correlated will be investigated by 

quantifying agonist and antagonist pharmacology using high content imaging

techniques and automated analysis.

Targeted amino acid substitutions in both the Y1 and Y2 receptor sequences

of potential β-arrestin interaction motifs, will be performed to investigate 

whether the molecular mechanisms involved in β-arrestin2 binding and 

receptor endocytosis are comparable.
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3.3 Results

3.3.1 The use of full length fluorescent protein tags to investigate the

agonist induced internalisation of Y1 and Y2 receptors.

Y1 or Y2 receptor-GFP cDNA was expressed in HEK293TR cells with receptor

expression induced using tetracycline 18hr prior to experimentation (see

Chapter 2, section 2.2.2.4). To verify expression of Y1-GFP and Y2-GFP

constructs, competition [125I] PYY binding was initially performed.

Displacements of specific binding for Y1-GFP membranes are shown in Figure

3.3. Both agonist (PYY; A) or a non peptide Y1 antagonist (BIBO3304; B) were

able to displace specific [125I] PYY binding. Compared to the Y1 subtype, Y2-

GFP exhibited increased PYY binding affinities, consistent with its documented

higher affinity (Gehlert et al., 1996a, Krause et al., 1992). For both Y1 and Y2-

GFP, GTPγS was able to inhibit [125I] PYY binding by disrupting the formation of

the high affinity Y receptor-G protein complex (Figure 3.3, C) (Kilpatrick et al.,

2012). Additionally Bmax estimates indicated that expression levels were

comparable between both cell lines. This validation of receptor function (in

respect to ligand binding and G protein coupling) was important as the

addition of the relatively large GFP tag may adversely affect receptor function.

The expression of receptor-GFP constructs was also confirmed using confocal

fluorescent imaging. In the absence of tetracycline treatment, no GFP

fluorescence was observed for any cell line (Figure 3.4). Following treatment

with vehicle (HBSS/0.1% BSA; 30min at 37°C) predominantly plasma

membrane localised GFP fluorescence was observed for both native and

mutant Y1 (A) and Y2-GFP tagged receptors (B). Cells were then stimulated

with the endogenous agonist NPY (1µM; 30min at 37°C) and the same region

of cells imaged. Marked receptor internalisation was observed for the Y1

receptor-GFP, represented as highly intense punctuate regions of internalised

GFP fluorescence (granules). Internalisation was also observed for Y2-GFP

receptors following this high concentration of NPY. However detecting more

subtle differences in agonist potency between these subtypes required more

quantitative automated imaging of receptor internalisation.
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Figure 3.3: [125I] PYY competition binding experiments in HEK293TR cell membranes stably expressing Y1-GFP receptors
Membranes freshly prepared from HEK293TR cell lines stably expressing Y1-GFP were incubated with [125I] PYY (15pM) and increasing concentrations of
unlabelled PYY (A), BIBO3304 (B) or GTPγS (C) for 90min at 22°C.  Membrane bound radioligand was separated using filtration and quantified using a gamma 
counter. Competition displacement curves were generated using GraphPad Prism, with pooled data representing 4 independent experiments. Data was
expressed as mean ± s.e.m (Hill slope range 0.72-1.0).
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Table 3.1: [125I] PYY membrane competition binding parameters derived from Y receptor-GFP and BiFC HEK293T cell lines

Cell line PYY BIBO3304 GTPγS Bmax

pIC50 pIC50 pIC50 % inhibition fmol/mg-1

Y1 9.5 ± 0.2 9.0 ± 0.2 68.6 ± 6.7 1500 ± 700

Y16A 9.2 ± 0.1 8.8 ± 0.2 72.9 ± 7.0 2300 ± 100

Y2 10.8 ± 0.1 8.8 ± 0.1 69.2 ± 5.4 2200 ± 300

Y2H155P 10.6 ± 0.1 8.7 ± 0.2 46.9 ± 10.2 2100 ± 200

Y1/A2 9.8 ± 0.1 9.0 ± 0.1 9.1 ± 0.2 58.6 ± 4.1 350 ± 60

Y16A/A2 9.6 ± 0.1 9.1 ± 0.2 9.0 ± 0.1 63.2 ± 1.2 340 ± 30

Y2/A2 11.1 ± 0.1 9.2 ± 0.1 73.8 ± 3.5 1190 ± 120

All parameters were obtained from [125I] PYY competition membrane binding experiments as described in Chapter 2, section 2.2.3.

Details of receptor mutations are given in the text.

% inhibition of TSB refers to the displacement by 1µM competing ligand, as a % of the total specific binding (TSB) defined in the absence / presence of 1 µM
PYY.

n =3-4 independent experiments

Table was reproduced from (Kilpatrick et al., 2010, Kilpatrick et al., 2012).
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Figure 3.4: The addition of full length superfolder GFP to the respective C termini of
both wildtype and mutated Y1 (A) and Y2 (B) receptors, can be used to visu
agonist induced receptor internalisation.

HEK293TR cells were stably transfected with Y1 (A) or Y2 (B) receptors fused to fu
length superfolder variant of GFP. No receptor expression was observed in the

etracycline treatment 18hr prior to imaging (1 µg
ted with vehicle or 1µM NPY (30min at 37°C) and imaged live using a Zeiss LSM

510 confocal microscope with laser excitation at 488nm. Images are
field of view before (“control”) and after NPY treatment - representative of those
acquired from 4 independent experiments.

Figure 3.4: The addition of full length superfolder GFP to the respective C termini of
both wildtype and mutated Y1 (A) and Y2 (B) receptors, can be used to visualise

) receptors fused to full
No receptor expression was observed in the

(1 µg ml-1). Cells were
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Figure 3.5: 30min timecourse stimulation of Y1-GFP and Y2
HEK293TR cells stably expressing Y1-GFP or Y2-GFP were stimulated with 100nM NPY over a 30min timecour
cells were imaged at 5min intervals using a LSM510 confocal platereader.
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GFP and Y2-GFP cells with 100nM NPY
were stimulated with 100nM NPY over a 30min timecourse. Representative images of the same

min intervals using a LSM510 confocal platereader.
se. Representative images of the same region of
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Firstly a timecourse of NPY stimulation was used to determine an appropriate

assay timepoint (Figure 3.5). Both Y1-GFP (A) and Y2-GFP (B) were stimulated

over a 30min timecourse with 100nM NPY (37°C) with the same region of cells

imaged at 5min intervals. By 10min noticeable internalisation was observed

for Y1-GFP that was maintained until 30min. Y2-GFP internalised at a slower

rate with noticeable internalisation only seen from 20min stimulation.

Additionally timecourse experiments using YFP tagged Y1 receptor, have

illustrated rapid NPY induced internalisation (t1/2 2.4min ± 0.3; n=3) that

reaches saturation at 20min (timecourse length 1-120min) (Kilpatrick et al.,

2010). A 30min time period was therefore chosen for all future investigations

of agonist induced internalisation of both subtypes. Y2-GFP receptor

internalisation responses in particular, were noticeably less with 100nM NPY

compared to 1µM NPY (Figure 3.4, B) suggesting that quantification of

responses could reveal subtle differences in subtype specific ligand potencies.

3.3.1.2 The use of automated high content imaging to quantify Y receptor

subtype specific ligand pharmacology

Manual imaging of HEK293T cells expressing Y1 or Y2-GFP constructs using a

confocal microscope (Figure 3.4) provided visual validation of receptor

expression and internalisation. However this is of relatively low throughput

and qualitative images cannot quantify the degree of receptor internalisation

without further manual image analysis. In order to address this, fluorescently

tagged constructs were imaged in a 96 well plate format using an automated

confocal platereader (IX Ultra, MDC). Like a standard confocal microscope,

this provided qualitative images that revealed the subcellular location of

receptor GFP tagged constructs following vehicle and agonist treatment

(Figure 3.6, 3.7A). After stimulation with vehicle (HBSS/0.1% BSA; 37°C), all

receptor constructs were localised predominantly to the plasma membrane

with a small degree of constitutive internalisation observed for both

receptors. Following treatment with NPY, pronounced intracellular regions of

highly intense internalised GFP fluorescence were observed for both

receptors.
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Figure 3.
a granularity algorithm to images of
Y1-GFP
acquired using a confocal
platereader

Representative images show Y1
receptors treated with vehicle or
1µM NPY (30 min at 37°C). Cells were
fixed, an
H33342. Cells were then imaged
using an IX Ultra confocal
platereader, with appropriate laser
excitation used for imaging cell nuclei
(Nuclei
granularity algorithm was applied
(Analysis
(shown in green) from the parallel
image of stained nuclei, in addition to
3-15µm punctuate regions of
internalised receptor termed
‘granules’ (white spots).

ure 3.6: The principle of applying
a granularity algorithm to images of

GFP receptor internalisation
acquired using a confocal
platereader

Representative images show Y1-GFP
receptors treated with vehicle or
1µM NPY (30 min at 37°C). Cells were
fixed, and nuclei stained using
H33342. Cells were then imaged
using an IX Ultra confocal
platereader, with appropriate laser
excitation used for imaging cell nuclei
Nuclei) and receptor-GFP (GFP). A

granularity algorithm was applied
Analysis) which identified cells

(shown in green) from the parallel
image of stained nuclei, in addition to

15µm punctuate regions of
internalised receptor termed
‘granules’ (white spots).
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A granularity algorithm was then applied to paired nuclei and GFP images.

Internalised GFP fluorescent compartments were defined on the basis of

diameter (3-15µm) and threshold intensity (see Chapter 2, section 2.2.10.3 for

more detail). These punctuate regions termed ‘granules’ were identified as

white spots (Figure 3.6; Analysis). Cell nuclei were identified according to a set

diameter range (shown as green spots). This analysis was then used to derive

full NPY concentration response courses for Y1 and Y2 receptors (Figure 3.7, B

and C). Data was expressed as fold over basal to allow responses of cell lines

to be compared. The endogenous agonist NPY was a full agonist stimulating

the internalisation of Y1-GFP receptors with a pEC50 value of 8.4 ± 0.2 (30min

at 37°C; n=4; Figure 3.7, B). However NPY was 63 fold less potent in inducing

the internalisation of Y2-GFP receptors (n=4) with appreciable internalisation

only seen at concentrations in excess of 100nM NPY (Figure 3.7, C). This was

in keeping with the noticeable difference in the extent of Y2-GFP

internalisation observed in confocal imaging performed using 100nM (Figure

3.5) or 1µM NPY (Figure 3.4).
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Figure 3.7: Quantitative analysis of
agonist induced internalisation of
native and mutant Y receptors

HEK293TR cells were stably transfected
with Y1-GFP or Y2-GFP. Receptor
expression was induced following
pretreatment with tetracycline (1µg ml-

) for 18hr. Y1-GFP or Y2-GFP (A)
receptors were treated with either
vehicle or 1µM NPY (30min at 37°C) and
then imaged using an IX Ultra confocal
platereader (only GFP images are shown
here). A granularity algorithm was
applied to acquired images (as detailed
in Figure 3.4). Quantification of receptor
internalisation was expressed as the
average vesicle count per cell, and was
normalised as a percentage above basal
responses. Data from at least 3
independent experiments were pooled
and NPY concentration response curves
derived for Y1-GFP (B) and Y2-GFP (C)
receptors. pEC50 values are stated in the

xt.
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3.3.1.3 Subtype selective pharmacology of agonist stimulated Y receptor

internalisation

High content imaging was then used to investigate the potency of a panel of

ligands at inducing the internalisation of the four cloned Y receptor subtypes

(Figures 3.7 and 3.8). Subtype specific ligands were also used to ensure that

selectivity was maintained in respect to potency and efficacy following GFP

tag addition. The Y4 and Y5 subtypes were also tagged with full length GFP

and stably expressed in HEK293TR cells. Receptor expression for all cell lines

was induced using tetracycline (1µg/ml) 18hr prior to the assay. All responses

were normalised to the reference 1µM NPY for Y1-GFP, Y2-GFP and Y5-GFP

and 100nM PP for Y4-GFP respectively. Figure 3.9 shows the initial

comparisons for key agonists using these cell lines (with Figure 3.7 NPY data

for Y1-GFP (A) and Y2-GFP (B) also included for comparison, normalised this

time to the reference concentration). A overall summary of potency data for

each receptor-GFP is found in Table 3.2.

Compared to the reference NPY (Figure 3.9, A), pancreatic polypeptide (PP)

showed reduced efficacy at inducing Y1 receptor internalisation with a

maximal response of 18.3 ± 3.3 % (n=4) when normalised to 1µM NPY

responses. A Y1 peptide antagonist GR231118, reported previously to

increase Y1 receptor internalisation (Pheng et al., 2003) showed no activity at

inducing Y1-GFP internalisation (n=3). In contrast PP was the most potent

agonist at promoting Y4 receptor internalisation, with NPY showing

comparatively lower potency and efficacy (Figure 3.9, C). The Y4 selective

agonist GR231118 showed partial agonism in respect to PP, with a maximal

responses of 28.4 ± 7.4 % (pEC50 of 7.1 ± 0.3; n=5).

Y5-GFP internalisation proceeded at a somewhat slower rate compared to

other Y receptor subtypes. Therefore a 60min incubation time, rather than

30min, was used when measuring Y5-GFP agonist concentration response

curves in order to increase response windows. NPY stimulated internalisation

of Y5-GFP receptors with a pEC50 8.0 ± 0.1 (D; n=6). PP also showed maximal

responses similar to NPY. The Y5 selective agonist cPP (1-17)(Ala,Aib) 18-36
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NPY (referred to as cPP-Aib NPY (Cabrele et al., 2000)), was a potent

stimulator of Y5-GFP internalisation, maximum responses 94.6 ± 1.1 % (n = 4)

relative to that of the positive reference ligand (1µM NPY).



Figure 3.8: Representative confocal images of Y4
stimulated with subtype selective agonists

Representative images show Y
100nM PP (30min at 37°C) or 100nM cPP
were fixed, and nuclei stained using H33342.
confocal platereader
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Figure 3.8: Representative confocal images of Y4-GFP and Y5
stimulated with subtype selective agonists

Representative images show Y4-GFP or Y5-GFP receptors treated with vehicle or
PP (30min at 37°C) or 100nM cPP-Aib-NPY (60min at 37°C) respectively.

were fixed, and nuclei stained using H33342. Cells were then imaged using an IX Ultra
confocal platereader. These images represent a 300x300 pixel cropped region.

GFP and Y5-GFP receptors

eptors treated with vehicle or
at 37°C) respectively. Cells

Cells were then imaged using an IX Ultra
. These images represent a 300x300 pixel cropped region.
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Figure 3.9: Quantification of the agonist induced internalisation of GFP tagged NPY
receptors in response to a panel of ligands.

Y1, Y2, Y4 and Y5 GFP tagged receptors were stably transfected into HEK293TR cells,
with expression induced following pretreatment with tetracycline (1µg ml-1) for 18 hr
prior to assay. Cells were treated with a panel of subtype selective ligands for 30min
for Y1, Y2 and Y4 receptors and 60min for the Y5 subtype. All assays were performed
at 37°C, prior to fixation, nuclei staining and imaging using an IX Ultra confocal
platereader. Granularity analysis of these images allowed for quantification of
agonist induced internalisation. All data were normalised to vehicle (basal) and
maximal 1µM NPY responses for Y1 (A), Y2 (B) and Y5 receptors (D) and 100nM PP for
Y4 receptor responses (C). Data were pooled from 3-9 individual experiments.
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Table 3.2: Summary of potencies and efficacies of a panel of ligands for stimulating internalisation of GFP tagged NPY receptor subtypes

Y1-GFP Y2-GFP Y4-GFP Y5-GFP

Ligand pEC50 Emax (%) pEC50 Emax (%) pEC50 Emax (%) pEC50 Emax (%)

NPY 8.2 ± 0.1 100 N.D / N.D 61.4 ± 6 8.0 ± 0.1 100

PP 7.0 ± 0.1 18.3 ± 3.3 9.0 ± 0.2 100 8.1 ± 0.1 94.6 ± 1.1

GR231118 N.D N.D 7.1 ± 0.3 28.4 ± 7.4

cPP (Aib ) NPY N.D N.D 9.0 ± 0.1 87.8 ± 10.7

All data were expressed as ± standard error of the mean. pEC50 values were obtained from pooled concentration response curves presented in Figure 3.6.
Emax responses to each ligand were calculated as a percentage of 1µM NPY responses for Y1 and Y5-GFP, and as a percentage of 100nM PP responses for
Y4-GFP.

N values for all data 3-4.

N.D = not determined
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Figure 3.10: The effect of antagonist treatment on Y1-GFP and Y5-GFP receptors

HEK293TR cells stably expressing Y1-GFP (A) or Y5-GFP (B) were pretreated for 30min
(37°C) with subtype selective antagonists BIBO3304 or CGP71683 (both 30nM)
respectively. Both cell lines were then stimulated with a concentration response
course of NPY (30min for Y1-GFP and 60min for Y5-GFP; 37°C/5% CO2). Cells were
then washed, fixed, nuclei stained with H33342 prior to being imaged using a IX Ultra
confocal platereader. Granularity analysis allowed the quantification of agonist
induced internalisation. All data were normalised to vehicle (basal) and maximal 1µM
NPY responses from a minimum of 4 experiments.

Antagonist pharmacology was then investigated for Y1-GFP and Y5-GFP

receptors using subtype selective non-peptide antagonists. Cells were

pretreated for 30min at 37°C with BIBO3304 (Y1) or CGP71683 (Y5) (Dumont

et al., 2000), prior to stimulation with a concentration response course of NPY

(30min for Y1-GFP; 60min for Y5-GFP). Both BIBO3304 and CGP71683

exhibited expected rightward parallel shifts of NPY induced receptor

internalisation indicative of surmountable antagonism (Figure 3.10; A and B).

pKb values were estimated at 8.8 ± 0.2 (n=4) and 8.2 ± 0.1 (n=3) for BIBO3304

and CGP71683 respectively.
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3.3.2.1 Measuring the agonist induced association of β-arrestin2 with Y1 

receptors using automated imaging of BiFC responses

Quantification of the internalisation of GFP tagged NPY receptors is only an

indirect indication of the effects of β-arrestin2 recruitment predicted to 

underlie their endocytosis (Ouedraogo et al., 2008, Holliday et al., 2005,

Berglund et al., 2003b, Kilpatrick et al., 2010). Therefore, BiFC was used to

directly measure the association between β-arrestin2 and Y receptors, initially 

focussing on the Y1 subtype. YFP C (Yc) and N terminal (Yn) fragments were

fused to the C terminus of Y1 receptors and β-arrestin2 respectively (Figure 

3.2). Stable HEK293T cells were generated that coexpressed clonal βarrestin2-

Yn with mixed population Y1-Yc (cell line termed Y1/A2). [125I] competition

PYY binding in Y1/A2 membranes (Kilpatrick et al., 2010) verified that PYY,

BIBO3304 and GTPγS affinities were comparable to those observed for Y1-

GFP. The generation of completed YFP fluorescence, indicative of an agonist

stimulated association between Y1 receptors and -arrestin2, was then

imaged using an automated confocal platereader (Figure 3.11, A).

120 min timecourse stimulations using 100nM NPY indicated a t1/2 value of

10.4min ± 1.0 (n=3) in respect to Y1/A2 BiFC development, with responses

reaching a sustained plateau at 60min (Kilpatrick et al., 2010). A 60min assay

length was therefore chosen to assess the responses to a panel of agonists

using the BiFC cell lines. Stimulation with the endogenous agonist NPY lead to

a substantial increase in the accumulation of Y1/A2 BiFC complexes localised

to intracellular compartments (Figure 3.11; A). Responses to PYY and the

selective analogue [Leu31, Pro34] NPY were equipotent with NPY (Figure 3.11,

B; Table 2.3). PP and the metabolite NPY3-36 showed reduced potency and

efficacy in respect to NPY. GR231118, reported previously to increase Y1

receptor internalisation (Pheng et al., 2003) showed no activity in Y1/A2 cells.



Figure 3.11: Quantitative analysis of Y1/A2 BiFC agonist pharmacology

HEK293T cells stably expressing Y1/A2 BiFC constructs were stimulated
confocal platereader. Representative images following vehicle and 1µM NPY stimulation are shown in panel A. Quantification of
assessed by applying a granularity algorithm to acquired images. All data were pooled and normalised to plate controls (vehicle and 1µM NPY) and
expressed as mean ± s.e.m (B). Data were pooled from at least 3 independent experiments.

Pro NPY refers to [Leu31, Pro34] NPY.
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: Quantitative analysis of Y1/A2 BiFC agonist pharmacology

HEK293T cells stably expressing Y1/A2 BiFC constructs were stimulated with a panel of ligands for 60min at 37°C/5% CO
confocal platereader. Representative images following vehicle and 1µM NPY stimulation are shown in panel A. Quantification of

ity algorithm to acquired images. All data were pooled and normalised to plate controls (vehicle and 1µM NPY) and
(B). Data were pooled from at least 3 independent experiments.

min at 37°C/5% CO2, before imaging using a IX Ultra
confocal platereader. Representative images following vehicle and 1µM NPY stimulation are shown in panel A. Quantification of BiFC responses was

ity algorithm to acquired images. All data were pooled and normalised to plate controls (vehicle and 1µM NPY) and
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3.3.2.2 The use of BiFC to compare Y receptor subtype specific recruitment

of β-arrestin2  

Following the validation of the BiFC assay at the Y1/A2 cell line, it was then

used to investigate the agonist selectivity of other NPY receptor subtypes in

respect to potency and relative maximal responses. HEK293T cells were stably

co-transfected with mixed populations of Y2-Yc or Y4-Yc on top of a clonal

population of β-arrestin2-Yn. The Y5/A2 cell line required double dilution 

cloning as expressing the Y5-Yc receptor as a mixed population resulted in low

numbers of cells expressing both BiFC components.

Cell lines were treated with a panel of ligands (60min at 37°C/5%CO2) and

concentration response curves derived following the quantification of

internalised BiFC fluorescence (Figure 3.12). All responses were normalised to

a reference compound 1µM NPY for Y1/A2 (A) Y2/A2 (B) and Y5/A2 (D) BiFC

and 100nM PP for Y4/A2 (C) BiFC respectively. An overall summary of

potencies for each Y receptor subtype is found in Table 2.3.

For the Y1/A2 cell line a rank order of potency of PYY>Leu31, Pro34 NPY>NPY>

was observed (Figure 3.11, 3.12A). NPY was also a full agonist at Y2/A2 BiFC

but with a reduced potency when compared to Y1/A2 (26 fold less). The rank

order of potency observed for Y2/A2 BiFC was PYY>PYY3-36>NPY≫ Leu31, Pro34

NPY (Figure 3.12, B).

PP was a full agonist at Y4/A2 as expected based on its documented potency

(Lundell et al., 1995, Tough et al., 2006) with a 1000 fold increased potency

and an increased efficacy compared to PP activity at Y1/A2. Y4/A2 showed a

rank order of potency of PP>GR231118> PYY>NPY. Subtype selective activity

was observed, in respect to the Y4 selective ligand GR231118 which was able

to induce partial BiFC responses at Y4/A2 BiFC cells.

The Y5 subtype selective ligand cPP-Aib-NPY was equipotent to NPY at Y5/A2

cells as expected from its selectivity for this receptor subtype (Dumont et al.,

2003). Furthermore PP and NPY3-36 were also potent agonist.
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Figure 3.12: Agonist induced NPY receptor / β-arrestin2 BiFC in response to a panel of ligands.  

HEK293T cells stably co-expressing Y receptor-Yc and β-arrestin2-Yn were stimulated with ligand for 60min at 37°C/5% CO2. Ligand responses were
measured by performing granularity analysis of images acquired using an automated confocal platereader. All data were normalised to plate controls of
vehicle (basal responses) and maximal reference agonist concentration (1µM NPY for receptor subtypes Y1 (panel A), Y2 (panel B) and Y5 (D) and 100nM PP
for the Y4 subtype (C)). All data were pooled from a minimum of 3 independent experiments, and expressed as mean ± s.e.m.
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Table 3.3: Summary of potencies and efficacies of a panel of ligands for stimulating the internalisation of NPY receptor/A2 BiFC complexes

Y1/A2 Y2/A2 Y4/A2 Y5/A2

Ligand pEC50 Emax (%) pEC50 Emax (%) pEC50 Emax (%) pEC50 Emax (%)

NPY 8.3 ± 0.1 100 7.1 ± 0.1 100 <6.5 70.6 ± 7.2 7.9 ± 0.1 100

PYY 8.5 ± 0.1 95.4 ± 3.4 7.8 ± 0.1 94.8 ± 1.5 6.8 ± 0.1 59.1 ± 9.8

[Leu31,Pro34] NPY 8.5 ± 0.1 89.9 ± 4.5 N.D 8.6 ± 6.3

PYY3-36 6.4 ± 0.4 45.5 ± 10.4 7.7 ± 0.1 119.3 ± 14.7

PP 6.3 ± 0.1 40.1 ± 5.8 / / 9.5 ± 0.3 100 7.5 ± 0.2 105.7 ± 18.0

NPY3-36 <6.5 64.5 ± 5.5 / / 7.5 ± 0.2 110.3 ± 6.9

GR231118 / / / / 7.5 ± 0.4 23.9 ± 5.3

cPP (Aib ) NPY / / / / / / 7.4 ± 0.1 90.5 ± 11.5

All data were expressed as ± standard error of the mean. pEC50 values were obtained from pooled concentration response curves presented in Figure 3.9.
Emax responses to each ligand were calculated as a percentage of 1µM NPY responses, which the exception of responses at Y4/A2 whereby they were
expressed as a percentage of 100nM PP responses.

N values for all data 3-11.
N.D = not determined
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Figure 3.13: The effect of pretreatment with antagonist on NPY stimulated Y1 / A2
BiFC

Y1/A2 cells were pretreated with the antagonist BIBO3304 at the concentrations
indicated for 30min at 37°C/5% CO2. Cells were then stimulated with NPY for 60min
at 37°C/5% CO2. Granularity analysis was performed on images obtained using an
automated confocal platereader. Concentration response curves in the presence and
absence of BIBO3304 were fitted (A), with a shared minimum, maximum and Hill
slope constraints. Concentration ratios in respect to derived EC50 values were used to
construct a Schild plot (B) to determine the pA2 value.

Y1/A2 BiFC responses in respect to antagonist pharmacology were also

investigated. The Y1 selective antagonist BIBO3304, was able to inhibit the

NPY induced Y1/A2 BiFC responses, showing rightward parallel shifts in the

NPY concentration response curve indicative of surmountable antagonism

(Figure 3.13, A). Schild analysis was used to calculate a pA2 value of 9.0 ± 0.1

(n=5; B).

3.3.3.1 Y1 and Y2 receptor mutants that alter agonist induced internalisation

also affect β-arrestin2 association to these subtypes 

Point mutations were selectively introduced into the Y1 and Y2 receptor

sequences (as described in section 2.2.1.1.1.2-3). For the Y1 receptor, an

alanine substitution was introduced at Tyr 99 (Y99; see Figure 3.14, A; residue

highlighted in blue) located at the top of TM2. This mutation has previously

been shown to inhibit NPY binding (Sautel et al., 1995, Sautel et al., 1996).

This receptor construct was termed Y1Y99A. Another set of mutations were
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also separately introduced into the C terminal domain of the Y1 receptor.

Alanine substitutions were made of 6 serine and threonine residues (S352A,

T353A, T356A, S359A, T361A, S362A) previously implicated as sites

phosphorylated by GRK’s in receptor desensitisation (see Figure 3.14, A;

residues highlighted in red). Mutation of these residues resulted in a

‘phosphorylation negative’ receptor that is incapable of β-arrestin2 

dependent agonist induced internalisation (Holliday et al., 2005, Ouedraogo

et al., 2008, Kilpatrick et al., 2010). This receptor was termed the Y16A

receptor. A point mutation was also introduced into the Y2 receptor sequence

with histidine residue 155 in the second intracellular loop being substituted

with proline (see Figure 3.14, B; residue shown in red). The H155P mutation

has been previously shown to enhance recruitment of β-arrestin2 to Y2 

receptors (Marion et al., 2006, Ouedraogo et al., 2008) by reconstructing a

necessary recognition motif implicated in regulating β-arrestin2 binding and 

β-arrestin2 mediated receptor internalisation for a variety of Class A GPCRs.  

This receptor construct was termed Y2H155P.

Competition binding experiments using [125I] PYY were performed in

membranes derived from HEK293TR cells stably expressing either Y16A-GFP

or Y2H155P-GFP. Receptor expression was induced using tetracycline

treatment 18hr prior to assay. At both receptor constructs, PYY and BIBO3304

were able to displace specific [125I] PYY binding with comparable affinities to

that seen for native Y1-GFP and Y2-GFP respectively (Kilpatrick et al., 2012).

Both receptors were also sensitive to GTPγS treatment, and Bmax estimates 

of receptor expression were comparable to Y1-GFP and Y2-GFP preparations.

Confocal imaging was then performed to investigate the agonist induced

internalisation of Y16A-GFP and Y2H155P-GFP receptors. For the

phosphorylation negative Y16A mutant, no internalisation was observed in

response to 1µM NPY following 30min stimulation (Figure 3.14, C).

Internalisation in response to high NPY concentrations (1µM) was observed

for mutant Y2H155P-GFP tagged receptors after 30min incubation at 37°C

(Figure 3.14, C; Figure 3.15).



Figure 3.14: Mutations selectively introduced into the NPY Y1 and Y2 receptor
subtypes.

The Y99A mutation introduced into the NPY Y1 receptor (A) is shown in blue, wit
location of six mutations of C terminal phosphorylation residues shown in red. The
H155P mutation selectively introduced into the Y2 receptor (B) is shown in red. For
reference, the DRH ionic lock motif of the NPY Y2 receptor subtype is shown in ligh
blue. HEK293TR cells were stably transfected with Y16A (A) or Y2H155P (B) receptors
fused to full length superfolder variant of GFP. Receptor expression was induced by
18hr pretreatment with tetracycline (1 µg ml
absence or presence of 1µM NPY (30min at 37°C) using a Zeiss LSM 510 confocal
microscope with laser excitation at 488nm. Images are representative of those
acquired from 4 independent experiments. For reference compare with Figure 3.4
for non-mutated Y1
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Figure 3.14: Mutations selectively introduced into the NPY Y1 and Y2 receptor

The Y99A mutation introduced into the NPY Y1 receptor (A) is shown in blue, wit
location of six mutations of C terminal phosphorylation residues shown in red. The
H155P mutation selectively introduced into the Y2 receptor (B) is shown in red. For
reference, the DRH ionic lock motif of the NPY Y2 receptor subtype is shown in ligh
blue. HEK293TR cells were stably transfected with Y16A (A) or Y2H155P (B) receptors
fused to full length superfolder variant of GFP. Receptor expression was induced by
18hr pretreatment with tetracycline (1 µg ml-1). Cells were imaged live in the

e or presence of 1µM NPY (30min at 37°C) using a Zeiss LSM 510 confocal
microscope with laser excitation at 488nm. Images are representative of those
acquired from 4 independent experiments. For reference compare with Figure 3.4

mutated Y1-GFP and Y2-GFP images.

Figure 3.14: Mutations selectively introduced into the NPY Y1 and Y2 receptor

The Y99A mutation introduced into the NPY Y1 receptor (A) is shown in blue, with the
location of six mutations of C terminal phosphorylation residues shown in red. The
H155P mutation selectively introduced into the Y2 receptor (B) is shown in red. For
reference, the DRH ionic lock motif of the NPY Y2 receptor subtype is shown in light
blue. HEK293TR cells were stably transfected with Y16A (A) or Y2H155P (B) receptors
fused to full length superfolder variant of GFP. Receptor expression was induced by

1). Cells were imaged live in the
e or presence of 1µM NPY (30min at 37°C) using a Zeiss LSM 510 confocal

microscope with laser excitation at 488nm. Images are representative of those
acquired from 4 independent experiments. For reference compare with Figure 3.4
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Figure 3.
timecourse stimulation
of Y2H155P
with 100nM NPY

HEK293TR cells stably
expressing Y2H155P
were stimulated with
100nM NPY over a
timecourse.
Representative ima
are shown of the same
region of cells
temporal
LSM510 confocal
microscope

Figure 3.15: 15min
timecourse stimulation
of Y2H155P -GFP cells
with 100nM NPY

HEK293TR cells stably
expressing Y2H155P-GFP,
were stimulated with
100nM NPY over a 15min
timecourse.
Representative images
are shown of the same
region of cells imaged at
temporal intervals using a
LSM510 confocal
microscope.
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In order to determine if a 30min agonist incubation (as previously used for Y1-

GFP and Y2-GFP) was sufficient, cells were stimulated with 100nM NPY at

37°C with the same region of cells imaged at 2.5min intervals. No

internalisation was seen for Y16A-GFP at any timepoint imaged. Noticeable

internalisation was observed for Y2H155P-GFP cells from 2.5min incubation

times onwards (Figure 3.15 compared to Figure 3.5). Automated imaging

using a confocal platereader, in conjunction with a granularity algorithm,

allowed NPY induced internalisation to be quantified and compared with

those obtained for native Y1 and Y2-GFP. No NPY induced internalisation

(30min at 37°C) was observed for Y16A-GFP even at higher concentrations

(Figure 3.16, A and B). Conversely the H155P mutation introduced into the Y2

sequence enhanced agonist-stimulated endocytosis of Y2H155P-GFP

receptors (A and C), with NPY potencies 18 fold greater when compared to

responses at the wildtype Y2 receptor (pEC50 7.8 ± 0.1, n=4; p < 0.01).
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Figure 3.
agonist induced internalisation of
native and mutant Y
receptors

HEK293TR cells were s
transfected with Y16A
Y2H155P
was induced with tetracycline (1µg
ml-1

GFP (
either vehicle or 1µM NPY (30
37°C) and then imaged using an IX
Ultra confocal platereader (on
images are shown here).
Quantificati
internalisation was normalised as a
percentage above basal responses.
Data from at least 3 independent
experiments were pooled and NPY
concentration response curves
derived for Y1
Y2H155P
values are sta
Responses from native Y1
Y2-GFP receptors (Figure 3.7B and C)
are shown as a dotted line.

Figure 3.16: Quantitative analysis of
agonist induced internalisation of
native and mutant Y1 and Y2
receptors

HEK293TR cells were stably
transfected with Y16A-GFP or
Y2H155P-GFP. Receptor expression
was induced with tetracycline (1µg

1) for 18hr. Y16A-GFP or Y2H155P-
GFP (A) receptors were treated with
either vehicle or 1µM NPY (30min at
37°C) and then imaged using an IX
Ultra confocal platereader (only GFP
images are shown here).
Quantification of receptor
internalisation was normalised as a
percentage above basal responses.
Data from at least 3 independent
experiments were pooled and NPY
concentration response curves
derived for Y16A-GFP (B) and

H155P-GFP (C) receptors. pEC50

values are stated in the text.
Responses from native Y1-GFP and

GFP receptors (Figure 3.7B and C)
are shown as a dotted line.
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3.3.3.2 Using automated imaging of BiFC responses to investigate the effect

of selective mutations on the association of Y1 receptors with β-arrestin2 

Studies using GFP tagged mutant Y16A and Y2H15PP-GFP suggested that

these mutations could confer changes in the nature of Y receptor

internalisation. The BiFC assay was then used to quantify whether selective

introductions of these mutations could also alter β-arrestin2 recruitment.  

Firstly, the effect of substituting a tyrosine at residue 99 for alanine (Y99A) in

the Y1 receptor sequence was investigated (Y1Y99A/A2; Figure 3.14, A;

residue highlighted in blue). This residue has been shown to inhibit agonist

binding at the Y1 receptor preventing the use of radioligand binding

measurements to estimate ligand affinity and receptor expression (Sautel et

al., 1995). The Y16A mutation (previously described in section 3.4.3.1) was

also investigated to assess the relative importance of these phosphorylated

residues in β-arrestin2 recruitment (Y16A/A2). Displacement of specific [125I]

PYY binding by PYY and BIBO3304, and sensitivity of this binding to GTPγS 

suggested that Y16A/A2 constructs were functional in respect to ligand

binding with Bmax values comparable to native Y1/A2 (Kilpatrick et al., 2010).

HEK293T cell lines stably co-expressing Y1/β-arrestin2 mutant BiFC constructs 

were stimulated with NPY for 60min at 37°C/5% CO2 (Figure 3.17). NPY

induced BiFC responses were abolished for both Y1Y99A/A2 and Y1Y6A/A2

mutant cell lines.
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Figure 3.17: Investigating the effect of selectively introduced mutations on Y1
receptor/ β-arrestin2 BiFC 

HEK293T cells stably co-expressing native or mutant Y1/A2 were stimulated with a
concentration range of NPY (60min at 37°C/5% CO2). Granularity analysis of images
acquired using an automated confocal platereader, allowed the effects on receptor
internalisation of mutations affecting ligand binding (Y1Y99A) and receptor
phosphorylation (Y16A) to be determined. All data was normalised to wildtype Y1
receptor repsonses to plate controls (vehicle and 1µM NPY) and expressed as means
± s.e.m. Data were pooled from at least 4 independent experiments.
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3.4 Discussion

3.4.1 Summary of main findings

High content imaging of fluorescently tagged Y receptor subtypes or Y

receptor/β-arrestin2 BiFC complexes in conjunction with automated analysis 

allowed quantitative pharmacology to be derived from qualitative images. The

use of BiFC defined the association of Y receptor/β-arrestin2 as discrete 

complexes, whose pharmacological responses could be compared to those

obtained in respect to Y receptor internalisation. Consistent agonist and

antagonist pharmacology was observed for these distinct signalling endpoints,

across all 4 Y receptor subtypes investigated, with affinity estimates also

comparable with those previously documented for each subtype using

alternative assay methodologies.

Quantification of BiFC fluorescence was here able to distinguish between

receptor mutations that alter the engagement of β-arrestin activation 

(Y1H155P) or phosphorylation sensors (Y16A) with the receptor. The use of

these selective mutations further supported a shared molecular mechanism

underlying both receptor internalisation and β-arrestin recruitment to Y 

receptors. As supported by previous studies, Y receptor internalisation is

therefore likely to reflect an agonist induced recruitment of β-arrestin that 

subsequently facilitates receptor endocytosis.

3.4.2.1 Y receptor-GFP fusion proteins are functional in respect to ligand

binding and cell surface expression

The addition of C terminal fluorescent protein tags to receptor constructs

required validation to ensure receptor expression and function was

conserved. The large size of GFP (27kDa) has the potential to alter the

expression and function of tagged proteins.. However the addition of

superfolder GFP tags to the C terminus of Y1-GFP did not adversely affect

ligand binding or receptor expression. [125I] PYY competition binding assays

(Figure 3.3) confirmed that ligand affinities were comparable to that

previously documented for cloned rat Y1 receptors in respect to PYY (Gehlert
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et al., 1997) and BIBO3304 (Dumont and Quirion, 2000) binding. The activity

of GTPγS in respect to its potency and degree of inhibition was also 

comparable to previous measures of N terminally HA-tagged Y1 receptors

(Holliday and Cox, 2003). Additionally confocal imaging confirmed that Y1-

GFP receptors were expressed at the plasma membrane of HEK293T cells

(Figure 3.4, A). A small degree of constitutive Y1 receptor internalisation was

observed, which was consistent with untagged Y1 receptors using antibody

live labelling techniques (Holliday et al., 2005, Lundell et al., 2011).

Observations from the Y receptor subtypes Y1, Y2, Y4 and Y5 with full length

eGFP or eYFP, showed that receptor expression and ligand binding was

unchanged (Bohme et al., 2008). GFP tagging of other Class A GPCRs such as

β2-adrenoceptors, α1A and α1B, vasopressin V2 and thyrotropin releasing

hormone receptors also resulted in receptors with unaltered ligand binding

and second messenger generation (reviewed in (Kallal and Benovic, 2000)).

Rapid agonist induced internalisation of Y1-GFP in response to agonist was

comparable to that previously observed for Y1 receptors containing no

fluorescent tag and measured using alternative methods. Labelling cloned

guinea pig Y1 receptors expressed in CHO cells using [125I] peptide ligands

revealed a marked decrease in the proportion of cell surface receptors in

response to agonist challenge(Parker et al., 2001, Parker et al., 2002). This was

also consistent with observations for endogenously expressed human Y1

receptor internalisation following labelling with a fluorescent NPY derivative

and observed using confocal microscopy in SK-N-MC cells (Fabry et al., 2000),

C terminal FLAG epitope labelling of human Y1 receptors in HEK derived

EBNA-293 cells (Lundell et al., 2011) and HA tagged rat Y1 receptors in

HEK293T cells (Holliday et al., 2005, Pheng et al., 2003). Y1-GFP receptor

agonist induced internalisation was also comparable to that previously

observed for this receptor when containing alternative C terminal (Bohme et

al., 2008, Lindner et al., 2009, Kilpatrick et al., 2010) or N terminal (Gicquiaux

et al., 2002, Ouedraogo et al., 2008, Lecat et al., 2011) fluorescent protein

tags. These comparisons are important, because for example, tagging of the
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β2-adrenoceptor with eGFP has previously been shown to decrease the rate 

of Isoprenaline induced internalisation compared to untagged receptor

(McLean and Milligan, 2000). Therefore the addition of a C terminal GFP tag

to the Y1 receptor did not appear to adversely affect Y1 receptor expression,

ligand binding potency or agonist induced internalisation suggesting this

technique was suitable for use in further investigations of Y receptor

pharmacology aligned to the internalisation response.

3.4.2.2 Agonist and antagonist pharmacology of Y1-GFP internalisation

responses revealed by quantitative imaging and analysis

Here for the first time, the use of automated confocal imaging and analysis

allowed quantitative data of agonist (pEC50) and antagonist (pKb) potencies to

be extracted from confocal imaging of Y1-GFP internalisation (Figure 3.6).

Previous observations of Y1 receptor agonist induced internalisation have

derived ligand potencies from alternative measures of Y1 internalisation, for

example the use of radiolabelled peptides (Parker et al., 2001, Parker et al.,

2002) and anti GFP antibodies (Ouedraogo et al., 2008, Lecat et al., 2011,

Gicquiaux et al., 2002) to measure the decrease in surface receptor

expression. Using this technique agonist pharmacology for Y1-GFP

internalisation could then be compared with previous estimates of Y1

pharmacology, which were broadly similar (Table 3.1) (Krause et al., 1992,

Gehlert et al., 1997, Lindner et al., 2009, Kilpatrick et al., 2010). For example,

the decreased potency of PP, compared to NPY, at inducing Y1-GFP

internalisation was similar to previous observations of the inability of PP to

decrease cell surface expression of GFP-Y1 receptors (Gicquiaux et al., 2002)

and was expected based on its decreased affinity for the Y1 receptor (Gehlert

et al., 1997). Functional antagonism was also observed for Y1-GFP receptor

endocytosis. The Y1 selective antagonist BIBO3304 was able to competitively

inhibit NPY induced Y1-GFP internalisation with affinity estimates consistent

with those from other studies (Michel et al., 1998, Wieland et al., 1998) and

reconcilable with the affinity of BIBO3304 at Y1-GFP receptors measured

using [125I] PYY radioligand binding (Table 3.1).
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Therefore automated confocal microscopy and analysis of Y1-GFP

internalisation allowed agonist and antagonist pharmacology to be

investigated and compared to previous measurements. This same technique

was therefore validated for use in quantifying ligand pharmacology using both

Y receptor internalisation and Y1/β-arrestin2 BiFC responses as functional 

readouts.

3.4.2.3 Advantages and limitations of the platereader approach to

measuring Y1 receptor internalisation

The use of standard confocal microscopy allowed the sub-cellular localisation

of GFP tagged Y1 receptors to be visualised at high magnification and

resolution (Figure 3.4, A). The internalisation of these labelled receptors could

be observed in response to receptor activation with agonist. However

quantification of internalisation from these images requires manual analysis

which can be time consuming and risks unintended experimenter bias. The

use of automated confocal image acquisition and analysis addressed both of

these caveats, in addition to also providing high resolution qualitative data of

the sub-cellular localisation of GFP tagged receptors (Figure 3.6) and

measuring the accumulation of receptor-β-arrestin2 BiFC complexes (Figure 

3.11, A). For example when using the granularity algorithm, although the

fluorescent intensity threshold to detect internalised granules is subjectively

defined by the experimenter, these were consistently applied to all images

acquired across the entire plate. This allowed quantification of

pharmacological responses to both full and partial agonists. The addition of a

nuclei stain also allowed results to be expressed on a per cell basis.

