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Abstract
Investigating the molecular pharmacology of class A and B G proteincoupled receptors
Sabrina Marques Carvalho
G protein-coupled receptors (GPCRs) possess an inherent ability to bind to an extremely
diverse range of ligands and activate multiple downstream signalling pathways. It is becomingly
increasingly evident, however, that for many GPCRs, the exact downstream signalling
cascade(s), and the extent of activation, often varies in an agonist- and cell type-dependent
manner. Receptor signalling can be further influenced by interacting proteins, such as receptor
activity-modifying proteins (RAMPs), or internalisation, whereby distinct responses may be
propagated by intracellular GPCR populations. Hence, the signalling repertoire subsequent to
receptor activation is extremely complex, varying between individual GPCRs and the biological
systems in which they are investigated. Here, work is presented investigating the signalling
capabilities of the Adenosine A2A receptor (A2AR), the Calcitonin receptor-like receptor (CLR),
the Calcitonin receptor (CTR), corticotrophin-releasing factor receptor type 2 (CRFR2) and the
growth hormone-releasing hormone receptor (GHRHR). For the A2AR, agonist-mediated cAMP
production and β-arrestin recruitment is studied, as well as receptor internalisation. In
particular, the effects of small molecule inhibitors of internalisation are investigated with
regards to cAMP production, attempting to decipher the importance of receptor
internalisation in A2AR-mediated signalling. More specifically, the A2AR is demonstrated to
signal in a sustained manner, following agonist stimulation, whilst revealing an inability to
recruit β-arrestins or undergo agonist-induced internalisation. Furthermore, the study was
expanded to include other Adenosine receptors: the A1R, A2BR and A3R, as well as the β2
adrenoceptor, to allow for comparison between different class A GPCRs. Work pertaining to
the CLR begins with an investigation into interactions between a subset of class B GPCRs and
RAMPs at the cell surface, with RAMP-receptor interactions revealed to be cell type-dependent
in some instances, before subsequently verifying interactions via bioluminescent resonance
energy transfer (BRET) microscopy. Subsequently, the effect(s) of RAMP1 mutations upon
agonist-mediated signalling is investigated in terms of the abilities of mutant RAMP1-CLR
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heterodimers to mediate cAMP production and β-arrestin recruitment, in various cell types.
Such work validates the effects of RAMP1 mutations against previously published reports,
whilst laying a framework upon which RAMP-CLR dynamics will be investigated via single
molecule total internal reflection fluorescence (TIRF) microscopy, as part of a collaborative
effort. Indeed, RAMP1 W74K and W84A appear to affect CLR-mediated signalling in CHO-K1,
COS-7 and HEK293 cell backgrounds, as well as influencing the diffusion pattern of CLR
molecules. Finally, a characterisation of the effects of mutations within various class B1 GPCRs
upon signalling is presented, as part of a collaborative project, quantifying the abilities of CTR,
CRFR2 and GHRHR mutants to mediate cAMP production, intracellular Ca2+ mobilisation and
β-arrestin recruitment, relative to the wild type cognate receptor. In particular, the majority of
CRFR2 mutants revealed either a diminished or similar signalling capability, relative to their
wild type counterpart, whereas GHRHR V225I had no impact upon agonist-mediated signalling
but CTR A429S acquired the ability to recruit β-arrestin2.
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‘Corpora non agunt nisi fixate’
A drug will not work unless it is bound
Paul Ehrlich, 1913
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Chapter 1 – Introduction
1.1

Transmembrane proteins and cellular signalling

Multicellular organisms possess the need to detect changes in their surroundings, either from
their external environment or internal biochemistry, and communicate between individual
cells in order to provoke changes in overall organism behaviour(s). Such cues can exist in the
form of chemical or physical stimuli and act to induce cellular responses such as changes in
gene expression, cell mobility or metabolic activity. However, cells are surrounded by a
phospholipid plasma membrane; It serves as protective barrier, separating the internal and
external environments of a cell, selectively allowing influx and efflux of cellular material
(Alberts et al., 2002). As such, cells require a means by which they can transmit signals across
the plasma membrane.
For lipophilic molecules such as steroid hormones, this is relatively simple: they are able to
directly cross the membrane and subsequently exert their intracellular effects; Lipophobic
molecules, however, are unable to directly transverse cell membranes, thus requiring
“receptive substances” (Langley, 1905), now termed receptors, expressed on the plasma
membrane. Such receptors traverse the membrane, detecting extracellular ligands and
subsequently activating cascades of intracellular signals that control diverse biological
functions within a cell, such as growth, survival, differentiation or migration. Three principal
families of transmembrane receptor exist, based primarily on the way in which they generate
intracellular signals: ion channels, enzyme-associated, and G protein-coupled (Lefkowitz, 2004;
Klinge and Rao, 2008).

1.2

G protein-coupled receptors: structure and classification

The largest class of transmembrane receptors is that of G protein-coupled receptors (GPCRs),
comprised of >800 members in humans (Venter et al., 2001; Fredriksson et al., 2003; Lefkowitz,
2007). GPCRs are extremely diverse in the ligands to which they bind. Their ligands are
structurally heterogenous and include: natural odorants; nucleotides; amines; peptides;
proteins; photons; lipids and sugars (Schiöth and Fredriksson, 2005; Rosenbaum et al., 2009;
Odoemelam et al., 2020), with each able to bind to distinct receptor subtypes to elicit a wide
range of intracellular effects. GPCRs themselves are likewise diverse in structure and function
1
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but can be characterised by a conserved architecture consisting of a bundle of seven
hydrophobic α-helical transmembrane (TM) domains (TMD), with an extracellular N-terminus
and a cytoplasmic C-terminus, connected by intracellular (ICL) and extracellular (ECL) loops
(Hargrave and McDowell, 1992; Palczewski et al., 2000; Suwa et al., 2011). In a broad sense:
the extracellular region (N-terminus and ECLs) modulates ligand recognition and access (Olah
et al., 1994; Wheatley et al., 2012); The TMD forms the structural core, binds ligands and
transduces this information to the intracellular region through conformational changes; The
intracellular region (C-terminus and ICLs) interacts with cytosolic signalling proteins (Bockaert
and Pin, 1999; Ballesteros et al., 2001).
GPCR diversity has meant that it is difficult to develop a comprehensive classification system
which encompasses all receptor subtypes: GPCRs are more alike in their three-dimensional
structures than in their primary amino acid sequences, with most novel GPCRs found to have
low sequence similarities with other closely related members (Davies et al., 2007a).
Accordingly, it is often difficult to infer properties from related receptors and many different
approaches have been taken in attempts to develop efficient and accurate methods of GPCR
classification, ranging from motif-based systems to techniques based upon the physiochemical
properties of their amino acid sequences (Attwood and Findlay, 1994; Davies et al., 2007a).
Currently, a widely used classification system of GPCRs is the class A-F system which was
introduced by Kolakowski (Kolakowski, 1994), and has since been updated for the online GPCR
information service, GPCRDB (Horn et al., 2003). The class A-F system is based primarily upon
GPCR amino acid sequences, as well as ligand-binding and functional similarities, identifying six
classes labelled A-F, in both vertebrates and invertebrates (Kolakowski, 1994; Davies et al.,
2007b; Krishnan et al., 2012; Yang et al., 2021).
Class A, the Rhodopsin-like class, is such named due to their similarities to the prototypical
GPCR, Rhodopsin (Palczewski et al., 2000), and constitutes the largest group of GPCRs. This
class includes receptors responsive to hormones, neurotransmitters, and light, accounting for
approximately 80% of all GPCRs (Zhou et al., 2019), including some of which have no known
ligand and are thus termed ‘orphan’ receptors (Davenport and Harmar, 2013; Alexander et al.,
2019). Being the most studied group of GPCRs, phylogenetic analysis and sequence alignment
studies have further separated class A into 19 subgroups: A1-A19 (Joost and Methner, 2002).
Examples of class A GPCRs include: Chemokine, Opioid, Purinergic, Prostaglandin, Cannabinoid,
2
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Opsin and Adenosine receptors (ARs), as well as Adrenoceptors. Structurally, class A GPCRs
have seven TM helices, together with a particularly short N-terminus (varying between 4 and
50 amino acids in length) (Mirzadegan et al., 2003; Kobilka and Deupi, 2007), an eighth helix
and a palmitoylated cysteine at the C-terminal tail (Hu et al., 2017), with ligand binding sites
often situated within the TM bundle. The overall homology amongst all type A receptors is low
and restricted to a number of highly conserved key residues: a (D/E)R(Y/W) motif in the
cytoplasmic end of TM3, present in 72% of all class A members (Kobilka and Deupi, 2007); a
CWxP motif within TM6; and a NPxxY motif within TM7 (Mirzadegan et al., 2003). The high
degree of conservation amongst these key residues highlights their essential roles for either
the structural or functional integrity of the receptors, with each motif implicated in receptor
activation (Zhou et al., 2019).
Class B, the Secretin receptor class, so called because the Secretin receptor was the first
member to be cloned, consists of approximately 70 receptors, all of which bind large peptide
ligands (Harmar, 2001; Bortolato et al., 2014). The most prominent characteristic of class B
receptors is the N-terminus, ranging between 60 and 100 amino acids in length, containing
conserved cysteine bridges and being particularly important for ligand binding (Fredriksson et
al., 2003). As for class A, class B can be further split into subgroups: B1 (Secretin-like receptor
class), B2 (adhesion receptors) and B3 (Methuselah-like receptors), with the latter not present
in humans (Harmar, 2001). Class B1 is comprised of only 15 members: vasoactive intestinal
peptide (VIP) receptors (VIPR1, VIPR2), Glucagon-like peptide (GLP) receptors (GLP-1R, GLP2R), pituitary adenylyl cyclase-activating polypeptide receptor (PAC1R), growth hormonereleasing hormone (GHRH) receptor (GHRHR), Calcitonin (CT) and Calcitonin-like receptors
(CTR and CLR, respectively), gastric inhibitory polypeptide (GIP) receptor (GIPR), Secretin
receptor (SCTR), Corticotropin-releasing factor (CRF) receptors (CRFRs; CRFR1, CRFR2),
Glucagon receptor (GCGR), and Parathyroid hormone (PTH) receptors (PTHR1, PTHR2)
(Fredriksson et al., 2003), all of which play important metabolic roles within humans; The
Secretin-like receptors have immense potential in drug discovery due to their importance in
fundamental homeostatic functions.
Class C, the metabotropic Glutamate receptor class, includes 22 members characterised by
exceptionally large N-terminal domains (NTD) (500-600 amino acids) and constitutive
dimerisation (Chun et al., 2012), with an activation mechanism unique in comparison to other
3
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GPCR classes. Members include the calcium-sensing receptor, the metabotropic gammaaminobutyric acid (GABA) type B receptor (GABABR) and taste receptors, and are responsive
to ligands such as Ca2+ and amino acids. Class C receptors have, like class A and B receptors,
two putative disulfide-forming cysteines in ECL2 and ECL3, respectively, but otherwise they do
not share any conserved residues with classes A and B (Gether, 2000). Class D includes fungal
mating pheromone receptors, class E includes various 3’,5’-cyclic Adenosine monophosphate
(cAMP) receptors, and class F includes frizzled/smoothened receptors involved in the Wnt
signal transduction pathway (Katanev, 2010; Schulte and Kozielewicz, 2020). Classes D and E
have not been found to be present within mammals (Kolakowski, 1994).
Another classification system of GPCRs, denoted “GRAFS”, has also been proposed based upon
the phylogenetic analysis of human GPCR sequences (Schiöth and Fredriksson, 2005); This
system includes five main families: Glutamate (G), Rhodopsin (R), Adhesion (A), Frizzled/Taste2
(F) and Secretin (S). The main difference between the GRAFS system and the class A-F system
is the further division of class B into classes B1, the Secretin-like receptors, and B2, the
adhesion receptors, based upon a finding that the evolutionary history of these two families is
distinct from each other (Hu et al., 2017). However, neither classification system is conclusive
as they are yet to account for GPCRs such as olfactory receptors, which lack extensive
characterisation (Alexander et al., 2019).

1.3

GPCR-mediated signal transduction

GPCR signalling regulates a wide variety of physiological functions, including smell, taste,
vision, neurotransmission, metabolism, cellular differentiation and growth, as well as
inflammatory and immune responses (Lefkowitz, 2000; Latek et al., 2012; Schonenbach et al.,
2015). Consequently, malfunctions within GPCR signalling pathways can have deleterious
effects, causing various diseases such as cancer, diabetes mellitus, obesity, addiction,
inflammation, cardiac dysfunction and central nervous system disorders (Dorsam and Gutkind,
2007; Sun and Ye, 2012; Johnson and Lovinger, 2016; Riddy et al., 2018; Wang et al., 2018;
Azam et al., 2020). The clinical importance of GPCRs is highlighted by their pharmaceutical
applications: approximately 35% of all FDA-approved drugs target GPCRs (Sriram and Insel,
2018). However, it is also known that numerous drugs within development pipelines are only
targeted at a small number of the GPCRs, with only 10% of all GPCRs encoded by the human
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genome being a current target of therapeutic intervention. Hence, GPCRs continue to be the
most popular target class for drug discovery (Hauser et al., 2017).

1.3.1 GPCR activation
In spite of the remarkable diversity of ligands and ligand-binding domains observed amongst
GPCRs, there is considerable evidence for common mechanisms of activation. Upon agonist
binding and receptor activation, a series of structural rearrangements occur within the TM
bundle, resulting in a conformational change from the inactive to active state. Depending on
the GPCR class, different regions are involved in the activation process, with highly conserved
molecular switches reported within GPCR families (Trzaskowski et al., 2012). Nonetheless,
conformational changes within the cytoplasmic domains of the receptor typically leads to an
outward movement of TM6, exposing a crevice within the intracellular surface of the receptor
(Farrens et al., 1996).
The inactive state is maintained, in many class A GPCRs, by an ionic lock: a (D/E)R(Y/W) motif
in TM3. This ionic lock has been consistently reported for the inactive Rhodopsin receptor
(Vogel et al., 2008), as well as antagonist-bound Adenosine A1 (Cheng et al., 2017; Glukhova et
al., 2017) and A2A (Doré et al., 2011) receptors (A1R and A2AR, respectively). This motif lies
adjacent to TM5 and TM6, forming a salt bridge interaction with a glutamic acid residue located
in TM6, and serves to ‘lock’ the receptor in its inactive state, with disruption of the ionic lock
revealed to be an obligatory step for maximal receptor activation (Kobilka, 2007): upon
transition to the active state, the ‘lock’ is ‘broken’, with TM6 rotating away from TM3. Hence,
disruption of the interaction between TM3 and TM6 has also been reported to be responsible
for constitutive receptor activation, with the extent of constitutive activation strongly
correlated with the extent of conformational rearrangement in TM6 (Ballesteros et al., 2001;
Schneider et al., 2010). As a consequence of the TM rearrangements, the ICLs also move,
allowing interactions with signalling machinery (Bockaert and Pin, 1999; Ballesteros et al.,
2001), such as heterotrimeric guanine nucleotide-binding proteins (G proteins). Further, the
(D/E)R(Y/W) motif has critical roles in forming the G protein-binding site, directly interacting
with bound G protein subunits, and further stabilising the binding pocket. In some class A
GPCRs, however, the ionic lock may be absent, such as the β2 adrenoceptor (β2R) (Dror et al.,
2009; Romo et al., 2010; Trzaskowski et al., 2012). A second conserved motif, NPxxY in TM7,
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also participates in the G protein-binding site; Whilst it does not interact directly with the
bound G protein, it is essential for forming an active conformation (Kristiansen, 2004;
Trzaskowski et al., 2012).
Similar to the functional role of the (D/E)R(Y/W) motif in class A GPCRs, an extensive polar
interaction network has been reported to exist between residues in class B GPCRs, forming a
HETx motif , which has also been suggested to lock receptors in an inactive conformation (Liang
et al., 2017). Disruption of the polar interactions is thought to facilitate the outward movement
of TM6, and thus receptor activation (Cordomí et al., 2015; Yang et al., 2021). Indeed, this has
been observed for active CTR (Liang et al., 2017) and GLP-1R (Zhang et al., 2017) structures.
Consequently, mutations within the HETx motif have also been shown to result in constitutive
receptor activity (Schipani et al., 1995; Hjorth et al., 1998; Zhang et al., 2017).

1.3.2 Heterotrimeric G proteins
1.3.2.1 G protein activation and signalling
The main mechanism through which GPCRs transduce signals is through the activation of
heterotrimeric G proteins. Heterotrimeric G proteins are composed of three subunits, Gα, Gβ
and Gγ, and function as binary switches; Their switching function depends on the ability of the
Gα subunit to cycle between an inactive, guanosine diphosphate (GDP)-bound conformation
that is primed for interaction with an activated receptor, and an active guanosine triphosphate
(GTP)-bound conformation that can modulate the activity of downstream effector proteins
(Oldham et al., 2006; Oldham and Hamm, 2008). When heterotrimeric G proteins are in their
inactive, GDP-bound state, they exist as an inert complex composed of Gα, Gβ, and Gγ subunits
(Gαβγ). In this state, they are substrates for activated GPCRs and catalyse nucleotide exchange
on the Gα subunit.
The structures of Gα subunits reveal a conserved protein fold composed of a guanine
nucleotide triphosphatase (GTPase) domain and a helical domain. The GTPase domain is
conserved in all members of the G protein superclass, including monomeric G proteins, and is
responsible for hydrolysing GTP, as well as providing the binding surfaces for Gβγ dimers,
GPCRs and effector proteins. When bound to GTP, Gα undergoes a conformational change
which lowers the affinity of Gα for the Gβ and Gγ heterodimer (Gβγ) but increases its affinity
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for effector proteins. This triggers the release of the effector binding surface of Gβγ so that
both Gα and Gβγ subunits can interact with, and modulate the activity of, specific downstream
enzymes and channels. The GDP-GTP cycle is highly regulated by guanine nucleotide exchange
factors (GEFs) that induce the release of bound GDP to be replaced by the more abundant GTP,
and by GTPase-activating proteins (GAPs) that stimulate efficient GTP hydrolysis, as the Gα
subunit has only weak GTPase activity (Aittaleb et al., 2010). These include regulators of G
protein signalling (RGS) proteins which are specific for the Gα subunit and act to terminate the
GPCR signalling cascade (Dohlman and Thorner, 1997; Wettschureck and Offermanns, 2005).
The receptor, either via constitutive activity or in response to binding of an agonist, can
associate effectively with the G protein and thus acts as a GEF, promoting the release of GDP
and replacement with GTP. Furthermore, the switch from a GDP- to GTP-bound state can occur
spontaneously, due to higher intracellular concentrations of GTP (Bos et al., 2007) (Figure 1.1).
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Figure 1.1: Activation cycle of heterotrimeric G proteins. In the inactive state, the Gα subunit of

the G protein is bound GDP and forms a tight complex with a dimer of Gβγ subunits. Upon
activation, however, GDP is replaced by GTP, catalysed by GEFs, and this leads to the dissociation
of the Gα and Gβγ subunits. In turn, both the Gα and Gβγ subunits are able to stimulate a
number of distinct downstream effectors. Reversion to an inactive, GDP-bound state can occur
through the G protein’s own intrinsic GTPase activity, but hydrolysis can be accelerated through
the activity of GAPs. Upon hydrolysis of GTP to GDP, the Gα and Gβγ subunits are able to reassociate, terminating the G protein activation. Schematic made using BioRender.com

1.3.2.2 G protein structure
The Gα subunit consists of two domains: a helical domain and a GTPase domain (Lambright et
al., 1996). The GTPase domain contains three switch regions; These are flexible loops which
change conformation when bound with GTP. The helical domain contains six α helices
responsible for encapsulating nucleotides within the protein core by forming a lid over the
nucleotide-binding pocket. The Gβ subunit is composed of 7 WD motifs, of approximately 40
amino acids in length, arranged in propeller-like structure around a central axis. The Gγ subunit
is considerably smaller than Gβ, and has been reported to be unstable on its own, requiring an
interaction with Gβ in order to fold: the Gγ subunit wraps around the outside of Gβ, interacting
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through hydrophobic associations, and exhibits no tertiary interactions with itself (Sondek et
al., 1996).

1.3.2.3 G protein families
Despite the size and diversity of the GPCR superclass, these receptors interact with a relatively
small number of G proteins in order to initiate intracellular signalling cascades. In humans,
there are 21 Gα subunits encoded by 16 genes, 6 Gβ subunits encoded by 5 genes, and 12 Gγ
subunits encoded by 11 genes (Simon et al., 1991; Downes and Gautam, 1999). The specific
combination of subunits within a heterotrimeric G protein complex affects not only which
receptor it can bind, but it also determines which downstream target is affected, providing a
means by which to activate specific physiological processes, in response to differing external
stimuli (Chen and Manning, 2001).
Heterotrimeric G proteins are typically divided into four main classes based on the primary
sequence similarities of the Gα subunit: Gαs, Gαi/o, Gαq/11 and Gα12/13, each capable of eliciting
distinct biological effects, and each possessing a selectivity ‘barcode’ recognised by distinct
regions on GPCRs (Wettschureck and Offermanns, 2005; Flock et al., 2017) (Figure 1.2; Table
1.1).
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Table 1.1: Gα families.
Gα family

Gαs

Members

Gαs(S/L/XL)
Gαolf

Predominant cellular response

Stimulates adenylyl cyclase

Gαi1/2/3
Gαoa/b
Gαi/o

Gαz

Inhibits adenylyl cyclase

Gαt1/2
Gαgust
Gαq
Gα11
Gαq/11

Gα14

Stimulates phospholipase C-β
activity

Gα15
Gα16
Gα12/13

Gα12
Gα13

Modulates Rho GTPases

The Gαs class was the first type of G protein discovered due to their activities upon adenylyl
cyclase (AC) (Northup et al., 1980). Mammalian cells possess genes for at least ten different
isoforms of AC, denoted AC1-10, which share a similar topology but differ in their
responsiveness to Gαs, Gαi/o, Gβγ, Ca2+/calmodulin and phosphorylation by protein kinases
(Sunahara et al., 2003). Upon activation of the Gαs subunit, newly formed Gαs-GTP complexes
bind to and stimulate AC activity, catalysing the conversion of Adenosine triphosphate (ATP)
to cAMP (Figure 1.2). The cAMP produced is then able to stimulate effector proteins such as
protein kinase A (PKA) or exchange protein activated by cAMP (EPAC), subsequently activating
a diverse array of cellular events through phosphorylation of various cytoplasmic and nuclear
protein substrates (Kemp, 1990; Iwami et al., 1995; Huang and Taylor, 1998; Yan et al., 2016).
Accordingly, cAMP levels are regulated by phosphodiesterase (PDE) enzymes: PDEs act to
terminate cAMP signalling through hydrolysis of cAMP to Adenosine monophosphate (AMP),
reducing intracellular concentrations of cAMP (Huai et al., 2003). Hence, PDEs control both the
amplitude and duration of a cAMP response, as well as spatial regulation through the
confinement of signalling to localised ‘microdomains’ (Conti et al., 2014). PDEs also catalyse
the hydrolysis of cyclic guanosine monophosphate (cGMP) to guanosine monophosphate
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(GMP), and PDE families can be divided into 3 groups: cAMP-selective (PDE4, PDE7 and PDE8),
cGMP-selective (PDE5 and PDE9) or dual-substrate (PDE1, PDE2 and PDE10) (Menniti et al.,
2006).
Whilst Gαs is ubiquitously expressed, Gαolf expression appears localised to olfactory sensory
neurons (Milligan and Kostenis, 2006). However, both Gαs subtypes share an 88% amino acid
sequence similarity and are sensitive to the cholera toxin produced by Vibrio cholerae:
exposure to cholera toxin causes ADP-ribosylation of the Gαs subunit, promoting dissociation
of Gαs and Gβγ and hence constitutive activation of AC, thereby giving rise to increased levels
of cellular cAMP (Shah, 1997; Bharati and Ganguly, 2011).
Gαi/o is the largest and most diverse class of G proteins, with activation of Gαi/o class members
directly opposing the actions of Gαs, namely inhibition of AC activity (Figure 1.2). In contrast to
other G proteins, the effects of Gαoa/b appear to be primarily mediated by its Gβγ counterpart
(Wettschureck and Offermanns, 2005). Whilst Gαi1/2/3 subunits are ubiquitously expressed,
Gαoa/b subunits are localised to neuronal and cardiac cells, Gαt1/2 is expressed within rod and
cone cells, Gαgust is restricted to taste buds or chemoreceptor cells within the airway, and Gαz
is present in platelets and neurones (Milligan and Kostenis, 2006; Kuszak et al., 2010).
However, all Gαi/o class members, with the exception of Gαz which lacks a critical cysteine
residue (Fong et al., 1988), exhibit a sensitivity to pertussis toxin (PTX) from Bordetella
pertussis: PTX ADP-ribosylates the C-terminus of Gαi/o subunits, preventing interactions
between G proteins and their cognate GPCRs (West et al., 1985). In addition to inhibition of AC
activity, Gαi/o class members have also demonstrated an ability to modulate other effector
proteins such as phospholipase C (PLC) (Zhu and Birnbaumer, 1996; Murthy et al., 2004) and
G protein-coupled inwardly-rectifying potassium channels (GIRKs) (Peleg et al., 2002; Lüscher
and Slesinger, 2010).
The Gαq/11 class of G protein subunits primarily act to stimulate β isoforms of PLC (PLC-β)
(Exton, 2003; Rhee, 2003), catalysing the hydrolysis of phosphatidylinositol bisphosphate (PIP2)
into inositol trisphospate (IP3) and diacylglycerol (DAG) (Birnbaumer, 2003) (Figure 1.2). These
second messengers serve to induce, propagate and amplify receptor-mediated intracellular
calcium (Ca2+i) mobilisation: activation of IP3 receptors (IP3R) located on both the endoplasmic
and sarcoplasmic reticulum (ER and SR, respectively) promotes the release of Ca2+i stores,
having downstream effects upon neurotransmitter release and muscle contraction (Seino and
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Shibasaki, 2005; Dhyani et al., 2020). Further, Ca2+ and DAG can activate signalling cascades
including protein kinase C (PKC), mitogen-activated protein kinase (MAPK) and extracellular
signal-regulated kinase (ERK)1/2 (Hawes et al., 1995; Goldsmith and Dhanasekaran, 2007;
Jacamo et al., 2008). Whilst Gαq and Gα11 subtypes are ubiquitously expressed, Gα14 and
Gα15/16 (Gα15 being the murine and Gα16 the human ortholog) show a rather restricted
expression pattern localised to within stromal and epithelial cells, or haemopoietic cells,
respectively (Simon et al., 1991; Milligan and Kostenis, 2006).
Gα12 and Gα13, which constitute the Gα12/13 class, are ubiquitously expressed and are often
activated by receptors which also couple to Gαq/11 subtypes. Studies have shown that Gα12/13
is capable of activating a variety of signalling processes, with activation of Rho GTPase being
the most characterised (Figure 1.2): activation of RhoA by Gα12/13 is mediated by a subgroup
of GEFs including p115-RhoGEF, PSD-95/Disc-large/ZO-1 homology (PDZ)-RhoGEF and
leukemia-associated Rho-GEF (LARG) (Hart et al., 1998; Suzuki et al., 2003; Bian et al., 2005).
Once activated, RhoA can interact with numerous effector proteins to bring about changes in
the actin cytoskeleton, cell mobility and gene expression (Siehler, 2009).
As mentioned previously, each Gα subunit interacts with an associated Gβγ dimer. Such
dimers, which are released upon Gα activation, are also able to initiate and propagate signals
in their own right (Ford et al., 1998). This includes: opening ion channels such as GIRKs (Huang
et al., 1997) and Ca2+ channels (Ikeda, 1996); modulating kinase activity, such as that of GPCR
kinase (GRK)2 (Tesmer et al., 2005), MAPK (Crespo et al., 1994; Faure et al., 1994), Akt (Murga
et al., 1998), phosphoinositide-3-kinase (PI3K) (Stephens et al., 1994) and janus kinase (JNK)
(Yamauchi et al., 1999); regulation of monomeric G proteins (Clapham and Neer, 2003; Smrcka,
2008); and activation of PLC (Watson et al., 1994) and AC (Chen et al., 1997). With a few
exceptions, the ability of different Gβγ combinations to regulate effector functions does not
dramatically differ (Wettschureck and Offermanns, 2005).
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Figure 1.2: GPCR-mediated, G protein-dependent signalling pathways. Following agonist binding and receptor

activation, GPCRs are able to activate various G protein pathways: Activation of Gαs promotes the activation of AC,
in turn increasing cAMP production and activation of downstream effector proteins such as EPAC, PKA, MAPK and
ERK1/2; Activation of Gαi/o serves to inhibit AC activity; Activation of Gαq/11 promotes an increase in Ca2+i release
from ER stores through PLC-β activity, triggering activation of PKC-dependent pathways; Activation of Gα12/13 leads
to regulation of the actin cytoskeleton through modulation of Rho GTPases. Gβɣ subunits can also initiate
signalling cascades, leading to a multitude of downstream responses. Schematic made using BioRender.com
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1.3.3 G protein-independent signalling
Although the predominant method of GPCR-mediated signal transduction utilises G proteins,
GPCRs are also able to signal via G protein-independent conduits; The most common and wellunderstood methods are those via β-arrestins and, to a lesser extent, GRKs. Following
prolonged agonist exposure, GRKs are recruited to activated GPCRs whereby they act to reduce
G protein signalling through phosphorylation of the GPCR C terminus, in turn prompting the
recruitment of β-arrestins (Celver et al., 2002; Zhou et al., 2017; Gurevich and Gurevich, 2019).
There are 4 distinct mammalian arrestin proteins, two of which (arrestins 1 and 4) are
restricted to the phototransduction pathway. Two somatic forms, β-arrestin 1 (arrestin 2) and
β-arrestin 2 (arrestin 3), are ubiquitously expressed and are thought to regulate GPCR
signalling, as well as receptor internalisation (Shenoy and Lefkowitz, 2011) (Section 1.4). There
are 7 GRK genes, denoted GRK1-7, which undergo alternative splicing to give rise to various
isoforms; GRK1 and GRK7 restricted to rod and cone cells, similarly to visual arrestins, whereas
GRK4 expression is restricted to a few tissues such as the testes, myometrium, kidney and brain
(Premont et al., 1996). On the other hand, GRK2/3/5/6 are ubiquitously expressed (Premont
et al., 1995; Sterne-Marr and Benovic, 1995).
β-arrestins and GRKs serve as multifunctional scaffolds, interacting with numerous protein
partners largely implicated in GPCR desensitisation, internalisation and recycling. In recent
years, however, it has become increasingly evident that the functions of both GRKs and βarrestins are not restricted to GPCR desensitisation and internalisation (Section 1.4): they are
involved in an ever-growing number of interactions with signalling proteins, scaffolding
signalling complexes together and transporting them to receptors, in an agonist-dependent
fashion (Lefkowitz and Shenoy, 2005; Reiter and Lefkowitz, 2006; DeFea, 2011; Tilley, 2011;
Jean-Charles et al., 2017).
Accordingly, GRKs are able to modulate cellular functions in a phosphorylation-independent
manner as a result of their ability to interact with a variety of proteins involved in signalling,
such as Gαq/11, Gβγ, Akt, mitogen-activated protein kinase kinase (MEK1) and PI3K (Reiter and
Lefkowitz, 2006). Further, β-arrestins have been shown to bind to various components
involved in the MAPK pathway, including Raf, MEK1, ERK1/2 and Janus kinase (JNK)3 (Luttrell
et al., 2001; Tohgo et al., 2003; Luttrell and Miller, 2013), regulating a number of cellular
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processes including proliferation, differentiation, growth and survival (Qi and Elion, 2005).
Subsequently, β-arrestins have been shown to promote some of these pathways even when
the G protein activity is disabled (Whalen et al., 2011; Han et al., 2012). Thus, GPCR signalling
can be bimodal, with the activation of some GPCRs appearing to favour one of these modes
over the other, thus engendering biased signalling (Section 1.6.5).

1.4

Regulating GPCR-mediated signalling

In accordance with cells developing methods by which to detect signals from their external
environment(s), they have subsequently evolved methods by which to terminate such signals.
Following agonist-mediated activation of a GPCR, various signalling cascades will be initiated
in order to effect the desired changes required by a cell. If left to continue indefinitely, such
signals will undoubtedly have detrimental effects upon both cell biology and overall organism
physiology. Hence, cells have evolved mechanisms in which to regulate the intracellular levels
of secondary messengers and downstream activated effector proteins.

1.4.1 GPCR desensitisation
GPCR desensitisation has been described as ‘the loss of response subsequent to prolonged or
repeated administration of an agonist’ (Hausdorff et al., 1992) involving various different
mechanisms, with the exact pattern of which being both GPCR- and cell type-dependent (Lohse
et al., 1990; Yuan et al., 1994; Zhang et al., 1996; Pitcher et al., 2002; Stout et al., 2002; Dhami
et al., 2004; Namkung and Sibley, 2004; Shi et al., 2017). A primary step in this process involves
the functional ‘uncoupling’ of G proteins from their cognate receptors. This process is
dependent upon receptor phosphorylation by intracellular second messenger-regulated
kinases (e.g. PKA, Akt and PKC) and by GRKs. Desensitisation can be homologous or
heterologous in nature: homologous desensitisation (GRK-dependent) refers to loss of
response solely due to the agonist(s) acting at that particular GPCR subtype, whereas
heterologous desensitisation (second messenger-driven) refers to a more generalised effect,
with the loss of responsiveness at multiple GPCR subtypes simultaneously, even in the absence
of agonist occupation.
A major mechanism underpinning desensitisation involves phosphorylation of GPCRs; In the
classical model of GPCR regulation, agonist stimulation triggers the recruitment of GRKs to
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active receptors, whereby they are phosphorylated on serine and threonine (Ser/Thr) residues
within the receptor’s ICLs and C-terminal tail (Pitcher et al., 1992; Gurevich et al., 2012), in a
unique manner associated with the cell type in which they are expressed (Tobin et al., 2008).
As such, GRKs are able to selectively phosphorylate Ser/Thr residues on only activated GPCRs,
unlike related kinases such as PKA, neatly explaining the phenomenon of homologous
desensitisation. Phosphorylation alone is not sufficient for desensitisation, but rather it serves
to create high affinity sites which promote the binding of β-arrestins (Bahouth and Nooh, 2017;
Yang et al., 2017); β-arrestins bind to the cytoplasmic portion of the GPCR and sterically hinder
further G protein-coupling, often recruiting adaptor proteins involved in Clathrin-mediated
endocytosis (CME) (Claing et al., 2002; Laporte et al., 2002; Hamdan et al., 2007), promoting
receptor desensitisation and downregulation (Kelly et al., 2008; Rajagopal and Shenoy, 2018;
Gurevich and Gurevich, 2019).
As well as phosphorylation by GRKs, numerous other enzymes are also able to phosphorylate
GPCRs in a regulatory manner. This can occur via effector enzymes activated by GPCRs, such
as PKA, Akt or PKC, which have been reported to phosphorylate the β2R (Benovic et al., 1985;
Doronin et al., 2002) and the Chemokine CXCR4 receptor (Luo et al., 2017); Phosphorylation
site varies with receptor subtype and may (Busillo et al., 2010) or may not (Doronin et al., 2002)
also be the target of GRKs. Further, the β2R has also been shown to be phosphorylated by
receptor tyrosine kinases (RTKs) (Karoor and Malbon, 1996).
Following desensitisation, provided the agonist is no longer present, GPCR responsiveness can,
in most cases, be regained, through a process called resensitisation (Gupta et al., 2018); The
extent and speed of which varies with the receptor subtype involved and the duration of
agonist exposure. Desensitisation differs from downregulation, with the latter referring to
proteolytic degradation of GPCRs. Thus, although downregulation of a GPCR invariably adds to
the overall desensitisation of a GPCR response, most GPCRs can undergo extensive
desensitisation without any detectable downregulation.
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1.4.2 GPCR internalisation
To protect cells from overstimulation following prolonged or repeated exposure to agonist(s),
activated GPCRs are removed from the cell surface by means of endocytosis. In this way, the
majority of the cell surface GPCR population may be internalised within minutes of agonist
stimulation (Gicquiaux et al., 2001). The endocytic trafficking of GPCRs first entails the
targeting of receptors to discrete endocytic sites along the plasma membrane, followed by
receptor internalisation and intracellular sorting for either recycling or degradation.
In the traditional model, GPCR occupancy initiates conformational changes within the receptor
that stimulate heterotrimeric G protein binding and subsequent receptor phosphorylation by
GRKs (Figure 1.3) (Oakley et al., 1999; Shenoy and Lefkowitz, 2011). These events, in turn,
recruit β-arrestin to the active, phosphorylated receptor, thereby uncoupling the GPCR from
its associated G proteins and facilitating association of the receptor with Clathrin and other
components of the endocytic pathway. Whilst several mechanisms of GPCR endocytosis have
been described, the best characterised and most predominant endocytic route in mammalian
cells is that mediated by Clathrin: GPCRs are targeted to Clathrin-coated pits (CCPs) by βarrestins, via their interactions with the β2 adaptin subunit of adaptor protein 2 (AP2). Such
interactions can only occur upon the activation of β-arrestins: In the inactive form, the Cterminal tail of β-arrestin functions as an autoinhibitory segment that is bound to a groove
within its own NTD, masking the AP2- and Clathrin-interacting motifs. Binding of a
phosphorylated receptor’s C-terminal tail displaces the autoinhibitory segment, enabling the
arrestin to interact with AP2 and Clathrin (Hirsch et al., 1999; Xiao et al., 2004; Nobles et al.,
2007). A tripartite interaction exists between β-arrestin, AP2 and Clathrin in CCPs, and the
interaction between β-arrestin and AP2 is a critical initial step in localising GPCRs into the CCPs,
following agonist stimulation. Dynamin, a GTPase, regulates CCP initiation and maturation, as
well as catalysing membrane fission during the late stages of CME (Morlot and Roux, 2013;
Antonny et al., 2016; Mettlen et al., 2018).
Various studies have shown that β-arrestins can adopt multiple active conformations, with
each conformation forming a structural signature correlating with distinct effects upon
receptor trafficking and arrestin-dependent signalling (Lee et al., 2016). The prevailing model
of arrestin activation describes a multistep process whereby β-arrestins first recognise either
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the phosphorylated C-terminal tail of a receptor, or the 7 TM core of an activated receptor,
forming a low-affinity ‘pre-complex’. β-arrestins then proceed to engage the other binding site,
if present, forming a high-affinity complex required for arrestin activation (Gurevich and
Benovics, 1993). However, studies have since revealed that engagement of only one of these
sites is sufficient for arrestin activation (Kumari et al., 2016, 2017; Cahill III et al., 2017).
In addition to the major structural families into which GPCRs are divided (Section 1.2),
receptors are also grouped into two classes based on the strength of their interactions with βarrestins: class A receptors such as the β2R, μ-Opioid receptor (μOR) and amine GPCRs exhibit
only weak interactions with arrestins, with a preference for β-arrestin2, resulting in only
transient internalisation profiles; Class B receptors, including peptide hormone receptors such
as the Vasopressin V2 and PTH receptors, however, exhibit stronger and more stable binding
to β-arrestins, with no apparent preference for either arrestin subtype (Oakley et al., 2000).
Hence, class B receptors typically undergo sustained endocytosis, often residing in endosomal
compartments for extended durations before eventually recycling back to the plasma
membrane.
Although GPCR internalisation can be outlined as a common series of events, important
deviations from the classical scheme are also well characterised; Some GPCRs, for instance,
are internalised in a manner independent of β-arrestins: the µ2 adaptin subunit of AP2 has
been shown to interact directly with motifs within the cytoplasmic regions of certain GPCRs,
such as the α1B adrenoceptor, BLT1 leukotriene and PAR1 thrombin receptors, facilitating CME,
independent of β-arrestins (Ohno et al., 1995; Diviani et al., 2003; Chen et al., 2004; Pandey,
2010). Hence, whilst β-arrestins play critical roles in receptor desensitisation and receptor
recycling, they are not necessarily essential for GPCR endocytosis (Vines et al., 2003; Paing et
al., 2004, 2006).
Furthermore, several Clathrin-independent endocytic mechanisms have been shown to
operate in mammalian cells, but such routes are generally less well delineated than CME
(Sandvig et al., 2018). Likewise, GPCRs can also undergo endocytosis in the absence of agonist
stimulation, but the mechanisms and functions of constitutive endocytosis are less well
understood (Paing et al., 2006; Lavezzari and Roche, 2007; Scarselli and Donaldson, 2009;
Jacobsen et al., 2017).
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Figure 1.3: β-arrestin-dependent GPCR internalisation. Following agonist binding and receptor activation, GPCRs

are able to activate various intracellular signalling cascades. Subsequently, activated GPCRs phosphorylated on
their C-terminal tails by GRKs, which results in the recruitment of β-arrestins. In turn, this facilitates the
recruitment of the Clathrin adaptor protein AP2, ultimately resulting in CME. Upon internalisation and endosomal
sorting, the GPCR is either recycled back to the membrane or targeted for degradation. Schematic made using
BioRender.com

1.4.3 Signalling from internalised receptors
Receptor internalisation was initially thought to serve as a method by which to terminate
agonist-induced responses; A mechanism of adaptation to prolonged receptor stimulation.
However, this view has been challenged by an accumulation of evidence which suggests that
internalisation can induce prolonged receptor signalling from intracellular membranes: whilst
G protein-dependent signalling is generally assumed to be restricted to the plasma membrane,
internalisation of the PTH and thyroid-stimulating hormone (TSH) receptors have been found
to be associated with persistent signalling, due to the presence of AC on endosomal
compartments (Calebiro et al., 2010a, 2014; Werthmann et al., 2012; Irannejad and von
Zastrow, 2014). Furthermore, certain GPCRs remain associated with β-arrestins within
endosomes, with β-arrestins subsequently able to interact with members of the MAPK
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cascade, anchoring activated ERK1/2 to endosomes, favouring cytoplasmic ERK signalling
(McDonald et al., 2000; Tohgo et al., 2003; Reiter and Lefkowitz, 2006). Hence, signals
originating from intracellular compartments are often distinct to those generated at the
plasma membrane (Calebiro et al., 2010b).

1.5

GPCR pharmacology

1.5.1 Classification of agonists and their activities
GPCRs are able to bind various ligands which act to induce conformational changes within the
receptor, ultimately culminating in the modulation of downstream signalling pathways; Such
ligands are termed agonists. A particular GPCR will only respond to a certain set of agonists,
providing a means by which signalling can be properly tuned, and aberrant signalling
prevented. Whilst some GPCRs, such as the Adenosine and Dopamine receptors, are only
activated by a single, endogenous agonist, others, such as the CLR and Opioid receptors, can
be activated by multiple. In addition, there are numerous GPCRs which currently have no
known endogenous agonist to date (Tang et al., 2012; Davenport and Harmar, 2013).
GPCR agonists can be broadly grouped into categories based upon their pharmacological
activities: full agonist, partial agonist or inverse agonist (Figure 1.4A). Both full and partial
agonists serve to increase receptor-mediated responses following activation of the receptor,
with the responses increasing as a function of the concentration of stimulating agonist.
However, whilst full agonists are capable of generating the maximal response (Emax) capable of
the receptor for a given pathway, partial agonists are not capable of reaching the Emax, even at
full receptor occupancy. Further, a partial agonist can act as a functional, competitive
antagonist in the presence of a full agonist, if they’re competing for the same receptor binding
site(s) (Figure 1.4B).
Conversely, in a system with measurable constitutive activity (Section 1.5.3), a drug possessing
inverse agonist properties will reduce receptor-mediated activity in a concentrationdependent manner. However, if constitutive receptor activity is low, an inverse agonist will
behave as a simple competitive antagonist (Berg et al., 1998). Classifying drugs as agonists or
antagonists is context-dependent: a particular ligand can behave as a full agonist, a partial
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agonist, or an antagonist depending upon the receptor subtype and tissue under investigation
(Kenakin and Beek, 1980).
In addition to effects upon receptor-mediated responses, agonist activity can be described by
quantifying their potencies (pEC50) (Figure 1.4C), defined as the negative logarithm of the
concentration of agonist required to elicit a half maximal response. In this manner, the
‘strength’ of an agonist can be compared to that of another: the more potent an agonist, the
lower the concentration that is required to induce a given response.
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Figure 1.4: Understanding agonist concentration-response curves. A - Both full and partial agonists increase receptor-

mediated responses following receptor activation, with responses increasing as a function of concentration. However,
whilst full agonists are capable of generating a maximal response, partial agonists are not. In a system with appreciable
constitutive activity, an inverse agonist will decrease receptor-mediated responses in a concentration-dependent manner.
B - Increasing concentrations of a competitive antagonist (or a partial agonist), in the presence of various concentrations of
a stimulating agonist, will cause rightward shifts in the concentration-response curves, in a concentration-dependent
manner. C – Calculating the maximal response (Emax) and agonist potency (pEC50), whereby agonist potency is the negative
logarithm of the concentration of agonist required to elicit a half-maximal response (EC50).

1.5.2 Models of receptor activation
A number of kinetic models have been developed to explain GPCR activation and signalling
using information derived from indirect measures of receptor conformation (Figure 1.5) (de
Lean et al., 1980; Samama et al., 1993; Leff, 1995; Weiss et al., 1996; Linderman, 2009; Bridge
et al., 2010, 2018; Roche et al., 2013; Herenbrink et al., 2016; Buchwald, 2017; Hall and Giraldo,
2018; Hoare et al., 2018; Zhu et al., 2019; Carvalho et al., 2021) (Appendix 2). The simplest of
them, the general two state model (Leff, 1995) proposes that a receptor exists in dynamic
equilibrium, primarily between two states, namely the inactive (R) and active (R*) states, and
accounts for the differing receptor activities observed upon ligand exposure (Figure 1.4)
(Kenakin, 2004); In the absence of ligand, the level of basal receptor activity is determined by
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the relative proportions of R and R*, and the efficacy of a ligand reflects its ability to alter the
equilibrium between these two states: Full agonists bind to and stabilise the R* state, enriching
the fraction of active receptors and increasing signalling, whilst inverse agonists bind to and
stabilise the R state, decreasing the number of active receptors and, as a result, reducing
signalling. Partial agonists have some affinity for both R and R* and are therefore less effective
in shifting the equilibrium towards R*, whereas antagonists have equal affinity for both R and
R* states, and consequently do not alter the equilibrium (Berg and Clarke, 2018). Hence,
potency can be described as how ‘effective’ an agonist is at mediating this transition, with the
more potent agonists being the most effective.
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Figure 1.5: Models of GPCR activation. The general two state model of receptor activation (A) suggests that

receptors exist in a dynamic equilibrium between two conformational states: an inactive state (R) and an
active state (R*) (Leff, 1995). Agonists (A) possess a higher affinity for R* than R, thus shifting the
equilibrium in favour of R*, with the R* state being capable of generating a cellular response. The ternary
complex model (B) introduces the idea that receptors must be in complex with a heterotrimeric G protein
(G) in order to elicit a cellular response (de Lean et al., 1980). The extended ternary complex model (C) is a
combination of the general two state and ternary complex models, specifying that a receptor must be in an
active state (R*) in order to interact with a G protein (Samama et al., 1993). The cubic ternary complex (D) is
a further modification of the ternary complex model, permitting G proteins to interact with receptors in
both their active (R*) and inactive (R) states, with cellular responses occurring even in the absence of
agonist; G protein binding can be followed by agonist-induced receptor activation, or agonist-induced
receptor activation can be followed by G-protein binding (Weiss et al., 1996).

1.5.3 Constitutive activity
Constitutive activity occurs due to the ability of some receptors to spontaneously exist in the
active, R* state, in the absence of any stimulating agonist, and activate downstream signalling
pathways. This has been observed for various GPCRs, including the β2R (Cerione et al., 2002),
A2AR (Ibrisimovic et al., 2012; Bertheleme et al., 2013; Knight et al., 2016) and δ-Opioid
receptor (δOR) (Costa and Herz, 1989; Merkouris et al., 1997; Neilan et al., 1999). Upon agonist
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binding, their equilibrium is further shifted towards the R* state, resulting in amplification of
receptor-mediated signalling. Such receptors can exist naturally or arise due to mutations
within the receptor, in turn generating constitutively active mutants (CAMs). CAM receptors
are defined as receptors which exhibit an increased level of basal activity relative to their wild
type (WT) counterpart; They can be created artificially (Parnot et al., 2002; Ladds et al., 2005)
or occur naturally, with the latter having been implicated in several hereditary and acquired
diseases, including hyperthyroidism, blindness and cancer (Parma et al., 1993; Rao et al., 1994;
Parnot et al., 2002). On the other hand, GPCR mutants resulting in a loss of constitutive activity
have also been reported (Srinivasan et al., 2004; Tao, 2008).

1.5.4 Receptor dimerisation
Initially GPCRs were thought to exist as distinct monomeric units, but the discovery that class
C GPCRs function as obligate heterodimers (Zhang et al., 2014) has stimulated the gathering of
a wealth of evidence to suggest that numerous GPCRs, such as the β2R, Adenosine, Dopamine,
Muscarinic and Opioid receptors (Limbird et al., 1975; Fuxe et al., 1992; Ng et al., 1996; Jordan
and Devi, 1999; Ginés et al., 2000; Faron-Górecka et al., 2019), are capable of forming homoand heterodimers, or higher order oligomeric complexes. Such data has been obtained from a
variety of biochemical, structural, functional and behavioural studies, ultimately implicating
GPCR oligomers in both health and disease (Milligan, 2007; Albizu et al., 2012; Borroto-Escuela
et al., 2017; Reyes-Resina et al., 2018).
Oligomers have been reported to form due to interactions between the TMDs of the different
receptors involved (Milligan, 2007; Gurevich and Gurevich, 2008; Rivero-Müller et al., 2010;
Borroto-Escuela et al., 2018), and, although the exact structural basis remains elusive, TM4 has
been highlighted as being an important part of the dimerisation interface (Lisenbee and Miller,
2006; Harikumar et al., 2007, 2008, 2012, 2017; Gao et al., 2009; McMillin et al., 2011; Miller
et al., 2012). Dimerisation, or indeed oligomerisation, can have various implications for the
GPCRs involved, modulating receptor pharmacology and function (Terrillon and Bouvier, 2004;
Milligan, 2007).
GPCR dimerisation impacts upon receptor trafficking from the ER to the plasma membrane
(Dong et al., 2007; Minneman, 2007; Décaillot et al., 2008; Dunham and Hall, 2009; Milligan,
2010), as well as agonist-induced receptor endocytosis (Song et al., 2007), with a number of
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GPCRs having been previously established as requiring dimer formation for cell surface
expression (Terrillon and Bouvier, 2004). Exit from the ER requires correct protein folding and
masking of any ER retention signal(s) that would otherwise prevent protein export. Hence,
various GPCRs, such as the GABABR, often require association with their homo- or heterodimer
counterpart in order to mask a C-terminal ER retention motif (Margeta-Mitrovic et al., 2000).
In addition to promoting trafficking to the cell surface, truncated GPCR mutants can also have
dominant-negative effects, preventing membrane expression of the WT receptor through
sequestration in intracellular oligomeric complexes (Salahpour et al., 2004; Wise, 2012).
Receptor dimerisation can also have consequences upon ligand binding and receptor
activation, whereby one protomer allosterically influences the other (Bouhaddou and
Birtwistle, 2014; Lane et al., 2014; White and Bridge, 2018). However, the functional
significance of oligomers with regards to G protein coupling and activation of downstream
signalling cascades remains controversial (Terrillon and Bouvier, 2004): it has been suggested
that some experimental observations could be attributed to receptor overexpression, as often
occurs in model cell systems (Angers et al., 2003). Nonetheless, studies on receptors such as
the GABABR, A1R, A2AR, and δ- and μORs have provided evidence that dimerisation can have
implications upon signal transduction, with dimer formation influencing G protein-coupling
preferences (Jordan and Devi, 1999; George et al., 2000; Margeta-Mitrovic et al., 2000; Prinster
et al., 2005; Milligan, 2007; Kabli et al., 2014; Borroto-Escuela et al., 2018).

1.5.5 Biased agonism
GPCRs are capable of regulating a complex network of intracellular signalling cascades
following agonist-induced activation (Figure 1.2), with the degree of pathway activation
corresponding to agonist strength (Section 1.5.1). Originally, an individual GPCR was thought
to signal through one cognate G protein in order to mediate receptor signalling. However,
several deviations from canonical GPCR signalling pathways been described and it is now clear
that GPCRs can engage with multiple G proteins (Flock et al., 2017) (Section 1.3.2.3), as well as
couple to non-G protein transducers (Lefkowitz and Shenoy, 2005; Reiter and Lefkowitz, 2006)
(Section 1.3.3), in order to initiate additional signalling cascades.
It is well accepted that a particular agonist can activate multiple signalling pathways through
binding to different GPCR subtypes. For example, Adrenaline can activate Gαs, Gαi, and Gαq
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through binding to β, α2 and α1 adrenoceptors, respectively (Benovic et al., 1985; Lefkowitz,
2000). Another level of complexity, however, arises from the capacity of the same receptor to
activate multiple pathways; Whilst some receptors activate a single pathway (Mustain et al.,
2011), many have been reported to possess an ability to activate multiple, distinct signalling
cascades, both G protein-dependent and -independent (Whalen et al., 2011; Reiter et al., 2012;
Weston et al., 2014, 2016; Knight et al., 2016; Pottie et al., 2020). This is further complicated
by the notion that some receptors can bind, and subsequently be activated by, various
agonists. The phenomenon by which a particular ligand can preferentially activate one of
several signalling pathways, whilst another agonist in the same system, acting on the same
receptor is capable of preferentially activating another, is termed ‘biased agonism’ or
‘signalling bias’.
The therapeutic potential of biased signalling is large, as drugs which are capable of selectively
modulating clinically relevant pathways, without affecting other signalling events, may exhibit
fewer side effects (Soergel et al., 2014; Kingwell, 2015). One example of pathway bias is that
observed following activation of the μOR. The μOR is the target of various analgesics, including
Morphine, which elicits its analgesic properties through activation of G protein-mediated
signalling (Belcheva et al., 2000; Al-Hasani and Bruchas, 2011; Pradhan et al., 2012). Chronic
dosing of Morphine however, results in an increased tolerance, reducing Morphine’s efficacy
as an analgesic (Dumas and Pollack, 2008), as well as respiratory suppression, constipation and
addiction (Ammon-Treiber and Höllt, 2005; Ammon-Treiber et al., 2005; Sharawi et al., 2018),
due to activation of β-arrestin2 signalling (Raehal et al., 2005; Hales, 2011). Hence, pathway
bias can have direct implications upon drug efficacy and safety.
Despite extensive research aiming to quantify pathway bias at GPCRs, little is understood about
how this phenomenon occurs, at either a structural or functional level. Therefore, a detailed
understanding of the structural determinants underlying agonist-specific signalling of GPCRs
could allow for rational drug design of novel, selective agents (McCorvy et al., 2018).
Nonetheless, a leading hypothesis is that GPCRs can adopt distinct active conformational states
that are selectively stabilised by different ligands (Liu et al., 2012; Dror et al., 2013; Kruse et
al., 2013; Wacker et al., 2013; Wingler et al., 2019). Receptor/transducer selectivity is thought
to be dictated by agonist-induced receptor conformational changes. In particular, individual
agonists are suggested to stabilise distinct receptor conformations in order to preferentially
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activate certain pathways, hence leading to signalling bias. As such, multiple structures have
been resolved for various GPCRs, including the β2R which displays distinct conformational
changes depending upon the ligand bound (Swaminath et al., 2004, 2005); Structural studies
reveal that upon agonist binding, the cytoplasmic ends of TM6 and 7 within the β2R adopt two
major conformational states: G protein-biased agonist binding primarily shifts the equilibrium
towards the G protein–specific active state of TM6, whereas β-arrestin–biased ligands
predominantly impact the conformational state of TM7 (Liu et al., 2012).
The notion that different ligands can stabilise distinct receptor conformations and
subsequently allow activation of specific pathways is not something that has always been
accounted for in models describing GPCR activation, such as the general two state model
(Figure 1.5) (Kenakin, 2004). Further, whilst a qualitative description into signalling bias may
be achieved by comparing concentration-response curves for each response measured upon
activation of a particular signalling pathway, it does not provide a quantitative measure of
biased agonism. Instead, data obtained from second messenger signalling assays are often
fitted with mathematical models, such as the operational model of pharmacological agonism
(Black and Leff, 1983), in order to calculate parameters describing an agonist’s ability to
activate a receptor and initiate signal transduction.
A key requirement for methods aiming to quantify biased agonism is the use of a common
reference compound which attempts to overcome observational and systematic bias, allowing
relative agonist activity to be compared across various assays (Kenakin, 2008, 2017). The
operational model of pharmacological agonism (Black and Leff, 1983), which allows for systemindependent quantification of agonist activity via the relative transduction coefficient
(Δlog(τ/Ka)), is often utilised, using concentration-response data from both the test agonist and
the reference agonist in order to calculate a measurement of intrinsic relative activity (RAi)
(Kenakin and Christopoulos, 2013). Ka refers to a ligand’s intrinsic affinity for its receptor,
whereas τ refers to its intrinsic efficacy. As such, the ratio between these two parameters
(Log(τ/Ka)), and indeed the change in ratio (ΔLog(τ/Ka)) for a given ligand between different
signalling pathways, allows for the quantification of biased agonism (Baltos et al., 2016). RAi
takes into account both the potency and maximal efficacy of the test agonist, and, when the
Hill slope is equal to 1, can be estimated using agonist Emax and EC50 values (Griffin et al., 2007).
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Figure 1.6: Summary of the Black and Leff operational model of pharmacological agonism. An agonist (A) binds the

receptor (R) with an affinity KA to form an agonist–receptor complex (AR). This in turn elicits a response (E) with an
efficacy KE. The operational efficacy (τ) can determined by dividing the total receptor number (RTotal) by KE. The maximal
response of the system is given by Em, and n denotes the Hill coefficient. Figure taken from Carvalho et al. 2021 (Appendix
2).

1.6 Adenosine receptors
Adenosine is a naturally occurring nucleoside that is distributed ubiquitously throughout the
body, acting as a local mediator important in the regulation of numerous physiological and
pathological processes (Nayeem et al., 2013; Kjaergaard et al., 2018; Vigano et al., 2019;
Halpin-Veszeleiova and Hatfield, 2020). It exerts its effects through the AR class of GPCRs, of
which there are four distinct subtypes, the: A1R, A2AR, A2BR and A3R (Fredholm et al., 2000,
2011). ARs are widely expressed throughout the body, with each subtype exhibiting unique
tissue distributions, pharmacological properties and G protein-couplings (Fredholm, 2011).
Adenosine is an important modulator of various homeostatic functions within the central
nervous system, the immune system, the respiratory system and the cardiovascular system
(Sheth et al., 2014). As such, its exact effects depend upon the local concentrations of
Adenosine, as well as the expression levels of each receptor subtype in a given cell, and
receptor dysfunction has been linked to various neurological diseases, as well as cancer,
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inflammation, cardiovascular disease and sleep disorders (Fredholm et al., 2005; Dale and
Frenguelli, 2009; Laubach et al., 2011; Chen et al., 2013; Sachdeva and Gupta, 2013; Allard et
al., 2016; Ballesteros-Yáñez et al., 2018; Cellai et al., 2018).
The ARs were initially classified based upon their pharmacological response profiles, in terms
of inhibition (i.e. A1R and A3R) or stimulation (i.e. A2R) of AC by Adenosine analogues, and
antagonism by methylxanthines (Calker et al., 1979; Londos et al., 1980). The A2 receptor
subtype was subsequently further categorised according to the presence of high-affinity (A2A)
or low-affinity (A2B) binding sites for Adenosine in the brain (Daly et al., 1983). This thesis aims
to prove an in-depth study into the molecular pharmacology of the A2AR, with a particular
emphasis upon receptor internalisation and arrestin recruitment, and how this may vary
between AR subtypes. Thus, it is important to be familiar with the current literature with
regards to the signalling properties of individual receptor subtypes, and how they are
regulated.

1.6.1 Adenosine A1 receptor
The A1R exhibits a high affinity for Adenosine (~70 nM) (Dunwiddie and Masino, 2003) and is
expressed in many different tissues. Whilst it is predominantly coupled to PTX-sensitive Gαi/o
proteins (Munshi et al., 1991; Stewart et al., 2009; Knight et al., 2016), and hence tends to
reduce intracellular cAMP levels following receptor activation, stimulation of the A1R has also
been shown to lead to: modulation of Ca2+ (Liu and Gao, 2007) and K+ (Kirsch et al., 1990)
channels; activation of PLC via Gβγ (Dickenson and Hill, 1998) or Gα16 (Liu and Wong, 2004);
and phosphorylation of ERK1/2 via both G protein-dependent and -independent mechanisms
(Schulte and Fredholm, 2003; Werry et al., 2006). Furthermore, the A1R has also been observed
to couple to Gαs (Cordeaux et al., 2000, 2004), thus displaying an ability to activate two
opposing signalling pathways.
Functional desensitisation and downregulation of the A1R has been reported to occur following
uncoupling from Gαi/o due to receptor phosphorylation (Figure 1.7), and has been documented
as being either GRK- and β-arrestin-dependent (Nie et al., 1997; Jajoo et al., 2010) or PKA- and
PKC-dependent (Ciruela et al., 1997), subject to the cell line under investigation. However, in
some cases, A1R desensitisation has been reported to develop quite slowly, requiring hours of
agonist exposure, culminating in little or no agonist-induced A1R phosphorylation, even in the
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presence of exogenous GRK2, and only limited β-arrestin translocation detected (Ramkumar
et al., 1991; Palmer et al., 1996; Ferguson et al., 2002). Thus, although the A1R undergoes
agonist-induced desensitisation, there are still uncertainties regarding the kinetics and
underlying mechanism(s). Furthermore, A1R populations appear to internalise only slowly, over
the course of several hours, with evidence for both Clathrin-dependent and -independent
mechanisms (Ruiz et al., 1996; Escriche et al., 2003; Soave et al., 2020).

1.6.2 Adenosine A2A receptor
Whilst the A2AR also exhibits a relatively high affinity for Adenosine (~150 nM) (Dunwiddie and
Masino, 2003), agonist binding typically leads to stimulation of AC and activation of the
cAMP/PKA pathway through Gαs class members (Chern et al., 1995; Gubitz et al., 1996; Kull et
al., 2000). However, A2AR stimulation has also been reported to lead to the activation of Gαi/o
in yeast (Knight et al., 2016) and PC12 cells (Lai et al., 1997). Regulation of opposing pathways
may play a critical role in fine-tuning A2AR-mediated signalling (Lai et al., 1997).
Whilst the role of β-arrestins in receptor-dependent responses has not been extensively
investigated, there is evidence to suggest that desensitisation of the A2AR is mediated by GRKs
and β-arrestins, with GRK2-mediated phosphorylation of Thr298 on the A2AR critical for acute
receptor desensitisation and downregulation (Mundell et al., 1997, 1998; Palmer and Stiles,
1997; Willets et al., 1999; Khoa et al., 2006). Conversely, the A2AR has been suggested as being
resistant to desensitisation in some cell lines (Charalambous et al., 2008), or subject to
phosphorylation by PKC (Palmer and Stiles, 1999). PKC-mediated phosphorylation, however,
was not revealed to affect agonist-dependent signalling or receptor internalisation.
Although there is evidence to suggest that the A2AR internalises in a β-arrestin-dependent
manner, internalisation of the A2AR has been suggested as important for receptor
resensitisation, rather than desensitisation (Mundell and Kelly, 1998b). However, there is much
controversy regarding internalisation of the A2AR, with extensive agonist-induced
internalisation observed in some studies, but little to none detected in others (Hillion et al.,
2002; Burgueño et al., 2003; Genedani et al., 2005; Torvinen et al., 2005; Brand et al., 2008;
Piirainen et al., 2017; Navarro et al., 2020). Discrepancies between reports of agonist-induced
receptor endocytosis is argued to be due to the high level of constitutive A2AR activity, and,
therefore, constitutive receptor internalisation (Piirainen et al., 2017; Schmidt et al., 2020).
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In contrast to other AR subtypes, the A2AR has a particularly long C-terminus (>120 amino acids)
(Figure 1.7) which serves as a binding site for numerous interacting proteins such as α-actinin
and the Dopamine D2 receptor (D2R) (Burgueño et al., 2003; Keuerleber et al., 2011; Chen et
al., 2014). Interactions between α-actinin and the A2AR have been suggested to regulate the
quantity and activity of the A2AR at the cell surface, regulating β-arrestin-dependent
internalisation and trafficking of A2AR (Burgueño et al., 2003), as well as GRK specificity
(Freeman et al., 2000) Furthermore, the A2AR forms a functional complex with the D2R, with
A2AR stimulation influencing the affinity of ligands binding to the D2R, as well as potentiating
D2R-mediated signalling and β-arrestin recruitment, and subsequent internalisation of the D2R
(Fuxe et al., 1992, 2005, 2014; Torvinen et al., 2004; Genedani et al., 2005; Borroto-Escuela et
al., 2011, 2018; Huang et al., 2013; Borroto-Escuela and Fuxe, 2019).

1.6.3 Adenosine A2B receptor
Of the four AR subtypes, the A2BR is the least studied and understood, and exhibits the lowest
affinity for Adenosine (~5.1 μM) (Dunwiddie and Masino, 2003). As such, A2BR signalling
typically becomes physiologically relevant under pathological conditions, such as hypoxia,
inflammation and other metabolically stressful conditions, whereby the extracellular
concentrations of Adenosine dramatically increase. As is the case for various receptors, the
precise functional consequences of A2BR activation are often cell type-dependent: A2BR
activation typically leads to the activation of Gαs proteins, increasing cAMP production and
stimulating PKA-dependent signalling pathways (Feoktistov et al., 1994; Marquès et al., 1999).
However, the A2BR has also been reported to couple to Gαq/11 and Gαi/o (Allard et al., 2017;
Gao et al., 2017), stimulating ERK1/2 phosphorylation downstream of Gαi/o, PI3K, PKC, PKA or
EPAC activation, in a system-dependent manner (Gao et al., 2017).
The A2BR has been reported to rapidly desensitise, in a GRK- and β-arrestin-dependent manner,
with phosphorylation of Ser329 important for receptor desensitisation and internalisation
(Mundell et al., 1997, 1999, 2000; Haynes et al., 1999; Matharu et al., 2001). In particular, the
C-terminal domain (CTD) has been reported as necessary for Dynamin-, arrestin- and Clathrindependent endocytosis, containing a PDZ motif which may further modulate receptor
localisation and trafficking (Figure 1.7) (Matharu et al., 2001; Mundell et al., 2010). However,
regulation of A2BR-mediated signalling occurs in a cell context-dependent manner (Breschi et
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al., 2007; Kong et al., 2008): the A2BR has also been documented as being a target for
heterologous desensitisation, with TNF-α treatment inducing PKC-dependent phosphorylation
and receptor downregulation, through modulation of A2BR sensitivity (Trincavelli et al., 2004,
2008; Cohen and Downey, 2009; Cohen et al., 2010).

1.6.4 Adenosine A3 receptor
Despite the A3R exhibiting a relatively low affinity for Adenosine (~6.5 μM) (Dunwiddie and
Masino, 2003), comparisons between Adenosine- and NECA-induced responses at each AR
subtype reveal agonist-mediated responses to be the most potent at the A3R (Fredholm et al.,
2001; Barkan et al., 2020). Similar to the A1R, however, the A3R is predominantly coupled to
Gαi/o, with receptor activation leading to a decrease in AC activity, reducing cAMP production
(Zhou et al., 1992; Salvatore et al., 1993; Palmer et al., 1995b). Further, A3R-mediated
activation of Gαi/o has also been shown to lead to the phosphorylation of ERK1/2 and activation
of PLC, in a variety of cell lines (Ramkumar et al., 1993; Ramkumarh et al., 1993; Abbracchio et
al., 1995; Hammarberg et al., 2003; Zhong et al., 2003; Gao et al., 2011). In addition to Gαi/o,
Gβγ proteins have also been reported to mediate A3R-evoked activation of PI3K, Akt and
ERK1/2 pathways (Dumont et al., 2001; Schulte and Fredholm, 2002), and numerous βarrestin-biased ligands have been identified for the A3R (Gao and Jacobson, 2008; Gao et al.,
2011).
The A3R has been revealed to undergo rapid and extensive receptor desensitisation via GRKand β-arrestin-dependent mechanisms, with various threonine residues within the CTD
postulated to serve as GRK phosphorylation sites (Figure 1.7) (Ramkumar et al., 1991; Palmer
et al., 1995a, 1996; Palmer and Stiles, 2000; Trincavelli et al., 2002a; Gao and Jacobson, 2008),
and selective downregulation of associated Gαi/o and Gβγ subunits following prolonged agonist
exposure (Palmer et al., 1995b). There is also evidence to suggest MAPK-mediated regulation
of A3R signalling, through the modulation of interactions between GRK2 and the A3R (Palmer
et al., 1995a; Trincavelli et al., 2002b). Moreover, studies investigating internalisation of the
A3R have revealed the receptor to internalise rapidly, in a β-arrestin- and ligand-dependent
manner (Santini et al., 2000; Trincavelli et al., 2000; Gao and Jacobson, 2008; Stoddart et al.,
2015).
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Figure 1.7: Structures and sequences of the human Adenosine receptors. The structures shown correspond to the Adenosine A1

(A), A2A (B), A2B (C) or A3 (D) receptor, with suggested regulatory elements within the C-termini highlighted: predicted caveolininteracting motifs in green; AP2-interacting motifs in blue; PDZ-interacting motifs in pink; serine and threonine residues in yellow;
and potential phosphorylation sites (predicted by a NetPhos score < 0.5) in purple. The threonine residue highlighted in red for
the human A2AR is equivalent to Thr298 in the canine sequence, which has been shown to be important for agonist-induced
phosphorylation and desensitisation. Structures have been taken from gpcrdb.org, and regulatory elements have been taken
form Mundell et al. 2010.
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1.7 β2 adrenoceptor
There are three β adrenoceptor (βR) subtypes: β1R, β2R and β3R (Frielle et al., 1987; Kobilka et
al., 1987; Emorine et al., 1989), central to various homeostatic processes. Notably, βRs play
central roles in the regulation of cardiac and pulmonary functions, providing a primary control
point for the modulation of heart rate and myocardial contractility, and regulation of
bronchodilation, respectively (Bylund, 2007; Madamanchi, 2007; Leblais et al., 2008; Wachter
and Gilbert, 2012). In particular, the β2R, activated by the naturally-occurring catecholamines
Adrenaline and Noradrenaline, is perhaps the most extensively characterised GPCR in terms of
its structure, function and regulation: it was the first human GPCR structure to be determined,
using an inverse agonist bound to the β2R in 2007 (Rasmussen et al., 2007). Since then, more
than 20 distinct structures have been resolved, with the β2R in various G protein-, nanobody-,
agonist-, inverse agonist- or antagonist-bound conformational states (Cherezov et al., 2007;
Hanson et al., 2008; Wacker et al., 2010; Rasmussen et al., 2011, 2012; Rosenbaum et al., 2011;
Zou et al., 2012; Ring et al., 2013; Weichert et al., 2014; Staus et al., 2016; Liu et al., 2017,
2019; Imai et al., 2020). As such, the β2R is often referred to as a prototypical GPCR, providing
valuable insights into the general mechanisms governing receptor activation, signalling and
regulation. Hence, for the purposes of this study, the β2R has been utilised as a positive control
for various assays, such as investigating cAMP signalling, receptor internalisation and agonistmediated arrestin recruitment.
The classic pathway of β2R signalling involves the agonist-dependent activation of Gαs proteins,
promoting the activation of AC and downstream induction of the cAMP/PKA pathway (Xiaos et
al., 1994; Perry et al., 2002; Kim et al., 2014). However, in addition to Gαs, the β2R also couples
to PTX–sensitive Gαi proteins, Gαi2 and Gαi3 (Xiao et al., 1999a). Such coupling of the receptor
to both Gαs and Gαi subtypes mediates, to a large extent, the differential actions of the various
βR subtypes on cardiac Ca2+ handling, contractility, cAMP accumulation, MAPK, ERK1/2 and Akt
activation, and PKA-mediated protein phosphorylation (Xiao et al., 1999b; Zamah et al., 2002;
Pabbidi et al., 2016). Further, studies in cultured cells have suggested that PKA-mediated
phosphorylation of the β2R regulates its coupling specificity with respect to Gαs and Gαi (Zamah
et al., 2002).
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Following agonist stimulation of the β2R, Gβγ subunits interact with β adrenoceptor kinases
(βARKs) (GRK2/3) via their pleckstrin-homology domains, bringing the kinases into close
proximity with the receptor and subsequently facilitating phosphorylation of Ser355/356
within the receptor’s CTD (Seibold et al., 2000). Phosphorylation by βARKs reduces the affinity
of interaction of the receptor for Gαs, and apparently increases the affinity of interaction for
Gαi (Ungerer et al., 1993; Daaka et al., 1997; Clark et al., 1999), thereby limiting receptor
function; Simple uncoupling is a transient process and may be reversed within minutes of
removal of agonist. In turn, phosphorylated receptors subsequently form high affinity
interactions with β-arrestins (Lohse et al., 1990; January et al., 1997), facilitating rapid receptor
internalisation through interactions with clathrin and other components of the endocytic
machinery (Gagnon et al., 1998; Seachrist et al., 2000).
The β2R has also been reported to undergo PKA-dependent phosphorylation, at Ser261/262
within ICL3 and Ser345/346 within the CTD (Tran et al., 2004; Iyer et al., 2006; Adachi et al.,
2016). Pharmacological studies indicate that the kinetics of each β2R phosphorylation
mechanism are functionally distinct and differentially affected by endocytosis (Shen et al.,
2018): βARK- and PKA-phosphorylated subpopulations segregate into distinct microdomains
within the plasma membrane (Shen et al., 2018). Whilst GRK-phosphorylated β2Rs undergo
endocytosis, PKA-phosphorylated β2Rs remain on the cell surface, ultimately yielding
differences in the rates of resensitisation following agonist stimulation: dephosphorylation of
PKA sites occurs rapidly at the plasma membrane (t1/2 ~9 minutes), whereas
dephosphorylation of GRK sites occurs more slowly within endosomal compartments (t1/2 ~18
minutes) (Seachrist et al., 2000; Tran et al., 2007).

1.8

Class B GPCRs

This study attempts to characterise the pharmacology of various class B GPCRs. In particular,
the CTR and CLR, as well as the CRFR2 and GHRHR. This thesis also aims to investigate the
ability of receptor activity-modifying proteins (RAMPs) to interact with GPCRs such as the CLR,
GIPR and GLP-1R, as well as the ability of RAMP1 to modulate CLR-dependent second
messenger signalling. Thus, a brief introduction into the pharmacology of these class B GPCRs
is provided herein.
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1.8.1 Calcitonin and Calcitonin-like receptors
The CT class of peptides consists of six members, namely: CT, amylin (AMY), α and β calcitonin
gene-related peptide (αCGRP and βCGRP), adrenomedullin (AM), and adrenomedullin 2 (AM2),
also known as Intermedin (Amara et al., 1982; Cooper et al., 1987; Kitamura et al., 1993; Roh
et al., 2004); In some species, calcitonin receptor-stimulating peptide (CSP) is present instead
of βCGRP (Katafuchi et al., 2009). These peptides range from 32 to 52 amino acids in length
and although they share only a limited sequence homology, they possess a similar secondary
structure, consisting of an amidated C-terminus, a central α- helical region, and a N-terminus
composed of a six amino acid ring structure (seven in CT) (Poyner et al., 2002), and are
responsible for a diverse array of functions. Consequently, the receptors upon which they act
have a therapeutic relevance for many conditions, including osteoporosis, diabetes, migraine
and cardiovascular disease (Pondel, 2000; Durham, 2006; Holmes et al., 2013; Hieronymus and
Griffin, 2015).
There are seven distinct receptors for these peptides in mammals, excluding splice variants,
composed of only two GPCRs: the CTR and the CLR. The additional functional receptors arise
from the association of CTR or CLR with RAMPs (Section 1.9) (McLatchie et al., 1998). As for
many class B GPCRs, activation of the CLR and CTR follows a two-domain model: the C-terminus
of the peptide first binds to the extracellular domain (ECD) of the receptor, contributing to the
overall affinity of the peptide, followed by the N-terminus of the peptide binding to the TMD
of the receptor (Pal et al., 2012). Upon activation, each receptor preferentially signals through
Gαs, stimulating cAMP production, but other signal transduction pathways may also be
activated (Walker et al., 2010). Of these agonists, all have been identified as capable of
activating the CTR , whilst only CGRP, AM and AM2 are able to activate the CLR (Albrandt et
al., 1995; Armour et al., 1999; Christopoulos et al., 1999; Leuthäuser et al., 2000; Poyner et al.,
2002; Chang et al., 2004; Kuwasako et al., 2004; Roh et al., 2004; Bailey and Hay, 2006; Wunder
et al., 2008; Walker et al., 2010; Bailey et al., 2012; Barwell et al., 2012; Gingell et al., 2016;
Hay and Pioszak, 2016).
Whilst association with RAMPs is able to modulate agonist preference and CLR/CTR
pharmacology, RAMPs also act as molecular chaperones, facilitating the export and trafficking
of GPCRs from the ER to the plasma membrane (Section 1.9); In particular, the CLR, unlike
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other GPCRs, is unable to traffic to the cell surface on its own. Hence, the CLR requires
association with one of three RAMPs, with RAMP-CLR heterodimers subsequently able to
traffic to the cell surface (Cooray et al., 2009; Hay and Pioszak, 2016).

1.8.2 Corticotrophin-releasing factor receptors
CRF, which is involved in stress, depression, and anxiety (Arborelius et al., 1999; Koob and
Heinrichs, 1999; Maillot et al., 2000; Bale and Vale, 2004; Ryabinin et al., 2012), acts through
type 1 and type 2 CRFRs, CRFR1 and CRFR2, respectively. The CRF system is comprised of four
neuropeptides (CRF and Urocortin1-3), two receptors (CRFR1 and CRFR2) and CRF binding
proteins (CRF-BPs). Both CRF and Urocortin1 have a high affinity for either type of CRF receptor
as well as CRF-BP, whereas Urocortin2 and Urocortin3 have selectively high affinities for CRFR2
(Bale and Vale, 2004; Gysling, 2012). Human CRF receptors are approximately 411-420 amino
acids in length and share ~70% sequence homology. Further, they are capable of forming
heterodimeric complexes, with CRFR1 also reported to form functional complexes with RAMPs
(Kraetke et al., 2005; Milan-Lobo et al., 2009; Wootten et al., 2013).
CRFRs typically bring about their effects by primarily coupling to Gαs, activating AC and
downstream cAMP- and PKA-dependent pathways (Bailey et al., 2019). However, in certain
tissues, CRF is unable to activate this pathway, instead activating alternative signalling
cascades involving PKC, Akt and MAPKs (Grammatopoulos et al., 1994; Kiang, 1997; Perrin and
Vale, 1999; Cantarella et al., 2001; Kostic et al., 2001; Makrigiannakis et al., 2001; Dautzenberg
and Hauger, 2002; Dermitzaki et al., 2002). Indeed, several studies investigating CRFRs in
overexpression systems have demonstrated activation of various different G proteins, with a
general order of potency Gαs ≥ Gαo > Gαq/11 > Gαi1/2 > Gαz (Grammatopoulos and Chrousos,
2002). In contrast, in native cells, the pattern of G protein activation by endogenous CRFRs
appears to be tissue-dependent (Ulisse et al., 1990; Heldwein et al., 1996; Grammatopoulos et
al., 2001; Karteris et al., 2001).

1.8.3 Growth hormone-releasing hormone receptor
GHRH is a 44 amino acid peptide secreted by the hypothalamus which stimulates the release
of growth hormone (GH), a peptide hormone that promotes longitudinal growth (Harvey and
Hull, 1997; Ohlsson et al., 1998). Hence, the GHRHR is fundamental for cell growth,
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development and proliferation, and GHRHR dysfunction has been linked to various growth or
metabolic disorders (Mayo et al., 1995; Martari and Salvatori, 2009), such as dwarfism (Eicher
and Beamer, 1976; Camats et al., 2012), growth hormone deficiency (Arman et al., 2014) and
growth hormone-secreting tumours (Landis et al., 1989). Whilst the GHRHR couples to Gαs,
promoting the activation of AC and, therefore, cAMP production (Katsushima et al., 2013; Zhou
et al., 2020), it has also been reported to increase intracellular Ca2+ levels through modulation
of both Ca2+i stores and Ca2+ channels (Petit et al., 1999; Kostic et al., 2002).

1.8.4 Incretin receptors
Intake of oral glucose is known to elicit a much larger insulin response than glucose
administered intravenously (Mcintyre et al., 1964). This phenomenon, termed the ‘incretin
effect’, is mediated by incretin hormones secreted from the gut in response to glucose intake,
although ingestion of lipids and amino acids can also stimulate their secretion (Baggio and
Drucker, 2007): they act to potentiate insulin secretion in a glucose-dependent manner. To
date, only two incretin hormones have been identified: GIP and GLP-1, with both further
revealed to be important regulators of lipid metabolism and appetite (Edholm et al., 2010).
Hence, their receptors, the GIPR and GLP-1R, respectively, provide attractive drug targets for
the treatment of type II diabetes and obesity (Bastin and Andreelli, 2019; Holst and Rosenkilde,
2020).
GIP (also known as GIP(1-42)) is a 42 amino acid peptide derived from a 153 amino acid
precursor though post-translational processing (Fehmann et al., 1995). GLP-1, on the other
hand, is one of many post-translational products of the proglucagon gene, which can also
produce glucagon and oxyntomodulin (Mosjov et al., 1986). Full-length GLP-1(1-37) must be
further processed to produce GLP-1(7-37) and GLP-1(7-36)NH2 before the peptide becomes
biologically active. Whilst GLP-1(7-37) and GLP-1(7-36)NH2 are equipotent, the majority of the
circulating active peptide is GLP-1(7-36)NH2 (Edwards et al., 1999). Both GIP and GLP-1 are
rapidly inactivated by the enzyme dipeptidyl peptidase IV (DPP-IV) (Deacon et al., 1995, 2000),
limiting use of either native peptide in the treatment of type II diabetes. As such, various DPPIV-resistant incretin mimetics have been developed, including GIP(D-Ala2), which are less
susceptible to enzymatic degradation (Hinke et al., 2002).
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Although they have been reported to couple to other G proteins, GIPR and GLP-1R signal
primarily through Gαs, leading to the activation of AC and an increase in intracellular cAMP. In
pancreatic β-cells, for example, this can lead to PKA-dependent inhibition of K+ channels,
resulting in membrane depolarisation, the opening of voltage-gated Ca2+ channels and the
release of Ca2+ from intracellular stores, ultimately, releasing insulin (Yabe and Seino, 2011).
The GLP-1R has also been shown to signal via Gαi/o and Gαq/11 proteins, as well as β-arrestins,
promoting activation of downstream effectors such as PI3K, Akt, MAPK and ERK1/2 (MontroseRafizadeh et al., 1999; Baggio and Drucker, 2007; Sonoda et al., 2008; Harikumar et al., 2012;
Koole et al., 2012; Weston et al., 2014; Oduori et al., 2020). Furthermore, the GIPR has also
been suggested to pleiotropically couple to various G protein subtypes, with a rank order of
potency of Gαs ≈ Gα12 > Gαi2 > Gαq ≈ Gα13 > Gαz > Gαi3 ≈ Gα11> Gα15 > Gα14, leading to
downstream activation of PLC and Ca2+i mobilisation, phosphorylation of ERK1/2 and
modulation of intracellular cAMP levels (Harris et al., 2021).
Following agonist stimulation, the GLP-1R is rapidly internalised (Widmann et al., 1995; Kuna
et al., 2013; Roed et al., 2014; Shaaban et al., 2017), via both β-arrestin-dependent (Thompson
and Kanamarlapudi, 2015) and -independent (Syme et al., 2006) mechanisms, with receptor
desensitisation having been reported to occur via both homologous and heterologous
phosphorylation, in a β-arrestin- or PKC-dependent manner, respectively (Widmann et al.,
1996; Baggio et al., 2004; Jorgensen et al., 2005). Furthermore, GLP-1R internalisation has
been revealed to be an integral part of receptor signalling, with findings to suggest that the
GLP-1R colocalises with AC in endosomes, allowing the receptor to continue signalling
following internalisation (Sonoda et al., 2008; Kuna et al., 2013).
The GIPR undergoes rapid homologous desensitisation following chronic GIP exposure, with
reductions in cAMP production observed (Mohammad et al., 2014; Ismail et al., 2015; Killion
et al., 2020). In contrast to the GLP-1R, however, the role of internalisation in signalling through
the GIPR appears to be somewhat controversial: the GIPR has been shown to constitutively
internalise and recycle back to the plasma membrane, resulting in no net change in cell surface
expression (Mohammad et al., 2014), compatible with the fact that GIPR displays a high level
of constitutive activity in terms of cAMP production. However, other studies have found that
even high concentrations of GIP were insufficient to cause receptor internalisation (Roed et
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al., 2015). Hence, regulation of GIPR-mediated signalling and receptor internalisation appears
to be cell type-dependent.

1.9

Receptor activity-modifying proteins

GPCRs are capable of interacting with a plethora of accessory proteins that determine receptor
pharmacology, influencing agonist potency, receptor efficacy and coupling of downstream
effector proteins following receptor activation (Thompson et al., 2014). They are also able to
modulate receptor trafficking and agonist preferences (Couvineau and Laburthe, 2012;
Magalhaes et al., 2012). One such class of accessory proteins is that of RAMPs; RAMPs are
single span transmembrane proteins that exist as three distinct isoforms in humans: RAMP1
(148 amino acids), RAMP2 (174 amino acids) and RAMP3 (148 amino acids). All three isoforms
possess a similar α-helical structure, despite only sharing ~30% amino acid homology (Udawela
et al., 2004; Benítez-Páez, 2006; Nag et al., 2006; Hay and Pioszak, 2016). However, slight
differences in their N- and C-terminal domains, such as the addition of 28 amino acids in the
extracellular portion of RAMP2 and the presence of a PDZ-interacting motif in the CTD of
RAMP3, have been thought to underpin their functional differences (Serafin et al., 2020).
To date, RAMPs have been found to be ubiquitously expressed (McLatchie et al., 1998;
Husmann et al., 2000; Ueda et al., 2001), suggesting that they play crucial roles in the
modulation of GPCR-mediated signalling. Accordingly, studies have shown that changes in
RAMP expression are associated with various pathological states, such as cardiovascular
disease and hypertension (Cueille et al., 2002; Wootten et al., 2010; Barrick et al., 2012; Jacob
et al., 2012; Kechele et al., 2016). RAMPs also contribute to biased agonism at associating
receptors (Weston et al., 2014; Woolley et al., 2017; Harris et al., 2021). For example, whilst
CLR-RAMP pharmacology is often investigated in terms of Gαs-mediated cAMP production,
CLR-RAMP signalling profiles have been suggested to also consist of a PTX-sensitive G protein
component (Kim, 1991; Wiley et al., 1992; Main et al., 1998; Disa et al., 2000). Furthermore,
there is also evidence to suggest that RAMP-CLR complexes can signal via Gαq/11 (Hay et al,
2003, Dickerson, 2010), leading to cytosolic PKC activation, as well as nuclear and cytosolic
activation of ERK1/2 (Schaeffer et al., 2003; Yu et al., 2006; Dickerson, 2013; Clark et al., 2021).
RAMPs were initially identified as influencers of receptor glycosylation, as well as regulators of
receptor trafficking to the plasma membrane; Indeed, RAMP expression was revealed to be
40

Chapter 1 - Introduction
crucial for export of the CLR from the ER and subsequent trafficking to the cell surface
(McLatchie et al., 1998). However, more recent studies have found that other GPCRs, which
can be functionally expressed in the absence of an associating RAMP, can also interact with
RAMPs, particularly class B receptors (McLatchie et al., 1998; Poyner et al., 2002; Christopoulos
et al., 2003; Morfis et al., 2008; Harikumar et al., 2009; Wootten et al., 2013; Weston et al.,
2015, 2016), although interactions have also been detected between RAMPs and class A
(Lenhart et al., 2013) and C (Huang and Miller, 2007) GPCRs. Thus, RAMPs are not an absolute
requirement for GPCR trafficking to the cell surface.
RAMPs, however, do require interactions with an associating GPCR for their own expression at
the cell surface (McLatchie et al., 1998): RAMPs possess an ER retention signal within their CTD
(Steiner et al., 2002); RAMP association with the CLR overrides this retention signal, allowing
translocation of the CLR-RAMP heterodimeric complex to the plasma membrane. Once a
RAMP-GPCR oligomer has formed, it is typically thought that they stay associated for the life
of the receptor, also influencing receptor internalisation (Hilairet et al., 2001; Kuwasako et al.,
2010; Harris et al., 2021). However, much less is known about how RAMPs regulate receptor
endocytosis.
RAMPs possess an ability to modulate the pharmacology of the GPCR(s) with which they
associate, with interactions dramatically affecting ligand binding preferences, altering ligand
affinities and potencies (Hong et al., 2012; Weston et al., 2015), as well as coupling to
downstream effector proteins (Udawela et al., 2006a), generating distinct receptor
phenotypes dependent upon the identity of the interacting RAMP isoform. In terms of the CLR,
association with individual RAMPs results in the formation of three distinct receptor
phenotypes, each of which can be activated by CGRP, AM and AM2: RAMP1-CLR heterodimers
form the CGRP receptor; RAMP2-CLR heterodimers form the AM1 receptor; and RAMP3-CLR
heterodimers form the AM2 receptor (McLatchie et al., 1998; Poyner et al., 2002). All RAMPCLR dimers display an ability to couple to Gαs, resulting in the downstream production of cAMP
(Poyner et al., 2002; Bailey and Hay, 2006; Walker et al., 2010; Barwell et al., 2012; Hong et al.,
2012; Weston et al., 2016). In the case of the RAMP1-CLR complexes, CGRP is termed the
cognate ligand for this receptor, whereas AM is the cognate ligand of RAMP2-CLR and RAMP3CLR heteromers.
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These effects have been mapped to the individual domains of the RAMPs, whereby the NTD
influences ligand binding, the CTD influences G protein-coupling and activation of downstream
effectors, and the TMD interacts with the associating GPCR (Mallee et al., 2002; Udawela et
al., 2006b, 2006a; Gingell et al., 2010; Moore et al., 2010; Zhao et al., 2016); Structural studies
have revealed that RAMPs induce distinct orientations of the extracellular domains of the
GPCR, in turn modulating the orientation of the TMDs and ultimately influencing G protein
interactions with the associating receptor(s) (Liang et al., 2020b). Indeed, the TMD of RAMP1
has been shown to sit between TM3/4/5 of CLR, whilst the extracellular portion loops over and
stabilises ECL2 of CLR (Figure 1.8) (Liang et al., 2018), with RAMP2/3 forming similar
interactions (Liang et al., 2020a). Hence, RAMPs provide a mechanism by which cells can
modulate and regulate the pharmacology of receptors they currently express in response to
simulation with differing agonists, allowing one particular GPCR to elicit various biological
responses.
Figure 1.8: Interactions formed between CLR and RAMP1. The

extracellular domain of RAMP1 has been proposed to loop over
extracellular loop 2 (ECL2) of CLR, with the transmembrane (TM)
portion of RAMP1 (blue) sitting between TM3, TM4 and TM5 of
CLR (yellow). RAMP2 and RAMP3 have been suggested to form
similar interactions with CLR, with extensive van der Waal
interactions or hydrogen bonds formed between RAMP and ECL2
or TM3/4/5 of CLR. Residues W74 and W84 circled within RAMP1
represent the site of point mutations introduced within this thesis.
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1.10 Aims and objectives
This work aims to investigate the pharmacology of the A2AR, the CRFR2, the GHRHR and the
CTR, as well as study interactions between RAMPs and GPCRs, focussing upon the effects of
RAMP1 mutations on CLR-dependent signalling.
Work pertaining to the A2AR investigates receptor internalisation, and how this may be
important for agonist-mediated signalling. Whilst this thesis predominantly reports my own
findings, the data also includes a panel of confocal microscopy images gathered via an
independent investigation by colleagues at the University of Nottingham, UK. Hence, I aim to:
•

Investigate the effects of multiple inhibitors of internalisation upon A2AR-mediated
cAMP production, using various AR agonists

•

Study the time course profile of A2AR-mediated cAMP production, and how this may
also be affected by small molecule inhibitors

•

Quantify A2AR-mediated β-arrestin recruitment

•

Quantify agonist-induced A2AR internalisation

Work relating to RAMP-GPCR interactions is part of various collaborative, ongoing projects. As
such, the data is predominantly that of my own, but includes single molecule total internal
reflection fluorescence (TIRF) microscopy data gathered by colleagues at Aston University, UK,
and the University of Birmingham, UK. Overall, this study aims to:
•

Investigate interactions between RAMPs and the CLR, GIPR and GLP-1R at the cell
surface

•

Study the effects of RAMP1 mutations upon CLR-mediated cAMP production

•

Study the effects of RAMP1 mutations upon CLR-mediated β-arrestin recruitment

Work regarding the CRFR2, the GHRHR and the CTR relates to an ongoing project between the
Ladds’ research group and colleagues at St. Jude Children’s Research Hospital, USA, and the
MRC Laboratory of Molecular Biology (LMB), UK. Whilst the computation analysis was
performed by colleagues at St. Jude Children’s Research Hospital/LMB and flow cytometry
experiments were performed by another member of the Ladds’ research group, the rest of the
data presented is that of my own. Together, this study aims to:
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•

Study the effect of receptor mutations identified from population studies upon:
o cAMP production
o β-arrestin recruitment
o Ca2+i mobilisation
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Chapter 2 - Materials and Methods
2.1 Materials
2.1.1 General laboratory reagents
All general laboratory reagents were supplied by Sigma-Aldrich (Dorset, UK) and of analytical
grade, unless otherwise specified. Forskolin was purchased from Sigma-Aldrich; Barbadin was
purchased from Aobious (Gloucester, USA); and Dynasore and Cmpd101 were purchased from
Tocris Bioscience (Bristol, UK). Stock solutions were made up to 10 mM in dimethyl sulfoxide
(DMSO). Rolipram and Ionomycin were purchased from Cayman Chemicals (Michigan, USA),
and stock solutions were made up in DMSO or ethanol, respectively. All compounds were
stored at -20°C, unless stated otherwise.

2.1.2 Ligands
αCGRP, AM, AM2, CT, GIP (1-42), GIP (D-Ala2), CRF, Urocortin and GHRH were purchased from
Bachem (Bubendorf, Switzerland). GLP-1 (7-36)NH2 and Oxyntomodulin were customsynthesised by Generon (Slough, UK). All peptide ligands were of human origin and were made
up to 1 mM in deionised water (dH2O) containing 0.1% (w/v) bovine serum albumin (BSA).
Peptide ligands were aliquoted and stored at -20°C. BIBN4096, Adenosine, CGS21680
hydrochloride,

5’-N-ethylcarboxamidoadenosine

(NECA),

PSB0777

ammonium

salt,

ZM241385, 2-chloro-N-cyclopentyladenosine (CCPA), N-cyclopentyladenosine (CPA), CV1808,
IB-MECA and Isoprenaline hydrochloride were purchased from Tocris Bioscience. Cmpd 20 and
Cmpd 21 were synthesised by Dr. Jennifer Hemmings (University of Bern, Switzerland), as
described previously (Knight et al., 2016). Small molecule ligand stocks were made up to 10
mM in DMSO and stored at -20°C until use.

2.1.3 Molecular biology reagents
2.1.3.1 Bacterial strains
Chemically competent DH5α Escherichia coli (E. coli) (Green and Sambrook, 2012) were
purchased from Stratagene (California, USA) (phenotype: supE44 hsdR17 endA96 thi1 relA1
recA1 gyrA96). Competent cells were cultured either in suspension, in liquid Luria Broth (LB),
45

Chapter 2 – Materials and Methods
or on LB-agar plates, in the presence of 100 μg/ml Ampicillin or 50 μg/ml Kanamycin, as
appropriate. Ampicillin and Kanamycin were sourced from Sigma-Aldrich and made up to 100
mg/ml or 50 mg/ml in dH20, respectively, and stored at -20°C following reconstitution.

2.1.3.2 Plasmids and oligonucleotides
All oligonucleotides were supplied at 100 μM in dH20, by Sigma-Aldrich. Plasmids and
expression vectors used within this study are summarised within Table 2.1.
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Table 2.1: Plasmids used within this thesis.
Construct

Source

pcDNA3.1/SNAP-GLP-1R-mCherry

Dr. Ashley Clark
(University of Cambridge, UK)

pcDNA3.1/MCS(pcDNA3.1)-NL

Ms. Abigail Pearce
(University of Cambridge, UK)

pcDNA3.1/Rab5a-Venus
pcDNA3.1/Rab7-Venus
pcDNA3.1/Rab11-Venus
pcDNA3.1

Dr. Ewan St. John Smith
(University of Cambridge, UK)

pcDNA3.1/A1R
pcDNA3.1/A2AR
pcDNA3.1/A2BR
pcDNA3.1/A3R
pcDNA3.1/CTR

cDNA Resource Centre

pcDNA3.1/FLAG-RAMP1
pcDNA3.1/FLAG-RAMP2
pcDNA3.1/FLAG-RAMP3

Prof. David Poyner
(Aston University, UK)

pcDNA3.1/HA-CLR

Dr. Harriet Watkins
(University of Auckland, New Zealand)

pcDNA3/GHRHR
pcDNA3/CRFR2

Dr. Simon Dowell
(GlaxoSmithKline, UK)

pcDNA3.1/NL-A1R (Human)
pcDNA3.1/NL-A1R (Rat)
pcDNA3.1/NL-A2AR (Human)
pcDNA3.1/A2AR-NL
pcDNA/A3R-NL
pcDNA3.1/SNAP-MCS(pcDNA3.1)
pcDNA3.1/SNAP-A2AR

Dr. Stephen Briddon
(University of Nottingham, UK)

pcDNA3.1-DEST/HA-FAP-RAMP1
pcDNA3.1-DEST/HA-FAP-RAMP2
pcDNA3.1-DEST/HA-FAP-RAMP3
pcDNA3.1-DEST/HA-FAP-RAMP3∆PDZ
pEYFP-N1/β-arrestin1
pEYFP-N1/β-arrestin2

Dr. Duncan Mackie
(University of North Carolina, USA)

pcDNA3/myc-GIPR

Dr. Matthew Harris
(University of Cambridge, UK)

pcDNA3.1/FLAG-CLIP-β2R

Prof. Davide Calebiro
(University of Birmingham, UK)

pcDNA3.1/GRK1
pcDNA3.1/GRK2
pcDNA3.1/GRK3
pcDNA3.1/GRK4
pcDNA3.1/GRK5
pcDNA3.1/GRK6

Dr. David Finlay
(University of Otago, NZ)
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2.1.3.3 Molecular biology kits and enzymes
QIAprep® Spin Miniprep Kit, QIAquick® Gel Extraction Kit, RNeasy® Mini Kit and QuantiTect
Reverse Transcription Kit were all purchased from Qiagen (Manchester, UK). Phusion® HighFidelity Polymerase, Taq DNA Polymerase and restriction endonucleases were supplied by New
England Biolabs (Massachusetts, USA). T4 DNA Ligase and restriction endonucleases were
bought from Thermo Fisher Scientific (Massachusetts, USA). QuikChange™ Lightning
Mutagenesis Kit was obtained from Agilent Technologies (Santa Clara, USA).