Additionally automated imaging allowed a greater number of cells to be

imaged per field assays can be performed in 96-1536 plate well formats (Auld

et al., 2006). However it is worth noting that the granularity algorithm

method is to some extent an indirect measure of endocytosis, as although it

measures an increase in intracellular receptor-GFP fluorescence as

endocytosis proceeds, it does not specifically measure decreases in the cell

surface receptor expression. However, automated detection and monitoring
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of receptors at the cell surface, using images of confluent cell lines such as

HEK293, is very difficult without a separate specific fluorescent marker to

define the plasma membrane. Thus granularity represents the most

convenient and rapid option to measure receptor endocytosis from

automated platereader images.

Additionally in common with manual microscopy there are spatiotemporal

limits to the confocal resolution possible. For example both are unable to

resolve structures such as clathrin coated pits and can only infer that

internalised receptors accumulate in perinuclear recycling compartments.

There are also differences between the spatial resolutions possible between

the confocal and plate reader formats due to the differences in numerical

aperture of the objectives used. The numerical aperture of the 40x objective

used in the plate reader format is lower (NA 0.6) than that of the 63x time

objective (NA 1.4) used in manual confocal imaging, meaning that some finer

details are less likely to be resolved using platereader imaging. Additionally

the choice of medium used between the objective and cover glass/plate can

account for these differences in resolution, as the immersion oil used at the

63x objective in confocal imaging creates an interface with a greater refractive

index which increases the possible resolution of cellular structures.

However despite these factors, automated image acquisition and analysis,

was able to generate both qualitative and quantitative data on the

internalisation of fluorescently tagged Y receptors and the interaction of Y

receptor with β-arrestin2 using BiFC and could indicate the cellular 

localisation of these fluorescent species.

3.4.3 Correspondence between Y receptor internalisation pharmacology and

BiFC measurements of -arrestin2 association

The successful use of automated analysis to quantify agonist induced Y1-GFP

receptor internalisation, suggested that this technique could be applied to

quantify the upstream signalling process such as the agonist induced

recruitment of β-arrestin2 to Y1 receptors measured by BiFC.  
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3.4.3.1 Characteristics of Y1 receptor-barrestin2 recruitment measured using

BiFC

The same imaging system and analysis algorithm used to quantify Y receptor-

GFP internalisation was used in conjunction with BiFC to quantify ligand

pharmacology of Y receptor/β-arrestin2 associations. The Y1/A2 BiFC cell line 

was functional in respect to [125I] PYY ligand binding and GTPS sensitivity,

with PYY and BIBO3304 binding affinities similar to those of Y1-GFP (Table 1)

and to previous observations (Kilpatrick et al., 2010, Gehlert et al., 1997,

Dumont and Quirion, 2000, Holliday and Cox, 2003). Translocation of cytosolic

GFP tagged β-arrestin2 to activated Y1 receptors has been shown in HEK293T 

cells (Holliday et al., 2005, Ouedraogo et al., 2008). BRET assays have also

shown that NPY receptor subtypes associate with β-arrestin2 in a 

concentration dependent manner (Berglund et al., 2003b). However whilst

BRET, and other techniques such as FRET, have the advantage of providing a

real time readout of β-arrestin recruitment, they are relatively complex 

requiring exogenous substrates (BRET) or dual wavelength measurements

(FRET). The irreversibility of BiFC and the time required for chromophore

maturation prevents real time measurements of responses using this

technique (Kerppola, 2009, Kerppola, 2013). However the irreversibility of

BiFC can be advantageous as it constrains associated proteins (in this case Y

receptor and β-arrestin2) as stable molecular complexes of precise 

composition, generating long lived recomplemented YFP fluorescence

indicative of an interaction. This is reflected in the stimulation time used here,

as although the initial Y1-β-arrestin2 interaction is rapid, the 60 minute 

incubation time allowed the fluorophore to fully mature resulting in a more

stable and intense fluorescent readout. Previous observation using these BiFC

fragments suggested that incubation time had no effect on derived agonist

potencies, and that longer stimulations only increased the proportion of

fluorescent recomplemented YFP observed (Kilpatrick et al., 2010). Analysis of

this fluorescence using the granularity algorithm allowed quantification of

agonist and antagonist pharmacological responses of Y receptor/β-arrestin2 
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complexes (Figure 3.11). The derivation of pEC50 potencies also allowed

comparisons to be made between BiFC and receptor-GFP internalisation

readouts using the same assay format. The use of this same granularity

algorithm in conjunction with the same set of BiFC fragments has previously

illustrated the agonist induced association of GPR120S and 120L splice

variants with β-arrestin2 (Watson et al., 2012). Alternative analysis techniques 

have also quantified the interaction of β-arrestin2 with β-adrenoceptors (Auld 

et al., 2006) (also using a larger scale 1536 well plate format) and angiotensin

1 receptors (Porrello et al., 2011). Quantitative analysis of BiFC fluorescence

was therefore a valid approach to investigate the pharmacology of β-arrestin2 

recruitment to Y receptor subtypes.

Much of the success of BiFC assays is linked to the appropriate choice of BiFC

fragment used (Kilpatrick and Holliday, 2012). This factor was previously

optimised for vYFP fragments (Kilpatrick et al., 2010), which suggested that C

terminal tagging of the Y1 receptor with the 155-238 Yc fragment was most

appropriate for sufficient receptor expression. The use of a complementary N

terminal fragment tag of β-arrestin2 (1-173) was found to maximise refolding 

rates at 37°C (Kilpatrick et al., 2010, Nagai et al., 2002, Hu and Kerppola,

2003). This is likely due to the overlapping region repeating a β strand (155-

172) within both fragments that facilitates refolding of the complete β barrel 

structure. Timecourse experiments using both these overlapping and non-

overlapping YFP fragments, revealed differences in the rates of

complementation (Kilpatrick et al., 2010), with the overlapping pairs showing

significantly faster t1/2 values for BiFC development compared to other

fragment pairs (10 min ± 1.0 versus 17.5-20.9min). However it is worth noting

that the choice of fragment pair had no effect on observed agonist potencies

(Kilpatrick et al., 2010), indicating that the different affinities of these

fragments for each other did not alter the agonist driven receptor-arrestin

association Additionally the kinetics of Y1/A2 with overlapping BiFC

fragments was slower than that observed for Y1-vYFP internalisation (2.4min

± 0.3) (Kilpatrick et al., 2010), confirming that NPY stimulation results in the de
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novo formation of new BiFC complexes rather than altering trafficking of

existing complexes. The use of a series of wash steps supported this assertion

in addition to illustrating the irreversible nature of BiFC complementation

(comparable results are observed for GFP complementation, see Chapter 4,

Figure 4.8) (Kilpatrick et al., 2010). An inevitable consequence of using

overlapping BiFC fragments with more efficient folding is the increased

propensity for ‘bystander’ collisions that can lead to higher background levels

of fluorescence (Kerppola, 2008b, Kodama and Hu, 2010). There is also a risk

in using BiFC assays that the strength of the affinity of the two tags is driving

the association of the tagged proteins as opposed to representing a genuine

interaction (Kerppola, 2013) – but as indicated above, changing the affinity of

the fragments for each other had no effect on the observed agonist

pharmacology (15). Under control conditions, some constitutive Y1/A2

fluorescence was observed (Figure 3.11, A), however this reconciled with the

constitutive activity previously observed for Y1-YFP receptors, suggesting it is

not as a consequence of intrinsic fragment affinity. The lack of basal

fluorescence observed for Y16A/A2 BiFC using the same overlapping BiFC

fragments (see below) (Kilpatrick et al., 2012), also suggested that constitutive

BiFC fluorescence may be receptor, not BiFC, dependent.

3.4.3.2 Agonist and antagonist pharmacology of Y1 receptor-arrestin

association closely resembles the profile seen for Y1-GFP receptor

internalisation

NPY was able to induce the association of Y1 receptor/β-arrestin2 BiFC 

complexes with a potency comparable to that observed for Y1-GFP receptor

internalisation (Table 3.2 and 3.3). Confocal images obtained (Figure 3.11, A)

were of high enough resolution to suggest that following internalisation, Y1/β-

arrestin2 complexes were present in perinuclear compartments within the

cytosol. This is reconciled with previous observations for Y1 receptor

associations with β-arrestin2 in HEK293T cells (Gicquiaux et al., 2002, Pheng et 

al., 2003). However no real conclusions can be made on the endocytic

trafficking of receptor-β-arrestin2 BiFC complexes beyond this point due to 
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the risk that the irreversibility of complementation is adversely affecting

receptor trafficking.

Y1/A2 BiFC responses showed agonist potencies and maximal responses

consistent with that observed for NPY at inducing fluorescently tagged Y1

receptor internalisation (Tables 3.2 and 3.3) (Gicquiaux et al., 2002, Lecat et

al., 2011, Ouedraogo et al., 2008). Similar to the Y1-GFP receptor, the typically

Y4 selective ligand GR231118 did not induce the association of β-arrestin2 and 

Y1 receptors (Pheng et al., 2003). Responses to PP were also comparable in

measures of both Y1 receptor internalisation and β-arrestin2 recruitment. The 

low potency and efficacy of the N terminal truncated ligands NPY3-36 and PYY3-

36 reflected the importance of N terminal peptide residues in Y1 receptor

binding and activation (reviewed in (Pedragosa-Badia et al., 2013)). BIBO3304

exhibited the expected surmountable antagonism of Y1 / A2 BiFC responses,

with affinity estimates consistent with those determined for Y1-GFP and

previous affinity measurements for BIBO3304 (Michel et al., 1998, Wieland et

al., 1998).

Therefore the BiFC assay gives expected pharmacology for agonist induced

recruitment of β-arrestin2 to Y1 receptors that was also comparable to Y1-

GFP responses and suggested that the presence of the BiFC tags did not have

an adverse effect on measuring the pharmacology of Y1 receptor – arrestin

recruitment. The quantification of two assay endpoint measurements

(internalisation and β-arrestin2 recruitment) generated comparable ligand 

pharmacology, suggesting that similar molecular mechanisms underlie β-

arrestin recruitment and Y1 receptor internalisation.

3.4.4 Similarities between β-arrestin recruitment and internalisation 

pharmacology are preserved for other Y receptor subtypes

3.4.4.1 The Y2 receptor

As previously described the Y1 receptor rapidly internalised in response to

stimulation with the agonists NPY, PYY and [Leu31, Pro34] NPY (Y1-GFP, Figure

3.12A). However observations of human (Gicquiaux et al., 2002) and guinea
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pig Y2 receptors (Parker et al., 2001) expressed in heterologous cell lines,

showed comparatively decreased internalisation in response to agonist. Here

NPY induced internalisation of GFP tagged Y2 receptors, and stimulated the

formation of Y2/β-arrestin2 BiFC complexes, with comparable potencies 

obtained for both assay formats (Figure 3.12, B; Table 3.3). However both of

these processes only occurred with NPY concentrations in excess of 50nM.

This is in accordance with previous observations of Y2 receptor internalisation

using N terminal GFP tagged (Ouedraogo et al., 2008), C terminal tagged eYFP

(Bohme et al., 2008, Walther et al., 2010) and FLAG tag immunolabelling

(Lundell et al., 2011). These groups observed Y2 receptor internalisation only

with NPY concentrations of 50-100nM, suggesting that internalisation

required a high degree of receptor occupancy (Kilpatrick et al., 2010).

However Lundell et al (2011) (Lundell et al., 2011) have suggested that the Y2

receptor internalisation observed in response to high concentrations of NPY is

less relevant at the physiological levels of NPY observed in vivo. Interestingly

the Y2 receptor showed comparable affinity to that of the Y1 receptor for NPY

and radiolabelled NPY (Lundell et al., 2011) even though both receptor

subtypes share only 30% sequence homology (Akerberg et al., 2010) and

substantial different residues implicated in ligand binding (Lindner et al.,

2008, Xu et al., 2013).  NPY was substantially less potent in stimulating β-

arrestin2 recruitment to Y2 receptors when using the BiFC assay (Y2/A2) with

responses 26 fold less than observed at Y1/A2. This phenomena was also

mirrored when quantifying Y2 receptor internalisation, with NPY responses 63

fold lower than that seen for Y1-GFP (Table 3.2 and 3.3).

The reduction in potency of NPY at inducing the formation of Y2/A2 BiFC

complexes or Y2-GFP internalisation does not appear to be due to a complete

lack of interaction with β-arrestin2. Colocalisation of Y2 receptors and β-

arrestin2 has been observed using BRET (Berglund et al., 2003b, Walther et

al., 2010). Monitoring reductions in Y2 receptor plasma membrane expression

measured by ELISA showed that overexpression of mCherry-β-arrestin2 

further enhanced Y2 receptor internalisation. Therefore the decreased
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potency for Y2/A2 and Y2-GFP is likely to be a consequence of Y2 receptors

having a decreased affinity for β-arrestin2 compared to that observed for the 

Y1 receptor. This has been implied from BRET studies whereby recruitment of

β-arrestin2 to Y2 receptors was both decreased in terms of extent and kinetics 

when compared to the Y1 subtype (t1/2 23min for Y2 and 3.4min for Y1

respectively) (Berglund et al., 2003b). The reason for this reduced arrestin

affinity may lie in the sequence differences between the Y1 and Y2 receptors.

Surprisingly interaction does not appear dependent on the Y1 and Y2 receptor

C terminal tails, the traditional site for phosphorylation by G protein receptor

and other kinases. For example the Y2 receptor contains a region analogous

to the Y1 receptor ‘phosphorylation motif’ (Ouedraogo et al., 2008, Walther

et al., 2010) thought to play a key role in the recruitment of β-arrestin2. NPY 

receptor chimeras consisting of the Y1 receptor substituted with the Y2

receptor C terminal domain, showed significantly increased NPY induced

internalisation when compared to wildtype Y1 receptors (Lundell et al., 2011).

This indicated that the Y2 receptor C terminus is capable of supporting β-

arrestin2 recruitment, so that other Y2 receptor intracellular domains may be

affecting the strength of this interaction.

Both PYY and the amino truncated form of PYY3-36 induced the formation of

Y2/A2 BiFC with higher potencies than that observed for NPY. This is in line

with previous observations of the rank order of potency at the Y2 receptor

(Gerald et al., 1995, Matthews et al., 1997, Akerberg et al., 2010). The

differences in potency of PYY3-36 at Y1 versus Y2 receptors likely reflects the

differing requirements of each receptor subtype for the N terminal domain of

the peptide (Michel et al., 1998). Ligand binding affinity observations

suggested that unlike the Y1 receptor, the C terminal peptide portion from

residue 13 onwards is sufficient for binding to the Y2 subtype (Lindner et al.,

2008). As expected the Y1 selective peptide [Leu31, Pro34] NPY (Fuhlendorff et

al., 1990) showed very low potency at the Y2 receptor, reconcilable with

previous measurements of its low binding affinity at this subtype (Matthews

et al., 1997, Lindner et al., 2008, Akerberg et al., 2010).
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3.4.4.2 Y4 receptor

Stimulation with agonist resulted in internalisation of Y4-GFP receptors and

the formation of Y4 receptor/β-arrestin2 BiFC complexes (Figures 3.9, C and 

3.12, C). Conflicting reports exist on the ability and kinetics of Y4 receptor

internalisation. Initial observations in CHO cells showed no desensitisation or

internalisation for C terminal FLAG tag labelled Y4 receptors (Voisin et al.,

2000). However observations from several other groups have shown rapid

internalisation of Y4 receptors in response to agonist (Tough et al., 2006,

Bohme et al., 2008), which were largely comparable to Y1 responses (Parker

et al., 2001, Parker et al., 2005). The greatest degree of responses for both

endpoint measurements were observed following stimulation with PP. This

was expected based on the known high selectivity of Y4 receptors for PP (Bard

et al., 1995, Berglund et al., 2001) in contrast to responses observed for the

Y1 receptor (Tables 3.2 and 3.3). Observations of HA tagged Y4 receptor

internalisation in HEK293 cells in response to PP was also less than observed

for Y1 receptors in response to NPY (Tough et al., 2006). BRET observations

have also shown that PP can induce concentration dependent recruitment of

β-arrestin2 to Y4 receptors (Berglund et al., 2003b) however with a 

significantly reduced potency compared to that observed using BiFC (pEC50 7.4

± 0.1 for BRET2 versus 9.5 ± 0.3 for Y4/A2 BiFC). It is worth noting however in

the aforementioned BRET study, agonist potencies were consistently lower for

all subtypes than their respective binding estimates (Berglund et al., 2003b).

The authors postulate that this may be due to an overexpression of GFP-

arrestin2 in these studies changing the stoichiometry of receptor-arrestin

interactions. However β-arrestin2 was also overexpressed in this BiFC system 

(as the β-arrestin2-Yn is a stably expressed clonal line) and agonist potencies 

for all Y subtypes were relatively consistent with those seen for the

internalisation of GFP tagged receptors expressed in HEK293T (expressing

endogeneous levels of β-arrestin2) and previous estimates of ligand 

potencies. However observations from BRET are useful as an indicator of the

real time rank order of association of β-arrestin2 with Y receptor subtypes (in 
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terms of t1/2 values), which can only be inferred by BiFC studies from changes

in agonist potency.

NPY and PYY showed reduced maximal responses, compared to PP, at

inducing Y4/A2 BiFC responses and Y4-GFP receptor internalisation. This is

consistent with the reported decreased affinity of these ligands at the Y4

receptor when [125I] PP is used as the radioligand (Lundell et al., 1995, Lundell

et al., 1996, Parker et al., 1998), in comparison to relative affinities at the Y1

and Y5 receptor subtypes (Lindner et al., 2008), and their reduced ability to

stimulate Y4 receptor G protein coupling and inhibition of cAMP formation

(Tough et al., 2006). GR231118 was a low efficacy agonist at both Y4-GFP and

Y4/A2 cell lines. Partial agonism of GR231118 at Y4 receptors has also been

documented in functional assays such as stimulation of GTPγ[35S] binding

(Tough et al., 2006) and is consistent with previous observations implying it is

high affinity Y4 receptor agonist (Parker et al., 1998). Interestingly although

GR231118 has similar binding affinities for both Y4 and Y1 receptor subtypes

(Matthews et al., 1997, Parker et al., 1998), GR231118 showed no activity at

Y1-GFP or Y1/A2 BiFC (Figures 3.9, A and 3.12, A) consistent with its previously

documented activity as a Y1 receptor antagonist (Daniels et al., 1995).

GR231118 is a dimeric analogue of the C terminal domain of NPY (Tough et al.,

2006). The contrasting effects of GR231118 at Y4 and Y1 receptors, suggests

that the C terminal portion of NPY is capable of activating the Y4 receptor.

However the Y1 receptor requires further engagement with the NPY N

terminus , which reconciles with the previous partial efficacy observed at

Y1/A2 for NPY3-36 and PYY3-36 (Table 3.3) and the Y1 selective antagonism

observed for the NPY C terminal dipeptide mimic BIBO3304 for Y1-GFP

internalisation and Y1/A2 BiFC formation (Lindner et al., 2008).

Both Y4-GFP and Y4/A2 BiFC cell lines therefore showed expected ligand

selectivity based on previous observations. The presence of either tag did not

adversely affect potency values in respect to receptor internalisation or β-

arrestin recruitment.
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3.4.4.3 Y5 receptor

Both NPY and PP were able to induce the formation of Y5/A2 BiFC complexes

and the internalisation of Y5-GFP receptors within a 60 minute time period

(Figure 3.6, C) with comparable potencies observed between the different

endpoint measurements (Tables 3.2 and 3.3). These NPY potencies were also

comparable to those previously observed for this receptor for inositol

phosphate accumulation assay in COS-7 cells (Lindner et al., 2008). NPY3-36

also exhibited high potency in stimulating Y5/A2 BiFC complexes, consistent

with the previously documented affinity of N terminal truncated peptides for

this receptor subtype (Gerald et al., 1996). The Y5 selective ligand cPP(1-

17)(Ala31,Aib32) (17-36) NPY showed subtype selectivity for Y5 receptors,

whereby it was able to induce Y5/A2 BiFC with high potency and efficacy, but

showed no activity at inducing Y1/A2 BiFC complex formation. This was

expected based on previous observations of the subnanomolar affinity of

Ala31, Aib32 containing PP/NPY hybrid peptides at Y5 receptors when

compared to other NPY receptor subtypes (Cabrele and Beck-Sickinger, 2000),

with this motif crucial for promoting selectivity. The Y5 selective antagonist

CGP71683 also showed expected surmountable antagonism at Y5-GFP

receptors, suggesting that the presence of the fluorescent protein tag was

well tolerated. The only discrepancy in ligand responses observed between

measures of β-arrestin2 recruitment and Y5 receptor internalisation was the 

43 fold increase in potency seen for cPP(1-17)(Ala31,Aib32) (17-36) NPY at Y5-

GFP.

All stimulations of the Y5 receptor required a 60min assay stimulation in order

for sufficient responses to be determined. Similar to the Y4 receptor, the

extent and rate of Y5 receptor internalisation has been disputed. Y5-GFP

receptors have previously been shown to translocate in a time dependent

manner to intracellular compartments following stimulation with PYY (Gehlert

et al., 2007) and with internalisation assays using radiolabelled ligand

suggested this receptor does undergo internalisation but at a slower rate

when compared to Y1 receptors (Parker et al., 2003, Bohme et al., 2008).
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BRET studies have shown that the Y5 receptor rapidly associates with β-

arrestin2 in response to stimulation with NPY with kinetics comparable to that

observed for the Y1 receptor (t1/2 values 4.6minand 3.4min respectively).

However BRET maximum responses were decreased for Y5 receptors

compared to that of the Y1, suggesting that the Y5 receptor is capable of

rapidly recruiting β-arrestin2, but to a lower extent – and that does not 

translate to rapid receptor internalisation as seen for the Y1 receptor.

One explanation for this discrepancy is the structure of the Y5 receptor, in

that it is relatively distinct from other NPY receptor subtypes, with a short C

terminus consisting of only 17 amino acids (versus 64 amino acids for the Y1

receptor) and a long intracellular loop 3 over 100 residues longer than the Y1

receptor (Gerald et al., 1996). The ability of the Y5 receptor to internalise,

suggests that for this subtype, the third intracellular loop may fulfil the typical

role of the C terminus for the other NPY receptor subtypes, particularly as it

contains a stretch of serine residues that are potential kinase phosphorylation

sites (Berglund et al., 2003b). As a change in potency was only observed for

the Y5 selective ligand c cPP(1-17)(Ala31,Aib32) (17-36) NPY, this ligand may

stabilise a particular conformation of Y5-GFP that is capable of rapidly

recruiting -arrestin2 (Berglund et al., 2003b), might also recruit other

mechanisms to drive internalisation.

This phenomenon has been suggested to account for the constitutive

internalisation of C terminal truncated Y1 receptors (Holliday et al., 2005) and

muscarinic M2 receptors (Pals-Rylaarsdam et al., 1997). Although further

work is required to confirm this, it is possible that the selective change in cPP-

Aib-NPY potency reflects that all forms of Y5-GFP receptor internalisation are

measured, be that β-arrestin2 dependent or independent, whereas the BiFC 

assay is directly measuring the association of Y5 receptors with β-arrestin2 

only.

3.4.4.4 Summary of responses at Y receptor subtypes

Measurements of ligand pharmacology derived from the quantification of two

distinct functional outputs (receptor internalisation and β-arrestin 
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recruitment) were relatively consistent across all 4 Y receptor subtypes

suggesting that the agonist induced recruitment of β-arrestin2 to Y receptors 

facilitates receptor endocytosis.

3.4.5 The relationship between Y receptor internalisation and arrestin

association is supported by the effects of Y1 and Y2 receptor mutations

Mutations were selectively introduced into the Y1 and Y2 receptor sequences

in order to investigate the role of residues implicated in ligand binding

(Y1Y99A) or in the molecular mechanisms that facilitate β-arrestin2 

recruitment (Y16A, Y2H155P).

3.4.5.1 The effect of mutating a residue implicated in ligand binding

(Y1Y99A)

Mutation studies have implicated 3 hydrophobic residues in transmembrane

domains 2 (Y99), 6 (F286) and 7 (H298) that facilitate ligand binding at the Y1

receptor (Walker et al., 1994, Sautel et al., 1995, Sautel et al., 1996, Sjodin et

al., 2006, Akerberg et al., 2010). Substitution of these residues with alanine

has been shown to abolish binding of peptide ligands. These residues have

been proposed to form a ‘hydrophobic binding pocket’ essential for peptide

binding (Sjodin et al., 2006). In this study, mutant Y1Y99A/A2 BiFC complexes

did not show agonist induced endocytosis in response to stimulation with NPY

(Figure 3.17). This was in marked contrast to responses of wildtype Y1/A2,

supporting the importance of this residue in peptide binding at the Y1

receptor. Interestingly this Tyr99 residue is highly conserved across all NPY

receptor subtypes, with the exception of the Y5 receptor (Akerberg et al.,

2010). Mutation of this residue to alanine in both the Y2 (Akerberg et al.,

2010) and the Y4 receptor (Pedragosa-Badia et al., 2013) sequences led to

marked alterations in the affinity of the receptor for binding peptide agonists.

This suggests Tyr99 may be a crucial contributor to ligand binding for the

majority of the NPY receptor family, with a potential hydrogen bond being

formed between the hydroxyl group of this tyrosine to the carboxyl terminal

amide of peptide ligands such as NPY, PYY and their metabolites (Sautel et al.,
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1995, Akerberg et al., 2010, Pedragosa-Badia et al., 2013). The Phe286 and

His298 residues are much less conserved across receptor subtypes and the

extent of their importance in ligand binding is disputed, with other subtype

specific residues thought to be required. The agonist selectivity of Y receptor

subtypes may partly be a reflection of this, with specific residues interacting

with different residues of each peptide ligand.

3.4.5.2 Mutation of Y1 receptor carboxyl terminal residues implicated in the

recruitment of β-arrestin2 (Y16A) 

A lack of agonist induced responses were observed for both Y16A-GFP

internalisation and Y16A/A2 BiFC responses (Figures 3.16 and 3.17).

Radioligand competition binding experiments showed that Y16A constructs

were expressed at the cell surface and bound agonist and antagonist peptides

normally,. The C terminal domain of many GPCR’s has been implicated in

regulating receptor desensitisation and as a major site of β-arrestin 

recruitment. The six alanine substitutions sequentially introduced into the C

terminal domain of the Y16A (Figure 3.14, A) were located within the Y1

receptor ‘phosphorylation motif’ that has been proposed to aid high affinity

binding of β-arrestin2 (Holliday et al., 2005, Ouedraogo et al., 2008, Kilpatrick 

et al., 2010). As β-arrestin2 has previously been shown using BRET to readily 

be interact with agonist activated Y receptors (Berglund et al., 2003b), the

abolition of NPY responses for Y16A-GFP and Y16A/A2 indirectly suggested

that β-arrestin2 recruitment is responsible for Y1 receptor endocytosis. This 

also reconciles with the shared agonist and antagonist profiles seen for Y

receptor internalisation and Y receptor/A2 BiFC responses.

Mass spectrometry experiments have been used to directly identify C terminal

residues phosphorylated upon agonist stimulation in vasopressin (Wu et al.,

2008),  CXCR4 (Busillo et al., 2010) and β2-adrenoceptors (Nobles et al., 2011). 

Interestingly for the Y1 receptor, it seems to be the number of residues

phosphorylated is more important than the location of these residues. When

sequential alanine mutations were introduced into the Y1 receptor C terminal,

dramatic reductions in β-arrestin2 recruitment were only seen when a 
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combination of 4/6 residues were mutated (Ouedraogo et al., 2008, Kilpatrick

et al., 2010). Two separate mutant Y1 receptor cell lines containing a

different combination of 4 mutated residues, showed similar reductions

(approximately a 70% decrease) in β-arrestin2 recruitment (Kilpatrick et al., 

2010). Only marginal reductions (approximately 20%) were observed with

single substitutions, suggesting there are no ‘magic bullet’ residues that

knockout Y1-β-arrestin2 interaction and that different clusters of 

phosphorylated residues can support this association. This redundancy within

the ‘phosphorylation motif’ was also observed for rhodopsin receptors (Doan

et al., 2006) where activity was correlated to the number of C terminal

phosphorylation sites as opposed to the identity of the specific residue, and

chemokine receptor 5 (Huttenrauch et al., 2005). Interestingly the importance

of C terminal phosphorylation in driving recruitment of β-arrestin2 seems to 

differ within the GPCR superfamily with muscarinic M2 (Gimenez et al., 2012)

and neurokinin receptors (Richardson et al., 2003) both capable of

desensitising and internalising in a phosphorylation independent manner. The

conservation of this ‘phosphorylation barcode’ may also change with cell type,

receptor subtype and the ligand used to activate the receptor (possibly

providing a mechanism for signalling pathway bias; (Nobles et al., 2011, Chen

et al., 2013). Additional sites distinct from the receptor carboxyl terminal

have also been implicated in high affinity binding of β-arrestin2, such as sites 

in the second (Marion et al., 2006) and third intracellular loop (for example

the muscarinic M2 and M3 receptors; (Gimenez et al., 2012, Poulin et al.,

2010, Butcher et al., 2011).

3.4.5.3 Mutation of an intracellular loop 2 mutation implicated in the

recruitment of β-arrestin2 (Y2H155P) 

The H155P mutation selectively introduced into the Y2 receptor sequence

enhanced both β-arrestin2 recruitment (Kilpatrick et al., 2010) and Y2 

receptor internalisation in response to NPY (Figure 3.16) with potency values

substantially greater than those observed for the wildtype Y2 receptor (Table

3.2). In the Y1 receptor sequence this residue is a proline that is conserved in
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64% of class A GPCRs (Marion et al., 2006, Shan et al., 2010) and has been

implicated as one of the elements within the receptor recognised by β-

arrestin2 to determine the receptor activation state (Marion et al., 2006, Shan

et al., 2010). Therefore the H155P mutation appears to confer a ‘Y1 like’

phenotype on the Y2 receptor in respect to agonist induced internalisation,

most likely by enhancing β-arrestin2 recruitment. The increased potency of 

NPY at the Y2H155P vs Y2 receptor is a consequence of this. Additionally this

conclusion is supported by previous substitutions of the equivalent proline

residue  in rhodopsin (Raman et al., 1999), serotonin 2C and β2-

adrenoceptors (Marion et al., 2006) which led to a marked decreased in β-

arrestin2 binding and subsequent β-arrestin2 mediated internalisation.  

3.4.6 Final conclusions

Here automated imaging was used to successfully quantify the agonist and

antagonist pharmacology of internalisation responses across Y receptor

subtypes for the first time. These responses largely corresponded with those

observed for upstream βarrestin2 recruitment to the same Y receptor 

subtypes. Quantification of BiFC fluorescence was here able to distinguish

between receptor mutations that alter the engagement of the β-arrestin 

activation (Y1H155P) or phosphorylation sensors (Y16A) with the receptor,

with complementary effects in respect to receptor-GFP internalisation

observed. This suggested shared molecular machinery was involved in both

these processes, in that internalisation of Y receptor subtypes is likely to be

largely driven by the recruitment of β-arrestin2.  

The irreversibility of BiFC effectively constrains protein-protein interactions as

complexes of precise composition. Subsequent chapters exploit this to allow

the investigation of responses that can be directly attributable to this defined

complex, such as interactions of GPCRs with β-arrestin2 (Chapter 4) or 

receptor-receptor homo (Chapter 5) or heterodimerisation (Chapter 6).
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Chapter 4 – The use of fluorescence correlation

spectroscopy alongside bimolecular fluorescence

complementation to investigate the effects of β-arrestin 

recruitment on the membrane mobility of NPY receptors

4.1 Introduction

The Y receptor family has previously been shown in Chapter 3 to be able to

internalise in response to agonist, which correlated with β-arrestin2 

association (Figures 3.9, 3.12). The role of β-arrestins in facilitating the 

endocytosis of many GPCRs (Chapter 1, section 1.6) by interacting with

components of the endocytic machinery such as clathrin and AP-2 is well

established. However β-arrestins have also been shown to act as signalling 

adaptors in their own right, with ligands able to selectively bias signalling

towards β-arrestin dependent pathways (Kenakin and Christopoulos, 2013, 

Wisler et al., 2007), though the intracellular or plasma membrane location of

such signalling complexes is currently unclear. At the plasma membrane for

example, the spatial organisation of GPCRs into discrete membrane

microdomains, through interactions with the cytoskeleton or the lipid

environment (Cordeaux et al., 2008, Padgett and Slesinger, 2010, Insel et al.,

2005), may organise intracellular signalling components in close proximity

(Corriden et al., 2014). However due to the heterogeneity of these

microdomains, and their small size, it is often difficult to study specific

complexes, for example receptor/β-arrestin, in microdomains within single 

cells. One way in which this might be overcome is through the use of single

cell imaging techniques such as fluorescence correlation spectroscopy (FCS),

photon counting histogram analysis (PCH) and fluorescence recovery after

photobleaching (FRAP). Potentially these techniques have great enough

spatial resolution to investigate microdomain organisation of GPCR signalling

domains, but the drawback has often been to define what is present in the
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complex. Application of BiFC in combination with such methods provides one

approach, which is explored in this Chapter.

4.1.2 Fluorescence correlation spectroscopy (FCS)

FCS is a live cell imaging technique used to measure the diffusion of

fluorescent species through a defined confocal volume (Schwille, 2001,

Diekmann and Hoischen, 2014, Briddon and Hill, 2007) (Figure 4.1, A). As

fluorescent species traverse the detection volume they generate time

dependent fluctuations in fluorescence intensity that can be analysed to give

quantitative data on the nature of fluorescent particles present, including the

average particle number and the average dwell time within the volume (τD) 

(Chapter 2, section 2.2.8).  τD in conjunction with the calibrated dimensions of 

the confocal volume can be used to determine diffusion coefficients (D) for

the fluorescent species (For equations see Chapter 2, section 2.2.11).

Furthermore multiple τD components isolated in autocorrelation analysis can 

provide quantitative information about different complexes involving the

fluorescent species, where they are distinguished by sufficiently different

diffusion rates (for example, free and receptor bound fluorescent ligands

(Corriden et al., 2014). This information is extracted from within the

detection volume used in FCS (~0.25fl), comprising cellular regions containing

only ~0.1µm2 of plasma membrane consisting of typically 1-100 fluorescent

particles. The diffusional behaviour of fluorescent ligands or GPCRs can then

provide insights into the signalling events within these microdomains. For

example FCS has been used to study the diffusion of adenosine receptors

(Briddon et al., 2004a, Cordeaux et al., 2008), β2-adrenoceptors (Hegener et 

al., 2004) somatostatin receptors (Patel et al., 2002) and GABAA receptors

(Meissner and Haberlein, 2003).

There are limitations that need to be considered when using FCS to measure

the diffusion of membrane bound receptors and signalling complexes. Firstly

the 2D model used to fit the recorded fluctuations assumes a 2D plasma

membrane when in reality it contains topographical 3D features such as

clathrin coated pits. Additionally the use of changes in D to identify alterations
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in molecular mass, indicative of events such as receptor dimerisation or

clustering of signalling complexes, can often be problematic due to the cube

root relationship that exists between changes in mass causing a change in D

(Briddon and Hill, 2007). For example whilst the formation of a GPCR dimer

from a monomer is a 2 fold change in mass, this only equates to a 1.25 fold

change in D.

However FCS is sensitive enough to be used where receptor expression is low

(such as in native tissues), as the amplitude of the autocorrelation curve is

inversely proportional to the concentration of fluorescent particles present

within the confocal volume (Diekmann and Hoischen, 2014). The largest

limitation to using FCS is that only mobile fluorescent species will produce

fluctuations that can be recorded. Therefore immobilised species will not be

detected (Diekmann and Hoischen, 2014), for example receptors bound to the

cytoskeleton (Lenne et al., 2006) or limited by other membrane components

such as caveolae (Insel et al., 2005) and lipid rafts (Padgett and Slesinger,

2010).

4.1.3 Photon counting histogram analysis (PCH)

The same fluorescent fluctuations recorded in FCS readings can be

alternatively analysed in respect to variation in amplitude rather than time.

PCH analysis generates an alternative estimate of particle concentration than

that determined by autocorrelation analysis, in addition to estimates of

molecular brightness (ϵ) of fluorescent species (Chen et al., 1999, Kask et al., 

1999). PCH is therefore a more sensitive indicator of changes in the

stoichiometry of fluorescent complexes as molecular brightness is

proportional to the number of fluorescent molecules within a complex as for

example, the transition of a fully labelled GPCR from a monomer to dimer

should theoretically result in a doubling of ϵ (assuming a 1:1 stochiometry of

protein to fluorescent label).

Therefore FCS and PCH can provide complementary information on the

diffusion characteristics and molecular composition of fluorescently tagged

complexes such as adenosine A3 receptors (Cordeaux et al., 2008), serotonin
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5-HT2C receptors (Herrick-Davis et al., 2012) and the biogenic amine α1b-

adrenoceptors, β2-adrenoceptors, muscarinic M1 and M3 and dopamine D1

receptors (Herrick-Davis et al., 2013).

4.1.4 Fluorescence recovery after photobleaching (FRAP)

FRAP is a technique that can also measure the mobility and molecular

dynamics of fluorescently tagged molecules within the membranes of living

cells (Bancaud et al., 2009, Axelrod et al., 1976, Dorsch et al., 2009). Since its

development in the 1970s, FRAP has now become commonplace to study the

dynamics of a wide range of cellular processes such as protein recycling,

cytoskeletal dynamics, vesicle transport, cell adhesion and signal transduction

(reviewed in (Diekmann and Hoischen, 2014)). Typically in a FRAP assay,

fluorescent molecules within a small region of the cell are photobleached

using a high power focused laser beam. Photobleaching causes irreversible

damage to the chromophore by interrupting the cycle of repetitive excitation

and emission so that these molecules can no longer fluoresce. The recovery of

fluorescence within the bleached region is attributable to an inward diffusion

of unbleached ‘bright’ fluorescent molecules which are exchanged for their

bleached counterparts. This process is recorded over time at a low intensity

laser power (Lippincott-Schwartz et al., 2003, McNally, 2008).

FRAP analysis can also provide additional information on the underlying

molecular dynamics of the cellular environment, by giving estimates of the

proportion of fluorescently tagged receptors that are mobile. This fraction can

be significantly affected by the interaction of fluorescently tagged receptors

of interest with other intracellular components and microdomains leading to

restrictions on free diffusion (Diekmann and Hoischen, 2014). Both the mobile

and immobile fractions can be calculated directly from the ratios of

fluorescence intensities recorded pre and post bleaching (see Chapter 2,

2.12). The use of representative and background ROI’s in addition to the

experimental ROI monitors background bleaching over time, and facilitates

the calculation of accurate diffusion coefficients (D) (Figure 4.4, A; see

Chapter 2, 2.12 for further details). .
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In contrast to FCS, FRAP measurements are made over a larger membrane

area (Briddon and Hill, 2007) and are more likely to be influenced by the

heterogeneity of the membrane surface. However unlike FCS, FRAP can

estimate the proportion of fluorescent molecules which are mobile compared

to immobile, providing information on the influence of stable cellular barriers

to free diffusion within membrane regions. Therefore both techniques can

complement one another to provide information on the micro (FCS) and

macro (FRAP) diffusion of cellular complexes.

4.1.5 The development of a novel BiFC pairing using superfolder GFP

fragments

BiFC using YFP fragments has been used previously in FCS studies to

investigate the diffusion of adenosine receptor dimers (Briddon et al., 2008),

serotonin 5-HT2C homodimers (Herrick-Davis et al., 2012) and histamine H1

receptors (Rose et al., 2010). The irreversible nature of BiFC is potentially

advantageous when investigating such interactions as it defines the precise

composition of molecular complexes (Kerppola, 2008a, Kilpatrick et al., 2010).

However, although YFP BiFC fragments were previously used successfully in

Chapter 3 to investigate the β-arrestin2 association with Y receptors, these 

same constructs are less suited to single molecule imaging techniques. This is

due to the high propensity of YFP molecules to spot bleach as they diffuse

through the confocal volume (Schwille, 2001). YFP tagged molecules

effectively ‘disappear’ from the confocal volume during the recording leading

to artificially reduced dwell times and consequently faster observed diffusion

coefficients (Rose et al., 2010, Briddon et al., 2004b, Schwille et al., 2000). This

property has been illustrated in assessments of myc tagged H1-YFP receptors,

using YFP fluorescence directly, where a steep linear relationship was

observed between laser power and D (Rose et al., 2012).

GFP variants do not show as great an inclination to bleach at low laser powers

and would therefore be better suited to FCS assays (Diekmann and Hoischen,

2014), as well as showing other improved photophysical characteristics for

measurements (such as a reduced contribution to the autocorrelation trace
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from fluorescent protein “blinking” at high frequencies). However the use of

split eGFP fragments in complementation assays is problematic, as they show

relatively poor complementation efficiencies in living cells under physiological

conditions (Hu and Kerppola, 2003). The superfolder variant of GFP has also

been developed for BiFC, but the fragments previously chosen (split point

between between β strands 10 and 11) were designed for spontaneous self 

assembly (Cabantous and Waldo, 2006). Therefore we proposed that the split

point used previously in this (Chapter 3) and other YFP BiFC studies (Kilpatrick

et al., 2010, Hu and Kerppola, 2003, Kerppola, 2008a, Rose RH, 2010) could be

replicated to generate overlapping superfolder GFP N (β strands 8-9) and C (β 

strands 7-8) terminal fragments with BiFC properties suitable for monitoring

agonist induced Y receptor-arrestin complexes using FCS, FRAP or PCH

analysis.
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4.2 Aims of this chapter:

The overarching aim of this chapter was to use single molecule imaging

techniques to probe the diffusion characteristics of Y1 and Y2 receptor

complexes and investigate how these were affected by agonist stimulation,

and the differing propensities of these subtypes to undergo agonist induced

internalisation. We then aimed to characterise and use the novel superfolder

GFP BiFC system to relate these data to defined Y receptor--arrestin

signalling complexes, using -arrestin mutants to manipulate their interaction

with clathrin coated pits.

Finally, in addition to FCS autocorrelation analysis and FRAP, we used PCH to

obtain estimates of molecular brightness, in order to provide information on

the molecular stoichiometry of Y1 receptors and -arrestin complexes.
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4.3 Results

4.3.1 The use of FCS and FRAP to investigate the plasma membrane diffusion

of agonist stimulated NPY receptors

Initial FCS recordings were performed on unstimulated Y1-GFP receptors

expressed in 293TR cells (GFP cell lines as previously described in Chapter 3)

(Figure 4.1, B), with the confocal volume placed on the upper plasma

membrane All FCS recordings were performed at 22°C, rather than the 37°C

incubation used for internalisation assays, as this decreased temperature is

necessary to minimise cell membrane movements and consequent fluctuation

artefacts. Fluctuations were fitted to a 2 dimensional model with two

components of similar proportions (D1, D2 see Table 4.1), which also

contains a pre-exponential term (not shown) to correct for rapid (< 5 µs)

fluctuations arising from photophysics of the fluorophore. The first

component yielded a short dwell time (τD1) of 150-250µs, which was also 

interpreted as a consequence of the photophysics of the GFP protein as

highlighted in previous studies (Schwille, 2001, Briddon et al., 2004b, Briddon

et al., 2008, Licht et al., 2003). The second longer dwell time (τD2) was 

therefore interpreted as representing the dwell time and mobility of

unstimulated Y1-GFP receptor proteins. Diffusion coefficients were derived

from these dwell times normalised to the dimensions of the confocal volume

calibrated with Rhodamine 6G on each experimental day.

Y1-GFP expressing cells were then pretreated with vehicle or 100nM NPY for

15min at 37°C, prior to FCS measurements being made at 22°C (Figure 4.1, C).

During the initial 37°C period agonist-stimulated internalisation was observed,

comparable to that seen previously for the Y1-GFP receptor in manual or

automated confocal imaging (Chapter 3, Figures 3.4, 3.7A). Room

temperature FCS recordings were made for up to 60min after control or

agonist treatments, and no time dependent changes in either particle

concentration or D were observed for Y1-GFP receptors, under control or NPY

stimulated conditions, in traces obtained at different points over this period

(Figure 4.2, A and B). The data presented henceforth were therefore pooled
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over this recording time. FCS reads from the plasma membrane revealed no

change in the concentration of Y1-GFP particles after NPY stimulation

compared to controls (Figure 4.2, C), despite evident receptor internalisation .

However a significant slowing of Y1-GFP lateral mobility was detected with

NPY occupancy (Figure 4.2, D, see Table 4.1).