2.1.4 Mammalian cell growth media
Ham’s F-12 Nutrient mix, Dulbecco’s Modified Eagle Medium (DMEM)/F-12 GlutaMAX™ media
and Minimal Essential Media (MEM), containing L-glutamine, were purchased from Thermo
Fisher Scientific. Complete growth media was supplemented with 10% heat-inactivated foetal
bovine serum (FBS) (Sigma-Aldrich), reduced growth media was supplemented with 2% heatinactivated FBS, and serum-free media was without the addition of FBS. All mammalian cell
growth media was supplemented with 1% antibiotic-antimycotic (AA) solution (Sigma-Aldrich).
G418 was also purchased from Sigma-Aldrich. All growth media was stored at 4°C but warmed
to 37°C prior to use.

2.1.5 Pharmacological assay kits
LANCE® cAMP Assay Kit was purchased from Perkin Elmer (Massachusetts, USA). Nano-Glo®
Luciferase Assay System and Nano-Glo® HiBiT Extracellular Detection System were sourced
from Promega (Wisconsin, USA). SNAP-Surface® Alexa Flour® 488 was obtained from New
England Biolabs. Fluo-4 AM Direct Calcium Assay Kit supplemented with 2.5 mM Probenecid
was bought from Invitrogen (Paisley, UK).

2.1.6 Buffers and bacterial growth media
2.1.6.1 Phosphate-Buffered Saline (PBS)
PBS working solutions were made by reconstituting 1 PBS tablet per 200 ml dH20 and
autoclaving at 121°C for 15 minutes. At room temperature, one tablet yields a solution of pH
7.4, containing 0.01 M phosphate buffer, 0.0027 M KCl and 0.137 M NaCl. Working solutions
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were supplemented with 0.1% (w/v) BSA immediately prior to use and made up fresh before
each assay.

2.1.6.2 KREBS buffer
KREBS buffer working solution was composed of 0.126 M NaCl, 2.5 mM KCl, 25 mM NaHCO3,
1.2 mM NaH2PO4, 1.2 mM MgCl2 and 2.5 mM CaCl2 in dH20. Solutions were adjusted to pH 7.2
with 0.1 M HCl and stored at 4°C until use. Working solutions were supplemented with 0.1%
(w/v) BSA immediately prior to use and made up fresh before each assay.

2.1.6.3 Hank’s Balanced Salt Solution (HBSS)
HBSS (without phenol red), with or without Ca2+, was purchased from Lonza (Slough, UK). Both
solutions were composed of 5.6 mM Dextrose, 5.4 mM KCl, 0.4 mM KH2PO4, 4.2 mM Na2CO3,
137 mM NaCl and 0.3 mM Na2HPO4, with the addition of 1.3 mM CaCl2 and 0.8 mM MgSO4 in
Ca2+-containing HBSS solutions. Working solutions were supplemented with 0.1% (w/v) BSA
immediately prior to use and made up fresh before each assay.

2.1.6.4 Tris-Acetate-EDTA (TAE) electrophoresis buffer
A 50x concentrated TAE stock solution consisting of 50 mM ethylenediaminetetraacetic acid
(EDTA), 2 M Tris and 1 M glacial acetic acid was diluted to a 1x working solution in dH20 prior
to use.

2.1.6.5 Luria Broth (LB)
LB working solutions were made by dissolving 8 g of LB powder per 400 ml dH20 and
autoclaving at 121°C for 15 minutes. Media contained 5 g/L NaCl, 10 g/L Tryptone and 5 g/L
yeast extract and was allowed to cool to room temperature before adding antibiotic as
necessary. LB-agar plates were made similarly, with the addition of 7 g bacteriological agar per
400 ml dH20 prior to autoclaving. Once autoclaved, solutions were gradually cooled in a 50°C
water bath prior to the addition of the appropriate antibiotic. Plates were poured under a
flame to prevent contamination, and plates were allowed to set at room temperature before
being stored at 4°C.
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2.2 Methods
2.2.1 Molecular biology techniques
2.2.1.1 E. coli transformation
Chemically competent DH5α E. coli cells (Green and Sambrook, 2012), stored in 100 μl aliquots
at -80°C, were thawed on ice prior to the addition of 100 ng – 1 μg of DNA. Competent cells
were then placed back on ice for 5 minutes, subjected to a 37°C heat shock for 2 minutes, and
then returned to ice for a further 5 minutes. 100 μl of liquid LB was then added, and
transformed cells were allowed to recover for 1 hour at 37°C, with constant agitation, before
overnight growth at 37°C in antibiotic-containing liquid LB cultures, with constant shaking at
1800 rpm, or on LB-agar plates.

2.2.1.2 Plasmid amplification and purification
All plasmids used in this study were prepared through the transformation of competent DH5α
E. coli, followed by overnight growth in 5 – 10 ml liquid LB cultures containing antibiotic. DNA
was then purified through the use of a QIAprep® Spin Miniprep Kit, as per manufacturer’s
protocol, with DNA eluted and resuspended in dH20. The concentration, and purity, of eluted
double stranded (ds)DNA was determined using a NanoDrop™ Lite Spectrophotometer
(Thermo Fisher Scientific); purified constructs were kept at -20°C for long-term storage.

2.2.1.3 Double stranded (ds)DNA sequencing
Prior to use in transfections, all dsDNA used in this study was sequenced using oligonucleotides
binding vector-specific regions to confirm the correct identity and orientation of inserted DNA,
as well as the absence of any unintended mutations being introduced. Sanger sequencing was
performed by the Department of Biochemistry (University of Cambridge, UK).

2.2.1.4 Cloning technique
DNA preparation was performed using QIAprep® Spin Miniprep Kit, as per manufacturer’s
protocols, with DNA being eluted and resuspended in dH20. Standard techniques were used to
manipulate DNA (Green and Sambrook, 2012), with restriction endonucleases being used as
per manufacturer’s recommendations, including an incubation at 37°C for 1 hour. Phusion®
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High-Fidelity Polymerase was used to amplify DNA fragments for cloning, whereas Taq DNA
Polymerase was used to screen bacterial colonies. All reactions were performed according to
manufacturers’ instructions for 50 μl (cloning) or 10 μl (screening) reactions. All ligations were
incubated for ≥4 hours at room temperature, in the presence of T4 DNA Ligase.
DNA fragments were resolved on 1% agarose gels made in 1x TAE containing 0.5 μg/ml
ethidium bromide, and subsequently imaged using a G:Box iChemi Gel Documentation System
(Syngene, Cambridge, UK) utilising GeneTools analysis software (Syngene). Purification of DNA
from agarose gels was performed using a QIAquick® Gel Extraction Kit, and fragments were
subsequently ligated at an insert DNA:vector DNA ratio of 1:1(v/v), 3:1(v/v) or 5:1(v/v), and
incubated with T4 DNA Ligase at room temperature overnight. 10 μl of ligation mixture was
used to transform competent E. coli cells, as previously described in Section 2.2.1.1, with
transformed cells then plated onto LB-agar plates containing antibiotic and incubated at 37°C
overnight. To screen resulting colonies, a single bacterial colony was suspended in 10 μl dH20,
and 1 μl of this suspension was later used as template DNA in a polymerase chain reaction
(PCR). The remainder of the bacterial suspension was stored at 4°C until used to transform
competent E. coli cells, and subsequent dsDNA being purified and sent for sequencing, as
previously described in Sections 2.2.1.1-2.2.1.3. Plasmids, PCR primers and restriction
endonuclease pairs used within this study are summarised within Tables 2.2-2.5.
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5’GGGGAATTCATGCAACGAGACA-3’

5’-GGGGATATCTCAGGTGCGTTTGCT-3’

5’-GGGGATATCTTACAGCGTGTCGGT-3’

5’-GGGGATATCTTAGGCCTGGGCCTC-3’

5’-GGGGATATCCTACACAATGCCCTC-3’

Reverse Primer Sequence

EcoRI and EcoRV

Restriction Enzyme Pair

SNAP-RAMP constructs were generated via PCR of the respective pcDNA3.1-DEST/HA-FAP-RAMP plasmids (Table 2.1), using the oligonucleotide
pairs and restriction enzyme pairs specified above.
Underlined sequence denotes an introduced restriction site.

pcDNA3.1/SNAP-RAMP3∆PDZ

pcDNA3.1/SNAP-RAMP3*

5’-GGGGAATTCACCTCTTCCCACC-3’

5’-GGGGAATTCATGCCAGGAGGCTAAC-3’

pcDNA3.1/SNAP-RAMP1 WT

pcDNA3.1/SNAP-RAMP2

Forward Primer Sequence

Cloned Constructc

Table 2.2: Oligonucleotides used to create N-terminally SNAP-tagged RAMP constructs.
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pcDNA3.1/A2BR

pcDNA3.1/A3R

pcDNA3.1/NL-A2BR

pcDNA3.1/NL-A3R

Vector Backbone

pcDNA3.1/NL-MCS(pcDNA3.1)

pcDNA3.1/NL-A1R (Rat)

F – Forward primer; complimentary to the sense strand of the template DNA.
R – Reverse primer; complimentary to the antisense strand of the template DNA.
Underlined sequence denotes an introduced restriction site.
Bold, underlined sequence denotes partially overlapping primer sequences.

pcDNA3/GHRHR V225I

pcDNA3.1/CTR

pcDNA3.1/NL-CTR WT

pcDNA3.1/NL-GHRHR V225I

pcDNA3/myc-GIPR

pcDNA3.1/NL-GIPR

pcDNA3/GHRHR WT

pcDNA3.1/SNAP-GLP-1R-mCherry

pcDNA3.1/NL-GLP-1R

pcDNA3.1/NL-GHRHR WT

Partially overlapping forward and
reverse primers

pcDNA3.1/NL-MCS(pcDNA3.1)

pcDNA3/CRFR2

pcDNA3.1/HA-CLR

pcDNA3.1/NL-CLR

pcDNA3.1/NL-CRFR2 WT

Template DNA

Cloned Construct

F: 5’-GGGGATCCTCAGAATTAGAAGAGAGTCCTGAGGA-3’
R: 5’-GGGGTCTAGATCAATTATATAAATTTTCTGGT-3’

Primer Sequences

BamHI and ApaI
BamHI and XbaI

F: 5’-GGGGATCCTTGCCCAACAACAGC-3’
R: 5’-GGGCCCTCTAGACTCGAGCTACTCAGAATTC-3’

BamHI and XbaI

EcoRI and XbaI

BamHI and XbaI

Restriction Enzyme Pair

F: 5’-GGGGGGGATCCTTGCTGCTGGAGACACAGGA-3’
R: 5’-CCCCCGGGCCCTCATAGGCCCACACCGAGA-3’

F: 5’-GGGGGGATCCTTGGACCGCCGGATGTGGGGGG-3’
R: 5’-GGGTCTAGACTAGCACATAGATGTCAGCACC-3’

F: 5’-GGGGAATTCGGACGCGGCACTGCTCCAC-3’
R: 5’-GGGGTCTAGATCACACAGCGGCCGTCTGC-3’

F: 5’-GGGGGATCCGCCTTTTCAAATCAAACC-3’
R: 5’-CCCTCTAGACTCGAGTCAAGCAGATGAC-3’

F: 5’-GGGGATCCTCAAGGGCGGAGACAGGCTCTAA-3’
R: 5’-GGGGTCTAGACTAGCAGTAACTTTCCAACTC-3’

F: 5’-AAGGATCCTCACGCCCCCAGGGTGCCACTGTGT-3’
R: 5’-GGGGTCTAGATCAGCTGCAGGAGGCCTGGC-3’

F: 5’-GGGGGGGATCCACTAGTCCAGTGTGGTGGAATTCTGCAGATATCCAGC-3’
R: 5’-GGGGTTTCTAGACTCGAGCGGCCGCCACTGTGCTGGATATCTGCAGAA-3’

Table 2.3: Oligonucleotides and templates used to create N-terminally NanoLuciferase (NL)-tagged GPCR constructs.
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pcDNA3.1/FLAG-CLIP-β2ADR

pcDNA3.1/HA-CLR

pcDNA3.1/NL-MCS(pcDNA3.1)

pcDNA3.1/NL-A1R

pcDNA3.1/NL-A2AR

pcDNA3.1/NL-A2BR

pcDNA3.1/NL-A3R

pcDNA3.1/NL-β2R

pcDNA3.1/HiBiT-A2AR BamHI site mutant

pcDNA3.1/HiBiT-A3R BamHI site mutant

pcDNA3.1/FLAG-CLIPMCS(pcDNA3.1)

pcDNA3.1/FLAG-CLIP-CLR

pcDNA3.1/HiBiT-MCS(pcDNA3.1)

pcDNA3.1/HiBiT-A1R

pcDNA3.1/HiBiT-A2AR WT

pcDNA3.1/HiBiT-A2BR

pcDNA3.1/HiBiT-A3R WT

pcDNA3.1/HiBiT-β2R

pcDNA3.1/HiBiT-A2A-3(CTD)R

pcDNA3.1/HiBiT-A3-2A(CTD)R

pcDNA3.1/HiBiT-A2AR (Human) BamHI site
mutant

pcDNA3.1/HiBiT-A3R BamHI site mutant

pcDNA3.1/HiBiT-MCS(pcDNA3.1)

pcDNA3.1/NL-MCS(pcDNA3.1)

pcDNA3.1/FLAG-CLIP-MCS(pcDNA3.1)

pcDNA3.1/NL-MCS(pcDNA3.1)

Vector Backbone

BamHI and ApaI
BamHI and EcoRI
BamHI and EcoRI

F: 5’-GGGGGGATCCCTGCCGCCCTCCATCTCAGC-3’
R: 5’-TTGGGCCCCTAGTCATCAGGCCTCTCTTCTGGG-3’
F: 5’-GGGGGGATCCCTGCCCATCATGGGCTCC-3’
R: 5’-GGGGAATTCTCAGGACACTCCTGCTCCATCCTGGGCC-3’
F: 5’-GGGGGGGATCCTTGCTGCTGGAGACACAGGA-3’
R: 5’-CCCCCGAATTCTCATAGGCCCACACCGAGA-3’

N/A

NheI and BamHI

BamHI and XhoI

KpnI and BamHI

F: 5’-GGGGGGTACCGCCACCATGCGGCTCTGCATCCCGCAGG-3’
R: 5’-GGGGGGATCCGCTAATCTTCTTGAACAGCCGCCAGCCGCTCACAAGCTTCCGGCTGCCTTCTCCCGGCCC-3’

N/A

BamHI and XbaI

F: 5’-GGGGATCCTCAGAATTAGAAGAGAGTCCTGAGGA-3’
R: 5’-GGGGTCTAGATCAATTATATAAATTTTCTGGT-3’

Restriction Enzyme Pair

HindIII and BamHI

Primer Sequences

N/A

F – Forward primer; complimentary to the sense strand of the template DNA.
R – Reverse primer; complimentary to the antisense strand of the template DNA.
Underlined sequence denotes an introduced restriction site.
Bold, italic, underlined sequence denotes introduced sequence encoding a HiBiT tag.
N/A – Construct was subcloned into the appropriate vector backbone using the specified restriction enzyme pairing, without an initial PCR step.

Template DNA

Cloned Construct

Table 2.4: Oligonucleotides and templates used to create N-terminally CLIP- or HiBiT-tagged GPCR constructs.
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pcDNA3.1/HiBiT-A2A-3(CTD)R

pcDNA3.1/HiBiT-A3-2A(CTD)R

pcDNA3.1/A2A-3(CTD)R-NL

pcDNA3.1/A3-2A(CTD)R-NL

Vector Backbone

pcDNA3.1/A2AR-NL (Human)

pcDNA3.1/A3R-NL

pcDNA3.1/MCS(pcDNA3.1)-NL

F – Forward primer; complimentary to the sense strand of the template DNA.
R – Reverse primer; complimentary to the antisense strand of the template DNA.
Underlined sequence denotes an introduced restriction site.

pcDNA3.1/CTR

pcDNA3.1/NL-CRFR2 R185C

pcDNA3.1/CRFR2-NL R185C

pcDNA3.1/CTR-NL WT

pcDNA3.1/NL-CRFR2 F138L

pcDNA3.1/CRFR2-NL F138L

pcDNA3.1/NL-GHRHR V225I

pcDNA3.1/NL-CRFR2 A134T

pcDNA3.1/CRFR2-NL A134T

pcDNA3.1/GHRHR-NL V225I

pcDNA3.1/NL-β2R

pcDNA3.1/β2R-NL

pcDNA3.1/NL-CRFR2 K307R

pcDNA3.1/A2BR

pcDNA3.1/A2BR-NL

pcDNA3.1/CRFR2-NL K307R

Template DNA

Cloned Construct

Table 2.5: Oligonucleotides and templates used to create C-terminally NanoLuciferase (NL)-tagged GPCR constructs.

XbaI and EcoRI

F: 5’-GGGGGTCTAGAATGGGGCAACCCGGGAACGGCAGCGCC-3’
R: 5’-GGGGGGAATTCCAGCAGTGAGTCATTTGTACTACAATTCC-3’

F: 5’-GGGGTCTAGAATGCCCAACAACAGCACTGC-3’
R: 5’-GGGGGATATCGGGGACACTCCTGCTCCATCCTGGGCCAGGG-3’

F: 5’-GGGTCTAGAATGCCCATCATGGGCTCCTCG-3’
R: 5’-GGGGGATATCGGCTCAGAATTCTTCTCAAT-3’

F: 5’-GGGGTCTAGAATGAGGTTCACATTTACA-3’
R: 5’-GGGGGGATATCCCAGCAGATGACTCTTGCTC-3’

F: 5’-GGGGTCTAGAATGGACCGCCGGATGTGGGGGG-3’
R: 5’-GGGGATATCCACACAGCAGCTGTCTGC-3’

XbaI and EcoRV

XbaI and EcoRV

XbaI and EcoRI

F: 5’-GGGGTCTAGAATGCTGCTGGAGACACAGG-3’
R: 5’-GGGGGAATTCTCCTAGGCCCACACCG-3’

F: 5’-GGGGTCTAGAATGGACGCGGCACTGCTCC-3’
R: 5’-GGGGATATCCACACAGCAGCTGTCTGC-3’

Restriction Enzyme Pair

Primer Sequences
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2.2.1.5 Cloning strategies
2.2.1.5.1 N-terminally SNAP-tagged RAMP constructs
Complementary DNA (cDNA) encoding for N-terminally, dual HA- and FAP-tagged WT RAMP1,
WT RAMP2, WT RAMP3 or RAMP3 lacking the PDZ-interacting domain motif (denoted RAMP3
∆PDZ) (pcDNA3.1-DEST/HA-FAP-RAMP1, -RAMP2, -RAMP3 or -RAMP3 ∆PDZ, respectively),
kindly gifted by Dr. Duncan Mackie (University of North Carolina, USA), was amplified via PCR
to introduce an EcoRI site immediately downstream of the RAMP’s endogenous signal peptide,
and an EcoRV site after the RAMP’s stop codon (Figure 2.1 and Table 2.2). The resultant PCR
products were subsequently digested with EcoRI and EcoRV, as per standard cloning
techniques (Green and Sambrook, 2012), before ligation into pcDNA3.1/SNAP-MCS(pcDNA3.1)
(gifted by Dr. Stephen Briddon, University of Nottingham, UK); To allow for export of RAMP
from the ER and subsequent trafficking to the cell surface, pcDNA3.1/SNAP-MCS(pcDNA3.1)
contains a murine 5-HT3 receptor (5-HT3R) signal peptide immediately upstream of, and in
frame with, the SNAP tag coding sequence.
2.2.1.5.2 N-terminally NanoLuciferase (NL)-tagged GPCR constructs
To facilitate the addition of an N-terminal NanoLuciferase (NL) tag to multiple GPCR constructs,
a base vector was first constructed (Figure 2.2): primers were designed to be identical in
sequence to that of the multiple cloning site (MCS) of pcDNA3.1(+) (between BamHI and XbaI
restriction sites), with partially overlapping sequences which would allow them to anneal
together during a PCR reaction. The resulting PCR fragment would thus correspond to a portion
of the pcDNA3.1(+) MCS flanked with a 5’ BamHI site and a 3’ XbaI site. Both PCR product and
vector (pcDNA3.1/NL-A1R (rat); gifted by Dr. Stephen Briddon, University of Nottingham, UK)
were digested with BamHI and XbaI, and subsequently ligated together. This approach meant
that the rat A1R cDNA within the vector was replaced with the MCS of pcDNA3.1(+), allowing
future introduction of a GPCR of interest immediately downstream of a NL tag. The extreme
N-termini of various GPCR sequences, in particular those of class B GPCRs, encode for a signal
peptide which is necessary for export of the GPCR from the ER and subsequent trafficking to
the cell surface (Rutz et al., 2015). Once at the plasma membrane, the majority of signal
peptides are cleaved, not appearing in the mature protein. To generate N-terminally NL-tagged
GPCR constructs, the NL tag must be inserted downstream of a signal peptide to prevent
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cleavage along with the signal peptide. Hence, the pcDNA3.1/NL-MCS(pcDNA3.1) base vector
includes a murine 5-HT3R signal peptide immediately upstream of, and in frame with, the NL
tag coding sequence.
To tag a GPCR of interest with an N-terminal NL tag, GPCR cDNA (excluding the endogenous
signal peptide, except in the case of CRFR2 as the signal peptide is not cleaved) was amplified
via PCR using the forward and reverse primer combinations specified in Table 2.3 in order to
introduce restriction sites either end of the GPCR coding sequence. The resulting PCR products
were then digested with the appropriate restriction enzyme pairs, as per standard cloning
techniques (Green and Sambrook, 2012), and subsequently ligated into pcDNA3.1/NLMCS(pcDNA3.1) (Figure 2.3).
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Figure 2.1: Cloning strategy for generating SNAP-RAMP constructs. RAMP1/2/3/3∆PDZ cDNA was

amplified from pcDNA3.1-DEST/HA-FAP-RAMP1/2/3/3∆PDZ and amplified via PCR using Phusion®
High-Fidelity Polymerase, using primers (Table 2.2) to introduce a 5’ EcoRI site immediately after the
native signal peptide, and a 3’ EcoRV site immediately after the stop codon. The resulting PCR
products were then digested with EcoRI and EcoRV for 1 hour at 37℃, before ligation with digested
pcDNA3.1/SNAP-MCS(pcDNA3.1) backbone for ≥4 hours at room temperature, using T4 DNA Ligase.
Resulting ligations were used to transform competent E. coli cells. Schematic made using
BioRender.com
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(Rat)

Figure 2.2: Cloning strategy for generating NL-MCS(pcDNA3.1) base vector. Primers (outlined in

Table 2.3) containing sequences identical to the MCS of pcDNA3.1(+) (between BamHI and XbaI)
were designed such that they were partially overlapping. A PCR reaction using Phusion® High-Fidelity
Polymerase allowed the primers to anneal together, creating a fragment flanked with a 5’ BamHI site
and a 3’ XbaI site. The resultant PCR product was then digested for 1 hour at 37℃, before ligation
with digested pcDNA3.1/NL-A1R (Rat) (A1R removed during the digest reaction) for ≥4 hours at room
temperature, using T4 DNA Ligase. Resulting ligations were used to transform competent E. coli cells.
Schematic made using BioRender.com
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Figure 2.3: Cloning strategy for generating NL-GPCR constructs. Primers (outlined in Table 2.3) were

used to introduce restriction sites immediately upstream and downstream of GPCR cDNA sequences
via PCR using Phusion® High-Fidelity Polymerase. The resultant PCR products were then digested for
1 hour at 37℃, before ligation with digested pcDNA3.1/NL-MCS(pcDNA(3.1) for ≥4 hours at room
temperature, using T4 DNA Ligase. Resulting ligations were used to transform competent E. coli cells.
Schematic made using BioRender.com
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2.2.1.5.3 N-terminally CLIP-tagged CLR construct
To introduce an N-terminal CLIP tag to CLR cDNA, a base vector was first designed: the coding
sequence for an NL tag in pcDNA3.1/NL-MCS(pcDNA3.1) (Section 2.2.1.5.2) was replaced with
the coding sequences for a FLAG-CLIP tag from pcDNA3.1/FLAG-CLIP-β2R (gifted by Prof.
Davide Calebiro, University of Birmingham, UK), via digest with HindIII and BamHI (Figure 2.4).
To N-terminally tag the CLR with FLAG-CLIP, CLR cDNA was amplified via PCR, using the primers
outlined in Table 2.4, and subsequently digested with BamHI and XbaI, and ligated into
pcDNA3.1/FLAG-CLIP-MCS(pcDNA3.1) (Figure 2.5). To facilitate export from the ER and
trafficking to the plasma membrane, pcDNA3.1/FLAG-CLIP-MCS(pcDNA3.1) contains a murine
5-HT3R signal peptide immediately upstream of, and in frame with, the FLAG and CLIP tags’
coding sequences.
2.2.1.5.4 N-terminally HiBiT-tagged GPCR constructs
To introduce an N-terminal HiBiT tag to various GPCRs, a base vector (referred to as
pcDNA3.1/HiBiT-MCS(pcDNA3.1)), was first constructed: as the HiBiT tag is 11 amino acids
long, it was possible to design primers which amplify the murine 5-HT3R signal peptide from
pcDNA3.1/NL-MCS(pcDNA3.1) via PCR, whilst introducing a HiBiT tag coding sequence at the
3’ end (Table 2.4). The resulting PCR product was then digested using KpnI and BamHI, and
ligated into pcDNA3.1/NL-MCS(pcDNA3.1), which has similarly been digested; This approach
enabled the replacement of the NL tag coding sequence with that of a HiBiT tag, immediately
downstream of the murine 5-HT3R coding sequence (Figure 2.6). Where appropriate, GPCRs of
interest were then subsequently tagged with HiBiT by either subcloning GPCR cDNA into
pcDNA3.1/HiBiT-MCS(pcDNA3.1) via digest using the restriction enzyme pairs outlined in Table
2.4, or cDNA was amplified via PCR to introduce flanking restriction sites, before digest with
the appropriate enzyme pairs and subsequent ligation into pcDNA3.1/HiBiT-MCS(pcDNA3.1)
(primer/enzyme pairs outlined in Table 2.4) (Figure 2.7).
2.2.1.5.5 C-terminally NL-tagged GPCR constructs
To generate C-terminally NL-tagged GPCRs, cDNA was amplified via PCR using primers outlined
in Table 2.5 to introduce flanking restriction sites and remove any stop codons. The resulting
PCR products were then digested with the appropriate restriction endonuclease pairings
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before ligation into digested pcDNA3.1/MCS(pcDNA3.1)-NL (created by Ms. Abigail Pearce,
University of Cambridge, UK) (Figure 2.8).
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pcDNA3.1/FLAG-CLIP-β2R

Figure 2.4: Cloning strategy for generating FLAG-CLIP-MCS(pcDNA3.1) base vector. FLAG-CLIP coding

sequence from pcDNA3.1/FLAG-CLIP-β2R was subcloned into pcDNA3.1/NL-MCS(pcDNA3.1) via
HindIII and BamHI, and ligation with T4 DNA Ligase for ≥4 hours at room temperature, ultimately
replacing the NL tag coding sequence with that of FLAG-CLIP, creating pcDNA3.1/FLAG-CLIPMCS(pcDNA3.1). Resulting ligations were used to transform competent E. coli cells. Schematic made
using BioRender.com
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Figure 2.5: Cloning strategy for generating pcDNA3.1/FLAG-CLIP-CLR. CLR cDNA was amplified from

HA-CLR via PCR using Phusion® High-Fidelity Polymerase, using primers (Table 2.4) to introduce a 5’
BamHI site immediately after the native signal peptide, and a 3’ XbaI site immediately after the stop
codon. The resulting PCR products were then digested with BamHI and XbaI for 1 hour at 37℃,
before ligation with digested pcDNA3.1/FLAG-CLIP-MCS(pcDNA3.1) backbone for ≥4 hours at room
temperature, using T4 DNA Ligase. Resulting ligations were used to transform competent E. coli cells.
Schematic made using BioRender.com
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Figure 2.6: Cloning strategy for generating HiBiT-MCS(pcDNA3.1) base vector. The coding sequence

for the murine 5-HT3R signal peptide was amplified from pcDNA3.1/NL-MCS(pcDNA3.1) via PCR using
Phusion® High-Fidelity Polymerase, using primers (Table 2.4) to introduce a 3’ HiBiT tag coding
sequence. The resulting PCR product was then digested with KpnI and BamHI for 1 hour at 37℃,
before ligation with digested pcDNA3.1/NL-MCS(pcDNA3.1) backbone for ≥4 hours at room
temperature, using T4 DNA Ligase; this approach ultimately meant that the NL tag coding sequence
had been replaced with that of a HiBiT tag. Resulting ligations were used to transform competent E.
coli cells. Schematic made using BioRender.com
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Figure 2.7: Cloning strategy for generating HiBiT-GPCR constructs. Where appropriate, GPCR cDNA

was amplified via PCR using Phusion® High-Fidelity Polymerase, using primers (Table 2.4) to
introduce flanking restriction enzyme sites, prior to restriction digest. Otherwise, GPCR cDNA was
directly subcloned via digest for 1 hour at 37℃, before ligation with digested pcDNA3.1/HiBiTMCS(pcDNA3.1) backbone for ≥4 hours at room temperature, using T4 DNA Ligase. Resulting
ligations were used to transform competent E. coli cells. Schematic made using BioRender.com
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Figure 2.8: Cloning strategy for generating GPCR-NL constructs. Primers (outlined in Table 2.5) were

used to introduce restriction sites immediately upstream and downstream of GPCR cDNA sequences
via PCR using Phusion® High-Fidelity Polymerase. The resultant PCR products were then digested for
1 hour at 37℃, before ligation with digested pcDNA3.1/MCS(pcDNA3.1)-NL for ≥4 hours at room
temperature, using T4 DNA Ligase. Resulting ligations were used to transform competent E. coli cells.
Schematic made using BioRender.com
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2.2.1.6 Site-directed mutagenesis
All primers used for site-directed mutagenesis were designed using the online QuikChange™
Primer

Design

Program

developed

by

Agilent

Technologies

(available

at

https://www.agilent.com/store/primerDesignProgram.jsp). Plasmids and oligonucleotide
primer sets used in site-directed mutagenesis are summarised in Table 2.6, and mutagenesis
reactions were performed using QuikChange™ Lightning Mutagenesis Kit, as per
manufacturer’s protocol. Point mutations were confirmed by Sanger sequencing, and
comparison of the nucleotide sequences of the mutated construct(s) with that of the WT
construct, via the online open-source LALIGN (EMBL-EBI, Cambridge, UK) (available at
https://embnet.vital-it.ch/software/LALIGN_form.html).
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5’-GTTTCCTTGAACTTCTTTATTTTGGATCCATAGGCATAGACGATAGGGTTCA-3’ †
5’-GCTGTTGTTGGGCAAGCTAATCTTCTTGAA-3’ ‡
5’-GGCGGAACTCGCGGATACGGGATCCATAGGCATAG-3’ #

5’-TGAACCCTATCGTCTATGCCTATGGATCCAAAATAAAGAAGTTCAAGGAAAC-3’ †
5’-TTCAAGAAGATTAGCTTGCCCAACAACAGC-3’ ‡
5’-CTATGCCTATGGATCCCGTATCCGCGAGTTCCGCC-3’ #

pcDNA3.1/HiBiT-A2AR WT

pcDNA3.1/HiBiT-A3R WT

pcDNA3.1/HiBiT-A2AR BamHI site mutant

pcDNA3.1/HiBiT-A3R BamHI site mutant

SNAP-RAMP3* was missing a C-terminal Leucine residue due to an incorrect primer sequence, so it was subsequently corrected via mutagenesis to create SNAP-RAMP3.
†Primer pair 1: Add BamHI site just before GPCR CTD (helix 8 and tail).
‡Primer pair 2: Remove BamHI site just before GPCR (after NL tag).
#Primer pair 3: Corrected for frameshift.

5’-CCTCTGCATTGGGCGCGAAGCAGCCCAGCT-3’
5’-GAACTCGCGGATACGGGGATCCTAGGCGTAGATGAAG-3’ †
5’-GCCCATGATGGGCAGGCTAATCTTCTTGAA-3’ ‡
5’-CTTCTTTATTTTGGATCCGTAGGCGTAGATGAAGGGATTC-3’ #

5’-CTCCGCCATGTGCTTGGTGCAGTCGGCC-3’

5’-AGCTGGGCTGCTTCGCGCCCAATGCAGAGG-3’

5’-GGCCGACTGCACCAAGCACATGGCGGAG-3’

5’-CTTCATCTACGCCTAGGATCCCCGTATCCGCGAGTTC-3’ †
5’-TTCAAGAAGATTAGCCTGCCCATCATGGGC-3’ ‡
5’-GAATCCCTTCATCTACGCCTACGGATCCAAAATAAAGAAG-3’ #

pcDNA3.1/SNAP-RAMP1 WT

5’-CAGCAGCGGCTGAAGCGCGAGCAGA-3’

5’-GATGGACATGGCCTGGGCCATGGGGAC-3’

5’-GACATGGCCCGGTCCATGGGGACTC-3’

5’-GGTGGTGATGCAGAGGCACCAGACCTCAT-3’

5’-CAGCAGCGGCTGAAGCGCGAGCAGA-3’

5’-GATGGACATGGCCTGGGCCATGGGGAC-3’

5’-GACATGGCCCGGTCCATGGGGACTC-3’

5’-GGCCTTCACTGCCCTCCTGTACTGGATTGTC-3’

5’-GGTGGTGATGCAGAGGCACCAGACCTCAT-3’

5’-GGTGGTGATGCAGCAGCACCAGACCTCAT-3’

5’-GCAGGGCCAGTAAAAGCAGGAAGGCGGCC-3’

5’-GAAAAGCAGGAAGGTGGCCACCAGGGCTG-3’

5’-GGCAGTTCAGGTAGATGGCTTCTGCCAACAG-3’

5’-GTGCTGGATATCTTACAGCAGCGTGTCGGTGCGTT-3’

Reverse Primer Sequence

pcDNA3.1/SNAP-RAMP1 W84A

pcDNA3.1/SNAP-RAMP1 W74K

5’-TCTGCTCGCGCTTCAGCCGCTGCTG-3’

pcDNA3.1/CTR-NL A429S

pcDNA3.1/CTR-NL WT

5’-GTCCCCATGGCCCAGGCCATGTCCATC-3’

5’-GAGTCCCCATGGACCGGGCCATGTCC-3’

pcDNA3.1/CRFR2-NL R389Q

pcDNA3.1/CRFR2-NL A388D

pcDNA3.1/CRFR2-NL WT

5’-TCTGCTCGCGCTTCAGCCGCTGCTG-3’

pcDNA3.1/NL-CTR A429S
5’-ATGAGGTCTGGTGCCTCTGCATCACCACC-3’

5’-GTCCCCATGGCCCAGGCCATGTCCATC-3’

pcDNA3.1/NL-CRFR2 R389Q

pcDNA3.1/CRFR2-NL R185L

5’-GAGTCCCCATGGACCGGGCCATGTCC-3’

pcDNA3.1/NL-CRFR2 A388D

pcDNA3.1/NL-CTR WT

5’-GACAATCCAGTACAGGAGGGCAGTGAAGGCC-3’

5’-ATGAGGTCTGGTGCCTCTGCATCACCACC-3’

pcDNA3.1/NL-CRFR2 R185L

pcDNA3.1/NL-CRFR2 K307R

5’-ATGAGGTCTGGTGCTGCTGCATCACCACC-3’

pcDNA3.1/NL-CRFR2 R185C

pcDNA3.1/NL-CRFR2 WT

5’-GGCCGCCTTCCTGCTTTTACTGGCCCTGC-3’

5’-CTGTTGGCAGAAGCCATCTACCTGAACTGCC-3’

pcDNA3.1/NL-CRFR2 F138L

pcDNA3/GHRHR WT

pcDNA3/GHRHR V225I

5’-AACGCACCGACACGCTGCTGTAAGATATCCAGCAC-3’

5’-CAGCCCTGGTGGCCACCTTCCTGCTTTTC-3’

pcDNA3.1/SNAP-RAMP3*

pcDNA3.1/SNAP-RAMP3

Forward Primer Sequence

pcDNA3.1/NL-CRFR2 A134T

Template DNA

Mutant Construct

Table 2.6: Oligonucleotides used for site-directed mutagenesis.
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2.2.1.7 RNA extraction and Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)
RNA extraction was performed within a sterile tissue culture hood, with surfaces being
thoroughly cleaned beforehand using 70% ethanol and RNAse Away™ Surface Decontaminant
(Thermo Fisher Scientific). Cells grown to confluency in 25 cm2 flasks were harvested by
replacing the cell culture media with 0.05% Trypsin-EDTA solution (Sigma-Aldrich). Cells were
incubated at 37°C until they had detached from the flask and were in single cell suspension.
Following the addition of an excess of media to the flasks, cells were pelleted by centrifugation
at 1400 rpm for 4 minutes and RNA extracted according to protocol instructions within the
RNeasy® Mini Kit. The concentration and purity of the RNA was determined using a NanoDrop™
Lite Spectrophotometer. RNA samples were stored at -80°C before further analysis.
cDNA synthesis from purified RNA samples was performed using QuantiTect Reverse
Transcription Kit, as per manufacturer’s recommendations, with 1 μg RNA being used in
reverse transcription reactions. cDNA samples were then subjected to PCR using Taq DNA
Polymerase, as per manufacturer’s recommendations. Primer sets were designed using the
online open source NCBI Primer-BLAST tool (NCBI, Maryland, USA) (available at
https://www.ncbi.nlm.nih.gov/tools/primer-blast) (Table 2.7).
All products were resolved on 2% agarose gels made in 1x TAE containing 0.5 μg/ml ethidium
bromide, and subsequently imaged using a G:Box iChemi Gel Documentation System utilising
GeneTools analysis software. Results were normalised to the positive control glyceraldehyde
3-phosphate dehydrogenase (GAPDH).
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Table 2.7: Oligonucleotides used in RT-PCR.
Gene

Forward Primer Sequence

Reverse Primer Sequence

Amplicon Size (bp)

GAPDH

5’-TGCACCACCAACTGCTTAGC-3’

5’-GGCATGGACTGTGGTCATGAG-3’

87

GRK1

5’-GGAGTTTGAGAGTGTGTGCTT-3’

5’-GCTTCTCTGCCGATTGTAGGA-3’

77

GRK2

5’-TCCAGCCATACATCGAAGAGA-3’

5’-CAAAACCGTGTGAACTTATCGC-3’

88

GRK3

5’-CCGATGTCAGTTACCTGATGGC-3’

5’-GCAGGACGATCCTCTTGCT-3’

78

GRK4

5’-GGAAAGGCAACCCGTAACAAA-3’

5’-AGGCGCAAACCTCTCCAAATC-3’

80

GRK5

5’-CCAACACGGTCTTGCTGAAAG-3’

5’-CCAACACGGTCTTGCTGAAAG-3’

133

GRK6

5’-GAGAACATCGTAGCGAACACG-3’

5’-CAGGCTGTGATAGTCACGCTC-3’

159

2.2.2 Mammalian cell culture
All mammalian cell culture techniques described herein were performed within a sterile tissue
culture hood, employing rigorous aseptic technique. Cells were maintained in an incubator
with a humidified atmosphere at 37°C, with 5% CO2. Unless otherwise specified, cells less than
passage 16 were used. Cells were typically propagated in either 25cm2 or 75cm2 flasks
depending upon the quantity of cells needed.
To propagate cells, media was removed from the cell culture vessel and discarded, being
replaced with 0.05% Trypsin-EDTA solution. Cells were then incubated at 37°C until they had
detached from the flask and were in single cell suspension. Following the addition of an excess
of media to the flasks to inactivate the trypsin, cells were pelleted by centrifugation at 1400
rpm for 4 minutes. The supernatant was subsequently removed, and the pellet was
resuspended in fresh complete growth media. Cells were then diluted as necessary and cell
suspensions were transferred to fresh culture vessels.
CHO-K1 cells (gifted by Dr. Ewan St. John Smith, University of Cambridge, UK) were maintained
in Ham’s F-12 Nutrient Mix containing 10% heat-inactivated FBS and 1% AA solution. CHO-K1
cells stably expressing A2AR (CHO-K1-A2AR) were generated as previously described (Kalash et
al., 2021), and maintained similarly to CHO-K1 cells, with the addition of 800 µg/ml G418.
HEK293G cells stably expressing SNAP-tagged A2AR (HEK293-SNAP-A2AR) (gifted by Dr. Stephen
Briddon and Prof. Stephen Hill, University of Nottingham, UK), HEK293T, HEK293S and COS-7
cells (gifted by Prof. David Poyner, University of Aston, UK) and HEK293-CTR knockout
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(HEK293∆CTR) cells (gifted by MedImmune) were cultured in DMEM/F-12 GlutaMAX™,
supplemented with 10% heat-inactivated FBS and 1% AA solution.

2.2.3 Transfections and generating stable cell lines
2.2.3.1 Transfections on 6-well plates
Cells seeded onto a 6-well plate were allowed to reach 70% confluence prior to transfection.
On the day of transfection, media was replaced with fresh, complete growth media, and cells
were transfected with a total of 2 μg DNA/well, using polyethylenimine (PEI) at a ratio of
DNA:PEI of 1:6 (w/v), using 150 mM NaCl. DNA and PEI:NaCl solutions were allowed to sit at
room temperature for 5 minutes before being mixed together and left to incubate for a further
10 minutes. The final solution was then added dropwise to the appropriate wells, and cells
were cultured for 24 hours prior to use in functional assays.

2.2.3.2 Transfections on 24-well plates
Cells seeded onto a 24-well plate were allowed to reach 70% confluence prior to transfection.
For transfections utilising HEK293 cells, cells were transfected with a total of 0.5 μg DNA/well,
using PEI and 150 mM NaCl as described previously in Section 2.2.3.1.
For transfections involving CHO-K1, HEK293S or HEK293∆CTR cells, cells were transfected with
a total of 0.5 μg DNA/well (except for cell surface bioluminescence resonance energy transfer
(BRET) experiments where the total was increased to 0.6 μg DNA/well), using Fugene® HD
(Promega), as per manufacturer’s recommendations, at a ratio of DNA:Fugene® HD of 1:3
(w/v). For each well to be transfected, 25 μl of serum-free and AA-free growth media was
added to the DNA, followed by Fugene® HD, and this solution was incubated at room
temperature for 15 minutes before being added dropwise to the appropriate wells. Cells were
then cultured for 24 or 48 hours prior to use in functional assays.
For transfections involving COS-7 cells, cells were transfected using Lipofectamine 2000
(Thermo Fisher Scientific), as per manufacturer’s recommendations, to ensure a high
transfection efficiency, using a 1:3 (w/v) DNA:Lipofectamine 2000 ratio, with a total of 0.5 μg
DNA/well. Opti-MEM (Thermo Fisher Scientific) was added to Lipofectamine 2000 and DNA
aliquots separately, and solutions were left to incubate at room temperature for 5 minutes
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before being incubated together for a further 15 minutes. The resultant solution was then
added dropwise to the appropriate wells, and cells were cultured for a further 48 hours prior
to use.

2.2.3.3 Transfections on 96-well plates
Cells seeded onto a 96-well plate were allowed to reach 70% confluence prior to transfection.
For cell surface BRET assays, cells were transfected for 24 hours using PEI and 150 mM NaCl,
as described previously in Section 2.2.3.1, with a total of 250 ng DNA/well.
For Ca2+i mobilisation assays, cells were reverse-transfected; Instead of being seeded on 96well plate 24 hours prior to transfection, cells were harvested on the day of reverse
transfection and incubated with DNA:transfection reagent prior to plating. For reverse
transfections, Fugene® HD was used, as described in Section 2.2.3.2, with a total of 100 ng of
DNA/well. Cells were harvested simultaneously, as described in Section 2.2.2, and the Fugene®
HD:DNA solution was added to cells once diluted appropriately. Cells were than plated at 100
μl of cell suspension per well and cultured for a further 48 hours prior to use.

2.2.3.4 Generating cell lines which stably express GPCRs
To generate stable cell lines, cells were seeded onto 24-well plates and transfected using
Fugene® HD as described in Section 2.2.3.2. 48 hours post- transfection, cells were harvested
and reseeded onto 6-well plates. To provide a selection pressure, 800 μg/ml G418 was then
added to cells. 24 hours later, the growth media was replaced with fresh complete growth
media containing G418, and media was henceforth replaced every 2-3 days for approximately
2-3 weeks. Cells were then grown to 80% confluency and tested for functional receptor
expression via a cAMP assay. Responding cells were further cultured in the presence of 800
μg/ml G418, and frozen stocks made and stored in -140°C or liquid nitrogen.

2.2.4 Long-term cryo-storage and recovery of cell lines
Cells grown to confluency were harvested by replacing the cell culture media with 0.05%
Trypsin-EDTA solution. Cells were incubated at 37°C until they had detached from the flask and
were in single cell suspension. Following the addition of an excess of media to the flasks, cells
were pelleted by centrifugation at 1400 rpm for 4 minutes, and the resulting pellet was
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resuspended in normal growth media containing 10% DMSO. Cell suspensions were then
transferred to cryogenic vials, where they were thereafter gradually frozen down to -80°C,
prior to long-term storage at -140°C or in liquid nitrogen.
For recovery from -140°C or liquid nitrogen stores, vials containing the desired cell type(s) were
retrieved on dry ice and rapidly thawed under constant agitation in a 37°C water bath. Normal
growth media was added to the newly thawed cell suspension, and cells were centrifuged at
1400 rpm for 4 minutes. The resultant cell pellet was then resuspended in 5 ml of complete
growth media and transferred to a 25 cm2 culture flask, before being placed in a 37°C
humidified incubator, with 5% CO2. 24 hours later, cells were passaged and propagated as
appropriate.

2.2.5 Quantifying cAMP production
2.2.7.1 Assay principle
The LANCE® cAMP assay is a competition-based homogenous time-resolved fluorescence
resonance energy transfer (TR-FRET) immunoassay designed to measure cAMP production
upon modulation of AC activity by GPCRs. It uses a complex of biotin-cAMP and europiumlabelled streptavidin to compete with cell-derived cAMP for binding sites on cAMP-specific
antibodies labelled with an Alexa Fluor® 647 dye (Figure 2.9). In the absence of cell-derived
cAMP, excitation at 340 nm causes an energy transfer between the europium chelate-complex
and the fluorophore on the cAMP-specific antibodies, causing an emission of light at 665 nm,
with residual energy from the europium chelate causing an emission at 615 nm. Subsequently,
the presence of cell-derived cAMP prevents such an energy transfer and thus the fluorescence
intensity measured at 665 nm will decrease. The use of PDE inhibitors such as Rolipram, a
selective PDE4 inhibitor, are often utilised to influence the range of the signals observed, by
inhibiting the breakdown of cAMP.
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Figure 2.9: LANCE cAMP Assay Kit principle. Biotinylated cAMP competes with cell-derived cAMP for

binding sites on Alexa Fluor® 647-conjugated, cAMP-specific antibodies. Meanwhile, europiumlabelled streptavidin forms a high affinity complex with the biotinylated cAMP. Upon excitation with
a light pulse at 340 nm, the europium chelate emits a fluorescence signal at 615 nm. In the presence
of low levels of intracellular cAMP, energy transfer occurs between the europium chelate and the
Alexa Fluor® 647 on the cAMP-specific antibodies, which, in turn, excites the fluorophore. This
results in a TR-FRET emission at 665 nm. In the presence of high levels of intracellular cAMP,
however, the Alexa Fluor® 647-conjugated antibodies bind cell-derived cAMP, preventing a TR-FRET
emission. Hence, the amount of TR-FRET emission detected at 665nm is inversely proportional to the
amount of cAMP produced by cells. Schematic made using BioRender.com

2.2.7.1 cAMP accumulation assays
Cells grown to 80% confluency were harvested as usual, with the pellet being resuspended in
a stimulation buffer consisting of PBS and 0.1% (w/v) BSA, with or without 25 μM Rolipram
depending on the cell type being assayed. Assays were then performed using a LANCE® cAMP
Assay Kit, as per manufacturer’s protocol, with 500 or 2000 cells per well of a 384-well
OptiPlate (Perkin Elmer). Cells were stimulated with a range of ligand concentrations (1 pM to
100 μM) for 8 or 30 minutes, where appropriate. cAMP levels were measured using a Mithras
LB 940 multimode microplate reader (Berthold Technologies, Germany) (λexcitation: 340 nm,
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λemission: 665 nm). For endpoint assays using inhibitors of internalisation, cells were pre-treated
for 30 minutes with either inhibitor (100 µM Barbadin, 40 µM Dynasore or 50 µM Cmpd101)
or vehicle (1% DMSO) prior to stimulation with agonist for 30 minutes. All assays were run in
conjunction with a standard curve and a concentration-response curve for Forskolin. Data was
normalised to the responses obtained with stimulation buffer alone and 100 μM Forskolin,
representing the minimum and maximum levels of cAMP production which the cells are
capable of, respectively.

2.2.7.2 Quantifying temporal cAMP production
HEK293-SNAP-A2AR cells grown to 80% confluency were harvested and resuspended in
stimulation buffer (PBS containing 0.1% (w/v) BSA) before being stimulated with 1 µM or 100
µM agonist for up to 30 minutes, followed by the addition of antagonist (100 µM ZM241385)
or vehicle (1% DMSO), for up to 90 minutes. For experiments involving small molecule
inhibitors, cells pre-treated with inhibitor (100 µM Barbadin, 40 µM Dynasore or 50 µM
Cmpd101) or vehicle (1% DMSO) for 30 minutes immediately prior to agonist stimulation (1
µM or 100 µM), for up to 90 minutes. cAMP production was quantified using a LANCE® cAMP
Assay Kit, as per manufacturer’s protocol, and a Mithras LB 940 multimode microplate reader.

2.2.6 Quantifying b-arrestin1/2 recruitment to GPCRs
2.2.6.1 Assay principle
BRET technology is widely utilised as a technique to measure protein-protein interactions in
living cells and can be used to dynamically monitor arrestin recruitment. Agonist-induced
arrestin recruitment to GPCRs can be detected by fusing a BRET donor onto the cytoplasmic Cterminus of the receptor and a BRET acceptor onto the arrestin protein, either at the N- or Cterminus. For the purposes of this study, GPCRs were C-terminally tagged with a NL tag,
developed by Promega, and β-arrestin was C-terminally tagged with a yellow fluorescent
protein (YFP). In the presence of the NanoLuciferase substrate Furimazine, and when the donor
and acceptor are within close proximity of each other (typically < 10 nm), the bioluminescence
emitted (at 460 nm) from the NanoLuciferase excites the YFP fluorophore, through BRET,
resulting in an emission at 530 nm. Accordingly, if agonist stimulation promotes β-arrestin
recruitment to the tagged GPCR, the amount of BRET will increase. If, however, agonist76
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stimulation does not promote arrestin recruitment, no change in BRET signal will be detected
(Figure 2.10). Reduced serum media is often utilised to reduce basal arrestin recruitment,
influencing the range of agonist-mediated responses observed.

2.2.6.2 Experimental setup
HEK293T cells seeded onto a 6-well plate were co-transfected with GPCR-NL, β-arrestin1/2YFP and GRK/pcDNA3.1, at a 1:5:4 ratio, using PEI as described in Section 2.2.3.1, with a total
of 2 µg DNA per well. 24 hours after transfection, cells were harvested and reseeded onto polyL-lysine (PLL)-coated, white 96-well CulturPlates (Perkin Elmer) at 50,000 cells per well in MEM
supplemented with 2% FBS and 1% AA solution. The next day, media was replaced with KREBS
buffer containing 0.1% (w/v) BSA and NanoGlo® Assay Substrate (1 in 1000 final dilution) for 5
minutes, prior to the addition of agonist (1 pM – 100 µM). Emission readings were collected
using a Mithras LB 940 multimode microplate reader (λemission: 460 nm and 530 nm). Agonistinduced changes in BRET were then calculated as the emission at λ530 nm/λ460 nm and corrected
for baseline reading and vehicle alone.
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Figure 2.10: β-arrestin recruitment assay principle. In the presence of the NanoLuciferase substrate,

Furimazine, agonist-induced recruitment of YFP-tagged β-arrestin to a NanoLuciferase-tagged GPCR
leads to BRET: the bioluminescence emitted at 460 nm by the NanoLuciferase excites the
neighbouring YFP fluorophore, resulting in an emission at 530 nm. However, in the absence of
arrestin recruitment, no energy transfer occurs, leading to the absence of any BRET emission at
530nm. Schematic made using BioRender.com

2.2.7 Image acquisition of β-arrestin transfections
24 hours post-transfection, images of transfected cells were captured through green (λexcitation:
482/18 nm, λemission: 532/59) or open channels, using an EVOS FLoid Cell Imaging Station
(Thermo Fisher Scientific).

2.2.8 GPCR Internalisation assays
2.2.7.1 NanoBiT-based internalisation assays
NanoLuciferase Binary Technology (NanoBiT®), developed by Promega, is a two-subunit
system based on a split NanoLuciferase technology that can be used to investigate proteinprotein interactions and protein localisation: Large BiT (LgBiT; 17.6 kDa) and Small BiT (SmBiT;
1.3 kDa, or 11 amino acids) subunits form a pair which weakly associate (Kd = 190 µM), in a
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reversible manner, to generate a functional luminescent enzyme in the presence of the
substrate Furimazine. Unlike SmBiT, High Affinity BiT (HiBiT) (an 11 amino acid fragment) binds
tightly to LgBiT (Kd = 0.7 nM), promoting complex formation and a luminescence signal
proportional to the amount of HiBiT. Being such a large fragment, 18kDa, LgBiT is cellimpermeable, meaning that LgBiT-HiBiT complementation provides distinction between
internalised receptors and from those expressed at the cell surface: LgBiT cannot complement
with internalised HiBiT-GPCRs, and internalised LgBiT-HiBiT complexes often have significantly
lower activity than surface complexes, possibly due to reduced substrate availability or enzyme
activity in endosomes compared to at the cell surface. By fusing a HiBiT protein tag onto the
N-terminus of a GPCR of interest and incubating cells with purified LgBiT in the extracellular
medium, real-time agonist-induced internalisation can be investigated in live cells (Figure
2.11).

Figure 2.11: NanoBiT-based internalisation assay principle. NanoBiT® is a two-subunit system based

on a split NanoLuciferase technology. In the absence of receptor internalisation, HiBiT-tagged GPCRs
are expressed at the cell surface. With the addition of extracellular LgBiT, a functional, full length
NanoLuciferase is formed, which can generate a luminescence emission at 460 nm, in the presence
of the substrate Furimazine. However, as LgBiT is cell-impermeable, receptor internalisation means
that no functional luminescent enzyme can formed. Therefore, the luminescence signal detected at
460 nm is directly proportional to the amount of HiBiT-tagged GPCR present at the cell surface.
Schematic made using BioRender.com
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HEK293T cells seeded onto a 6-well plate were co-transfected with 1 μg of HiBiT-GPCR and 1
μg pcDNA3.1, using PEI as described in Section 2.2.3.1. 24 hours after transfection, cells were
harvested and reseeded onto PLL-coated, white 96-well CulturPlates at 50,000 cells per well in
normal growth media. The following day, media was removed from each well and replaced
with KREBS buffer supplemented with 0.1% (w/v) BSA, containing LgBiT protein and NanoGlo®
Assay Substrate (1 in 500 final dilutions), and allowed to equilibrate at room temperature, in
the dark, for 30 minutes. Agonist (100 pM – 100 µM) was then added, and luminescence
readings were determined using a Mithras LB 940 multimode microplate reader (λemission: 460
nm). For endpoint assays, cells were stimulated with Adenosine or NECA for 0, 15, 30, 60, 90
or 120 minutes, and KREBS buffer supplemented with 0.1% (w/v) BSA containing purified LgBiT
and NanoGlo® Assay Substrate was added immediately before luminescence measurements
were taken. Agonist-induced changes in luminescence were then calculated by correcting the
data to the baseline reading and vehicle alone.

2.2.7.2 Monitoring receptor trafficking through endosomal compartments
As mentioned previously, BRET technology is often used as a technique to measure proteinprotein interactions in living cells, but it can also be utilised to dynamically monitor receptor
trafficking and localisation. Agonist-induced receptor internalisation by can be detected by
fusing a BRET donor onto C-terminus of the receptor and a BRET acceptor onto various GTPase
proteins, each acting as a marker for specific cellular compartments (Figure 2.12). In this study,
GPCRs C-terminally tagged with NL and GTPases C-terminally tagged with a Venus protein are
employed; Rab5a serves as a marker for early endosomal compartments, Rab7 is a late
endosomal marker and Rab11 provides a marker for recycling endosomes. Hence, in the
presence of the NL substrate Furimazine, and when the donor and acceptor are within close
proximity of each other (typically < 10 nm), the bioluminescence emitted (at 460 nm) from the
NL excites the Venus fluorophore, resulting in an emission at 530 nm. Accordingly, if agonist
stimulation promotes receptor internalisation, the amount of BRET will increase depending on
which compartment(s) the tagged receptor traffics to. Such technology allows us to investigate
the dynamics of receptor trafficking and regulation following agonist exposure.
HEK293T cells seeded onto a 6-well plate were co-transfected with GPCR-NL, Rab5a-, Rab7- or
Rab11-Venus, and pcDNA3.1, at a 1:5:4 ratio, using PEI as described in Section 2.2.3.1, with a
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total of 2 µg DNA per well. 24 hours post-transfection, cells were reseeded onto PLL-coated,
white 96-well CulturPlates at 50,000 cells per well in MEM supplemented with 2% FBS and 1%
AA solution. The following day, media was replaced with KREBS buffer containing 0.1% (w/v)
BSA and NanoGlo® Assay Substrate (1 in 1000 final dilution) for 5 minutes, immediately prior
to the addition of agonist (100 pM – 100 µM). Emission readings were collected using a Mithras
LB 940 multimode microplate reader (λemission: 460 nm and 530 nm). Agonist-induced changes
in BRET were then calculated as the emission at λ530 nm/λ460 nm and corrected for baseline
reading and vehicle alone.
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Figure 2.12: Monitoring receptor trafficking through endosomal compartments. Agonist-induced

receptor internalisation by can be detected by fusing a BRET donor (NanoLuciferase) onto the Cterminus of the GPCR and a BRET acceptor (Venus tag) onto various GTPase proteins, each acting as
a marker for specific cellular compartments: Rab5a-Venus provides as a marker of early endosomal
compartments, Rab7-Venus is a late endosomal marker and Rab11-Venus provides a marker for
recycling endosomes. In the presence of the NanoLuciferase substrate Furimazine, and when the
donor and acceptor are within close proximity of each other (typically < 10 nm), the bioluminescence
emitted (at 460 nm) from the NanoLuciferase will excite the Venus fluorophore, resulting in a BRET
emission at 530 nm. Accordingly, if agonist stimulation promotes receptor internalisation, the
amount of BRET will increase/decrease depending on which compartment(s) the tagged receptor
traffics to/from. Schematic made using BioRender.com
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2.2.9 Quantifying GPCR-RAMP interactions at the cell surface
Techniques relying upon BRET technologies are often used to investigate protein-protein
interactions, providing a means by which GPCR-RAMP interactions can be explored; By fusing
an NL tag onto the N-terminus of the GPCR of interest and a SNAP-tag onto the N-terminus of
a chosen RAMP, receptor-RAMP interactions can be investigated. A SNAP-tag is a 20 kDa
mutant of the DNA repair protein O6-alkylguanine-DNA alkyltransferase which reacts
specifically and rapidly with benzylguanine derivatives, leading to irreversible self-labelling with
a synthetic probe. Further, the tag has no restrictions with regards to cellular localisation, and
commercial SNAP-tag substrates can vary in labelling properties and cell permeability. By
exploiting a cell-impermeable photostable dye consisting of a green fluorescent substrate,
SNAP-Surface® Alexa Fluor® 488, SNAP-tagged RAMP proteins expressed at the plasma
membrane can be selectively labelled. In the presence of the NanoLuciferase substrate
Furimazine, and when the donor and acceptor are within close proximity of each other
(typically < 10 nm), the bioluminescence emitted from the NanoLuciferase excites the Alexa
Fluor® 488 dye, resulting in an emission at 515 nm (Figure 2.13).
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Figure 2.13: Cell surface BRET assay principle. By fusing a NanoLuciferase tag onto the N-terminus of

the GPCR of interest and a SNAP-tag onto the N-terminus of a chosen RAMP, GPCR:RAMP
interactions can be investigated. In the presence of the cell impermeable dye, SNAP-Surface® Alexa
Fluor® 488, the SNAP-tag reacts specifically and rapidly, leading to irreversible self-labelling with the
synthetic probe; Hence, SNAP-tagged RAMP proteins expressed at the plasma membrane are
selectively labelled. In the presence of the NanoLuciferase substrate Furimazine, and when the
donor and acceptor are within close proximity of each other (typically < 10 nm), the bioluminescence
emitted from the NanoLuciferase excites the Alexa Fluor® 488 dye, resulting in an emission at 515
nm. In the absence of any interaction between GPCR and RAMP, there is no excitation of the Alexa
Fluor® 488 dye, and, therefore, no BRET emission. Schematic made using BioRender.com

HEK293S cells seeded onto a 24-well plate were co-transfected with 100 ng NL-GPCR and
various ratios of SNAP-RAMP:NL-GPCR, using Fugene® HD as described in Section 2.2.3.2, with
the total amount of DNA kept constant at 0.6 μg/well using pcDNA3.1. 24 hours posttransfection, cells were incubated with 200 nM SNAP-Surface® Alexa Fluor® 488 diluted in
serum-free DMEM/F12, for 30 minutes at 37°C with 5% CO2. Cells were then washed three
times with KREBS buffer, before being harvested and resuspended in KREBS buffer containing
0.1% (w/v) BSA. Cells were then seeded at 20,000 cells per well on a white 96-well plate
(Thermo Fisher Scientific). For experiments using COS-7 cells, cells were seeded onto PLLcoated, white 96-well CulturPlates at 10,000 cells per well and transfected, using PEI, 24 hours
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later with 50 ng NL-GPCR and various ratios of SNAP-RAMP:NL-GPCR, with the total amount of
DNA kept constant at 250 ng/well using pcDNA3.1. For either setup, Nano-Glo® Live Cell
Substrate (1 in 1000 final dilution) was added to each assay plate well and BRET readings were
measured after 10 minutes using a Mithras LB 940 multimode microplate reader (λemission: 460
nm and 515 nm). Changes in BRET were then calculated as the emission at λ515 nm/λ460 nm and
corrected for baseline reading. The λ515 nm/λ460 nm emission ratio is shown relative to the
transfected DNA ratios.

2.2.10 BRET-based imaging of GPCR-RAMP interactions at the cell
surface
HEK293S cells were seeded onto poly-D-lysine (PDL)-coated 35 mm 4-chamber MatTek dishes
(Ashland, Delaware, USA) at 120,000 cells per well prior to transfection. After 24 hours, cells
were co-transfected with a 1:1 ratio of NL-GPCR and SNAP-RAMP1, -RAMP2, -RAMP3 or
pcDNA3.1, using Fugene® HD as described in Section 2.2.3.2. 24 hours after transfection, cells
were labelled by replacing complete growth medium with serum-free DMEM/F12 containing
200 nM SNAP-Surface® Alexa Fluor® 488 and were incubated for 30 min at 37°C with 5% CO2.
Before imaging, cells were washed and incubated with HBSS supplemented with 1.8 g/L
Glucose. RAMP expression and localisation was visualised by imaging fluorescence through a
fluorescein isothiocyanate (FITC) channel (1 second exposure, λexcitation: 488/10 nm, λemission:
583/22 nm). Cells were then incubated with Nano-Glo® Substrate (1 in 400 final dilution), for
15 minutes, and bioluminescence and BRET images were subsequently captured using an open
channel (2 second exposure) and FITC channel (10 second exposure, λemission:509/22 nm),
respectively. Bioluminescence imaging was performed using an Olympus LV200 microscope
(Olympus Life Science, Massachusetts, USA), equipped with a 60x objective, oil immersion lens.
BRET ratio measurements, using membrane-localised fluorescence and bioluminescence
signals, were performed using FIJI (open source software).

2.2.11 Intracellular calcium (Ca2+i) mobilisation assays
Cells were seeded onto a PLL-coated, black, clear-bottomed, 96-well plate (Corning Life
Science, New York, USA) and grown until confluent. Media was removed and 50 μl of 10 μM
Fluo-4/AM dye containing 2.5 mM Probenecid was added per well, followed by incubation in
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the dark, at room temperature, for 1 hour. Probenecid was used to inhibit organic-anion
transporters located in the cell membrane, preventing dye extrusion. After incubation, cells
were washed three times with HBSS containing Ca2+ supplemented with 0.1% (w/v) BSA.
Immediately before the assay, HBSS containing Ca2+ was replaced with 100 μl Ca2+-free HBSS
containing 0.1% (w/v) BSA, in order to ensure no entry of extracellularly sourced Ca2+. The plate
was then transferred to a BD Pathway 855 BioImager (BD Biosciences, New Jersey, USA), where
agonists (1 pM – 1 μM) were injected robotically and fluorescence readings began (λexcitation:
485 nm, λemission: 535 nm), occurring at intervals of 1 second for 80 seconds. Each assay also
contained at least two wells that were to be either: stimulated with 10 μM Ionomycin or
injected with Ca2+-free HBSS containing 0.1% (w/v) BSA, serving as positive and negative
controls, respectively. Such measures allow for cell variability and differences in dye loading
between plates. FIJI was used to compile images into a time series in order to obtain intensity
values for each time point.

2.2.12 Data analysis
Data were analysed using GraphPad Prism 9.1.2 (San Diego, California, USA). To allow for the
stochastic nature of biological systems, values were normalised to 100 μM Forskolin for cAMP
assays, and 10 μM Ionomycin for calcium mobilisation assays. For calcium mobilisation assays,
values corresponding to the maximum fluorescence intensities were used to construct doseresponse curves. All concentration-response data, except data obtained from antagonist cAMP
studies, were fitted using a three-parameter logistic equation (Equation 4.1) to determine
potency (pEC50), basal (Emin) and maximal (Emax) responses.
!"#$%&#" = (!"# +
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Equation 4.1

The three-parameter logistic equation (Hill slope = 1) was used instead of the four-parameter
logistic equation (Hill slope ≠ 1) as the curve fits generated demonstrated a greater goodness
of fit (R2) when the data was fitted using a Hill slope of 1.
Where data are expressed relative to the maximal response, data were normalised to the Emax
determined from the three-parameter logistic fit. For antagonist concentration-response data,
Schild analysis was performed to determine the antagonist affinity, using pA2 as an indicator
(pA2 is the negative logarithm of the concentration of antagonist required to shift the EC50 by
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a factor of 2). For cell surface BRET experiments, data was fitted using either a linear regression
or a non-linear one-site specific binding (hyperbolic) equation (Equation 4.2) to determine
maximal (Emax) responses and the ratio of RAMP:GPCR which gives the half maximal response
(Kd).
!"#$%&#" = (!)* ×
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Equation 4.2

Statistical significances were assessed using a one-way ANOVA with Bonferroni’s correction for
multiple comparisons or a Student’s t-test where appropriate. A one-way ANOVA is used to
determine if there is a statistically significant difference between the means of multiple groups,
whereas a Student’s t-test is used to determine if there is a difference between the means of
just two sample groups. Unlike a t-test, however, an one-way ANOVA cannot reveal which
group is different from another. To overcome this, it is necessary to compare multiple pairs of
groups separately. However, multiple pairwise comparisons can increase the risk of
committing a Type 1 error i.e. rejecting a true null hypothesis. Hence, a Bonferroni’s correction,
which has more power than, for example, a Tukey post-hoc test when the number of
comparisons is small, adjusts the significance level such as to reduce the probability of a Type
I error. A probability (p) value of < 0.05 was considered to be statistically significant.
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Chapter 3 – Investigating the role of internalisation in
Adenosine A2A receptor-mediated signalling
3.1 Introduction
As the ARs are widely diverse in their expression patterns and pathophysiological functions,
there is much interest in understanding how the different subtypes are regulated in order to
design therapeutic drugs which either avoid or exploit regulatory processes. In particular, the
A2AR has long been an attractive drug target due to its involvement within the cardiovascular
and central nervous systems, and its prevalent role in modulating immune responses (Ruan et
al., 2018; Borroto-Escuela and Fuxe, 2019). It has several unique structural and functional
features, including a particularly long C-terminus of >120 residues which, although dispensable
for Gαs-coupling, serves as a binding site for several accessory proteins, and is responsible for
the receptor’s constitutive activity (Klinger et al., 2002; Gsandtner and Freissmuth, 2006;
Zezula and Freissmuth, 2008; Keuerleber et al., 2011; Navarro et al., 2018a, 2018b; Köfalvi et
al., 2020).
Though much is understood regarding desensitisation of the A2AR (Palmer and Stiles, 1997;
Mundell and Kelly, 1998b; Mundell et al., 1998), it remains controversial as to how, or to what
extent, the receptor is internalised (Mundell et al., 1998; Burgueño et al., 2003; Genedani et
al., 2005; Torvinen et al., 2005; Brand et al., 2008; Charalambous et al., 2008; Klaasse et al.,
2008; Mundell and Kelly, 2011; Piirainen et al., 2017). Further still, there is little understanding
with regards to how this influences agonist-mediated signalling. Therefore, as part of a
collaborative study with colleagues at the University of Nottingham (UK): Prof. Stephen Hill;
Dr. Stephen Briddon; Dr. Leigh Stoddart; and Dr. Laura Kilpatrick; the work presented within
this chapter pertains to the investigation of A2AR internalisation, and how inhibitors of
internalisation impact upon agonist-mediated cAMP production at the A2AR.
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3.2 Characterising A2AR pharmacology
When characterising the pharmacological profile of a given AR, it is essential to perform
experiments in a system with a null background with regards to endogenous AR expression.
For such reasons, CHO-K1 cells, which have previously been demonstrated as lacking
endogenous AR expression (Winfield, 2017), were made to stably express the A2AR (referred
to herein as CHO-K1-A2AR cells), and subsequently utilised to investigate the signalling
properties of the A2AR (Kalash et al., 2021) (Appendix 2).
To establish the potencies and efficacies of various AR agonists when acting on the A2AR, cAMP
accumulation assays were performed (Figure 3.1). The optimal assay conditions have
previously been established as 2000 CHO-K1-A2AR cells per well, with 30 minutes of agonist
stimulation in the presence of 25 μM Rolipram, a PDE inhibitor. Under such conditions,
CGS21680 and NECA were the most potent agonists at the A2AR (pEC50: 8.27 ± 0.14 and 8.19 ±
0.13, respectively), with Adenosine being of intermediate potency (pEC50: 7.54 ± 0.10), and

% Response
(relative to Forskolin)

PSB0777 being the least potent agonist (pEC50: 7.39 ± 0.13) (Table 3.1).
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Figure 3.1: Comparison of AR agonist responses in CHO-K1A2AR cells. Stimulation of CHO-K1-A2AR cells with increasing
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concentrations of Adenosine, CGS21680, NECA or PSB0777,
for 30 minutes, promotes an increase in intracellular cAMP
production. Data represented as a mean percentage of the
cAMP response obtained following stimulation with 100
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μM Forskolin ± SEM of 5-6 replicates each performed in
duplicate.
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Table 3.1: Potency (pEC50) and maximal responses (Emax) for cAMP
production in CHO-K1-A2AR cells following agonist stimulation.

Agonist:

pEC50a:

Emaxb:

n:

Adenosine

7.54 ± 0.10

55.05 ± 1.73

6

CGS21680

8.27 ± 0.14

61.29 ± 1.61

6

NECA

8.19 ± 0.13

64.42 ± 1.60

6

PSB0777

7.39 ± 0.13

45.64 ± 2.36

5

Data ± SEM of n individual data sets.
a

Negative logarithm of the agonist concentration producing a half-

maximal response.
b

Maximal response measured as a percentage of the response

obtained in the presence of 100 μM Forskolin.

Furthermore, the A2AR was observed to possess considerable constitutive activity, in
accordance with previous reports (Bertheleme et al., 2013) (Figure 3.2A). Hence, CHO-K1-A2AR
cells were stimulated with increasing concentrations of ZM241385 (Figure 3.2B-E), a
compound which has been described as both an inverse agonist and antagonist, with the
discrepancies arising due to variable levels of constitutive A2AR activity: in the presence of high
levels of constitutive receptor activity, treatment with the inverse agonist ZM241385 can
reduce A2AR-mediated cAMP signalling, even in the absence of agonist stimulation (Figure
3.2B). However, in the absence of considerable constitutive activity, inverse agonists behave
as simple competitive antagonists (Section 1.5.1). Hence, ZM241385 co-treatment reduces
agonist-mediated increases in cAMP, in a concentration-dependent manner (pA2:11.59 ± 0.65)
(Figures 3.2C-E).
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Figure 3.2: The A2AR displays variable constitutive activity. A - Stimulation of CHO-K1 transiently expressing pcDNA3.1

(denoted as CHO-K1) or pcDNA3.1-A2AR (denoted as CHO-K1-A2AR) with 100 μM Forskolin promotes an increase in
intracellular cAMP production, with the basal level of cAMP in CHO-K1-A2AR cells equal to 50% of the system
maximum of parental CHO-K1 cells. Data is normalised relative to Forskolin-mediated responses in parental CHO-K1
cells (CHO-K1 transfected with pcDNA3.1). B – Stimulation of CHO-K1-A2AR cells with increasing concentrations of
ZM241385, an inverse agonist of the A2AR, reduces cAMP production below basal levels. Data normalised to Forskolinmediated responses in CHO-K1-A2AR, whereby responses obtained in the absence of stimulation start at 0%. C-E Stimulation of CHO-K1-A2AR cells with increasing concentrations of Adenosine (C), CGS21680 (D) or NECA (E) (100 pM
– 100 μM) promotes an increase in intracellular cAMP levels. Co-treatment with increasing concentrations of
ZM241385 (100 pM – 100 μM) reduces agonist-induced cAMP responses, relative to vehicle. Data represented as a
mean percentage of the cAMP produced following stimulation with 100 μM Forskolin ± SEM of 3-6 replicates.
Replicates for C-E were achieved with the help of Dr. Ian Winfield (University of Cambridge, UK).

The apparent pharmacology of a given receptor can vary depending upon the cell line being
investigated: biological systems often differ in their protein expression levels, whether that is
of the receptor itself, or of its interacting partners or other regulatory proteins. Therefore,
receptor activation can, in some instances, lead to differences in G protein coupling
preferences (Weston et al., 2016) or PDE expression levels (Safitri et al., 2020), influencing
overall agonist-mediated cAMP responses. Therefore, in addition to CHO-K1 cells, a HEK293G
cell line stably expressing a SNAP-tagged A2AR (referred to herein as HEK293-SNAP-A2AR cells)
was acquired in order to investigate the functional consequences of A2AR activation, as well as
subsequent receptor internalisation (Section 3.4.2); HEK293-based cell lines are routinely used
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as robust systems in which to evaluate second messenger responses following receptor
activation.
Before extensively studying A2AR-mediated cAMP production in HEK293-SNAP-A2AR cells,
experimental conditions needed to be optimised in order to achieve the largest dynamic range
in which receptor-mediated cAMP production could henceforth be measured (Figure 3.3). This
was achieved by stimulating cells with increasing concentrations of Forskolin, a direct activator
of AC, in conjunction with a cAMP standard curve, and measuring the cAMP responses
generated at various cell seeding densities and stimulation time periods (Figure 3.3A);
Forskolin stimulation indicates the maximum level of cAMP production which the system under
investigation can produce, with basal and maximal levels of response being dependent upon
cell number and incubation time.
In order to reduce the basal levels of cAMP (Figure 3.3B), the PDE inhibitor, Rolipram, was
removed; This approach is often necessary for receptors exhibiting high levels of activity. The
ranges of cAMP responses detected at 1000 or 2000 cells/well were reduced compared to
those obtained at 250 or 500 cells/well, indicating that they were at the upper end of the
dynamic range of the LANCE® cAMP Assay Kit. These findings further revealed that the
Forskolin concentration-response curves obtained after 15 or 30 minutes of stimulation
spanned most of the linear region of the cAMP standard curve. Hence, HEK293-SNAP-A2AR cells
were subsequently seeded at 500 cells/well, with 30 minutes of stimulation in the absence of
any PDE inhibitor, for all further cAMP assays (except in the cases of time course experiments
whereby varied stimulation time is required).
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Figure 3.3: Optimising the cAMP assay for HEK293-SNAP-A2AR cells by varying cell seeding densities and stimulation
periods. HEK293-SNAP-A2AR cells were stimulated with a range of Forskolin concentrations (100 pM to 100 μM) in the

presence (A) or absence (B) of PDE inhibitor, Rolipram. As well as adding or removing Rolipram, cell seeding densities
and stimulation periods were also varied in order to increase the ranges of responses detected. All assays were run in
conjunction with a standard curve. Data represented as the mean ± SEM of 3 replicates. AU – arbitrary units.
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Stimulating HEK293-SNAP-A2AR cells with increasing concentrations of Adenosine, CGS21680,
NECA or PSB0777 for 30 minutes, in the absence of Rolipram, revealed NECA to be the most
potent agonist, with a rank order of potencies of NECA > CGS21680 > PSB0777 = Adenosine
(pEC50: 7.90 ± 0.09, 7.59 ± 0.12, 7.27 ± 0.09 and 7.11 ± 0.10, respectively) (Figure 3.4 and Table
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3.2).

100
90
80
70
60
50
40
30
20
10
0
-10 0

Adenosine

Figure 3.4: Comparison of AR agonist responses in HEK293-

CGS21680

SNAP-A2AR cells. Stimulation of HEK293-SNAP-A2AR cells with

NECA

various concentrations of Adenosine, CGS21680, NECA or

PSB0777

PSB0777, for 30 minutes, promotes an increase in
intracellular cAMP levels. Data represented as a mean
percentage of the cAMP responses obtained following

-10 -9

-8

-7

-6

Log[Agonist] (M)

-5

-4

stimulation with 100 μM Forskolin ± SEM of 5-7 replicates
each performed in duplicate.

Table 3.2: Potency (pEC50) and maximal responses (Emax) for cAMP
production in HEK293-SNAP-A2AR cells following agonist stimulation.

Agonist:

pEC50a:

Emaxb:

n:

Adenosine

7.11 ± 0.10

68.72 ± 2.63

6

CGS21680

7.59 ± 0.12

73.45 ± 2.87

7

NECA

7.90 ± 0.09

79.22 ± 2.97

6

PSB0777

7.27 ± 0.09

93.81 ± 3.39

5

Data ± SEM of n individual data sets.
a

Negative logarithm of the agonist concentration producing a half-

maximal response.
b

Maximal response measured as a percentage of the response

obtained in the presence of 100 μM Forskolin.
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Comparisons between the agonist-mediated cAMP responses obtained using HEK293- and
CHO-based cell lines reveal slight differences in the rank orders of potencies; In CHO-K1-A2AR
cells, the rank order of potency is found to be: CGS21680 = NECA > Adenosine > PSB0777 (Table
3.1), whereas in HEK293-SNAP-A2AR cells, the order is: NECA > CGS21680 > PSB0777 >
Adenosine (Table 3.2). However, no significant differences in absolute agonist potencies were
revealed for Adenosine (p = 0.55), CGS21680 (p = 0.10), NECA (p = 0.21) or PSB0777 (p = 0.47),
when comparing responses using a Student’s t-test. Therefore, the data suggests that CHO-K1
and HEK293 cells can, to some extent, be used interchangeably, facilitating the use of HEK293
cells instead of CHO-K1 cells in later experiments, particularly those requiring transient
transfections (Section 3.4), whereby CHO-K1 cells are notoriously more difficult to transfect.
There is often concern that particular HEK293 cell lines endogenously express the A2BR (Cooper
et al., 1997; Gao et al., 1999). To determine if HEK293-SNAP-A2AR cells would provide a suitable
system in which to selectively study A2AR pharmacology, cells were stimulated with NECA in
the presence of GS6201, an A2BR-selective antagonist (Elzein et al., 2008) exhibiting >100 fold
selectivity for the A2BR over the A2AR, and cAMP responses were measured (Figure 3.5). Costimulation with a saturating concentration (1 μM) of GS6201 had no effect upon NECAstimulated increases in cAMP production, thus there was confidence that there was no
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As investigations into A2AR-mediated cAMP production in HEK293-SNAP-A2AR cells require the
absence of PDE inhibitor, they provide an ideal system in which to study the temporal signalling
profile following receptor activation: cAMP levels are allowed to fluctuate rather than
accumulate, as would otherwise occur in the presence of a PDE inhibitor. In order to examine
how intracellular levels of cAMP vary with agonist incubation time, cells were stimulated with
100 μM or 1 μM of agonist, for up to 120 minutes, and cAMP responses were measured (Figure
3.6). Upon stimulation with Adenosine, CGS21680, NECA or PSB0777, it was possible to
observe robust increases in cAMP production. As the duration of agonist exposure increased,
there was no observable attenuation in agonist-induced cAMP production, with responses
reaching a maximum, sustained level by 15 (CGS21680, Adenosine and NECA) or 30 minutes
(PSB0777). To ensure that the continuously elevated cAMP levels were not an artefact of the
experimental setup, a saturating concentration (100 μM) of ZM241385, an A2AR-selective
antagonist (Poucher et al., 1995), was added to cells after 30 minutes with agonist, once a
maximal response had been obtained. The addition of ZM241385 caused a significant
reduction in all agonist-mediated responses, with the largest reduction (approximately 26%)
observed for PSB0777 (Table 3.3), whereas vehicle alone (1% DMSO) had no effect. Overall,
the findings suggest that the A2AR is able to signal continuously following agonist stimulation,
for at least 120 minutes, and that this sustained cAMP response can be inhibited by the
addition of an A2AR antagonist.
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Table 3.3: Maximal responses obtained for cAMP production in HEK293-SNAP-A2AR cells following
the addition of ZM241385 or vehicle, after 30 minutes of agonist stimulation.

Agonist:
Adenosine

CGS21680

NECA

PSB0777

Concentration:

Vehicle:

100 μM

85.78 ± 2.96

1 μM

73.09 ± 3.94

100 μM

83.85 ± 2.59

1 μM

80.73 ± 3.80

100 μM

85.12 ± 3.11

1 μM

87.81 ± 0.68

100 μM

86.56 ± 2.52

1 μM

72.98 ± 3.75

n:
5

ZM241385:
60.23 ± 3.05***

n:
5

52.28 ± 5.77***
5

5

6

67.29 ± 9.17***
66.60 ± 3.52***
65.09 ± 4.35***
71.26 ± 2.14***
60.17 ± 5.73***
46.13 ± 5.45***

5

5

6

Data ± SEM of n individual data sets.
Maximal responses measured, as determined by response at t = 75 minutes, as a percentage of the
response obtained in the presence of 100 μM Forskolin.
Statistical significance between vehicle and antagonist was calculated using a one-way ANOVA with
Bonferroni’s correction for multiple comparisons (*, p < 0.05, **, p < 0.01, ***, p < 0.001).

The rapid, initial increase in cAMP responses recorded (between t=0 and t=2 minutes) are
believed to be an artefact of experimental execution: to obtain an initial cAMP measurement
at t=0 minutes, agonists were mixed with an appropriate volume of lytic detection mix and
added to cells in one step, to ensure immediate agonist exposure and cell lysis. For
measurements at t=2 minutes onwards, however, agonists were added prior to the addition
of a lytic detection mix at the specified time points, constituting a separated two-step addition
process. The differences in the volumes added may explain why stimulation of A2AR-expressing
cells appears to induce an immediate increase in cAMP production, to approximately 50% that
of the maximum response measured, which is not abolished upon the addition of a highly
saturating concentration of ZM241385 (100 µM).
Indeed, for cAMP time course experiments, the ‘true’ 0% could be interpreted as the initial
cAMP response measured at t=2 minutes (Figures 3.6, 3.10 and 3.21). Nonetheless, the t=0
minutes data points were included for baseline calculations, as it did not seem appropriate to
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exclude the datasets as the hypothesis of an artefact could not be proven, despite the
magnitude of the initial jump appearing to vary noticeably between experiments or replicates.

3.3 Investigating the influence of inhibitors of internalisation upon A2AR
signalling
Following agonist stimulation, GRK phosphorylation and β-arrestin recruitment typically serves
to blunt GPCR signalling, promoting receptor desensitisation through direct competition with
G proteins for binding sites on the receptor (Lodowski et al., 2003), and subsequent receptor
internalisation through dynamin- and clathrin-dependent mechanisms (Morlot and Roux,
2013; Antonny et al., 2016; Mettlen et al., 2018). Though receptor internalisation has long
been understood as a mechanism by which GPCR-dependent signalling is downregulated,
recent studies have revealed that some GPCRs demonstrate an ability to signal from
intracellular membranes, with compartmentalisation of GPCRs in the cell suggested to have
significant influences upon their activity; in particular, many Gαs-coupled receptors are
thought to continue signalling following internalisation, in a manner distinct to when they are
present upon the plasma membrane with such responses reported to last for longer durations
(Calebiro et al., 2009, 2010a, 2010b; Werthmann et al., 2012; Tsvetanova et al., 2015).
Much of the current research regarding the A2AR has focused upon its extracellular actions.
However, a qualitative estimate suggests that approximately 50% of the total cellular content
of the A2AR is intracellular (Moriyama and Sitkovsky, 2010). To selectively investigate the
contribution, if any, of intracellular receptor populations to agonist-induced responses,
numerous small molecules are available which act to inhibit components of the internalisation
pathway. Hence, this study aims to determine the contributions and/or implications of A2AR
endocytosis in agonist-mediated cAMP signalling using commercially available inhibitors of
internalisation: Barbadin, Dynasore and Cmpd101 (Figure 3.7).
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Figure 3.7: The effects of Cmpd101, Barbadin and Dynasore. Receptor internalisation can be

inhibited through use of Cmpd101 (a selective GRK2/3 inhibitor), Barbadin (an inhibitor of βarrestin/AP2 interactions) or Dynasore (an inhibitor of Dynamin GTPase). Schematic made using
BioRender.com

3.3.1 Evaluating the influence of Barbadin on A2AR-dependent cAMP
responses
In an attempt to determine the role of β-arrestin-dependent internalisation in GPCR signalling,
Barbadin, a small molecule inhibitor, has been developed which selectively disrupts βarrestin/AP2 interactions, without interfering with the formation of receptor/β-arrestin
complexes (Beautrait et al., 2017) (Figure 3.7). As such, it provides a pharmacological tool by
which we can distinguish the contributions of β-arrestin-promoted endocytosis from β-arrestin
recruitment to the receptor, in propagating receptor signalling.
Pre-treatment of CHO-K1-A2AR cells with 100 μM Barbadin for 30 minutes prior to agonist
stimulation resulted in a significant reduction in the potencies of agonist-mediated cAMP
responses, compared to vehicle-treated cells (Figure 3.8; Table 3.4); The findings revealed a
rank order of potencies of: CGS21680 (pEC50: 6.94 ± 0.26) = NECA (pEC50: 6.86 ± 0.32) >
Adenosine (pEC50: 7.60 ± 0.11 to 6.65 ± 0.15) > PSB0777 (pEC50: 6.05 ± 0.21). In addition,
Barbadin pre-treatment reduced the maximal cAMP responses stimulated by CGS21680 or
100
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NECA (Emax: 61.29 ± 2.74% reduced to 42.75 ± 3.99%, and 64.42 ± 2.62% reduced to 39.24 ±
3.80%, respectively), without any significant effect upon those induced by Adenosine or
PSB0777, relative to vehicle-treated cells.
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Table 3.4: Potency (pEC50) and maximal responses (Emax) for cAMP production in CHO-K1-A2AR cells following
pre-treatment with Barbadin or vehicle, after 30 minutes of agonist stimulation.
Vehicle

Barbadin

Agonist:

pEC50a:

Emaxb:

n:

pEC50a:

Adenosine

7.60 ± 0.11

55.56 ± 1.96

7

6.65 ± 0.15***

57.32 ± 3.26***

7

CGS21680

8.47 ± 0.14

61.29 ± 2.74

7

6.94 ± 0.26***

42.75 ± 3.99***

7

NECA

8.37 ± 0.13

64.42 ± 2.62

7

6.86 ± 0.32***

39.24 ± 3.80***

7

PSB0777

7.34 ± 0.20

45.64 ± 3.29

3

6.05 ± 0.21***

43.46 ± 3.32***

3

Emaxb:

n:

Data ± SEM of n individual data sets.
a

Negative logarithm of the agonist concentration producing a half-maximal response.

b

Maximal responses as a percentage of the response obtained in the presence of 100 μM Forskolin.

Statistical significance between vehicle and Barbadin was calculated using a one-way ANOVA with Bonferroni’s
correction for multiple comparisons (*, p < 0.05, ***, p < 0.001).

In comparison, Barbadin pre-treatment of HEK293-SNAP-A2AR cells prompted a significant
reduction in the potencies of both CGS21680 (pEC50: 7.50 ± 0.15 reduced to 5.89 ± 0.16) and
NECA (pEC50: 7.79 ± 0.10 reduced to 7.49 ± 0.23), compared to vehicle treatment, with no
detectable change in the potencies observed for Adenosine- or PSB0777-induced cAMP
responses (Figure 3.9; Table 3.5). In addition, pre-treatment with Barbadin selectively reduced
the maximum cAMP response obtained with CGS21680 (Emax: 71.65 ± 2.44% reduced to 47.49
± 2.73%) or NECA (Emax: 82.42 ±2.24% reduced to 62.58 ± 4.04%), without any significant effect
upon the those detected following Adenosine or PSB0777 stimulation.
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Table 3.5: Potency (pEC50) and maximal responses (Emax) for cAMP production in HEK293-SNAP-A2AR cells
following pre-treatment with Barbadin or vehicle, after 30 minutes of agonist stimulation.
Vehicle

Barbadin

Agonist:

pEC50a:

Rangeb:

n:

pEC50a:

Rangeb:

n:

Adenosine

6.94 ± 0.12

59.77 ± 3.12

4

6.80 ± 0.13***

51.80 ± 2.74***

3

CGS21680

7.50 ± 0.15

57.01 ± 3.30

4

5.89 ± 0.16***

41.16 ± 3.01***

3

NECA

7.79 ± 0.10

73.19 ± 3.18

8

7.49 ± 0.23***

59.34 ± 5.40***

7

PSB0777

7.27 ± 0.07

93.13 ± 2.83

7

6.68 ± 0.10***

87.04 ± 3.67***

4

Data ± SEM of n individual data sets.
a

Negative logarithm of the agonist concentration producing a half-maximal response.

b

Range of response measured, as determined by the curve fit, as a percentage of the response obtained in the

presence of 100 μM Forskolin.
Statistical significance between vehicle and Barbadin was calculated using a one-way ANOVA with Bonferroni’s
correction for multiple comparisons (*, p < 0.05, **, p < 0.01, ***, p < 0.001).

It has been documented that some GPCRs demonstrate an ability to continue signalling
following internalisation, with signals originating from intracellular receptors often longer lived
than those generated at the cell surface (Calebiro et al., 2010a; Zaccolo et al., 2021). As the
A2AR has demonstrated an ability to signal continuously (Figure 3.6), there was interest in
determining whether the sustained increase in intracellular cAMP was due to the presence of
internalised receptors which remain active. To investigate how internalisation impacts upon
the temporal aspects of cAMP production, time-course experiments were conducted: HEK293SNAP-A2AR cells were pre-treated with Barbadin for 30 minutes, in an attempt to sequester
receptors at the membrane, immediately prior to stimulation with either 100 μM or 1 μM of
agonist, for up to 90 minutes (Figure 3.10; Table 3.6). Relative to control cells, pre-treatment
with Barbadin caused no significant attenuation of Adenosine-induced cAMP responses, at
either concentration of agonist tested. However, Barbadin treatment caused a significant
reduction in both CGS21680- (Emax: 97.21 ± 1.03% reduced to 87.08 ± 1.67%; 102.6 ± 1.90%
reduced to 78.96 ± 4.09%, for 100 μM or 1 μM agonist, respectively) and NECA-mediated (Emax:
94.56 ± 0.89% reduced to 81.07 ± 1.91%; 92.03 ± 1.44% reduced to 59.39 ± 1.88%, for 100 μM
or 1 μM agonist, respectively) responses. Together, the data suggests that β-arrestinpromoted endocytosis may be important in sustaining A2AR signalling, with reductions
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observed in cAMP levels upon inhibition of internalisation, but with apparent differences
between CHO-K1 and HEK293 cell backgrounds (Figures 3.8-3.9).

ns

10 20 30 40 50 60 70 80 90 100

110
100
90
80
70
60
50
40
30
20
10
0
-10

10 20 30 40 50 60 70 80 90 100

110
100
90
80
70
60
50
40
30
20
10
0
-10

***

10 20 30 40 50 60 70 80 90 100

Time (mins)

100 µM NECA

*

10 20 30 40 50 60 70 80 90 100

Time (mins)

1 µM CGS21680

% Response
(relative to Forskolin)

ns

Time (mins)

10 20 30 40 50 60 70 80 90 100

Time (mins)

1µM Adenosine

% Response
(relative to Forskolin)

110
100
90
80
70
60
50
40
30
20
10
0
-10

**

110
100
90
80
70
60
50
40
30
20
10
0
-10

110
100
90
80
70
60
50
40
30
20
10
0
-10

1 µM NECA

% Response
(relative to Forskolin)

Time (mins)

B

100 µM CGS21680

% Response
(relative to Forskolin)

100µM Adenosine

% Response
(relative to Forskolin)

110
100
90
80
70
60
50
40
30
20
10
0
-10

● Closed symbols: Barbadin pre-treatment

% Response
(relative to Forskolin)

○ Open symbols: Vehicle pre-treatment

A

***

10 20 30 40 50 60 70 80 90 100

Time (mins)

Figure 3.10: Barbadin pre-treatment reduces agonist maximal responses over time in HEK293-SNAP-A2AR cells. HEK293-

SNAP-A2AR cells stimulated with 100 μM (A) or 1 μM (B) of either Adenosine, CGS21680 or NECA demonstrate sustained
elevations in intracellular cAMP levels for up to 90 minutes, following 30 minutes of pre-treatment with Barbadin (●; 100
μM) similarly to control cells (○; 1% DMSO), with reduced responses observed for CGS21680 and NECA. Data represent the
mean ± SEM of 3-5 replicates, each performed in duplicate, as a percentage of the response obtained in the presence of
100 μM Forskolin. Statistical significance was calculated using a one-way ANOVA with Bonferroni’s correction for multiple
comparisons (ns, not significant, *, p < 0.05, **, p < 0.01, ***, p < 0.001).
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Table 3.6: Maximal responses (Emax) obtained for cAMP production in HEK293-SNAP-A2AR cells following
stimulation with agonist for up to 90 minutes, after pre-treatment with Barbadin or vehicle.
Agonist:

Adenosine

CGS21680

NECA

Concentration:

Vehicle:

100 μM

94.59 ± 1.26

1 μM

88.67 ± 1.36

100 μM

97.21 ± 1.03

1 μM

102.6 ± 1.90

100 μM

94.56 ± 0.89

1 μM

92.03 ± 1.44

n:

5

Barbadin:

92.97 ± 2.30***

n:
3

85.01 ± 1.99***
5

5

87.08 ± 1.67***
78.96 ± 4.09***
81.07 ± 1.91***
59.39 ± 1.88***

3

3

Data ± SEM of n individual data sets.
Emax values as a percentage of the response obtained in the presence of 100 μM Forskolin.
Statistical significance between vehicle and Barbadin was calculated using a one-way ANOVA with
Bonferroni’s correction for multiple comparisons (*, p < 0.05, **, p < 0.01, ***, p < 0.001).

To further probe whether or not an intracellular population of active A2ARs may exist, cells
were incubated with agonist and a high concentration of ZM241385, in addition to Barbadin
treatment (Figure 3.11): Cells were co-treated with vehicle or 10 μM ZM241385 in the
presence of various concentrations of agonist (100 pM – 100 μM), immediately after 30
minutes of pre-treatment with vehicle or Barbadin. Antagonism of the A2AR with ZM241385
reduced, but did not completely abolish, agonist-induced increases in intracellular cAMP levels
(Figures 3.6 and 3.10; Table 3.3). The addition of Barbadin pre-treatment further reduced
CGS21680- (Emax: 49.98 ± 4.65% reduced to 26.27 ± 4.46%) and NECA-induced (Emax: 61.08 ±
7.93% reduced to 28.03 ± 6.52%) cAMP production, compared to the levels measured in the
presence of ZM241385 in vehicle-treated cells, but had no significant impact upon the
responses recorded following stimulation (Table 3.7). The accentuated reductions in
ZM241385-antagonised cAMP responses may indicate that Barbadin exposure prevents the
existence of an A2AR population which is able to continue signalling upon internalisation.
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Figure 3.11: Barbadin pre-treatment can augment ZM241385-mediated reductions in agonist cAMP responses in CHOK1-A2AR cells. CHO-K1-A2AR cells pre-treated with Barbadin (filled symbols; 100 μM) for 30 minutes prior to Adenosine

(A), CGS21680 (B) or NECA (C) stimulation exhibit reduced cAMP responses, relative to vehicle-treated cells (open
symbols; 1% DMSO), in the absence (circles) or presence (squares) of 10 μM ZM241385 co-treatment. Scatterplots
display the maximal responses (D) and agonist potencies (E) obtained after pre-treatment with Barbadin or vehicle,
and co-treatment of ZM241385. Data represent the mean ± SEM of 3-8 replicates, each performed in duplicate, as a
percentage of the response obtained in the presence of 100 μM Forskolin. Statistical significance was calculated
relative to vehicle pre-treatment using a one-way ANOVA with Bonferroni’s correction for multiple comparisons (*, p <
0.05, ***, p < 0.001).
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pEC50a:

7.60 ± 0.11
6.80 ± 0.33
8.47 ± 0.14
4.95 ± 0.19

Co-treatment:

Vehicle

ZM241385

Vehicle

ZM241385
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4

61.08 ± 7.93

4.78 ± 0.47***

6.86 ± 0.32***

5.53 ± 0.38***

6.94 ± 0.26***

6.53 ± 0.28***

6.65 ± 0.15***

pEC50a:

Emaxb:

28.03 ± 6.52***

39.24 ± 3.04***

26.27 ± 4.46***

42.75 ± 3.17***

20.94 ± 2.49***

57.32 ± 2.70***

Maximal response measured as a percentage of the response obtained in the presence of 100 μM Forskolin.

logarithm of the agonist concentration producing a half-maximal response.