FCS measurements performed here utilised the superfolder variant of GFP

previously used to measure the agonist induced internalisation of NPY

receptor subtypes in platereader assays (Chapter 3, Figure 3.9). This

engineered variant contained mutations that increased the efficiency and rate

of chromophore maturation resulting in a 60% increase in fluorescence

intensity when compared to standard enhanced (e)GFP (Pedelacq et al., 2006)

As this is the first documented set of FCS experiments using the superfolder

GFP variant, its properties were verified by comparing the diffusion of

HEK293TR Y1-eGFP receptors to that previously observed for Y1-GFP

(superfolder). Using identical acquisition settings, comparable measurements

of τD1, τD2, D (Table 4.1) and particle concentrations (63.7± 4.2 µm-2 and 62.3

± 5.0 µm-2; n=46-53) were observed for Y1-eGFP in control and NPY

stimulated conditions (Figure 4.2, C and D). This was expected given that the

addition of superfolder mutations, whilst enhancing GFP folding efficiency, do

not alter chromophore photophysics (Pedelacq et al., 2006).

The Y1 antagonist BIBO3304 (Wieland et al., 1998) was previously

demonstrated to competitively inhibit NPY induced internalisation of Y1-GFP

receptors (Chapter 3, Figure 3.10, A). Pretreatment with BIBO3304 (1µM;

15min at 37°C) did not significantly change the membrane mobility of Y1-GFP

under control conditions (Figure 4.3, B; D= 2.32 ± 0.22 x 10-9 cm2 s-1; n=28).

However BIBO3304 pretreatment was able to inhibit the effect of 100nM NPY

treatment on the slowing of Y1-GFP diffusion. BIBO3304 treatment did not

significantly affect the particle concentrations of Y1-GFP receptors under

control or NPY stimulated conditions (A).



Figure 4.1: Using FCS to measure the lateral mobility of GFP tagged Y recepto
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The principle of FCS is shown in the schematic (A), whereby the diffusion of
fluorescently tagged moieties through a stationary confocal volume can be
measured. Example FCS recordings and autocorrelation an
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fluctuations and the fit deviation from a 2 dimensional 2
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derived from this using the dimensions of the calibrated confocal volume. Pooled
data derived from this analysis are shown f
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Figure 4.1: Using FCS to measure the lateral mobility of GFP tagged Y recepto
arrestin2 GFP BiFC complexes

The principle of FCS is shown in the schematic (A), whereby the diffusion of
fluorescently tagged moieties through a stationary confocal volume can be
measured. Example FCS recordings and autocorrelation analysis are shown for

GFP cells under control (B), or pretreated 100nM NPY (15min at 37°C;
C) or for HEK293T Y1/A2G cells pretreated with 100nM NPY (60min at 37°C; D). A

scan at the x-y location of the cell nucleus gives the upper an
plasma membranes (UM and LM), shown by the peaks in the top left insets for B
The confocal volume was positioned on the upper membrane, and following a 15s
prebleach, fluorescence intensity fluctuations were recorded at 22°C (one 15sec read

shown in top right graphs for B-D).. The larger graphs show the

autocorrelation curves that can be derived from these fluorescence
fluctuations and the fit deviation from a 2 dimensional 2 component diffusional
model (Chapter 2, section 2.2.11). Using this model, dwell times of receptor species
within the confocal volume could be estimated, and the diffusion coefficient (D)
derived from this using the dimensions of the calibrated confocal volume. Pooled
data derived from this analysis are shown for Y1 in Figures 4.2 and 4.9 and Tables 1
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plasma membranes (UM and LM), shown by the peaks in the top left insets for B-D.
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prebleach, fluorescence intensity fluctuations were recorded at 22°C (one 15sec read
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Using this model, dwell times of receptor species

within the confocal volume could be estimated, and the diffusion coefficient (D)
derived from this using the dimensions of the calibrated confocal volume. Pooled
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Figure 4.2: Treatment with agonist results in a
slowing of the lateral
diffusion of Y receptors

Histograms show pooled data for particle
concentrations (A) and diffusion coefficients (B)
from FCS measurements
HEK293TR cells expressing Y1
or 100nM NPY stimulation (15min pretreatment
at 37°C), pooled based on the time
No significant differences were observed in
responses over time providing justification for
pooling responses across all time points. FCS
derived particle concentrations (C) and diffusion
co-efficients (D) were then obtained
HEK293TR cells expressing Y1
cells), Y1-GFP (n=117
Y2-GFP (n=47-50) or Y2H155P
receptors. Measurements of vehicle treated cells
are shown in the open bars with solid bars
representing observations from
stimulated cells (15min pretreatment at 37°C).
Significant differences between control or
stimulated groups were determined using
Kruskal-Wallis tests followed by Dunn’s post tests
and are indicated by **p<0.01.

Treatment with agonist results in a
the lateral plasma membrane

diffusion of Y receptors that internalise.

ams show pooled data for particle
concentrations (A) and diffusion coefficients (B)
from FCS measurements (at 22°C) performed on
HEK293TR cells expressing Y1-GFP under control
or 100nM NPY stimulation (15min pretreatment

, pooled based on the time of recording.
No significant differences were observed in
responses over time providing justification for
pooling responses across all time points. FCS
derived particle concentrations (C) and diffusion

efficients (D) were then obtained from
ls expressing Y1-eGFP (n=53-46

GFP (n=117-148), Y16A-GFP (n=87-95),
50) or Y2H155P-GFP (n=35-51)

receptors. Measurements of vehicle treated cells
are shown in the open bars with solid bars
representing observations from 100 nM NPY
timulated cells (15min pretreatment at 37°C).

Significant differences between control or
stimulated groups were determined using

Wallis tests followed by Dunn’s post tests
and are indicated by **p<0.01.
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Table 4.1: Summary of FCS parameters for GFP tagged NPY receptor subtypes

Receptor Condition τD1 τD2 Concentration (τD2) D n cells

µs % ms N µm-2 (x 10-9 cm2 s-1)

Y1-eGFP (5) Control 144 ± 5 46.3 ± 1.6 40.4 ± 2.2 63.7 ± 4.2 2.05 ± 0.2 53

100nM NPY 190 ± 10 49.5 ± 2.1 59.3 ± 5.1 62.3 ± 5.0 1.64 ± 0.2 46

Y1-GFP (16) Control 250 ± 9 41.6 ± 1.1 40.0 ± 1.6 102.5 ± 5.2 2.22 ± 0.2 148

100nM NPY 258 ± 9 39.6 ± 1.2 60.4 ± 3.4 117 ± 6.5 1.48 ± 0.1 117

Y16A-GFP (7) Control 230 ± 8 41.6 ± 1.4 33.9 ± 1.8 90.7 ± 5.4 2.45 ± 0.1 87

100nM NPY 244 ± 8 42.6 ± 1.2 40.0 ± 2.0 89.3 ± 5.1 2.09 ± 0.1 95

Y2-GFP (4) Control 223 ± 11 52.2 ± 0.6 37.5 ± 2.2 77.3 ± 5.7 2.15 ± 0.2 50

100nM NPY 265 ± 12 51.6 ± 0.6 46.4 ± 4.8 83.0 ± 6.0 1.99 ± 0.2 47

Y2H155P-GFP (4) Control 213 ± 11 53.4 ± 0.6 31.6 ± 2.1 68.4 ± 4.8 2.55 ± 0.1 51

100nM NPY 260 ± 16 53.1 ± 1.3 53.0 ± 6.2 70.5 ± 7.3 1.78 ± 0.2 35

D values were calculated from measurements of dwell time (τD2) using a 2D diffusion model with 2x dwell components. The % τD2 refers to the percentage 
contribution of the τD2 dwell time component to the autocorrelation curve. 

n numbers in parenthesis refers to the number of independent experiments performed, whilst n values in the table refer to the total number of cell
recordings. Pooled data are expressed as mean ± s.e.m..
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Figure 4.3: Changes in agonist stimulated membrane Y1-GFP receptor mobility are
inhibited by the Y1 selective antagonist BIBO3304
Histograms showing pooled data for FCS measurements of particle concentrations
(A) and diffusion coefficients (B) observed in HEK293TR Y1-GFP cells. Cells were
pretreated with BIBO3304 (1µM; 15min at 37°C) followed by incubation with vehicle
(control; open bars) or NPY (100nM; solid bars) for 15min at 37°C. FCS measurements
were then obtained at 22°C (n=20-29 cells). Significant differences between control
and NPY stimulated data groups are indicated by *** p<0.001 (Kruskal-Wallis,
followed by Dunn’s post hoc test). Data was pooled from 4 independent
experiments.

Previous investigation of HEK293TR cells stably expressing native (Y1 or Y2) or

mutant (Y16A, Y2H155P) GFP tagged Y receptor subtypes revealed differences

in the extent of their agonist induced endocytosis. Y1 receptors showed rapid

internalisation in response to agonist, which was abolished by the selective

introduction of 6 alanine mutations (6A) into the Y1 C terminus (Chapter 3,

Figure 3.7, B; Figure 3.16). Y2-GFP receptors showed reduced NPY induced

internalisation when compared to Y1-GFP (Figure 3.7, A), however the

Y2H155P mutation was able to enhance the potency of NPY at inducing Y2

receptor internalisation (Y2H155P; Figure 3.7,C and Figure 3.16). We

therefore used these mutants to test whether the observed changes in Y

receptor diffusion following agonist exposure could be accounted for by

predicted interaction with the endocytosis machniery. In order to maximise

the difference in the extent of agonist-stimulated endocytosis by the different

receptors, pretreatment with 100nM NPY was used throughout (Chapter3,

Figure 3.9). In FCS measurements of Y16A-GFP, NPY pretreatment had no

effect on membrane motility, unlike the significant reduction in D observed
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for the wildtype Y1 receptor (Figure 4.2, D). Additionally NPY pretreatment did

not alter the lateral diffusion of wildtype Y2-GFP, however a significant

decrease in the rate of diffusion was introduced by the Y2H155P mutation.

However NPY pretreatment had no effect on cell surface particle

concentrations of native or mutant Y1 or Y2-GFP receptors (Figure 4.2, C). This

was surprising for native Y1-GFP or Y2H155P-GFP receptors given the receptor

internalisation previously seen (Chapter 3, Figures 3.7,B, 3.16,C). This

observation might be explained by NPY increasing the proportion of the

mobile fraction of receptor complexes present at the plasma membrane,

particularly as immobile fractions are undetectable by FCS (Briddon and Hill,

2007). This might compensate for the overall loss of Y receptor-GFP from the

cell surface as endocytosis proceeds.

In order to investigate the role of the mobile receptor fraction, FRAP

experiments were perfomed on HEK293TR Y1-GFP or Y16A-GFP cells at 37°C

(Figure 4.4). A high fraction (approximately 80%) of mobile receptors was

observed for unstimulated Y1-GFP, which did not change with NPY stimulation

or following the introduction of the 6A mutations (Figure 4.5, B). Similar to

observations using FCS, FRAP studies revealed a significant slowing in the rate

of Y1-GFP diffusion following NPY stimulation (C; D= 0.68 ± 0.04 x10-10 cm2 s-1;

**p<0.01; n=23) when compared to vehicle (control; D= 0.99 ± 0.06 x10-10 cm2

s-1; n=19). These D values were considerably lower (approximately 10 fold)

than those obtained using FCS. No effect of agonist on the diffusion of Y16A-

GFP receptors was observed using FRAP.



Figure 4.4: Representative images of a FRAP experiment
Representative images of FRAP experiments performed on the lower plasma
membrane of HEK29
stimulated conditions (100nM NPY; 15min). Example images were taken prebleach,
immediately post bleach and following a 90s
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Figure 4.4: Representative images of a FRAP experiment
Representative images of FRAP experiments performed on the lower plasma
membrane of HEK293TR expressing Y1-GFP receptors under control or agonist
stimulated conditions (100nM NPY; 15min). Example images were taken prebleach,
immediately post bleach and following a 90sec recovery period.

Representative images of FRAP experiments performed on the lower plasma
GFP receptors under control or agonist

stimulated conditions (100nM NPY; 15min). Example images were taken prebleach,
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Figure 4
from FRAP
the fraction of mobile receptors
and estimated diffusion coefficients

Fluorescence intensity traces are
shown over time taken from the
bleached (red), representative
(green) or background
indicated in the recovery image
from Figure 4.4.
a single phase exponential of
recovery (Zeiss Zen 2010 software;
see section 2.2.12) and gave
estimates of mobile receptor
fractions and diffusion coefficients
(D) with pooled data (n=19
3 experiments) shown in p
and C respectively. Significant
differences between control or
agonist stimulated groups were
determined using
test followed by Dunn’s post tests
and are indicated by **p<0.01.

Figure 4.5: Pooled data derived
from FRAP experiments showing
the fraction of mobile receptors
and estimated diffusion coefficients

Fluorescence intensity traces are
shown over time taken from the
bleached (red), representative
(green) or background ROIs (blue)
indicated in the recovery image

m Figure 4.4. Data were fitted to
a single phase exponential of
recovery (Zeiss Zen 2010 software;
see section 2.2.12) and gave
estimates of mobile receptor
fractions and diffusion coefficients
(D) with pooled data (n=19-24 cells;
3 experiments) shown in panels B
and C respectively. Significant
differences between control or
agonist stimulated groups were
determined using the Kruskal-Wallis
test followed by Dunn’s post tests
and are indicated by **p<0.01.
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4.3.2 The use of superfolder GFP BiFC to detect Y receptor-arrestin

complexes using FCS

A clear correlation was revealed from FCS and FRAP investigations between

the agonist induced changes in Y1 or Y2 receptor mobility and the ability of

these receptors to undergo agonist induced endocytosis. However the

molecular composition of species diffusing through the confocal volume, for

example the receptor--arrestin complexes that might be involved in this

pathway, are difficult to define using standard FCS measurements using GFP-

tagged receptors.

Therefore methods that identify the actual molecular complexes present

within the confocal volume will potentially improve the interpretation of D

measurements and their changes. To this end, a novel version of BiFC utilising

superfolder GFP fragments was created to define Y1 receptor/β-arrestin 

complexes of defined composition in FCS studies. The use of a mutant form of

β-arrestin2 lacking a proposed clathrin binding site (LIEFD; residues 373-377 

deleted; termed A2LIEFD throughout (ter Haar et al., 2000, Krupnick et al.,

1997a)) was also used to investigate the potential influence of clathrin

interaction of diffusion rates of Y1/β-arrestin2. As described in Chapter 3, dual 

stably transfected HEK293T cells lines were established that coexpressed Y1

receptor-Gc and clonal β-arrestin1 (A1), β-arrestin2 (A2) or β-arrestin2∆LIEFD 

(A2LIEFD) tagged with the complementary Gn fragment. These cell lines were

termed Y1/A1G, Y1/A2G or Y1/A2LIEFDG respectively, with the G representing

the superfolder GFP BiFC variant.

[125I] PYY binding confirmed that all Y1/β-arrestin GFP BiFC cell lines were 

able to specifically bind PYY and BIBO3304 with high affinity and were

sensitive to GTPS (Kilpatrick et al., 2012). Bmax values derived from [125I] PYY

displacements confirmed similar expression levels for Y1/A2G, Y1/ A2G and

Y1/A2LIEFD G BiFC cell lines (Table 4.2). Confocal and platereader imaging

experiments were then performed using these lines, as described for the YFP

BiFC system to detect receptor-arrestin association (Chapter 3, Figure 3.4.2.1).

NPY stimulated complementation of the superfolder GFP fragments was
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indicated by fluorescence in live transfected HEK293T cells (Figure 4.6),

following association of the Y1 receptor with β-arrestin. For the Y1/A2G cell 

line, minimal intracellular fluroescence was observed under control

conditions, however stimulation with 100nM NPY (60min, 37°C/5%CO2)

generated novel Y1 receptor/β-arrestin2 BiFC complexes that were 

predominantly localised to intracellular perinuclear compartments and to a

lesser extent the plasma membrane (A; Y1/A2G). However under basal

conditions some pre existing Y1/A1G BiFC complexes were observed at the

plasma membrane (B). After NPY stimulation of Y1/A1G lines, brighter

intracellular fluorescent compartments were observed, suggesting both

redistribution of pre-existing complexes and de novo complementation.

The specificity of the GFP BiFC signal for both arrestin isoforms was verified

using control Y16A receptors, which do not recuit arrestin (Chapter 3; Figure

3.17). No BiFC was detected under basal or agonist stimulated conditions for

Y16A/A2G or Y16A/A1G (C or D). In these confocal experiments, incorporation

of the clathrin binding deletion LIEFD into -arrestin2 also resulted in more

cell surface BiFC in the Y1/A2LIEFDG cell line, when compared to Y1/A2G cells,

under basal or agonist stimulated conditions (E). However substantial

localisation of Y1/A2∆LIEFDG BiFC complexes after NPY stimulation in 

intracellular compartments was still observed.
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Table 4.2: [125I] PYY membrane competition binding parameters derived from Y1-Gc/β-arrestin-Gn constructs 

Cell line PYY BIBO3304 GTPγS Bmax

pIC50 pIC50 pIC50 % inhibition pmol/mg-1

Y1/A1G 9.5 ± 0.2 9.6 ± 0.1 8.6 ± 0.3 68.5 ± 13.9 0.7 ± 0.2

Y1/A2G 9.2 ± 0.1 9.7 ± 0.1 8.5 ± 0.2 66.7 ± 7.0 0.9 ± 0.4

Y1/A2LIEFDG 9.4 ± 0.1 9.8 ± 0.2 8.5 ± 0.1 54.9 ± 7.0 1.1 ± 0.3

Table taken from (Kilpatrick et al., 2012).

All parameters were obtained from [125I] PYY competition membrane binding experiments (using 16pM [125I] PYY) as described in Chapter 2, section 2.2.3.

% inhibition of TSB refers to the displacement by 1µM competing ligand, as a % of the total specific binding (TSB) defined in the absence / presence of 1 µM
PYY.

Details of the β-arrestin2LIEFD deletion are given in the text.  

n =3+ independent experiments
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Figure 4.6: Confocal microscopy images identifying the association of Y1 receptors
with β-arrestin2 using split sfGFP BiFC 

Live HEK293T cells stably coexpressing Y1 receptor-Gc and either β-arrestin2-Gn 
(termed Y1/A2G), β-arrestin1-Gc (Y1/A1G) or β-arrestin2∆LIEFD-Gn (Y1/A2LIEFDG) 
were imaged using confocal microscopy. Equivalent images were also obtained for
phosphorylation deficient mutant Y16A receptor-Gc coexpressed with β-arrestin-Gn 
(Y16A/A2G or Y16A/A1G). BiFC fluorescence was investigated under both control or
agonist simulated conditions (100nM NPY, 60min at 37°C). Acquisition settings were
kept consistent across all cell lines from all experiments (from n=3-5).

The kinetics of the agonist stimulated development of Y1/A1G and Y1/A2G

BiFC, were quantified using automated confocal platereader images and

granularity analysis (Figure 4.7, A and B). Cells expressing Y1/A1G or Y1/A2G

constructs were stimulated with 100nM NPY (60min at 37°C) with t1/2 values

for BiFC responses of 3.0 ± 0.8 min (n=4) and 5.2 ± 1.4 min (n=5) respectively

(Figure 4.8 A and B). The reversibility of superfolder BiFC responses was also

investigated, by washing plates twice after the intial 100nM NPY timecourse

stimulation and then leaving cells in media minus agonist for 60min at 37°C

prior to fixation. This protocol has previously been shown to be sufficient to

enable Y1 receptor-YFP recycling to the plasma membrane after

internalisation (Kilpatrick et al., 2010). For both Y1/A1G (A) and Y1/A2G cells

(B), the formation of endosomal BiFC complexes was largely irreversible. NPY

was equipotent (60min at 37°C) in recruiting β-arrestin1 or 2 to the Y1 

receptor (Figure 4.7 C), with pEC50 values of 8.3 ± 0.1 (n=4) and 8.6 ± 0.1 (n=4).

Overall these values were also similar to previous potency estimates of

agonist induced Y1 receptor /β-arrestin association measured using split YFP 

complementation (Chapter 3, Figure 3.11, B) or internalisation of Y1 receptors

tagged with full length YFP (Kilpatrick et al., 2010).

.
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Figure 4.7: Representative
images of Y1/A1G and Y1/A2G
cell lines taken using an IX Ultra
confocal platereader

HEK293T cells stably
coexpressing Y1/A1G or Y1/A2G
were treated with either vehicle
or 100nM NPY (60min at 37°C)
prior to fixation, nuclear staining
and imaging using a IX Ultra
confocal platereader. The
analysis panel shows the use of a
granularity algorithm which
identified nuclei (green spots;
original H33342 images not
shown) and BiFC fluorescent
compartments (red spots; >3µm
diameter). This algorithm
allowed the measurement of the
average granule intensity on a
per cell basis for each image.
The quantified pooled data of
this data is shown in Figure 4.8 .
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Figure 4.8: Timecourse, reversibility and concentration response relationships for
the association of Y1 receptor and β-arrestin measured using GFP BiFC 

BiFC responses resulting from interactions of Y1 receptors with β-arrestin1 (Y1/A1G; 
A) or-2 (Y1/A2G; B) were determined from quantitative analysis of automated
platereader images. Timecourses of stimulation (n=4-5) were performed over 120min
at 37°C with either 100nM NPY (closed circles) or vehicle controls (open circles.
Estimated half times were determined from curve fitting to a one phase association
and are stated in the text. In reversibility experiments 100nM NPY timecourses were
performed as before, but then agonist was removed by washing (2x rinse, 1x60min at
37°C). Cells were then fixed, nuclei stained and imaged using a IX Ultra confocal
platereader. BiFC responses from pooled data of washed cells were compared with
the original curve fits without agonist removal (dotted line; taken from A or B).
Additionally, NPY concentration response curves (C; 60min at 37°C; n=4) were
performed for both Y1/A1G and Y1/A2G complexes with pEC50 values quoted in the
text.

4.3.3 Molecularly defined Y1 receptor-arrestin BiFC complexes show slow

lateral mobility

Y1/A1G and Y1/A2G BiFC cells lines were then used to relate whether the NPY

induced changes observed in the diffusion of Y1-GFP receptors could be

correlated with the properties of molecular Y receptor-arrestin complexes.

FCS measurements were recorded from Y1/A1G and Y1/A2G cell lines

following a 60min NPY prestimulation to generate BiFC (100nM; 37°C).

Although NPY induced BiFC complexes were predominantly localised to

intracellular compartments, the plasma membrane localisation was sufficient

to allow FCS recordings to be made. Similar to FCS measurements of GFP

tagged Y receptors, a 2 dimensional 2 component model was sufficient to fit

recorded fluorescence fluctuations. Comparable τD1 values (representing 

fluorophore photophysics) were observed for recomplemented superfolder

GFP when compared to full length superfolder GFP (Tables 4.1 and 4.3).

Particle concentrations observed for GFP Y1 receptor– arrestin BiFC

complexes (Y1/A1G, Y1/A2G and Y1/A2LIEFDG) were substantially decreased

compared to the higher expressing Y1-GFP receptors (Figure 4.9, A). Similar

rates of mobility were observed for NPY stimulated Y1 receptors complexed

with either βarrestin1 or β-arrestin2 (see Figure 4.9, B; Table 2).  These 

diffusion coefficients were also comparable to those observed for Y1-GFP
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receptors stimulated by NPY and were significantly slower than those

observed for Y1-GFP under basal conditions (p<0.01 ** or p<0.001 ***).

However deletion of the LIEFD motif within β-arrestin2 had no effect on the 

diffusion rates of Y1 receptor/β-arrestin2 GFP BiFC complexes. For Y1/A1G 

and Y1/A2LIEFDG BiFC complexe, preformed BiFC fluorescence was also

observed at the plasma membrane under basal conditions (Figure 4.6),

allowing FCS measurements under unstimulated conditions to be recorded.

There was evidence for a reduction in diffusion compared to unstimulated Y1-

GFP receptors, however this change was not significant (Figure 4.9, B).

Likewise, FRAP analysis revealed that the fraction of mobile Y1/A2G and

Y1/A2LIEFDG particles formed following 60min 100nM NPY stimulation (37°C)

were consistent with that observed for Y1-GFP (80.0% ± 2.6 and 79.6% ± 2.6

respectively; n=26-31, Figure 4.5, B). Diffusion rates of Y1/A2G and

Y1/A2LIEFDG, derived from FRAP analysis, were also comparable to NPY

stimulated Y1-GFP expressing cells (D=0.63 ± 0.03 x 10-10 cm2 s-1 and 0.67 ±

0.08 x 10-10 cm2 s-1 respectively; n=26-31).
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Figure 4.9: The use of FCS to determine the diffusion of Y1 receptor/β-arrestin2 GFP 
BiFC complexes
FCS measurements were taken from the upper membrane of Y1/A1G (control n=21;
NPY n=49 cells), Y1/A2G (NPY n=64) or Y1/A2LIEFDG cells (control n=35; NPY n=22).
Cells were pretreated with control (open bars) or 100nM NPY (closed bars) for 60min
at 37°C prior to FCS measurements at 22°C. Data was pooled for both particle
concentrations (A; specific to τD2 component) and diffusion coefficients (B; derived 
from τD2).  Responses were compared with measurements of Y1-GFP receptors 
acquired under identical conditions. Plasma membrane fluorescence in Y1/A2G cells
under control conditions was negligible with no fluctuations able to be recorded.
Significant differences in responses refer to comparison with Y1/A2G NPY data (for A)
or Y1-GFP control data (for B) using the Kruskal-Wallis test with Dunn’s post test
(p<0.01 ** or p<0.001 ***).
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Table 4.3: Summary of FCS parameters for Y1 receptor / β-arrestin GFP BiFC complexes 

Receptor Condition τD1 τD2 Concentration (τD2) D n cells

µs % ms N µm-2 (x 10-9 cm2 s-1)

Y1/A1G (4) Control 246 ± 20 52.1 ± 0.8 48.4 ± 3.7 14.2 ± 1.1 1.57 ± 0.1 21

100nM NPY 279 ± 29 60.3 ± 1.4 72.3 ± 5.6 10.9 ± 0.8 1.33 ± 0.1 49

Y1/A2G (9) 100nM NPY 278 ± 17 63.3 ± 1.4 72.6 ± 6.2 9.5 ± 0.8 1.26 ± 0.1 64

Y1/A2LIEFDG (4) Control 259 ± 17 60.0 ± 1.6 48.8 ± 2.3 30.6 ± 4.8 1.51 ± 0.1 35

100nM NPY 254 ± 11 57.8 ± 3.4 77.1 ± 7.0 28.1 ± 6.1 1.20 ± 0.1 22

D values were calculated from measurements of dwell time (τD2) using a 2D diffusion model with 2x dwell components. 

Pooled data are expressed as mean ± s.e.m.

The % τD2 refers to the percentage contribution of the τD2 dwell time component to the autocorrelation curve amplitude. 

n numbers in parenthesis refers to the number of independent experiments performed, whilst n values in the table refer to the total number of cell
recordings.
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4.3.4 The use of PCH analysis to investigate the stoichiometry of Y1-GFP and

Y1/β-Arrestin BiFC complexes 

The formation of GPCR dimers, higher order oligomers or signalling clusters

microdomains, has the potential to significantly impact GPCR signalling events

(addressed in greater detail in chapters 5 and 6). However standard FCS

measurements of mobility are relatively insensitive to detecting small changes

in molecular mass. (Schwille, 2001). In practice changes in D need to be more

pronounced to reliably reflect changes in molecular mass. However the same

fluorescence fluctuations can be analysed using PCH, to generate information

on the molecular brightness (ϵ) of each species, in addition to an alternative 

measure of particle concentration to that derived from autocorrealtion (FCS)

analysis.

Fluorescence fluctuations recorded from HEK293TR Y1-GFP and HEK293T

Y1/A2G BiFC were analysed using PCH (Figure 4.10). Frequency histograms

were generated from Y1-GFP data, using a 1ms bin time chosen to be below

the dwell time (D2) of the diffusing receptors. This distribution was fitted

sufficiently with a 1 component model, under basal (A) and 100nM NPY

stimulated conditions (B). Stimulation of Y1-GFP with NPY resulted in an

increase (albeit not significant) of particle concentrations when compared to

basal conditions (350 ± 19 µm-2 (n=57) and 441 ± 37 µm-2 (n=47) for vehicle or

100nM NPY stimulations respectively). A significant 1.5 fold increase in

particle brightness was observed for Y1-GFP following NPY stimulation (C; P<

0.01 **; Table 4.4). This was consistent with NPY inducing the formation of

particles containing more fluorescent receptors. Pretreatment with the Y1

selective antagonist BIBO3304 (1µM; 15min at 37°C) abolished the NPY

induced increase in molecular brightness previously observed (brightness ε of 

5412 ± 502 counts per molecule (cpm) s−1 in cells treated with BIBO3304 alone

versus 5740 ± 388 cpm s−1 for BIBO3304 followed by 100 nM NPY, n=24–28).

Under basal conditions, PCH analysis revealed that Y16A-GFP showed similar

particle concentrations and molecular brightness to that seen for

unstimulated Y1-GFP (Table 4.4). However following NPY treatment, Y16A-
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GFP cells did not show a similar increase in molecular brightness or particle

number to that observed for native Y1-GFP.

PCH analysis performed on fluctuations obtained from Y1 receptor/β-arrestin 

BiFC complexes (using Y1/A2G or Y1/A2LIEFDG cell lines) required a model

with 2 components for effective fitting (Figure 4.10, D). The predominant

species observed for both NPY stimulated Y1/A2G and Y1/A2LIEFDG had

particle concentrations of 97.2 ± 20.3 µm-2 (n=18) and 97.6 ± 27.5 µm-2 (n=14)

respectively. The molecular brightness of this component for both Y1/A2G

and Y1/A2LIEFDG was similar to that observed for unstimulated Y1-GFP

(Figure 4.10, E; Table 4.4). PCH analysis also revealed a second component for

Y1/A2G and Y1/A2LIEFDG. This component had a 5-8 fold increased ϵ 

compared to the first component, and likely represented aggregated BiFC

complexes. However component 2 only constituted 12.7 ± 2.4 % (Y1/A2G) or

8.6 ± 1.2 % (Y1/A2LIEFDG) of the total particle population (F).
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Figure 4.10: The use of PCH analysis to determine the molecular brightness of Y1-
GFP or Y1/β-arrestin2 GFP BiFC complexes 

Panels A and B show representative traces of 1 component PCH fits (red line) of
single recordings of Y1-GFP cells following control or 100nM NPY stimulation (from at
least 3 individual experiments). Photon counting frequency histograms were created
using a bin time of 1ms, from a 15sec read. Pooled data for Y1-GFP (n=47-57) or
Y16A-GFP (n=30-43) receptors (C) showed the effect of NPY treatment on particle
brightness (ϵ). p<0.01 ** control vs NPY. A 1 component fit was not adequately able 
to model PCH data from Y1/A2G NPY treated cells (D; red line). Fitting was improved
by using a 2 component model (green line) with the proportion of each component
determined in the analysis. Both component 1 and 2 (Cp 1, Cp2) showed substantially
different molecular brightness values (pooled data shown in E) for NPY stimulated
Y1/A2G or Y1/A2∆LIEFDG cells (n=14-19 from 3 individual experiments). No 
significant difference was found in the proportion of component 2, respresenting
very bright aggregated particles, between Y1/A2G or Y1/A2LIEFDG cells (p=0.051).
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Table 4.4: Summary of PCH parameters for Y1-GFP and Y1/β-arrestin2 GFP BiFC complexes 

Receptor Condition Concentration (N µm-2) Brightness (ϵ) n cells

Component 1 Component 2 Component 1 Component 2

Y1-GFP (7) Control 349.9 ± 18.8 / 5299 ± 291.4 / 57

100nM NPY 450.1 ± 36.9 / 7238 ± 476.5 / 44

Y16A-GFP (3) Control 351.2 ± 29.0 / 5110 ± 359.1 / 30

100nM NPY 382.6 ± 30.3 / 5799 ± 340.6 / 43

Y1/A2G (3) 100nM NPY 97.2 ± 20.3 7.6 ± 1.2 4477 ± 103.7 23217 ± 4291 18

Y1/A2LIEFDG (3) Control 98.0 ± 19.9 9.8 ± 1.6 3051 ± 462.9 12503 ± 2338 23

100nM NPY 72.0 ± 6.9 7.5 ± 1.7 3190 ± 690 23349 ± 4649 14

n numbers in parenthesis refers to the number of independent experiments performed, whilst n values in the table refer to the total number of cell
recordings.
/ indicates that traces were fit to a 1 component fit PCH model, therefore a 2 component was not resolved
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4.4 Discussion

4.4.1 Summary of main findings

Here we used FCS and FRAP analysis to investigate the motility of Y receptor

complexes at the single cell level. The use of native and mutant Y1 or Y2

receptors revealed that reduced receptor motility at the plasma membrane in

response to agonist occupancy was correlated with the relative abilities of

these receptors to undergo agonist induced internalisation (see Chapter 3).

A novel superfolder GFP complementation system was then developed to

define the specific properties of the signalling complex most likely to be

responsible for Y receptor endocytosis– namely Y receptor-arrestin complexes

– using FCS and FRAP techniques. The improved photophysical properties of

superfolder GFP BiFC allowed its effective use in FCS measurements, and

demonstrated that the observed lateral mobilities of Y1- β-arrestin complexes 

were correlated, as expected with NPY-stimulated Y1-GFP mobility. Although

the most likely explanation for the reduced complex mobility is an association

with clathrin coated pits, this was not confirmed by the use of the LIEFD

mutation to disrupt clathrin binding by -arrestin2.

PCH analysis allowed the investigation of the molecular brightness of Y1

receptor complexes, suggesting a clustering of receptors occurs following

agonist stimulation and prior to endocytosis. The lack of change in molecular

brightness seen for Y16A-GFP suggested that this process was driven by

association of β-arrestin2.  This was also confirmed from the resolution of a 

clustered second component in PCH analysis of Y1/A2G BiFC, potentially

reflecting recruitment of several Y1/β-arrestin2 complexes in clathrin coated 

pits. Comparable molecular brightness values obtained for Y1-GFP and the

first component of Y1/A2G provides some evidence that the mode of binding

of β-arrestin2 to the Y1 receptor is symmetrical.  
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4.4.2 Superfolder GFP showed improved photophysics when compared to

YFP, validating its suitability for use in single cell imaging techniques

The overall aim of this work was for the first time to use a novel version of

BiFC utilising split superfolder GFP fragments in combination with FCS. The

split YFP BiFC previously used to characterise the association of Y receptors

with β-arrestin2 (Chapter 3, Figure 3.12) is less suitable for use in FCS due to 

the increased propensity of YFP to spot bleach. This has been shown to yield

artificially short dwell times (τD2) generating inaccurate increases in diffusion 

coefficients, which are less evident for GFP (Herrick-Davis et al., 2013). For

example FCS measurements of the diffusion of adenosine A3 receptors tagged

with GFP yielded a slower D of 1.3 x 10-9cm2 s-1 (Corriden et al., 2014) when

compared to the corresponding YFP tagged A3 receptor (D of 2.1 x 10-9cm2 s-1,

unpublished observations by Kilpatrick, LE., 2014). The use of split GFP

complementation would therefore be more advantageous in single imaging

studies. However previous use of eGFP (split points β strands 7-8) or 

superfolder GFP fragments (split point β strands 10 - 11) in complementation 

assays have shown relatively poor complementation in physiological

conditions (eGFP) or were designed for spontaneous self assembly

respectively (Hu and Kerppola, 2003, Cabantous and Waldo, 2006). Therefore

here BiFC fragments were generated from superfolder GFP using the same

split point as previously used successfully for YFP complementation (Chapter

3). As this was the first documented use of superfolder GFP in FCS recordings,

its use was initially validated in pilot studies by comparison to eGFP widely

used in FCS studies , (Corriden et al., 2014, Skakun et al., 2012, Haupts et al.,

1998). No significant changes were observed between Y1-GFP (superfolder) or

Y1-eGFP in respect to key parameters such as the τD1 photophysical 

component, τD2, the proportion of the τD2 component making up the 

autocrrelation curve or diffusion coefficients (Table 1) - for control or NPY

stimulated cells recorded under identical acquisition settings. This indicated

that superfolder GFP was a valid alternative to eGFP in FCS recordings.

Additionally recomplemented GFP showed comparable τD1 values to that of
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full length GFP (τD1 values; Tables 4.1 and 4.3) indicating similar 

photophysical characteristics of the native and complemented fluorescent

proteins. This has also been observed for full length YFP versus

recomplemented YFP in FCS (Herrick-Davis et al., 2012).

4.4.3 FCS and FRAP revealed selective agonist induced slowing in the lateral

diffusion of Y receptors which efficiently recruit β-arrestins 

Diffusion coefficients measured by FCS for unstimulated Y1 -GFP or Y2 -GFP

were broadly comparable to previous estimates of GPCR diffusion measured

using FCS and/or FRAP for adenosine A1 (Briddon et al., 2004b, Briddon et al.,

2008), A2A (Briddon et al., 2008), A3 (Cordeaux et al., 2008) receptors, β2-

adrenoceptor (Hegener et al., 2004, Barak et al., 1997b), histamine H1 (Rose

RH, 2010), type 2 bradykinin (Philip et al., 2007), complement C5a (Licht et

al., 2003), neurokinin 2 (Cezanne et al., 2004) and µ opioid receptors

(Golebiewska et al., 2011, Sauliere et al., 2006). Both FCS and FRAP

observations showed NPY was able to slow the lateral mobility of Y1-GFP

receptors similar to FCS observations of YFP tagged complement C5a

receptors (Licht et al., 2003), and the identification of 2 populations of

fluorescent agonist species with differing diffusion characteristics when bound

to adenosine A3 receptors (Cordeaux et al., 2008) or β2-adrenoceptors 

(Hegener et al., 2004). However this agonist effect does not seem to be

universal for all GPCRs as agonist occupancy has been shown to have no effect

on the membrane motility of adenosine A1 receptors (Briddon et al., 2008).

Additionally observations of the µ opioid receptor have suggested that the

impact of agonist occupancy on diffusion rates may differ with experimental

setup with unchanged effects seen with FCS (Golebiewska et al., 2011) and

increases seen with FRAP (Sauliere et al., 2006) (see FCS and FRAP comparison

below).

The degree to which native and mutant Y1 or Y2 GFP tagged receptors

undergo endocytosis correlated with the extent to which NPY could induce

changes in their lateral diffusion characteristics. Both Y1-GFP and Y2H155P-
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GFP receptors have been previously shown to readily undergo endocytosis in

response to NPY (Chapter 3, Figure 3.7, A and Figure 3.16, C). This is here

mirrored in a slowing of their rates of diffusion measured using FCS (Figure

4.2, D) or FRAP (Figure 4.5, C) following agonist stimulation, which was in the

case of the Y1 receptor able to be inhibited by antagonist pretreatment. No

change was observed for receptors that are less capable (Y2) or unable (Y16A)

to undergo agonist mediated internalisation suggesting agonist induced

slowing of diffusion is selective to receptors which readily internalise.

However the lack of concomitant changes in the surface particle

concentrations of Y1 or Y2H155P-GFP measured by FCS, despite observed NPY

induced endocytosis, was surprising. We hypothesised that a simultaneous

change in mobile receptor fraction following agonist stimulation might be

responsible for preserving FCS particle concentration, but FRAP

measurements of Y1 or Y16A-GFP receptors showed no such changes. In fact

the high proportion of mobile Y1 or Y16A-GFP receptors was similar to

observations using FRAP for β2-adrenoceptors expressed in HEK293T cells 

(Barak et al., 1997b, Kaya et al., 2011) and both lipid raft and non raft

associated membrane proteins (such as H-Ras and K-Ras) (Kenworthy et al.,

2004). One issue that complicates comparison between such measurements is

the different spatial scales over which FCS and FRAP investigate fluorescent

protein mobility. The circular bleaching area used in FRAP in these

experiments (1.4µm2) was approximately 14 times larger than the confocal

volume used in FCS. Similarly the estimates of Y receptor diffusion co-

efficients made by FRAP supported the key finding that NPY stimulation

selectively slowed diffusion of Y1-GFP but not Y16A-GFP phosphorylation

deficient receptors. However FRAP derived measurements of D for Y1

receptors (based on fluorescence recovery half times) were an order of

magnitude lower than those recorded using FCS.

A larger experimental volume will increase the potential impact of limitors of

diffusion, particularly cytoskeletal networks (Kenworthy et al., 2004, Fujiwara



213

et al., 2002). They can form ‘corrals’ which effectively divide the plasma

membrane into 0.5-1µm regions that can limit the mobility of a diffusing

species at the scale of FRAP (and result in the lower measure of D from FRAP),

but will show little effect at the shorter diffusion scale used in FCS. This

phenomena has been observed using single particle tracking of gold tagged µ

opioid receptors (Suzuki et al., 2005). These experiments showed the

receptors undergo diffusion largely confined into membrane domains by

cytoskeleton fences, but are occasionally able to ‘hop’ over these

compartments (covering distances of 210-730nm). These distinct states of

diffusion would thus influence FRAP measurements that cover an area of

several corrals , but FCS recordings might simply sample the diffusion within a

corral (due to the smaller size of the confocal volume used), and the limiting

“fence” and ‘hop’ diffusion is therefore missed.

Equally using the smaller area sampled by FCS we observed a wide range of

individual D estimates for Y1-GFP controls ranging from 0.60 to 15.36 x10-9

cm2 s-1, although 90% of values were within 1.02-3.58 x10-9 cm2 s-1. With the

small confocal volume, a high degree of heterogeneity of the membrane

regions sampled is expected, in respect to other components present

(Kenworthy et al., 2004, Philip et al., 2007, Briddon and Hill, 2007, Licht et al.,

2003, Corriden et al., 2014, Lenne et al., 2006). .

4.4.4 The use of superfolder GFP BiFC to pharmacologically characterise the

interaction of Y1 receptors with β-arrestin

Agonist stimulated reductions in Y receptor mobility correlated with the

relative abilities of such receptors to undergo endocytosis, indicating that the

interactions of receptors with slow moving clathrin coated pits (CCP) might be

responsible. Though these stably associated complexes might be invisible to

FCS due to their lack of mobility, it is more likely these interactions occur

transiently, relative to the dwell time used in FCS measurements. Thus, CCP

trapping might immobilise tagged receptors for part of the dwell time within

the volume, resulting in a reduction of the diffusion coefficient D, rather than
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disappearance of the immobile component (Briddon and Hill, 2007, Schwille,

2001, Licht et al., 2003). As Chapter 3 illustrated, it is predicted that Y

receptor--arrestin signalling complexes would be the species associated with

CCPs. However the identification of this complex as the responsible

component is almost impossible using standard single channel FCS using Y

receptor GFP measurements.

For example, changes in molecular mass, such as GPCR-arrestin association,

have a limited impact on FCS derived measurements of diffusion alone, as a 2

fold change in D requires a 8 fold change in molecular mass (Briddon and Hill,

2007). Thus we used thenovel superfolder GFP BiFC system to identify Y1

receptors complexed with either β-arrestin1 or 2.  In high content and 

confocal imaging assays, NPY stimulated receptor-arrestin association with

similar kinetics, irreversibility (demonstrating de novo complementation;

(Kilpatrick et al., 2010)) and potency expected based on the YFP BiFC system

characterised in Chapter 3.   The equivalency in β-arrestin1 or 2 recruitment 

was similar to previous indirect measures of the formation of β-arrestin1 or 2 

complexes with AP-2 following Y1 receptor agonist induced activation

(Ouedraogo et al., 2008).

Some differences between β-arrestin1 or 2 BiFC  were observed.  In particular, 

some preformed cell surface and intracellular fluorescence was more evident

under basal conditions for Y1 receptor/β-arrestin1 BiFC (but less so -

arrestin2). While this may represent non specific ‘bystander’ fluorescence

driven by the affinity of the two GFP tags for one another (Kerppola, 2008a),

this is unlikely as the background fluorescence was significantly inhibited was

observed under basal conditions for the GFP BiFC Y16A/β-arrestin1 or 2 cell 

lines, using the phosphorylation deficient receptor mutant that does not

recruit arrestins. Basal levels of BiFC fluorescence are therefore likely to be

due to a degree of agonist independent recruitment of β-arrestins to the Y1 

receptor in keeping with observations suggesting that for some GPCRs this

interaction can occur in the absence of ligand (Kocan et al., 2009, Halls and

Cooper, 2010). In addition forced recruitment of β-arrestin2 to V1a or V2 
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vasopressin receptors in the absence of agonist, resulted in endocytosis of

these complexes, suggesting that agonist occupancy of receptors is not

essential for inducing the formation of Y1 /β-arrestin complexes (Terrillon and 

Bouvier, 2004).

The ability of Y1/β-arrestin2LIEFDG complexes to undergo NPY induced  

endocytosis was consistent with additional compensatory clathrin binding

sites within β-arrestin2 (Kang et al., 2009, Kern et al., 2009, Kang et al., 2014) 

(Chapter 1, Figure 1.4 ) and the contribution of adaptor proteins such as AP-2

binding scaffolding with arrestins during endocytosis (Chapter 1, section

1.6.2.1) (Kim and Benovic, 2002, Kang et al., 2014). However in confocal

microscopy experiments, there was some evidence of an inhibitory effect of

the LIEFD mutation, because increased plasma membrane localisation of the

Y1/A2LIEFDG complexes was observed compared to Y1/A2G cells.