7

4

7

4

7

n:

64.42 ± 1.60

49.98 ± 4.65

61.29 ± 1.61

25.44 ± 2.32

55.56 ± 1.41

Emaxb:

Barbadin Pre-treatment

4

7

4

7

4

7

n:

multiple comparisons (ns, not significant, *, p < 0.05, **, p < 0.01, ***, p < 0.001).

Statistical significance between vehicle and Barbadin was calculated using a one-way ANOVA with Bonferroni’s correction for

b

a Negative

Vehicle
8.37 ± 0.13
NECA
ZM241385
Data ± SEM of n individual
data sets. 4.64 ± 0.23

CGS21680

Adenosine

Agonist:

Vehicle Pre-treatment

ZM241385 or vehicle, following pre-treatment with Barbadin or vehicle.

Table 3.7: Potency (pEC50) and maximal responses (Emax) for cAMP production in CHO-K1-A2AR cells following the addition of
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Upon comparison of the agonists’ structures, it becomes apparent that the AR agonists studied
thus far can be grouped into two main categories based upon their chemical backbone: they
can be classified as being derivatives of either Adenosine (Adenosine and PSB077) or NECA
(NECA and CGS21680). Adenosine is composed of Adenine attached to a ribose moiety, with
Adenosine derivatives retaining the 5’-hydroxymethyl group (Figure 3.12, circled in green)
which is otherwise replaced by an N-ethylcarboxamido group within NECA derivatives (Figure
3.12, circled in blue). Similarities between compounds can then be further extended to include
the findings recorded from the functional assays involving Barbadin pre-treatment: the cAMP
responses obtained following NECA or CGS21680 stimulation were diminshed to a greater
degree following Barbadin exposure than those observed with Adenosine or PSB0777
stimulation (Figures 3.8-3.10; Tables 3.4-3.6), especially in HEK293-SNAP-A2AR cells. To provide
a more in-depth understanding by which Barbadin-dependent dampening of cAMP responses
may be influenced by compound structure, additional AR agonists identified as being
derivatives of either Adenosine or NECA were obtained (Figure 3.12).

Figure 3.12: Structures of known AR agonists. Adenosine, CCPA, CPA, CV1808, PSB0777, NECA, CGS21680 and IB-

MECA are commercially available adenosine receptor agonists; Cmpd 20 and Cmpd 21 have been previously published
in Knight et al. 2016. The functional group circled in green highlights the 5’-hydroxymethyl group present in derivatives
of Adenosine, whereas that circled in blue highlights the N-ethylcarboxamido group substitution present in derivatives
of NECA. Structures drawn using ChemDraw (Perkin Elmer).
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All of the derivatives under investigation have been previously characterised as being either:
selective A1R agonists (CCPA and CPA; (Lohse et al., 1988; Monopoli et al., 1994; van der Graaf
et al., 1997)), selective A3R agonists (IB-MECA; (Gallo-Rodriguez et al., 1994)), selective A2AR
agonists (CGS21680 and PSB0777; (Jarvis et al., 1989; El-Tayeb et al., 2011)), non-selective
A2AR/A2BR agonists (CV1808; (Abiru et al., 1991)) or pan-AR agonists (Adenosine, NECA, Cmpd
20 and Cmpd 21; (Klotz et al., 1998; Klotz, 2000; Knight et al., 2016; Winfield, 2017)).
Consequently, CHO-K1-A2AR cells were subjected to stimulation with each derivative, and
cAMP responses measured (Figure 3.13). Under standard conditions of stimlation, the data
revealed all of the agonists tested to be capable of activating the A2AR, as determined by a
robust increase in cAMP production, with a rank order of potencies of: CGS21680 = NECA >
CV1808 > PSB0777 = Adenosine > IB-MECA > CCPA = CPA = Cmpd 20 = Cmpd 21 in CHO-K1A2AR cells (Table 3.8).
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Figure 3.13: Comparison of Adenosine-based and NECA-based agonist responses in CHO-K1-A2AR
cells. Stimulation of CHO-K1-A2AR cells with increasing concentrations of Adenosine-based (A) or

NECA-based (B) agonists (100 pM – 100 μM) promotes an increase in cAMP responses. Data
represented as the mean ± SEM of 3-7 replicates, each performed in duplicate, as a percentage
of the response obtained in the presence of 100 μM Forskolin.
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Table 3.8: Potency (pEC50) and maximal responses (Emax) for cAMP
production in CHO-K1-A2AR cells following stimulation with derivatives
of Adenosine and NECA.

Agonist:

pEC50a:

Emaxb:

n:

Adenosine

7.47 ± 0.23

40.86 ± 2.42

3

CCPA

6.42 ± 0.18

47.02 ± 2.86

3

CPA

6.38 ± 0.21

51.21 ± 3.24

3

CGS21680

8.76 ± 0.16

57.26 ± 1.70

7

Cmpd 20

6.27 ± 0.24

52.29 ± 3.47

3

Cmpd 21

6.00 ± 0.16

50.15 ± 3.01

3

CV1808

8.11 ± 0.22

43.58 ± 2.35

3

IB-MECA

7.00 ± 0.15

50.71 ± 1.91

6

NECA

8.50 ± 0.23

48.16 ± 2.42

3

PSB0777

7.51 ± 0.16

43.69 ± 1.80

6

Data ± SEM of n individual data sets.
a

Negative logarithm of the agonist concentration producing a half-

maximal response.
b

Maximal responses measured as a percentage of the response

obtained in the presence of 100 μM Forskolin.
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To allow for further comparison between the effects of Barbadin upon A2AR pharmacology in
CHO-K1 and HEK293 cell backgrounds, HEK293-SNAP-A2AR cells were similarly stimulated with
each of the Adenosine- or NECA-based agonists for 30 minutes, and intracellular cAMP levels
measured (Figure 3.14). As in CHO-K1-A2AR cells, all compounds were found to be capable of
activating the A2AR under standard conditions, promoting cAMP production with a rank order
of potencies of: CV1808 > IB-MECA = NECA > CGS21680 = PSB0777 > Adenosine > Cmpd 20 >
CPA > Cmpd 21 = CCPA (Table 3.9).
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Figure 3.14: Comparison of Adenosine-based and NECA-based agonist responses in HEK293SNAP-A2AR cells. Stimulation of HEK293-SNAP-A2AR cells with increasing concentrations of

Adenosine-based (A) or NECA-based (B) agonists (100 pM - 100 μM) promotes an increase in
cAMP responses. Data represented the mean ± SEM of 3-6 replicates, each performed in
duplicate, as a percentage of the response obtained in the presence of 100 μM Forskolin.
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Table 3.9: Potency (pEC50) and maximal responses (Emax) for cAMP
production in HEK293-SNAP-A2AR cells following stimulation with
derivatives of Adenosine and NECA.

Agonist:

pEC50a:

Emaxb:

n:

Adenosine

7.17 ± 0.11

70.00 ± 2.43

6

CCPA

5.94 ± 0.09

74.74 ± 3.06

6

CPA

6.53 ± 0.13

89.67 ± 3.70

3

CGS21680

7.51 ± 0.10

84.33 ± 2.15

6

Cmpd 20

6.86 ± 0.09

87.90 ± 2.55

5

Cmpd 21

5.95 ± 0.11

90.29 ± 3.77

3

CV1808

8.98 ± 0.08

87.57 ± 1.71

5

IB-MECA

7.99 ± 0.13

81.65 ± 2.70

4

NECA

7.90 ± 0.09

79.22 ± 2.01

6

PSB0777

7.45 ± 0.12

79.99 ± 2.67

6

Data ± SEM of n individual data sets.
a

Negative logarithm of the agonist concentration producing a half-

maximal response.
b

Maximal responses measured as a percentage of the response

obtained in the presence of 100 μM Forskolin.
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To understand the extent to which β-arrestin-dependent endocytosis is involved in A2ARmediated cAMP production, and how this may be influenced by agonist structure, CHO-K1A2AR cells were stimulated with each of the Adenosine and NECA derivatives immediately
following pre-treatment with Barbadin (Figure 3.15). The data revealed that, as previously seen
(Figure 3.8; Table 3.4), Barbadin negatively impacts upon agonist-induced cAMP responses to
differing extents: pre-treatment with the inhibitor significantly reduced the potencies of
Adenosine (pEC50: 7.60 ± 0.11 to 6.65 ± 0.15), CCPA (pEC50: 6.60 ± 0.12 to 5.68 ± 0.23),
CGS21680 (pEC50: 8.47 ± 0.14 to 6.94 ± 0.26), CV1808 (pEC50: 7.73 ± 0.34 to 5.94 ± 0.23), NECA
(pEC50: 8.37 ± 0.13 to 6.86 ± 0.32) and PSB0777 (pEC50: 7.34 ± 0.20 to 6.05 ± 0.21), relative to
vehicle-treated cells, with no observable effect upon the potencies of CPA, Cmpd 20, Cmpd 21
or IB-MECA (Figure 3.16; Table 3.10). Further, Barbadin treatment only reduced the maximal
responses of CGS21680- and NECA-mediated responses, without significant effect upon any of
the other agonists tested within this study.
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Figure 3.16: Comparison of Adenosine-based and NECA-based

agonist responses following Barbadin pre-treatment in CHO-K1-

A2AR cells. Scatterplots display the potencies (A) and maximal

responses (B) following stimulation of CHO-K1-A2AR cells with

various agonists, after pre-treatment with Barbadin (filled
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Table 3.10: Potency (pEC50) and maximal responses (Emax) for cAMP production in CHO-K1-A2AR cells following
stimulation with Adenosine- and NECA-based agonists, after pre-treatment with Barbadin or vehicle.
Vehicle

Barbadin

Agonist:

pEC50a:

Emaxb:

n:

pEC50a:

Emaxb:

n:

Adenosine

7.60 ± 0.11

55.56 ± 1.41

7

6.65 ± 0.15***

57.32 ± 2.70***

7

CCPA

6.60 ± 0.12

59.61 ± 1.92

6

5.68 ± 0.23*8*

48.63 ± 4.28***

7

CPA

6.49 ± 0.17

51.10 ± 2.63

3

6.13 ± 0.20***

45.29 ± 3.15***

3

CGS21680

8.47 ± 0.14

61.29 ± 1.61

7

6.94 ± 0.26***

42.75 ± 3.17***

7

Cmpd 20

6.26 ± 0.24

52.29 ± 3.47

3

5.70 ± 0.18***

49.62 ± 2.73***

3

Cmpd 21

5.96 ± 0.19

51.14 ± 3.04

3

5.43 ± 0.19***

51.81 ± 3.43***

3

CV1808

7.73 ± 0.34

45.89 ± 2.61

3

5.94 ± 0.23***

48.74 ± 3.47***

3

IB-MECA

6.89 ± 0.19

51.46 ± 2.60

3

6.15 ± 0.23***

45.22 ± 3.42***

3

NECA

8.37 ± 0.13

64.42 ± 1.60

7

6.86 ± 0.32***

39.24 ± 3.04***

7

PSB0777

7.34 ± 0.20

45.64 ± 2.36

3

6.05 ± 0.21***

43.46 ± 2.90***

3

Data ± SEM of n individual data sets.
a
b

Negative logarithm of the agonist concentration producing a half-maximal response.
Maximal responses measured as a percentage of the response obtained in the presence of 100 μM

Forskolin.
Statistical significance between vehicle and Barbadin was calculated using a one-way ANOVA with
Bonferroni’s correction for multiple comparisons (*, p < 0.05, ***, p < 0.001).

Analogously to CHO-K1-A2AR cells, agonist-induced cAMP responses in HEK293-SNAP-A2AR cells
were also reduced by Barbadin pre-treatment in an agonist-dependent manner (Figure 3.17):
Barbadin treatment significantly reduced the potencies of CPA (pEC50: 6.45 ± 0.13 to 5.47 ±
0.14), CGS21680 (pEC50: 7.50 ± 0.15 to 5.89 ± 0.16), CV1808 (pEC50: 8.89 ± 0.11 to 7.90 ± 0.20),
IB-MECA (pEC50: 7.79 ± 0.10 to 7.49 ± 0.23) and NECA (pEC50: 7.79 ± 0.10 to 7.49 ± 0.23),
without any changes observed in Adenosine, CCPA, Cmpd 20, Cmpd 21 or PSB0777 potencies,
when compared to vehicle-treated cells (Figure 3.18; Table 3.11). Further, Barbadin selectively
reduced the maximal CCPA- (Emax: 64.02 ± 5.34% reduced to 43.88 ± 3.74%), CGS21680-,
CV1808- (Emax: 87.11 ± 2.39% reduced to 67.17 ± 3.76%), IB-MECA- (Emax: 81.75 ± 3.10%
reduced to 59.40 ± 3.71%) and NECA-mediated cAMP responses, with no apparent effect upon
those of Adenosine, CPA, Cmpd 20, Cmpd 21 or PSB0777, relative to vehicle-treated cells.
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Figure 3.18: Comparison of Adenosine-based and NECA-based agonist
responses following Barbadin pre-treatment in HEK293-SNAP-A2AR
cells. Scatterplots display the potencies (A) and maximal responses (B)

following stimulation of HEK293-SNAP-A2AR cells with various agonists,
after pre-treatment with Barbadin (filled symbols; 100 μM) or vehicle
(open symbols; 1% DMSO). Data represented as the mean, as a
percentage of the response obtained following stimulation with 100
μM Forskolin, ± SEM, of 3-8 replicates each performed in duplicate.
Statistical significance between vehicle and Barbadin was calculated
using a one-way ANOVA with Bonferroni’s correction for multiple
comparisons (ns, not significant, *, p < 0.05, **, p < 0.01, ***, p <
0.001).
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Table 3.11: Potency (pEC50) and maximal responses (Emax) for cAMP production in HEK293-SNAP-A2AR cells
following stimulation with Adenosine- and NECA-based agonists, after pre-treatment with Barbadin or
vehicle.
Vehicle

Barbadin

Agonist:

pEC50a:

Emaxb:

n:

pEC50a:

Emaxb:

n:

Adenosine

6.94 ± 0.12

64.82 ± 2.51

4

6.80 ± 0.13***

55.67 ± 2.23***

3

CCPA

5.79 ± 0.16

64.02 ± 5.34

4

5.41 ± 0.19***

43.88 ± 3.74***

3

CPA

6.45 ± 0.13

93.47 ± 3.94

3

5.47 ± 0.14***

84.84 ± 4.98***

3

CGS21680

7.50 ± 0.15

71.65 ± 2.44

4

5.89 ± 0.16***

47.49 ± 2.73***

3

Cmpd 20

6.61 ± 0.13

86.63 ± 3.55

3

5.69 ± 0.14***

83.75 ± 4.44***

3

Cmpd 21

5.98 ± 0.11

89.80 ± 3.84

3

5.20 ± 0.17***

85.82 ± 7.19***

3

CV1808

8.89 ± 0.11

87.11 ± 2.39

3

7.90 ± 0.20***

67.17 ± 3.76***

3

IB-MECA

7.71 ± 0.16

81.75 ± 3.10

3

6.69 ± 0.21***

59.40 ± 3.71***

3

NECA

7.79 ± 0.10

82.42 ± 2.24

8

7.49 ± 0.23***

62.58 ± 4.04***

7

PSB0777

7.27 ± 0.07

94.65 ± 2.17

7

6.68 ± 0.10***

89.18 ± 3.06***

4

Data ± SEM of n individual data sets.
a
b

Negative logarithm of the agonist concentration producing a half-maximal response.
Maximal responses measured as a percentage of the response obtained in the presence of 100 μM

Forskolin.
Statistical significance between vehicle and Barbadin was calculated using a one-way ANOVA with
Bonferroni’s correction for multiple comparisons (**, p < 0.01, ***, p < 0.001).

Whilst the initial hypothesis attempting to understand the agonist-dependent behaviour of
Barbadin was based upon the agonists’ structures, the extended study revealed no apparent
association between compound scaffold and the degree of Barbadin-mediated reductions in
cAMP production; The impact of Barbadin pre-treatment could not be predicted based on
agonist potency nor chemical backbone, as there appeared to be no common moiety shared
between compounds which were affected by Barbadin pre-treatment versus those which
weren’t. Hence, this study sought to employ alternative inhibitors of internalisation in an
attempt to consolidate the findings discovered thus far and understand the role that
internalisation may have in sustaining A2AR-dependent cAMP signalling.
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3.3.2 Investigating the effects of Dynasore and Cmpd101 on A2ARdependent signalling
The effects observed in the presence of Barbadin implied that inhibition of internalisation
could abrogate A2AR-dependent signalling. Therefore, additional inhibitors were employed to
target different steps along the endocytic pathway, specifically Cmpd 101 (a GRK2/3 inhibitor;
(Lowe et al., 2015)) and Dynasore (a Dynamin inhibitor; (Macia et al., 2006)), in an attempt to
decipher the key components involved in receptor-mediated signalling (Figure 3.7).
The canonical pathway for homologous GPCR desensitisation involves GRK-dependent
phosphorylation of Ser/Thr residues on activated GPCRs following agonist stimulation and G
protein activation, in turn promoting the recruitment of β-arrestins. There is much evidence
to suggest that the A2AR is rapidly desensitised, with initial uncoupling from Gαs following
phosphorylation of Thr298 by GRK2, with subsequent activation of PDE4 and a downregulation
in receptor number (Chang et al., 1997; Palmer and Stiles, 1997; Mundell and Kelly, 1998a;
Mundell et al., 1998). Further, endocytosis is dependent upon dynamin for the invagination of
the plasma membrane to form CCPs, ultimately inducing membrane fission and generating
clathrin-coated vesicles.
Pre-treatment of CHO-K1-A2AR with Dynasore resulted in a significant attenuation in the
potencies of Adenosine (pEC50: 7.26 ± 0.13 reduced to 6.21 ± 0.21), CGS21680 (pEC50: 7.65 ±
0.17 reduced to 6.52 ± 0.13) and NECA (pEC50: 7.94 ± 0.15 reduced to 6.74 ± 0.13), with no
significant effect upon the maximal cAMP responses measured (Figure 3.19; Table 3.12),
relative to vehicle-treated cells. Further, agonist potencies were also reduced in HEK293-SNAPA2AR cells following Dynasore pre-treatment (pEC50: 7.45 ± 0.08 reduced to 5.68 ± 0.09, 7.83 ±
0.07 reduced to 6.46 ± 0.10, and 8.14 ± 0.0 reduced to 6.40 ± 0.09 for Adenosine, CGS21680
and NECA, respectively), compared to control cells, with, again, no observable impact upon the
magnitude of responses obtained (Figure 3.20; Table 3.13).
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○ Open symbols: Vehicle pre-treatment

-6

-5

-4

✱✱✱

✱✱✱

-10 -9

A

A

-8

-7

-6

-5

-4

Log[CGS21680] (M)
✱✱✱

E

14
13
12
11
10
9
8
7
6
5

90

✱✱✱

-10 -9

-8

-7

-6

-5

-4

Log[NECA] (M)
ns

ns

ns

80
70
60
50
40
30
20

de
no
si
de
no ne
si
ne Veh
C
ic
-D
G
S2
yn le
C
1
as
G
68
S2
o
0
- V re
16
80
eh
ic
-D
le
y
N
EC nas
or
A
N
e
EC - V
eh
A
ic
-D
yn le
as
or
e

pEC50

D

✱✱✱

Emax
(% relative to Forskolin)

-7

Log[Adenosine] (M)

80
70
60
50
40
30
20
10
0
-10 0

A
de
no
si
de
no ne
si
ne Veh
C
ic
-D
G
S2
yn le
C
1
as
G
68
S2
o
0
- V re
16
80
eh
ic
-D
le
y
N
EC nas
o
A
re
N
EC - V
eh
A
i
-D
c
yn le
as
or
e

-8

C

% Response
(relative to Forskolin)

✱✱✱

-10 -9

80
70
60
50
40
30
20
10
0
-10 0

A

B

% Response
(relative to Forskolin)

80
70
60
50
40
30
20
10
0
-10 0

% Response
(relative to Forskolin)

A

● Closed symbols: Dynasore pre-treatment

Figure 3.19: Dynasore pre-treatment reduces the potencies of A2AR agonists in CHO-K1-A2AR cells. CHO-K1-A2AR cells

pre-treated with Dynasore (●; 40 μM) for 30 minutes prior to Adenosine (A), CGS21680 (B) or NECA (C) stimulation
demonstrate a reduced ability to increase intracellular cAMP levels, compared to vehicle-treated cells (○; 1% DMSO).
Scatterplots display the potencies (D) and maximal responses (E) obtained after 30 minutes of pre-treatment with
Dynasore or vehicle. Data represent the mean ± SEM of 3-6 replicates, each performed in duplicate, as a percentage of
the response obtained in the presence of 100 μM Forskolin. Statistical significance was calculated relative to vehicle
using a one-way ANOVA with Bonferroni’s correction for multiple comparisons (ns, not significant, ***, p < 0.001).
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Table 3.12: Potency (pEC50) and maximal responses (Emax) for cAMP production in CHO-K1-A2AR cells following pretreatment with Dynasore or vehicle, after 30 minutes of agonist stimulation.
Vehicle

Dynasore

Agonist:

pEC50a:

Emaxb:

n:

Adenosine

7.26 ± 0.13

53.51 ± 1.96

6

CGS21680

7.65 ± 0.17

50.70 ± 2.20

NECA

7.94 ± 0.15

53.42 ± 2.22

pEC50a:

Emaxb:

n:

6.21 ± 0.12***

56.95 ± 2.51

3

6

6.52 ± 0.13***

54.42 ± 2.40

3

6

6.74 ± 0.13***

55.77± 2.22

3

Data ± SEM of n individual data sets.
a

Negative logarithm of the agonist concentration producing a half-maximal response.

b

Maximal responses measured as a percentage of the response obtained in the presence of 100 μM Forskolin.

Statistical significance between vehicle and antagonist was calculated using a one-way ANOVA with Bonferroni’s
correction for multiple comparisons (***, p < 0.001).
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Figure 3.20: Dynasore pre-treatment reduces the potencies of A2AR agonist-mediated cAMP responses in HEK293SNAP-A2AR cells. HEK293-SNAP-A2AR cells pre-treated with Dynasore (●; 40 μM) for 30 minutes prior to Adenosine (A),

CGS21680 (B) or NECA (C) stimulation demonstrate a reduced capacity to increase intracellular cAMP, relative to
vehicle-treated cells (○; 1% DMSO). Scatterplots display the potencies (D) and maximal responses (E) obtained after 30
minutes of pre-treatment with Dynasore or vehicle. Data represent the mean ± SEM of 6-8 replicates, each performed
in duplicate, as a percentage of the response obtained in the presence of 100 μM Forskolin. Statistical significance was
calculated relative to vehicle using a one-way ANOVA with Bonferroni’s correction for multiple comparisons (ns, not
significant, ***, p < 0.001).

Table 3.13: Potency (pEC50) and maximal responses (Emax) for cAMP production in HEK293-SNAP-A2AR cells following pretreatment with Dynasore or vehicle, after 30 minutes of agonist stimulation.

Vehicle

Dynasore

Agonist:

pEC50a:

Emaxb:

n:

Adenosine

7.45 ± 0.08

76.79 ± 1.74

8

CGS21680

7.83 ± 0.07

79.22 ± 1.53

NECA

8.14 ± 0.08

79.48 ± 1.55

pEC50a:

Emaxb:

n:

5.68 ± 0.09***

82.53 ± 3.01

6

8

6.46 ± 0.10***

79.36 ± 2.56

6

8

6.40 ± 0.09***

81.23 ± 2.41

6

Data ± SEM of n individual data sets.
a Negative
b

logarithm of the agonist concentration producing a half-maximal response.

Maximal responses measured as a percentage of the response obtained in the presence of 100 μM Forskolin.

Statistical significance between vehicle and antagonist was calculated using a one-way ANOVA with Bonferroni’s correction for
multiple comparisons (***, p < 0.001).

125

-7

-6

Log[NECA] (M)

-2

3

C

o
0
- V re
16
8
e
0
hi
A
de - D
cl
e
A NEnos yna
de C in s
N nos A - e - ore
EC i V V
C A ne eh ehi
G - - D ic c
S- D y le le
21 yn n
C
G
68 as as
S0 or ore
21
68 - Ve e
0
hi
-D
c
yn le
N
EC
as
or
A
N
e
EC - V
eh
A
ic
-D
yn le
as
or
e

9

9

100
90
80
70
60
50
***40
30
20
10
0
-10 0
-8 -7 -6

-5 -4
-10 -9

Log[Adenosine] (M)

de
no
pEC50
si
de
no ne
si
ne Veh
C
ic
G
le
S2 Dy
na
C
16
G
so
80
S2
re
16
80 Veh
i
A
de Dy cle
N
n
A EnCos as
pEC50
de
N n Ain- e ore
ECo
sAi Ve- V
he
n
C - eD - ichl ic
e le
G
S2 ynDy
C
16 asnoa
G
s
8
r
S2
eore
0
16
80 Veh
ic
-D
A
le
de
y
Emax
N
no EC nas
A
or (% relative to Forskolin)
sNi
A
de
no EnCe - V e
eh
Asi
ne -VDeh icl
C
y
G
- D nicl e
Syn aseo
21
C
G
as re
68
S

10

D ✱✱✱10

100
90
80
70
60
***
50
40
30
20
10
-7 0-6
-10 0

● Closed symbols: Dynasore pre-treatment

Emax
(% relative to Forskolin)

B

% Response
(relative to Forskolin)

100
90
80
70
60
50
40
30
20
10
0
-10 0

% Response
(relative to Forskolin)

% Response
(relative to Forskolin)

A

100
90
80
70
60
50
***
40
30
20
10
0
-10 0
-7 -6

% Response
(relative to Forskolin)

○ Open symbols: Vehicle pre-treatment

-5

-4

Chapter 3 – Investigating the role of internalisation in Adenosine A2A receptor-mediated
signalling
As Dynasore treatment reduces the agonist potencies measured in endpoint assays using
either A2AR-expressing cell type, time course experiments were conducted in order to
investigate whether Dynasore affected the temporal profile of cAMP signalling. As previously
performed using Barbadin (Figure 3.10), time course experiments were conducted whereby
HEK293-SNAP-A2AR cells were pre-treated with 40 μM Dynasore, or vehicle, for 30 minutes
immediately prior to stimulation with either 100 μM or 1 μM of agonist, for up to 90 minutes
(Table 3.21; Figure 3.20), in the absence of PDE inhibition. Relative to control cells, Dynasore
pre-treatment had no significant influence upon the increases in intracellular cAMP levels
following stimulation with 100 μM of Adenosine, CGS21680 or NECA. However, Dynasore
significantly reduced the maximal levels of responses obtained in the presence of 1 μM agonist,
with the largest reduction observed for Adenosine (approximately 35%).
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Figure 3.21: Dynasore pre-treatment reduces agonist-mediated cAMP responses over time in HEK293-SNAP-A2AR cells.

HEK293-SNAP-A2AR cells stimulated with 100 μM (A) or 1 μM (B) of either Adenosine, CGS21680 or NECA exhibit sustained
elevations in intracellular cAMP levels for up to 90 minutes, following 30 minutes of pre-treatment with Dynasore (●; 40
μM), similarly to control cells (○; 1% DMSO), with reduced responses observed in the presence of 1 μM agonist. Data
represent the mean ± SEM of 4-6 replicates, each performed in duplicate, as a percentage of the response obtained in the
presence of 100 μM Forskolin. Statistical significance was calculated relative to vehicle using a one-way ANOVA with
Bonferroni’s correction for multiple comparisons (ns, not significant, ***, p < 0.001).
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Table 3.14: Maximal responses (Emax) obtained for cAMP production in HEK293-SNAP-A2AR cells following
stimulation with agonist for up to 90 minutes, after pre-treatment with Dynasore or vehicle.

Agonist:

Adenosine

CGS21680

NECA

Concentration:

Vehicle:

100 μM

93.46 ± 1.08

1 μM

85.92 ± 1.29

100 μM

94.70 ± 0.94

1 μM

97.56 ± 1.77

100 μM

92.97 ± 0.83

1 μM

88.17 ± 1.39

n:

6

5

6

Dynasore:
93.30 ± 0.75***
50.71 ± 1.23***
92.72 ± 0.76***
75.99 ± 1.88***
95.37 ± 0.86***
69.33 ± 2.58***

n:

4

4

4

Data ± SEM of n individual data sets.
Emax values as a percentage of the response obtained in the presence of 100 μM Forskolin.
Statistical significance between vehicle and Barbadin was calculated using a one-way ANOVA with
Bonferroni’s correction for multiple comparisons (***, p < 0.001).
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Although the involvement of GRK2 in A2AR desensitisation is well-documented (Mundell et al.,
1998; Khoa et al., 2006; Mundell and Kelly, 2011a; Daigle et al., 2014), Cmpd101 pre-treatment
(50 μM) appeared to have no significant effect upon the potencies nor maximal responses, in
either CHO-K1-A2AR (Figure 3.22; Table 3.15) or HEK293-SNAP-A2AR (Figure 3.23; Table 3.16)
cells, following stimulation with Adenosine, CGS21680, NECA or PSB0777, when compared to
vehicle. Hence, such discrepancies with published reports prompted further investigation into
the mechanisms by which the small molecule inhibitors used in this study may be affecting
A2AR signalling.
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Figure 3.22: Cmpd101 pre-treatment has no effect upon A2AR-mediated cAMP accumulation in CHO-K1-A2AR cells. CHO-

K1-A2AR cells pre-treated with Cmpd101 (●; 50 μM) for 30 minutes prior to Adenosine (A), CGS21680 (B) or NECA (C)
stimulation demonstrate an ability to increase intracellular cAMP levels, similarly to vehicle-treated cells (○; 1% DMSO).
Scatterplots display the agonist potencies (D) and maximal responses (E) obtained after 30 minutes of pre-treatment with
Cmpd101 or vehicle. Data represent the mean ± SEM of 3-6 replicates, each performed in duplicate, as a percentage of
the response obtained in the presence of 100 μM Forskolin. Statistical significance was calculated relative to vehicle using
a one-way ANOVA with Bonferroni’s correction for multiple comparisons (ns, not significant).
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Table 3.15: Potency (pEC50) and maximal responses (Emax) for cAMP production in CHO-K1-A2AR cells following pretreatment with Cmpd101 or vehicle, after 30 minutes of agonist stimulation.
Vehicle

Cmpd101

Agonist:

pEC50a:

Emaxb:

n:

pEC50a:

Emaxb:

n:

Adenosine

7.26 ± 0.13

53.51 ± 1.96

6

7.82 ± 0.13

48.44 ± 1.70

3

CGS21680

7.65 ± 0.17

50.70 ± 2.20

6

7.58 ± 0.17

49.91 ± 2.18

3

NECA

7.94 ± 0.15

53.42 ± 2.22

6

8.06 ± 0.15

48.30 ± 1.76

3

Data ± SEM of n individual data sets.
a

Negative logarithm of the agonist concentration producing a half-maximal response.

b

Maximal response measured as a percentage of the response obtained in the presence of 100 μM Forskolin.

Statistical significance between vehicle and antagonist was calculated using a one-way ANOVA with Bonferroni’s
correction for multiple comparisons.
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significance was calculated relative to vehicle using a one-way ANOVA with Bonferroni’s correction for multiple comparisons (ns, not significant).

of 5-8 replicates, each performed in duplicate, as a percentage of the response obtained in the presence of 100 μM Forskolin. Statistical

potencies (E) and maximal responses (F) obtained after 30 minutes of pre-treatment with Cmpd101 or vehicle. Data represent the mean ± SEM

stimulation demonstrate a similar capacity to increase intracellular cAMP, relative to vehicle-treated cells (○; 1% DMSO). Scatterplots display the

HEK293-SNAP-A2AR cells pre-treated with Cmpd101 (●; 50 μM) for 30 minutes prior to Adenosine (A), CGS21680 (B), NECA (C) or PSB0777 (D)

Figure 3.23: Cmpd101 pre-treatment has no observable effect upon A2AR agonist-mediated cAMP production in HEK293-SNAP-A2AR cells.
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Table 3.16: Potency (pEC50) and maximal responses (Emax) for cAMP production in HEK293-SNAP-A2AR cells
following pre-treatment with Cmpd101 or vehicle, after 30 minutes of agonist stimulation.
Vehicle

Cmpd101

Agonist:

pEC50a:

Emaxb:

n:

pEC50a:

Emaxb:

n:

Adenosine

7.45 ± 0.08

72.74 ± 2.38

8

7.43 ± 0.08

87.19 ± 1.86

6

CGS21680

7.83 ± 0.07

74.86 ± 2.23

8

8.14 ± 0.09

88.82 ± 1.85

6

NECA

8.14 ± 0.08

72.54 ± 2.47

8

8.25 ± 0.13

86.51 ± 2.42

6

PSB0777

7.24 ± 0.09

85.01 ± 3.26

5

7.16 ± 0.13

95.14 ± 4.21

5

Data ± SEM of n individual data sets.
a

Negative logarithm of the agonist concentration producing a half-maximal response.

b

Maximal response measured as a percentage of the response obtained in the presence of 100 μM Forskolin.

Statistical significance between vehicle and antagonist was calculated using a one-way ANOVA with Bonferroni’s
correction for multiple comparisons.

To verify the ability of Cmpd101 to inhibit GRK2/3, CHO-K1 cells stably expressing HiBiT-tagged
β2R (herein referred to as CHO-K1-β2R), were stimulated with varying concentrations of
Isoprenaline for 30 minutes, following 30 minutes of pre-treatment with vehicle or Cmpd101
(Figure 3.24). The findings reveal that Cmpd101 treatment potentiates Isoprenaline-induced
cAMP production, increasing both agonist potency (pEC50:7.93 ± 0.16 increased to 9.02 ± 0.11)
and maximal response (Emax: 52.57 ± 3.56% increased to 64.72 ± 2.43%), although the increase
in maximal cAMP production did not reach statistical significance, relative to vehicle (Table
3.17). Therefore, it appears that Cmpd101 treatment can impact upon β2R-mediated cAMP
responses, but not that of the A2AR.
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Figure 3.24: Cmpd101 pre-treatment potentiates Isoprenaline-

Vehicle

induced cAMP responses in CHO-K1-β2R cells. CHO-K1-β2R cells

Cmpd101

pre-treated with Cmpd101 (50 μM) for 30 minutes prior to
Isoprenaline stimulation demonstrate an increased capacity to

✱

promote cAMP production, relative to vehicle-treated cells (1%
DMSO). Data represent the mean ± SEM of 2 replicates, each
performed in duplicate, as a percentage of the response obtained
-12 -11 -10 -9

-8

-7

Log[Isoprenaline] (M)

-6

in the presence of 100 μM Forskolin. Statistical significance was
calculated relative to vehicle using a Student’s t-test (*, p < 0.05).
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Table 3.17: Potency (pEC50) and maximal responses (Emax) for
Isoprenaline-induced cAMP production in CHO-K1-β2R cells following
pre-treatment with Cmpd101 or vehicle, after 30 minutes of agonist
stimulation.

Pre-treatment:

pEC50a:

Emaxb:

n:

Vehicle

7.93 ± 0.16*

52.57 ± 3.56

2

Cmpd101

9.02 ± 0.11*

64.72 ± 2.43

2

Data ± SEM of n individual data sets.
a

Negative logarithm of the agonist concentration producing a half-

maximal response.
b

Maximal response measured as a percentage of the response

obtained in the presence of 100 μM Forskolin.
Statistical significance between vehicle and Cmpd101 was calculated
using a Student’s t-test (*, p < 0.05).
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After evaluating the impact of Cmpd101 upon cAMP responses in HEK293-SNAP-A2AR cells,
endogenous GRK mRNA expression profiles were characterised in attempt to rationalise the
results obtained (Figure 3.25). Semi-quantitative RT-PCR experiments revealed the HEK293 cell
line to express appreciable levels of all GRK proteins except GRK1, including the target GRKs of
Cmpd101: GRK2 (67.30 ± 10.34%, relative to GAPDH expression) and GRK3 (63.40 ± 12.77 %,
relative to GAPDH). Hence, the lack of a Cmpd101-dependent effect upon A2AR signalling most
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Figure 3.25: Quantifying GRK gene expression in HEK293-SNAP-A2AR cells. GRK mRNA expression in HEK293-

SNAP-A2AR cells was determined via RT-PCR. A - Expression levels were quantified and are shown relative to
GAPDH, with data representing the mean ± SEM of 3 replicates. B – A representative image of an RT-PCR gel,
with * indicating a band of the correct amplicon size. N.R. – No band of the correct size recorded.
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3.3.3 Comparing the effects of inhibitors of internalisation upon
Forskolin-stimulated cAMP production
Due to the lack of any discernible pattern amongst the results obtained following Barbadin
treatment, it was important to ensure that there were no off-target, A2AR-independent effects
occurring following exposure to any of the internalisation inhibitors.
Forskolin-stimulated cAMP production serves as a positive control for the system under
investigation, with Forskolin directly activating AC, thus indicating the maximum levels of cAMP
production achievable by the cells. As a result, it is expected that any changes in the Forskolinmediated cAMP responses obtained would be an indication of a difference in the behaviour of
the system, possibly complicating any conclusions which could be drawn as a result of agonist
stimulation.
Pre-treatment with either Barbadin or Cmpd101 had no effect upon the cAMP responses
measured following Forskolin stimulation in CHO-K1-A2AR or HEK293-SNAP-A2AR cells, relative
to treatment with vehicle (Figure 3.26 and Table 3.18). Dynasore treatment, however, did
cause a significant reduction in the potency of response obtained in HEK293 cells, but had no
effect in the CHO-K1 background. This suggests that Dynasore may be exhibiting off-target
effects, influencing the cells’ ability to produce cAMP in a system-dependent manner,
independent of receptor activation, as has been previously reported (Preta et al., 2015).
Hence, although Dynasore is used as a mechanism by which receptors are sequestered at the
membrane, its use can result in unexpected off-target effects, manifesting as changes in cAMP
production.
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Figure 3.26: Comparing the effects of pre-treatment with Barbadin, Cmpd101 or
Dynasore upon Forskolin-mediated cAMP production in CHO-K1-A2AR and HEK293SNAP-A2AR cells. Barbadin and Cmpd101 do not affect Forskolin-stimulated cAMP

production profiles (A) or potency (B) in either CHO-K1-A2AR (left) or HEK293-SNAPA2AR (right) cells, whereas Dynasore selectively reduces the potency of Forskolin in
HEK293-SNAP-A2AR cells. Data represent the mean ± SEM of 3-10 replicates, each
performed in duplicate, as a percentage of the response obtained in the presence of
100 μM Forskolin. Statistical significance was calculated using a one-way ANOVA with
Bonferroni’s correction for multiple comparisons (ns, not significant, ***, p < 0.001).
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Table 3.18: Potency (pEC50) and maximal responses (Emax) for cAMP production in CHO-K1-A2AR and HEK293SNAP-A2AR cells following agonist stimulation, after pre-treatment with Barbadin, Dynasore, Cmpd101 or
vehicle.
CHO-K1-A2AR

HEK293-SNAP-A2AR

Pre-treatment Condition:

pEC50a:

Emaxb:

n:

Vehicle

6.69 ± 0.05

92.17 ± 1.82

6

Barbadin

6.30 ± 0.06

92.32 ± 2.32

Dynasore

6.73 ± 0.07

Cmpd101

6.47 ± 0.06

pEC50a:

Emaxb:

n:

7.42 ± 0.04***

91.94 ± 1.55

10

3

7.27 ± 0.05***

91.97 ± 1.95

4

92.90 ± 2.83

3

5.05 ± 0.05***

96.94 ± 3.09

5

92.79 ± 2.16

3

7.11 ± 0.10***

85.49 ± 3.68

5

Data ± SEM of n individual data sets.
a

Negative logarithm of the agonist concentration producing a half-maximal response.

b

Maximal response measured, as determined by the curve fit, as a percentage of the response obtained in

the presence of 100 μM Forskolin.
Statistical significance was calculated using a one-way ANOVA with Bonferroni’s correction for multiple
comparisons (***, p < 0.001).
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3.4 Investigating A2AR-mediated arrestin recruitment and changes in
receptor localisation
Following agonist binding and receptor activation, GPCRs are phosphorylated on their Cterminus by GRKs, in turn recruiting β-arrestins and promoting receptor internalisation (Miller
et al., 2003; Zhou et al., 2017; Mayer et al., 2019). Though much has been documented
regarding desensitisation of the A2AR (Palmer and Stiles, 1997; Mundell and Kelly, 1998a;
Mundell et al., 1998), to what extent the receptor recruits β-arrestins and/or becomes
internalised remains controversial within the GPCR field (Mundell et al., 1998; Burgueño et al.,
2003; Genedani et al., 2005; Torvinen et al., 2005; Brand et al., 2008; Charalambous et al.,
2008; Klaasse et al., 2008; Mundell and Kelly, 2011; Piirainen et al., 2017). Further, the results
from this study pertaining to the effects of internalisation inhibitors upon A2AR signalling
remain inconclusive, with no discernible pattern deciphered from the findings obtained with
Barbadin, and Dynasore exhibiting off-target, receptor-independent effects. Hence, this study
aims to directly quantify arrestin recruitment to the A2AR and subsequent receptor
internalisation.

3.4.1 Quantifying agonist-induced arrestin recruitment
By utilising a BRET-based approach, we can directly monitor the recruitment of YFP-tagged βarrestin1 or β-arrestin2 to C-terminally NL-tagged A2AR (A2AR-NL) to investigate, and quantify,
β-arrestin recruitment in living cells (Figure 2.10). As the β2R and A3R are well documented in
their abilities to recruit β-arrestin recruitment and/or undergo agonist-induced internalisation
(Violin et al., 2006; Drake et al., 2008; Gao and Jacobson, 2008; Littmann et al., 2015; Storme
et al., 2018; Pottie et al., 2020), they have been used extensively throughout this study as
positive controls for experimental setup.
Cells co-expressing A2AR-NL and β-arrestin1-YFP demonstrated no observable change in the
BRET responses recorded following stimulation with Adenosine, CGS21680, NECA or PSB0777
(Figure 3.27). However, class A GPCRs have generally been reported to interact only transiently
with β-arrestin1, with interactions being of lower affinity than with β-arrestin2 (Oakley et al.,
2000; Spillmann et al., 2020). Hence, β-arrestin recruitment to alternative class A GPCRs, such
as the β2R and A3R, was also investigated; Both receptors are well-known to recruit β-arrestins
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following agonist exposure and, therefore, provide important experimental controls. The
results obtained reveal that the β2R exhibits a greater magnitude of β-arrestin2 recruitment
(Emax: 0.025 ± 0.001), relative to β-arrestin1 (Emax: 0.014 ± 0.001) (Figure 3.28; Table 3.19),
whereas A3R stimulation induces the selective recruitment of β-arrestin2 (Emax: 0.014 ± 0.001
for Adenosine, or 0.010 ± 0.001 for NECA) (Figure 3.29; Table 3.20).
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Figure 3.27: Agonist-induced changes in β-arrestin1 recruitment to the A2AR. HEK293T cells

transiently co-expressing A2AR-NL and β-arrestin1-YFP were stimulated with Adenosine (A),
CGS21680 (B), NECA (C) or PSB0777 (D) for up to 60 minutes. Agonist-induced changes in BRET
(∆BRET) are calculated relative to vehicle alone. Data represent the mean ± SEM of 5 replicates,
each performed in triplicate. BU – BRET units.
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Figure 3.28: Isoprenaline-induced changes in β-arrestin recruitment to the β2R. HEK293T cells transiently co-expressing β2R-

NL and β-arrestin1-YFP (A) or β-arrestin2-YFP (B) were stimulated with Isoprenaline (100 pM – 100 μM) for up to 60
minutes. C – Concentration-response curves showing the peak changes in BRET responses obtained (∆BRET) following
agonist stimulation, with a . Agonist-induced ∆BRET is calculated relative to vehicle alone. Data represent the mean ± SEM
of 7 replicates, each performed in triplicate. BU – BRET units.

Table 3.19: Potency (pEC50) and maximal responses (Emax) for Isoprenalineinduced β-arrestin recruitment to the β2R.

pEC50a:

Emaxb:

n:

β-arrestin1

10.03 ± 0.21

0.014 ± 0.001

7

β-arrestin2

9.01 ± 0.14

0.025 ± 0.001

7

Data ± SEM of n individual data sets.
a

Negative logarithm of the agonist concentration producing a half-

maximal response.
b

Maximal response measured, as determined by fitting a three-parameter

logistic equation to the concentration-response data, reported in BU (BRET
units).
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Figure 3.29: Adenosine- and NECA-induced changes in β-arrestin recruitment to the A3R. HEK293T cells transiently co-expressing

A3R-NL and β-arrestin1-YFP (A/D) or β-arrestin2-YFP (B/E) were stimulated with Adenosine (A-C) or NECA (D-F) (1 nM – 100 μM)
for up to 60 minutes. C and F – Concentration-response curves displaying the peak changes in BRET responses obtained (∆BRET)
following agonist stimulation. Agonist-induced ∆BRET is calculated relative to vehicle alone. Data represent the mean ± SEM of 5
replicates, each performed in triplicate. BU – BRET units.

Table 3.20: Potency (pEC50) and maximal responses (Emax) for agonist-induced β-arrestin recruitment to
the A3R.

β-arrestin1

β-arrestin2

Agonist:

pEC50a:

Emax b:

Adenosine

N.R.

N.R.

NECA

N.R.

N.R.

Adenosine

6.89 ± 0.16

0.014 ± 0.001

NECA

8.18 ± 0.23

0.010 ± 0.001

n:
5

5

Data ± SEM of n individual data sets.
a

Negative logarithm of the agonist concentration producing a half-maximal response.

b

Maximal response measured, as determined by fitting a three-parameter logistic equation to the

concentration-response data., reported in BU (BRET units).
N.R. – No response measured.
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Nevertheless, agonist stimulation of cells co-expressing A2AR-NL and β-arrestin2-YFP also failed
to elicit any significant increase in the BRET responses measured (Figure 3.30), despite previous
publications reporting A2AR-mediated recruitment (Burgueño et al., 2003; Navarro et al.,
2020). The lack of A2AR-mediated β-arrestin recruitment in this study, however, is not due to a
lack of β-arrestin-YFP or A2AR-NL expression, as demonstrated by the fluorescence images and
luminescence readings obtained following transfection prior to and during assays, respectively
(Figure 3.31).
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Figure 3.30: Agonist-induced changes in β-arrestin2 recruitment to the A2AR. HEK293T cells

transiently co-expressing A2AR-NL and β-arrestin2-YFP were stimulated with Adenosine (A),
CGS21680 (B), NECA (C) or PSB0777 (D) for up to 60 minutes. Agonist-induced changes in
BRET (∆BRET) are calculated relative to vehicle alone. Data represent the mean ± SEM of 5
replicates, each performed in triplicate. BU – BRET units.
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Figure 3.31: Brightfield and fluorescence images of β-arrestin1/2-YFP
transfections. Images of HEK293T cells transiently co-expressing A2AR-NL and

β-arrestin1-YFP (A) or β-arrestin2-YFP (B) were acquired through open (left)
or green (right) channels (λexcitation: 482/18 nm, λemission: 532/59), using an
EVOS FLoid Cell Imaging Station (Thermo Fisher Scientific). Images are
representative of cells 24 hours after transfections setup prior to arrestin
recruitment assays. C – Luminescence measurements recorded from
transfected cells. Data represented as the mean ± SEM of 4 individual
experiments, performed in triplicate. LU – Luminescence units.
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Experimental approaches which utilise BRET or fluorescence resonance energy transfer (FRET)
depend upon an optimal pairing of acceptor and donor proteins, such that their spectral
properties overlap sufficiently to facilitate efficient energy transfer: if there is too much
separation between the donor and acceptor excitation/emission peaks, little to no energy
transfer may occur, making the pairing unsuitable. However, if there is poor spectral separation
of the donor and acceptor emission peaks, this can result in bleed-through i.e. emissions from
the donor molecule may be detected as emissions from the acceptor fluorophore,
‘contaminating’ the signal, generating a higher background signal as well as noise.
To account for bleed-through, cells were made to transiently express A2AR-NL in the absence
of any YFP-tagged β-arrestin1/2 and were stimulated with agonist i.e. ‘BRET’ responses were
recorded in the absence of any acceptor protein (Figure 3.32). The data reveals that bleedthrough does occur in the absence of any acceptor fluorophore (β-arrestin-YFP), with
seemingly dose-dependent responses being recorded. Therefore, a BRET response of 0.008 BU
is henceforth defined as the minimum threshold for ‘true’ β-arrestin recruitment, as responses
up to this limit have been recorded even in the absence of β-arrestin-YFP (Figure 3.32).