Comparable FCS and FRAP derived diffusion rates and proportions of mobile

particles were obtained for all agonist stimulated BiFC cell lines investigated,

and these were matched with NPY stimulated Y1-GFP measurements. Thus

the use of GFP BiFC can define the diffusion of the known molecular receptor-

arrestin complex and so support the hypothesis that similar complexes are

associated with Y1-GFP receptors following NPY stimulation. D estimates of

unstimulated Y1/A1G and Y1/A2LIEFDG complexes on the plasma membrane

were also obtained, with similarly slow D measurements compared to

unstimulated Y1-GFP receptors. Therefore, agonist occupancy is potentially

not required for these complexes to engage the structures (presumably CCPs)

limiting their diffusion.

4.4.5 PCH analysis can provide clues in respect to the molecular composition

of NPY stimulated Y1-GFP receptors

PCH measurements of molecular brightness were also obtained to provide

information on the stoichiometry of Y1-GFP receptors under different

conditions. Such measurements might reveal the oligomerisation state of

these receptors under unstimulated conditions. However this relies on an

accurate reference for the brightness of monomeric membrane associated
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GFP, which is technically challenging (Kilpatrick et al. 2012). In addition the

incomplete maturation of GFP in practice limits the expectation that a 2 fold

change in brightness would accompany receptor dimerization. For example,

estimates for eGFP or sfGFP constructs expressed in HEK293T cells range from

53-68% maturation (Hallworth and Nichols, 2012, McGuire et al., 2012).

Therefore the transition from monomeric to constitutive dimeric Y1-GFP

might result only in a 1.3 – 1.5 fold increase in molecular brightness as not all

receptor protomers would be tagged with a fully mature GFP molecule that

produces fluorescence. However a previous study on a number of other

GPCRs has indicated constitutive dimerisation for a range of GPCRs based on a

doubling of molecular brightness values when compared to monomeric

control in PCH analysis (Herrick-Davis et al., 2013). Given the incomplete

maturation of GFP, it is surprising that Herrick-Davis et al (2013) saw such

clear cut doubling of ϵ when identifying  oligomerisation of a range of 

fluorescently labelled GPCRs (Herrick-Davis et al., 2013). It is also worth

pointing out that the bin time used by Herrick-Davis is smaller than that used

here (10µs versus 1ms here) therefore it is likely a second contribution to the

overall ϵ data may be being detected from the faster τD1 component within 

the fluctuation trace. This is an important consideration, particularly as

Herrick-Davis et al used both YFP and GFP tagging when investigating

oligomerisation of GPCRs and as described previously, YFP shows an increased

propensity to bleach which is often reflected in a fast τD1 component (~100µs 

detected by (Briddon et al., 2004a) at the A1 receptors tagged with Topaz (a

yellow shifted variant of GFP) and in the data from this group τD1 for YFP 

ranges from 70-100µs. It would therefore be interesting to see if increasing

the bin time would result in such clear changes in ϵ and subsequent changes 

in assumed oligomeric states in their data.

Nevertheless, even with the caveat of GFP maturation being incomplete,

there was a clear 1.5 fold increase in Y1-GFP brightness seen in PCH analysis

following NPY stimulation, and this is consistent with receptor clustering.

Agonist induced changes in brightness were sensitive to antagonist treatment,
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thus demonstrating the requirement for Y1 receptor activation. This effect

may be due to agonist driving oligomerisation of Y1 receptors, a phenomena

observed for other Class A GPCRs (see Chapter 4) and reconcilable with a

decreased maturation of GFP resulting in not all Y1-GFP dimers representing

two molecules of GFP (ie not a clear cut doubling of ϵ). However FRET 

observations on Y1 receptor dimerisation suggest that oligomerisation is not

ligand dependent (Dinger et al., 2003). Additionally under basal conditions

Y16A-GFP and Y1-GFP receptors had similar particle concentrations and

brightness values, but only the Y1-GFP showed significant changes following

NPY stimulation. The location of the 6 alanine mutations, introduced into the

Y1 receptor C terminus, are unlikely to affect potential Y1 receptor

oligomerisation per se, particularly when the sites of GPCR dimer interfaces

have been largely been predicted to be within the transmembrane helical

bundle (Johnston et al., 2012) (see Chapter 4). As the 6A mutation has also

been shown to substantially inhibit β-arrestin2 recruitment, these data 

suggest that the increased molecular brightness of NPY stimulated Y1-GFP

particles, in common with their slower diffusion, is an indirect consequence of

β-arrestin dependent clustering of receptors prior to entering the endocytosis 

pathway.

This conclusion was supported by the 5-8 fold brighter second component

that was resolved in PCH analysis of BiFC complexes that was not observed for

Y1-GFP. This likely represents Y1/β-arrestin GFP BiFC complexes forming 

clusters that interact with components of the endocytic machinery such as

clathrin coated pits (Krupnick et al., 1997a, Goodman et al., 1996, Kim and

Benovic, 2002, Holliday et al., 2005, Gicquiaux et al., 2002, Ouedraogo et al.,

2008) (Chapter 1, section 1.6.2.1). The approximate waist diameter of the

confocal volume used (300nm) suggests that measurements are detecting

single clathrin coated pits (approximate 100nm diameter), and that such pits

may therefore contain multiple Y receptor/β-arrestin complexes. 
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4.4.6 Reconciling discrepancies in diffusion characteristics seen in FCS and

PCH measurements

Whilst data obtained using FCS and PCH analysis can often complement each

another, there are limitations inherent to each technique. For example the

very bright second component resolved using PCH for Y1/A2G and

Y1/A2LIEFDG BiFC aggregates, whilst only representing a small proportion of

the total particles, may have have the greatest influence on overall dwell

times seen in FCS. This is partly due to each particle within component 2 (~10

% of the particle number) containing approximately 10 times the unit  of

component 1, meaning ~50% of the “unit” Y receptor-arrestin BiFC

fluorescent complexes at the membrane are actually represented by

component 2. In addition the relative contribution of these individual particles

to time dependent fluctuations in FCS (is weighted by ϵ2 (Schwille, 2001), and

so brighter particles have a disproportionetly greater influence on

measurements of D

A caveat to PCH analysis that may account for discrepancies with FCS

measurements is the use of a 3D model of diffusion when fitting in

comparison to the 2D model used in FCS autocorrelation analysis. The

complex membrane environment of living cells complicates the use of either

model. For example a 2D lipid bilayer will inevitability contain 3D features

such as clathrin coated pits, which can differentially affect the absolute

measurements. The size of bin time used may also explain some of the PCH

discrepancies in particle number, due to potential contributions of the τD1 

photophysical component to overall data. However this is unlikely to be

exerting a significant influence here, as repeating the analysis on the same

data set but using a longer bin time (50ms, data not shown) did not change

overall estimates of N or ϵ obtained for Y1-GFP or Y1/A2G BiFC. Finally despite 

the requirement of both FCS and PCH techniques for particles to be mobile in

order to produce fluorescent fluctuations, the sensitivity threshold of this

mobility is lower for PCH analysis. It is therefore likely that some slowly
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moving particles that are detected by PCH are not observed in FCS

autocorrelation measurements.

4.4.7 PCH analysis revealed a symmetrical mode of recruitment of β-arrestin 

to Y1 receptors

The precise stoichiometry of GPCR interactions with G proteins is still in

debate and is further complicated by the increasingly accepted concept of

GPCR oligomerisation (see Chapters 5 and 6 for more detailed discussion).

Compelling evidence has suggested that G protein binding can be either

symmetric (ie 1:1) (Whorton et al., 2007, Chabre and le Maire, 2005) or

asymmetric (2 receptors :1 G protein) (Jastrzebska et al., 2013, Damian et al.,

2008, Baneres and Parello, 2003) in nature. However the mode of β-arrestin 

binding is even more uncertain (Hanson et al., 2007a, Tsukamoto et al., 2010,

Sommer et al., 2011, Sommer et al., 2012) and may even change with the

proportion of activated receptors that are present (Sommer et al., 2011).

The bilobed structure of β-arrestin (Chapter 1, Figure 1.4; section 1.6.1) 

suggests an asymmetric 2:1 recruitment to GPCR dimers, with both the

phosphorylation and activation ‘sensors’ of β-arrestin engaging with a 

different receptor protomer within the dimer (Fotiadis et al., 2006, Sommer et

al., 2011). However a symmetric 1:1 (or 2:2) stoichiometry has also been

suggested based on experimental studies of rhodopsin (Hanson et al., 2007a,

Bayburt et al., 2011). PCH comparisons between Y1-GFP and Y1/β-arrestin 

BiFC complexes may provide a clue to the mode of β-arrestin binding.  This is 

because equivalent molecular brightness ϵ was observed for Y1-GFP and the 

non clustered component (component 1) of Y1/β-arrestin complexes, 

suggesting that each fluorescent complex contained similar numbers of GFP

particles. Of the available stoichiometries, this is less supported by a model

with exclusive asymmetric β-arrestin binding to a receptor dimer.  In this 

model, a single recomplemented GFP molecule per two receptors (ie a dimer)

would be predicted in Y receptor-arrestin BiFC particles, and theoretically this

would generate a halved brightness compared to two Y1-GFP protomers

participating in the same complex. Instead the equivalent brightness is more
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easily reconciled with a symmetrical mode of β-arrestin recruitment. However 

there are several limitations placed on this conclusion, including the

confounding effects on incomplete maturation for GFP (described in 4.5.5). It

also makes the assumption that with the exception of receptor clustering

prior to endocytosis, Y1-GFP oligomerisation is not affected by agonist

stimulation, which is in keeping with previous FRET based observations for Y1

dimers (Dinger et al., 2003).

Although the PCH data in this chapter provides some indications of the mode

of recruitment of β-arrestin to GPCRs, other approaches are required to probe 

the stoichiometry of this interaction, particularly when considering dimeric

receptors. With this goal in mind, Chapter 5 describes the development of

ways to measure the function and pharmacology of BiFC constrained GPCR

homodimers, with the roles of individual protomers within the dimer

investigated using selective mutagenesis.
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Chapter 5 – The combined use of Snap labelling and BiFC

to discretely constrain GPCRs as homodimers of precise

composition in order to probe the pharmacological

consequences of dimerisation

5.1 Introduction

The introduction to this chapter explores the evidence that GPCRs form

dimers, or higher order oligomers, and considers their functional relevance -

which is still much in debate. Dimerisation can take the form of homodimers,

whereby protomers of the same receptor subtype associate, or heterodimers

which represent the association of closely or distantly related GPCR family

members. Dimerisation may offer new pharmacological targets, with novel

pharmacology potentially arising from interaction between the promoter

binding sites or modified coupling to downstream effector proteins such as G

proteins and β-arrestin (Smith and Milligan, 2010). Precedence for receptor 

dimerisation exists for some non GPCR mammalian receptor systems such as

receptor tyrosine kinases (RTK’s) and transcription factors (Helsen and

Claessens, 2014, Reich, 2007). Robust agonist induced dimerisation of RTK’s

leads to their activation by bringing the receptor cytoplasmic tyrosine kinase

domains into close proximity to facilitate trans autophosphorylation (Hubbard

and Miller, 2007). Both ligand induced homodimerisation, and to a lesser

extent heterodimerisation, has also been observed for the non-catalytic Toll

like receptor superfamily involved in the innate immune response (Reuven et

al., 2014).

5.1.1 The evidence for the existence of GPCR dimerisation

Evidence for the existence and function of GPCR dimerisation has largely

been derived from a number of biochemical, functional and fluorescence

approaches.
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5.1.1.1 Biochemical and ligand binding evidence

Biochemical evidence for GPCR dimerisation is abundant in the Class C

subclass of GPCRs such as metabotropic glutamate receptor (mGlu5) and

GABAB receptors (Pierce et al., 2002). For example, mGlu5 receptors have

been shown under non reducing conditions to migrate through SDS-PAGE gels

with a higher molecular mass than predicted from the monomer, suggesting

the formation of larger receptor complexes (Romano et al., 1996). In

accordance with this a disulphide bridge has been shown to crosslink two

class C receptor subunits at the N terminal extracellular Venus fly trap dimer

interface for ligand binding. The monomeric form of Class C receptors is only

seen following reduction of this bond (Romano et al., 1996),(Pin et al., 2007).

Co-immunoprecipitation experiments confirmed that mGlu5 receptors

selectively form homodimers, as no association was observed with the

mGluR1a subtype even though they share 60% sequence homology (Romano

et al., 1996). A yeast two hybrid screen of another class C receptor, the

receptor for GABA (γ-aminobutyric acid), suggested a specific interaction 

between the GABABR1 and R2 subtypes via an interaction between coiled coil

domains in their C terminus (White et al., 1998). Co-immunoprecipitation

experiments (Kaupmann et al., 1998, White et al., 1998) confirmed specific

heterodimers of co-expressed tagged GABABR1 with GABABR2 detected

together.

However biochemical evidence for functional dimerisation of Class A GPCR’s

remains much more inconclusive. Early evidence came from photoaffinity

labelling of muscarinic receptors (Avissar et al., 1983), whereby a potent

muscarinic reagent specifically labelled muscarinic binding sites in the brain

and heart. Gel electrophoresis suggested these native muscarinic receptors

were found to exist as dimers or even higher order oligomers. Co-

immunoprecipitation experiments in baculovirus Sf9 cells demonstrated the

existence of specific β2-adrenoceptor monomers and homodimers (Hebert et 

al., 1996). Hebert et al (Hebert et al., 1998) used [3H] palmitate labelling to

prove a physical interaction between β2-adrenoceptors and a mutant form, 
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C341G that cannot be palmitoylated at the conserved cysteine. This mutant

was still immunoprecipitated with the [3H] palmitoylated wildtype receptor.

However, as acknowledged by the authors, and in common with most co-

immunoprecipitation approaches in recombinant cells, this does not imply

that the dimer is the predominant functional form of β2-adrenoceptors. The 

first evidence of GPCR Class A homodimerisation between two fully functional

receptor subtypes came from crosslinking and immunoprecipitation

experiments of δ opioid receptors tagged with either FLAG or c-myc epitopes 

(Cvejic and Devi, 1997). The proportion of δ opioid receptors existing as 

dimers was seen to be modulated by ligand, with agonist inducing conversion

to monomers. Conversely homodimers of κ opioid receptors, whose existence 

was confirmed by Jordan and Devi in 1999 (Jordan and Devi, 1999), do not

monomerise following agonist stimulation, suggesting dimerisation can have

different modes of regulation even within closely related receptor subtypes. A

limitation of coimmunoprecipitation approaches that must be considered is

the solubilisation of receptors required for protein gel loading may

inadvertently promote oligomerisation.

For homodimers, binding of an orthosteric ligand to protomer A or B has been

suggested to induce a conformational change within the dimer that can

positively or negatively affect the affinity of the same ligand binding to the

second orthosteric binding site. This phenomenon has been termed

cooperativity (Smith and Milligan, 2010, Casado et al., 2009b). This is allosteric

in nature as the second protomer binding site, although identical, is

topographically distinct from the first. Modulation of ligand binding affinities

or responses of the dimer are therefore driven by interactions occurring

across the dimer interface (Kenakin and Miller, 2010). Cooperativity at dimers

suggests they may be behaving as a single entity whereby the two binding

sites are allosterically linked, seen for thyrotropin (TSH) and lutropin (LH)

receptor heterodimers (Urizar et al., 2005). A chimeric receptor unable to

bind TSH but capable of binding LH was created and coexpressed with the TSH

receptor (unable to bind LH) Under these conditions, LH was able to displace



224

radiolabelled thyrotropin ligand, suggestive of strong negative cooperativity

between the two ligand binding sites of the co-expressed receptors (Urizar et

al., 2005).

Chabre has argued that negative cooperativity in binding assays is not

necessarily indicative of dimer formation, but could be an artefact of assays

performed from membrane preparations in the absence of GTP and G

proteins (Chabre et al., 2009). However negative cooperativity has still been

observed in the excess of both (Smith and Milligan, 2010). Additionally

evidence for negative cooperativity has also been observed in living cells by

measuring dissociation kinetics with fluorescent ligands at native adenosine

A3 receptors in CHO K1 cells (May et al., 2011) or in native tissues measured

using TR-FRET with fluorescent agonists at oxytocin receptors (Albizu et al.,

2010).

5.1.1.2 Altered initial expression

The formation of constitutive dimers has been suggested to occur soon after

receptor biosynthesis in order to facilitate correct receptor endoplasmic

reticulum export and transport to the plasma membrane by acting as a

molecular chaperone (Angers et al., 2002). This is supported by evidence from

Class C GPCR’s. For example, the GABAB receptor splice variants (GABABR1a

and GABABR1b) are retained intracellularly as immature glycoproteins due to

a C terminal intracellular retention signal preventing them being trafficked to

the cell surface (Margeta-Mitrovic et al., 2000). Three separate research

groups (Jones KA, 1998), (White et al., 1998), (Kaupmann et al., 1998) each

used expressed sequence tags from the GABABR1 sequence to identify

another subtype termed GABABR2 with 35% identity. Flow cytometry

confirmed that the addition of GABABR2 facilitates surface expression of

mature glycosylated GABABR1 (White et al., 1998) with in situ hybridisation

showing co-localisation of GABABR1 and R2 in the rat cerebellar cortex (Jones

KA, 1998).The GABABR2 subunit masks the intracellular retention signal on the

GABABR1 subunit (summarised in (Kniazeff et al., 2002)) so that only via

dimerisation is the GABAB receptor able to be expressed.
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For the Class A group, the requirement for dimerisation for correct receptor

expression is less clear. Some evidence of dimers forming during biosynthesis

has been obtained, for example for the 2-adrenoceptor (Hebert et al., 1998),

but more research is needed before firm conclusions can be drawn.

5.1.1.3 Evidence from effector protein coupling stoichiometries

The stoichiometry of effector protein binding to GPCR can provide insight into

the minimal functional receptor unit that is required to support signalling. The

mode of binding of G proteins is beginning to be elucidated, however the

recruitment of β-arrestin is still unclear. Binding can take the form of a range 

of modes including one effector molecule binding to a single GPCR monomer

within a dimer (1:2), two molecules bound to each monomer (2:2), both

monomers bind to a single effector protein (2:1) or active receptor is only

found in its monomeric form bound to one effector (1:1) (Gurevich and

Gurevich, 2008). Gurevich and Gurevich suggest that a single model may not

be appropriate for all GPCR’s and that dimer coupling may differ even over

the course of the same receptor’s life cycle (Gurevich and Gurevich, 2008).

Using Class C GPCR dimerisation as a model it is worth noting that in GABAB

receptor dimers only one subunit couples to the G protein alpha subunit,

(however these studies did not exclude that binding to the second protomer

could occur) (Kniazeff J, 2004, Kniazeff et al., 2002). The model class A GPCR,

rhodopsin has been consistently shown by many groups to be monomeric in

its dark, unactivated state when detergent solubilised (summarised in (Chabre

and le Maire, 2005)). However atomic force microscopy has indicated that

rhodopsin is found as highly organised rows of dimers or higher order

oligomers in retinal rod outer membrane segments (Fotiadis et al., 2003).

Isolation of rhodopsin monomers in nanodiscs, a synthetic model membrane

bilayer, or reconstituted high density lipid (HDL) vesicles illustrated that the

monomeric form was capable of functionally coupling to its cognate G protein

transducin (Bayburt et al., 2007, Whorton et al., 2008). Similar results have

been seen for monomeric β2AR (Whorton et al., 2007) or δ opioid receptors 

(Kuszak et al., 2009) reconstituted in HDL vesicles alongside the Gs subunit of
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their cognate G protein. These results indicate that, like rhodopsin the

monomeric form is the minimal functional unit required for G protein

dependent signalling and high affinity agonist binding (Whorton et al., 2007).

Similar results were observed for mGluR, whereby isolated monomers in HDL

vesicles could functionally couple to G protein when activated by a synthetic

allosteric ligand (that binds to the TM bundle) (El Moustaine et al., 2012).

However the reconstituted dimeric form was required for glutamate

activation, via (the class C specific) venus fly trap ligand binding domains.

Therefore even for well documented constitutive dimers, such as mGluRs,

monomeric receptor is sufficient to support functional G protein coupling.

However these results do not disprove the presence of dimer formation in

intact membranes of living cells as for example only one protomer may be

fully activated within the dimer (Pellissier et al., 2011). The second protomer

also may not directly couple to G protein (as in the GABABR1 subunit) but

exert some degree of cooperativity when also ligand bound. A further

scenario is that binding of ligand A to a dimer might be different than if it

were binding to a monomeric receptor (Birdsall, 2010). The stoichiometry of

one G protein binding to a GPCR dimer could arise from altered pharmacology

due to allosterism, or competition between the two ligand occupied

monomers in the dimer for a shared pool of G protein molecules (Birdsall,

2010).

5.1.1.4 Evidence from GPCR crystal structures

The recently solved high resolution crystal structures of a range of Class A

GPCRs have provided some insight into the potential structural basis of

oligomerisation. A range of conformational states have been crystallised for

the β2AR (Rosenbaum et al., 2007, Rasmussen et al., 2007a, Rasmussen et al., 

2011a) indicating the receptor binds to Gα in a monomeric state (Rasmussen 

et al., 2011b). However this does not necessarily imply a 1:1 receptor: G

protein stoichiometry in vivo, as asymmetric binding could still occur whereby

one protomer of the dimer engages with the Gα subunit, whilst the other 

protomer binds to Gβ.  Additionally the Class A GPCRs such as the µ and κ 
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opioid (Wu et al., 2012, Manglik et al., 2012), the chemokine CXCR4 (Wu et al.,

2010), β1-adrenoceptor (Huang et al., 2013) and the smoothened receptor 

(Wang et al., 2013) have all crystallised as parallel dimers and/ or tetramers.

These structures have indicated the existence of relatively conserved dimer

interfaces between protomers. For example the inactive β1AR dimeric 

structure suggests that it has two main interfaces, the first involving TM1,

TM2, helix 8 and ECL1 and the second TM4, TM5, ICL2 and ECL2 (Huang et al.,

2013). TM5 and 6, and to a lesser extent TM1,TM2 and helix 8 have been

suggested to be the interfaces of the symmetrical dimers observed for µ

opioid receptors (Manglik et al., 2012). These multiple interfaces may also

facilitate the higher order oligomerisation observed for some GPCRs such as

the β2AR which spontaneously forms tetramers when reconstituted in 

membranes (Fung JJ, 2009). Care needs to be taken when interpreting the

physiological implications of structures seen from crystallisation as they may

reflect artefacts of crystal packing (particularly as it is the lowest energy state

that is typically most amenable to successful crystallisation), reflect only the

conformational state captured during crystallisation, or may be a

consequence of the modifications/additions required to stabilise the receptor

for crystallisation away from its natural lipid environment (such as the use of

nanobodies (Rasmussen et al., 2011a). Nevertheless many of the sites

identified in crystal structures have also been previously implicated from

biochemical studies (see 5.1.1.5. below) suggesting they may be

physiologically relevant.

5.1.1.5 Mutagenesis and functional complementation assays

Much of the early evidence investigating the functional significance of GPCR

dimerisation came from studies of Class C receptors, and in particular the

GABAB receptor. Both GABABR1 variants can bind GABAB ligands but with 100

fold less affinity than the physiological receptor (Kaupmann et al., 1998),

while the GABABR2 subtype expressed alone exhibited no affinity for GABAB

receptor radioligands (Kaupmann et al., 1998). Only when GABABR1 and

GABABR2 were co injected into Xenopus oocytes (alongside GIRK subunits),
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could GIRK channel activation be observed in response to GABA (Jones KA,

1998), (Kaupmann et al., 1998), (White et al., 1998)). Subsequent studies have

revealed that agonist binding occurs only at the GABABR1 Venus fly trap

domain (Kniazeff J, 2004) but that it is the GABABR2 subunit responsible for G

protein coupling (summarised in (Kniazeff et al., 2002)). This implied

communication between the two subunits with conformational changes

transmitted through to the GABABR2 subunit following agonist binding

(Milligan, 2009). This transactivation is a theme that has been subsequently

been explored further by targeted mutagenesis in the mGluR (Brock et al.,

2007) and GABAB receptor family (Monnier et al., 2011).

Intermolecular trans complementation has been observed for some Class A

GPCR’s in respect to ligand binding, receptor activation and downstream

signalling. Functional complementation has been observed for dopamine D2

receptor dimers in respect to G protein coupling (Han et al., 2009). D2

protomers fused to the chimeric Gαq i5 protein were non-functional unless 

they were also expressed with wildtype D2 protomers, suggesting this system

required dimeric D2 receptors and allosteric cooperativity across the dimer

interface. For the Angiotensin II receptor, co-expression of two ligand binding

defective mutants with distinct mutations in TM3 or 5, were able to restore a

functional ligand binding site (Monnot et al., 1996). However it is worth

noting that this reconstituted angiotensin mutant receptor could not correctly

couple to G proteins. A peptide consisting of the majority of TM6 of β2AR 

(implicated to be involved in the intermolecular interactions at the postulated

adrenoceptor dimer interface(Huang et al., 2013)) when introduced, can

substantially decrease β2-adrenoceptor dimer formation and isoprenaline 

stimulated adenylyl cyclase activity (ie. functional coupling) (Hebert et al.,

1996). The authors suggested that this peptide formed a ‘pseudodimer’ with

receptor monomers mimicking receptor – receptor interactions that could

occur in receptor dimerisation. Hebert et al followed up this observation in

1998 using the β2-adrenoceptor C431G mutant (mentioned above)  that 

signals less efficiently than wildtype receptor and is constitutively internalised
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(Hebert et al., 1998). Co-expression of the mutant and wild type receptors led

to a rescue of function for the mutant with the wildtype receptor having a

positive complementary effects in terms of restoring wildtype levels of

desensitisation and adenylyl cyclase activity (Hebert et al., 1998). However it

is unwise to rely on functional complementation assays alone to confirm

dimer formation, because the results of many of the studies above might

purely be a consequence of co-expression regenerating a functional

“monomeric” unit.

Funally, crosslinking experiments using a range of substituted cysteines have

implicated TM4 as a particularly crucial interface in dopamine D2 (Guo et al.,

2003), δ opioid (in addition to TM5) (Johnston et al., 2011) and 5-HT4 

receptors (Berthouze et al., 2007) and an interaction between TM5 and the N

terminus of ICL3 in muscarinic M3 receptors (Hu et al., 2012). Selective

mutagenesis of ICL2 has also been implicated in partially promoting the

dissociation of melanocortin 4 receptors (Piechowski et al., 2013), implying

that sites distinct from the helical bundle may also influence dimerisation.

5.1.1.6 Fluorescence based techniques

Förster Resonance Energy Transfer (FRET) and Bioluminescence Resonance

Energy Transfer (BRET) assays can visualise protein-protein interactions

occurring in cells, including GPCR dimer formation, at high resolution and

sensitivity. They are both real time assays which utilise variants of fluorescent

proteins with overlapping emission and excitation spectra (Krasel et al., 2004)

to allow almost instantaneous detection and localisation of cellular

interactions. In FRET proteins of interest (eg. a receptor monomer) can be

tagged with cyan fluorescent protein (CFP) which is excited with 436nm light

leading to emission at 480nm wavelength. This energy can be transferred to

excite a yellow fluorescent protein (YFP) tagged to another protein of interest

with light being emitted at a wavelength of 535nm, provided the distance

between the two fluorophores is less than 10nm. The ratio of CFP to YFP

emission can be used as an indicator of the degree of interaction between the

two tagged proteins of interest, although it is still not possible to determine
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the proportion of ‘FRET dimers’ compared to the total receptor population.

BRET is a similar technique to FRET but the CFP donor fluorophore is replaced

with a light emitting luciferase (typically derived from Renilla reniformis). BRET

produces less background fluorescence than FRET but has decreased temporal

resolution and requires the addition of the exogenous substrate

coelenterazine (Lohse et al., 2008).

For FRET and BRET the orientation and distance of the fluorophores joined to

the two interaction partners is crucial, with the spatial detection limit of 10nm

or less (Kerppola, 2009) equating to the distance of approximately twice that

of GPCR protomer dimensions (Milligan, 2009). As most RET studies simply

imply that some GPCR protomers interact, rather than identifying the

functional behaviour of the discrete dimer, it can be difficult to use these

techniques to identify any altered pharmacology that may arise with

dimerization.. It is therefore also difficult to infer the relative proportions of

dimers present compared to the total receptor population.

RET based techniques have been used to imply the constitutive dimerisation

of receptors such as GABAB1 and GABAB2(Maurel et al., 2004), β2AR (Angers et 

al., 2000), adenosine A2A (Canals et al., 2004), and the Y receptor subtypes Y1,

Y2 and Y5 (Dinger et al., 2003). Large variations have been observed for these

techniques in respect to dimer stability with ligand stimulation. For example,

agonist-stimulated association of somatostatin (Patel et al., 2002) and

melatonin MT1 and MT2 (Ayoub et al., 2002) receptors, contrasts with

dissociation of β2AR (Angers et al., 2000), µ opioid (Cvejic and Devi, 1997) and 

Y4 receptors (Dinger et al., 2003). Such studies also do not exclude other

clustering events at the plasma membrane, for example prior to endocytosis

(see Chapter 4).

FRET techniques have also been used in native tissues. Albizu et al (2010)

used time resolved (TR)-FRET in mammary gland tissue, which has a high

natural expression of oxytocin receptors (Albizu et al., 2010). In TR-FRET the

donor fluorophore europium lanthanide has an improved signal to noise ratio

with longer lasting fluorescence so that measurements can be taken after
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cellular autofluorescence decays. FRET was observed between the donor-

labelled receptor antibody and either fluorescent antagonist, or to a lesser

extent, agonist treatment.

Dual colour fluorescence recovery after photobleaching (FRAP) microscopy

has also been used to probe the mobility of potential GPCR complexes

laterally through the plasma membrane. Anti-YFP antibodies were used to

immobilise a defined proportion of extracellular YFP-β1AR or YFP-β2AR’s at 

the plasma membrane (Dorsch et al., 2009), tracking whether the diffusion of

a co-expressed receptor population (tagged only with C terminal intracellular

CFP that did not bind the antibody directly) was also retarded. The authors

suggested that although both adrenoceptor subtypes appeared to form

homodimers, the lifespan of dimer stability was markedly different with

transient associations observed for β1AR whilst β2AR showed more stable 

interactions.  This is consistent with suggestions of even higher order β2AR 

oligomer formation as stable tetramers in reconstituted systems (Fung JJ,

2009).

Single molecule imaging using total internal reflection microscopy (TIRF) with

fluorescent receptors and ligands has identified transient dimerisation of

muscarinic M1 (Hern et al., 2010) and N formyl peptide receptors (Kasai et al.,

2011), which both show dynamic association and dissociation (lifetime 0.5 and

5 s respectively). TIRF combined with Snap labelling also revealed transient

homo tetramer formation of β1 and β2-adrenoceptors (lifetime ~5secs), the 

propensity of which differed with receptor subtype and expression levels

(Calebiro et al., 2013). Molecular brightness estimates derived from PCH

analysis (see Chapter 4), have also implicated that a range of Class A GPCRs

including β2AR and α1B adrenoceptors, muscarinic M1 and M2, dopamine D1

and 5-HT2A and 2B receptors that have been implied to be stable over a 10 fold

expression level (Herrick-Davis et al., 2013).
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5.1.2 The use of BiFC to constrain GPCRs as defined dimers of precise

composition

The β2AR is a prime example of how different fluorescence based techniques 

can generate discrepancies in measurements of the extent, stability and

influence of agonist on dimerisation. Some of these differences are likely to

arise from the precise molecular composition of dimeric complexes during the

receptor lifespan being unknown. The use of BiFC to constrain receptors as

dimers is therefore advantageous as it unambiguously defines an interacting

protein-protein complex, which can then be studied functionally, as previously

demonstrated for the investigation of Y receptor and β-arrestin2 interactions 

using quantitative platereader imaging or FCS (Chapters 3 and 4).

BiFC has been used previously to indicate the existence and localisation of

adenosine A2A receptor dimers in a specialised neuronal cell line (Vidi et al.,

2008b). Additionally multicolour BiFC, using YFP and CFP tags, has also implied

the coexistence of dopamine D2 homodimers and A2A homodimers in

neuronal cell lines (Przybyla and Watts, 2010). Higher order oligomers of D2

receptors (comprising a minimum of 4 D2 receptor protomers) have also been

observed in HEK293T using combined fluorescence (BiFC) and luminescence

(BiLC) complementation (Guo et al., 2008), together with BRET. BiFC has also

been used in combination with both FRET (Vidi et al., 2008b) and BRET

(Gandia et al., 2008) to identify higher order complexes of A2A receptors.

In this and the following chapter, BiFC was used to identify the

pharmacological and functional properties of specific Y1 receptor or β2AR 

dimerisation. The irreversible nature of BiFC was exploited in order to

constrain receptors as dimers of precise composition due to the requirement

for both tagged protomers (protomer A tagged with Yn; protomer B tagged

with Yc; Figure 5.1) to contribute to producing a fluorescent signal identifying

a defined interaction between known receptors (a ‘BiFC dimer’; protomer

A+B). This allowed the quantification of the agonist induced internalisation of

these ‘BiFC dimer’ complexes to be used as a readout of dimer function.

Details of the system are described below.
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5.1.3 The combined use of Snap receptor labelling with BiFC for multiplex

readouts of BiFC dimer and individual protomer function

Here Snap labelling was also used in conjunction with BiFC to allow the

simultaneous measurement of the internalisation of both Snap labelled

protomer A receptor and BiFC dimer populations within the same cells,

applied to Y1 and 2AR homodimers. Snap labelling of protomer A alone

enabled the specific N terminal labelling of the total receptor

expressed at the cell surface, be that monomers, dimers or higher order

oligomers (Figure 5.1; e.g. Snap Y1-Yn, protomer A).

The use of combined Snap labelling and bimolecular fluor
complementation (BiFC) to constrain receptors as dimers of precise composition

illustrates how HEK293T cells were stably transfected with a clonal
GPCR protomer (A) expressing an N terminal Snap tag. The Snap

expression of Snap labelled receptor to be imaged
settings of a confocal platereader (B). To investigate the intern

protomer A can be co-expressed with an additional FLAG labelled
protomer B. Both protomers (A and B) are tagged at their C terminus with a fragment

complemented YFP produced a fluorescent signal identifying
interaction between receptors of known composition (‘BiFC dimer’).

receptor labelling with BiFC for multiplex

ion with BiFC to allow the

simultaneous measurement of the internalisation of both Snap labelled

protomer A receptor and BiFC dimer populations within the same cells,

2AR homodimers. Snap labelling of protomer A alone

receptor-Yn population

be that monomers, dimers or higher order

and bimolecular fluorescence
to constrain receptors as dimers of precise composition

illustrates how HEK293T cells were stably transfected with a clonal
Snap tag allowed the

ed using the Cy5 filter
settings of a confocal platereader (B). To investigate the internalisation of receptor

expressed with an additional FLAG labelled
omers (A and B) are tagged at their C terminus with a fragment

identifying a discrete
dimer’).
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5.2 Chapter aims

The first aim of this chapter was to ascertain whether the function and

pharmacology of example class A GPCRs constrained as BiFC dimers (the NPY

Y1 receptor and β2-adrenoceptor; β2AR) could be assessed by quantifying 

their agonist-promoted internalisation. Secondly the roles of ligand binding

sites and intracellular domains of individual protomers governing BiFC dimer

internalisation were assessed by targeted site directed mutagenesis. Given

previous results seen for the Y1 receptor (Chapter 3) (Ouedraogo et al., 2008,

Kilpatrick et al., 2010) and β2AR (Moore et al., 2007), internalisation of BiFC 

dimers is expected to be a β-arrestin dependent process.  However unlike the 

many studies that have probed the stoichiometry of G protein recruitment to

GPCR dimers, the nature of their interaction with β-arrestins is still largely 

unknown even in respect to the ‘model’ Class A GPCR rhodopsin (Hanson et

al., 2007a, Tsukamoto et al., 2010, Sommer et al., 2011).

Therefore the use of targeted mutations within individual receptor protomers,

that selectively aim to disrupt the receptor-β-arrestin2 interface, should 

provide some indirect insight into the mode of β-arrestin2 recruitment to BiFC 

constrained Y1 or β2-adrenoceptor dimers.  
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5.3 Results

5.3.1 Snap and BiFC fragment tagged Y1 receptors are functional in respect

to ligand binding and G protein coupling

Competition binding experiments using the radiolabelled agonist [125I] PYY

were first performed in order to verify the expression and functional

properties of HEK293T cell lines expressing either Snap Y1 receptor-Yn alone

(clonal line, termed Snap Y1 throughout) or co-expressing both Snap Y1-Yn

and FLAG Y1-Yc constructs (termed Snap Y1/Y1 throughout) (Figure 5.1).

Membranes were freshly prepared from both cell lines following the assay

protocol detailed in Chapter 2, section 2.2.3). Both membrane preparations

isolated from Snap Y1 or Snap Y1/Y1 cell lines showed specific [125I] PYY

binding which was inhibited by competition with the unlabelled agonist (PYY;

A) and antagonist (BIBO3304; B) co-incubation (Figure 5.2). Functional

estimates of ligand binding affinities (pKi) were calculated using the Cheng-

Prusoff equation (Chapter 2, section 2.2.10.1). The affinities of PYY (estimated

pKi 9.4-9.5 ± 0.1; n=3-4; Table 1) were comparable for both cell lines.

Observed affinities for BIBO3304 were also comparable for both cell lines.

Additionally [125I] PYY binding was sensitive to GTPγS treatment in both cases 

(C), indicating functional coupling of the expressed receptors to G proteins.

Bmax estimates for both cell lines were also comparable in respect to

receptor expression.

The Y1 receptor subtype preferentially couples to the Gi class of G proteins

(Herzog et al., 1992), with agonist activation leading to the inhibition of

adenylyl cyclase. The resultant decrease in cAMP production acts as a

functional readout of this inhibition. The effect of Y1 receptor stimulation on

adenylyl cyclase activity was measured by a [3H]cAMP accumulation assay

(Chapter 2, section 2.2.4), in the presence of forskolin. Forskolin has been

shown to activate adenylyl cyclase directly in a receptor independent manner

by binding to a hydrophobic pocket close to the enzyme’s catalytic site

(Tesmer et al., 1997, Tang and Hurley, 1998). The optimal concentration of

forskolin was determined in the Y1/Y1 cell line in the presence and absence of



236

100nM NPY stimulation (Figure 5.3; A), with a control forskolin pEC50 of 4.8 ±

0.1 (n=2). NPY inhibited these forskolin responses, therefore 30µM forskolin

was chosen for use in all subsequent experiments as it produced a sufficient

experimental window to measure Y1 mediated inhibitory responses.
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Figure 5.2: [125I] PYY competition binding experiments performed in membranes
isolated from HEK293T cell lines expressing Snap Y1 or Snap Y1/Y1
Membranes were freshly prepared from HEK293T cell lines stably expressing Snap Y1
or Y1/Y1 BiFC dimer constructs (Chapter 2, section 2.2.3). These were incubated with
[125I] PYY (15pM) and increasing concentrations of unlabelled competing ligand (PYY
(A), BIBO3304 (B) or GTPγS (C)), at 22°C for 90min, before membrane bound 
radioligand was separated using filtration. Retained radioactivity was quantified
using a gamma counter and competition displacement curves generated using
GraphPad Prism. Pooled data represent a minimum of 3 independent experiments
with data expressed as mean ± S.E.M. (Hill slopes 0.9-1.1 ± 0.2).
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Table 5.1: Summary of binding parameters for Snap Y1 and Y1 receptor BiFC homodimers

All parameters were obtained from [125I] PYY competition binding experiments described in the Chapter 2, section 2.2.3.

% inhibition of TSB refers to the displacement by 1µM competing ligand, as a % of the total specific binding (TSB) defined in the absence / presence of 1µM
PYY.
Details of Y1 receptor mutations are described in the text.

n =3-4

Cell line PYY BIBO3304 GTPγS Bmax

pIC50 pIC50 pIC50 % [125I]PYY inhibition pmol/mg-1

Snap Y1 9.4 ± 0.1 8.3 ± 0.1 8.4 ± 0.1 52.6 ± 1.4 2.9 ± 0.4

Snap Y1/Y1 9.5 ± 0.1 8.4 ± 0.1 8.5 ± 0.1 53.2 ± 5.4 3.2 ± 0.8

Snap Y1/Y1Y99A 9.2 ± 0.1 8.4 ± 0.1 8.8 ± 0.1 58.9 ± 6.2 2.7 ± 0.2

Snap Y1/Y15A 9.4 ± 0.1 8.1 ± 0.1 8.3 ± 0.1 47.0 ± 2.2 4.5 ± 0.8

Snap Y1Y5A/Y199A 9.4 ± 0.1 8.4 ± 0.1 8.5 ± 0.2 53.5 ± 6.2 2.7 ± 0.6
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Figure 5.3: Y1 receptor mediated inhibition of forskolin-stimulated 3H cAMP
accumulation in the Snap Y1 and Y1 / Y1 cell lines
HEK293T cells stably expressing Snap Y1-Yn with or without co-expression of the Y1-
Yc receptor construct were loaded with [3H] adenine for 2 hours at 37°C/5% CO2,
before treatment with a range of forskolin concentrations in the presence or absence
of 100nM NPY costimulation (A; 1 h). Snap Y1 (B) or Y1/Y1 BiFC cell lines (C) were
loaded with [3H] adenine and stimulated with NPY in the presence of 30µM forskolin
(1 h at 37°C/5% CO2). Y1/Y1 cells were also preincubated with either 30 or 100nM of
the Y1 selective antagonist BIBO3304 (30min at 37°C/5% CO2), compared to vehicle,
prior to stimulation with NPY and forskolin co-stimulation. Double column
chromatography was used to isolate [3H] cAMP (Chapter 2; section 2.2.4). All
responses were normalised to those obtained for forskolin alone (100%) or with
100nM NPY (0%), and are presented as mean ± s.e.m. of n=2-4.

For both Snap Y1 and Snap Y1/Y1 expressing cell lines, stimulation with NPY

inhibited the forskolin-stimulated accumulation of [3H] cAMP in a

concentration dependent manner (Figure 5.3; B and C; open circles) with

pEC50 values of 9.7 ± 0.1 and 9.8 ± 0.1 respectively (n=3-4). Surmountable

antagonism of NPY responses in the Snap Y1/Y1 BiFC cell line was observed

for BIBO3304 (estimated pKb value 7.8-7.9, from shifts in the presence of

30nM or 100nM antagonist; n=2).
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5.3.2 Y1 receptors constrained as dimers using BiFC internalise in response

to agonist stimulation

Confocal imaging, both manual (Figure 5.4) and automated (Figure 5.5),

allowed the expression and localisation of both Snap Y1-Yn receptors and

Snap Y1-Yn/Y1-Yc BiFC dimers to be further validated. This was particularly

important for the constrained Snap Y1/Y1 BiFC dimers, as both of the previous

techniques used (radioligand binding and 3H-cAMP accumulation assays) did

not distinguish between this population and other complexes formed by

either the Snap-Y1-Yn or FLAG Y1-Yc promoters within these cells.

Receptor localisation was initially assessed using standard confocal

microscopy, labelling the Snap Y1 receptor-population with the membrane

impermeant SNAPsurface 647 fluorophore, which is spectrally distinct from

the YFP BiFC fluorescence. For both receptor cell lines, under control

conditions Snap labelled Y1 receptors (total protomer A; Figure 5.1) and Snap

Y1/Y1 receptor BiFC dimers (specifically A+B) were localised predominantly to

the plasma membrane (Figure 5.4; A and B). A small amount of constitutive

internalisation was observed for both receptor populations. Treatment with

the Y1 selective agonist NPY (100nM; 30min at 37°C) resulted in rapid

internalisation of both receptor populations with extensive colocalisation

(yellow) observed when images were overlayed (Figures 5.4). Similar cellular

distribution, and NPY-stimulated internalisation of the Snap-Y1 receptor Yn

and BiFC dimer populations, was observed when these cells were imaged

using the automated confocal platereader (Figure 5.5 A, B). This method

allowed the agonist induced internalisation of both Snap labelled and Y1/Y1

BiFC dimers to be quantified on a per cell basis (see Chapter 2, section

2.2.10.3). A granularity algorithm was applied to either the Snap 647 labelled

receptor, or BiFC dimer images, to identify punctuate regions of internalised

receptor fluorescence termed ‘granules’ (Figure 5.5; white spots, analysis

panel).



Figure 5.4: Representative images taken using a LSM510 confocal microscope of Sna
expressed in HEK293T cells
HEK293T cells stably expressing either Snap Y1 receptor
with Snap 647 (0.2µM; 30min at 37°C/5% CO
Representative images (of at least 3 experiments) taken using a LSM510 confocal microscope showed that under control conditio
receptors expressed alone (A) were locali
coexpressed Snap Y1 and BiFC dimer receptor populations of the Y1/Y1 BiFC cell line (B). Stimulation with 100nM NPY resulted
internalisation of all receptor populations. For Y1/Y1 BiFC dimers, areas of colocalisation between Snap Y1 receptor and BiFC dimer
populations are shown in yellow (overlay panel).
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Figure 5.4: Representative images taken using a LSM510 confocal microscope of Sna p Y1 receptors and Y1/Y1 BiFC dimers stably

HEK293T cells stably expressing either Snap Y1 receptor-Yn alone or co-expressed Snap-Y1-Yn and FLAG Y1
with Snap 647 (0.2µM; 30min at 37°C/5% CO2) before stimulation with vehicle control (HBS/0.1% BSA) or 100nM NPY (30min at 37°C).
Representative images (of at least 3 experiments) taken using a LSM510 confocal microscope showed that under control conditio
receptors expressed alone (A) were localised predominantly to the plasma membrane. A similar pattern of expression was observed for
coexpressed Snap Y1 and BiFC dimer receptor populations of the Y1/Y1 BiFC cell line (B). Stimulation with 100nM NPY resulted

r populations. For Y1/Y1 BiFC dimers, areas of colocalisation between Snap Y1 receptor and BiFC dimer
populations are shown in yellow (overlay panel).

p Y1 receptors and Y1/Y1 BiFC dimers stably

Yn and FLAG Y1-Yc constructs were prelabelled
stimulation with vehicle control (HBS/0.1% BSA) or 100nM NPY (30min at 37°C).

Representative images (of at least 3 experiments) taken using a LSM510 confocal microscope showed that under control conditio ns Snap Y1
sed predominantly to the plasma membrane. A similar pattern of expression was observed for

coexpressed Snap Y1 and BiFC dimer receptor populations of the Y1/Y1 BiFC cell line (B). Stimulation with 100nM NPY resulted in rapid
r populations. For Y1/Y1 BiFC dimers, areas of colocalisation between Snap Y1 receptor and BiFC dimer
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Figure 5.5: IX Ultra confocal images of Snap Y1 and Y1/Y1 BiFC dimers stably expressed in HEK293T c

HEK293T cells stably expressing either Snap Y1
impermeant Snap 647 (0.2µM; 30min at 37°C/5% CO
37°C). Cells were then fixed, nuclei stained using Hoescht 33342 and imaged. Representative images (cropped as 300x300 pixel
20) were taken using an IX Ultra confocal platereader for Snap Y1
colocalisation were observed (Yellow; overlay panel). The use of a granularity algorithm to these images allowed quantificati
internalisation of all receptor populations on a per cell basis (granularity panel), wit
images, not shown) and 3-15µm granules identified as white spots.
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Figure 5.5: IX Ultra confocal images of Snap Y1 and Y1/Y1 BiFC dimers stably expressed in HEK293T c ells.

HEK293T cells stably expressing either Snap Y1-Yn receptors alone (A) or Y1/Y1 BiFC dimer constructs (B), were prelabelled with membrane
impermeant Snap 647 (0.2µM; 30min at 37°C/5% CO2) before stimulation with vehicle control (HBS/0.1% BSA) or 100nM
37°C). Cells were then fixed, nuclei stained using Hoescht 33342 and imaged. Representative images (cropped as 300x300 pixel
20) were taken using an IX Ultra confocal platereader for Snap Y1-Yn receptors expressed alone (A) or S
colocalisation were observed (Yellow; overlay panel). The use of a granularity algorithm to these images allowed quantificati
internalisation of all receptor populations on a per cell basis (granularity panel), wit h nuclei shown in green (derived from the H33342

15µm granules identified as white spots.

ells.

Yn receptors alone (A) or Y1/Y1 BiFC dimer constructs (B), were prelabelled with membrane
) before stimulation with vehicle control (HBS/0.1% BSA) or 100nM NPY (30min at

37°C). Cells were then fixed, nuclei stained using Hoescht 33342 and imaged. Representative images (cropped as 300x300 pixel regions; n=7-
Yn receptors expressed alone (A) or Snap Y1/Y1 (B) Extensive areas of

colocalisation were observed (Yellow; overlay panel). The use of a granularity algorithm to these images allowed quantificati on of the
h nuclei shown in green (derived from the H33342
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Figure 5.6: Kinetics of NPY induced internalisation of Snap Y1-Yn receptors and
Y1/Y1 BiFC dimers

Stably transfected HEK293T cells expressing either Snap Y1 (A) or Snap Y1/Y1 BiFC
dimers (B) were prelabelled with SNAPsurface 647 (30min at 37°C/5% CO2). Cells
were then stimulated with either vehicle or 100nM NPY at set time intervals, before
responses were terminated by fixation. H33342 labelling, image acquisition and
granularity analysis was carried out as described previously. Pooled data (mean ±
s.e.m, n = 3-4) were normalised to NPY responses observed at 30 min, and fitted to a
1 site exponential association including a 2min latency period.

A timecourse of agonist stimulated internalisation (NPY, 100nM; Figure 5.6),

measured on the IX Ultra platereader was performed on both Snap Y1

receptor (A) and Y1/Y1 BiFC cell lines (B) to ascertain the optimal length of

time required for future assays. Snap Y1-Yn receptors expressed alone (Figure

5.6, A; Snap Y1) or within the Snap Y1/Y1 BiFC cell line (Figure 5.6; B; Snap

Y1/Y1), showed comparable kinetics in respect to NPY induced internalisation

(t1/2 values of 5.4 ± 1.1 and 4.2 ± 0.4min respectively, n=4). Additionally no

significant difference was observed when comparing to the BiFC dimer

populations (t1/2 4.4 ± 0.9min) of constrained Y1/Y1 BiFC dimers, and these

kinetics were also comparable to observations for Y1-YFP internalisation

(Kilpatrick et al., 2010). Maximum internalisation responses in both cell lines

reached a stable plateau between 20-30 minutes stimulation. An assay length

of 30min treatment was therefore deemed optimal for use in subsequent

agonist stimulation assays.
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Figure 5.7: Quantification of the agonist induced internalisation of Snap Y1 or Y1/Y1 BiFC dimers following stimulation with a panel of agonist ligands
HEK293T cells stably expressing Snap Y1 (A) or Snap Y1/Y1 BiFC dimers (B and C) were prelabelled with Snap 647 (30min at 37°C/5% CO2), before

stimulation with a panel of ligands (30min at 37°C). Receptor internalisation in response to ligands (including [Leu31, Pro34]NPY, Pro NPY) was
determined following granularity analysis of images acquired using an automated confocal platereader. All data were normalised to negative
(basal) and positive (1µM NPY) plate controls. Pooled data shown represented a minimum of 3 independent experiments and are expressed as
mean ± s.e.m.
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Table 5.2: Summary of potencies and efficacies of a panel of ligands for stimulating the internalisation of Snap Y1 receptors and Y1/

BiFC dimers

All data were expressed as ± standard error of the mean. pEC50 values were obtained from pooled concentration response curves presented in Figure 5.7.

Emax responses to each ligand were calculated as a percentage of 1µM NPY responses. n

values for all data 3-20.

/ = responses unable to determined

Snap Y1 Snap Y1/Y1

Snap 647 labelled receptor BiFC dimer Snap 647 labelled receptor

Ligand pEC50 Emax (%) pEC50 Emax (%) pEC50 Emax (%)

NPY 8.1 ± 0.1 100 8.0 ± 0.1 100 8.1 ± 0.1 100

PYY 8.2 ± 0.1 99.4 ± 2.9 8.0 ± 0.2 114.2 ± 7.6 7.8 ± 0.1 105.7 ± 0.6

Leu31, Pro34

NPY

8.0 ± 0.1 86.7 ± 2.4 7.5 ± 0.1 101.7 ± 4.9 7.7 ± 0.1 97.9 ± 3.4

PP / 29.1 ± 4.1 7.3 ± 0.1 26.4 ± 8.4 7.1 ± 0.1 25.2 ± 3.

NPY 3-36 / 59.5 ± 10.9 / 56.3 ± 11.8 / 65.3 ± 14.5
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5.3.3 Using BiFC to constrain Y1 receptors as dimers does not result in

altered receptor agonist or antagonist pharmacology

HEK293T cells expressing Snap Y1 or Snap Y1/Y1 BiFC dimers were treated

with a panel of agonist ligands (30min at 37°C; Figure 5.7), and the functional

internalisation responses were compared. Pooled concentration response

curves revealed that the endogenous agonists NPY and PYY were equipotent

at Snap Y1 receptors expressed alone (Figure 5.7, A; see Table 5.2), and these

potencies were also comparable to those obtained for Snap labelled protomer

A (Figure 5.7,C) and BiFC dimer populations in the Snap Y1/Y1 cells (Figure 5.7,

B). The selective analogue [Leu31, Pro34] NPY was a full agonist, with respect to

NPY, at both cell lines (see Table 2), with no significant difference observed for

Snap labelled protomer A receptor or Snap Y1/Y1 BiFC dimer populations.

Both NPY3-36 and PP showed low potency and efficacy in inducing

internalisation of Snap Y1 and Snap Y1/Y1 receptor populations for both cell

lines. The rank order of potency for all ligands, both in terms of actual pEC50

values and relative efficacies was comparable to those previously observed

for endocytosis of Y1-GFP receptors (NPY, PP; see chapter 3, Table 3.2) and

Y1/β-arrestin2 association measured using BiFC (chapter 3, Table 3.3).  
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Figure 5.8: The effect of pretreatment with the Y1 selective antagonist BIBO3304 on
the agonist induced internalisation of Snap Y1 or Snap Y1/Y1 BiFC dimers
HEK293T cells stably expressing Snap Y1 (A) or Snap Y1/Y1 BiFC dimers (B) were pre
labelled with SNAPsurface 647 (30min at 37°C/5% CO2). Cells were then pretreated
with BIBO3304 (30 or 300nM; 30min at 37°C), before being stimulated with NPY
(30min at 37°C). Granularity analysis was performed on images obtained using an
automated confocal platereader. Concentration response curves in the presence and
absence of BIBO3304 were fitted using GraphPad Prism with shared minimum (basal
responses), maximum (1µM NPY responses) and Hill slope constraints. All data were
pooled from a minimum of 3 independent experiments, and expressed as mean ±
s.e.m

In order to investigate whether constrained Y1 receptor dimers show altered

antagonist pharmacology, Snap Y1 receptor and Snap Y1/Y1 BiFC dimer cell

lines were pretreated with BIBO3304 (30nM or 300nM for 30min at 37°C).

This was followed by stimulation with a concentration response course of NPY

(30min at 37°C).

BIBO3304 produced parallel rightward shifts of NPY response curves for Snap

Y1 receptors indicative of surmountable antagonism (Figure 5.8, A; estimated

pKb 7.8 ± 0.1 and 8.1 ± 0.1; n=5.) Comparable effects were observed for both

Snap protomer A and Snap Y1/Y1 constrained BiFC dimer populations (B and

C; pKb 7.9 - 8.1; n = 4).
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5.3.4 Selective mutagenesis of individual protomers, to disrupt ligand

binding or phosphorylation, does not prevent agonist induced

internalisation of Y1 receptor BiFC dimers.

The Y1 receptor mutation Y99A has been previously shown to inhibit NPY

binding and subsequent receptor internalisation (Sautel et al., 1995, Kilpatrick

et al., 2010) (Chapter 3, Figure 3.8). Selective introduction of this mutation

into protomer B of Y1 BiFC dimers allowed determination of whether one or

both NPY binding sites needed to be occupied for BiFC dimer internalisation

(Figure 5.9, A). Additionally, mutations of five C terminal serine/threonine

phosphorylation residues in the C terminal domain (Ouedraogo et al., 2008)

were also separately introduced into protomer B (Y15A [containing mutations

S352A, T353A, S359A, T361A, S362A]; B). This mutant prevents agonist

induced internalisation, through inhibition of β-arrestin recruitment (Kilpatrick 

et al., 2010), equivalent to the Y16A mutant (also including T356A) discussed

in Chapter 3 (Figures 3.5, 3.6, 3.8). Expression of the Y15A mutant within a

BiFC dimer therefore allowed the number of phosphorylated protomers

required for internalisation of BiFC dimers to be investigated.

Figure 5.9: Schematic detailing the position of mutations selectively introduced into
Y1 receptor BiFC dimers
Mutations were selectively introduced into protomer B of Y1/Y1 BiFC dimers. The Y99
residue located at the top of TM2 is involved in NPY binding to the receptor, and was
here mutated to alanine (Y1Y99A; A, blue cross). Five serine or threonine residues (B;
red spots) located in the Y1 receptor C terminal domain and previously implicated in
recruitment of β-arrestin2 to the receptor, were mutated to alanine. A double 
mutant receptor dimer was created by simultaneously introducing both the Y15A and
Y1Y99A mutations into protomer A and B respectively (C).
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Figure 5.10: Representative images of Y1/Y1 mutant BiFC dimers taken using a IX
Ultra confocal platereader
HEK293T cells stably expressing Snap Y1/Y1Y99A (A) Snap Y1/Y15A (B) or Snap
Y15A/Y1Y99A (C) were prelabelled with SNAPsurface 647 (30min at 37°C/5% CO2)
before stimulation with vehicle (HBS/0.1% BSA) or 100nM NPY (30min at 37°C).
Representative images (cropped as 300x300 pixel regions, from at least 3
experiments) taken using an IX Ultra confocal platereader showed that in control
conditions Snap labelled protomer A and BiFC receptor populations for all mutant
Snap Y1/Y1 BiFC dimers were localised predominantly to the plasma membrane.
Following stimulation with NPY, rapid internalisation was observed for both Snap
labelled and BiFC dimer populations of Snap Y1/Y1Y99A and Snap Y1/Y15A BiFC
dimers. No discernable internalisation was seen for the double mutant Snap
Y1Y5A/Y1Y99A.
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Competition binding assays using [125I] PYY confirmed expression of both

Y1/Y199A and Y1/Y15A cell lines, with binding affinities for PYY and BIBO3304

comparable to those obtained for the Snap Y1/Y1 or Snap Y1-Yn cell lines (see

Table 5.1), and binding sensitive to GTPγS treatment.. Estimated Bmax values 

derived from PYY displacements were also comparable. Automated confocal

images, of both Snap Y1/Y1Y99A and Snap Y1/Y15A mutant BiFC homodimers,

showed that under control conditions both the Snap labelled and BiFC dimer

receptor populations showed predominant plasma membrane expression

with some constitutive internalisation (Figure 5.10; A, B), and both

populations internalised to colocalised intracellular compartments in response

to 100nM NPY. Comparable kinetics of agonist induced internalisation were

observed for both populations of Snap Y1/Y199A or Snap Y1/Y15A cell lines

(t1/2 values 4.2 - 5.7 min; Figure 5.11). These half times obtained for both

mutant BiFC dimer cell lines were also comparable to those seen for Snap Y1

receptors expressed alone (Figure 5.6, A) and Snap Y1/Y1 BiFC dimers (Figure

5.6, B).

Figure 5.11: Kinetics of agonist induced internalisation of Snap tagged mutant Y1
receptor BiFC dimers

Stably transfected HEK293T cells expressing either Snap labelled Y1/Y1Y99A (A) or
Y1/Y15A mutant BiFC dimers (B) were prelabelled with SNAPsurface 647 and
stimulated with either vehicle or 100nM NPY for different times, as for Figure 6.8.
Following image acquisition and data analysis, pooled data (mean ± s.e.m, n = 3-4)
were normalised to NPY responses observed at 30 min, and fitted to a 1 site
exponential association including a 2 min latency period. Graphs represent data from
at least 3 independent experiments and are expressed as mean ± s.e.m.
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Neither mutation inhibited agonist induced internalisation of the mutant BiFC

dimers. The Y1 selective agonists NPY and PYY were equipotent at both

mutant BiFC dimers (pEC50 values 7.8-8.4; n=3-4), with no significant

difference observed when comparing mutant BiFC dimer internalisation to

that of wildtype Snap Y1/Y1 BiFC dimers or Snap labelled Y1 receptors

expressed alone (2 way ANOVA; p>0.05). Quantitative comparison of the

maximum degree of internalisation (Rmax) was not possible in the normalised

data (with 1µM NPY set to 100 % in each case). However there was no

qualitative difference between the NPY-stimulated cell lines based on

inspection the images. In order to investigate whether internalisation of the

Snap Y1/Y15A and Snap Y1/Y1Y99A mutant BiFC dimers was due to protomer

functional compensation, both mutations were simultaneously introduced

into protomer A and B respectively (Snap Y15A/Y1Y99A). [125I] PYY

competition binding assays confirmed the ability of this Snap Y15A/Y1Y99A

mutant BiFC dimer to bind both agonist and antagonist, with binding affinities

comparable to those obtained for Snap Y1/Y1 BiFC dimers or Snap labelled Y1

receptors expressed alone (Table 1), and specific [125I] PYY binding was also

sensitive to GTPyS treatment. However stimulation with NPY or PYY was

unable to induce internalisation of either the Snap labelled protomer A or

BiFC dimer receptor populations (Figure 5.12, C).
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Figure 5.12: Quantitative analysis of the agonist induced internalisation of Snap
tagged Y1 receptor mutant BiFC dimers.
Mutations adversely affecting ligand binding (Snap Y1/Y1Y99A; A) or β-arrestin 
dependent internalisation (Snap Y1/Y15A; B) were selectively introduced into
protomer B only of Snap Y1/Y1 mutant BiFC dimers. Pooled concentration response
curves for internalisation, normalised to 1µM NPY, show that neither set of
mutations inhibited the internalisation of mutant BiFC dimers in response to the
agonists NPY or PYY (37°C for 30min). Equivalent agonist potencies were obtained for
Snap labelled protomer A receptor population (Snap 647, red) and mutant BiFC dimer
populations (pEC50 values stated in the text). Simultaneous introduction of the Y15A
and Y1Y99A mutations into protomers A and B respectively (Snap Y15A/Y1Y99A)
prevented internalisation of the Snap-Y15A-Yn population and Y15A/Y1Y99A BiFC
dimer populations in response to either NPY or PYY. As a consequence, data for the
Snap Y15A/Y1Y99A BiFC cell line are expressed as fold response over basal (100 %).
Data represent n=3-4 experiments.
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5.3.5 Comparison with BiFC dimer behaviour for a second GPCR – the β2-

adrenoceptor

In order to investigate whether observations on Y1 receptor BiFC homodimers

were common to other Class A GPCRs, we established a similar BiFC system to

constrain the prototypical Class A GPCR, the β2-adrenoceptor as dimers. A 

stable clonal population of Snap β2AR tagged with the Yn fragment, was 

expressed in HEK293T cells either alone, or in conjunction with FLAG β2-AR 

tagged with the complementary Yc fragment.

Automated confocal imaging revealed the expression and localisation of Snap

β2AR populations (Figure 5.13, A) and Snap β2/β2AR BiFC dimers (B) within 

the same cells. Representative images showed that under control conditions

all receptor populations were localised to the plasma membrane with regions

of localisation shown in yellow (Overlay). Stimulation with the agonist

Isoprenaline (10µM; 30 min at 37°C) resulted in rapid internalisation of Snap

labelled β2AR and BiFC dimer populations.  As before, automated analysis was 

performed on both sets of images to allow for the quantification of

pharmacological responses of both receptor populations.

A timecourse was performed to compare the kinetics of 10µM isoprenaline

induced internalisation of Snap β2AR receptors expressed alone and Snap 

β2AR/β2AR BiFC dimers (Figure 5.14). For the Snap β2AR BiFC dimer cell line, 

a small difference was observed for the half time values of the Snap labelled

β2AR receptor (t1/2 values 13.6 ± 2.1 min; n = 4) and BiFC dimer populations

(t1/2 values 6.9 ± 2.3 min; n = 4) however this was not significant (Student’s t

test p > 0.05). Comparable kinetics were observed for Snap β2AR when 

expressed alone (t1/2 values 7.1 ± 1.5 min; n = 6). Timecourse data for Snap

β2/β2AR BiFC dimers was provided by Dr Nicholas Holliday (University of 

Nottingham, UK).
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Figure 5.13:  Representative images of β2AR constrained as dimers using BiFC taken 
using a IX Ultra confocal platereader

HEK293T cells stably expressing either Snap β2AR-Yn alone (A) or Snap β2AR/β2AR 
BiFC dimers (B), were prelabelled with Snap 647 (30min at 37°C/5% CO2) before
stimulation with vehicle control (HBS/0.1% BSA) or 10µM isoprenaline (30min at
37°C). Representative images (cropped as 300x300 pixel regions) taken using a IX
Ultra confocal platereader showed that in control conditions Snap β2AR-Yn 
expressed alone (A) showed predominant plasma membrane localisation. Rapid
internalisation was observed following stimulation with isoprenaline. A similar
pattern of expression was observed for both Snap β2AR protomer A and the BiFC 
dimer receptor populations of Snap β2AR/β2AR BiFC dimers, with extensive areas of 
colocalisation observed (Yellow; overlay panel). The use of a granularity algorithm on
these images allowed the internalisation of all receptor populations to be quantified
on a per cell basis (granularity panel), with nuclei shown in green and 2-15µm
granules identified as white spots.

Figure 5.14: Kinetics of isoprenaline induced internalisation of Snap tagged β2AR 
and snap tagged β2AR/β2AR BiFC dimers 

Stably transfected HEK293T cells expressing either Snap β2AR-Yn (A) or Snap 
β2AR/β2AR BiFC dimers (B) were prelabelled with SNAPsurface 647 (30min at 
37°C/5% CO2). Cells were then stimulated with either vehicle or 10µM isoprenaline at
set time intervals, before reactions were terminated using PBS. Cells were then fixed
and imaged using an IX Ultra confocal platereader as previously described. Data were
normalised to Isoprenaline responses observed at 60min, with a 5min latency period
also included during curve fitting. Graphs represent data pooled from at least 3
independent experiments and are expressed as mean ± s.e.m. Snap β2AR/βAR 
timecourse data were provided by Dr Nicholas Holliday (University of Nottingham,
UK).
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5.3.6 Stimulation of Snap β2AR/β2AR BiFC dimers with a panel of ligands 

Snap β2AR-Yn or Snap β2AR-Yn/β2AR-Yc BiFC cell lines were then stimulated 

with a panel of agonist ligands (30min at 37°C). Pooled concentration

response curves showed isoprenaline was equipotent at inducing

internalisation at all receptor populations (pEC50 values 7.1-7.4; n=8-10; Figure

5.15, Table 3). The rank order of potency of ligands was unchanged in each

case, being formoterol = salmeterol > isoprenaline > salbutamol. Both

salmeterol and salbutamol were partial agonists compared to isoprenaline,

and there was no significant change in their relative efficacy for the BiFC

dimer internalisation response compared to Snap-β2AR-Yn labelled receptors.  

In order to investigate whether constraining β2AR as dimers resulted in 

altered antagonist pharmacology, Snap β2 receptor and Snap β2AR BiFC dimer 

cell lines were pretreated with the β2AR antagonist propranolol (10nM for 

30min at 37°C). This was followed by stimulation with a concentration

response course of isoprenaline (30min at 37°C). Propranolol treatment had

no effect alone (Figure 5.16), but resulted in parallel rightward shifts of

isoprenaline response curves for Snap β2AR expressed alone, indicative of 

surmountable antagonism (Figure 5.16, A; estimated pKb 8.9 ± 0.1; n=4).

Comparable responses were also observed for both the Snap labelled and

BiFC dimer populations of constrained Snap β2AR/β2AR BiFC dimers (B; 

estimated pKb values 8.8 ± 0.1 - 9.1 ± 0.1; n = 4).
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Figure 5.15: Quantification of the agonist induced internalisation of Snap β2AR-or Snap β2AR/β2AR BiFC dimers following stimulation with a panel of 
ligands
HEK293T cells stably expressing either Snap β2AR-Yn alone (A) or Snap labelled β2AR/β2AR BiFC dimers (B) were labelled with 0.2 µM SNAPsurface 647 for 
30min at 37°C/5% CO2, before stimulation with a panel of ligands (30min at 37°C). Differential responses to ligand were determined following granularity
analysis of images acquired using an automated confocal platereader. All data were normalised to negative (basal responses) and positive (10µM
isoprenaline) plate controls. All data were pooled from a minimum of 3 independent experiments, and expressed as mean ± s.e.m.
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Table 5.3: Summary of potencies and efficacies of a panel of ligands for stimulating the internalisation of Snap β2AR receptors and β2AR/β2AR BiFC 
dimers

Snap β2AR Snap β2AR/β2AR

Snap 647 labelled receptor BiFC dimer Snap 647 labelled receptor

Ligand pEC50 Emax (%) pEC50 Emax (%) pEC50 Emax (%)

Isoprenaline 7.4 ± 0.1 100 7.1 ± 0.1 100 7.3 ± 0.1 100

Formoterol 8.4 ± 0.1 84.2 ± 6.8 8.2 ± 0.2 82.8 ± 2.5 8.2 ± 0.1 80.0 ± 2.9

Salbutamol 6.4 ± 0.1 63.3 ± 9.7 6.2 ± 0.1 46.3 ± 8.8 6.2 ± 0.2 50.5 ± 3.2

Salmeterol 8.6 ± 0.1 16.5 ± 6.1 8.6 ± 0.1 8.8 ± 5.6 8.6 ± 0.8 15.2 ± 1.9

All data were expressed as ± standard error of the mean. pEC50 values were obtained from pooled concentration response curves presented in Figure 5.15.

Emax responses to each ligand were calculated as a percentage of 1µM NPY responses.

n values for all data 4-10

/ = responses unable to determined
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Figure 5.16: The effect of preincubation with the antagonist propranolol on the
agonist induced internalisation of Snap β2AR receptors and β2AR/β2AR BiFC 
dimers
HEK293T cells stably expressing Snap β2AR-Yn (A) or Snap β2AR/β2AR BiFC dimers (B) 
were labelled with SNAPsurface 647 (30min at 37°C/5% CO2). Cells were then
pretreated with the antagonist propranolol (10nM; 30min at 37°C), followed by
stimulation with the agonist isoprenaline (ISO) for 30min at 37°C. Granularity analysis
was performed on images obtained using an automated confocal platereader.
Concentration response curves in the presence and absence of propranolol were
fitted using GraphPad Prism with shared minimum (basal responses), maximum
(10µM isoprenaline responses) and Hill slope constraints. All data were pooled from
a minimum of 3 independent experiments, and expressed as mean ± s.e.m.
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5.3.7 Introduction of receptor activation mutations selectively introduced

into protomer B does not prevent agonist induced internalisation of β2AR 

BiFC dimers

The NPxxY motif (Asn-Pro-X-X-Tyr) motif is a highly conserved sequence across

all Class A GPCRs (Chapter 1, section 1.2.3.2) found at the junction between

TM7 and helix 8 (Figure 5.17). This motif has been implicated in maintaining

the inactive state of the receptor in addition to influencing receptor

expression, sequestration and ligand affinity (Fritze et al., 2003).

Figure 5.17: Schematic showing the location of mutations of the NPxxY motif of the
human β2AR  
The position of the NPxxY motif of β2AR is highlighted, with the N322 shown in red 
and the Y326 shown in green. Both residues were mutated to alanine when
investigating mutant β2AR BiFC dimers. Square boxes indicate residues highly 
conserved in the Class A GPCR family. Figure courtesy of Dr Nick Holliday.

Alanine mutations of the asparagine (N322) and tyrosine (N326) residues of

the NPxxY motif were introduced into protomer B alone of potential Snap

β2AR/β2AR BiFC dimers, to examine the effect of inactivating one promoter 

within the BiFC dimer. As mutation of the tyrosine mutation has already been

shown to adversely affect β2AR internalisation (Barak et al., 1994), agonist 
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induced internalisation of Snap β2AR/β2ARN322A and Snap β2AR/β2ARY236A 

mutant dimers was used as a readout of BiFC dimer function.

In order to investigate the potential effects of NPxxY mutations on β2AR BiFC 

dimer function, these mutations were first expressed separately and their

internalisation assessed. Mutated receptors containing a N terminal Snap

label, but lacking any C terminal modification (ie. the Yn BiFC fragment) were

stably expressed in HEK293T cells (Figure 5.18; A, B). Neither the Snap N322A

or Snap Y326A mutant receptors were able to internalise in response to

stimulation with isoprenaline (30min at 37°C). Responses were 80

(β2ARN322A) and 61 fold (β2ARY326A) lower than those observed for 

wildtype Snap β2AR internalisation. These data were provided by Dr Nicholas 

Holliday. Snap β2AR/β2ARN322A and Snap β2AR/β2ARY326A BiFC dimers 

were stimulated with a panel of ligands (30min at 37°C) and agonist induced

internalisation was quantified using the granularity algorithm. Both mutant

BiFC dimers were able to internalise, with the same rank order of agonist

potency observed for both Snap β2AR protomer A and BiFC dimer 

populations, and preservation of salbutamol and salmeterol partial agonist

responses. This ligand selectivity was also the same as observed for Snap

β2AR-Yn expressed alone and Snap β2AR/β2AR BiFC dimers (Figure 5.19).  

Surprisingly neither mutation introduced into protomer B affected the

isoprenaline timecourse (t1/2 values 4.0-5.2min; n=4) or relative agonist

potency and efficacy of Snap β2AR BiFC dimer internalisation (Figure 5.18).  
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Figure 5.18: Quantification of the agonist
induced internalisation of mutant Snap
β2AR or mutant Snap β2AR/β2AR BiFC 
dimers

HEK293T cells stably expressing Snap β2AR 
receptor constructs were prelabelled with
Snap 647 (30min at 37°C/5% CO2)
Expression of either mutant Snap β2AR 
alone (A) allowed the impact of selective
NPxxY mutations on receptor
internalisation following isoprenaline
stimulation (30min at 37°C/5% CO2) to be
determined. These mutations were then
selectively introduced into protomer B of
Snap β2AR/β2AR BiFC dimers and receptor 
internalisation was quantified following
stimulation with a panel of ligands (30min
at 37°C; B). Pooled data are representative
of a minimum of 4 independent
experiments, expressed as mean ± s.e.m.

Snap β2ARN322A or Snap β2ARY326A data 
(A) were provided by Dr Nicholas Holliday.
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Table 5.4: Potencies and efficacies of a panel of ligands for stimulating the internalisation of β2AR mutant BiFC dimers   

Snap β2AR/β2ARN322A Snap β2AR/β2ARY326A

BiFC dimer Snap 647 labelled receptor BiFC dimer Snap 647 labelled receptor

Ligand pEC50 Emax (%) pEC50 Emax (%) pEC50 Emax (%) pEC50 Emax (%)

Isoprenaline 7.0 ± 0.1 100 7.1 ± 0.1 100 7.0 ± 0.1 100 7.0 ± 0.1 100

Formoterol 8.1 ± 0.1 103.1 ± 6.1 8.2 ± 0.2 89.7 ± 3.1 8.2 ± 0.2 93.7 ± 4.4 8.6 ± 0.1 91.9 ± 5.2

Salbutamol 6.3 ± 0.1 32.3 ± 4.2 6.2 ± 0.1 42.4 ± 3.5 7.0 ± 0.2 26.2 ± 2.5 6.9 ± 0.2 38.1 ± 8.3

All data were expressed as ± standard error of the mean. pEC50 values were obtained from pooled concentration response curves presented in Figure 5.18

Emax responses to each ligand were calculated as a percentage of 1µM NPY responses.

n values for all data 4-8

/ = responses unable to determined
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Figure 5.19: Comparison of the kinetics of the agonist induced internalisation of
mutant Snap β2AR/β2AR BiFC dimers 
Stably transfected HEK293T cells expressing either Snap β2AR/β2ARN322A (A) or 
Snap β2AR/β2ARY326A (B) BiFC dimers, were prelabelled with SNAPsurface 647 
(30min at 37°C/5% CO2). Cells were then stimulated with either vehicle or 10µM
isoprenaline (ISO) at set time intervals. Cells were then fixed, nuclei stained using
Hoescht prior to imaging using a IX Ultra confocal platereader. Data were normalised
to isoprenaline responses observed at 60min, with a 5min latency period also
included Graphs represent data pooled from at least 4 independent experiments and
are expressed as mean ± s.e.m.
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5.4 Discussion

5.4.1 Summary of main findings

In this chapter, BiFC was used to constrain both Y1 receptors and β2-

adrenoceptors as homodimers of precise composition. This allowed a

functional readout (agonist-stimulated internalisation) of quantitative

pharmacology for these dimers, in a multiplex assay which also monitored in

the same cells (using the Snap tag system) the behaviour of the total

population of one promoter (“A” - be that monomers, dimers or higher order

oligomers).  For both Snap Y1/Y1 and Snap β2AR/β2AR BiFC constrained 

dimers, agonist-promoted internalisation was unaffected and the properties

of agonists (potency, relative efficacy) and antagonists (affinity) were

unaltered compared to reference Snap Y1 or Snap β2AR internalisation 

responses. We were able to selectively introduce mutations that disrupt

ligand binding, receptor activation, or phosphorylation into one protomer of a

BiFC dimer only. These experiments indicated that one ligand binding site,

and one functioning receptor protomer was sufficient to induce agonist

internalisation of the BiFC dimer. Moreover the lack of functional rescue

between ligand binding and phosphorylation mutants in different promoters

of the Y1/Y1 BiFC dimer provides indirect evidence against asymmetric

recruitment of the internalisation adaptor β-arrestin to the dimer.  

5.4.2 Y1 or β2AR receptors when constrained as precise homodimers of 

defined composition, are able to internalise in response to ligand

The nature of complementation assays is artificial in that it essentially creates

an irreversible fusion protein between the tagged proteins of interest.

However this property was successfully exploited here to constrain the Class A

GPCR’s subtypes of native Y1 or β2AR as dimers of precise composition, due 

to the need for both Yn and Yc fluorescently tagged receptor protomers to

associate in order to reform full length YFP (Kerppola, 2009). Observed YFP

fluorescence (‘BiFC’ Figure 5.4, 5.5) was therefore considered a marker of

protomer dimerisation, with the quantitative measurement of BiFC dimer
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internalisation acting as a readout of dimer function. It is worth emphasising

that due to the irreversible trapping of what may be transient protomer

interactions, BiFC formation cannot be used in this context as a measure of

the extent such receptors form dimers – the purpose instead was to obtain a

specific readout of the function (and hence pharmacology) of a particular

dimer combination. It is likely that the proportion of BiFC dimers formed is

small relative to the total receptor population (discussed further in Chapter

6). Therefore, unlike measurements of whole population responses (such as

radioligand binding or cAMP accumulation), in which particular dimer

contributions to signalling might be obscured, measurements of BiFC dimer

endocytosis uniquely defined responses attributable to this population.

The combined use of Snap labelling also allowed the simultaneous

investigation of responses of the total receptor protomer A population (be

that monomers, dimers or higher order oligomers) to be compared within the

same cell (Figure 5.4, 5.5). Although this is a useful “multiplex” format, there

are limitations to the degree to which the “Snap protomer A” and “BiFC

dimer” responses are separated. The first is that the Snap labelling will also

label the BiFC dimer under investigation, as well as all other protomer A

species. The second is that the use of mixed receptor-Yc (protomer B)

populations means that the expression of this protomer varied on a cell by cell

basis – with some cells (a minority) within the line expressing only the

protomer A at detectable levels. Finally the system does not exclude the

possibility of higher order oligomers,, in which the BiFC dimers might

participate..

The formation of BiFC dimers did not adversely affect cell surface receptor

expression, consistent with previous uses of BiFC to investigate adenosine A2A

homodimers (Vidi et al., 2008b). As indicated above, the presence of plasma

membrane BiFC dimers demonstrates that these complexes are not retained

in the ER during synthesis and are expressed successfully, but does not

exclude trapping of transient, rather than constitutive, interactions by the

complementing YFP tags. However techniques with a real time reversible
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readout such as BRET, have supported the idea that Y1 receptors (Dinger et

al., 2003) and β2ARs (Angers et al., 2000) can form constitutive dimers prior 

to membrane expression or ligand stimulation.

The unaffected internalisation of Snap Y1/Y1 and Snap β2AR/β2AR BiFC 

dimers demonstrated that dissociation of these protomers was not a

prerequisite for their endocytosis. Observations from coimmunoprecipitation

and RET studies of β2AR (Angers et al., 2000, Hebert et al., 1998), dopamine 

D2 receptors (Guo et al., 2008) and serotonin 5-HT2C receptors (Mancia et al.,

2008) have suggested that for these receptors, agonist stimulation has little

effect on the dissociation of dimers. However the effect of agonist can vary

substantially with GPCR subtype investigated and the experimental approach

carried out (Grant et al., 2004). Agonist stimulation has been shown to induce

the dissociation of preformed dimers of β2AR (Lan et al., 2011), δ opioid 

(Cvejic and Devi, 1997), human thyrotropin (Latif et al., 2002), the Class B

GPCR type A cholecystokinin receptor (Cheng and Miller, 2001), and

interestingly the NPY Y4 receptors (Berglund et al., 2003a).

Lambert (2010) has suggested that these discrepancies on the influence of

agonist, may be due to Class A GPCRs existing in a dynamic equilibrium

(Lambert, 2010), with dimers being essentially transient. The recruitment of

affinity tagged β2AR or µ opioid receptors into an artificial membrane 

microdomain has suggested they are unable to corecruit untagged receptors

(Gavalas et al., 2013) compared to mGluR constitutive dimer controls. This

was consistent with FRAP studies of dopamine D2 protomers indicating that

they are unable to influence each one another’s lateral diffusion within the

membrane (Fonseca and Lambert, 2009). These data suggest that Class A

GPCR dimerisation is unstable, with the monomer:dimer equilibrium

favouring dissociation implying that protomer-protomer interactions are

relatively weak. However FRAP studies of the diffusion of subtypes of β-

adrenoceptors has disputed this, as the equilibrium of monomers:dimers for

β2AR here favoured association even at subphysiological expression levels 
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(Dorsch et al., 2009). This reconciles with studies of β2AR homodimers 

(Sartania et al., 2007) and yeast α factor pheromone homodimers (Yesilaltay 

and Jenness, 2000) showing they are capable of undergoing agonist induced

internalisation. BiFC studies have also shown that stimulation of D2/D2

homodimers in a neuronal cell model, with the D2 select agonist quinpirole

resulted in internalisation of both dimeric populations (Vidi et al., 2008a).

A2A/A2A homodimers also present were unaffected by D2 stimulation as

expected. Equally there is evidence that GPCR heterodimers can result in

unique modifications to the endocytosis and trafficking or receptors (see

Chapter 6).

Dimer stability has been suggested to differ with receptor subtype (Dorsch et

al., 2009, Calebiro et al., 2013) while single fluorescent molecule imaging

using fluorescent proteins or ligands has also implied that the half life of

dimers may vary from 0.5secs for M1 muscarinic receptors. (Hern et al., 2010)

to 5 secs for β2AR (Calebiro et al., 2013) with dimers only making up a small 

proportion of the total receptor population expressed (estimated as 30% for

muscarinic M1 receptors (Hern et al., 2010)). Interestingly there are

suggestions that the predominant receptor form may also be influenced by

receptor expression levels (Kasai et al., 2011, Calebiro et al., 2013), with

dimers the prevalent form at high receptor expression, most likely due to

greater receptor proximity increasing the likelihood of associations.

Additionally the plasticity of the plasma membrane could facilitate any

dynamic dimer association/dissociation events (Casado et al., 2009a).

Plasticity for receptors in respect to their oligomer state in combination with

the point in receptor life cycle that measurements are made could impact

observations on agonist affects.

Therefore although observations here show that Snap Y1 or β2AR BiFC dimers 

can internalise, this does not exclude the possibility that Y1 or β2AR 

monomers could also internalise. However it does clearly demonstrate that

using BiFC to irreversibly constrain the dimeric state had no effect on
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endocytosis and that dissociation of Y1 or β2AR dimers is therefore not a 

prerequisite for their internalsation.

5.4.4: BiFC constrained Class A GPCR dimers do not show altered

pharmacology in respect to agonists or antagonists.

5.4.4.1 Unaltered agonist and antagonist pharmacology

Competitive [125I] PYY binding showed confirmed that Snap Y1/Y1 cell lines

were functional in respect to agonist and antagonist ligand binding affinities

and G protein coupling (Table 5.1). Affinity estimates for PYY were

comparable to those previously obtained for human and rhesus monkey Y1

receptors in radioligand competition binding assays (Berglund et al., 2003b,

Gehlert et al., 1997, Larhammar et al., 1992) and the Y1-GFP or Y1/β-arrestin2 

cell lines previously characterised in chapter 3 (Kilpatrick et al., 2010).

Additionally the kinetics and agonist rank potencies in respect to

internalisation of Snap Y1/Y1 or Snap β2AR BiFC dimer cell lines were 

comparable to their Snap Receptor-Yn counterparts and were consistent with

previous observations of Y1 receptor (Chapter 3, Tables 3.2 and 3.3)

(Wahlestedt et al., 1992, Wahlestedt et al., 1990a) or β2AR pharmacology 

(Baker, 2010, Baker, 2005). NPY potencies (as pEC50) determined by cAMP

accumulation assays were increased compared to internalisation assays for

Snap Y1-Yn/Y1-Yc cell lines, likely reflecting the reduced receptor reserve for

receptor internalisation compared to the downstream amplification that

occurs in cAMP assays. Potencies in cAMP assays were comparable with

previous observations for the Y1 receptor (Mullins et al., 2001).

Using BiFC to trap β2AR dimers had no effect on the affinity of propranolol 

when compared to the total Snap β2AR expressed in the same cells or more 

general β2AR measurements (Baker, 2010). Equally BIBO3304 was a 

competitive reversible antagonist of NPY induced inhibition of cAMP

accumulation in Snap Y1/Y1 cells and internalisation of Y1/Y1 BiFC dimers.

However estimated pKb values for both assays, although comparable, were

lower than expected based on previous observations (Wieland et al., 1998)
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and results obtained from the Y1/A2 cell line (chapter 3, Figure 3.10).

However this reduction was also seen for Snap Y1 receptors expressed alone,

suggesting that this was not an exclusive consequence of the formation of

BiFC dimers and more likely a due to internalisation assays not being

performed at receptor-ligand equilibrium.

5.4.4.2 No functional evidence for co-operativity between homo-dimer

binding sites.

Dimerisation of GPCRs may present new pharmacological targets that could

be exploited in drug therapies. Altered pharmacology distinct from that

typically ascribed to the monomeric form of the receptor, has been observed

for some Class A GPCRs (4.1.3). As homodimers are composed of two

identical protomers they, unlike heterodimers, have two identical orthosteric

binding sites each with theoretically the same selectivity for the same ligand.

The apparent transient nature of dimerisation (Lambert, 2010) therefore

suggests that potential interactions across the dimer interface may contribute

to alterations in signalling an pharmacology.

No changes in agonist and antagonist pharmacology were generally observed

for BiFC dimers, but this also raises a question. If cooperativity is occurring for

homodimers what would be expected in internalisation data? The only way in

which this might be revealed by comparison between Snap receptor and BiFC

dimer responses, would bes if BiFC were to change the proportion of dimers

that are present. If Snap Y1/Y1 or β2AR/β2AR dimers were stable anyway, 

without the presence of the BiFC tags, then there would be no difference

observed between measurements for BiFC dimer versus those of Snap Y1-Yn

or β2AR, expressed in the same cells or independently. However as 

dimerisation is proposed to be a dynamic process (Lambert, 2010, Hern et al.,

2010), it is not unreasonable to suggest that dimer formation might be

promoted using the BiFC system. If positive cooperativity were occurring

between the respective protomer ligand binding sites this would therefore

manifest in internalisation data as increases in potency and/or increases in Hill

Slopes of curve fits for the BiFC dimer population relative to the Snap
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receptor-Yn population. None of the BiFC dimers investigated showed

evidence for this, or increases in the relative efficacies of partial agonists such

as PP (Y1) or salmeterol (β2AR).  

Negative cooperativity across dimer interfaces implies that only one agonist

binding site can be occupied at any one time and has been observed for

dopamine D2 (Vivo et al., 2006) and glycoprotein hormone receptors (Urizar

et al., 2005). However this would likely be undetectable in internalisation

assays in terms of changes in ligand potency or efficacy.

No evidence was seen for cooperativity in respect to changes in antagonism,

with surmountable antagonism explained largely by classical pharmacology.