Agonist-induced ΔBRET
(relative to vehicle) (BU)

0.015
0.010
0.005
0.000
-0.005
-0.010
-0.015
-0.020

0.020

CGS21680

0.015
0.010
0.005

E

0.000
-0.005
-0.010
-0.015
-0.020

0 5 10 15 20 25 30 35 40 45 50 55 60 65

0 5 10 15 20 25 30 35 40 45 50 55 60 65

Time (mins)

Time (mins)

D

NECA

0.020
0.015
0.010
0.005
0.000
-0.005
-0.010
-0.015
-0.020

0.020
0.015

0.015
0.010

Adenosine

NECA

CGS21680

PSB0777

0.005
0.000
-0.005
-0.010
-0.015
-0.020
-9

-8

-7

-6

-5

-4

Log[Agonist] (M)

0.005
0.000
-0.005
-0.010
-0.015
-0.020
0 5 10 15 20 25 30 35 40 45 50 55 60 65

Time (mins)

10 μM

0.020

0

0.010

0 5 10 15 20 25 30 35 40 45 50 55 60 65

100 µM

PSB0777

Agonist-induced ΔBRET
(relative to vehicle) (BU)

Agonist-induced ΔBRET
(relative to vehicle) (BU)

C

B

Adenosine

0.020

Agonist-induced ΔBRET
(relative to vehicle) (BU)

Agonist-induced ΔBRET
(relative to vehicle) (BU)

A

Time (mins)

1 μM

100 nM

10 nM

1 nM

Vehicle

Figure 3.32: Agonist-induced changes in the BRET responses detected in the absence of acceptor fluorophore. HEK293T

cells transiently expressing A2AR-NL were stimulated with Adenosine (A), CGS21680 (B), NECA (C) or PSB0777 (D). E - Graph
shows the peak response of agonist-induced changes in BRET (∆BRET), relative to vehicle alone, in the absence of any
acceptor fluorophore. Data represent the mean ± SEM of 3 replicates, each performed in triplicate. BU – BRET units.
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To further investigate β-arrestin recruitment to ARs, agonist-induced β-arrestin translocation
to the A1R and A2BR was also explored (Figure 3.33). However, similarly to the A2AR, neither
receptor displayed any observable β-arrestin recruitment following stimulation with
Adenosine. Therefore, it appears that the A3R is the only AR subtype whereby agonist
stimulation promotes translocation of β-arrestins to the receptor, despite previously published
reports suggesting that all AR subtypes are capable (Mundell and Kelly, 2011b).
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Figure 3.33: Agonist-induced changes in β-arrestin1/2 recruitment to the A1R and A2BR. HEK293T cells

transiently co-expressing A1R-NL (A and C) or A2BR-NL (B and D), and β-arrestin1-YFP (A-B) or β-arrestin2-YFP
(C-D) were stimulated with Adenosine for up to 60 minutes. Agonist-induced changes in BRET (∆BRET) are
calculated relative to vehicle alone. Data represent the mean ± SEM of 4 replicates, each performed in
triplicate. BU – BRET units.
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Following prolonged agonist exposure, GRKs are recruited to activated receptors,
phosphorylating the receptor’s C-terminal tail, orchestrating the recruitment of β-arrestin
proteins to the receptor. As such, pharmacological assays which require the overexpression of
GPCRs and/or β-arrestins in order to study agonist-induced recruitment often overexpress GRK
proteins as well. Hence, cells co-expressing A2AR-NL and β-arrestin1/2-YFP were also made to
transiently express GRK1-6 in an attempt to facilitate agonist-induced arrestin recruitment to
the A2AR. However, the overexpression of GRKs had little impact upon the agonist responses
observed (Figure 3.34; Appendix Figures 7.1-7.8). Hence, it is apparent that the A2AR does not
recruit β-arrestins following agonist stimulation, even in the presence of GRK overexpression.
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Figure 3.34: Agonist-induced changes in β-arrestin recruitment to the A2AR, in the presence of
pcDNA3.1 or GRK1-6. HEK293T cells transiently co-expressing A2AR-NL, β-arrestin1-YFP (left) or β-

arrestin2-YFP (right), and pcDNA3.1 or GRK1-6, were stimulated with Adenosine (A-B), CGS21680 (CD), NECA (E-F) and PSB0777 (G-H). Graphs show the peak responses of agonist-induced changes in
BRET (∆BRET), relative to vehicle alone, against increasing concentrations of agonist. Data represent
the mean ± SEM of 5 replicates, each performed in triplicate. BU – BRET units. Dashed line indicates
the threshold response for β-arrestin recruitment, as signals up to this level were detected in the
absence of acceptor fluorophore (Figure 3.32).
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To determine if perhaps GRK overexpression was required to observe agonist-induced βarrestin recruitment to the A1R or A2BR, HEK293T cells transiently co-expressing GRK1-6 in the
presence of A1R-NL or A2BR-NL, and β-arrestin1-YFP or β-arrestin2-YFP were stimulated with
Adenosine, and changes in BRET responses measured (Figure 3.35). Whilst the A2BR is unable
to promote the translocation of β-arrestins, even in the presence of exogenous GRK
expression, the addition of GRK4, but not other GRKs, appears to promote β-arrestin2
recruitment to the A3R (pEC50: 6.41 ± 0.19; Emax: 0.013 ± 0.001), with no substantial effect upon
β-arrestin1 translocation.
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Figure 3.35: β-arrestin1/2 recruitment to the A1R and A2BR, in the presence of pcDNA3.1 or
GRK1-6. HEK293T cells transiently co-expressing A1R-NL (A and C) or A2BR-NL (B and D), β-

arrestin1-YFP (A-B) or β-arrestin2-YFP (C-D), and pcDNA3.1 or GRK1-6, were stimulated with
Adenosine. Graphs show the peak responses of agonist-induced changes in BRET (∆BRET),
relative to vehicle alone. Data represent the mean ± SEM of 3-4 replicates, each performed in
triplicate. BU –BRET units. Dashed line indicates the threshold response for β-arrestin
recruitment, as signals up to this level were detected in the absence of acceptor fluorophore.
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3.4.2 Quantifying receptor internalisation
Using a NanoBiT approach to quantify internalisation in real time, cells expressing an Nterminally, HiBiT-tagged GPCR provide a means of monitoring receptors at the cell surface
(Figure 2.11). Upon exposure to, and complementation with, extracellular LgBiT, a complex is
formed to generate a full length NanoLuciferase enzyme, which will emit a luminescent signal
in the presence of Furimazine (Hall et al., 2012; Dixon et al., 2016); As LgBiT is cell impermeable,
it will only complex with HiBiT-GPCRs present on the plasma membrane (Soave et al., 2020). In
an attempt to investigate A2AR internalisation, cells expressing a HiBiT-tagged A2AR (HiBiT-A2AR)
were treated with agonist, and changes in luminescence signals were measured (Figure 3.36).
However, there was minimal change in the luminescence emissions recorded, indicating a lack
of agonist-induced A2AR internalisation.
As a positive control for the assay, HiBiT-tagged A3R (HiBiT-A3R) and β2R (HiBiT-β2R), GPCRs
well reported to undergo agonist-induced internalisation (January et al., 1997; Trincavelli et
al., 2002; di Certo et al., 2008; Lan et al., 2011; Stoddart et al., 2015), were subjected to agonist
stimulation and changes in luminescence measured (Figures 3.37-3.38). Isoprenaline exposure
rapidly promoted a concentration-dependent decrease in the luminescence recorded in the
presence of HiBiT-β2R, with the potency of agonist-induced internalisation increasing over time
(Figure 3.37). After an initial increase in the amount of luminescence detected during the first
20-minutes of agonist incubation, stimulation of HiBiT-A3R with Adenosine or NECA also
resulted in a concentration-dependent loss of luminescence, corresponding with a robust
increase in the proportion of HiBiT-A3Rs which have internalised (Figure 3.38). To further
demonstrate the lack of agonist-induced internalisation of HiBiT-A2AR, the assay format was
altered such that LgBiT and Furimazine were added immediately after agonist stimulation,
rather than beforehand, treating the assay as an endpoint study rather than kinetic. As
previously shown, Adenosine and NECA induced little change in luminescence, indicating a lack
of A2AR internalisation (Figure 3.39).
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Figure 3.36: Agonist-induced changes in the luminescence measured in HiBiT-A2AR-expressing
cells. HEK293T cells transiently expressing HiBiT-A2AR were stimulated with Adenosine (A),

CGS21680 (B), NECA (C) or PSB0777 (D). Responses are shown as agonist-induced changes in
luminescence (∆Luminescence), relative to vehicle alone. Data represent the mean ± SEM of 5-6
replicates, each performed in duplicate or triplicate. LU – Luminescence units.
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Figure 3.37: Isoprenaline-induced HiBiT-β2R internalisation. HEK293T cells transiently expressing HiBiT-β2R (A) were

stimulated with Isoprenaline (100 pM – 100 μM) for up to 210 minutes. B – Concentration-response curves display
isoprenaline-induced changes in luminescence (∆Luminescence) following 5, 15, 30 or 60 minutes of stimulation.
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Figure 3.38: Agonist-induced HiBiT-A3R internalisation. HEK293T cells transiently expressing HiBiT-A3R

were stimulated with Adenosine (A) or NECA (B) (100 pM – 100 μM) for up to 115 minutes. Agonistinduced change in luminescence (∆Luminescence) is calculated relative to vehicle alone. Data represent
the mean ± SEM of 5 replicates, each performed in duplicate. LU – Luminescence units.
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Figure 3.39: Stimulation with Adenosine or NECA does not induce internalisation of HiBiT-A2AR. HEK293T cells

transiently expressing HiBiT-A2AR were stimulated with Adenosine (A) or NECA (B) for 0, 15, 30, 60, 90 or 120
minutes, prior to the addition of LgBiT and Furimazine. Responses are shown as agonist-induced changes in
luminescence (∆Luminescence), relative to vehicle alone. Data represent the mean ± SEM of 5 replicates,
each performed in duplicate. LU – Luminescence units.
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To investigate the ability of other AR subtypes, namely the A1R and A2BR, to undergo agonistinduced internalisation, cells transiently expressing HiBiT-A1R or HiBiT-A2BR, respectively, were
stimulated with agonist, and subsequent changes in luminescence were recorded (Figure
3.40). The addition of either Adenosine or NECA promoted significant internalisation of HiBiTA1R, with a greater magnitude of response observed in the presence of Adenosine (Figure
3.40A), compared to NECA (Figure 3.40C). Neither agonist, however, was able to induce
internalisation of HiBiT-A2BR (Figure 3.40B/D). Thus, of the AR subtypes, only the A1R and A3R
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Figure 3.40: Stimulation with Adenosine or NECA induces internalisation of HiBiT-A1R, but not HiBiT-A2BR.

HEK293T cells transiently expressing HiBiT-A1R (A and C) or HiBiT-A2BR (B and D) were stimulated with
Adenosine (A-B) or NECA (C-D) (100 pM – 100 μM) for up to 115 minutes. Agonist-induced change in
luminescence (∆Luminescence) is calculated relative to vehicle alone. Data represent the mean ± SEM of 5
replicates, each performed in duplicate. LU – Luminescence units.
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It is possible to monitor the subcellular localisation of A2AR within endosomal compartments
of living cells by co-expressing A2AR-NL with Venus-tagged markers of individual endocytic
compartments (Figure 2.12); Rab5a-Venus serves as an early endosomal marker, Rab7-Venus
is a late endosomal marker, and Rab11-Venus provides a marker of recycling endosomes (Bucci
et al., 1994; Lock and Stow, 2005; Vanlandingham and Ceresa, 2009; Shi et al., 2013). Hence,
although agonist stimulation appears not to alter the trafficking of A2AR to/from the cell
surface, perhaps it alters the subcellular localisation of intracellular A2AR populations.
However, stimulation of A2AR-NL with Adenosine, CGS21680, NECA or PSB0777 for 60 minutes
did not induce any change in subcellular receptor localisation, as shown by the absence of any
change in the BRET responses detected (Figure 3.41).
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Figure 3.41: Agonist stimulation does not induce any change in intracellular A2AR localisation. HEK293T cells transiently

co-expressing A2AR-NL and Rab5a-Venus (A/D), Rab7-Venus (B/E) or Rab11-Venus (C/F) were stimulated with
Adenosine, CGS21680, NECA or PSB0777 (100 pM – 100 μM) for up to 60 minutes. D-F – Concentration-response
curves showing the peak changes in BRET responses obtained (∆BRET) following agonist stimulation Agonist-induced
∆BRET is calculated relative to vehicle alone. Data are shown as the peak ∆BRET responses obtained following agonist
stimulation, and represent the mean ± SEM of 5-6 replicates, each performed in triplicate. BU – BRET units.

154

Chapter 3 – Investigating the role of internalisation in Adenosine A2A receptor-mediated
signalling
In contrast, stimulation of A3R-NL with Adenosine or NECA for 60 minutes resulted in a robust
reduction in the BRET responses obtained upon co-expression with Rab5a-Venus, indicating a
reduction in the proportion of A3R-NL present in early endosomes (Figures 3.42-3.43; Table
3.21) (pEC50: 6.38 ± 0.25 or 6.23 ± 0.26 for Adenosine- and NECA-induced responses,
respectively). In addition, agonist stimulation promoted an increase in the responses obtained
in the presence of Rab7-Venus (pEC50: 6.51 ± 0.31 or 6.73 ± 0.19 for Adenosine or NECA,
respectively), suggesting a trafficking of A3R-NL into late endosomes, without any change in
the co-localisation of A3R-NL with Rab11-Venus, indicating that the A3R does not traffic into
recycling endosomes.
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Table 3.21: Potency (pEC50) and maximal responses (Emax) for agonist-induced changes in
A3R localisation.

Adenosine

NECA

Marker:

pEC50a:

Emaxb:

n:

Rab5a

6.38 ± 0.25

-0.011 ± 0.001

4

Rab7

6.51 ± 0.31

0.015 ± 0.001

4

Rab11

N.R.

N.R.

4

Rab5a

6.23 ± 0.26

-0.021 ± 0.002

4

Rab7

6.73 ± 0.19

0.018 ± 0.001

4

Rab11

N.R.

N.R.

4

Data ± SEM of n individual data sets.
a Negative
b

logarithm of the agonist concentration producing a half-maximal response.

Maximal response measured, as determined by fitting a three-parameter logistic

equation to the concentration-response data, reported in BU (BRET units).
N.R. – No response measured.
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Continuing the use of the β2R as a positive control for receptor internalisation assays, exposure
to Isoprenaline generated a substantial reduction in the proportion of β2R localised within
Rab5a-positive early endosomes (pEC50: 7.07 ± 0.37) (Figure 3.44; Table 3.22). In addition,
there was a simultaneous increase in the receptor population present in Rab7-positive
compartments (pEC50: 5.70 ± 0.31), as indicated by an elevation in the BRET responses
measured, representing an increase in the number of β2R in late endosomes. In contrast to
both the A2AR (Figure 3.41) and A3R (Figures 3.42-3.43), incubation with agonist stimulates the
trafficking of β2R into recycling endosomes (pEC50: 7.21 ± 0.33), as revealed by an increase in
the BRET responses measured upon co-expression of β2R-NL and Rab11-Venus.
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Figure 3.44: Isoprenaline-induced changes in β2R localisation. HEK293T cells transiently

Rab5a

0.030

1 µM

0.025
0.020
0.015
0.010
0.005
0.000
-0.005
-0.010
-0.015
-0.020

stimulated with Isoprenaline (1 nM – 100 μM) for up to 60 minutes. D –

0.000

Concentration-response curves showing the peak changes in BRET responses obtained

-0.010
-0.020

(∆BRET) following agonist stimulation. Agonist-induced ∆BRET is calculated relative to

-0.030
-0.040
0

-9

-8

-7

-6

-5

Log[Isoprenaline] (M)

-4

vehicle alone. Data represent the mean ± SEM of 6 replicates, each performed in
triplicate. BU – BRET units.

157

Chapter 3 – Investigating the role of internalisation in Adenosine A2A receptor-mediated
signalling

Table 3.22: Potency (pEC50) and maximal responses (Emax) for
Isoprenaline-induced changes in β2R localisation.

Marker:

pEC50a:

Emaxb:

n:

Rab5a

7.07 ± 0.37

-0.020 ± 0.002

6

Rab7

5.70 ± 0.31

0.025 ± 0.003

6

Rab11

7.21 ± 0.33

0.019 ± 0.002

6

Data ± SEM of n individual data sets.
a

Negative logarithm of the agonist concentration producing a half-

maximal response.
b

Maximal response measured, as determined by fitting a three-

parameter logistic equation to the concentration-response data,
reported in BU (BRET units).
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To further investigate the endosomal trafficking of ARs, HEK293T cells transiently coexpressing A1R-NL or A2BR-NL, and Rab5a-Venus, Rab7-Venus or Rab11-Venus, were
stimulated with Adenosine and NECA, and agonist-induced changes in BRET was recorded
(Figures 3.45-3.46). Whilst neither agonist induced any observable change in the subcellular
localisation of the A2BR (Figure 3.45), the addition of Adenosine, but not NECA, promoted an
increase in the proportion of A1R located within recycling endosomes (pEC50: 6.18 ± 0.47; Emax:
-0.011 ± 0.002) (Figure 3.46). Hence, the AR subtypes display inherent differences in their
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Figure 3.45: Agonist-induced changes in A2BR localisation. HEK293T cells transiently co-expressing A2BR-NL and Rab5a-Venus

(A/D), Rab7-Venus (B/E) or Rab11-Venus (C/F) were stimulated with Adenosine (A-C) or NECA (D-F) (1 nM – 100 μM) for up
to 60 minutes. Agonist-induced ∆BRET is calculated relative to vehicle alone. Data represent the mean ± SEM of 3
replicates, each performed in triplicate. BU – BRET units.
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Figure 3.46: Agonist-induced changes in A1R localisation. HEK293T cells transiently co-expressing A1R-NL and Rab5a-Venus

(A/D), Rab7-Venus (B/E) or Rab11-Venus (C/F) were stimulated with Adenosine (A-C) or NECA (D-F) (1 nM – 100 μM) for up
to 60 minutes. G and H – Concentration-response curves showing the peak changes in BRET responses obtained (∆BRET)
following Adenosine (G) or NECA (H) stimulation. Agonist-induced ∆BRET is calculated relative to vehicle alone. Data
represent the mean ± SEM of 3 replicates, each performed in triplicate. BU – BRET units.

The data presented thus far has highlighted the absence of A2AR internalisation, following
agonist stimulation, using NanoBiT- and BRET-based techniques. Simultaneous investigations
into A2AR internalisation, performed by our collaborators: Prof. Stephen Hill; Dr. Stephen
Briddon; Dr. Laura Kilpatrick; and Dr. Leigh Stoddart (University of Nottingham, UK), yielded
conclusions similar to those obtained from the quantitative approaches presented within this
chapter: confocal microscopy images reveal that stimulation with a high concentration (10 μM)
of CGS21680, for up to 3 hours, is without any discernible A2AR internalisation, with clear
expression of SNAP-labelled A2AR at the cell surface (Figure 3.47). Likewise, incubation with 10
μM of Adenosine, NECA or PSB0777 for 2 hours had no significant impact upon receptor
internalisation, similar to vehicle-treated cells.
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Figure 3.47: Confocal microscopy images of A2AR localisation. HEK293-SNAP-A2AR cells labelled with SNAP-Surface Alexa

Fluor488 (100 nM) were stimulated with 10 μM CGS21680 (A) for 0, 60, 120 or 180 minutes, or vehicle, 10 μM Adenosine,
10 μM NECA or 10 μM PSB0777 for 120 minutes (B), and images were captured using a Zeiss LSM880 confocal microscope
(Carl Zeiss GmbH, Jena, Germany) using a 63x plan-Apochromat NA 1.4 Ph3 oil-immersion objective and a 488/561/633
main dichroic. Images shown in A and B are representative of images taken from five independent experiments, with at
least three images taken per condition, per experiment. All images were taken using identical settings for laser power, gain
and offset. Scale bar shown represents 10 μm. C/D - Fluorescent intensity values were determined from the images
obtained in A and B in membrane regions of interest. Each point represents the values obtained from one cell and error
bars represent mean ± SEM. Experiments were performed by Dr. Leigh Stoddart (University of Nottingham, UK).
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3.4.3 Investigating the importance of the C-terminal tail in β-arrestin
recruitment and receptor internalisation
The C-terminal tail of a GPCR is an important regulator of β-arrestin recruitment and receptor
internalisation (Cahill III et al., 2017; Spillmann et al., 2020); GPCRs have two binding sites for
b-arrestins: the cytoplasmic loops, particularly ICL3, form an interaction with the core of βarrestin1/2, occupying a similar binding site to that of Gα subunits, leading to direct
competition between G proteins and activated GPCRs (Gurevich and Gurevich, 2006, 2019;
Szczepek et al., 2014). In addition, the cytosolic tail of the GPCR forms an interaction with the
NTD of β-arrestin1/2, modulating arrestin activity (Yang et al., 2017; Thibeault and
Ramachandran, 2020). Both sites are able to operate independently and influence a GPCR’s
affinity for arrestins, in a receptor-dependent manner (Yang et al., 2015; Mayer et al., 2019).
Further, the CTD often includes Ser/Thr residues which provide sites for GRK-dependent
phosphorylation, in turn initiating the recruitment of endocytic machinery (Fessart and Delom,
2011; Verweij et al., 2020), or may contain sequence motifs which can directly interact with
components of the CME pathway (Ohno et al., 1995; Pandey, 2010; Mundell and Kelly, 2011b;
Kadlecova et al., 2017), facilitating arrestin-independent endocytosis (Moo et al., 2021).
Hence, this study sought to investigate the importance of the A2AR’s C-terminal tail in agonistmediated arrestin recruitment and receptor internalisation, or lack thereof, through the
construction of concomitant A2AR/A3R and A3R/A2AR chimeric receptors: the CTD
(encompassing helix 8 and the cytosolic tail) of the A2AR was replaced with that of the A3R
(referred to herein as A2A-3(CTD)R), and the CTD of the A3R was likewise replaced with that of the
A2AR (referred to herein as A3-2A(CTD)R).
Replacement of the A2AR CTD with that of the A3R failed to initiate any observable β-arrestin
recruitment in response to agonist (Figure 3.48), with A2A-3(CTD)R-dependent responses
comparable to those of the WT A2AR (Figures 3.27 and 3.30). In comparison, whilst replacement
of the A3R CTD had no effect upon β-arrestin1 recruitment, relative to WT (Figure 3.29), A32A(CTD)R

exhibited a more prolonged recruitment profile for β-arrestin2 (Figure 3.49), despite a

reduction in potencies for both Adenosine (pEC50: 5.98 ± 0.27) and NECA (pEC50: 6.11 ± 0.22)
(Table 3.23).
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In addition, the exchange of CTDs did not appear to negate the absence of A2AR internalisation,
as incubation with Adenosine, CGS21680, NECA or PSB0777 had no effect upon HiBiT-A2A-3(CTD)
trafficking from the cell surface, as shown by the absence of change in the luminescence signals
recorded (Figure 3.50A-D). Conversely, the CTD appears to heavily influence the kinetics, as
well as the magnitude, of A3R internalisation: stimulation with Adenosine or NECA induced an
immediate reduction in the proportion of HiBiT-A3-2A(CTD)R expressed at the cell surface (Figure
3.50E-F), with respective changes in NECA- and Adenosine-induced ∆Luminescence of
approximately 10- to 13-fold, relative to WT (Figure 3.38). Furthermore, the HiBiT-A3-2A(CTD)R
appears to recycle back to the cell surface after approximately 60 minutes of agonist exposure,
unlike WT HiBiT-A3R which does not appear to traffic back to the plasma membrane during the
time period being investigated. Therefore, the CTD of the A3R appears to be important in
determining the kinetics of both receptor internalisation and subcellular trafficking.
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Agonist-induced changes in BRET (∆BRET) is calculated relative to vehicle alone. Data represent the mean ± SEM of 4-5 replicates, each performed in

or β-arrestin2 (bottom) were stimulated with Adenosine (A/E), CGS21680 (B/F), NECA (C/G) or PSB0777 (D/H) (100 pM – 100 μM) for up to 60 minutes.

Figure 3.48: AR agonist-induced changes in β-arrestin recruitment to A2A-3(CTD)R. HEK293T cells transiently co-expressing A 2A-3(CTD)R-NL and β-arrestin1 (top)
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Figure 3.49: AR agonist-induced changes in β-arrestin recruitment to A3-2A(CTD)R. HEK293T cells transiently co-expressing A32A(CTD)R-NL

and β-arrestin1 (top) or β-arrestin2 (bottom) were stimulated with Adenosine (A/D) or NECA (B/E) (1 nM – 100

μM) for up to 60 minutes. C and F – Graphs display the peak agonist-induced changes in BRET (∆BRET), calculated relative
to vehicle alone. Data represent the mean ± SEM of 4 replicates, each performed in triplicate. BU – BRET units.

Table 3.23: Potency (pEC50) and maximal responses (Emax) for agonist-induced β-arrestin
recruitment to the A3-2A(CTD)R.

β-arrestin1
β-arrestin2

Agonist:

pEC50a:

Emax b:

Adenosine

N.R.

N.R.

NECA

N.R.

N.R.

Adenosine

5.98 ± 0.27

0.013 ± 0.001

NECA

6.11 ± 0.22

0.016 ± 0.001

n:

4
4

Data ± SEM of n individual data sets.
a

Negative logarithm of the agonist concentration producing a half-maximal response.

b

Maximal response measured, as determined by fitting a three-parameter logistic equation

to the concentration-response data, reported in BU (BRET units).
N.R. – No response detected.
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Figure 3.50: Agonist-induced changes in the luminescence responses obtained in HiBiT-A2A-3(CTD)R- and HiBiT-A 3-2A(CTD)R-expressing cells . HEK293T cells transiently
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3.5 Summary and Conclusions
The work presented within this chapter has highlighted the constitutive activity of the A2AR
(Figure 3.2) and its ability to signal continuously, promoting a prolonged increase in
intracellular cAMP levels following agonist stimulation: incubation with Adenosine, CGS21680,
NECA or PSB0777 promotes a robust increase in cAMP, in both CHO-K1-A2AR (Figure 3.1) and
HEK293-SNAP-A2AR cell lines (Figure 3.4), with responses appearing to be sustained over the
course of 2 hours (Figure 3.6); Such responses are significantly reduced upon the addition of
the A2AR-selective antagonist ZM241385, indicating constant cAMP production following A2AR
activation. Treatment of cells with either Barbadin (Figures 3.8 and 3.9), an inhibitor of βarrestin-AP2 complexes, or Dynasore (Figures 3.19 and 3.20), an inhibitor of Dynamin GTPase
activity, was found to reduce the potencies of agonist-induced increases in cAMP responses,
with concomitant decreases in the maximal cAMP levels achieved over time (Figures 3.10 and
3.21), with differences observed between cell types and indeed between agonists: Barbadin
appeared to attenuate CGS21680- and NECA-mediated signalling to a greater extent than
Adenosine, with decreases in both potency and maximal response in both cell types studied.
However, there was no discernible pattern between agonist identity and the degree to which
Barbadin was able to stifle agonist-mediated responses (Figures 3.15 and 3.17). Dynasore
treatment, however, was found to reduce the potencies of all agonists, under investigation, as
well as that of Forskolin; Dynasore was revealed to be affecting cAMP levels in a systemdependent manner, irrespective of A2AR activation (Figure 3.26), thus complicating the findings
obtained regarding A2AR signalling in the presence of inhibitor.
Despite previously published reports within the literature, direct quantifications of arrestin
recruitment to the A2AR within this chapter revealed it to be a receptor incapable of recruiting
β-arrestin1/2 following agonist stimulation (Figures 3.27 and 3.30), even in the presence of
exogenous GRK expression (Figure 3.34), unlike the β2R (Figure 3.28) or A3R (Figure 3.29), with
similar responses detected in the absence of any β-arrestin protein (Figure 3.32). Further, by
employing several complimentary techniques to investigate receptor internalisation, the A2AR
has routinely appeared to remain localised at the cell surface, with no internalisation detected
following up to 180 minutes (Figures 3.36, 3.39 and 3.47) of agonist stimulation. Hence, there
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is confidence that the A2AR does not undergo agonist-induced internalisation within the cell
systems investigated in this chapter.
Although it was initially thought that an intracellular pool of active receptors would explain the
sustained cAMP levels downstream of A2AR activation, perhaps it is the confinement of A2AR to
the cell membrane which is responsible for the prolonged response: receptor internalisation
is the main mechanism by which receptor activity becomes downregulated. However, if the
A2AR is unable to internalise, activated receptors may be able to go on signalling in an
unobstructed manner. This hypothesis is supported by the findings that the β2R, a GPCR wellknown to undergo β-arrestin-dependent internalisation, signals only transiently in the
presence of β-arrestins (Figure 3.51A). However, following genetic deletion of β-arrestin1/2,
the β2R is able to initiate sustained increases in intracellular cAMP levels following agonist
exposure for at least 2 hours (Figure 3.51B), similarly to the A2AR. Hence, we conclude that the
A2AR does not recruit β-arrestins, nor undergo internalisation, in response to agonist. Instead,
the A2AR continuously signals from the cell surface, for at least 3 hours, and the observed
reductions in cAMP levels are likely due to Barbadin and Dynasore modulating cAMP signals
independent of receptor endocytosis, as has recently been observed for other GPCRs (Preta et
al., 2015; Sundqvist et al., 2020).
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Figure 3.51: The β2R signals transiently in response to Isoprenaline stimulation in the presence of β-arrestins. HEK293WT

cells (A) stimulated with Isoprenaline produce transient increases in intracellular cAMP levels, with responses being more
prolonged in HEK293∆β-arrestin1/2 cells (B), over the course of 2 hours. Experiments were conducted with 500 cells/well in
the absence of any PDE inhibitor. Data represent the mean ± SEM of 3-6 replicates.

168

Chapter 4 – Investigating the effects of RAMPs upon GPCR pharmacology

Chapter 4 – Investigating the effects of RAMPs upon GPCR
pharmacology
4.1 Introduction
GPCRs play pivotal roles in signal transduction and it is well established that numerous
molecules, both within cells and at the cell surface, interact with GPCRs in order to modulate
their trafficking and signalling properties. In accordance, RAMPs (McLatchie et al., 1998) have
been demonstrated to interact with GPCRs, predominantly with class B receptors, but
interactions with class A and C receptors have started to emerge (Bouschet et al., 2005; Desai
et al., 2014; Lorenzen et al., 2019; Mackie et al., 2019; Serafin et al., 2020). They were first
identified as partners for the CLR, existing as three isoforms (RAMP1, RAMP2 and RAMP3)
which share approximately 30% sequence identity with one another. The discovery of RAMPs
was facilitated by various research groups struggling to reproduce heterologous expression of
the CLR in cell types other than HEK293 cells, suggesting that a cofactor(s) may be required for
effective membrane expression and function. However, there is still a great deal of research to
be conducted into the effects of RAMPs on GPCR signalling, and new interactions could have a
significant impact upon the development of therapeutics (Routledge et al., 2017); To date, no
full length, peptide-bound class B GPCR structures have been solved, but recent structures of
class B GPCR ECDs or TMDs have given great insight into receptor architecture and activation
(Hollenstein et al., 2013; Siu et al., 2013; Ehrenmann et al., 2018; Liang et al., 2020; Wu et al.,
2020). However, as none of these structures capture the native orientation of the receptor’s
ECD with respect to the TM bundle or ECLs, it has long been a challenge to understand how
receptors could allow for different peptide preferences, and how this is further dictated upon
interactions with RAMPs.
In the case of the CLR at least, it has been suggested that RAMPs do so by directly interacting
with peptides, altering the conformation of CLR, or a combination of both. However, attempts
to identify the RAMP residues involved has identified very few candidates (Qi and Hay, 2010):
in RAMP1 only W84 has been noted as having a substantial effect upon CGRP interactions
(Moore et al., 2010), whilst its equivalent in RAMP2 (F111) has been implicated in AM binding,
as has E101 (Kusano et al., 2012); RAMPs have been noted as important in controlling the
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accessibility to a peptide-binding groove located at the inter-face between CLR and the RAMP,
with the conserved aromatic residues at position 84/111 of the RAMP being a key determinant
of peptide interactions (Watkins et al., 2014). Further, mutagenesis studies of RAMP1 and
RAMP3 indicate that residues W74 and E74 (the analogous residue in each protein to E101 of
RAMP2) are involved in AM selectivity and BIBN4096 affinity, as well as being important in
species selectivity (Mallee et al., 2002; Hay et al., 2006; Simms et al., 2006; Qi et al., 2008; Booe
et al., 2015).
Hence, this chapter serves to investigate interactions between selected GPCRs and RAMPs at
the cell surface via BRET-based approaches, whilst confirming the functionality of the tagged
constructs generated for such experiments. As such, the data presented herein has formed the
basis of multiple projects, some of which are currently ongoing, including investigating how
RAMPs influence the internalisation and signalling bias of the GIPR or GLP-1R, in collaboration
with: Dr. Kathleen Caron and Dr. Duncan Mackie (University of North Carolina, USA); and Dr.
Matthew Harris (University of Cambridge, UK); or Ms. Abigail Pearce (University of Cambridge,
UK), respectively. In particular, this chapter presents initial data regarding the effect(s) of
RAMP1 mutations upon CLR-RAMP interactions at the cell surface, as well as downstream
cAMP production and β-arrestin recruitment profiles, as part of a collaborative project with:
Prof. David Poyner (Aston University, UK); Prof. Davide Calebiro and Mr. Jak Grimes (University
of Birmingham, UK). The overall aim of this project, which is presently ongoing and ultimately
beyond the scope of this thesis, is to study the dynamics of CLR-RAMP complexes via single
molecule TIRF microscopy, and how this may be influenced by the presence of agonists and/or
antagonists.

4.2 Investigating GPCR-RAMP interactions at the cell surface
For the work presented within this thesis, the investigation of receptor pharmacology required
utilisation of a variety of cellular assays for the measurement of downstream signalling
components and analysis of receptor interactions at the cell surface, as well as various cell
lines. A predominant technology utilised within many of these aforementioned assays relies
on BRET; BRET-based approaches are commonly used as methods by which to monitor proteinprotein interactions and cellular events within living cells, with major roles in studying receptor
oligomerisation (Cottet et al., 2012) and detecting signalling pathway activation (Hamdan et
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al., 2016). Numerous acceptor-donor BRET pairings exist, differing in their spectral properties,
with each configuration providing advantages which can be exploited for specific scientific
applications (Breton et al., 2010). However, the underlying principles remain the same:
nonradiative energy, originating from the oxidation of an appropriate luciferase enzyme
substrate (donor), is transferred to a fluorescent protein acting as an acceptor, exciting the
fluorophore and causing it to re-emit part of the energy at a characteristic wavelength. BRET
only occurs when the acceptor and donor are within close proximity, typically defined as < 10
nm, and when the emission spectrum of the donor overlaps sufficiently with the excitation
spectrum of the acceptor (Dimri et al., 2016).
This chapter begins by investigating RAMP-GPCR interactions at the cell surface, through
exploitation of N-terminally NL-tagged GPCR and N-terminally SNAP-tagged RAMP constructs;
A SNAP-tag is a commercially available mutant of the DNA repair enzyme O6-alkylguanine-DNA
alkyltransferase (19.4 kDa) which reacts specifically and rapidly with benzylguanine derivatives,
irreversibly transferring the alkyl group from its substrate to one of its cysteine residues,
leading to covalent labelling of the SNAP-tag with a synthetic probe (Keppler et al., 2002). This
permits the labelling of SNAP-tagged fusion proteins with SNAP-Surface® Alexa Fluor® 488
(Section 2.2.9), a cell-impermeable, photostable green fluorescent dye which can be used to
label SNAP-tagged fusion proteins on the surface of living cells (Figure 2.13) (Figure 4.1).

Figure 4.1: Labelling SNAP-tagged RAMPs. A SNAP-tag reacts specifically and rapidly with benzylguanine derivatives,

irreversibly transferring the alkyl group from its substrate to one of its cysteine residues, leading to covalent labelling of
the SNAP-tag with a synthetic probe. This permits the labelling of SNAP-tagged RAMP proteins with SNAP-Surface®
Alexa Fluor® 488, a cell-impermeable, photostable green fluorescent dye which can be used to label SNAP-tagged
fusion proteins on the surface of living cells. Schematic created with BioRender.com

4.2.1 Determining the appropriate controls
The utilisation of BRET approaches for investigation into receptor pharmacology first requires
optimisation of assay conditions in order to establish a robust assay system: it was necessary
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to determine the optimal amounts of DNA for transfections, as well as cell seeding densities.
As the CLR forms an obligate oligomeric complex with RAMPs in order to facilitate ER export
and subsequent trafficking to the plasma membrane (McLatchie et al., 1998; Cooray et al.,
2009), the CLR provides a suitable, and necessary, positive control for investigating GPCRRAMP interactions at the cell surface. As such, assay conditions were optimised by utilising an
N-terminally NL-tagged CLR (NL-CLR). After transfecting HEK293S cells for 24 hours with
varying amounts of NL-CLR, luminescence emissions at numerous cell densities was recorded,
in the presence of Furimazine (Figure 4.2). The data revealed that transfection with either 10
ng, 50 ng or 100 ng of pcDNA3.1/NL-CLR yielded appreciable luminescence readings in the
presence of Furimazine, with steady emissions at 460 nm recorded over the course of 1 hour.
However, the luminescence values obtained were higher when cells were transfected using 50
ng or 100 ng pcDNA3.1/NL-CLR, compared to those transfected with 10 ng. Further,
luminescence values increased with increasing cell number for transfections using 10 ng or 50
ng DNA, whereas emissions appeared similar at 20,000, 30,000 or 40,000 cells/well for
transfections with 100 ng DNA. Therefore, HEK293S cells were subsequently transfected with
100ng pcDNA3.1/NL-GPCR and seeded at 20,000 cells per well as these conditions generated
a bright, relatively steady level of luminescence.
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Figure 4.2: Optimising the cell seeding densities of HEK293S cells and the amount of DNA with which they are
transfected. HEK293S cells transfected with either 10 ng (A), 50 ng (B) or 100 ng (C) of pcDNA3.1/NL-CLR were

reseeded at 10,000, 20,000, 30,000 or 40,000 cells per well 24 hours post-transfection, and luminescence at 460 nm
was recorded following the addition of Furimazine (1 in 1000 final dilution). The total amount of DNA was kept
constant at 600 ng/well for all conditions, using pcDNA3.1. Data represent the mean ± SEM of 3 replicates, each
performed in duplicate. LU – Luminescence units.
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Before thoroughly studying RAMP-GPCR interactions in HEK293S cells, it was important to
establish an appropriate negative control for the assay setup. Although an overlap in the
spectral profiles of NanoLuciferase and SNAP-Surface® Alexa Fluor® 488 makes the pairing
ideal for use in BRET, it can lead to crossover between the signals detected during an assay,
generating bleed-through. Hence, the absence of SNAP-tagged RAMP (SNAP-RAMP) was
chosen as the negative control, serving to define a baseline level of BRET, increases above
which would be expected in the presence of a RAMP-GPCR interaction.
HEK293S cells transiently co-expressing a fixed amount of NL-CLR in the presence of increasing
SNAP-RAMP, leading to increasing ratios of SNAP-RAMP:NL-CLR (Figure 4.3 x-axis), were
labelled with 200 nM SNAP-Surface® Alexa Fluor® 488 and BRET responses recorded, in the
presence of Furimazine (Figure 4.3). The data revealed substantial increases in the net BRET
ratios calculated with increasing ratios of SNAP-RAMP:NL-CLR in the presence of all RAMPs,
with the largest response observed with SNAP-RAMP1 (Emax: 0.176 ± 0.011 BU), followed by
SNAP-RAMP3 (Emax: 0.086 ± 0.005 BU), and finally SNAP-RAMP2 (Emax: 0.055 ± 0.002 BU) (Table
4.1). Therefore, NL-CLR was henceforth used as a positive control for investigating GPCR-RAMP

Net BRET ratio (BU)

interactions at the cell surface.
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0.025
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SNAP-RAMP:NL-CLR
Increasing amount of SNAP-RAMP
Fixed amount of NL-CLR

Figure 4.3: NL-CLR directly interacts with SNAP-RAMP1, -RAMP2 and –
RAMP3. HEK293S cells co-expressing NL-CLR and SNAP-RAMP at various

ratios of SNAP-RAMP:NL-CLR i.e. fixed amount of NL-CLR with increasing
amounts of SNAP-RAMP. Net BRET ratio was determined as Em(515
nm)/Em(460 nm) and baseline-corrected for the responses obtained in the
absence of SNAP-RAMP. Data represent the mean ± SEM of 9-11 replicates,
each performed in duplicate/triplicate. BU – BRET units.
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4.2.2 Investigating RAMP interactions with GPCRs
To study interactions between RAMPs and other GPCRs, HEK293S cells transiently coexpressing NL-GIPR or NL-GLP-1R and SNAP-RAMP1, SNAP-RAMP2 or SNAP-RAMP3, at various
ratios of SNAP-RAMP:NL-GPCR, were labelled with 200 nM SNAP-Surface® Alexa Fluor® 488
and BRET responses were measured, in the presence of Furimazine (Figures 4.4-4.5). Similarly
to NL-CLR (Figure 4.3), both NL-GIPR and NL-GLP-1R demonstrate an ability to interact with
SNAP-RAMP3, as revealed by a saturable increase in the net BRET ratios obtained in the
presence of increasing SNAP-RAMP (Emax: 0.056 ± 0.003 BU or 0.021 ± 0.002 BU for NL-GLP-1R
or NL-GIPR, respectively). Further, NL-GIPR appears to also interact with SNAP-RAMP1 and
SNAP-RAMP2 in HEK293S cells, in agreement with previous reports (Christopoulos et al., 2002;
Lorenzen et al., 2019; Harris et al., 2021; Shao et al., 2021) (Appendix 2), with maximal
responses of similar magnitudes (Emax: 0.010 ± 0.002 BU or 0.012 ± 0.002 BU, for SNAP-RAMP1
or SNAP-RAMP2, respectively) (Table 4.1). In contrast, NL-GLP-1R exhibits no discernible
increase in the net BRET ratios calculated in the presence of increasing SNAP-RAMP1 or SNAPRAMP2 when compared to the responses obtained in the absence of RAMP. Hence, GLP-1R
appears to interact solely with RAMP3, despite previous studies disputing the ability of GLP-1R
to interact with RAMPs (Christopoulos et al., 2002; Lorenzen et al., 2019; Shao et al., 2021).
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Figure 4.4: NL-GIPR directly interacts with SNAP-RAMP1, -RAMP2 and –RAMP3, whilst NL-GLP-1R only interacts with
SNAP-RAMP3. HEK293S cells co-expressing NL-GIPR (A) or NL-GLP-1R (B) and SNAP-RAMP at various ratios of SNAP-

RAMP:NL-GPCR. Net BRET ratio was determined as Em(515 nm)/Em(460 nm) and baseline-corrected for the
responses obtained in the absence of SNAP-RAMP. Data represent the mean ± SEM of 3-4 replicates, each
performed in duplicate. BU – BRET units.
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Figure 4.5: BRET ratios measured in HEK293S cells co-expressing NL-CLR, NL-GLP-1R or NL-GIPR, and SNAP-RAMP1, RAMP2 or –RAMP3. HEK293S cells co-expressing NL-CLR, NL-GLP-1R or NL-GIPR and SNAP-RAMP1 (A), SNAP-RAMP2

(B) or SNAP-RAMP3 (C). Net BRET ratio was determined as Em(515 nm)/Em(460 nm) at a 2:1 ratio of SNAP-RAMP:NLGPCR and baseline-corrected for the responses obtained in the absence of SNAP-RAMP. Data represent the mean ±
SEM of 3-11 replicates, each performed in duplicate/triplicate. Statistical significance was calculated relative to the
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Table 4.1: Maximal BRET responses (Emax) in HEK293S cells.
RAMP1

RAMP2

RAMP3

Emaxa:

n:

Emaxa:

n:

Emaxa:

n:

CLR

0.176 ± 0.011***

11

0.055 ± 0.002***

9

0.086 ± 0.005***

10

GLP-1R

0.003 ± 0.001***

4

0.005 ± 0.002***

3

0.056 ± 0.003***

3

GIPR

0.010 ± 0.002***

4

0.012 ± 0.002***

4

0.021 ± 0.002***

3

Data ± SEM of n individual data sets.
a

Maximal responses determined as those obtained at a 2:1 ratio of SNAP-RAMP:NL-GPCR, reported in BRET

units (BU).
Statistical significance was calculated relative to the absence of RAMP using a one-way ANOVA with
Bonferroni’s correction for multiple comparisons (*, p < 0.05, **, p < 0.01, ***, p < 0.001).

To demonstrate that neither the NL- nor SNAP-tag affects the formation of functional
receptors or RAMPs at the cell surface, cells transiently expressing NL-GPCRs alone (Figure 4.6),
or in conjunction with SNAP-RAMPs (Figures 4.7-4.8), were utilised in cAMP accumulation
assays.
Both the GIPR and the GLP-1R have previously been shown to traffic to the plasma membrane
and stimulate cAMP production in the absence of RAMP overexpression (Yaqub et al., 2010;
Jones et al., 2018). Hence, CHO-K1 cells transiently transfected with either pcDNA3.1,
pcDNA3.1/NL-GIPR or pcDNA3.1/NL-GLP-1R were stimulated with agonist, and cAMP
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accumulation was measured (Figure 4.6). Mock-transfected cells display only a weak ability to
stimulate cAMP production in response to the incretin peptides GIP(1-42), GIP(D-Ala2), GLP-1
(7-36)NH2 or Oxyntomodulin (Figure 4.6), as demonstrated by the low levels of cAMP
responses recorded. In contrast, CHO-K1 cells transiently expressing NL-GIPR (Figure 4.6A-B)
display a marked increase in agonist-stimulated cAMP production, with significant increases in
the maximal responses of both GIP(1-42) and GIP(D-Ala2) (Emax: 58.32 ± 2.41% and 54.77 ±
2.84%, respectively), as well as increases in agonist potencies (pEC50: 11.11 ± 0.15 or 9.92 ±
0.18 for GIP(1-42) or GIP(D-Ala2), respectively) (Table 4.2), relative to mock-transfected cells.
Further, GLP-1 (7-36)NH2- and Oxyntomodulin-mediated increases in cAMP production were
significantly increased in CHO-K1 cells transiently expressing NL-GLP-1R (Figure 4.6C-D) (Emax:
63.97 ± 2.36 % and 65.35 ± 3.91%, respectively), compared to mock-transfected cells.
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Figure 4.6: cAMP responses measured in HEK293S cells expressing NL-GIPR or NL-GLP1R. Expression of NL-GIPR (top) and NL-GLP-1R (bottom) constructs in CHO-K1 cells

leads to functional receptor expression, as demonstrated by the increases in cAMP
production following stimulation with GIP(1-42) (A), GIP(D-Ala2) (B), GLP-1 (7-36)NH2 (C)
or Oxyntomodulin (D), relative to cells transfected with pcDNA3.1. Data represented as
a mean percentage of the cAMP response obtained in the presence of 100 μM Forskolin
± SEM of 3-5 replicates.
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11.03 ± 0.25**

GLP-1 (7-36)NH2

177

Emaxb:

21.28 ± 2.01*8

22.16 ± 2.09**

20.54 ± 2.73**

21.57 ± 2.65**

-

-

5

5

n:

9.35 ± 0.22***

11.30 ± 0.17***

N.D.

N.D.

pEC50a:

65.35 ± 3.91***

63.97 ± 2.36***

N.D.

N.D.

Emaxb:

3

4

-

-

n:

p < 0.05, ***, p < 0.001).

Statistical significance was calculated relative to responses obtained in cells transfected with pcDNA3.1 using a Student’s t-test (*,

N.D. – Not determined.

response measured as a percentage of the response obtained in the presence of 100 μM Forskolin.

N.D.

N.D.

54.77 ± 2.84***

58.32 ± 2.41***

Emaxb:

b Maximal

N.D.

N.D.

9.92 ± 0.18***

11.11 ± 0.15***

pEC50a:

NL-GLP-1R

logarithm of the agonist concentration producing a half-maximal response.

3
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5

5

n:

NL-GIPR

a Negative

Data ± SEM of n individual data sets.

9.07 ± 0.28**

8.92 ± 0.31**

GIP(D-Ala2)

Oxyntomodulin

10.39 ± 0.35**

pEC50a:

pcDNA3.1

GIP(1-42)

GIPR or NL-GLP-1R.

Table 4.2: Potency (pEC50) and maximal responses (Emax) for cAMP production in CHO-K1 cells transiently expressing pcDNA3.1, NL-
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To assess the ability of SNAP-RAMPs to form functional oligomeric complexes, HEK293 cells
lacking the CTR (denoted HEK293DCTR), which exhibit no endogenous response to CGRP, AM
or AM2 in the absence of RAMPs (Figure 4.7A-B), were made to transiently co-express SNAPRAMP1-3 and HA-CLR (Figure 4.7) or NL-CLR (Figure 4.8). Co-expression of HA-CLR with SNAPRAMP1, SNAP-RAMP2 or SNAP-RAMP3, generated a robust increases in cAMP production
following stimulation with CGRP, AM or AM2 (Figure 4.7C-E; Table 4.3), with CLR-RAMP1
forming the CGRP receptor (rank orders of potencies: CGRP > AM2 > AM), CLR-RAMP2 forming
the AM1 receptor (rank orders of potencies: AM > AM2 > CGRP), and CLR-RAMP3 forming the
AM2 receptor (rank orders of potencies: AM2 = AM > CGRP), in agreement with previous
reports (Weston et al., 2016; Clark, 2020).
Similar to HA-CLR transfections (Figure 4.7), HEK293DCTR cells transiently expressing NL-CLR
in the absence of RAMP were unable to promote an increase in cAMP production following
stimulation with CGRP, AM or AM2 (Figure 4.8A). Co-expression of NL-CLR with SNAP-RAMP1,
SNAP-RAMP2 or SNAP-RAMP3, however, leads to robust increases in the cAMP responses
measured, with the rank orders of potencies similar to those obtained in the presence of HACLR: CGRP > AM = AM2 in the presence of SNAP-RAMP1, AM > AM2 > CGRP in the presence of
SNAP-RAMP2, and AM2 = AM > CGRP in the presence of SNAP-RAMP3 (Table 4.4). Thus, there
is confidence that the introduction of N-terminal NL- and/or SNAP-tags within a GPCR-RAMP
complex has no effect upon the formation, nor signalling, of functional RAMP-receptor
oligomers.
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Figure 4.7: Co-expression of HA-CLR with SNAP-RAMP1, - RAMP2 or -RAMP3
forms functional CGRP, AM or AM2 receptors, respectively, in HEK293∆CTR cells.