Although BIBO3304 affinity measures were lower at both Snap Y1 and Snap

Y1/Y1 BiFC dimers, this is likely to be a consequence of non equilibrium

conditions. Therefore the influence of cooperativity on BiFC homodimer

pharmacology is largely inconclusive, and will be revisited in respect to Y

receptor BiFC heterodimer pharmacology in Chapter 6. The BiFC system here

has the advantage that, unlike radioligand binding and cAMP accumulation

assays, it can distinguish responses of the distinct dimeric population from

that of the whole receptor population within the same cell. Therefore the

quantification of internalisation as a readout of receptor function is robust as

it allowed responses to be directly attributed to this small defined population

that are typically hidden in whole population measures (see Chapter 6 for

further detail).

5.4.5 The use of selective mutations to probe ligand binding site

stoichiometry required to facilitate BiFC dimer internalisation

Similar to G proteins, β-arrestins are allosteric effectors which can stabilise 

the high affinity state of the agonist bound receptor. Although evidence

suggests that the minimal functional unit for G protein binding is largely

believed to be a 1:1 stoichiometry (ie. bound to a receptor

monomer(Whorton et al., 2007, Rasmussen et al., 2011a)), this cannot be

assumed as true for binding of all effector proteins, such as β-arrestin.  
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Binding could occur in a 4 potential modes 1:1 (receptor monomer:arrestin

monomer), 2:2 (receptor dimer:dimeric arrestin), 2:1a (Asymmetric whereby

arrestin interacts across the receptor dimer) and 2:1b (Asymmetric whereby

both arrestin domains interact with the same protomer) (Figure 5.20). The use

of selective mutations which target the distinct regions of receptor-β-arrestin 

association were used to probe the nature of this interaction.

5.4.5.1 A mutation affecting ligand binding

The Y99 residue implicated in ligand binding at the Y1 receptor was selectively

mutated in protomer B only of a potential BiFC dimer (Figure 5.9), allowing

the stoichiometry of ligand binding site occupancy required to induce dimer

internalisation to be investigated. The extent of ligand occupancy of a GPCR

dimer is important, as ligand binding at one site may have cooperative effects

upon binding to the orthosteric site of the second protomer (Birdsall, 2010).

The Y99A mutation at the Y1 receptor has been shown to abolish agonist

binding and so inhibit the ability of this mutant receptor to recruit β-arrestin2 

(Chapter 3; Figure 3.16). However the Y1/Y1Y99A mutant BiFC dimer, was

capable of internalising to agonist with kinetics and potencies comparable to

those observed for Y1/Y1 BiFC dimers, Snap Y1-Yn expressed alone or

superfolder GFP tagged receptors (Chapter 3). Coexpression of the Y1Y99A-Yc

mutant receptor did not alter the ability of Snap Y1/Y1Y99A cells to bind

ligand and couple to G protein with pIC50 values as expected. However the

small proportion of Y199A-Yc expressed in these cells relative to the Snap Y1-

Yn clonal population might mean that potential changes indicating altered co-

operativity – for example in Hill slopes – were unlikely to be detectable in

these assays.

These results suggested that only one functional agonist binding site was

required to support endocytosis with the wildtype agonist bound protomer

providing the necessary “active” conformation and or C terminal

phosphorylated residues required. Previous observations of β2AR (Sartania et 

al., 2007) or complement 5a receptors (Rabiet et al., 2008) have supported

this conclusion, whereby coexpression of a binding deficient mutant receptor
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alongside a wildtype protomer, resulted in a dimer still capable of undergoing

agonist induced internalisation. Additionally BRET observations of angiotensin

1 receptor (AT1) dimers, whereby a wild type protomer was coexpressed

alongside a ligand binding deficient mutant, resulted in a ‘BRET dimer’ that

was able to recruit β-arrestin2 in response to agonist stimulation (Hansen et 

al., 2004). Asymmetrical ligand occupancy has also been observed for

dopamine D2 receptor homodimers, with maximal activation occurring with

agonist binding to a single protomer only (Han et al., 2009).

5.4.5.2 Mutations targeting β-arrestin2 recruitment 

Although the mode of G protein binding to GPCR dimers is beginning to be

elucidated,  the stoichiometry and symmetry of β-arrestin recruitment is 

much less clear, with the bi-lobed structure of arrestin suggesting the

possibility of multiple modes of binding (Figure 5.20 ;(Chapter 1, 1.6.1)

(Gurevich and Gurevich, 2004, Nobles et al., 2007). Selective mutations of

residues expected to affect interaction with the β-arrestin2 activation sensor 

(β2ARN322A or β2ARY326A) were used to probe this. None of the mutations 

prevented agonist induced internalisation of BiFC dimers, indicative of an

asymmetric recruitment of β-arrestin2 to the dimer, so that only one 

functional protomer within a dimer was needed for internalisation. The

phosphorylation negative mutant Y15A that targets the phosphorylation

sensor of β-arrestin2 also did not prevent agonist induced internalisation of 

Snap Y1/Y15A BiFC dimers. This also suggested a 2:1 stoichiometry of β-

arrestin2 binding. Similar results have been observed for complement 5a

receptor dimers, whereby a phosphorylation deficient protomer did not

internalise when individually expressed, but was able to when coexpressed

with a wildtype protomer (Rabiet et al., 2008). This conclusion also assumes

that GRKs are able to be recruited to and phosphorylate the unmodified

protomer. Additional binding modes utilising the mutated protomer may still

also be possible, as although GRKs increase the affinity of β-arrestin for GPCRs 

(Luttrell and Lefkowitz, 2002), internalisation can still occur in the absence of

phosphorylation.
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Figure 5.20:  Potential modes of binding of β-arrestin2 to dimeric GPCRs 
Stylised schematic shows the potential modes of binding possible for β-arrestin2 recruitment to GPCRs, with stoichiometries in respect to receptor:arrestin 
indicated. In a 1:1 stoichiometry monomeric receptor interacts with monomeric β-arrestin interacts with receptor so that both its activation (red circle) and 
phosphate (P) are engaged simultaneously. 2:2 refers to dimeric receptor (blue and pink protomers) binding 2 molecules (or dimeric) arrestin. A 2:1a
conformation is whereby dimeric receptor interacts with one molecule of arrestin which bridges the dimer interface to engage both its domains with
individual receptor protomers. Finally in a 2:1b stoichiometry, one arrestin binds exclusively to one protomer of the dimer. Respective size of proteins is not
to scale.



276

The bi-lobed structure of arrestin, may support β-arrestin binding to a dimer 

by interacting with the 2 monomers across its 70 Ångstrom span (Fotiadis et

al., 2006) (Gurevich and Gurevich, 2006) (Figure 5.20; stoichiometry 2:1a).

Fotiadis et al (2006) have used modelling studies to predict the nature of β-

arrestin2 recruitment to an assumed rhodopsin dimer (Fotiadis et al., 2006).

They suggest that the dimension and structure of β-arrestin2 would support 

binding of one molecule to a rhodopsin dimer via dual engagement of the

activation and phosphorylation domains of β-arrestin2. However these 

conclusions are largely based on molecular models of inactive arrestin and

may not reflect physiological events, particularly with the recently resolved

crystal structure of β-arrestin1 (bound to a peptide fragment of the C 

terminus of Vasopressin V2 receptor stabilised with an Fab30 antibody

fragment) highlighting the profoundly different conformations between the

two states (Shukla et al., 2013).

The use of the BiFC system here allowed the direct investigation of the

binding model proposed by Fotiadis (Fotiadis et al., 2006) by combining

binding site and phosphorylation site mutants in individual Y1 protomers of a

BiFC dimer (Snap Y15A/Y1Y99A). If the model proposed by Fotiadis et al.,

(Fotiadis et al., 2006) is correct then a functional response would only be seen

if the activation domain and phosphorylation sensors of β-arrestin engage the 

phosphorylation deficient protomer (Y15A) and ligand binding deficient

protomer (Y1Y99A) respectively. However no functional rescue was seen for

Snap Y15A/Y1Y99A, suggesting that the Fotiadis 2:1 model is incorrect and

that at least one protomer within a dimer must be both agonist occupied and

phosphorylated. However this conclusion depends on the assumption that

GRK phosphorylation of the constrained BiFC dimer, and especially the C tail

of the Y1Y99A protomer, can proceed. Alternatively, the documented

preference of GRKs for agonist occupied receptors (Premont and Gainetdinov,

2007) might limit phosphorylation only to the agonist-occupied protomer – so

that the Snap Y15A/Y1Y99A dimer cannot then be phosphorylated. One way

to test whether the lack of functional rescue genuinely reveals information



277

about -arrestin binding stoichiometry would be to incorporate mutations in

the Y1Y99A protomer that also mimic the negative charges of C tail

phosphorylation (e.g. substitutions by Glu / Asp). This would reduce the need

to consider the intervening GRK step, and if such a mutant restored

internalisation of a Snap Y15A/Y1Y99A phosphorylated dimer, the Fotiadis 2:1

model could be re-evaluated.

5.4.6 Reconciling the data from selective mutagenesis of BiFC dimers with

proposed modes of β-arrestin2 recruitment 

The recently solved crystal structure of active β-arrestin1 bound to a 24 

amino acid peptide of the Vasopressin C terminus, suggests that the extensive

contacts between the peptide and β-arrestin1 N terminus would likely 

sterically occlude binding of a second arrestin molecule to the same

‘protomer’ (Shukla et al., 2013). Evidence from the ‘model’ Class A GPCR

rhodopsin isolated in nanodiscs has also indicated a 1:1 binding stoichiometry

of arrestin (visual) with phosphorylated active monomeric rhodopsin (Hanson

et al., 2007b, Bayburt et al., 2011, Tsukamoto et al., 2010) that occurs at low

nanomolar affinity (Bayburt et al., 2011). Additionally pull down studies of

rhodopsin isolated from bovine rod outer segments, as well as in vivo

transgenic mice studies, have also indicated 1:1 binding saturations even at

high arrestin:receptor expression ratios (Hanson et al., 2007a). Due to the

physiological role of rod photoreceptors they are advantageous for

investigating stoichiometries as both arrestin and rhodopsin are expressed at

very high levels. However whilst these observations dispute a 2:1

stoichiometry they do not rule out 2:2 or the formation of even larger

complexes (eg. 3:3 or 4:4 (Tsukamoto et al., 2010). Rhodopsin has historically

been viewed as the ‘model Class A GPCR’, however care must be taken when

applying observations derived from them to other Class A GPCRs as the ‘all or

nothing’ activation of rhodopsin cannot necessarily describe the degrees of

activation and range of conformational states at other GPCRs (Rasmussen et

al., 2007b).
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Atomic force microscopy has also revealed that in vivo rhodopsin formed

dimers arranged in organised rows (Fotiadis et al., 2003) suggesting they may

support alternative modes of binding. Maurice et al (Maurice et al., 2011)

have suggested that the particular binding stoichiometry may change with the

receptor dimer and the presence of other effector proteins. A further

possibility is that the stoichiometry of binding changes with the activation

density of receptors. In native disc membranes at low photoactivation

densities stoichiometry was measured as 1:1 arrestin: receptor monomer.

Whereas at high photoactivation densities the stoichiometry increased to 2:1

(2 rhodopsin:1 arrestin) (Sommer et al., 2011, Satoh et al., 2010).

The ability of Snap Y1/Y1Y99A BiFC dimers to internalise but the failure of

Snap Y15A/Y1Y99A BiFC dimers does not support a 2:2 stoichiometry of 2

activated and or phosphorylated Y1 receptor protomers recruiting 2

molecules of β-arrestin. Instead they are most consistent with 2 receptors 

binding to 1 β-arrestin molecule, whereby both the activation and 

phosphorylation domains of β-arrestin bind just one of the receptor 

protomers within the BiFC dimer (discounting the model of (Fotiadis et al.,

2006)). An equivalent mutant AT1 receptor dimer also consisting of a ligand

binding deficient protomer and an internalisation deficient protomer has been

shown to recruit β-arrestin2 but not G protein (Szalai et al., 2012).  This again 

suggests that for some GPCR dimers, ligand binding to one protomer alone is

sufficient to induce β-arrestin2 recruitment with cooperative effects which 

are propagated through the protomer-protomer interface and reconciles with

responses for Snap Y1/Y1Y99A BiFC dimers. However here the authors

postulate an asymmetric mode of 2:1 β-arrestin2 recruitment to the protomer 

unoccupied by ligand (ie. to the ligand binding deficient protomer) which can

support β-arrestin2 recruitment via its intact C terminus.  

Although the lack of internalisation of the Y15A/Y1Y99A mutant BiFC dimer

does not support this conclusion, a 2:1 a stoichiometry may represent the

mode of β-arrestin2 binding to Snap Y1/Y1Y99A, β2AR/β2ARN322A or 

β2AR/β2ARY326A mutant BiFC dimers. However there are two limitations to 
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this conclusion. Firstly, the quantification of BiFC dimer internalisation is only

an indirect measure of β-arrestin2 recruitment. Therefore future studies could 

combine BiFC with BRET to directly measure this association (See Chapter 7,

Final discussion). Secondly the use of BiFC artificially constrains receptors as

dimers, therefore it cannot be used to resolve the stoichiometry of β-arrestin 

binding to native receptors and whether this reconciles with a 1:1 essentially

monomeric internalisation or a 2:1 mode for a dimer as suggested from these

results. Nevertheless, as indicated in the next chapter, application of this

system to Y receptor heterodimers can reveal interactions between the

promoters which result in novel pharmacological responses.
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Chapter 6 – The use of BiFC to constrain GPCRs as

heterodimers of precise composition in order to

investigate potential dimer specific modified

pharmacology

6.1 Introduction

The pharmacological possibilities presented by GPCR homodimerisation are

potentially expanded further by heterodimer formation. As

heterodimerisation involves the association of two structurally discrete GPCR

subtypes (whether closely or distantly related), often with differing ligand

selectivity and downstream signalling outcomes, the pharmacological

properties of heterodimerisation may be distinct from that seen for either

monomer or homodimer forms (Ayoub and Pfleger, 2010). This raises the

possibilities that heterodimers may represent novel pharmacological targets,

and that therapies selectively targeting them may show greater selectivity and

efficacy.

6.1.1 The evidence for the existence of GPCR heterodimerisation

As for the GPCR Class A homodimerisation, there are many strands of

evidence suggesting the formation of heterodimers. Here is a summary of

some key examples from heterologous cell lines and in native tissue samples.

6.1.1.1 Coimmunoprecipitation assays

As for GPCR homodimerisation, many of the initial indications of

heterodimerisation have come from biochemical techniques, such as

coimmunoprecipitation using differentially epitope tagged receptor subtypes

coexpressed in heterologous cell lines. For the Class C GPCR receptors, which

must form obligate dimers to function, coimmunoprecipitation revealed the

association of GABABR1 and GABABR2 receptor subtypes (Kaupmann et al.,

1998) as well as heterodimer pairings of bitter and sweet taste receptor
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subtypes (Kuhn et al., 2010). For Class A GPCRs, coimmunoprecipitation has

implied heterodimer formation of a variety of closely related receptor

subtypes. For example within the opioid receptor family,

coimmunoprecipitation of δ and κ (Jordan and Devi, 1999) and δ and µ 

(George et al., 2000) subtypes has been documented. Coimmunoprecipitation

has also been observed for β1 and β2 adrenoceptors (Lavoie et al., 2002) as 

well as the dopamine receptor subtypes D2 and D3 (Scarselli et al., 2001) and

D1 and D3 (Zeng et al., 2006). Coimmunoprecipitation has also been seen for

distantly related GPCR subtypes, such as the chemokine R5 (CCR5) and µ

opioid receptors (Suzuki et al., 2002), the adenosine A2A and dopamine D2

receptors (Hillion et al., 2002), and the adenosine A1 receptor with multiple

receptors including thromboxane A2Rα receptors (Mizuno et al., 2012), 

dopamine D1 receptors (Gines et al., 2000), purinergic P2Y1 receptors

(Yoshioka et al., 2001) and the β-adrenoceptor subtypes β1 and β2 

(Chandrasekera et al., 2013).

The majority of coimmunoprecipitation studies investigating GPCR

heterodimerisation have been performed in overexpressing heterologous cell

lines, such as HEK293T, COS-7 or a mouse derived fibroblast cell line (Gines et

al., 2000). However coimmunoprecipitation from native tissue samples has

identified GABABR1/R2 (Kaupmann et al., 1998) and dopamine D1/D3

heterodimers (Zeng et al., 2006). Human heart tissue lysate also revealed

distinct populations of adenosine A1 constitutive heterodimers with either β1 

or β2 adrenoceptors (Chandrasekera et al., 2013). Additionally homogenates 

isolated from rat striatum have implicated the association of mGluR5, D2 and

A2A receptors as potential trimer complexes (Cabello et al., 2009).

For the majority of observations, specific ‘heterodimeric complexes’ were

identified from membrane isolations where tagged receptors were initially

coexpressed, and not when two cell preparations expressing different

receptor subtypes were mixed prior to solubilisation. This indicates that

coimmunoprecipitation of complexes was not a consequence of the assay

protocol used. However coimmunoprecipitation still requires that receptor
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complexes are solubilised from the membrane during isolation, and this

process might lead to artificial aggregration of the receptor hydrophobic

membrane spanning domains. Thus such observations need to be supported

by additional techniques, particularly those which provide evidence for

heterodimerisation in living cells and in vivo.

6.1.1.2 Evidence from fluorescent based approaches

Observations using fluorescence based techniques, such as FRET and BRET,

have implied the association of coexpressed fluorescently tagged receptor

subtypes in living cells. These associations may be between closely or distantly

related subtypes and have been interpreted as evidence of heterodimer

formation.

BRET and FRET studies have indicated interactions between the closely

related GPCR Class A subtypes Y1 and Y5 (Gehlert et al., 2007), β1 and β2-

adrenoceptors (Mercier et al., 2002), melanatonin MT1 and MT2 (Ayoub et al.,

2002), vasopressin V1a and V2 (Terrillon et al., 2003), cannabinoid CB1 and

CB2 subtypes (Callen et al., 2012), the dopamine subtypes D1 and D3

(Marcellino et al., 2008), D2 and D3 (Pou et al., 2012), and D2 and D5 (So et

al., 2009) and chemokine CXCR1 and CXCR2 receptors (Wilson et al., 2005).

Both techniques have also implied heterodimerisation of distantly related

subtypes such as the β2 adrenoceptor and δ opioid, the β2 adrenoceptor and 

κ opioid (Wilson et al., 2005), the α1A adrenoceptor and µ opioid receptors

(Vilardaga et al., 2008) and α1B adrenoceptor and dopamine D4 receptors 

(Gonzalez et al., 2012). FRET has also been used to identify heterodimers of

CB1 and orexin OX1 receptors in intracellular endosomes of HEK293TR cells

(Ellis et al., 2006). This was interpreted as reflecting post endocytic trafficking

of heterodimeric receptors from the cell surface, due to the constitutive

internalisation observed for CB1 receptors. In addition these compartments

may be a route to traffic complexes that are formed in the ER to the cell

surface. Follow up TR-FRET studies using combined SNAP and CLIP N terminal

protomer labelling confirmed stable cell surface expression of these

heterodimers (Ward et al., 2011). Additionally TR-FRET using N terminal SNAP
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and CLIP tagged receptors has identified specific ghrelin (GHSR1a) and D2

receptor heterodimers colocalised at the cell surface of HEK293T cells (Kern et

al., 2012).

Heterodimers of adenosine A2A and D2L receptors have also been identified

using both BRET and FRET (Canals et al., 2003). Additionally the use of BiFC

identified heterodimers were localised at the cell membrane and within

endosomes in a neuronal cell model (Vidi et al., 2008a). This study was also

the first to use BiFC to monitor the ligand induced modulation of GPCR

oligomerisation, with long term ligand exposure influencing the balance of

A2A/D2L heterodimers, A2A or D2L homodimers. Multicolour BiFC has also

illustrated interactions of CB1 and D2L receptors in a neuronal cell model,

which were regulated by CB1 selective ligands (Przybyla and Watts, 2010).

Complexes of this heterodimer pairing have also been identified using FRET

and BRET techniques in HEK293T cells (Navarro et al., 2008) in keeping with

previous observations of CB1 and D2L receptor colocalisation in situ in rat

striatum (reviewed in (Blume et al., 2013)). The combined use of BiFC and

BRET has also suggested the occurrence of higher order hetero-trimers of CB1,

D2 and A2A receptors (Navarro et al., 2008) and mGluR5, D2 and A2A receptors

(Cabello et al., 2009) in HEK293T cells. However the use of BiFC has largely

been limited to the identification of the existence of GPCR dimers, as opposed

to investigating their functional relevance.

Many fluorescence based techniques are difficult to implement in native

tissues, as in contrast to heterologous cell lines it is difficult to control

receptor expression levels or easily introduce engineered fluorescently tagged

receptors (Ferre et al., 2014). To circumvent this, techniques utilising GPCR

specific antibodies have been developed. A proximity ligation assay has

implied close association of A2A and D2 receptors in rat brain slices (Trifilieff et

al., 2011) and CB1 and CB2 subtypes in the rat brain pineal gland and nucleus

accumbens (Callen et al., 2012). Here primary antibodies recognising either

protomer of a proposed heterodimer, are labelled with secondary antibodies

conjugated to complementary oligonucleotide sequences. These sequences
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are then ligated, amplified and visualised using a fluorescent probe.

‘Heterodimer specific’ monoclonal antibodies have also been generated which

selectively recognise an epitope spanning both protomers of a heterodimer

but shows no specific binding when one of the protomers is removed (Gupta

et al., 2010). However designing such a selective epitope is in practice

difficult, and is particularly dependent on the GPCR region against which the

epitope is designed.

A less complicated use of antibodies is to conjugate them to fluorescentRET

partners. This has been used to identify CB1 and AT1 receptor heteromers in

isolated rat hepatic stellate cells (Rozenfeld et al., 2011) and morphine

induced changes in expression of µ/δ opioid heteromers in rat brain sections 

(Gupta et al., 2010). It is worth noting that antibody based techniques rely on

high expression levels of receptors and their bivalent nature may

inadvertently promote receptor associations (Ward et al., 2011). However if

highly selective, they are a potentially important tool to identify association of

receptor subtypes in native tissue. TR-FRET using fluorescent ligands has also

identified heterodimers of ghrelin (GHSR1a) and dopamine D2 receptors in

mouse hypothalamic neurons (Kern et al., 2012). Antibody tagged dopamine

D2 protomers were identified using a secondary antibody conjugated to

fluorescent terbium cryptate, which acted as the donor fluorophore to excite

the fluorescently labelled agonist ghrelin (acceptor).

Fluorescence based techniques, although useful in identifying receptor-

receptor interactions, are dependent on the proximity and orientation of the

probes used. Therefore close receptor proximity can only imply, not confirm,

the formation of specific heterodimers and should be used in conjunction with

other functional methods. Additionally these techniques (or

coimmunoprecipitation) cannot distinguish the proportion of heterodimers

present at the cell surface compared to other receptor species (be that

monomers, homodimers or higher order oligomers).
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6.1.1.3 Altered receptor trafficking during synthesis and maturation

The level of receptor expression at the cell surface is largely determined by

the balance of intracellular trafficking mechanisms such as export from the

endoplasmic reticulum, endocytosis and degradation. GPCR dimerisation has

been implicated as a mechanism to facilitate trafficking of receptors through

the endoplasmic reticulum and Golgi apparatus following biosynthesis and

assist plasma membrane expression. Evidence from obligate dimers of the

Class C GPCR family, such as the GABAB receptor, has supported this assertion.

As discussed in Chapter 5, the GABABR2 subunit effectively masks the

intracellular retention signal on the GABABR1 subunit (summarised in (Kniazeff

et al., 2002)) so that only via dimerisation is the GABAB receptor able to be

expressed at the cell surface.

This functional complementation has also been observed for heterodimers of

Class A GPCRs, when these receptors were engineered to contain ER retention

motifs. The chemokine receptor subtypes CXCR1 and CXCR2 have been shown

previously to form constitutive heterodimers that are expressed at the cell

surface (Wilson et al., 2005). In addition when expressed independently, both

subtypes reach the cell surface correctly. The addition of an ER retention

signal from the α2C adrenoceptor to a HA tagged CXCR1 sequence resulted in a

receptor that is not trafficked to the plasma membrane and is retained

intracellularly. Coexpression of this mutant with a FLAG tagged CXCR2 subtype

resulted in a heterodimer with decreased cell surface expression

(approximately a 50% decrease in expression when compared to CXCR2

alone). Additionally co-expression of receptor subtypes showing high cell

surface expression with subtypes that are poorly expressed has been shown

to promote the translocation of the second protomer to the cell surface. For

example coexpression of the α1D-adrenoceptor, which is almost exclusively 

intracellular localised, with either the α1B-adrenoceptor (Hague et al., 2004) 

or the β2-adrenoceptor (Uberti et al., 2005) was shown to increase its cell 

surface expression in luminometer assays. Equally, the β2-adrenoceptor is 

able to act as a molecular chaperone facilitating cell surface expression of an
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intracellular localised olfactory receptor (Hague et al., 2004), although this

study, and other examples of “rescued expression”, might be a consequence

of receptor over expression.

6.1.1.4 Altered ligand binding

Evidence for potential allosteric communication across a heterodimer

interface can be inferred by investigating ligand binding. If the affinity of a

ligand binding to a receptor coexpressed within a dimer is significantly

modified from that seen for the receptor expressed alone, this would suggest

that the presence of the second protomer is influencing binding.

This allosteric modulation can be ligand dependent, whereby binding of ligand

at protomer A influences binding at the orthosteric binding site of protomer B

(Kenakin and Miller, 2010).. One of the earliest observations of modified

ligand binding affinities at GPCR complexes came from coexpression studies of

A2A and D2 receptors (Ferre et al., 1991). Here coincubation with the A2A

selective agonist CGS21680 decreased the ability of dopamine to compete

with [3H] raclopride for the D2 orthosteric binding site. The addition of an A2A

receptor antagonist was able to restore the binding affinity of dopamine,

suggesting that the A2A site was allosterically modulating binding at the D2

orthosteric site. Comparable changes in affinity at selective protomers have

been observed for some heterodimers including A2A/dopamine D3 (Torvinen

et al., 2005), D1/D3 (Marcellino et al., 2008), the β1AR or β2AR protomer of 

β1AR/A1 or β2/A1 heterodimers (Chandrasekera et al., 2013) and reciprocal 

changes for either protomer of δ/µ opioid heterodimers (Gomes et al., 2013). 

Additionally modification of ligand affinities was also seen for adenosine

A1/A2 receptor heterodimers expressed both in heterologous cell lines and

endogenous receptors expressed in native pre and post synaptic neurons

(Ciruela et al., 2006). However it is worth pointing out that ligand based

studies are often dependent on the subtype selectivity of the ligands being

sufficient to assume that only one protomer binding site is occupied. For

closely related receptor subtypes, such as the opioid family, such distinct

selectivity is not always possible.
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Alternatively allosterism at GPCR heterodimers, may be ligand independent

whereby the unoccupied protomer A – the receptor itself - may act as an

allosteric modulator of protomer B via a direct physical interaction (Kenakin

and Miller, 2010). For example GPR50, an orphan GPCR, constitutively

heterodimerises with melatonin MT1 receptors leading to abolition of high

affinity binding and G protein coupling of the MT1 protomer (Levoye et al.,

2006). This negative modulation is suggested to be due to a steric inhibition of

MT1 by the large C terminal tail of the GPR50 receptor.

Alterations in ligand binding affinities have not been observed for all

documented GPCR heterodimers. Notable exceptions include association of

the NPY Y1 and Y5 receptor subtypes (Gehlert et al., 2007), β2AR and δ opioid 

receptors; β2AR and κ opioid receptors (Jordan et al., 2001), the β2AR and 

β3ARs (Breit et al., 2004) and µ opioid and neurokinin 1 receptor receptors 

(Pfeiffer et al., 2003). Affinity (Kd) is the ratio of ligand association and

dissociation rate constants at equilibrium. Therefore alterations in ligand

dissociation rates may better reflect dynamic heterodimer allosterism (May et

al., 2007). Insights from the chemokine receptor family, has supported this

assertion by using infinite dilution to measure the dissociation kinetics of a

radioligand specific to one protomer of a CCR2/CCR5 (Springael et al., 2006) or

CCR2/CXCR4 heterodimer (Sohy et al., 2007), and then demonstrating the

effects of an unlabelled ligand binding the second protomer. In both cases

radioligand dissociation kinetics from the CCR2 protomer were found to be

affected by ligand binding to partner protomer, but this allosteric effect was

only seen when both receptors were expressed. Comparison with infinite

dilution conditions also implied strong cooperativity between protomer

binding sites of adenosine A3 dimers, with the effects of competing ligands

manifested as changes in ligand dissociation rates at the single cell level (May

et al., 2011). This cooperativity was decreased when one of the protomers

contained a mutation to prevent ligand binding, suggesting that allosterism

was a consequence of communication between protomer othosteric binding

sites.
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Effects of ligand binding on GPCR dimers can often be difficult to extract from

measures of cell population binding studies, as it is difficult to ascribe affects

directly to a dimeric population that may be both transient and (particularly

for heterodimers) a small proportion of the overall receptor species. For

example as discussed in Chapter 5, TIRF studies of M1 muscarinic receptors

suggested that the homodimeric state of these receptors only represent up to

30% of the total population at any time (Hern et al., 2010).

In addition to using ligands selective for one protomer of a heterodimer to

probe function, heterodimer selective ligands have been suggested. These

ligands have been hypothesised to have greater affinity for binding the

heterodimer form than respective monomer or homodimers. Examples of

these include 6'-guanidinonaltrindole (6’GNTI), which has been shown to

induce intracellular Ca2+ to a greater extent when stimulating δ/µ opioid 

heterodimers than either species expressed alone, and also have selective

analgesic effects in the spinal cord (Waldhoer et al., 2005). A purportedly

highly selective dopamine D1-D2 ligand that activates novel Gq/11 signalling by

acting as a full agonist at D1 and a partial at D2 receptors (Rashid et al., 2007)

has also been proposed. However the selectivity of this ligand has been

questioned, as paradoxical signalling effects have been observed in vivo and it

has been shown to have high affinity for other unrelated GPCR subtypes

(Chun et al., 2013). Bivalent ligands, whereby two distinct pharmacophores

are linked by a spacer, have also been developed which are proposed to

bridge the dimer and either target both orthosteric sites or bind one and a

distinct allosteric site (Hiller et al., 2013). Examples include those that target

opioid receptor subtypes (δ/µ; (Daniels et al., 2005b) and κ/δ respectively 

(Daniels et al., 2005a)). However the main issue of these heterodimer

selective bivalent ligands in addition to selectivity is their relatively large size

limits therapeutic uses and restricts them to in vitro tools.

6.1.1.5 Altered internalisation

Heterodimerisaion has been implicated in altering the endocytosis of one or

both protomers within the complex. Evidence suggests that for some
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heterodimer combinations binding of a single ligand to one protomer is

sufficient to support the co-internalisation of the entire heterodimeric

complex. For example, treatment of β2AR/δ opioid receptor heterodimers 

with the β2-adrenoceptor agonist isoprenaline, resulted in occupancy of the 

β2AR orthosteric binding site and internalisation of both receptor 

populations. Reciprocal responses were also observed following stimulation

with the δ opioid agonist etorphine (Jordan et al., 2001). As isoprenaline is 

structurally distinct from etorphine, this suggests that either ligand is

activating it cognate orthosteric site selectively.

 Similar effects have been seen with coexpression of δ opioid and neurokinin 

NK1 receptors, in response to stimulation with the δ selective agonist DAMGO 

or the NK1 agonist substance P (Pfeiffer et al., 2003). Cointernalisation has

also been observed for orexin (OX1) and CB1 heterodimers, whereby

stimulation with orexin A was able to stimulate the internalisation of the CB1

receptor population even though it has no direct affinity for this receptor

(Ward et al., 2011). Interestingly this effect was only seen when these

receptors were coexpressed and orexin A was more potent at inducing the

internalisation of the CB1 population than the total OX1 receptor population

(which is presumed to be a mixture of monomers, homodimers and

oligomers). These data are consistent with the previous observation in this

thesis, that ligand occupancy at one protomer within a defined dimer is able

to drive agonist induced endocytosis of the dimeric complex (Snap Y1/Y1Y99A

BiFC dimer; Chapter 5, Figure 5.13).

Detrimental effects upon internalisation as a consequence of

heterodimerisation have also been observed. For example rapid

internalisation in response to agonist stimulation has been observed for the

β2-adrenoceptor subtype ((von Zastrow and Kobilka, 1992) ; see Chapter 5, 

Figure 5.15) when expressed independently. Conversely both the β1 and β3 

adrenoceptor subtypes both internalise to a much lesser extent. However

coexpression of the β2 subtype with either the β1 (Lavoie et al., 2002) or the 

β3 adrenoceptor subtypes (Breit et al., 2004) resulted in heterodimers that 
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were unable to undergo agonist promoted endocytosis. A similar effect has

been observed when the β2-adrenoceptor was coexpressed with the distantly 

related internalisation resistant κ opioid receptor. No heterodimer 

internalisation was observed following stimulation with either subtype

selective ligand suggesting the β2AR subtype has adopted the internalisation 

profile of the κ subtype (Jordan et al., 2001). These data suggested that one 

protomer of a heterodimer (in this case β1, β3 or κ opioid subtypes) was able 

to act as a dominant negative modulator of agonist induced internalisation of

the other.

Interestingly ligand induced internalisation has also been used as a measure

of the dynamic equilibrium between heterodimer and homodimer species

within the same cells. Treatment of A2A/D2 heterodimers with the D2 receptor

agonist quinpirole resulted in cointernalisation of the heterodimer complex

(Hillion et al., 2002). However long term stimulation induced a change in the

proportion of A2A/D2 heterodimers relative to A2A/ A2A homodimers (Vidi et

al., 2008a). These observations do raise the question of whether

cointernalisation is directly attributable to a physical association between

coexpressed receptors. An alternative method could be that activation of one

protomer may lead to intracellular signalling pathways that induce an

independent internalisation of the second protomer driven by PKA or PKC

mediated phosphorylation.

6.1.1.6 Altered G protein coupling and signalling

Phenotypic changes in downstream signalling outcomes have been observed

for some heterodimer pairings. These changes may reflect modifications in

effector protein coupling to dimers, in conjunction with the intrinsic efficacy

of ligands for stabilising a particular receptor conformation which favours

coupling to distinct signalling pathways (Ferre et al., 2014). This phenomenon,

termed functional selectivity, has been observed for some heterodimer

pairings whereby changes in the nature of G protein or β-arrestin coupling can 

result in distinct physiological outcomes – often assuming an asymmetric

mode of coupling (see Chapter 5, section 5.1.1.3).
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For some GPCR heterodimers, the G protein class to which protomer A

preferentially couples is modified so that it adopts the G subunit

preferentially bound by protomer B. For example coexpression of the

dopamine D1 receptor with histamine H3 receptors in neuroblastoma cells

resulted in a switch from Gαs to Gαi driven MAPK signalling for the D2

protomer, while H3 agonists allosterically inhibited dopamine D1 mediated G

protein and β-arrestin2 mediated signalling (Moreno et al., 2014).  A proposed 

physiological consequence of this modified signalling is that this histamine

dimer is able to inhibit dopamine D1 receptor mediated cell death. This

switch in G protein coupling was also observed for β2AR/β3AR heterodimers, 

whereby Gαi coupling, typically observed in addition to Gs coupling for both

individual subtypes, was not seen for the heterodimer but Gs recruitment

was preserved (Breit et al., 2004). Similar effects have also been seen for

another adrenergic heterodimer, the β1AR/β2AR, but here G protein coupling 

reflected a β1AR like phenotype with ERK phosphorylation used as a readout 

(Lavoie et al., 2002). This suggests that G protein coupling to a receptor

protomer (eg. the β2AR) can be distantly modified depending on the second 

protomer coexpressed, which further increases the potential for novel

pharmacology arising from heterodimerisation.

Heterodimerisation has also been suggested to switch G protein coupling to a

class that is completely atypical for either protomer. For example dopamine

D1 and D2 receptors, typically couple to Gαs and Gαi classes respectively.

However the D1/D2 heterodimer shows novel coupling to the Gαq class,

facilitating the elevation of intracellular calcium levels in transfected cells and

rat brain striatum (Rashid et al., 2007). However this change in G protein

coupling may not reflect physical heterodimer formation, but has been

suggested to instead be a consequence of the expression level of Gαq or

downstream signalling crosstalk (Chun et al., 2013).

Signalling switching has also been indicated for CB1/AT1 (Rozenfeld et al.,

2011) and δ/µ opioid heterodimers (Rozenfeld and Devi, 2007). An additional 

modification of δ and µ opioid receptor heterodimerisation that has 
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unwanted physiological effects is a switch in the nature of effector protein

coupling. When expressed alone µ opioid receptors stimulated with morphine

results in G protein dependent signalling and ultimately analgesia (Raehal et

al., 2011). Coexpression of µ and δ opioid receptors however resulted in 

morphine directed β-arrestin2 dependent signalling and leading to greater 

tolerance of chronic morphine induced analgesia (Rozenfeld and Devi, 2010).

This outcome was specific to the presence of the δ opioid subtype as 

treatment with a δ selective antagonist restored G protein directed signalling 

and morphine induced analgesia. The intrinsic affinity of the ligand used can

also allosterically influence the direction of signalling bias. The angiotensin AT1

receptor agonist [Sar1,Ile4,Ile8] angiotensin II, shows β-arrestin2 signalling 

bias at AT1 receptors expressed alone (Violin et al., 2010). By binding to the

AT1 receptor orthosteric ligand binding site of AT1/bradykinin B2

heterodimers, this agonist showed lateral allosteric modulation of signalling at

the B2 subtype by inhibiting Gαi/o signalling and promoting β-arrestin2 

recruitment and heterodimer cointernalisation (Wilson et al., 2013). However

this heterodimer pairing has been difficult to replicate by other groups in both

the same and different cell systems (Hansen et al., 2009).

For some heterodimer pairings, allosteric modulation of protomer A by

protomer B results is able to potentiate signalling responses originating at

protomer B. An example of this which may have physiological implications in

the control of feeding responses is the ghrelin GHSR1a and dopamine D2

receptor heterodimer (Kern et al., 2012) implicated in the promotion of

anorexigenic effects. Stimulation of this heterodimer with the dopamine or

another D2 receptor agonist cabergoline, led to a PLC mediated increase in

intracellular calcium mobilisation via Gβγ activation. This effect was seen in 

the absence of ghrelin costimulation or the presence of a neutral GHSR1a

antagonist, suggesting that it is the GHSR1a subtype itself that is allosterically

modulating binding to the D2 subtype. However a caveat to this is that the

ghrelin receptor has a high degree of constitutive activity in the absence of
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stimulation, which may complicate interpretations of dimer specific

pharmacology.

The orexin 1 (OX1) / CB1 heterodimer has also been suggested to mediate the

stimulation of food intake. The presence of the CB1 subtype increased the

potency of the agonist orexin A at the OX1 receptor in respect to

internalisation (10 fold increase; (Ward et al., 2011) and MAPK signalling (100

fold; (Hilairet et al., 2003)). This allosteric potentiation of OX1 signalling was

specifically blocked by the CB1 selective antagonist rimonabant, a known

inhibitor of food intake, suggesting the OX1 / CB1 heterodimer may be a valid

target for anti obesity therapies.

Dual antagonism has also been observed for many GPCR Class A

heterodimers. This is where antagonists targeting protomer A of the dimer

can inhibit signalling originating from agonist binding to the unrelated

protomer B and vice versa. This effect has been observed for heterodimers of

α1B adrenoceptor and dopamine D4 receptors in respect to phosphorylation of

Akt (Gonzalez et al., 2012), and histidine H3 and dopamine D1 receptors

(Ferrada et al., 2009). The proposed heterodimerisation of β2AR and AT1

receptors in mouse cardiomyocytes and whole animals has suggested this

effect may have clinical relevance as here cross antagonism resulted in

inhibition of heart rate and cardiac contractility (Barki-Harrington et al., 2003).

This bidirectional antagonism has also been observed for CB1/CB2

heterodimers expressed in the neuroblastoma cell line SH-SY5Y (Callen et al.,

2012). Additionally when expressed individually both CB1 and CB2 subtypes

have been shown to increase the phosphorylation of Akt and stimulate

neurite growth. However coactivation of both protomers of the CB1/CB2

heterodimer inhibits this response, suggesting negative crosstalk is occurring

at this heterodimer in respect to Akt phosphorylation.

It is therefore likely that the functional consequences of GPCR

heterodimerisation vary greatly depending on the receptor pairing and

potentially the specific ligand stimulation (Ferre et al., 2014). The extent of

modification of responses due to allosteric interactions within the dimer can
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therefore vary from subtle changes in the efficacy of existing responses to

profound changes in signal switching. There are also suggestions that

functional selectivity may give rise to novel pharmacological targets with

distinct physiological implications.

A caveat for many of these observations from whole population measures is

they do not define the molecular composition of discrete receptor complexes.

This makes it difficult to attribute functional responses directly to

heterodimeric populations. Altered pharmacology may therefore be due to

intracellular signalling crosstalk as opposed to the defined physical

interactions of receptors (see D1-D2 controversy described above). This has

been proposed to explain the GABAB receptor Gαi potentiation of mGluR Gαq

signalling, whereby alteration in signalling is actually due to a temporal

integration of signalling at PLC rather than receptor association (Rives et al.,

2009). Additionally overexpression of histamine or β2AR receptors in CHO K1 

cells attenuated the signalling of other Gs coupled receptors without physical

interactions occurring. Effects were ascribed instead to receptors

sequestering the pool of G protein away from other receptors present and

leading to changes in specificity (Prezeau et al., 2010).
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6.2 Aims of this chapter

Extensive evidence has therefore suggested that coexpression of two distinct

receptor subtypes can result in altered pharmacology. However it is often

difficult to identify responses directly attributable to heterodimerisation as

opposed to a consequence of signalling crosstalk arising from the co-

expressed, but physically independent receptors. Here HEK293T cells

coexpressing the NPY Y1 receptor with the related subtypes Y5 (Y1/Y5) or Y4

(Y1/Y4) or the unrelated receptor β2-adrenoceptor (Y1/β2AR), were used to 

investigate potential novel pharmacology attributable to receptor

heterodimerisation. As highlighted in chapter 4, BiFC was used to irreversibly

constrain these receptor pairings as dimers of precise composition allowing a

readout of pharmacology for a molecular heterdimer. The combined use of

SNAPsurface 647 labelling of the Y1 receptor protomer only, allowed BiFC

heterodimer responses to be simultaneously compared to responses of the

total Y1 receptor population in the same cells. Quantification of the agonist

induced internalisation of both the Snap labelled Y1 and BiFC dimer

populations were used as a readout of function.

As both protomers of the heterodimer have discrete orthosteric ligand

binding sites, the use of subtype selective ligands facilitated the targeted

activation of either protomer within the dimer. This allowed potential

allosteric interactions between the two heterodimer orthosteric binding sites

in response to agonist or antagonist stimulation to be investigated.

Additionally, standard competition radioligand binding and inhibition of cAMP

accumulation assays were used to investigate potential changes in subtype

selective ligand binding affinities or downstream signalling for the co-

expressed receptors at the level of cell populations. Overall these experiments

demonstrated that the Snap Y1/Y5 heterodimer, implicated in the regulation

of feeding responses but not other pairings investigated, is associated with

modified agonist and antagonist pharmacology.
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6.3 Results

6.3.1 Cell surface expression and ligand binding of co-expressed BiFC

fragment tagged Y1 receptor-containing heterodimers.

HEK293T cells stably expressing clonal Snap Y1-Yn receptor (protomer A, see

Chapter 5, Figure 5.1) were stably cotransfected with a second FLAG tagged

Y5 or Y4 receptor subtype, or the less closely related class A β2AR or 

dopamine D2 receptor (long variant), each fused at the C terminus to the

complementary Yc BiFC fragment (Receptor-Yc; protomer B). This generated

Y1/Y5, Y1/Y4, Y1/β2AR or Y1/D2 cell lines.  

Prelabelling with SNAPsurface 647 (0.2µM) allowed the Snap Y1-Yn receptor

population to be identified, representing the total receptor population. BiFC

fragment tags allowed the simultaneous identification of discrete populations

of Snap Y1/Y5, Y1/Y4, Y1/β2AR or Y1/D2 receptor heterodimers in the same 

cells, via imaging of recomplemented YFP fluorescence as previously

described in Chapter 5. Automated confocal imaging initially confirmed the

expression and localisation of these BiFC heterodimers. Under control

conditions both the Snap labelled Y1 receptor population and the BiFC dimer

populations of Y1/Y5 (Figure 6.1, A) Y1/Y4 (B) and Y1/β2AR (C) receptor cell 

lines, were predominantly localised to the plasma membrane, with areas of

colocalisation observed. A small degree of constitutive internalisation was also

observed. Treatment with the Y1 receptor selective agonist NPY (100nM;

30min at 37°C) showed that both the Snap Y1 receptor population and three

BiFC heterodimer pairings (Y1/Y5, Y1/Y4 and Y1/β2AR) were capable of rapidly 

internalising in response to agonist stimulation, with extensive regions of

colocalisation observed. However Snap Y1/D2 BiFC dimer expression did not

share this distribution, with predominant intracellular BiFC fluorescence

observed for both control and NPY stimulated conditions (D), despite

continued plasma membrane labelling of Snap-tagged Y1-Yn receptors. This

suggested that these Y1/D2 dimers were not correctly trafficked to the cell

surface and had been retained within the cell post synthesis. Following this
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observation, the Y1/D2 BiFC dimer pairing was not investigated further.

Standard confocal microscopy of Snap Y1/Y5 and Snap Y1/Y4 BiFC dimers also

revealed similar receptor distribution and NPY stimulated internalisation

(Figure 6.2, A and B).

The functional properties of HEK293T cell lines expressing Snap Y1/Y5, Y1/Y4

and Y1/β2AR BiFC heterodimers, were further validated with competition 

binding experiments using the radiolabelled agonist [125I] PYY, capable of

binding Y1, Y4 or Y5 receptors with high affinity (Lundell et al., 1995, Gerald et

al., 1996). Membranes were freshly prepared from these cell lines as

described in Chapter 2, section 2.2.4. Snap Y1/Y5 (Figure 5.2, A), Y1/Y4 (B)

and Y1/β2AR (C) cell lines all showed specific [125I] PYY binding which was

inhibited by co-incubation with the unlabelled agonist PYY (Figure 6.3).

Observed affinities of PYY were comparable across all three cell lines

(estimated pIC50 values in Table 6.1, A-C) and to those observed for Snap Y1-

Yn receptors expressed alone or when coexpressed with Y1-Yc cDNA (Y1/Y1

BiFC dimer; see chapter 5, Table 5.1). For the Snap Y1/Y5 cell line, co-

incubation with the Y5 selective agonist cPP (1-17)(Ala31, Aib32) NPY (18-36)

(referred to in all legends as cPP-Aib-NPY), resulted in marginal displacement

of [125I] PYY specific binding (defined by 1 µM PYY; Table 6.1, A), even at

competing ligand concentrations in excess of 300nM (Figure 6.4, A). This was

surprising as [125I] PYY has high affinity for both the Y1 and Y5 receptor

binding sites. Y5 receptor antagonist CGP71683 also showed minor inhibition

of specific [125I] PYY binding. However the Y1 selective antagonist BIBO3304

was able to almost fully inhibit specific [125I] PYY binding at the Snap Y1/Y5 cell

line (Figure 6.4, B; Table 6.1, A). This indicated that Y1 receptor binding was

the predominant receptor component labelled in Y1/Y5 cell lines (but not

Y1/Y4 membranes, see Figure 6.11). Additionally [125I] PYY binding was

sensitive to GTPγS treatment in both Y1/Y5 and Y1/Y4 cell lines, indicating 

functional coupling of expressed receptors to Gi.



Figure 6.1: Representative images taken using an IX Ultra confocal platereader of
BiFC heterodimers consisting of Snap Y1
FLAG tagged receptor

HEK293T cells stably expressing clonal Snap Y1
coexpressed with FLAG tagged Y5
receptor constructs. The Snap Y1
prelabelling with SNAPsurface 647
panel). Simultaneous imaging of recomplemented YFP fluorescence was
indicative of the formation of Snap Y1
as heterodimers using BiFC (BiFC dimer panel). Cells were stimulated with
vehicle control or 100nM NPY (30min at 37°C) prior to fixation, H33342 nuclei
staining and imaging using an IX Ultra confocal platereader. Representative
images (cropped as a 300x300 pixel region) are taken from at least 3
independent experiments.
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Figure 6.1: Representative images taken using an IX Ultra confocal platereader of
BiFC heterodimers consisting of Snap Y1-Yn receptor constructs coexpressed with
FLAG tagged receptor-Yc constructs

93T cells stably expressing clonal Snap Y1-Yn receptor constructs were
coexpressed with FLAG tagged Y5-Yc (A), Y4-Yc (B), β2AR-Yc (C) or D2L
receptor constructs. The Snap Y1-Yn receptor population was identified by
prelabelling with SNAPsurface 647 (0.2µM; 30min at 37°C/5% CO
panel). Simultaneous imaging of recomplemented YFP fluorescence was
indicative of the formation of Snap Y1-Yn/receptor-Yc complexes constrained
as heterodimers using BiFC (BiFC dimer panel). Cells were stimulated with
vehicle control or 100nM NPY (30min at 37°C) prior to fixation, H33342 nuclei
staining and imaging using an IX Ultra confocal platereader. Representative
images (cropped as a 300x300 pixel region) are taken from at least 3
independent experiments.

Figure 6.1: Representative images taken using an IX Ultra confocal platereader of
Yn receptor constructs coexpressed with

Yn receptor constructs were
Yc (C) or D2L-Yc (D)

Yn receptor population was identified by
(0.2µM; 30min at 37°C/5% CO2; Snap 647

panel). Simultaneous imaging of recomplemented YFP fluorescence was
Yc complexes constrained

as heterodimers using BiFC (BiFC dimer panel). Cells were stimulated with
vehicle control or 100nM NPY (30min at 37°C) prior to fixation, H33342 nuclei
staining and imaging using an IX Ultra confocal platereader. Representative
images (cropped as a 300x300 pixel region) are taken from at least 3



Figure 6.2: Representative images taken using a LSM510 confocal microscope of Snap Y1/Y5 BiFC dimers stably expressed in HEK293T cells
HEK293T cells stably expressing Snap Y1/Y5 (A) or Snap Y1/Y4 (B), were prelabelled with SNAPsurface 647 (0.2
experiments) taken using a LSM510 confocal microscope showed that under control conditions all receptor populations were pred
plasma membrane. Stimulation with 100nM NPY (30min at 37°C) resulted in
shown in yellow (overlay panel).
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: Representative images taken using a LSM510 confocal microscope of Snap Y1/Y5 BiFC dimers stably expressed in HEK293T cells
HEK293T cells stably expressing Snap Y1/Y5 (A) or Snap Y1/Y4 (B), were prelabelled with SNAPsurface 647 (0.2 µM). Represe
experiments) taken using a LSM510 confocal microscope showed that under control conditions all receptor populations were pred
plasma membrane. Stimulation with 100nM NPY (30min at 37°C) resulted in rapid internalisation of all receptor populations. Areas of colocalisation are

: Representative images taken using a LSM510 confocal microscope of Snap Y1/Y5 BiFC dimers stably expressed in HEK293T cells
). Representative images (of 3 independent

experiments) taken using a LSM510 confocal microscope showed that under control conditions all receptor populations were pred ominantly localised to the
rapid internalisation of all receptor populations. Areas of colocalisation are
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Table 6.1A: Summary of ligand binding

Figure 6.3: [125I] PYY competition
binding experiments in HEK293T cell
lines stably co-expressing BiFC
heterodimer constructs.
Membranes were freshly prepared
from HEK293T cell lines stably
expressing Snap Y1/Y5 (A), Y1/Y4 (B)
or Y1/β2AR (C) BiFC dimer constructs 
(see Chapter 2, section 2.2.4). These
were incubated with [125I] PYY (15pM)
and increasing concentrations of
unlabelled competing agonist PYY or
GTPγS for 90min at 22°C. Membrane 
bound radioligand was separated
using filtration and quantified using a
gamma counter. Competition
displacement curves were generated
using GraphPad Prism, with pooled
data representing a minimum of 3
independent experiments. pIC50 and
other data were expressed as mean ±
s.e.m (Table 6.1, A-C; Hill slope range
0.74-0.96).
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Table 6.1A: Summary of ligand binding affinities for HEK293T cells coexpressing Snap Y1-Yn/Y5-Yc

PYY cPP Aib NPY* BIBO3304 CGP71683 GTPγS

pIC50 9.1 ± 0.1 / 8.3 ± 0.1 / 8.7 ± 0.1

%inhibition of TSB 100 11.5 ± 1.1 92.3 ± 0.4 24.0 ± 6.2 60.7 ± 3.3

Table 6.1B: Summary of ligand binding affinities for HEK293T cells coexpressing Snap Y1-Yn/Y4-Yc

PYY BIBO3304 PP GTPγS

pIC50 9.2 ± 0.1 8.4 ± 0.1 9.6 ± 0.4 (High affinity site); fraction = 41.8% ± 0.2

7.8 ± .0.4 (low affinity site); fraction = 58.2% ± 1.2

8.3 ± 0.1

% inhibition of TSB 100 59.5 ± 2.2 80.8 ± 2.2 45.0 ± 4.1

Table 6.1C: Summary of ligand binding affinities for HEK293T cells coexpressing Snap Y1-Yn/β2AR-Yc  

PYY BIBO3304 Propranolol Isoprenaline

pIC50 9.2 ± 0.1 8.4 ± 0.1 / /

% inhibition of TSB 100 97.6 ± 0.5 13.6 ± 12.7 3.7 ± 8.7

% inhibition of TSB refers to the displacement by 1µM competing ligand, as a % of the total specific binding (TSB) defined in the absence / presence of 1 µM
PYY.
/ = responses unable to determined

n = 2-4
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Figure 6.4: [125I] PYY binding experiments in membranes isolated from HEK293T cell
lines expressing Snap Y1/Y5 BiFC dimers, and Y1 or Y5 selective competing ligands
Membranes were freshly prepared from HEK293T cell lines stably coexpressing Snap
Y1-Yn and Y5-Yc BiFC dimer constructs. These were incubated with [125I] PYY (15pM)
and increasing concentrations of unlabelled PYY, or Y1 (BIBO3304) or Y5 selective
ligands (cPP Aib NPY, CGP71683) for 90min at 22°C. Membrane bound radioligand
was separated using filtration and quantified using a gamma counter. Competition
displacement curves were generated using GraphPad Prism, with pooled data
representing a minimum of 3 independent experiments. pIC50 data were expressed as
mean ± s.e.m (Table 6.1, A; Hill slope range 0.78-0.92). PYY curve replicated from
Figure 6.3.
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6.3.2 Y1 and Y5 receptors BiFC heterodimers show altered pharmacology in

respect to Y5 agonist-stimulated internalisation

Using the automated platereader analysis, the kinetics of Snap Y1/Y5 BiFC

dimer internalisation in response to NPY were first investigated in timecourse

experiments (100nM; 37°C, Figure 6.5). No significant difference was

observed in respect to the rate of NPY induced internalisation between the

Snap Y1-Yn receptor and Snap Y1/Y5 BiFC dimer populations (t1/2 values of 4.7

± 1.0 min and 8.2 ± 1.8 min respectively n=3; unpaired t test P = 0.46).

Therefore although 60 min agonist incubations were required for the Y5-GFP

cell line (Chapter 3, Figure ), a 30min timecourse was used for Snap Y1/Y5 cells

to maintain consistency with other BiFC dimer cell lines.

Whole population studies, such as competition binding, did not identify

pharmacology specifically attributable to the Y1/Y5 BiFC dimer population

(Figure 6.2). Therefore in order to tease out any effects on agonist

pharmacology attributable to heterodimerisation, simultaneous quantification

of the internalisation of both Snap labelled Y1 receptor and BiFC Y1/Y5 dimer

populations in Snap Y1/Y5 cells was performed, and compared to either

receptor expressed alone (Snap Y1-Yn or Y5-GFP, described earlier in chapters

5 and 3 respectively). Pooled concentration response curves normalised to

1µM NPY responses, showed that NPY was a full agonist at both the Snap Y1-

Yn receptor and Y1/Y5 BiFC dimer populations, with comparable agonist

potencies observed (Figure 6.6, Table 6.2, n=14). NPY was also a potent

stimulator of Y5-GFP receptor internalisation (Figure 6.6, B).

To investigate this further, agonists showing selectivity for the Y5 receptor

subtype over the Y1 subtype were used, namely the endogenous NPY related

peptide pancreatic polypeptide (PP) and the Y5 selective agonist cPP (1-

17)(Ala31, Aib32) NPY (18-36). As described in chapter 3, both agonists were

potent at inducing the internalisation of Y5-GFP when compared to NPY (see

Table 3.2, n = 4). However, given that previous data has indicated that agonist

occupancy of a single protomer binding site is sufficient for internalisation of

the BiFC dimer (Chapter 4), the most striking observation was that both PP
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and cPP (1-17)(Ala31, Aib32) NPY (18-36) agonist responses were significantly

altered, relative to NPY in inducing Snap Y1/Y5 BiFC dimer endocytosis. These

ligands in addition to a third Y5 selective ligand [D-Trp32]NPY were all partial

agonists compared to NPY, rather than full agonists, in stimulating Snap Y1/Y5

dimer internalisation (Figure 6.6; Table 6.2). Furthermore these agonists were

significantly less potent for example the EC50 for cPP (1-17)(Ala31, Aib32) NPY

(18-36) was over 300 fold lower in stimulating Snap Y1/Y5 BiFC dimer

responses than for Y5-GFP (Table 6.2; P < 0.001, Student’s t test).

Figure 6.5: Kinetics of NPY induced internalisation of Snap Y1/Y5 BiFC heterodimers

Stably transfected HEK293T cells coexpressing Snap Y1/Y5, were prelabelled with
SNAPsurface 647 (0.2µM). Cells were then stimulated with vehicle (circles) or 100nM
NPY (squares) at set time intervals. H33342 labelling, image acquisition and
granularity analysis were performed as previously described to compare
internalisation of the Snap-Y1-Yn population (Snap 647) and Y1/Y5 BiFC dimer Pooled
data (mean ± s.e.m; n= 4) were normalised to NPY responses observed at 30 min and
fitted to a 1 site exponential association including a 2 min latency period.
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Figure 6.6: Quantification of the agonist induced internalisation of Y1 or Y5
receptors when expressed alone or constrained as heterodimers using BiFC

HEK293T cells stably expressing Snap Y1-Yn receptors alone (A), Y5-GFP or Snap
Y1/Y5 BiFC dimers (C) were prelabelled with SNAPsurface 647 (0.2µM), before
stimulation with a panel of ligands (30min at 37°C). H33342 labelling, image
acquisition and granularity analysis of images was performed as previously. All
responses were normalised to negative (basal) and positive (1µM NPY) plate controls.
Pooled data shown represented a minimum of 3 independent experiments and are
expressed as mean ± s.e.m. The Y5-GFP data (60min agonist incubation) are repeated
from Figure 3.9 for clarity and comparison.
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Table 6.2: Summary of potencies and efficacies of a panel of ligands for stimulating the internalisation of Snap Y1/Y5

Snap Y1 / Y5 Y5-GFP

Agonist Snap Y1 Y1/Y5 BiFC dimer

pEC50 % NPY response pEC50 m % NPY response pEC50 % NPY response

NPY 8.0 ± 0.1 100 7.8 ± 0.1 100 8.0 ± 0.1 100

PP 21.4 ± 11.4 / 44.5 ± 11.6 8.1 ± 0.2 87.8 ± 10.7

cPP Aib NPY / / 7.2 ± 0.2 + 50.6 ± 9.1 9.0 ± 0.1 94.6 ± 1.1

DTrp 32 NPY / / 6.4 ± 0.3 56.5 ± 9.0 / /

+ = potency of cPP Aib NPY pEC50 value at Snap Y1/Y5 BiFC was significantly different to that for Y5-GFP (p<0.001 ***).

All data were expressed as ± standard error of the mean. pEC50 values were obtained from pooled concentration response curves presented in Figure 6.6.

Rmax responses to each ligand were calculated as a percentage of 1µM NPY responses

n= 4-15

/ not able to be determined
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6.3.3 NPY-induced internalisation of the constrained Y1/Y5 BiFC dimer

population is not inhibited by the Y1 receptor selective antagonist BIBO3304

The pharmacology of subtype selective antagonists was next investigated for

the Snap Y1/Y5 cell line, initially using [3H]cAMP accumulation assays.

Stimulation with NPY inhibited forskolin-stimulated accumulation in a

concentration dependent manner (Figure 6.7, A) comparable to that observed

for Snap Y1 or Snap Y1/Y1 cell lines (Chapter 5, Figure 5.3). Surmountable

antagonism of NPY responses was observed in response to pretreatment with

the BIBO3304 (estimated pKb value 7.6 ± 0.4, from shifts in the presence of

30nM antagonist; n=3). The estimated pKb obtained from this was also

consistent with previous observations for Snap Y1-Yn receptors expressed

alone and when coexpressed with Y1-Yc. Preincubation with CGP71683 had

no effect on NPY responses in this assay (B). Therefore in whole population

second messenger assays, the Snap Y1-Yn/Y5-Yc cell line showed ‘Y1 receptor

like’ pharmacology in respect to both BIBO3304 and CGP71683.

Figure 6.7: The effect of pretreatment with receptor subtype selective antagonists,
on NPY inhibition of forskolin-stimulated [3H] cAMP accumulation in the Snap
Y1/Y5 cell line.

HEK293T cells stably coexpressing Snap Y1-Yn/Y5-Yc, were loaded with [3H] adenine
(2hr; 37°C/5% CO2). Cells were then pretreated with vehicle or the Y1 selective
antagonist BIBO3304 (A) or the Y5 selective antagonist CGP71683 (B) (30min at
37°C/5 % CO2) prior to NPY and 30µM forskolin costimulation. All responses were
normalised to those obtained for forskolin (100%) and 100nM NPY (0%) stimulations
and are shown as mean ± s.e.m of 3 independent experiments.
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Simultaneous measurement of the internalisation of both Snap Y1 and Snap

Y1/Y5 BiFC dimer populations following BIBO3304 pretreatment was then

used to investigate potential allosteric modulation of Y1 antagonist

pharmacology by Y1 and Y5 receptor association. Following pre-treatment

with BIBO3304 (30nM or 300nM; 30min at 37°C) cells were stimulated with

NPY (30min at 37°C). Pooled concentration response curves normalised to

1µM NPY responses showed that BIBO3304 produced rightward parallel shifts

of NPY induced responses for the Snap-Y1-Yn population indicative of

surmountable antagonism (Figure 6.8, Snap 647), and expected based on the

known affinity of BIBO3304 for the Y1 receptor subtype (Wieland et al., 1998).

Estimated pKb values (30nM BIBO3304 8.2 ± 0.1, n=5; 300nM BIBO3304 7.8 ±

0.3, n=4) were similar to those observed for Snap Y1-Yn receptors expressed

alone, Snap Y1/Y1 homodimers (Chapter 5, Figure 5.9) and Y1-GFP (Chapter 3,

section 3.10). However BIBO3304 did not inhibit NPY induced internalisation

of the Snap Y1/Y5 BiFC dimer population (Figure 6.8, BiFC dimer) even using

concentrations 100x greater (300nM) than the documented pKb of BIBO3304

at the Y1 receptor. Notably in the presence of BIBO3304, NPY potency and

maximum responses remained largely unchanged (NPY pEC50 values 7.3 ± 0.1,

n=4-5). Given that in the presence of excess BIBO3304, NPY responses might

be expected to be driven exclusively via the Y5 binding site, this also contrasts

with the markedly reduced potency and partial agonism of Y5 selective

agonists previously observed at the Snap Y1/Y5 BiFC dimer.
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Figure 6.8: The effect of pretreatment with the Y1 selective antagonist BIBO3304 on
the agonist induced internalisation of Snap Y1/Y5 BiFC heterodimers

HEK293T cells stably expressing Snap Y1/Y5 BiFC dimers were pre labelled with
SNAPsurface 647 (0.2µM). Cells were then pretreated with BIBO3304 (30 or 300nM;
30min at 37°C), followed by stimulation with NPY (30min at 37°C). H33342 labelling,
image acquisition and quantification of receptor internalisation was performed as
previously described. NPY concentration response curves in the presence and
absence of BIBO3304 were fitted using GraphPad Prism with shared minimum (basal
responses), maximum (1µM NPY responses) and Hill slope (1.0) constraints. All data
were pooled from a minimum of 3 independent experiments, and expressed as mean
± s.e.m.
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Figure 6.9: The effect of pretreatment with the Y5 selective antagonist CGP71683
on NPY induced internalisation of Snap Y1/Y5 BiFC heterodimers

HEK293TR cells stably expressing Y5-GFP (A), and HEK293T cells stably expressing
Snap Y1 (B) or Snap Y1/Y5 BiFC dimers (C), were pretreated with the Y5 receptor
selective antagonist CGP71683 (30 or 300nM; 30min at 37°C). Cells were then
stimulated with NPY (30min at 37°C). H33342 labelling, image acquisition and
quantification of receptor internalisation was performed as previously described.
NPY concentration response curves in the presence and absence of CGP71683 were
fitted using GraphPad Prism with shared minimum (basal responses) and maximum
(1µM NPY responses) constraints with Hill slopes set to 1. All data were pooled from
a minimum of 3 independent experiments, and expressed as mean ± s.e.m. ***
(P<0.001, 1 way ANOVA responses compared to 1 µM NPY).
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6.3.4 Y5 receptor selective antagonists produce insurmountable inhibition of

Snap Y1/Y5 BiFC dimer internalisation, contrasting with the expected

competitive pharmacology observed for Y5 receptors expressed alone

The specific pharmacology of Snap Y1/Y5 BiFC heterodimers was next

investigated in respect to the Y5 selective non peptide antagonist CGP71683.

As previously indicated in population studies using [125I]PYY binding and cAMP

assays, this antagonist had limited effects in Snap Y1/Y5 cells, presumably

reflecting the predominant expression overall of Snap-Y1-Yn compared to Y5-

Yc receptors. Thus, in order to probe potential dimer specific pharmacology

that may be masked in whole population studies for CGP71683, quantification

of the NPY induced internalisation of both the Snap Y1 receptor and Y1/Y5

BiFC dimer populations following pretreatment was next assessed.. For

comparison, CGP71683 (30nM or 300nM) showed surmountable competitive

antagonism of NPY stimulated Y5-GFP internalisation (Figure 5.9; estimated

pKb 7.8-8.2 ± 0.1; n=4; also see Chapter 3, Figure 3.10).

At these concentrations, CGP71683 had no significant effect on NPY induced

endocytosis of Snap Y1 receptors expressed alone (B) or when coexpressed

with Y5-Yc (Snap 647, C) as expected based upon the selectivity of CGP71683

for the Y5 receptor subtype over the Y1 receptor (Criscione et al., 1998).

However for the Y1/Y5 BiFC dimer receptor population, the nature of

CGP71683 antagonism had changed to non-surmountable inhibition with

significantly reduced maximal NPY responses (1 µM in the presence of 30nM

CGP71683 37.9 ± 8.0%; *** P < 0.001 1 way ANOVA compared to 1 µM NPY

control; n=4) but potencies remained comparable with control curves (NPY

pEC50 7.7-8.1; n=4-7). Similar results were observed when the concentration of

CGP71683 was increased to 300nM (NPY Rmax of 44.1 ± 2.8 %; pEC50 7.6-7.9;

n=4). Thus increasing the concentration of CGP71683 pre-treatment from 30

to 300 nM did not further reduce maximal NPY responses at the Y1/Y5 BiFC

dimer, showing that this insurmountable antagonism was saturable. In order

to ensure that this alteration in the nature of CGP71683 antagonism was not

due to a steric effect of a particular class of antagonist binding, two
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structurally unrelated Y5 selective antagonists, L-182,504 (Kanatani et al.,

2000) and NPY5RA972 (Block et al., 2002) were also investigated. Both

antagonists were unable to affect NPY induced internalisation of the Snap Y1

receptor population in Snap Y1/Y5 expressing cells. However both compounds

showed insurmountable inhibition of Y1/Y5 BiFC dimer internalisation with a

significant reduction in maximal NPY responses observed (Figure 6.10 A, B).

Figure 6.10: The effect of pretreatment with structurally distinct Y5 receptor
selective antagonists on NPY induced internalisation of Snap Y1/Y5 BiFC
heterodimers
HEK293T cells stably expressing Snap Y1/Y5 BiFC dimers were pre labelled with
SNAPsurface 647 (0.2µM), followed by pretreatment with L182,504 or NPY5RA972
(30nM; 30min at 37°C). Cells were then stimulated with NPY (30min at 37°C). H33342
labelling, image acquisition and quantification of receptor internalisation was
performed. NPY concentration response curves in the presence and absence of
antagonist were fitted using GraphPad Prism with shared minimum (basal responses)
and Hill slopes of 1. All data were pooled from a minimum of 3 independent
experiments, and expressed as mean ± s.e.m
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6.3.5 Y1 and Y4 receptors as BiFC heterodimers exhibit agonist responses

consistent with their binding sites acting independently

The unlabelled Y4 receptor selective agonist PP was able to displace specific

[125I] PYY binding in a concentration dependent manner in membranes

prepared from the Y1/Y4 receptor cell line (Figure 6.11, B, Table 6.1, B).

However, unlike displacement seen for the Snap Y1 cell line (A), displacement

at Snap Y1/Y4 preferentially fit to a 2 site model representing high (estimated

pIC50 9.6 ± 0.4; 41.8% ± 0.2 fraction of fit; n=4) and low affinity (7.8 ± 0.3;

58.2% fraction) PP binding sites within the whole population. Interestingly the

estimated pIC50 value of the lower affinity site corresponded to the pIC50 value

obtained for PP competition at Snap Y1-Yn receptors expressed alone (1 site

fit; 7.9 ± 0.3, n=3). BIBO3304 was able to displace only the Y1 receptor bound

[125I] PYY at the Snap Y1/Y4 cell line (C). This degree of displacement (Table

6.1, B) was consistent with the fraction of low affinity binding observed for

Snap Y1/Y4 in respect to PP induced displacement. This suggested that under

the conditions used, specific [125I] PYY binding to Snap Y1/Y4 membranes

represented relatively even labelling of the Y1 and Y4 receptor populations.

Figure 6.11: Competition binding experiments using [125I] PYY in membranes
isolated from HEK293T cells stably expressing Snap Y1-Yn alone or Snap Y1/Y4

Membranes freshly prepared from HEK293T cell lines stably expressing Snap
Y1-Yn alone (A) or Snap Y1-Yn/Y4-Yc (B and C) were incubated with [125I] PYY
(15pM) and increasing concentrations of unlabelled competing PP or
BIBO3304 for 90min at 22°C. Competition displacement curves were
generated using GraphPad Prism, with responses in the Snap Y1/Y4 cell line
for PP preferentially fitted to a 2 site binding model and Snap Y1 and Snap
Y1/Y4 BIBO3304 responses fitted to a 1 site model (Hill slopes 0.92-0.97).
Pooled data are presented representing a minimum of 3 independent
experiments with data expressed as mean ± s.e.m.
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Automated confocal imaging revealed Y1/Y4 BiFC dimers internalised in

response to either NPY or PP stimulation (Figure 6.12). However the Snap Y1-

Yn population within the same cells only did so in response to NPY.

Quantification of internalisation of the BIFC dimer population revealed that PP

responses were slightly reduced in respect to the NPY maximum (Figure 6.13,

C BiFC dimer; Table 6.3). Limited PP responses, at high concentration, were

observed for the Snap Y1 population measured at the same time in the Y1/Y4

cell line (Snap 647; 21.3% ± 5.3 of 1µM NPY responses) and Y1-GFP (A). These

responses were also similar to those obtained for the Snap Y1-Yn receptor

populations of Y1/Y1 (Chapter 5, Table 5.2) and Y1/Y5 BiFC dimers (Figure

6.6). The potency of PP responses at the BiFC population of Y1/Y4

heterodimers was significantly reduced (Table 6.3) compared to that seen for

inducible Y4-GFP receptor endocytosis, in which internalisation was observed

in response to PP (Figure 6.13, B; Table 6.3) but only with high concentrations

of NPY.



Figure 6.12: IX Ultra confocal images of Snap Y1/Y4 BiFC dimers stably expressed in
HEK293T cells

HEK293T cells stably coexpressing Snap Y1/Y4 were
647 (0.2µM) before stimulation
37°C). Representative images from a minimum of
taken using an IX Ultra confocal platereader and are shown as cropped 3
regions. Extensive areas of colocalisation between Snap Y1 receptor and BiFC dimer
populations are shown in yellow (overlay panel).
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Figure 6.12: IX Ultra confocal images of Snap Y1/Y4 BiFC dimers stably expressed in

HEK293T cells stably coexpressing Snap Y1/Y4 were prelabelled with SNAPsurface
647 (0.2µM) before stimulation with vehicle, 100nM PP or 100nM NPY (30min at
37°C). Representative images from a minimum of 4 independent experiments, were
taken using an IX Ultra confocal platereader and are shown as cropped 3
regions. Extensive areas of colocalisation between Snap Y1 receptor and BiFC dimer
populations are shown in yellow (overlay panel).

Figure 6.12: IX Ultra confocal images of Snap Y1/Y4 BiFC dimers stably expressed in

prelabelled with SNAPsurface
100nM PP or 100nM NPY (30min at

4 independent experiments, were
taken using an IX Ultra confocal platereader and are shown as cropped 300x300 pixel
regions. Extensive areas of colocalisation between Snap Y1 receptor and BiFC dimer
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Figure 6.13: Quantification of the agonist induced internalisation of Y1 or Y4
receptors when expressed alone or constrained as dimers using BiFC

HEK293T cells stably expressing Snap Y1-Yn (A), Y4-GFP (B) or Snap Y1/Y4 BiFC dimers
(C) were prelabelled with SNAPsurface 647 (0.2µM), before stimulation with NPY or
PP (30 min at 37°C). H33342 labelling, image acquisition and receptor internalisation
was determined following granularity analysis of images acquired using an
automated confocal platereader. All responses were normalised to negative (basal)
and positive (1µM NPY for Snap Y1 and Snap Y1/Y4 BiFC dimers; 100nM PP for Y4-
GFP) plate controls. Pooled data shown represented a minimum of 3 independent
experiments and are expressed as mean ± s.e.m. Data for Y4-GFP are repeated from
Figure 3.9 for comparison.



317

Table 6.3: Summary of potencies and efficacies of a panel of ligands for stimulating the internalisation of Snap Y1/Y4

Snap Y1 / Y4 Y4-GFP

Agonist Snap Y1 Y1/Y4 BiFC dimer

pEC50 % NPY response pEC50 % NPY response pEC50 % NPY response

NPY 7.7 ± 0.1 100 7.8 ± 0.1 100 / 61.4 ± 6.9

PP / 21.3 ± 5.3 7.5 ± 0.2+ 75.9 ± 4.4 9.1 ± 0.2 100

+ = potency of PP pEC50 value at Snap Y1/Y4 BiFC was significantly different to that for Y4-GFP (p<0.001 ***).

All data were expressed as ± standard error of the mean. pEC50 values were obtained from pooled concentration response curves presented in Figure 6.13.

Rmax responses to each ligand were calculated as a percentage of 1µM NPY responses for Snap Y1/Y4 cell lines or 100nM PP for Y4-GFP

n= 4

/ not able to be determined
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6.3.6 Constrained NPY Y1/Y4 BiFC heterodimers show Y1 selective

antagonist pharmacology also consistent with the Y1 and Y4 orthosteric

binding sites acting independently.

In order to investigate whether constrained NPY receptor heterodimers

exhibited novel antagonist pharmacology, Snap Y1/Y4 expressing cells were

pre-treated with BIBO3304 (30nM; 30min at 37°C) followed by incubation

with NPY or PP (30min at 37°C). Pooled concentration response curves

quantifying receptor internalisation in Snap Y1/Y4 cells, (Figure 6.14, A),

showed that antagonist treatment produced a 10 fold rightward parallel shift

of NPY concentration response curves for both the Snap Y1 receptor-Yn and

Snap Y1/Y4 BiFC dimer populations. This was indicative of competitive

reversible antagonism (estimated pKb of BiFC dimer 8.5 ± 0.2; Snap Y1

population 8.4 ± 0.2, n=4) and was similar to results obtained for the inducible

GFP tagged Y1 receptor cell line (estimated pKb 8.6 ± 0.2, n=4), and the

documented affinity of BIBO3304 for the Y1 receptor (Kilpatrick et al., 2010).

However pre-treatment with BIBO3304 had no effect on PP induced

internalisation of the Snap Y1 receptor or Snap Y1/Y4 BiFC dimer populations

(B). The lack of BIBO3304 effect on PP responses observed in inducible Y4-GFP

receptors was consistent with a BIBO3304 Ki > 1µM for the Y4 receptor

subtype that has been previously reported (Wieland et al., 1998).
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Figure 6.14: The effect of pretreatment with
the antagonist BIBO3304 on the agonist
induced internalisation of Y1 and Y4 receptor
subtypes expressed alone or when
constrained as a heterodimer using BiFC

GFP tagged Y1 or Y4 receptor and Snap Y1/Y4
BiFC dimer cell lines were pretreated with the
Y1 selective antagonist BIBO3304 (30nM;
30min at 37°C) prior to stimulation with either
NPY (Snap Y1/Y4; Y1-GFP (A)) or PP (Snap
Y1/Y4; Y4-GFP (B)). H33342 labelling, image
acquisition and quantification of receptor
internalisation was performed as previously
described. NPY concentration response curves
in the presence and absence of BIBO3304 were
fitted using GraphPad Prism with shared Hill
slopes. Responses to NPY were normalised to
minimum (basal responses) and maximum
(1µM NPY responses), whilst responses to PP
were expressed as percentage fold over basal
(as PP had no effect on the Snap-Y1-Yn
populations). All data were pooled from a
minimum of 3 independent experiments, and
expressed as mean ± s.e.m.



320

6.3.7 The pharmacology of NPY Y1/β2AR BiFC heterodimers was consistent 

with independent orthosteric binding sites.

HEK293T cells stably coexpressing Snap Y1-Yn and β2AR-Yc receptor 

constructs were used to investigate whether modified pharmacology was

observed when closely related GPCR subtypes were constrained as BiFC

dimers.  The substantially different structures of Y1 peptide and β2AR 

monoamine ligands meant that there was high confidence in the selectivity of

either ligand for its cognate orthosteric site.

In competition binding experiments using membranes freshly prepared from

these cells, specific [125I] PYY binding was competed by Y1 selective agonist

(PYY) or antagonist (BIBO3304; Figure 6.15, Table 6.1, C). Estimated pIC50

values were consistent with previous observations for Snap Y1 receptors

expressed alone or when coexpressed with Y1-Yc (Y1/Y1 BiFC dimer; Chapter

5, Table 5.1). However co-incubation with a β2AR selective agonist 

(isoprenaline) or antagonist (propranolol) did not inhibit specific [125I] PYY

binding, suggesting that in measurements accessing the whole receptor

population, as expected a ‘Y1 receptor like’ phenotype was observed in

respect to ligand binding.

Representative images taken using an IX Ultra confocal platereader,

confirmed predominant plasma membrane expression of both the Snap Y1

receptor and Snap Y1/β2AR BiFC populations under control conditions (Figure 

6.16, control). Stimulation with NPY was able to induce the internalisation of

both the Snap Y1 receptor and Y1/β2AR BiFC dimer population in a 

concentration dependent manner (Figure 6.17; BiFC dimer; Table 6.4). As

expected isoprenaline had no activity at the Snap Y1 receptor population, but

was able to induce the internalisation of the Y1/β2AR BiFC dimer population 

(Figure 6.17; 10µM ISO panel) in a concentration dependent manner with a

pEC50 value consistent with that observed for Snap β2AR-Yn expressed alone 

or when coexpressed with β2AR-Yc (Chapter 5, Table 5.3).  
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Figure 6.15: Competition binding assay using [125I] PYY and unlabelled receptor
subtype selective ligands in membranes derived from HEK293T cells stably
expressing Snap Y1 /β2AR receptor constructs 

Membranes were freshly prepared from HEK293T cell lines stably coexpressing Snap
Y1-Yn and β2AR-Yc BiFC dimer constructs and were incubated with [125I] PYY (15pM)
and increasing concentrations of unlabelled competing Y1 (PYY or BIBO3304) or β2AR 
selective ligands (isoprenaline or propranolol) for 90min at 22°C. Membrane bound
radioligand was separated using filtration and quantified using a gamma counter.
Competition displacement curves were generated using GraphPad Prism, with pooled
data representing a minimum of 3 independent experiments. Data was expressed as
mean ± s.e.m (Hill slope range 0.70-1.1).
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Figure
platereader representative images
of Snap Y1/β2AR BiFC 
heterodimers stimulated with
subtype selective agonists

HEK293T cells stably coexpressing
Snap Y1
prelabelled with SNAPsurface 647
(0.2µM) before stimulation with
vehicle,
isoprenaline (
Representative images
minimum of 4 independent
experiments, were taken using a IX
Ultra confocal platereader and are
shown as cropped 300x300 pixel
regions.

Figure 6.16: IX Ultra confocal
platereader representative images
of Snap Y1/β2AR BiFC 
heterodimers stimulated with
subtype selective agonists

HEK293T cells stably coexpressing
Snap Y1-Yn and FLAG β2AR-Yc, were 
prelabelled with SNAPsurface 647
(0.2µM) before stimulation with
vehicle, 100nM NPY or 10µM
soprenaline (ISO, 30min at 37°C).

Representative images, from a
minimum of 4 independent
experiments, were taken using a IX
Ultra confocal platereader and are
shown as cropped 300x300 pixel
regions.
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Figure 6.17: Quantification of Snap Y1/β2AR BiFC dimer internalisation following 
stimulation with receptor subtype selective agonists

Snap Y1/β2AR BiFC heterodimers were prelabelled with SNAPsurface BG647 (0.2µM) 
prior to stimulation with NPY or isoprenaline (30min at 37°C). H33342 labelling,
image acquisition and quantification of receptor internalisation was performed as
previously described. Responses were normalised to minimum (basal) and maximum
(1µM NPY) with shared Hill slope constraints. All data were pooled from a minimum
of 4 independent experiments, and expressed as mean ± s.e.m..

In order to investigate whether constraining Y1/β2AR as dimers using BiFC 

resulted in altered antagonist pharmacology, cells were pretreated with either

the Y1 selective antagonist BIBO3304 (30nM for 30min at 37°C) or the β2AR 

selective propranolol (10nM for 30min at 37°C). This was followed by

stimulation with a concentration response course of NPY or isoprenaline (30

min at 37°C). BIBO3304 pretreatment was able to inhibit the NPY induced

internalisation of both the Snap Y1 receptor and Y1/β2AR BiFC dimer 

populations indicative of surmountable antagonism (Figure 6.18, A; estimated

pKb 8.1 ± 0.1 BiFC dimer; 8.1 ± 0.1 Snap β2AR; n=4). However BIBO3304 

pretreatment was not able to inhibit isoprenaline induced internalisation of

the Y1/β2AR BiFC dimer population (B; isoprenaline pEC50 values 7.0 ± 0.1;

+30nM BIBO3304 7.2 ± 0.2; n=4).
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Figure 6.18: The effect of pretreatment with the antagonist BIBO3304 on the
internalisation of Snap Y1/β2AR BiFC dimers in response to subtype selective 
agonists

Snap Y1/β2AR BiFC dimers were pretreated with the Y1 selective antagonist 
BIBO3304 (30nM; 30min at 37°C) prior to stimulation with either NPY or isoprenaline.
H33342 labelling, image acquisition and quantification of receptor internalisation was
performed as previously described. Concentration response curves in the presence
and absence of BIBO3304 were fitted using GraphPad Prism with shared Hill slopes
and normalised to 1µM NPY or 10µM isoprenaline. Responses for Snap Y1-Yn in
respect to isoprenaline were expressed as fold responses over basal (where basal is
100%). All data were pooled from 4 independent experiments, and expressed as
mean ± s.e.m.
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Figure 6.19: The effect of pretreatment with the β2AR selective antagonist 
propranolol on the internalisation of Snap Y1/β2AR BiFC dimers in response to 
subtype selective agonists
Snap Y1/β2AR BiFC dimers were pretreated with the β2AR selective antagonist 
propranolol (10nM; 30min at 37°C) prior to stimulation with either NPY or
Isoprenaline. H33342 labelling, image acquisition and quantification of receptor
internalisation was performed as previously described. Concentration response
curves in the presence and absence of propranolol were fitted using GraphPad Prism
with shared Hill slopes and normalised to 1µM NPY or 10µM Isoprenaline Responses
for Snap Y1-Yn in respect to isoprenaline were expressed as fold responses over basal
(where basal is 100%). All data were pooled from 4 independent experiments, and
expressed as mean ± s.e.m.
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Table 6.4: Summary of potencies and efficacies of a panel of ligands for stimulating the internalisation of Snap Y1/β2AR  

Snap Y1 / β2AR

Agonist Snap Y1 Y1/β2AR BiFC dimer

pEC50 % NPY response pEC50 % NPY response

NPY 7.9 ± 0.1 100 7.8 ± 0.1 100

Isoprenaline / 3.5 ± 3.3 7.2 ± 0.1 109.7 ± 8.7

All data were expressed as ± standard error of the mean. pEC50 values were obtained from pooled concentration response curves presented in Figure 6.17.

Emax responses to each ligand were calculated as a percentage of 1µM NPY responses.

/ not able to be determined

n= 4
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Equally, pretreatment with the β2AR selective antagonist propranolol was not 

able to inhibit NPY induced internalisation of either the Snap Y1 receptor (NPY

pEC50 values 7.8 ± 0.1) or Y1/β2AR BiFC dimer populations (Figure 6.19, A; NPY 

pEC50 values 7.9 ± 0.1; n=4). Propranolol was able to selectively inhibit the

Isoprenaline induced internalisation of the Y1/β2AR BiFC dimer population, with 

rightward parallel shifts in responses seen indicative of surmountable antagonism

(B; estimated pKb 9.2 ± 0.2; n=4).
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6.4 Discussion

6.4.1 Summary of main findings

In this chapter BiFC was successfully used to constrain Y1/Y5, Y1/Y4 and Y1/β2AR 

subtypes as heterodimers of precise composition, which were able to internalise

in response to selective agonist stimulation. In [125I]PYY competition binding

assays, Snap Y1/Y5 and Snap Y1/2AR membranes showed profiles consistent

with a Y1 receptor like pharmacology, whilst a mixed profile, suggestive of both

Y1 and Y4 receptor components, was obtained from the Snap Y1/Y4 cell line.

Equally, cAMP assays in Snap Y1/Y5 cells indicated predominantly Y1 mediated

responses. Thus as expected, the trapped heterodimers visualised by BiFC

(especially for Snap Y1/Y5) represented a small proportion of the total receptor

population, and that as a consequence, cell population studies may mask dimer

specific responses. However the combined use of Snap labelling and BiFC allowed

the discrete quantification of responses of the constrained BiFC dimer or

reference Snap -Y1-Yn receptor populations simultaneously within the same cells,

with internalisation of both populations used as a readout of function. This

revealed modified agonist and antagonist pharmacology of Snap Y1/Y5 BiFC

dimers compared to the responses of either receptor expressed alone. The most

striking alteration observed for constrained Snap Y1/Y5 BiFC dimers, was a switch

in the nature of antagonism for Y5 receptor selective antagonists from

surmountable to insurmountable. Changes in pharmacology were also observed

at this dimer pairing in respect to the action of the Y1 selective antagonist

BIBO3304, and to the relative potency and efficacy of Y5 selective agonists. When

viewed in combination, these altered properties suggest allosteric interactions

occurring across the Snap Y1/Y5 receptor dimer interface. Furthermore, the

specificity of such interactions was suggested by the fact that modified

pharmacology was only seen for the Snap Y1/Y5 combination, with responses for
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Snap Y1/Y4 or Snap Y1/β2AR BiFC dimers largely reconcilable with their 

orthosteric binding sites acting independently.

As altered pharmacology was only observed for the Y1/Y5 BiFC dimer alone,

formation of these dimers may have an impact on the control of central feeding

responses in vivo by the combined signalling of Y1 and Y5 subtypes, and the

limited efficacy of highly selective Y1 or Y5 receptor antagonists in inhibiting

these responses. Equally this system raises the possibility of screening for novel

Y1/Y5 heterodimer selective anti obesity therapies.

6.4.2 Y receptor subtypes and Y1/β2AR receptors constrained as heterodimers 

using BiFC were correctly expressed and capable of binding NPY ligands

In order to study Y receptor heterodimers, the subtypes Y1 and Y5 were chosen

as a primary focus, as this pairing has previously been implicated in co-promoting

central feeding responses (Chapter 1, section 1.8.4.1) and immunohistochemistry

showing coexpression of these subtypes within the same cells of the

hypothalamus (Wolak et al., 2003) raises the potential for functional

heterodimerisation.