HEK293∆CTR cells expressing pcDNA3.1 only (A) or HA-CLR and pcDNA3.1 (B) do
not produce substantial cAMP responses following stimulation with CGRP, AM or
AM2. However, co-expression of HA-CLR with SNAP-RAMP1 (C), SNAP-RAMP2
(D) or SNAP-RAMP3 (E) generates robust increases in cAMP production following
stimulation with agonist. Data represented as a mean percentage of the cAMP
response obtained in the presence of 100 μM Forskolin ± SEM of 3 replicates.
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Table 4.3: Potency (pEC50) and maximal responses (Emax) for cAMP production in HEK293∆CTR cells transiently expressing
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Figure 4.8: Co-expression of NL-CLR with SNAP-RAMP1, - RAMP2 or -RAMP3
forms functional CGRP, AM or AM2 receptors, respectively, in HEK293∆CTR cells.

HEK293∆CTR cells co-expressing NL-CLR and pcDNA3.1 (A) do not produce
substantial cAMP responses following stimulation with CGRP, AM or AM2.
However, co-expression of NL-CLR with SNAP-RAMP1 (B), SNAP-RAMP2 (C) or
SNAP-RAMP3 (D) generates robust increases in cAMP production following
stimulation with agonist. Data represented as a mean percentage of the cAMP
response obtained in the presence of 100 μM Forskolin ± SEM of 4-8 replicates.
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Table 4.4: Potency (pEC50) and maximal responses (Emax) for cAMP production in HEK293∆CTR cells transiently expressing NL-CLR
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To further investigate receptor-RAMP interactions at the cell surface, HEK293S cells transiently
co-expressing NL-CLR, NL-GIPR or NL-GLP-1R and either SNAP-RAMP1, SNAP-RAMP2 or SNAPRAMP3 were labelled with 200 nM SNAP-Surface® Alexa Fluor® 488 and subjected to BRET
microscopy (Figure 4.9). Images of SNAP-RAMP localisation were obtained immediately
following labelling with SNAP-Surface® Alexa Fluor® 488. Cells were then subsequently
incubated with Furimazine before live cell imaging of bioluminescence and BRET emissions.
Overall, the findings obtained from the BRET microscopy experiments strongly agree with
those revealed from the cell-surface BRET experiments (Figures 4.3-4.5): both the CLR and
GIPR interact with all three RAMPs at the cell surface, as highlighted by the membranelocalised BRET emissions and significant increases in the BRET ratios calculated, when
compared to receptor in the absence of RAMP (0.93 ± 0.02 BU, 0.87 ± 0.01 BU or 0.85 ± 0.01
BU for NL-CLR and SNAP-RAMP1, SNAP-RAMP2 or SNAP-RAMP3, respectively, and 0.77 ± 0.01
BU, 0.81 ± 0.02 BU or 0.83 ± 0.01 BU for NL-GIPR and SNAP-RAMP1, SNAP-RAMP2 or SNAPRAMP3, respectively) (Figures 4.9-4.10). In contrast, NL-GLP-1R appears to only interact with
SNAP-RAMP3 (0.76 ± 0.01 BU), with no appreciable increase in the BRET responses obtained
in the presence of either SNAP-RAMP1 or SNAP-RAMP2, when compared to responses
obtained in the absence of RAMP. Therefore, it appears that CLR and GIPR interact with all
three RAMPs at the cell surface, whereas GLP-1R is only able to interact with RAMP3.
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Figure 4.10: Quantification of BRET interactions between SNAP-RAMPs and NL-GPCRs as determined by live cell
imaging. SNAP-RAMP1, - RAMP2 or –RAMP3 was co-expressed with either NL-CLR (A), NL-GLP-1R (B) or NL-GIPR (C) in

HEK293S cells. BRET ratios were calculated by dividing the signals obtained for SNAP Surface® Alexa Fluor® 488 by the
bioluminescence emissions recorded. Data represent the mean ± SEM. Statistical significance between pcDNA3.1 and
SNAP-RAMP was calculated using a one-way ANOVA with Bonferroni’s correction for multiple comparisons (ns, not
significant, **, p < 0.005, ***, p < 0.001). BU – BRET units.

4.2.2.1 Studying the impact upon GPCR pharmacology following removal of the
PDZ motif within RAMP3
Factors influencing the sorting of receptors into early endosomes are largely unknown, but
some of the critical players are beginning to be identified for GPCRs. For certain receptors, it
has been documented that interactions with PDZ domain proteins are responsible for altering
receptor trafficking following agonist stimulation and receptor internalisation (Maudsley et al.,
2000). In particular, adaptor proteins, such as Na+/H+ exchanger regulatory factor-1 (NHERF-1)
or N-ethylmaleimide-sensitive factor (NSF), have been shown to regulate the trafficking of
GPCRs, such as the β2R and κ-Opioid receptor (Hall et al., 1998a, 1998b; Maudsley et al., 2000;
Cong et al., 2001; Li et al., 2002), by tethering membrane receptors to cytoskeletal proteins
through PDZ interactions. Similar to the C-terminus of β2R, the C-terminus of RAMP3 contains
a type I PDZ motif (-DTLL motif), whereas neither RAMP1 nor RAMP2 contain any such PDZ
recognition sequence (Bomberger et al., 2005a, 2005b). Accordingly, it has been shown that
RAMP3 regulates the trafficking of the CLR (Bomberger et al., 2005b) by altering the life cycle
of CLR-RAMP3 complexes from a degradative to recycling pathway via interactions of the PDZ
motif of RAMP3 with NSF, and can prevent internalisation of the GIPR (Harris et al., 2021)
(Appendix 2).
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Though it has been documented that the PDZ motif within RAMP3 is involved in agonistinduced internalisation and recycling of GPCRs, less is known regarding how the PDZ motif may
influence interactions between GPCR and RAMP3, or how it may impact upon agonistdependent signalling. To investigate the role that the PDZ motif within RAMP3 plays in
controlling interactions between GPCR and RAMP, HEK293S cells transiently co-expressing NLCLR, NL-GLP-1R or NL-GIPR and either SNAP-RAMP3 WT or SNAP-RAMP3 lacking the C-terminal
PDZ motif (-DTLL; denoted SNAP-RAMP3 DPDZ) were labelled with SNAP-Surface® Alexa Fluor®
488 and BRET responses were measured, in the presence of Furimazine (Figure 4.11). The
findings revealed that deletion of the PDZ motif had no significant effect upon the BRET ratios
detected, when compared to WT RAMP3 (Table 4.5), indicating that the PDZ recognition
sequence in not involved in RAMP3-receptor interactions at the cell surface.
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Table 4.5: Maximal BRET responses (Emax) in HEK293S cells transiently
expressing NL-GPCR and SNAP-RAMP3 WT or -RAMP3 without the C-terminal
PDZ recognition motif (∆PDZ).
RAMP3 WT

RAMP3 ∆PDZ

Emaxa:

n:

Emaxa:

n:

CLR

0.108 ± 0.007

11

0.093 ± 0.003

3

GLP-1R

0.052 ± 0.005

3

0.047 ± 0.008

3

GIPR

0.023 ± 0.002

3

0.023 ± 0.005

3

Data ± SEM of n individual data sets.
a

Maximal responses determined as those obtained at a 2:1 ratio of SNAP-

RAMP:NL-GPCR, reported in BRET units (BU).
Statistical significance was calculated relative to the WT RAMP3 using a
Student’s t-test.

To assess the effect of the PDZ motif on intracellular signalling, HEK293DCTR cells transiently
co-expressing HA-CLR or NL-CLR and SNAP-RAMP3 DPDZ were stimulated with CGRP, AM or
AM2, and cAMP production measured (Figure 4.12). Analysis of the data obtained reveals that
CLR-RAMP3 DPDZ complexes possess the same intrinsic ability to stimulate cAMP production
as CLR-RAMP3 WT oligomers (Figures 4.6 and 4.8), with no apparent differences in the agonist
potencies or maximal cAMP responses recorded (Table 4.6). Hence, the PDZ motif within the
C-terminal tail of RAMP3 has no effect upon the short-term signalling of the CLR in HEK293S
cells. Further, CHO-K1 cells, which exhibit no endogenous response to CGRP, AM or AM2 in the
absence of RAMPs (Appendix Figure 7.9), also display no significant differences in the agonistmediated cAMP responses upon removal of the C-terminal PDZ motif within RAMP3 (Figure
4.13) (Table 4.7). Hence, the lack of observable effect upon cAMP responses following the
removal of RAMP3’s C-terminal PDZ motif is maintained between cell types.
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Figure 4.12: Removal of the PDZ recognition motif from RAMP3 has no effect
upon agonist-induced cAMP accumulation in HEK293∆CTR cells when coexpressed with CLR or NL-CLR. HEK293∆CTR cells co-expressing HA-CLR (A) or NL-

CLR (B) and SNAP-RAMP3 lacking the C-terminal PDZ recognition motif (denoted
∆PDZ) produce increases in cAMP similar to SNAP-RAMP3 WT. Data represented
as a mean percentage of the cAMP response obtained in the presence of 100 μM
Forskolin ± SEM of 3-5 replicates.

Table 4.6: Potency (pEC50) and maximal responses (Emax) for cAMP production in HEK293∆CTR cells transiently
expressing HA-CLR or NL-CLR and SNAP-RAMP3 without the C-terminal PDZ recognition motif (∆PDZ).
HA-CLR

NL-CLR

pEC50a:

Emaxb:

n:

pEC50a:

Emaxb:

n:

CGRP

7.19 ± 0.38

37.48 ± 5.49

3

6.93 ± 0.26

41.64 ± 5.79

5

AM

8.98 ± 0.26

60.14 ± 4.82

3

9.71 ± 0.21

61.55 ± 3.00

4

AM2

9.21 ± 0.32

60.44 ± 5.16

3

8.87 ± 0.18

69.45 ± 3.63

5

Data ± SEM of n individual data sets.
a Negative

logarithm of the agonist concentration producing a half-maximal response.

b Maximal

response measured as a percentage of the response obtained in the presence of 100 μM Forskolin.

Statistical significance was calculated relative to the WT RAMP3 (Figures 4.7 and 4.8; Tables 4.3 and 4.4) using
a Student’s t-test.
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Figure 4.13: Removal of the PDZ recognition motif from RAMP3 has no significant
effect upon agonist-mediated responses at CLR-RAMP3 heterodimers in CHO-K1
cells. CHO-K1 cells co-expressing CLR and SNAP-RAMP3 WT (A) or –RAMP3 lacking the

C-terminal PDZ domain motif (denoted ∆PDZ) (B) produce robust increases in cAMP,
but with differing rank orders of agonist potencies. Data represented as a mean
percentage of the cAMP response obtained in the presence of 100 μM Forskolin ±
SEM of 5-6 replicates.

Table 4.7: Potency (pEC50) and maximal responses (Emax) for cAMP production in CHO-K1 cells transiently
expressing CLR and SNAP-RAMP3 WT or –RAMP3 without the C-terminal PDZ recognition motif (∆PDZ).
RAMP3 WT

RAMP3 ∆PDZ

pEC50a:

Emaxb:

n:

pEC50a:

Emaxb:

n:

CGRP

7.85 ± 0.46

35.987 ± 9.17

6

7.56 ± 0.24

29.99 ± 3.15

5

AM

7.68 ± 0.16

55.12 ± 3.57

6

8.47 ± 0.43

42.42 ± 4.64

5

AM2

8.26 ± 0.31

61.24 ± 3.65

6

7.84 ± 0.24

52.76 ± 4.25

5

Data ± SEM of n individual data sets.
a Negative

logarithm of the agonist concentration producing a half-maximal response.

b Maximal

response measured as a percentage of the response obtained in the presence of 100 μM Forskolin.

Statistical significance was calculated relative to WT RAMP3 using a Student’s t-test (ns, not significant).
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4.2.2.2 RAMP3 traffics to the cell surface in the absence of exogenous GPCR
Human RAMPs possess approximately 56% similarity in their amino acid sequences, as well as
a common protein structure: a short, intracellular C-terminus, a single transmembrane domain
and a long, extracellular N-terminus (Qi and Hay, 2010). Whilst RAMPs are necessary for
inducing the trafficking of various GPCRs from the ER to the plasma membrane (Christopoulos
et al., 2002; Bouschet et al., 2005; Parameswaran and Spielman, 2006; Dong et al., 2007;
Cooray et al., 2009), there is a reciprocal requirement for receptor expression to promote
translocation of RAMPs to the cell surface (Sexton et al., 2001): both RAMP1 and RAMP3 have
a pair of basic residues close to their short, cytoplasmic C-terminus which resemble ERretrieval motifs, whereas RAMP2 has an acidic-basic pair of amino acids at this position
(McLatchie et al., 1998). Truncation of the C-termini of RAMP1 and RAMP2 results in CLRindependent trafficking of RAMP1 to the cell surface, but retention of RAMP3 in the ER (Steiner
et al., 2002; Kuwasako et al., 2006; Udawela et al., 2006). Thus, RAMP1 and RAMP2 appear to
possess intracellular retention sequences which can be overridden by the CLR, with WT RAMPs
being located almost exclusively intracellularly in the absence of CLR (Christopoulos et al.,
1999; Kuwasako et al., 2006). However, in HEK293S cells, expression of RAMP3 in the absence
of exogenous GPCR exhibits a prominent localisation at the cell surface (Figure 4.14).
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Figure 4.14: Representative live cell imaging of SNAP-RAMP localisation. SNAP-RAMP1 (A), - RAMP2

(B) or –RAMP3 (C) was expressed in HEK293S cells in the absence of NL-GPCR. Arrows indicate PM
localisation; Scale bar represents 10 μm. Brightfield images illustrate cell density and viability. Images
of RAMP localisation were captured by imaging SNAP Surface® Alexa Fluor® 488 through a FITC
channel. The absence of co-transfected NL-GPCR was confirmed by imaging bioluminescence
emissions through an open channels, in the presence of Furimazine.
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4.2.2.3 Investigating RAMP-GPCR interactions in COS-7 cells: a system lacking
endogenous RAMP expression
HEK293 cells are one of the most common cell lines used for research purposes due to their
ease of culture and transfection. However, the precise identity of HEK293 cell lines used within
research groups/publications is not always clear, and is not necessarily that of the original
HEK293 cell line: since the generation of the original cell line in 1973, various cell lines have
been derived (e.g. HEK293S, HEK293T, HEK293G, HEK293F, HEK293FT etc.) which best suit a
range of applications. Hence, there is often much heterogeneity amongst published reports
utilising ‘HEK293’ cells. Further, RAMPs have been reported to be expressed in various HEK293
cell backgrounds (McLatchie et al., 1998; Yeung, 2020). COS-7 cells, on the other hand, have
been identified as a system lacking endogenous RAMP expression (Bühlmann et al., 1999;
Bouschet et al., 2005; Bailey and Hay, 2006; Hay and Pioszak, 2016). Hence, the work presented
herein attempts to verify previously observed GPCR-RAMP interactions, in the absence of
endogenous RAMP expression.
Contrary to HEK293S cells which grow largely in suspension and therefore require an additional
re-seeding step following incubation with SNAP-Surface® Alexa Fluor® 488, COS-7 cells are
grown as adherent cultures and, thus, could be plated directly onto assay plates prior to
transfection or labelling with the SNAP-tag dye. As such, we sought to determine the optimal
cell seeding densities and amounts of DNA for transfections; After plating COS-7 cells at various
cell densities, prior to subsequent transfection with varying amounts of NL-CLR for 24 hours,
luminescence emissions were measured in the presence of Furimazine (Figure 4.15). The
resultant data revealed that transfection with 25 ng or 50 ng pcDNA3.1/NL-CLR was able to
generate a substantial amount of luminescence. Over the course of an hour, signals emitted
by cells transfected with 50 ng pcDNA3.1/NL-CLR were more stable than those obtained from
cells transfected with 25 ng DNA. Further, there were no obvious differences between the
signals obtained at 5,000, 10,000 or 20,000 cells per well in the presence of 50 ng DNA. Hence,
COS-7 cells were seeded at 10,000 cells/well and transfected with 50 ng pcDNA3.1/NL-GPCR
for successive cell surface BRET experiments.
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Figure 4.15: Optimising the cell seeding densities of COS-7 cells and the amount of
DNA with which they are transfected. COS-7 cells seeded at either 5,000, 10,000 or

20,000 cells/well were transfected with 25 ng (A) or 50 ng (B) of pcDNA3.1/NL-CLR
per well, and luminescence at 460 nm was recorded 24 hours later, following the
addition of Furimazine (1 in 1000 final dilution). The total amount of DNA was kept
constant at 250 ng/well for all conditions, using pcDNA3.1. Data represent the mean
± SEM of 3 replicates, each performed in duplicate. LU – Luminescence units.

Analogous to the results observed using HEK293S cells (Figures 4.3 and 4.5), the CLR
demonstrated an ability to interact with all three RAMPs at the cell surface (Figure 4.16A) (Emax:
0.275 ± 0.011 BU with SNAP-RAMP1, 0.097 ± 0.003 BU with SNAP-RAMP2 and 0.130 ± 0.08 BU
with SNAP-RAMP3), with GIPR and GLP-1R also interacting with RAMP3 (Emax: 0.050 ± 0.005 BU
and 0.087 ± 0.015 BU, respectively) (Figures 4.16B-C and 4.17) (Table 4.8). In addition, GLP-1R
retained an inability to interact with either RAMP1 or RAMP2, as demonstrated by a lack of
change in the BRET responses calculated. Contrary to the data obtained in HEK293S cells,
however, there was no detectable increase in BRET when NL-GIPR was co-expressed with
SNAP-RAMP2. This could be argued to be due to a lower transfection efficiency of COS-7 cells,
relative to HEK293S cells, resulting in a poorer expression of NL-GIPR at the cell surface.
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Figure 4.16: Investigating direct interactions between NL-CLR, NL-GIPR or NL-GLP-1R and SNAP-RAMP1, -RAMP2 and –
RAMP3 at the cell surface. COS-7 cells co-expressing NL-CLR (A), NL-GIPR (B) or NL-GLP-1R (C) and SNAP-RAMP1, -

RAMP2 or –RAMP3 at various ratios of SNAP-RAMP:NL-CLR. Net BRET ratio was determined as Em(515 nm)/Em(460
nm) and baseline-corrected for the responses obtained in the absence of SNAP-RAMP. Data represent the mean ± SEM
of 3-7 replicates, each performed in duplicate. BU – BRET units.
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Figure 4.17: BRET ratios measured between NL-GPCRs and SNAP-RAMPs in COS-7 cells. COS-7 cells co-expressing NL-CLR,

NL-GIPR or NL-GLP-1R and SNAP-RAMP1 (A), SNAP-RAMP2 (B) or SNAP-RAMP3 (C). Net BRET ratio was determined as
Em(515 nm)/Em(460 nm) at 2:1 ratio of SNAP-RAMP:NL-GPCR and baseline-corrected for the responses obtained in the
absence of SNAP-RAMP. Data represent the mean ± SEM of 3-7 replicates, each performed in duplicate. Statistical
significance was calculated using a one-way ANOVA with Bonferroni’s correction for multiple comparisons (ns, not
significant, *, p < 0.05, ***, p < 0.001). BU – BRET units.
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Table 4.8: Maximal BRET responses (Emax) in COS-7 cells transiently expressing NL-GPCR and SNAP-RAMP1, RAMP2 or –RAMP3.
RAMP1

RAMP2

RAMP3

Emaxa:

n:

Emaxa:

n:

Emaxa:

n:

CLR

0.275 ± 0.011***

4

0.097 ± 0.003***

3

0.130 ± 0.008***

7

GIPR

0.028 ± 0.003***

4

0.010 ± 0.001***

3

0.050 ± 0.005***

3

GLP-1R

0.015 ± 0.002***

4

0.009 ± 0.001***

3

0.087 ± 0.015***

4

Data ± SEM of n individual data sets.
a

Maximal responses determined as those obtained at a 2:1 ratio of SNAP-RAMP:NL-GPCR, reported in BRET

units (BU).
Statistical significance was calculated relative to the signal obtained in the absence of SNAP-RAMP using a
Student’s t-test (*, p < 0.05, ***, p < 0.001).
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4.3 Studying CGRP receptor pharmacology in the presence of RAMP1
mutations
The importance of RAMPs in translocating CLR to the cell surface has been extensively
characterised, with the CLR unable to bind endogenous peptide agonists in the absence of
RAMP (McLatchie et al., 1998; Sexton et al., 2001; Routledge et al., 2017). In particular,
structural studies pertaining to interactions between CLR and RAMP1 in the presence of CGRP
reveal that the peptide forms a contact with W84 of RAMP1 (Kusano et al., 2008), with no
further direct contacts between peptide and RAMP; Mutation of W84A has been reported to
reduce the potency of CGRP at CLR-RAMP1 oligomeric complexes, with accompanying
reductions in cell surface expression (Gingell et al., 2010; Moore et al., 2010, 2012). Instead,
there is evidence for some RAMP-dependent shifts in the conformation of the contact residues
on CLR (Figure 1.8), suggesting that the RAMPs act in part by allostery (Booe et al., 2015).
Moreover, RAMPs have been demonstrated to be responsible in determining the abilities of
particular antagonists to bind to specific RAMP-CLR oligomeric complexes (McLatchie et al.,
1998; Sexton et al., 2001): BIBN4096-sensitive receptors are composed of CLR-RAMP1, whilst
RAMP2- or RAMP3-containing complexes are insensitive, implicating RAMP1 in conferring
sensitivity to BIBN4096. Furthermore, studies have revealed an involvement of W74 in RAMP1
in governing sensitivity to BIBN4096, with reduced antagonist affinity observed following
mutation of W74K in RAMP1, but an increased affinity following mutation of the equivalent
residue in RAMP3 (E74W) (Mallee et al., 2002; Hay et al., 2006; Simms et al., 2006; Miller et
al., 2010; ter Haar et al., 2010).
Whilst various structural studies have attempted to determine the critical residues for RAMPCLR interactions, as well as how these influence receptor pharmacology, studies are yet to
explore the dynamics of RAMP-receptor interactions, and how this may be influenced by the
addition of agonist/antagonist. Hence, this part of the chapter aims to characterise the
pharmacology of CLR-RAMP1 mutant complexes, with particular regards to CGRP and
BIBN4096, such that RAMP1-CLR dynamics can be thoroughly investigated via single molecule
TIRF microscopy, as part of an ongoing project with: Prof. David Poyner (Aston University, UK);
Prof. Davide Calebiro and Mr. Jak Grimes (University of Birmingham, UK). In particular, the
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work presented herein attempts to verify the effects of known RAMP1 mutations upon CLRdependent cAMP production, as well as investigate downstream β-arrestin recruitment.

4.3.1 Verifying the effects of RAMP1 mutations upon CLR-dependent
cAMP production
To explore CLR-RAMP1 interactions at the cell surface via TIRF microscopy, it was necessary to
first N-terminally tag CLR and RAMP constructs such that membrane-localised populations
could be selectively labelled. Further, it was imperative to corroborate the effects of known
RAMP1 mutations with previously reported cAMP production data within the wider literature.
Similar to the SNAP-tag technology introduced earlier (Section 4.2.1) (Figure 4.1), CLIP-tags
enable the specific, covalent attachment of a synthetic probe to a protein of interest; Indeed,
a CLIP-tag is a modified version of a SNAP-tag which has been engineered to interact with
benzylcytosine rather than benzylguanine derivatives (Figure 4.18). When used in conjugation,
the use of CLIP- and SNAP-tags enables orthogonal labelling of two proteins simultaneously
within the same living cells.

Figure 4.18: Labelling CLIP-tagged GPCRs. A CLIP-tag reacts specifically and rapidly with benzylcytosine derivatives,

irreversibly transferring the alkyl group from its substrate to one of its cysteine residues, leading to covalent labelling of
the CLIP-tag with a synthetic probe. This permits the labelling of CLIP-tagged GPCR proteins with cell-impermeable,
photostable fluorescent dyes which can be used to label CLIP-tagged fusion proteins on the surface of living cells.
Schematic created using BioRender.com

Before our colleagues began in-depth TIRF microscopy experiments to extensively investigate
interactions between CLIP-tagged CLR (CLIP-CLR) and SNAP-RAMPs, it was necessary to verify
that the presence of an N-terminal CLIP-tag did not interfere with the formation of functional
oligomeric complexes. Accordingly, HEK293DCTR cells transiently co-expressing CLIP-CLR and
SNAP-RAMP1, SNAP-RAMP2 or SNAP-RAMP3 were stimulated with CGRP, AM or AM2 and
cAMP accumulation was measured (Figure 4.19). Analogous to the cAMP data obtained at
receptor-RAMP complexes composed of HA-CLR or NL-CLR (Figures 4.7 and 4.8; Tables 4.3 and
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4.4), CLIP-CLR is able to promote a robust increase in cAMP responses when co-expressed in
the presence of SNAP-RAMP1, SNAP-RAMP2 or SNAP-RAMP3; Furthermore, the rank orders of
potencies are: CGRP > AM2 > AM at CLR-RAMP1 complexes, AM > AM2 > CGRP at CLR-RAMP2
complexes, and AM2 > AM > CGRP at CLR-RAMP3 complexes (Table 4.9). Thus, the introduction
of an N-terminal CLIP tag does not appear to interfere with the ability of CLR-RAMP complexes
to promote cAMP production in HEK293DCTR cells.
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Figure 4.19: CLIP-CLR forms functional CGRP, AM or AM2 receptors in the presence of SNAP-RAMP1, -RAMP2, or –
RAMP3, respectively, in HEK293∆CTR cells. HEK293∆CTR cells co-expressing CLIP-CLR and SNAP-RAMP1 (A), -RAMP2

(B) or –RAMP3 (C) generate robust increases in cAMP production following stimulation with agonist. Data represented
as a mean percentage of the cAMP response obtained in the presence of 100 μM Forskolin ± SEM of 4-5 replicates,
each performed in duplicate.
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Table 4.9: Potency (pEC50) and maximal responses (Emax) for cAMP production in HEK293∆CTR cells transiently expressing CLIP-CLR
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It was also considered necessary to verify the effects of the RAMP1 mutants against previously
published reports of cAMP production. Accordingly, HEK293DCTR cells transiently coexpressing CLIP-CLR and SNAP-RAMP1 WT, SNAP-RAMP1 W74K or SNAP-RAMP1 W84A were
stimulated with CGRP, AM or AM2, and cAMP responses measured (Figure 4.20). Neither
RAMP1 mutant had any apparent effect upon the maximal cAMP responses detected,
compared to those obtained in the presence of WT RAMP1, with RAMP1 W74K also having no
significant impact upon agonist potency, for any of the agonists tested (Table 4.10). RAMP1
W84A, however, significantly reduced the potencies of all agonists tested (DpEC50
approximately: -1.8, -1.2 or -0.8 for CGRP-, AM- or AM2-mediated cAMP responses,
respectively).
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Figure 4.20: RAMP1 W84A reduces the potency of agonist-mediated responses at CLR-RAMP1 heterodimers, whereas
W74K has no effect, in HEK293∆CTR cells. HEK293∆CTR cells co-expressing CLIP-CLR and SNAP-RAMP1 WT, W74K or

W84A were stimulated with various concentrations (1 pM – 1 μM) of CGRP (A), AM (B) or AM2 (C). D – Scatterplots
displaying agonist potencies at each CLR:RAMP1 heterodimer. Data represented as a mean percentage of the cAMP
response obtained in the presence of 100 μM Forskolin ± SEM of 4-5 replicates, each performed in duplicate. Statistical
significance was calculated relative to WT RAMP1 using a one-way ANOVA with Bonferroni’s correction for multiple
comparisons (ns, not significant, *, p < 0.05, ***, p < 0.001).
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Table 4.10: Potency (pEC50) and maximal responses (Emax) for cAMP production in HEK293∆CTR cells transiently expressing CLIP-CLR and SNAP-RAMP1
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Whilst HEK293-based cell lines are often ideal for functional assays due to their ease and
efficiency of transfection, the resulting high protein expression levels are not always ideal for
single molecule microscopy experiments: lower expression levels can give rise to a clearer, less
cluttered field of view. Therefore, RAMP1-CLR pharmacology was also investigated in COS-7
and CHO-K1 cells, as these cell lines often exhibit lower transfection efficiencies and may prove
more suitable for single molecule imaging studies.
The findings reveal that the consequences of the W74K and W84A mutations within RAMP1
appear to vary slightly between cell type. Experiments utilising COS-7 cells, which exhibit no
endogenous cAMP response to CLR peptides in the absence of exogenous RAMP (Appendix
Figure 7.10), exhibited no change in agonist potencies nor maximal cAMP responses in the
presence of SNAP-RAMP1 W74K, relative to WT RAMP1 (Figures 4.21A-B; Table 4.11). Further,
whilst SNAP-RAMP1 W84A had no effect upon the maximal responses following CGRP or AM
stimulation, there was no detectable response following stimulation with AM2 (Figure 4.21C).
In addition, mutation of RAMP1 W84A specifically reduced the potency of CGRP (DpEC50: -1.4),
without any effect upon that of AM.
Further, CHO-K1 cells co-expressing CLIP-CLR and SNAP-RAMP1 W74K or SNAP-RAMP1 W84A
exhibited no differences in the maximal cAMP responses measured following stimulation with
CGRP, AM or AM2, when compared to cells co-expressing CLIP-CLR and SNAP-RAMP1 WT
(Figure 4.22). In addition, RAMP1 W74K had no effect upon agonist potencies, whilst RAMP1
W84A significantly reduced the potencies of CGRP (DpEC50: -1.9), AM (DpEC50: -1.6) and AM2
(DpEC50: -1.6) (Table 4.12). The differences observed between HEK293, COS-7 and CHO-K1 cell
backgrounds could be hypothesised to be, at least in part, due to the differences in
endogenous RAMP expression between the various cell systems (Bouschet et al., 2005;
Wootten et al., 2013; Yeung, 2020) or the variable transfection efficiencies.
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Figure 4.21: RAMP1 W84A reduces the potency of agonist-mediated responses at CLR-RAMP1 heterodimers, whereas
W74K has no effect, in COS-7 cells. COS-7 cells co-expressing CLIP-CLR and SNAP-RAMP1 WT, W74K or W84A were

stimulated with various concentrations (1 pM – 1 μM) of CGRP (A), AM (B) or AM2 (C). D – Scatterplots displaying agonist
potencies at each CLR:RAMP1 heterodimer. Data represented as a mean percentage of the cAMP response obtained in the
presence of 100 μM Forskolin ± SEM of 3-5 replicates, each performed in duplicate. Statistical significance was calculated
relative to WT RAMP1 using a one-way ANOVA with Bonferroni’s correction for multiple comparisons (ns, not significant,
**, p < 0.01). N.R. – No response measured.
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Table 4.11: Potency (pEC50) and maximal responses (Emax) for cAMP production in COS-7 cells transiently expressing CLIP-CLR and
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Figure 4.22: RAMP1 W84A reduces the potency of agonist-mediated responses at CLR-RAMP1 heterodimers, whereas
W74K has no effect, in CHO-K1 cells. CHO-K1 cells CLIP-CLR and SNAP-RAMP1 WT, W74K or W84A were stimulated

with various concentrations (1 pM – 1 μM) of CGRP (A), AM (B) or AM2 (C). D – Scatterplots displaying agonist
potencies at each CLR:RAMP1 heterodimer. Data represented as a mean percentage of the cAMP response obtained in
the presence of 100 μM Forskolin ± SEM of 4 replicates, each performed in duplicate. Statistical significance was
calculated relative to WT RAMP1 using a one-way ANOVA with Bonferroni’s correction for multiple comparisons (ns,
not significant, *, p < 0.05).
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Table 4.12: Potency (pEC50) and maximal responses (Emax) for cAMP production in CHO-K1 cells transiently expressing CLIP-CLR and
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Overall, the findings revealed thus far are largely consistent with previously published reports
highlighting the involvement of W84 in the pharmacology of CLR-RAMP1 complexes, with
RAMP1 W84A-containing complexes exhibiting a reduced CGRP potency (Gingell et al., 2010).
However, such studies have also revealed W74 and W84 to be critical for the binding of high
affinity non-peptide antagonists, such as BIBN4096, as well peptide agonists (Miller et al.,
2010; Moore et al., 2010). Hence, we sought to validate the impact of RAMP1 mutations upon
BIBN4096’s ability to antagonise CGRP-mediated cAMP responses.
Stimulation of HEK293DCTR cells with CGRP, in the presence of increasing concentrations of
BIBN4096, demonstrates an ability of BIBN4096 to antagonise CGRP-mediated cAMP
responses, with a reduction in agonist potency with increasing concentrations of antagonist,
at CLR-RAMP1 WT heterodimers (Figure 4.23; Table 4.13) (pA2: 10.13 ± 0.43). Co-expression of
CLR with RAMP1 W74K noticeably reduced the ability of BIBN4096 to antagonise CGRP (pA2:
8.41 ± 0.21), with RAMP1 W84A having no significant effect (pA2: 9.25 ± 0.38), in agreement
with previous findings (Mallee et al., 2002; Hay et al., 2006; Gingell et al., 2010; Miller et al.,
2010).
Conducting the same experiments in COS-7 (Figure 4.24; Table 4.14) and CHO-K1 cells (Figure
4.25; Table 4.15) revealed similar effects for RAMP1 W74K, relative to WT RAMP1: the
mutation significantly reduces the ability of BIBN4096 to antagonise CGRP-mediated responses
(pA2: 8.96 ± 0.68 or 8.87 ± 0.65 for W74K, compared to 11.03 ± 0.48 or 10.73 ± 0.62 for WT, in
COS-7 or CHO-K1 cells, respectively). RAMP1 W84A, however, had no effect upon the ability of
BIBN4096 to antagonise CGRP-mediated signalling in COS-7 cells, but did reduce BIBN4096’s
ability in CHO-K1 cells (pA2: 8.73 ± 0.81). This is most likely due to RAMP1 W84A dramatically
reducing CGRP-mediated signalling overall, as observed by the diminished responses even in
the absence of antagonist (Figure 4.22), rather than reducing the capability of BIBN4096
directly.
Whilst pA2 values (the negative logarithm of the molar concentration of antagonist required to
produce a 2-fold reduction in agonist EC50), which are determined by antagonist affinities (pKD),
are constant for a given receptor, independent of the tissue or agonist investigated, apparent
differences in pA2 values can arise between cell types due to variability between transfections.
Nonetheless, there were no significant differences in the pA2 values calculated for BIBN4096
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at CLR-RAMP1 WT-, W74K- or W84A-containing complexes, when values are compared for a
given RAMP1 construct between each cell type.
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Figure 4.23: RAMP1 W74K reduces the affinity of BIBN4096 to CLR-RAMP1 heterodimers, whereas W84A has no
effect, in HEK293∆CTR cells. HEK293∆CTR cells co-expressing CLIP-CLR and SNAP-RAMP1 WT (A), W74K (B) or W84A

(C) were stimulated with CGRP (1 pM – 1 μM) in the presence of various concentrations of BIBN4096 (0 nM, 0.1 nM,
10 nM or 1000 nM). D-F – Scatterplots show the changes in CGRP potency (pEC50) at each CLR-RAMP1 complex. Data
represented as a mean percentage of the cAMP response obtained in the presence of 100 μM Forskolin ± SEM of 3-4
replicates, each performed in duplicate. Statistical significance was calculated relative to WT RAMP1 (pA2) or vehicle
(pEC50), where appropriate, using a one-way ANOVA with Bonferroni’s correction for multiple comparisons (ns, not
significant, *, p < 0.05, ***, p < 0.001).

208

209

10.08 ± 0.16***

9.94 ± 0.16***

8.37 ± 0.21***

7.07 ± 0.20***

0 (Vehicle)

0.1

10

1000

102.1 ± 2.61

100.3 ± 1.74

101.2 ± 1.56

100.6 ± 1.91

Emaxb:

3

3

3

3

n:

6.42 ± 0.18***

7.43 ± 0.14***

8.31 ± 2.34***

8.34 ± 0.08***

pEC50a:

110.4 ± 13.88

103.00 ± 5.43

97.27 ± 2.34

97.52 ± 2.46

Emaxb:

4

4

4

4

n:

comparisons (***, p < 0.001).

Statistical significance was calculated relative to vehicle using a one-way ANOVA with Bonferroni’s correction for multiple

response measured as a percentage of the response obtained in the presence of 100 μM Forskolin.
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pEC50a:
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4

4
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logarithm of the agonist concentration producing a half-maximal response.
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W74K RAMP1

a Negative

Data ± SEM of n individual data sets.

pEC50a:

[BIBN4096]
(nM)

WT RAMP1

expressing CLIP-CLR and SNAP-RAMP1 WT, W74K or W84A, in the presence of BIBN4096.

Table 4.13: Potency (pEC50) and maximal responses (Emax) for CGRP-mediated cAMP production in HEK293∆CTR cells transiently
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Figure 4.24: RAMP1 W74K reduces the affinity of BIBN4096 to CLR-RAMP1 heterodimers, whereas W84A has no
effect, in COS-7 cells. COS-7 cells co-expressing CLIP-CLR and SNAP-RAMP1 WT (A), W74K (B) or W84A (C) were

stimulated with CGRP (1 pM – 1 μM) in the presence of various concentrations of BIBN4096 (0 nM, 0.1 nM, 10 nM or
1000 nM). D-F – Scatterplots show the changes in CGRP potency (pEC50) at each CLR-RAMP1 complex. Data
represented as a mean percentage of the cAMP response obtained in the presence of 100 μM Forskolin ± SEM of 3-4
replicates, each performed in duplicate. Statistical significance was calculated relative to WT RAMP1 (pA2) or vehicle
(pEC50), where appropriate, using a one-way ANOVA with Bonferroni’s correction for multiple comparisons (ns, not
significant, *, p < 0.05, **, p , 0.01, ***, p < 0.001).
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response measured as a percentage of the response obtained in the presence of 100 μM Forskolin.
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Data ± SEM of n individual data sets.
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CLIP-CLR and SNAP-RAMP1 WT, W74K or W84A, in the presence of BIBN4096.

Table 4.14: Potency (pEC50) and maximal responses (Emax) for CGRP-mediated cAMP production in COS-7 cells transiently expressing
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Figure 4.25: Either RAMP1 W74K or W84A appears to reduce the affinity of BIBN4096 to CLR-RAMP1 heterodimers in
CHO-K1 cells. CHO-K1 cells co-expressing CLIP-CLR and SNAP-RAMP1 WT (A), W74K (B) or W84A (C) were stimulated

with CGRP (1 pM – 1 μM) in the presence of various concentrations of BIBN4096 (0 nM, 0.1 nM, 10 nM or 1000 nM).
D-F – Scatterplots show the changes in CGRP potency (pEC50) at each CLR-RAMP1 complex. Data represented as a
mean percentage of the cAMP response obtained in the presence of 100 μM Forskolin ± SEM of 4 replicates, each
performed in duplicate. Statistical significance was calculated relative to WT RAMP1 (pA2) or vehicle (pEC50), where
appropriate, using a one-way ANOVA with Bonferroni’s correction for multiple comparisons (ns, not significant, *, p <
0.05, **, p , 0.01).
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CLIP-CLR and SNAP-RAMP1 WT, W74K or W84A, in the presence of BIBN4096.

Table 4.15: Potency (pEC50) and maximal responses (Emax) for CGRP-mediated cAMP production in CHO-K1 cells transiently expressing
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4.3.2 Studying interactions between CLR and RAMP1 mutants at the
cell surface via BRET
As shown previously within this study via cell surface BRET experiments, the CLR forms a
substantial interaction with WT RAMP1 at the cell surface (Emax: 0.275 ± 0.011 BU with SNAPRAMP1; Figures 4.16A and 4.17A; Table 4.8). Experiments utilising SNAP-RAMP1 W74K or
W84A revealed significantly increased interactions between CLR and RAMP1, as revealed by
increased BRET ratios relative to WT SNAP-RAMP1 (Emax: 0.360 ± 0.006 BU and 0.305 ± 0.003
BU, for SNAP-RAMP1 W74K and SNAP-RAMP1 W84A, respectively) (Figure 4.26; Table 4.16).

Net BRET ratio (BU)

0.40

RAMP1 Mutants

0.35
0.30

✱

✱✱✱

0.25
0.20

WT

0.15
0.10

W74K

0.05

W84A

0.00
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

SNAP-RAMP:NL-CLR
Figure 4.26: Mutations in RAMP1 increase interactions with CLR at the
cell surface. COS-7 cells co-expressing NL-CLR and either WT or

mutant SNAP-RAMP1, denoted WT, W74K or W84A, at various ratios
of SNAP-RAMP1:NL-CLR. Net BRET ratio was determined as Em(515
nm)/Em(460 nm) and baseline-corrected for the responses obtained
in the absence of SNAP-RAMP. Data represent the mean ± SEM of 912 replicates, each performed in duplicate. Statistical significance was
calculated relative to the signal obtained in the absence of SNAPRAMP using a Student’s t-test (*, p < 0.05, ***, p < 0.001). BU – BRET
units.
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Table 4.16: Maximal BRET responses (Emax) in COS-7 cells transiently expressing NL-CLR
and SNAP-RAMP1 WT, W74K or W84A.
WT RAMP1

Emaxa:
n:

0.275 ± 0.011***

W74K RAMP1

W84A RAMP1

0.360 ± 0.006***

0.305 ± 0.003***

9

12

9

Data ± SEM of n individual data sets.
a

Maximal responses determined as those obtained at a 2:1 ratio of SNAP-RAMP:NL-

GPCR, reported in BRET units (BU).
Statistical significance was calculated relative to the signal obtained in the absence of
SNAP-RAMP using a Student’s t-test (*, p < 0.05, ***, p < 0.001).

4.3.3 Investigating CLR-RAMP1 interactions via TIRF microscopy
Though much is understood regarding the pharmacology of CLR-RAMP complexes, it is unclear
how RAMPs and receptors meet, interact and couple to downstream signalling pathways. As
part of an ongoing study with Prof. David Poyner (Aston University, UK), Prof. Davide Calebiro
and Mr. Jak Grimes (University of Birmingham, UK), there is interest in tracking individual CLRRAMP interactions using single molecule TIRF microscopy, as the use of such optical methods
can convey spatiotemporal information about receptor-RAMP dynamics and organisation
(Calebiro et al., 2013, 2014, 2015, 2021; Sungkaworn et al., 2017; Buenaventura et al., 2019).
Preliminary TIRF microscopy experiments revealed that both CLIP-CLR and SNAP-RAMP1
appear relatively mobile in the absence of any stimulation, when co-expressed in COS-7 cells,
as demonstrated by a high diffusion coefficient (logD) (Figures 4.27A-B). Upon exposure to
CGRP, the diffusion coefficient of both CLR and RAMP1 is reduced, indicating a decrease in the
proportion of mobile receptor and RAMP populations in the presence of agonist. In contrast,
exposure to BIBN4096 yielded a diffusion pattern of CLR similar to that observed in
unstimulated cells, whereas RAMP1 molecules appear more mobile. Furthermore, costimulation of CGRP and BIBN4096 revealed mobile RAMP and receptor populations, with
diffusion patterns similar to those observed in unstimulated cells. By quantifying the duration
of CLR-RAMP co-localisation events it becomes apparent that there are many transient
interactions between CLR and RAMP1 under basal conditions (Figure 4.27C). Upon stimulation
with CGRP, however, RAMP1 and CLR appear to colocalise and interact for longer durations,
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leading to significant clustering and reorganisation, suggestive of eventual internalisation
(Appendix Figure 7.11). Incubation with BIBN4096, however, reduces both the frequency and
duration of interactions between RAMP and receptor. Therefore, it appears that stimulation
with CGRP promotes the formation of less mobile, stable RAMP1-CLR complexes, whereas
BIBN4096 exposure facilitates increased diffusion of CLR and RAMP1 molecules which interact
only transiently.
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Figure 4.27: The dynamics and durations of CLR and WT
RAMP1 interactions at the cell surface is influenced by the
presence of agonist or antagonist. The diffusion of CLIP-CLR

(A) and SNAP-RAMP1 (B) was investigated in COS-7 cells coexpressing CLR and RAMP1, in the absence (unstimulated) or
presence of stimulation with either: 100 nM CGRP, 10 nM
BIBN4096, or 100 nM CGRP and 10 nM BIBN4096. logD
represents the diffusion coefficient, with lower values
indicating decreases in mobility/diffusion. C – Quantification
of the duration of CLR-RAMP1 interactions at the cell
surface. Experiments were performed by Mr. Jak Grimes
Time (milliseconds)

(University of Birmingham, UK).

As previously observed within this study, mutations within RAMP1 can influence interactions
with CLR at the cell surface (Figure 4.26), as well as downstream signalling (Figures 4.20- 4.25;
Tables 4.10-4.25). In accordance, preliminary TIRF microscopy experiments revealed that
RAMP1 mutants W74K and W84A also exhibit differences in the dynamics of interactions
between individual CLR and RAMP1 mutant molecules (Figure 4.28), when compared to WT
CLR-RAMP1 complexes (Figure 4.27). When co-expressed in COS-7 cells, differences in the
diffusion properties of CLIP-CLR and SNAP-RAMP1 W74K or W84A are apparent upon costimulation of cells with CGRP and BIBN4096: the presence of RAMP1 W74K appears to reduce
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the diffusion of both CLR and RAMP1, when compared to data obtained in the presence of WT
RAMP1, increasing the proportion of immobile receptor and RAMP populations, as inferred by
the reduction in diffusion coefficient (logD). Conversely, RAMP1 W84A was observed to induce
an increase in the proportion of mobile RAMP1 molecules, with W84A molecules exhibiting an
increased diffusion coefficient compared to WT RAMP1. The W84A mutant, however, had no
effect upon the diffusion of CLR molecules, with the data resembling that of the CLR in the
presence of WT RAMP1. Indeed, in the presence of W84A, the data resembles that of CLRRAMP1 WT complexes in the presence of BIBN4096 (Figure 4.27A-B), whilst data obtained in
the presence of W74K resembles that of CLR-RAMP1 WT complexes in the presence of CGRP
(Figure 4.27A-B). Hence, W74K appears to reduce the diffusion of both CLR and RAMP1, whilst
W84A increases the diffusion of RAMP1 without any effect upon that of the CLR.
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Figure 4.28: The dynamics of CLR and RAMP1 interactions at the cell surface is influenced by the
presence of RAMP1 mutations, W74K and W84A. The diffusion of CLIP-CLR (A) and SNAP-RAMP1

(B) was investigated in COS-7 cells co-expressing CLR and RAMP1 WT/W74K/W84A, in the
presence of co-stimulation with 100 nM CGRP and 10 nM BIBN4096. logD represents the
diffusion coefficient, with lower values indicating a decrease in diffusion/mobility. Experiments
were performed by Mr. Jak Grimes (University of Birmingham, UK).

Overall, the TIRF microscopy data suggests that populations of CLR and RAMP1 WT or RAMP1
W84A are very diffusive and exhibit heterogenous movement, whereas CLR and RAMP1 W74K
molecules appear less mobile. Furthermore, agonist stimulation has been observed to
promote significant clustering of the CLR and RAMP1 (Appendix Figure 7.11). Such clustering
is suggestive of co-localisation into CCPs prior to internalisation, but further work is needed to
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support this conclusion. Hence, β-arrestin recruitment to CLR-RAMP1 complexes was
subsequently investigated.