The Y1 and Y4 pairing were also chosen as in contrast, these receptors have

opposing effects in the central control of appetite, where the Y4 receptor has

been implicated in inducing satiety (Chapter 1, section 1.8.4.2). However both Y1

and Y4 receptors are co-expressed in epithelial cells of the gastrointestinal tract,

where they bind PP and PYY released postprandially, and promote antisecretory

effects (Cox, 2007).

Additionally these subtypes have distinct ligand selectivity profiles, particularly in

respect to PP binding (Chapter 3, Table 3.2 and 3.3). For both Y receptor

heterodimers, the use of selective ligands with high affinities for the distinct

subtypes was exploited in order to selectively target orthosteric ligand binding

sites within the dimer. When combined with BiFC, this allowed potential

pharmacological effects of ligand occupancy and potential cooperativity to be

investigated at a constrained heterodimer complex of known composition. The
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current lack of a wholly Y1 selective agonist was unfortunate as it did not allow

reciprocal effects, particularly in respect to the Y1/Y5 BiFC dimer to be

investigated.

The β2AR was also chosen to be constrained with Y1 receptors within a BiFC 

dimer, as both receptors are coexpressed at some sympathetic synapses and

have been implicated in co-regulating vasoconstriction in vascular smooth muscle

cells (Wahlestedt et al., 1990b). Additionally the ligands of both these subtypes

are structurally distinct (peptide vs monomamines) allowing selective orthosteric

ligand bind site targeting.

BiFC was successfully used to constrain these subtypes as heterodimers of precise

composition. As in Chapter 5, the intention here was not to identify to what

extent such dimers form, but instead to investigate the pharmacology of

complexes constrained in a defined 1:1 stoichiometry. All BiFC dimer heterodimer

combinations, with the exception of Snap Y1/D2L, were correctly expressed at

the cell surface and functional in respect to PYY binding with affinities consistent

with previous observations for Snap Y1-Yn alone, Snap Y1-Y1 homodimers

(Chapter 5, Table 5.1) and Y1-GFP (Chapter 3, Table 3.1).

Like Snap Y1/Y1 BiFC homodimers (Chapter 4), constrained Snap Y1/Y5, Y1/Y4

and Y1/β2AR BiFC dimer populations were all able to rapidly internalise in 

response to NPY stimulation with comparable potencies to that observed for

unconstrained Snap labelled Y1-Yn receptors within the same cells. Extensive

areas of colocalisation were also observed, suggesting that both receptor

populations internalised to the same intracellular compartments. These

observations suggested that the use of BiFC to constrain GPCRs as heterodimers

did not adversely affect their expression or endocytosis, which was comparable

to Snap Y1/Y1 BiFC dimers, Y1 receptor oligomers (Dinger et al., 2003, Gehlert et

al., 2007) and previous uses of BiFC to identify D2L and A2A heterodimers in a

neuronal cell line (Vidi et al., 2008a). However as for previous observations of

BiFC constrained D1 and A2A heterodimers (Vidi et al., 2008a), Snap Y1/D2L BiFC
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dimers were retained within the cell. This suggests a degree of selectivity in that

where receptor pairings are not appropriate, BiFC dimers can form but fail to

reach to the cell surface.

In competition radioligand binding studies of Snap Y1-Yn/Y5-Yc derived

membranes, a predominantly ‘Y1 receptor like’ pharmacology was observed in

respect to subtype selective agonists and antagonists. The lack of Y5 receptor

responses was not due to a lack of binding of the radioligand, as [125I] PYY has

been previously shown to bind to this subtype with an affinity comparable to that

seen for the Y1 receptor (Gerald et al., 1996). This implied that the expression of

the Snap Y1-Yn receptor population was substantially greater than the Y5-Yc

receptor. In whole population measures, the functional behaviour Snap Y1-Yn

population may therefore be masking any alterations in pharmacology

attributable to the formation of heterodimers.

For Y1-Yn/Y4-Yc coexpressing cells the preferential two site fit observed for PP

inhibition of specific [125I] PYY binding reflected the differing affinities of PP for

the co-expressed Y1 and Y4 protomer orthosteric binding sites (Chapter 3, Table

3.2, 3.3). This was further confirmed by selective BIBO3304 displacement of Y1

binding. The fraction of specific binding displaced, was almost identical to the

binding fraction of the high affinity site for PP. Therefore the high affinity site

likely represents PP binding to the Y4 receptor protomer as the IC50 value

obtained here is comparable to previous observations of PP binding affinity to

human Y4 receptors ((Gehlert et al., 1997)). Likewise the IC50 value obtained for

the low affinity site is similar to PP binding to rat Y1 receptors (Chapter 3, Table

3.1; (Gehlert et al., 1997)). This is consistent with the known order of selectivity

of PP for the Y receptor subtypes, and likely represents PP binding independently

to either the Y1 or Y4 orthosteric ligand binding sites of the whole expressed

receptor population. [125I] PYY binding assays in Y1/Y4 membranes therefore

appeared to reflect a relatively greater expression of the Y4 receptor when

compared to the Y5-Yc construct in this Snap Y1-Yn coexpressed system. The
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exact proportions are hard to assess, because the higher documented affinity of

Y4 receptors for [125I] PYY (Lundell et al., 1995) compared to the Y1 subtype

(Larhammar et al., 1992) (pKd values 9.8 vs 9.1 respectively),means that at the

concentration of radioligand used (15pM) a greater proportion of Y4 receptors

would be labelled than Y1 within the sample.

For the Y1/β2AR cell line, a ‘Y1 receptor like’ pharmacology was also observed in 

respect to competition binding as expected due to the lack of affinity the β2AR 

orthosteric site has for [125I] PYY, and no allosteric influence of competing β2AR 

agonists or antagonists was detected

6.4.3 Pharmacology consistent with the Y1 receptor subtype was observed in

inhibition of cAMP accumulation experiments for the Snap Y1/Y5 cell line

Similar to observations in [125I] PYY binding, a ‘Y1 receptor like’ pharmacology was

also observed for the Y1/Y5 cell line in respect to inhibition of cAMP

accumulation. For example, BIBO3304 showed surmountable antagonism of NPY

responses. It is worth noting that BIBO3304 showed slightly reduced affinity (3 –

10 fold) in cAMP accumulation, than expected from previous work (Wieland et

al., 1998). This might be attributed to a portion of the response being mediated

via BIBO-insensitive Y5 receptors. However as discussed in Chapter 5, similarly

lower affinity was also observed for BIBO3304 in radioligand binding assays, Snap

Y1/Y1 BiFC homodimers, and Snap Y1 receptors expressed alone (Chapter 5,

Figure 5.9), Y1-GFP and Y1/A2 (Chapter 3), suggesting BIBO3304 were relatively

internally consistent. Equally the lack of inhibition observed for CGP71683 in

cAMP accumulation assays reflected the reduced Y5 receptor expression in the

Snap Y1/Y5 cell line compared to the Snap Y1-Yn receptor as indicated by

radioligand binding.

Although modified pharmacology has been observed in cell systems for the Y1 /

Y5 receptor combination (Gehlert et al., 2007; see below), in this work, whole

population studies could not distinguish heterodimer specific responses from

those of monomeric receptor or homodimer populations likely also present.
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6.4.4 The combined use of Snap labelling and BiFC revealed altered ligand

pharmacology of constrained Y1/Y5 BiFC dimers previously unseen in whole

population measures

BRET studies have previously suggested Y1 and Y5 receptor can interact (Gehlert

et al., 2007), but this can only infer the formation of distinct functional

heterodimers. This is where the use of BiFC was advantageous as it discretely

identified the Y1 / Y5 complex s due to the need for both fragment tagged

protomers to contribute to fluorescence production. The irreversibility of BiFC

meant that both Y1 and Y5 receptors were constrained as dimers, in a defined 1:1

stoichiometry. Notably, because BiFC is an inefficient process (for example due to

the its proximity and orientation limits and the likelihood that not all

complemented YFP will be matured and fluorescent (Hallworth and Nichols,

2012)), and population studies established an significant excess of Snap-Y1-Yn

receptors, the levels of Snap Y1/Y5 BiFC dimers must represent a small

proportion of the total Y receptor contingent on the surface. Thus using agonist

induced receptor internalisation as a readout of function enabled responses of

the “Y1/Y5 BiFC dimer” to be assessed in a way which is impossible in population

experiments, and also allowed comparisons to responses of the Snap labelled

total Y1 receptor population simultaneously in the same cells. Therefore the

alterations in both agonist and antagonist pharmacology observed for the Snap

Y1/Y5 BiFC population could be assigned to the behaviour of the specific

molecular dimer.

First, constrained Snap Y1/Y5 BiFC dimers showed altered pharmacology for Y5

subtype selective agonists such as cPP(1-17)(Ala31,Aib32) NPY(18-36) or D-Trp32

NPY (Balasubramaniam et al., 1994) which became markedly less potent and had

lower ability to stimulate internalisation than NPY (compared to observations in

Y5-GFP cells). These altered responses for Snap Y1/Y5 BiFC heterodimers,

suggested that coexpression of the Snap Y1-Yn was adversely influencing the

binding of Y5 selective ligands to the Y5 receptor orthosteric binding site. This
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was not evident in previous results where the Y5 selective agonist cPP(1-17)

NPY(19-23, Ala31,Aib32) and Gln34 hPP showed greater efficacy in inhibiting

forskolin induced cAMP accumulation at a AV-12 cell line coexpressing both Y1

and Y5 receptors when compared to Y5 receptors expressed alone (Gehlert et al.,

2007). Taken alone however these data on Y5 agonists are not sufficient to

confirm an allosteric interaction. As determined in Chapter 5, agonist occupancy

of one binding site is sufficient to drive internalisation of Snap Y1/Y1 BiFC dimers,

supported by other studies (Rovira et al., 2009). Indeed Y5 agonist stimulated

internalisation of the Snap Y1/Y5 BiFC dimer must occur in this manner, since

these agonists were inactive at the Snap-Y1-Yn protomer. Conceivably, reduced

ability of Y5 receptors to undergo endocytosis compared to Y1 might confer these

agonist-selective properties on the Snap Y1/Y5 dimer, and the use of a 60min

agonist incubation period for Y5-GFP and previously observations of reduced

kinetics of endocytosis (Bohme et al., 2008, Parker et al., 2003) may suggest this.

However, the same low potency partial agonism of PP-Aib-NPY and PP, relative to

NPY, was still observed in Snap Y1/Y5 cells when internalisation was instead

measured at 60 min (Dr N Holliday, personal communication).

Therefore additional evidence for allosteric communication between Y1 and Y5

receptors was required, and provided by the modified antagonist pharmacology

that is directly attributable to the Snap Y1/Y5 BiFC dimer. The switch in the

nature of inhibition of structurally unrelated Y5 selective antagonists from

surmountable in single receptor systems (Y5-GFP) to insurmountable at the Snap

Y1/Y5 BiFC dimer population is strong evidence that the presence of the Y1

receptor was influencing the Y5 receptor orthosteric ligand binding site. For two

orthosteric sites acting independently, and given that only one binding site (e.g.

Y1) needs to be occupied by NPY for maximum Snap Y1/Y5 internalisation, the

prediction would be that antagonists such as CGP71683 would have become

inactive, because they had no effect on the Snap-Y1-Yn population. However

clearly this did not occur. Interestingly, a similar switch from reversible to
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irreversible antagonism was also observed for the Y5 selective antagonist,

Novartis-1, in AV-12 cell populations coexpressing both the Y1 and Y5 receptor

subtypes by (Gehlert et al., 2007) – the detection of this phenomenon in cell

populations may be because Y1 and Y5 receptor expression levels were better

matched (see section 6.4.3 on cAMP). In addition both receptors in that study did

possess a C terminal fluorescent protein tag to allow BRET identification of

potential dimers, but were not irreversibly constrained, ruling out an artefact

from the use of BiFC in this study. Instead identification of these antagonist

properties at the level of a molecularly defined dimer is new evidence that they

derive from physical association between the receptors, rather than indirectly via

signalling cross talk.

The modified pharmacology also observed for the Y1 selective antagonist

BIBO3304 again suggested that Y1 and Y5 receptor heterodimerisation has

functional implications for ligand binding. Surmountable antagonism was

observed for the Snap Y1-Yn receptor population alone, but BIBO3304 was

unable to inhibit the NPY induced internalisation of the Snap Y1/Y5 BiFC dimer

population in the same cells. Thus the behaviour of Y1 and Y5 receptor

antagonists is not reciprocal. BIBO3304 has very low affinity for the Y5 receptor

(Ki > 1uM) (Wieland et al., 1998), and so Snap Y1/Y5 BiFC dimer internalisation

could still be mediated by NPY binding the Y5 protomer. However if this was the

case, the behaviour of NPY in stimulating Snap Y1/Y5 BiFC dimer internalisation

might be expected to resemble the partial agonism of the Y5 selective agonists

(see above), which are equally efficacious in stimulating Y5-GFP receptor

endocytosis. Thus the lack of effect of BIBO3304 on NPY potency or maximum

response is hard to explain without allosteric modulation. Either the Y5 selective

agonists are indeed less active at the Snap Y1/Y5 dimer because of allosteric

communication, or co-expression of the Y5 receptor modifies the ability of the Y1

protomer to bind BIBO304. Again, this effect does not appear to be biased

towards receptor internalisation readouts (and indirectly β-arrestin recruitment), 
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or the BiFC approach, as similar results have been observed for the Y1 selective

antagonists BIBP3226 and LY366258 in respect to the agonist mediated inhibition

of cAMP synthesis by coexpressed Y1 and Y5 receptors when compared to Y1

receptors expressed alone (Gehlert et al., 2007). While in the Gehlert study it was

impossible to rule out the possibility that Y5 receptor stimulation by NPY was

maintaining responses in the presence of Y1 antagonists, this study again

pinpoints the lack of Y1 antagonist effect to the physical properties of the Snap

Y1/Y5 dimer. The extensive modified agonist and particularly antagonist

pharmacology observed for Snap Y1/Y5 BiFC heterodimers, was therefore likely

to be a consequence of the distinct association of Y1 and Y5 receptor subtypes.

Interestingly modified signalling for both Y1 and Y5 selective antagonists seen

here and by (Gehlert et al., 2007) exhibited a ceiling effect, whereby even using

concentrations of antagonist 100 fold that of their documented pKb’s did not

result in further changes in responses. This phenomenon of saturation is

indicative of allosteric modulation (Langmead and Christopoulos, 2014). This

suggested that both the Y1 and Y5 orthosteric ligand binding sites of the

heterodimer were both amenable to allosteric modulation, whereby ligand

binding to one protomer (eg. the Y1), induces a conformational change within the

dimer so that the affinity of ligand binding to the second site (Y5) is either

positively or negatively modulated and vice versa. Observations from other GPCR

heterodimers, suggest that it is possible to obtain modified pharmacology that is

functionally specific. For example coexpression of β2/β3 adrenoceptors resulted 

in marked changes in the agonist induced internalisation of the β2 adrenoceptor 

protomer (Breit et al., 2004), but with no changes in respect to ligand binding

affinities at either protomer or the ability of the β2 adrenoceptor protomer to 

functionally couple to Gαs. It is therefore likely that the signalling pathway that is

modified can vary greatly depending with receptor pairing and potentially the

specific ligand stimulation used (Ferre et al., 2014) – this might be expected given

the distinct ways in which effectors (G proteins or arrestins for example) might
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interact with such heterodimers. As we have highlighted in this study, the caveat

in proposing functionally selective effects is the extent to which the specific

dimer pairing can be isolated from other receptor combinations for the different

signalling endpoints. Future investigations (see Chapter 7) might adapt the BiFC

system in combination with RET to examine signalling of the Snap Y1 / Y5 pairs

directly with G proteins or arrestins.

A potential mechanism to propagate allosteric effects across a GPCR Class A

dimer, such as the Y1/Y5 BiFC dimer, is physical interaction between the two

protomers of the dimer, such as that observed for the melatonin MT1 receptor

and GPR50 receptor. There are 3 main sites most likely to be the location of

dimer interfaces.  Firstly the analysis of X-ray structures such as the µ and κ 

opioid (Wu et al., 2012, Manglik et al., 2012), chemokine CXCR4 (Wu et al., 2010)

and β1-adrenoceptor (Huang et al., 2013) which all crystallised as dimers and/or 

tetramers, suggested that the transmembrane helices may be such sites (section

5.1.1.4). Interactions of TM1 with helix 8 and TM4 with TM56 appear to be

particularly conserved (Huang et al., 2013, Manglik et al., 2012). Many of these

observations are supportive of previous interaction candidates suggested from

biochemical studies (Johnston et al., 2012)(Section 5.1.1.5). The TM helices are

relatively rigid, so questions remain whether these regions would be sufficiently

influenced upon domain formation to propagate a conformational change that

would be sufficient to affect both protomer binding sites. A second potential

interface site is within the N terminus and/or extracellular loops. ECL2 has been

implicated as the primary region that defines ligand specificity by governing

access to the binding pocket (section 1.2.2.2). For example, for binding of

neuropeptides by Y receptors a critical highly conserved (in Y subtypes) Asp 6.59

of ECL3 binds to the amidated C terminus of NPY (Walker et al., 1994, Merten et

al., 2007) and for the Y1 receptor only an additional connection involving His7.31

of ECL3 (Akerberg et al., 2010) is also crucial. If dimerisation involved these ECL

regions, the high degree of influence they hold over ligand access and binding
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would likely allow conformational changes/cooperative effects to be propagated

from one protomer binding site to the other.

Lastly the intracellular regions govern the binding of effector proteins such as G

proteins and β-arrestins. As these effectors are allosteric modulators in their own 

right, this means that if dimerisation were governed by the intracellular domains,

then these allosteric effects which influence ligand binding could be readily

transduced through the dimer structure. This reconciles with the observations of

Maurice et al., 2011 (Maurice et al., 2011) who suggested that some cooperative

effects ascribed to dimerisation, may instead be due to sequential or spatial

binding of effector molecules such as G proteins and β-arrestins to distinct 

receptor populations. It is unlikely that the presence of the BiFC tags is affecting

this as only the Snap Y1/Y5 BiFC, and not the Y1/Y4 or Y1/β2AR dimer pairing 

showed any modification of pharmacology when constrained. It is unlikely that

the Snap Y1/Y5 BiFC dimer is adopting a conformation that sterically affects β-

arrestin2 binding affinity, as potencies for NPY at inducing internalisation of this

BiFC dimer population were comparable to Snap Y1-Yn expressed alone (Chapter

5, Table 5.2) or when BiFC was used to investigate β-arrestin2 recruitment to the 

Y1 or Y5 receptor (Y1/A2; Chapter 3, Table 3.3). One consideration is that the

evidence from Y1 homodimer mutagenesis (Chapter 5) argues against

asymmetric binding of arrestin molecular sensors to different protomers of the

dimer (with caveats, for example the ability of GRKs to phosphorylate such

dimers) – a 1:2 stoichiometry would be the most plausible manner for modified

dimer properties to occur via this mechanism. However heterodimer specific

intracellular domains could still modify the way in which effectors are recuited to

individual protomers by other means. The use of selective mutagenesis of single

protomers within a BiFC dimer (Chapter 5) provides a unique mechanism to

investigate which regions of the receptor are responsible for communicating

allosteric effects (see Chapter 7).
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There is also the potential that observations of altered signalling for heterodimers

are actually a consequence of downstream signalling cross talk between

receptors in close proximity. This is a particular concern when studying receptors

expressed in heterologous cell lines, as receptor expression levels often exceed

those found physiologically, and use population measurements which derive

from the entire cohort of receptors on the cell surface. However as the modified

signalling observed here for Y1/Y5 has been seen using a constrained system

(BiFC) whereby protomer stoichiometries are defined (1:1) the impact of cross

talk, although not wholly eliminated, is certainly less likely.

6.4.5 Snap Y1/Y4 and Y1/β2AR BiFC dimers showed agonist and antagonist 

pharmacology consistent with their orthosteric ligand binding sites acting

independently

The observations that Snap Y1/Y5 dimers showed allosterically modified

pharmacology were given greater weight in that these changes were specific to

that heterodimer. In general, the BiFC system applied to Snap Y1/Y4 or Snap

Y1/β2AR heterodimers did not reveal altered pharmacology.  

When using the Snap-BiFC system to quantify internalisation, agonist responses

for NPY and PP at the Snap Y1 or Snap Y1/Y4 BiFC dimer populations or

isoprenaline at the Snap Y1/β2AR BiFC dimer could be explained by the known 

ligand selectivity’s of Y1, Y4 or β2AR and were largely consistent with those 

previously seen for the Y1 (Y1-GFP; Chapter 3, Figure ), Y4 (Chapter 3, Figure 3.9)

or β2AR receptors (Chapter 5, Figure 5.15) expressed alone. It was observed that 

PP was significantly less potent (more than 10 fold) for the Snap Y1/Y4 dimer than

might be expected from its effects in Y4-GFP expressing cells. However in the

absence of a greater range of Y4 selective ligands (both agonists and antagonists),

this finding alone cannot be sufficient evidence for an allosteric effect. Instead,

when considering the effects of antagonists (and in marked contrast to the Snap

Y1/Y5 system), both Y1/Y4 and Y1/β2AR BiFC dimers displayed surmountable 

antagonism to BIBO3304 and propranolol respectively, but only when the
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relevant orthosteric agonist (NPY or isoprenaline) was used, consistent with the

protomer binding sites acting independently.

6.4.6 Potential physiological implications of modified pharmacology of Y1/Y5

receptor heterodimers

The control of food intake in response to NPY is driven largely by the combined

action of Y1 and Y5 receptors in neurons of the paraventricular nucleus of the

hypothalamus. The modified pharmacology (particularly in respect to

antagonists) of these heterodimers seen both here and by other groups (Gehlert

et al., 2007), might explain the poor clinical efficacy of antagonist therapies that

are highly selective for either subtype (Chapter 1, section 1.8.6.1). Gehlert et al.,

2007 observed that only dual treatment with both Y1 and Y5 selective

antagonists resulted in significant decreases in the agonist induced internalisation

of coexpressed subtypes. This evidence suggests that a therapeutic agent which

co-targets both subtypes may have greater success.

This hypothesis is supported by the overlapping mRNA and protein expression of

both receptors in a range of brain regions (Parker and Herzog, 1999) with in situ

immunohistochemistry suggesting this coexpression is within the same cells and

nerve fibres (Wolak et al., 2003). The formation of Y1/Y5 heterodimers may

therefore be a mechanism by which these receptors co-regulate feeding.

Additionally the presence of functional Y1/Y5 heterodimers may explain some of

the paradoxical results seen in knockout studies of either subtype (Chapter 1,

section 1.8.4.1). For example, germline knock outs of either subtype in mice

resulted in late onset obesity with either no change or increases in food intake

(Kushi et al., 1998, Marsh et al., 1998). In the context of receptor dimerisation,

this may reflect changes in the proportion of homodimer or heterodimer species

present. Hypothalamic knock out of both subtypes in mice, resulted in decreased

spontaneous and fast induced food intake, increased body weight and adiposity

when fed a high fat diet, supporting the hypothesis that it is the combined action

of both receptors which drives hyperphagia in vivo (Nguyen et al., 2012, Lecklin et
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al., 2002). Additionally a series of experiments performed in wildtype and Y1

receptor knock mice fed a high fat diet have illustrated that co-administration of

Y1 and Y5 receptor antagonists resulted in greater anti obesity effects than when

either subtype was targeted alone (Mashiko et al., 2009). However the

documented poor bioavailability of many Y receptor antagonists suggests that

simultaneousadministration may not show as great an efficacy in human studies.

However care must be taken when interpreting in vivo observations of co-

regulation as direct evidence for dimerisation, as other explanations might be

sufficient. For example alterations in the action of antagonists, may simply be

explained by coexpression of both subtypes in close proximity without necessarily

implying the need for direct physical associations. Close proximity of receptors

does not necessarily imply co-regulation as signalling at both receptors may

instead be temporally regulated. For example the rate of agonist induced

internalisation (Bohme et al., 2008) and β-arrestin2 recruitment of singularly 

expressed Y5 receptors are slower than that of Y1 (Berglund et al., 2003b).

Additionally both Y1 and Y5 receptors have been shown to individually regulate

multiple aspects of metabolism beyond the induction of feeding, and these

effects are not limited to the hypothalamus.

As we have shown, the Y1/Y5 BiFC constrained heterodimer exhibits modified

pharmacology. It is difficult to unambiguously identify heterodimer populations in

coexpression systems due to the likely mixture of monomer, homodimer and

higher order oligomers also present and the proposed transience of dimers

(Lambert, 2010). However designing heterodimer selective bivalent ligands which

bridge the dimer structure may provide an answer to this. Additionally bivalent

ligands have the potential to increase the potency, efficacy and/or selectivity of

pharmacotherapies. Such ligands have been developed for the opioid receptor

subtypes δ/µ (Daniels et al., 2005b) and κ/δ (Daniels et al., 2005a), which have 

been shown to promote greater analgesia than morphine. However as the

majority of these ligands are tested in coexpression systems, the actual ‘dimeric



342

complex’ responsible is not clearly defined. For example the dopamine D1-D2

heterodimer selective agonist SKF83959, was proposed to show heterodimer

selective pharmacology when receptors were coexpressed in HEK293T cells, but

subsequent screening revealed profound cross selectivity with other GPCRs (Chun

et al., 2013). The BiFC system provides a way to screen such compounds at clearly

defined heterodimers, allowing any selective responses that are identified to be

then further investigated.
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Chapter 7: Final discussion

The prevalence of obesity has increased globally over the past three decades

(Finucane et al., 2011) and has been implicated as a causative factor in a range of

health problems including cardiovascular disease, cancer and type II diabetes

(reviewed in (Mitchell et al., 2011)). There is therefore a largely unmet demand

for anti obesity therapies that are effective at delivering long term weight loss

and are safe.

The NPY Y receptor family of GPCRs has been shown to contribute to the central

control of feeding responses. In particular the subtypes Y1 and Y5 have been

shown to mediate NPY induced hyperphagia, lipogenesis and insulin resistance.

Immunohistochemistry techniques have implied that these subtypes are

coexpressed in the same cells of the paraventricular neurons (Wolak et al., 2003),

with knock out studies suggesting a co-regulation between subtypes in respect to

feeding responses (Nguyen et al., 2012). This co-regulation has been suggested to

be due to the formation of Y1/Y5 heterodimers (Gehlert et al., 2007), which may

account for the limited efficacy of antagonist therapies selective for either

subtype in clinical trials.

The functional role of GPCR dimerisation is still currently in debate particularly in

respect to physiological relevance. Dimerisation has the potential to offer novel

pharmacological targets, and account for pathway specific signalling by some

ligands both of which might increase the efficacy and selectivity of future GPCR

based therapies. A wide array of biochemical, fluorescence based and kinetic data

have suggested that the formation of dimers can alter the pharmacology of GPCR

subtypes in respect to expression, ligand binding, coupling of effector proteins

and downstream signalling. However many of these modifications might instead

be explained as consequences of receptor coexpression, such as intracellular

signalling cross talk, as opposed to representing a genuine physical interaction.
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There is therefore a need to unambiguously identify the precise molecular

makeup of signalling complexes.

This thesis explored the way this could be achieved using bimolecular

fluorescence complementation (BiFC) to constrain protein-protein interactions as

complexes of defined composition – either Y receptor dimers, or receptors and -

arrestin. The use of BiFC in conjunction with high content imaging and selective

mutagenesis, initially allowed the quantification of the pharmacology of the

association of Y receptor subtypes with β-arrestin2.  Responses largely correlated 

with those observed for the pharmacology of Y receptor agonist induced

internalisation, suggesting that it is the recruitment of β-arrestin2 that largely 

drives endocytosis of Y receptors. This conclusion was supported by single

molecule imaging studies, such as FCS and PCH, whereby agonist occupancy

resulted in a slowing of receptor diffusion, interpreted as clustering of activated

receptors prior to their endocytosis. These FCS observations supported a well

established endocytic pathway dependent upon β-arrestin and the recruitment of 

clathrin coated pits (Goodman et al., 1996, Luttrell and Gesty-Palmer, 2010).

Understanding the molecular mechanisms of receptor effector protein

interactions is particularly important in light of the ability of β-arrestin2 to act as 

a signalling components in its own right with potentially beneficial therapeutic

outcomes (Violin et al., 2010).  To further investigate the effect of Y receptor – β-

arrestin interactions, a novel version of BiFC using superfolder GFP fragments was

used for the first time in FCS. This revealed slow mobility of discretely defined Y1

receptor/β-arrestin2 complexes and their clustering prior to endocytosis.  

Molecular brightness analysis using PCH indicated a symmetrical mode of

recruitment of β-arrestin2 to individual Y1 receptor complexes which were 

potentially oligomeric in nature. Single molecule imaging using BiFC therefore

allowed the investigation of defined Y receptor/ β-arrestin2 complexes at the 

plasma membrane prior to endocytosis. However questions remain as to the

downstream intracellular signalling properties of these discrete complexes (for
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example to ERK signalling). Investigating this is the key to understanding potential

agonist directed signalling bias. The use of two colour cross correlation FCS may

be an option. Here two detection channels separate the emission from two

spectrally distinct fluorophores, and the fluctuations from both can each be

autocorrelated (Briddon and Hill, 2007). Cross correlation between the two

channels can also be performed to give an indication of interaction between the

two distinctly labelled species (which does not rely on proximity rather co-

diffusion). Therefore this technique could use BiFC (ie receomplemented YFP)

alongside intracellular protein such as ERK, clathrin or caveolin labelled with

spectrally distinct fluorophores (such as Cy5) to investigate potential changes in

downstream signalling partners associated with discretely identified BiFC dimer

pairings or receptor-arrestin complexes based on co-diffusion. Additionally PCH

identified both clustered Y receptor/β-arrestin2 complexes (component 2) but 

single units (ie. not clustered) complexes were also identified. These units were

presumably not associated with clathrin coated pits, therefore questions remain

as to what these complexes represent and what they are interacting with.

The use of conventional fluorescence microscopy is of too low spatial resolution

to adequately determine interactions of BiFC complexes with downstream

partners. This is due to the diffraction limit of light being comparable or larger

than the size of many subcellular proteins (Huang et al., 2009). However recent

advances in microscopy techniques, so called ‘super resolution’ have

demonstrated order of magnitude improvements in spatial resolution. One of

these, termed photoactivated localisation microscopy (PALM) uses fluorophores

that switch between bright and dark states to allow these molecules to be

activated at different time points within a diffraction limited region, so that single

fluorescence molecules can be individually activated, imaged, localised and

deactivated allowing the fraction of molecules in the fluorescent state at any one

time to be controlled to increase optic resolution. The coordinates of many

individual fluorescent molecules can then be mapped and images reconstructed.
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Recently BiFC-PALM, using photactivatable recomplemented mCherry has been

used to visualise the nanoscale interaction and localisation of the GTPase Ras

with its downstream effector Raf and indicated clustering of these complexes

(Nickerson et al., 2014). A range of photoactivatable and photoconvertible

fluorescent proteins have been shown to be suitable for BiFC, suggesting that

super resolution imaging of BiFC complexes could provide more detailed

information on the localisation of these complexes following endocytosis and the

degree of clustering that occurs.

Quantification of internalisation using high content imaging was also used to

investigate the function of GPCR dimerisation, with Snap labelling also used to

allow comparison with responses of the total receptor population (be that

monomers, dimers or oligomers). This revealed that constrained BiFC dimers

were capable of undergoing agonist induced endocytosis, countering the notion

that GPCR dimers must dissociate prior to internalisation (Lambert, 2010).

Selective mutagenesis of one protomer of the dimer showed that occupation of

one ligand binding site (Y1/Y1Y99A) and the phosphorylation of one protomer C

terminus (Y1/Y15A) was sufficient to support this. The chief limitation to these

observations is that the inherent irreversibility of BiFC essentially creates a fusion

protein between the two protomers. Hence, it is difficult to exclude the

possibility that internalisation of the wildtype protomer ‘drags’ the mutant

protomer with it Co-internalisation of wildtype/mutant Y1 homodimers in the

absence of BiFC tagging would go some way to answering this. Alternatively the

use of an unrelated well characterised monomeric receptor as the second

protomer, such as CD86, would allow this question to be further addressed,

provided that the differences in receptor structures (for example CD86 only has a

single TM domain) does not adversely affect expression of complexes.

The work of Chapters 4 and 5 indirectly suggested a single Y receptor protomer

was sufficient to recruit -arrestins, whether or not the receptors were joined as

a BiFC homo-dimer.  This argues against an asymmetric recruitment of β-arrestin 
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to a GPCR dimer, whereby the activation and phosphorylation sensors of β-

arrestin engage with separate protomers of the dimer as proposed by Fotiadis et

al., (Fotiadis et al., 2006).

However it is worth noting that BiFC here identified two protomers in a dimer as

a unit, but that does not eliminate the possibility that higher order oligomers

(such as trimers or tetramers) are present. This higher order oligomerisation may

affect the potential mode of β-arrestin recruitment.  Additionally the mode of 

recruitment may change with experimental/physiological conditions. For example

this may be ligand dependent, particularly when the evidence of ligand induced

receptor ‘phosphorylation barcodes’ altering β-arrestin signalling is also 

considered (Nobles et al., 2011). In addition there is also evidence from

rhodopsin studies, that the stoichiometry of arrestin recruitment changes with

the proportion of activated receptors (Sommer et al., 2011). This suggests there

may be a degree of structural plasticity in β-arrestin recruitment with multiple 

modes possible.

Additionally as internalisation is an indirect measure of β-arrestin recruitment to 

BiFC constrained dimers, this assumes that GRKs are able to phosphorylate a non

ligand occupied receptor protomer. To address this issue mutations that mimic

phosphorylation could be introduced into the Y1Y99A protomer which would

remove the need for GRK phosphorylation. If this mutant (ie. Y1Y99A +

phosphorylation) when coexpressed with the Y15A (phosphorylation negative)

protomer was able to restore dimer internalisation, this would show an

asymmetric mode of β-arrestin recruitment is possible.  

Combining BiFC with BRET would also provide a more accurate assessment of the

association of β-arrestin2, or other effector proteins, with discrete GPCR dimers. 

The luminescent donor can be attached to β-arrestin2 with the fluorescence 

acceptor being recomplemented YFP (ie. GPCR BiFC dimer). The advantage of

BRET is that it can provide a real time measurement of β-arrestin2 recruitment. 

The fold change in fluorescence produced in BRET assays is typically small
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(Salahpour et al., 2012),which is a potential problem for sensitivity when the

relatively low expression of the BiFC dimer population in these cell lines is also

considered. A solution to this may be the use of the newer luminescent donors

with increased quantum yields and longer lifespans of emission, such as the

mutant form of luciferase RLuc8 (De et al., 2007) or the engineered luciferase

reporter NanoLuc (Hall et al., 2012). However a caveat to using these brighter

luciferase variants is that overexpression may make it very difficult to

differentiate a specific BRET from the general luciferase emission.

Quantification of BIFC Y1 heterodimer internalisation (Chapter 6), revealed

modified pharmacology for constrained Y1/Y5 BiFC dimers that was unseen in

whole receptor population studies, or for other Y1 heterodimer combinations The

most striking alteration was a switching in the nature of Y5 selective antagonism

from surmountable at single receptor expression systems to insurmountable at

the Y1/Y5 BiFC dimer. This alteration was independent of the structure of the Y5

antagonist used, and was not replicated by Y1 antagonist data, where BIBO3304

became ineffective. The fact that these effects were able to be measured from

the responses of a well defined BiFC dimer strongly suggests an allosteric

interaction occurring between the Y1 and Y5 protomers.

There is still a risk that allosteric effects are an artefact of BiFC complementation.

However this risk is minimised by the specificity of this allosterism, with no

changes observed for Y1 and Y4 or Y1 and β2AR pairings.  To further confirm that 

altered Y1/Y5 pharmacology was not an artefact of BiFC, co-expression

experiments could be performed to investigate the internalisation of co-

expressed (but not BiFC joined) partners. However, similar to whole receptor

populations studies (Chapter 6) coexpression studies may still be unable to detect

the specific responses of a Y1/Y5 heterodimer from that of the other Y1 and Y5

receptor species that are likely to be present. For example, even if these

receptors were expressed at equivalent levels and showed an equal propensity to

form stable dimers, the heterodimer component would form only 50% of a
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population that also included Y1/Y1 and Y5/Y5 homodimers. This illustrates the

strength of the BiFC technique whereby responses can be attributed to a discrete

dimer population without the confounding influence of monomer or homodimer

internalisation responses.

It is also worth noting that Gehlert et al., (2007) observed comparable changes

that support those observed in this study, in the nature of Y1 and Y5 selective

antagonists in respect to cAMP accumulation using coexpressed untagged Y1 and

Y5 receptors (Gehlert et al., 2007), albeit these experiments were performed in

AV-12 cells, not HEK293T as here, with unknown levels of respective absolute

expression. The structure of the Y5 receptor is most divergent of all the Y

subtypes, in that it has a longer intracellular loop 3 and a shorter C terminal tail

(Michel et al., 1998), and historically this subtype (whether tagged or not) has

proven the most challenging to express recombinantly. Competition radioligand

binding assays indicated that the population of FLAG Y5-Yc receptors was

substantially lower than the Snap Y1-Yn population also expressed in the same

cells, and this potentially differed from the Y1/Y4 and Y1/2AR (where 2AR

expression was not specifically measured) controls. In each case the presence of

the N terminal FLAG tag prior to the start of the receptor-Yc cDNA could facilitate

the monitoring of this receptor population using antibody live labelling

techniques. A primary antibody that selectively recognises the FLAG tag epitope is

added, followed by a secondary antibody conjugated to a fluorophore. This

technique could be used to give a qualitative indication of the membrane

localisation of these receptors and the differences in expression levels of

receptor-Yc between cell lines. The advantage of antibody labelling is that only

receptors that have successfully reached the cell surface are detected due to the

membrane impermenance of the antibody. In addition to this the granularity

algorithm is actually an indirect measure of internalisation as opposed to other

techniques which measure the actual loss of cell surface fluorescence. For

example the use of FLAG tag labelling may be a way to quantify the fraction of
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labelled receptor-Yc lost from the cell surface using enzyme linked

immunosorbent assays (ELISA), with anti-SNAP antibodies identifying the

receptor-Yn population. Although these approaches could allow measures of

receptor internalisation to be compared between subtypes and supplement

granularity data, unlike the BiFC technique used here they do not specifically

identify dimeric complexes. Additionally the work of Gehlert et al. (2007) has

indicated that coexpression of Y1 and Y5 receptor subtypes increased the rate of

Y5 receptor internalisation and can also change the trafficking fate. Again, these

data support the idea of a Y1/Y5 heterodimeric receptor complex with unique

pharmacology, arrestin recruitment and trafficking properties. However as

previously noted, coexpression systems can only imply specific associations of

receptors based on proximity. It would therefore be interesting to repeat aspects

of this study, using both the combined Snap-BiFC system where the dimeric state

is constrained, and the co-expressing Y1 and Y5 cell lines described above.

However a caveat to this is that the irreversible nature of BiFC may itself

influence trafficking, but it would be interesting to see whether localisation with

markers of the endocytic pathway (such as transferrin to identify recycling

compartments and lysotracker to identify lysosomes on the degradative pathway)

occurs and if trafficking of a known dimer differs from either subtype expressed

alone.

As previously detailed in Chapters 5 and 6, multiple regions have been proposed

as the site/sites of protomer-protomer interfaces. While transmembrane domain

regions might be responsible for determining the structural integrity and stability

of the dimer, the extracellular loops are promising (especially for peptide

receptors) as a mechanism for allosteric modulation due to their influence over

the ligand binding pocket and access of ligands to and from it. Equally the unique

intracellular domains of the Y5 receptor compared to the Y1 subtype (e.g. large

ICL3) might play a role in allosteric modulation of the dimer by effector proteins

such as arrestins – which would then impact on ligand pharmacology. The use of
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selective mutagenesis or chimeric receptors at BiFC constrained dimers may

allow the effect of particular domains on dimer pharmcology to be investigated.

For example exchanging the extracellular loops (e.g. ECL2) of the Y1 and Y5

receptor subtypes might reverse the effects of heterodimerisation on ligand

pharmacology observed. A challenge to this technique will be distinguishing

effects on dimer allosterism of these mutations from more general effects they

may bestow on ligand binding at the orthosteric site. Nevertheless such

investigations may be possible using the BiFC system as it would allow the

heterodimer specific pharmacology to be probed.

Ultimately, for validating the role of the Y1/Y5 heterodimer in native cells and

tissues (e.g. on feeding responses) and the potential therapeutic targeting of this

pairing in the future, the development of heterodimer selective ligands is

required. For some types of heterodimer ligands, selectivity could simply be

achieved because the ligand influences allosteric communication between the

receptor protomers. For example, this phenomenon has been recently observed

at functionally constrained dopamine D2 dimers, whereby binding of the bivalent

ligand SB269652 to one protomer othosteric ligand binding site allows it to

allosterically modulate the binding of dopamine to the second orthosteric site

(Lane et al., 2014). In order to do this SB269652 must bind at a secondary site

found at the extracellular end of TM2 and TM7. Interestingly the introduction of a

ligand binding mutation into the second protomer switched the nature of

SB269652 pharmacology in respect to dopamine signalling from allosteric to

competitive. Potential bivalent ligands are already identified for the Y receptor

family, such as. the dimeric C terminal NPY analogue GR231118, which is highly

potent Y1 receptor antagonist (Dumont and Quirion, 2000, Kilpatrick et al.,

2010), and of much greater affinity at this receptor than its monomeric

components. However the size of GR231118 makes it unlikely that it would be

able to simultaneously bridge both orthosteric binding sites of a Y1 receptor

dimer. However the does not mean that dimerisation does not impact GR231118
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pharmacology. The twin pharmacophores mean that when one C terminal

domain of GR231118 is docked at one protomer, it acts as a tethered ligand

increasing the local “concentration” of the second C terminal domain in the

environment of the second protomer. This mechanism could be tested using the

BiFC system and the Y1/Y99A dimer (with only one GR231118 binding site),

allowing the mode of GR231118 antagonism to be assessed at both Snap Y1/Y1 or

Y1/Y1Y99A homodimers, in a manner similar to the work of Lane et al., 2014

(Lane et al., 2014). If such a mechanism exists, the ability to synthesise chimeric

dimer GR231118 peptides (Mountford et al., 2014) in which one arm of the

peptide incorporates Y5 selective amino acids (e.g. Ala31, Aib32) (Cabrele et al.,

2000) may be a strategy to develop Y1/Y5 selective antagonists.

Although no indications of cooperativity were observed for the Snap Y1/Y1

homodimer pairings, this effect is typically difficult to observe using radioligand

binding techniques as both orthosteric sites are identical. The use of fluorescent

ligand single cell binding kinetics comparing infinite dilution with the presence of

potential allosteric modulators, may be a way to investigate this.. For example

both monovalent and bivalent fluorescent GR231118 based antagonists have

recently been developed with nanomolar affinity for the Y1 receptor (Mountford

et al., 2014). May et al (2007) has suggested that alterations in dissociation rates

may better reflect dimer allosterism with conformation changes of protomer A

occurring in response to ligand binding at protomer B, with the second site

effectively acting as an allosteric modulator (May et al., 2007). This technique

has previously been used to illustrate strong cooperative interactions between

orthosteric binding sites of adenosine A3 receptors (May et al., 2011), which was

manifested as changes in fluorescent ligand dissociation rates. For example

comparison between existing monomeric and dimeric ligand, and the use of the

Snap Y1/Y1Y99A co-expressing cells here would allow the potential extent of

cooperativity across the dimer interface to be investigated.
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Other Y receptor dimer combinations may also have future therapeutic benefit.

For example the Y2/Y4 receptor subtypes have been shown to work in concert to

regulate PP or PYY induced satiety. Currently the lack of truly subject selective

ligands for either protomer makes it difficult to investigate these dimers to the

same extent in vitro, although there are indications that the introduction of β-

amino acids may lead to the synthesis of compounds with high Y4 selectivity in

the future (Berlicki et al., 2013). A more general issue for Y2/Y4 ligands (as

experienced for the Y2/Y4 obinepitde) is that they are agonists, and are thus

prone to limiting side effects such as nausea. Thus, in revealing modified

pharmacology observed for Y1/Y5 hetero-dimers, the work in this thesis may

offer one approach for re-evaluation of the role and targeting of these receptors

in the central control of appetite. Functional dimerisation may explain the failure

of current therapies that only target either subtype. The BiFC system therefore

offers opportunities to screen and identify Y1/Y5 heterodimer selective ligands in

the future, which if efficacious in animal models, may be a valid therapeutic

option for the treatment of obesity.
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