4.3.4 Quantifying β-arrestin recruitment to CLR-RAMP1 complexes
To monitor translocation of β-arrestins to the CLR in the presence of RAMP1, we utilised a
BRET-based approach (Figure 2.10) whereby we can directly quantify the recruitment of YFPtagged β-arrestin1 or β-arrestin2 to C-terminally NL-tagged CLR (CLR-NL), in the presence of
SNAP-RAMP1, to investigate β-arrestin recruitment in living cells (Figures 4.29-4.33). Following
stimulation with CGRP, HEK293T cells co-expressing CLR-NL and SNAP-RAMP1 WT
demonstrate an ability to recruit both β-arrestin1 and β-arrestin2 in a concentrationdependent manner (Figures 4.29 and 4.32-4.33; Table 4.17), in accordance with previous
reports (Hendrikse et al., 2020). The findings reveal a greater magnitude of β-arrestin2
recruitment (Emax: 0.031 ± 0.002 BU), compared to that of β-arrestin1 (Emax: 0.025 ± 0.002 BU),
as well as a higher potency of CGRP (pEC50: 7.14 ± 0.18 or 7.75 ± 0.16, respectively) (Figure
4.29). Mutation of RAMP1 W74K had no effect upon CGRP-mediated recruitment of βarrestin1, but significantly increased both the potency and maximal responses observed for
translocation of β-arrestin2 to the CLR following agonist stimulation (pEC50: 7.42 ± 0.11; Emax:
0.043 ± 0.002 BU). Further, whilst RAMP1 W84A attenuated recruitment of β-arrestin2 to the
CLR (pEC50: 6.41 ± 0.42; Emax: 0.020 ± 0.004 BU), the mutation in RAMP1 abolished β-arrestin1
recruitment.
Although neither AM nor AM2 are the cognate ligands at CLR-RAMP1 complexes, we sought
to investigate the ability of these peptide agonists to induce the translocation of β-arrestins to
the CLR, and if RAMP1 mutations would impact upon receptor pharmacology, as they did for
cAMP production (Figures 4.24-4.26). Stimulation of cells co-expressing CLR-NL and SNAPRAMP1 WT reveal clear translocation of both β-arrestin1 and β-arrestin2 to the CLR in
response to AM and AM2 (Figures 4.30-4.31), with greater potencies than CGRP (pEC50: 7.94 ±
0.18 and 7.79 ± 0.21 (β-arrestin1), or 8.05 ± 0.21 and 8.31 ± 0.30 (β-arrestin2) for AM or AM2,
respectively), but albeit lower magnitudes of response (Emax: 0.019 ± 0.001 BU and 0.015 ±
0.001 BU (β-arrestin1), or 0.017 ± 0.001 BU and 0.011 ± 0.001 BU (β-arrestin2) for AM or AM2,
respectively) (Table 4.17). In the case of AM, both RAMP1 mutants caused an attenuation in
AM’s potency for β-arrestin2 recruitment (pEC50: 6.57 ± 0.29 or 7.29 ± 0.33 for W74K or W84A,
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respectively), with concomitant reductions in maximal response for either: both β-arrestin1
(Emax: 0.008 ± 0.001 BU) and β-arrestin2 (Emax: 0.011 ± 0.001 BU) for RAMP1 W84A, or only βarrestin1 (Emax: 0.014 ± 0.002 BU) for RAMP1 W74K. Stimulation of either mutant CLR-RAMP
complex with AM2, however, revealed agonist potencies comparable to those observed with
WT RAMP1, but reduced agonist-induced recruitment (Emax: 0.009 ± 0.001 BU for β-arrestin1
to CLR-RAMP1 W74K, or 0.011 ± 0.001 BU and 0.004 ± 0.003 BU for β-arrestin1 and β-arrestin2,
respectively, to CLR-RAMP1 W84A), especially in the case of β-arrestin2 to CLR-RAMP1 W84A,
where no appreciable response could be detected. Hence, RAMP1 W74 and W84 are
implicated in dictating the pharmacology of CLR-RAMP1 heterodimers, with mutant RAMPreceptor complexes possessing distinct β-arrestin recruitment and cAMP production profiles
relative to WT RAMP1.
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Figure 4.29: RAMP1 W84A reduces CGRP-mediated arrestin recruitment to CLR-RAMP1 heterodimers to a greater extent than W74K. HEK293T cells co-
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Figure 4.30: RAMP1 W84A reduces AM-mediated arrestin recruitment to CLR-RAMP1 heterodimers to a greater extent than W74K. HEK293T cells co-
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Figure 4.31: RAMP1 W84A reduces AM2-mediated arrestin recruitment to CLR-RAMP1 heterodimers to a greater extent than W74K. HEK293T cells co-
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Figure 4.32: RAMP1 mutations reduce agonist potencies for β-arrestin recruitment to CLR-RAMP1
complexes. HEK293T cells co-expressing CLR-NL; SNAP-RAMP1 WT, W74K or W84A; and β-arrestin1-

YFP (top) or β-arrestin2-YFP (bottom) were stimulated with CGRP (A/D), AM (B/E) or AM2 (C/F). pEC50
represents the negative logarithm of the concentration of agonist producing a half-maximal response.
Data represent the mean ± SEM of 4-5 replicates, each performed in triplicate. Statistical significance
was calculated using a one-way ANOVA with Bonferroni’s correction for multiple comparisons (ns, not
significant, *, p < 0.05, **, p < 0.01). N.R. – No response measured.
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Figure 4.33: RAMP1 mutations reduce agonist-mediated β-arrestin recruitment to CLR-RAMP1
complexes. HEK293T cells co-expressing CLR-NL; SNAP-RAMP1 WT, W74K or W84A; and β-arrestin1-

YFP (top) or β-arrestin2-YFP (bottom) were stimulated with CGRP (A/D), AM (B/E) or AM2 (C/F) and
maximal changes (Emax) in BRET (∆BRET) responses were recorded. ∆BRET is relative to vehicle alone.
Data represent the mean ± SEM of 4-5 replicates, each performed in triplicate. Statistical significance
was calculated using a one-way ANOVA with Bonferroni’s correction for multiple comparisons (ns,
not significant, *, p < 0.05, ***, p < 0.001). BU – BRET units.
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4.4 Summary and Conclusions
The initial work presented within this chapter has focussed upon interactions between RAMPs
and GPCRs at the cell surface (Figures 4.3-4.5), utilising a BRET-based approach which exploits
a cell-impermeable SNAP-tag dye (Figure 4.1). We have demonstrated that the introduction of
N-terminal NL- or SNAP-tags does not impede upon receptor- or RAMP-dependent cAMP
production (Figures 4.6-4.8), and that the RAMP-receptor interactions revealed from
microplate-based cell surface BRET experiments in HEK293S cells (Figures 4.3-4.5) can be
verified via BRET microscopy (Figures 4.9-4.10). Such imaging work, however, also revealed a
propensity of SNAP-RAMP3 to traffic to the plasma membrane in the absence of NL-GPCR
(Figure 4.14), an ability which neither SNAP-RAMP1 nor SNAP-RAMP2 possess. In COS-7 cells,
a cell system lacking endogenous RAMP expression, we observed slight differences in the
RAMP-receptor interactions recorded (Figure 4.16-4.17), with GIPR unable to form any
detectable interaction with RAMP2 at the cell surface. This is hypothesised to be due to the
lower transfection efficiency of COS-7 cells, manifesting as lower levels of NL-GIPR or SNAPRAMP at the cell surface, relative to HEK293S cells.
RAMPs are important determinants of receptor pharmacology, often influencing receptor
trafficking and downstream pathway activation. As such, numerous studies exist within the
literature which attempt to characterise the protein domains or specific residues with RAMP
proteins which are responsible for influencing GPCR signalling. PDZ domain-containing
proteins often serve to anchor receptor proteins in the membrane to cytoskeletal components,
recognising short amino acid motifs at the C-termini of target proteins; As RAMP3 possesses a
PDZ-interacting domain, we investigated the impact that deleting such a motif would have
upon interactions with GPCRs (Figure 4.11), and subsequent cAMP signalling (Figures 4.124.13). The data, however, revealed no change in the interactions recorded between RAMP3
DPDZ and CLR, GLP-1R or GIPR, nor any significant impact upon short-term, agonist-mediated
signalling at CLR-RAMP3 complexes.
Combing the literature revealed that various residues within RAMP1 have been reported as
responsible for forming contacts with agonists (W84) or antagonists (W74) as they bind CLRRAMP1 heterodimers, with numerous studies subsequently exploring the impact of mutating
these residues (W74K or W84A) upon agonist/antagonist binding or potency. In this study, we
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sought to verify how such mutations within RAMP1 would affect CLR-dependent cAMP
production, as well as investigate RAMP-receptor cell surface interactions and downstream βarrestin recruitment; Such investigations have not previously been reported within the wider
literature. Despite both RAMP1 mutants W74K and W84A appearing to significantly increase
the overall magnitude of interactions with the CLR at the cell surface (Figure 4.26), RAMP1
W74K appeared to reduce the diffusion of individual CLR and RAMP1 molecules, whilst RAMP1
W84A selectively increased the diffusion of RAMP1 without any effect upon that of the CLR
(Figure 4.28). Furthermore, their impacts upon agonist-mediated signalling differed in cAMP
assays, varying in an agonist- and system-dependent manner: whilst RAMP1 W74K had no
effect upon agonist-induced cAMP production in any of the cell types investigated, RAMP1
W84A attenuated all agonist-mediated cAMP responses in HEK293 (Figure 4.20) and CHO-K1
(Figure 4.22) cells, but had no significant effect upon AM-mediated responses in COS-7 cells
(Figure 4.21). RAMP1 W74K did, however, significantly impact upon the ability of BIBN4096 to
antagonise CGRP-mediated cAMP responses in all cell types investigated (Figures 4.23-4.25),
whilst RAMP1 W84A only reduced BIBN4096’s ability to antagonise CGRP in CHO-K1 cells,
arguably due to the mutation directly dramatically reducing CGRP-mediated cAMP responses
in the absence of antagonist (Figures 4.20-4.25). Finally, both mutations impacted upon
agonist-induced β-arrestin recruitment to differing extents (Figures 4.29-4.33). The largest
reductions were observed with RAMP1 W84A: mutation of RAMP1 W84A often abolished
translocation of β-arrestins to the plasma membrane, whilst RAMP1 W74K increased βarrestin2 recruitment following CGRP stimulation but reduced β-arrestin2 recruitment
following incubation with AM and had no effect upon AM2-induced β-arrestin2 responses.
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5.1 – Introduction
Based on structural and ligand binding criteria, several classification systems have been
proposed for GPCRs, including the Kolakowski system which classifies GPCRs into six main
classes (A–F) (Kolakowski, 1994). In humans, class B is further subdivided into subclasses B1
(Secretin-like receptors) and B2 (adhesion receptors) (Harmar, 2001), with the B1 subclass
including 15 receptors, all of which respond to peptide hormones. Class B GPCRs typically
possess common structural features consisting of a relatively short C-terminus and a long Nterminal domain of 100-200 amino acids (George et al., 2002). Although overall receptor
morphology is highly conserved between classes, receptors share little interclass sequence
homology.
Likewise, the peptide ligands for class B1 GPCRs are highly similar in structure: they are all
relatively short peptides (27–44 amino acids) and are assumed to adopt an α-helical
conformation during contact with their respective receptors (Grace et al., 2004). Relatively
recent crystal structures of ligand-bound receptor ECDs have been resolved for several class
B1 GPCRs (Parthier et al., 2007; Pioszak and Xu, 2008; Pioszak et al., 2008; Runge et al., 2008;
Pal et al., 2010; Underwood et al., 2010; Kusano et al., 2012; Johansson et al., 2016; Jazayeri
et al., 2017; Roehrkasse et al., 2018; Booe et al., 2020; Lee et al., 2020), supporting a binding
model whereby one ligand binds to the receptor in a two-step process: the C-terminal portion
of the ligand first binds to the N-terminus of the GPCR with high affinity and specificity, and
the N-terminal portion of the ligand subsequently binds to the juxtamembrane domain
position of the receptor, in turn activating the receptor (Hoare, 2005; Hoare and Usdin, 2005).
The B1 class can also be further divided into five sub-classes: Glucagon, CRF, VIP, PTH and CT.
Various members are involved in crucial physiological pathways such as regulating: digestion
(de La Nuez Veulens and Rodríguez, 1009; Gether, 2000; Canals et al., 2019), blood glucose
levels (Holst et al., 1996), vascular tone (Liang et al., 2020), cell growth and bone homeostasis
(Schiellerup et al., 2019), and immune and stress responses (Jiang et al., 2019; Efimova et al.,
2021). As such, severe receptor dysfunction has been associated with numerous
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pathophysiological disorders including type II diabetes (Winzell and Ahrén, 2007), Parkinson’s
disease (Mosley et al., 2019), growth disorders (Aguiar-Oliveira et al., 2018), depression and
anxiety (Ryabinin et al., 2012), osteoporosis (Torekov et al., 2014) and hypercalcemia
(Goltzman et al., 2001).
Class B1 GPCRs and their associated peptides, like most proteins within the human genome,
display significant natural variation across populations, with numerous naturally occurring
missense variants seemingly well tolerated throughout evolution. Whilst there is a large
collection of individual studies investigating the effects of various mutations within individual
receptors, no large-scale genetic study of the whole B1 GPCR class has been performed to date,
and distinguishing neutral variants from those that can lead to disease predisposition requires
a detailed analysis of structural and signalling impact. Hence, as part of an ongoing project with
Dr. Madan Babu (St. Jude Children’s Research Hospital, USA), Dr. Duccio Malinverni and Dr.
Maria Marti-Solano (MRC Laboratory of Molecular Biology (LMB), UK), the Ladds’ research
group aims to combine results from genome-wide association studies (GWAS) and population
variation data with intracellular signalling assays, attempting to investigate how missense
variants may alter the signalling profile of class B1 receptors. This study in particular aims to
characterise the pharmacology of disease-associated variants of the: CRFR2 (A134T, F138L,
R185C, K307R, A388D and R389Q), GHRHR (V225I) and CTR (A429S), as revealed by GWAS
studies performed by our LMB/St Jude Children’s Research Hospital colleagues (Figure 5.1;
Table 5.1).
For the purposes of this study, any pharmacological assays investigating the effects of receptor
mutations relative to WT utilised NL-tagged GPCR constructs; The presence of an N-terminal
NL tag allows for the quantification of cell surface receptor expression via flow cytometry
analysis (Figure 5.2A), whereas the use of a C-terminal NL tag permits quantification of βarrestin recruitment via BRET (Figure 2.10). Subsequently, to verify that the inclusion of an NL
tag does not impact upon agonist-mediated signalling, NL-tagged constructs were used for
further second messenger signalling assays. Hence, the aim of this chapter is to characterise
the functional consequences of the receptor variants identified upon receptor pharmacology,
focussing upon cell surface receptor expression, cAMP production, Ca2+i mobilisation and βarrestin recruitment.
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GHRHR

CRFR2

CTR
Figure 5.1: Structures of the CRFR2, GHRHR and CTR
highlighting the residues mutated within this study. The

diagrams of receptor structures highlight the residue
positions whereby missense mutations have been
revealed within the TMD(s) (blue) and/or CTD(s) (green)
of the CRFR2, GHRHR and CTR, specifically: CRFR2 A134,
F138, R185, K307, A388 and R389; GHRHR V225 and
CTR A429. Structures obtained from gpcrdb.org
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Appendix
Table
7.1: Disease-associated
variants
the CRFR2,
GHRHR
Table 5.1:
Disease-associated
variants
of theofCRFR2,
GHRHR
and and
CTR.CTR.
Mutation(s):

Disease phenotype:

Supporting Reference:

CRFR2 A134T and F138L

Chondropathies

(Kohno et al., 2001; PérezGarcía et al., 2011, 2016;
Intekhab-Alam et al., 2013)

CRFR2 R185C

Diseases of blood and bloodforming organs

(Labeur et al., 1995; Florio et
al., 1996, 2000; Zheng et al.,
2009; Böhm et al., 2012; Harlé
et al., 2018)

Abnormal uterine and vaginal
bleeding

CRFR2 K307R

Non-rheumatic mitral valve
disorder

Disorders of pulp and
periapical tissues

(Petraglia et al., 1993, 1996,
1999; Clifton et al., 1994;
Kempuraj et al., 2004;
Imperatore et al., 2006;
Nemoto et al., 2009; Carrarelli
et al., 2016)
(Kimura et al., 2002; Davis et
al., 2007; Gao et al., 2013;
Chen et al., 2015; Tsuda et al.,
2017)
(Uhrich et al., 2015)

CRFR2 A388D

Disorders of the
musculoskeletal system and
cartilage

(Hinkle et al., 2003; Chen et al.,
2004; Kuperman et al., 2011;
Samuelsson et al., 2016)

CRFR2 R389Q

Diseases of the biliary tract

(Swain et al., 1993; Nakade et
al., 2002; Paschos et al., 2013;
Zhou et al., 2016)

GHRHR V225I

Disorders of the cornea

(Qin et al., 2014, 2018; Dubovy
et al., 2017)

Disorders of bone density and
structure
CTR A429S

Disorders of pulp and
periapical tissues
Cholelithiasis and disorders of
the gall bladder, biliary tract
and pancreas
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(Chambers and Magnus, 1982;
Chambers and Moore, 1983;
Chambers et al., 1985; Zaidi et
al., 1994; Masi et al., 1998)
(Caviedes-Bucheli et al., 2004,
2005; Castillo-Silva et al., 2019)
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5.2 – Cell surface expression of mutant class B1 receptors
As mutations within GPCRs have been previously reported to influence receptor cell surface
expression (Stoy and Gurevich, 2015; Marti-Solano et al., 2020), each mutant receptor, tagged
with NL at the N-terminus, was expressed in HEK293T cells and flow cytometry utilised to
quantify the amount of NL signal obtained for each mutant. To allow for comparison between
variants, data was subsequently calculated relative to the WT receptor. This work was
performed by Dr. Matthew Harris as part of the collaborative effort between multiple
members of the Ladds’ research group and our colleagues at St. Jude Children’s Research
Hospital (Tennessee, USA) and the LMB (Cambridge, UK).
Quantification of cell surface expression revealed that mutations within the CRFR2 had
differing effects upon receptor expression at the plasma membrane, whereas GHRHR V225I
and CTR A429S mutants were expressed at levels similar to their corresponding WT receptors
(Figure 5.2; Table 5.2). CRFR2 mutants K307R and R389Q displayed no significant differences
in receptor expression at the cell surface, relative to WT CRFR2, whereas CRFR2 A134T (42.48
± 4.60%), F138L (62.37 ± 2.64%), R185C (65.12 ± 2.11%) and A388D (78.32 ± 2.84%) exhibited
markedly reduced cell surface expression, with the greatest reduction observed for CRFR2
A134T (~60%).
Although not the focus of this thesis, one of the variants identified within the computational
analysis performed by our colleagues, GIPR R217L, was revealed to be located at the same
position on helix 3 (3x30 according to the universal numbering system described by (Wootten
et al., 2013)) as that of CRFR2 R185C. As the arginine at position 3x30 is relatively conserved
within class B1 GPCRs (Figure 5.3), we sought to investigate the importance of this position in
receptor signalling by generating an additional leucine mutant of the CRFR2 (R185L). Flow
cytometry data analysis reveals that R185L (36.16 ± 1.25%) significantly reduces cell surface
expression, relative to WT, with a greater reduction in expression than that observed for R185C
(~65% compared to ~35%).
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Figure 5.2: Cell surface expression of CRFR2, GHRHR and CTR mutants. A – The expression of NL-tagged GPCRs

at the cell surface can be quantified through flow cytometry, utilising anti-NL antibodies which bind to NLGPCRs at the cell surface, and in turn are bound by allophycocyanin (APC)-conjugated anti-IgG antibodies. B Flow cytometry analysis of cells expressing NL-CRFR2 WT, A134T, F138L, R185C, R185L, K307R, A388D or
R389Q; NL-GHRHR WT or V225I; NL-CTR WT and A429S. Responses are shown relative to APC-conjugated antiNL antibodies bound to the cognate WT NL-GPCR. Data represent the mean ± SEM of 2-7 replicates, each
performed in duplicate. Experiments were performed by Dr. Matthew Harris (University of Cambridge, UK).
Statistical significance was calculated relative to WT receptor using a one-way ANOVA with Bonferroni’s
correction for multiple comparisons (CRFR2) or a Student’s t-test (GHRHR and CTR) (ns, not significant, *, p ,
0.05, ***, p < 0.001).
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Figure 5.3: Sequence alignment of helix 3 for class B1 GPCRs. The first number denotes the helix (3) and the second number

reveals the residue position relative to the most conserved position, which is assigned the number 50 e.g. 3x30 denotes a
residue in TM3 which is 20 positions upstream of the most conserved residue in helix 3. The sequence alignment was
performed using gpcrdb.org

234

Chapter 5 - Investigating the pharmacology of mutant class B1 receptors

Table 5.2: Cell surface expression of CRFR2, GHRHR
and CTR mutants, expressed in HEK293T cells, as
determined by flow cytometry.

Expression:

n:

CRFR2 WT

100.00 ± 2.42***

7

CRFR2 A134T

42.48 ± 4.60***

4

CRFR2 F138L

62.37 ± 2.64***

5

CRFR2 R185C

65.12 ± 2.11***

5

CRFR2 R185L

36.16 ± 1.25***

4

CRFR2 K307R

109.70 ± 4.02***

4

CRFR2 A388D

78.32 ± 2.84***

2

CRFR2 R389Q

103.30 ± 3.54***

2

GHRHR WT

100.00 ± 2.80***

5

GHRHR V225I

99.30 ± 6.73***

5

CTR WT

100.00 ± 1.68***

5

CTR A429S

102.3 ± 4.58***

5

Data ± SEM of n individual data sets.
Data expressed as a percentage of the corresponding
WT GPCR.
Statistical significance was calculated relative to WT
receptor using a one-way ANOVA with Bonferroni’s
correction for multiple comparisons (CRFR2) or a
Student’s t-test (GHRHR and CTR) (*, p , 0.05, ***, p <
0.001).
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5.3 – Investigating the pharmacology of CRFR2 variants
Since CRF was first characterised (Vale et al., 1981), an expanding family of ligands and
receptors has evolved: the mammalian CRF system includes, in addition to CRF, the three
urocortin peptides (Urocotin1, Urocortin2 and Urocortin3), two receptors types, CRFR1 and
CRFR2, and the CRF-BP (Steckler and Holsboer, 1999; Ryabinin et al., 2002; Bale and Vale, 2004;
Kuperman and Chen, 2008; Joëls and Baram, 2009). The CRF family members differ in both
their tissue distributions and their pharmacology: whilst CRFR1 is widely expressed throughout
the brain, particularly in regions including the anterior pituitary and cerebral cortex, CRFR2 is
expressed in a more discrete but partially overlapping manner, with the highest expression
densities found in areas including the ventromedial hypothalamic nucleus and olfactory bulb
(van Pett et al., 2000). Further, Urocotins bind and activate the CRFR2 with high affinity,
whereas CRF has a relatively lower affinity for CRFR2 than for CRFR1. In addition, Urocortin1
has equal affinities for both receptors, whereas Urocortins 2 and 3 appear to be selective for
CRFR2 (Ryabinin et al., 2012). Hence, Urocortin1 has been suggested as the endogenous ligand
for CRFR2 (Vaughan et al., 1995; Steckler and Holsboer, 1999).
First shown to be important regulators of the endocrine stress response, this family of
neuropeptides and receptors is now known to be involved in diverse roles of homeostatic
balance, important in rapid behavioural responses to stress (Koob and Heinrichs, 1999; Maillot
et al., 2000), as well as regulation of food satiety (Spina et al., 1996; Contarino et al., 2000),
vascular tone and development (Parkes et al., 1997; Okosi et al., 1998), hearing (Vetter et al.,
2002), and the development of anxiety and mood disorders (Arborelius et al., 1999; Nemeroff,
2008). Computational analysis of GWAS and population variation data has revealed diseaseassociated variants of the CRFR2 (Table 5.1): A134T, F138L, R185C, K307R, A388D and R389Q,
implicated in the development of chondropathies (Kohno et al., 2001; Intekhab-Alam et al.,
2013; Pérez-García et al., 2016), diseases of the blood and abnormal bleeding (Clifton et al.,
1994; Labeur et al., 1995; Florio et al., 1996, 2000; Carrarelli et al., 2016), and disorders of the
musculoskeletal system (Kuperman et al., 2011; Samuelsson et al., 2016). Hence, this chapter
focusses on characterising the signalling properties of the CRFR2 mutants identified, as well as
that of an additional leucine mutant (R185L).
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5.3.1 – Effects of CRFR2 mutations upon cAMP production
Before probing the abilities of CRFR2 mutants to promote cAMP production, the impact of an
N-terminal NL tag upon receptor function was first examined; HEK293T cells transiently
transfected with pcDNA3.1, pcDNA3.1/CRFR2 (untagged receptor) or pcDNA3.1/NL-CRFR2 (Nterminally NL-tagged CRFR2) were stimulated with CRF or Urocortin1 (denoted herein simply
as Urocortin), for 8 or 30 minutes, and cAMP levels measured (Figure 5.4). The findings reveal
that cells transiently expressing CRFR2 or NL-CRFR2 were able to induce substantial increases
in cAMP production following agonist exposure, with Urocortin identified as a more potent
agonist than CRF. However, the responses obtained in CRFR2-expressing cells following CRF
stimulation largely resembled those of the control cells, with no significant differences
observed between the maximal responses or agonist potencies recorded (Table 5.3), except
after 30 minutes of CRF stimulation whereby a larger maximal response was measured in the
presence of exogenous CRFR2 (Emax: 37.49 ± 2.88% for untagged CRFR2 and 46.51 ± 2.58 for
NL-CRFR2). In contrast, stimulation of CRFR2-expressing cells with Urocortin yielded significant
increases in cAMP accumulation under all conditions, with increases in both potencies (pEC50:
9.71 ± 0.21 and 9.67 ± 0.10 for CRFR2, or 10.37 ± 0.32 and 11.33 ± 0.20 for NL-CRFR2, after 8
or 30 minutes, respectively) and maximal responses being detected (Emax: 53.43 ± 2.62% and
57.93 ± 1.325 for CRFR2, or 48.28 ± 2.87% and 48.48 ± 1.78% for NL-CRFR2, after 8 or 30
minutes, respectively), compared to mock-transfected cells. As CRF was the least efficacious
of the two agonists tested, Urocortin was henceforth used for pharmacological assays
investigating the CRFR2.
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Table 5.3: Potency (pEC50) and maximal responses (Emax) for cAMP production in HEK293T cells transiently expressing
pcDNA3.1, untagged CRFR2 or NL-CRFR2, following 8 or 30 minutes of agonist stimulation.

8 minutes of agonist stimulation

CRF

Urocortin

pEC50a:

Emaxb:

n:

pEC50a:

Emaxb:

pcDNA3.1

6.86 ± 0.35

28.52 ± 6.49

3

7.86 ± 0.36***

Untagged CRFR2

7.01 ± 0.10

48.09 ± 2.70

3

9.71 ± 0.21***

53.43 ± 2.62**

3

NL-CRFR2

7.15 ± 0.13

54.18 ± 3.59

3

10.37 ± 0.32***

48.28 ± 2.87**

3

30.49 ± 4.84**

n:
3

30 minutes of agonist stimulation

CRF
pEC50a:

Urocortin
Emaxb:

n:

pEC50a:

Emaxb:

n:

pcDNA3.1

7.16 ± 0.33

13.77 ± 2.05***

3

8.05 ± 0.28***

25.81 ± 2.33***

3

Untagged CRFR2

6.94 ± 0.14

37.49 ± 2.88***

3

9.67 ± 0.10***

57.93 ± 1.32***

3

NL-CRFR2

7.21 ± 0.12

46.51 ± 2.58***

3

11.33 ± 0.20***

48.48 ± 1.78***

3

Data ± SEM of n individual data sets.
a Negative

logarithm of the agonist concentration producing a half-maximal response.

b Maximal

response measured as a percentage of the response obtained in the presence of 100 μM Forskolin.

Statistical significance was calculated relative to pcDNA3.1 using a one-way ANOVA with Bonferroni’s correction for multiple
comparisons (ns, not significant, *, p < 0.05, **, p < 0.01, ***, p < 0.001).

To ascertain whether the position of the NL tag may affect receptor function, the ability of Cterminally NL-tagged CRFR2 (CRFR2-NL) to promote cAMP production was also investigated;
Stimulation of HEK293T cells transiently expressing CRFR2-NL with Urocortin, for 8 or 30
minutes, promoted a robust increase in cAMP accumulation, with potencies and maximal
responses similar to cells expressing NL-CRFR2 (pEC50: 9.69 ± 0.15 or 10.33 ± 0.14; Emax: 78.53
± 3.54% or 82.82 ± 3.12%, after 8 or 30 minutes of stimulation, respectively) (Figure 5.5; Table
5.4). Thus, there is confidence that neither the introduction nor position of the NL tag
negatively impacts upon CRFR2 signalling, and NL-CRFR2 was subsequently utilised for further
cAMP assays.

239

Chapter 5 - Investigating the pharmacology of mutant class B1 receptors

B 100

8 minutes

100
90
80
70
60
50
40
30
20
10
0

% Response
(relative to Forskolin)

N-terminal NL tag

% Response
(relative to Forskolin)

C-terminal NL tag

0

-13 -12 -11 -10 -9

-8

30 minutes

90
80
70
60
50
40
30
20
10
0
0

-7

-13 -12 -11 -10 -9

Log[Urocortin] (M)
ns

ns

ns

ns

60

in
s
0

C

-te

rm

in
al
;3

0

m

in
s
m

in
s
in
al
;3

m
C

-te

rm

rm

in
al
;8

0

0

in
al
;3
rm

-te
C

m

in
s

in
s

50

m

in
s
m

in
s
m
N

-te

rm

in
al
;3

in
al
;8
rm

C

-te

rm

in
al
;8

m

in
s

7

70

rm

8

80

-te

9

90

in
al
;8

10

-te

pEC50

Maximal Response

120

100

11

-te

-7

110

12

N

D

Emax
(% relative to Forskolin)

Agonist Potency

13

N

C

-8

Log[Urocortin] (M)

N

A

Figure 5.5: The placement of the NL tag does not significantly affect Urocortin-induced cAMP
production at the CRFR2. HEK293T cells transiently expressing NL-CRFR2 or CRFR2-NL were

stimulated with Urocortin (0.1 pM – 100 nM), for 8 (A) or 30 (B) minutes, and cAMP
production was measured. Scatterplots display the agonist potencies (C) and maximal
responses (D) calculated after stimulation with Urocortin for 8 or 30 minutes. Data represent
the mean ± SEM of 6 replicates, each performed in duplicate, as a percentage of the response
obtained in the presence of 100 μM Forskolin. Statistical significance was calculated relative
to untagged CRFR2 using a one-way ANOVA with Bonferroni’s correction for multiple
comparisons (ns, not significant).

240

Chapter 5 - Investigating the pharmacology of mutant class B1 receptors
Table 5.4: Potency (pEC50) and maximal responses (Emax) for cAMP production in HEK293T cells transiently
expressing NL-CRFR2 or CRFR2-NL, following 8 or 30 minutes of Urocortin stimulation.

8 minutes

30 minutes

pEC50a:

Emaxb:

n:

pEC50a:

Emaxb:

n:

N-terminal NL tag

10.35 ± 0.11

74.15 ± 2.25

6

10.66 ± 0.09

84.65 ± 2.10

6

C-terminal NL tag

9.69 ± 0.15

78.53 ± 3.54

6

10.33 ± 0.14

82.82 ± 3.12

6

Data ± SEM of n individual data sets.
a Negative

logarithm of the agonist concentration producing a half-maximal response.

b Maximal

response measured as a percentage of the response obtained in the presence of 100 μM Forskolin.

Statistical significance was calculated relative to NL-CRFR2 using a one-way ANOVA with Bonferroni’s correction
for multiple comparisons.

To investigate the effects of mutations within CRFR2 upon agonist-induced signalling, HEK293T
cells transiently expressing WT or mutant NL-CRFR2 were stimulated with Urocortin, and cAMP
levels measured (Figures 5.6-5.7). Substitutions within the CTD of CRFR2 (A388D in helix 8 and
R389Q in the cytoplasmic tail) had no effect upon agonist-induced cAMP production,
compared to WT, at either stimulation time period investigated (Emax: 111.80 ± 4.95% or 99.84
± 6.81% for A388D; 87.83 ± 7.44% or 103.10 ± 2.52% for R389Q; 100.04 ± 4.20% or 99.92 ±
2.17% for WT, after 8 or 30 minutes, respectively). Further, substitutions within the TMD of
CRFR2, had little effect upon the magnitude of Urocortin-induced cAMP production, with NLCRFR2 A134T (Emax: 104.10 ± 6.76% or 103.60 ± 2.16%), F138L (Emax: 100.90 ± 2.66% or 101.70
± 2.10%), R185C (Emax: 104.70 ± 4.60% or 102.30 ± 3.13%) and K307R (Emax: 97.54 ± 4.26% or
98.94 ± 3.29%) mutants yielding maximal responses similar to that of the WT receptor, after 8
or 30 minutes of stimulation. This is perhaps unsurprising for position 307 whereby the positive
charge is maintained following substitution of lysine (K) with arginine (R). However, whilst
findings reveal Urocortin to have a similar potency at CRFR2 F138L, R185C, K307R, A388D and
R389Q, relative to WT (pEC50: 10.35 ± 0.11 (8 minutes) or 10.65 ± 0.09 (30 minutes)), A134T
significantly reduced the potency after both 8 (pEC50: 9.35 ± 0.18) and 30 (pEC50: 10.01 ± 0.10)
minutes of agonist exposure (Table 5.5). Therefore, F138, R185, K307, A388 and R389 appear
to play only minor, if any, roles in cAMP signalling, whereas A134 may be more heavily
implicated.
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Figure 5.6: cAMP production following stimulation of CRFR2 mutants with Urocortin for 8 minutes. HEK293T cells

transiently expressing NL-CRFR2 WT, A134T (A), F138L (B), R185C (C), K307R (D), A388D (E) or R389Q (F) were
stimulated with Urocortin (0.1 pM – 100 nM) for 8 minutes, and cAMP production was measured. Scatterplots display
the agonist potencies (G) and maximal responses (H) calculated following Urocortin stimulation. Data represent the
mean ± SEM of 4-6 replicates, each performed in duplicate, as a percentage of the response obtained in the presence
of NL-CRFR2 WT. Statistical significance was calculated relative to NL-CRFR2 WT using a one-way ANOVA with
Bonferroni’s correction for multiple comparisons (ns, not significant, *, p < 0.05).
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Figure 5.7: cAMP production following stimulation of CRFR2 mutants with Urocortin for 30 minutes. HEK293T cells

transiently expressing NL-CRFR2 WT, A134T (A), F138L (B), R185C (C), K307R (D), A388D (E) or R389Q (F) were
stimulated with Urocortin (0.1 pM – 100 nM) for 30 minutes, and cAMP production was measured. Scatterplots display
the agonist potencies (G) and maximal responses (H) calculated following Urocortin stimulation. Data represent the
mean ± SEM of 4-6 replicates, each performed in duplicate, as a percentage of the response obtained in the presence
of NL-CRFR2 WT. Statistical significance was calculated relative to NL-CRFR2 WT using a one-way ANOVA with
Bonferroni’s correction for multiple comparisons (ns, not significant, *, p < 0.05).
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Table 5.5: Potency (pEC50) and maximal responses (Emax) for cAMP production in HEK293T cells transiently
expressing WT or mutant NL-CRFR2, following 8 or 30 minutes of Urocortin stimulation.

8 minutes

pEC50a:

30 minutes

Emaxb:

n:

pEC50a:

Emaxb:

n:

WT

10.35 ± 0.11*

100.04 ± 4.20

6

10.65 ± 0.09*

99.92 ± 2.17

6

A134T

9.35 ± 0.18*

104.10 ± 6.76

5

10.01 ± 0.10*

103.60 ± 2.16

5

F138L

10.07 ± 0.14*

100.90 ± 2.66

5

10.44 ± 0.07*

101.70 ± 2.10

5

R185C

9.84 ± 0.16*

104.70 ± 4.60

5

10.54 ± 0.08*

102.30 ± 3.13

5

R185L

9.76 ± 0.10*

104.80 ± 2.58

5

10.15 ± 0.10*

99.18 ± 4.18

5

K307R

9.64 ± 0.148

97.54 ± 4.26

5

10.14 ± 0.06*

98.94 ± 3.29

5

A388D

10.23 ± 0.22*

111.80 ± 4.95

4

10.57 ± 0.11*

99.84 ± 6.81

4

R389Q

10.04 ± 0.20*

87.83 ± 7.44

4

10.74 ± 0.11*

103.10 ± 2.52

4

Data ± SEM of n individual data sets.
a Negative

logarithm of the agonist concentration producing a half-maximal response.

b Maximal

response measured as a percentage of the response obtained in the presence of NL-CRFR2 WT.

Statistical significance was calculated relative to NL-CRFR2 WT using a one-way ANOVA with Bonferroni’s
correction for multiple comparisons (*, p < 0.05).

As mentioned previously, two of the variants identified within the computational analysis
performed by our colleagues, GIPR (R217L) and CRFR2 (R185C), are located at the same
position on helix 3 (3x30). Similar to CRFR2 R185C, however, R185L had no significant impact
upon the potency nor efficacy of Urocortin in promoting cAMP accumulation following
stimulation for 8 (pEC50: 9.76 ± 0.10; Emax: 104.80 ± 2.58%) or 30 (pEC50: 10.15 ± 0.10; Emax:
99.18 ± 4.18%) minutes (Figure 5.8; Table 5.5). Overall, loss of the positive charge at position
R185 can be well tolerated, implying that R185 plays only a minor role in cAMP signalling.
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Figure 5.8: cAMP production following stimulation of CRFR2 R185L with Urocortin for 8 or 30
minutes. HEK293T cells transiently expressing NL-CRFR2 WT or R185L were stimulated with

Urocortin (0.1 pM – 100 nM), for 8 (A) or 30 (B) minutes, and cAMP production was measured.
Scatterplots display the agonist potencies (C) and maximal responses (D) calculated after
stimulation with Urocortin. Data represent the mean ± SEM of 4-6 replicates, each performed in
duplicate, as a percentage of the response obtained in the presence of NL-CRFR2 WT. Statistical
significance was calculated relative to untagged CRFR2 using a one-way ANOVA with Bonferroni’s
correction for multiple comparisons (ns, not significant).
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5.3.2 – Effects of CRFR2 mutations upon Ca2+i mobilisation
In an attempt to examine the ability of the CRFR2 to mobilise Ca2+i, HEK293T cells transiently
transfected with pcDNA3.1 or pcDNA3.1/NL-CRFR2 were incubated with Fluo-4/AM for 1 hour,
and Urocortin-induced Ca2+I-dependent changes in fluorescence were recorded (Figure 5.9).
The data obtained, however, revealed that cells expressing NL-CRFR2 failed to promote the
mobilisation of Ca2+i following Urocortin injection, as revealed by the absence of change in the
fluorescence readings recorded, similar to mock-transfected cells. Hence, WT CRFR2 appears
unable to promote Ca2+i mobilisation, and thus the effects of mutations within CRFR2 were not
investigated.
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Figure 5.9: The CRFR2 does not possess the ability to promote Ca2+i mobilisation in HEK293T
cells. HEK293T cells transiently expressing pcDNA3.1 (A) or NL-CRFR2 WT (B) were stimulated

with Urocortin (1 pM – 1 μM) and Ca2+i mobilisation was recorded. Data represent the mean ±
SEM of 3 replicates, each performed in duplicate. The dotted vertical line indicates the point of
agonist injection; The dashed horizontal line indicates the response obtained in the presence of
10 μM Ionomycin. AU – Arbitrary units.

5.3.3 – Effects of CRFR2 mutations upon β-arrestin recruitment
Having determined the effects of mutations within the CRFR2 upon cAMP production, the
ability of each CRFR2 variant to promote the translocation of β-arrestins was investigated in
living cells. To do so, HEK293T cells transiently co-expressing CRFR2-NL and β-arrestin1-YFP or
β-arrestin2-YFP were stimulated with Urocortin for up to 1 hour, and changes in BRET
responses were measured. The findings demonstrate that Urocortin induces a robust
recruitment of β-arrestins to the WT receptor (Figures 5.10-5.13), with a greater magnitude of
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β-arrestin2 recruitment observed (Figure 5.12A) compared to β-arrestin1 (Figure 5.10A), as
demonstrated by the greater increase in agonist-induced DBRET, but with equal potency for
both (pEC50 ~7.80). Stimulation of CRFR2-NL A134T with Urocortin, however, revealed a
significant attenuation in the recruitment of both β-arrestin1 (Emax: 28.48 ± 2.70%) and βarrestin2 (Emax: 40.30 ± 2.75%), relative to WT, with no concomitant reduction in potency
(Table 5.5); Such findings contrast with the results obtained from cAMP assays, whereby A134T
reduced the potency of Urocortin but had no effect upon agonist efficacy (Figures 5.5-5.6;
Table 5.5). In addition, CRFR2-NL F138L had no effect upon agonist-induced recruitment of
either β-arrestin, nor did A388D or R389Q. CRFR2-NL R185C, however, appeared to reduce the
responses observed for both β-arrestin1 (Emax: 59.10 ± 3.65%) and β-arrestin2 (Emax: 69.00 ±
5.79%), without any accompanying effects upon agonist potency, whilst K307R selectively
increased β-arrestin1 recruitment (Emax: 153.58 ± 9.56%). Hence, it appears that the mutations
introduced within the CRFR2 impact upon β-arrestin recruitment to a greater extent than
cAMP production, with differences observed between receptor mutants: whilst A134T
reduced both cAMP and β-arrestin signalling responses, R185C and K307R altered β-arrestin
recruitment without any notable change in agonist-induced cAMP production (Figures 5.5-5.6;
Table 5.6). Overall, it appears that the residues within the CTD (A388 and R389) have little
importance in promoting the translocation of β-arrestin to the CRFR2, whilst residues within
the TMD, with the exception of F138, play more vital roles, particularly A134.
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Figure 5.10: β-arrestin1 recruitment following stimulation of CRFR2 mutants with

0.05
0.04

Urocortin for up to 60 minutes. HEK293T cells transiently co-expressing β-arrestin1-

0.03
0.02

YFP and either: CRFR2-NL WT (A), A134T (B), F138L (C), R185C (D), K307R (E), A388D

0.01
0.00

(F) or R389Q (G) were stimulated with Urocortin (1 pM – 1 μM) for up to 60 minutes.

-0.01
0 5 10 15 20 25 30 35 40 45 50 55 60 65

Time (mins)

Agonist-induced changes in BRET (∆BRET) are calculated relative to vehicle alone.
Data represent the mean ± SEM of 3-4 replicates, each performed in triplicate. BU –
BRET units.
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Figure 5.11: The peak β-arrestin1 responses obtained following stimulation of CRFR2 mutants with Urocortin for up to
60 minutes. HEK293T cells transiently co-expressing β-arrestin1-YFP and either: CRFR2-NL WT, A134T (A), F138L (B),

R185C (C), K307R (D), A388D (E) or R389Q (F) were stimulated with Urocortin (1 pM – 1 μM) for up to 60 minutes, and
the peak responses are shown against agonist concentration. Scatterplots display the agonist potencies (G) and
maximal responses (H) calculated following Urocortin stimulation. Data represent the mean ± SEM of 3-4 replicates,
each performed in triplicate, as a percentage of the response obtained in the presence of CRFR2-NL WT. Statistical
significance was calculated relative to CRFR2-NL WT using a one-way ANOVA with Bonferroni’s correction for multiple
comparisons (ns, not significant, ***, p < 0.001).
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Agonist-induced changes in BRET (∆BRET) are calculated relative to vehicle alone.
Data represent the mean ± SEM of 3-4 replicates, each performed in triplicate. BU –
BRET units.
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Figure 5.13: The peak β-arrestin2 responses obtained following stimulation of CRFR2 mutants with Urocortin for up to
60 minutes. HEK293T cells transiently co-expressing β-arrestin2-YFP and either: CRFR2-NL WT, A134T (A), F138L (B),

R185C (C), K307R (D), A388D (E) or R389Q (F) were stimulated with Urocortin (1 pM – 1 μM) for up to 60 minutes, and
the peak responses are shown against agonist concentration. Scatterplots display the agonist potencies (G) and
maximal responses (H) calculated following Urocortin stimulation. Data represent the mean ± SEM of 3-4 replicates,
each performed in triplicate, as a percentage of the response obtained in the presence of CRFR2-NL WT. Statistical
significance was calculated relative to CRFR2-NL WT using a one-way ANOVA with Bonferroni’s correction for multiple
comparisons (ns, not significant, ** , p < 0.01, ***, p < 0.001).
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Table 5.6: Potency (pEC50) and maximal responses (Emax) in HEK293T cells transiently co-expressing WT or mutant CRFR2NL, and either β-arrestin1-YFP or β-arrestin2-YFP.

β-arrestin1

pEC50a:

β-arrestin2

Emaxb:

n:

pEC50a:

Emaxb:

n:

WT

7.80 ± 0.11

100.00 ± 4.72***

4

7.83 ± 0.08**

100.00 ± 3.70***

4

A134T

8.59 ± 0.41

28.48 ± 2.70***

4

8.52 ± 0.25**

40.30 ± 2.75***

4

F138L

7.69 ± 0.15

78.48 ± 4.94***

4

7.81 ± 0.09**

79.37 ± 3.00***

4

R185C

7.91 ± 0.16

59.10 ± 3.65***

4

7.29 ± 0.17**

69.00 ± 5.79***

4

R185L

7.80 ± 0.15

54.92 ± 2.85***

4

9.23 ± 0.24**

50.86 ± 3.47***

4

K307R

7.14 ± 0.11

153.58 ± 9.56***

4

7.35 ± 0.12*8

120.36 ± 7.16***

4

A388D

7.28 ± 0.12

110.98 ± 8.80***

3

7.62 ± 0.26**

110.84 ± 12.50**

3

R389Q

7.27 ± 0.25

104.42 ± 9.44***

3

7.63 ±0.18**

88.97 ± 6.70***

3

Data ± SEM of n individual data sets.
a Negative

logarithm of the agonist concentration producing a half-maximal response.

b Maximal

response measured as a percentage of the response obtained in the presence of CRFR2-NL WT.

Statistical significance was calculated relative to CRFR2-NL WT using a one-way ANOVA with Bonferroni’s correction for
multiple comparisons (**, p < 0.005, ***, p < 0.001).

Investigations regarding the importance of R185 in β-arrestin recruitment were extended to
include quantification of β-arrestin recruitment to CRFR2-NL R185L (Figure 5.14). The results
obtained revealed that, whilst R185L has been shown previously to not have any effect upon
Urocortin-induced cAMP responses (Table 5.5), the mutation does result in altered β-arrestin
recruitment to the CRFR2: R185L reduced the recruitment of both β-arrestin1 (Emax: 54.92 ±
2.85%) and β-arrestin2 (Emax: 50.86 ± 3.47%), relative to WT, with no change in the potency of
β-arrestin1 responses, but a significant increase in the potency of agonist-induced β-arrestin2
translocation to the CRFR2 (pEC50: 9.23 ± 0.24). Therefore, R185 appears to play an important
role in selectively mediating β-arrestin recruitment: the substitution of a positively charged
residue (arginine, R) at position 185 with a hydrophobic residue (cysteine, C, or leucine, L)
severely attenuates β-arrestin recruitment to the CRFR2, with no consequences for cAMP
production.
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Figure 5.14: β-arrestin recruitment following stimulation of CRFR2 R185L with Urocortin for up
to 60 minutes. HEK293T cells transiently co-expressing β-arrestin1-YFP (left) or β-arrestin2-YFP

(right) and CRFR2-NL R185L were stimulated with Urocortin (1 pM – 1 μM) for up to 60 minutes
(A-B), and the peak responses are shown against agonist concentration (C-D). Grey data points
represent the responses obtained following stimulation of CRFR2-NL WT with 1 μM Urocortin
(Figures 5.10-5.13). Scatterplots display the agonist potencies (E) and maximal responses (F)
calculated following Urocortin stimulation. Data represent the mean ± SEM of 4 replicates, each
performed in triplicate, as agonist-induced changes in BRET (∆BRET) relative to vehicle alone (AB) or as a percentage of the response obtained in the presence of CRFR2-NL WT (C-D and F).
Statistical significance was calculated relative to CRFR2-NL WT using a one-way ANOVA with
Bonferroni’s correction for multiple comparisons (ns, not significant, ** , p < 0.01, ***, p <
0.001).
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5.4 – Investigating the effects of mutations within the GHRHR
GH is a peptide hormone that promotes longitudinal growth and is involved in several
metabolic pathways (Harvey and Hull, 1997; Ohlsson et al., 1998). GH is produced, stored, and
secreted by the anterior pituitary, under the regulatory control of two hypothalamic factors:
one stimulatory, GHRH (Müller et al., 1999), and one inhibitory, Somatostatin (Frohman et al.,
1990). GHRHR is a 44 amino acid peptide secreted by the hypothalamus and plays a crucial role
in the hypothalamus–pituitary axis: it is fundamental for cell growth, development and
proliferation, as well as hormone secretion. Hence, GHRHR dysfunction has been linked to
various growth or metabolic disorders (Mayo et al., 1995; Martari and Salvatori, 2009), such as
dwarfism (Eicher and Beamer, 1976; Camats et al., 2012), type II diabetes (Fridlyand et al.,
2016), GH deficiency (Arman et al., 2014) and GH-secreting tumours (Landis et al., 1989). In
addition, computational analysis of GWAS and population data has revealed a variant of
GHRHR (V225I) associated with diseases of the cornea (Qin et al., 2014, 2018; Dubovy et al.,
2017) (Table 5.1). Hence, this chapter aims to investigate the pharmacology of the GHRHR
variant, relative to the WT receptor.

5.4.1 – Effects of GHRHR mutations upon cAMP production
In an attempt to study the effect of mutating residue V225 within TM3 of GHRHR, CHO-K1 cells
stably expressing C-terminally NL-tagged WT (denoted GHRHR-NL WT) or mutant (denoted
GHRHR-NL V225I) receptor were stimulated with GHRH for 8 or 30 minutes, and cAMP levels
were measured (Figure 5.15). The data obtained reveals that mock-transfected (pcDNA3.1)
CHO-K1 cells do not display an endogenous cAMP response following GHRH stimulation. In
addition, stimulation of GHRHR-expressing cells promotes a clear increase in cAMP production,
with GHRH being of equal efficacy (Emax ~95%) and potency (pEC50 ~8.3) at both mutant and
WT receptor (Table 5.7). Therefore, with no discernible differences in the cAMP responses
recorded, V225I does not appear to influence cAMP production downstream of GHRHR
activation.
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Figure 5.15: cAMP production following stimulation of GHRHR WT or V225I with GHRH for 8 or 30
minutes. Mock-transfected (pcDNA3.1) CHO-K1 cells, or CHO-K1 cells stably expressing GHRHR-NL

WT or V225I were stimulated with GHRH (100 pM – 1 μM), for 8 (A) or 30 (B) minutes, and cAMP
production was measured. Scatterplots display the agonist potencies (C) and maximal responses
(D) calculated after stimulation with GHRH. Data represent the mean ± SEM of 6 replicates, each
performed in duplicate, as a percentage of the response obtained in the presence of GHRHR-NL
WT. Statistical significance was calculated relative to untagged CRFR2 using a one-way ANOVA
with Bonferroni’s correction for multiple comparisons (ns, not significant).
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Table 5.7: Potency (pEC50) and maximal responses (Emax) for cAMP production in CHO-K1 cells transiently
transfected with pcDNA3.1 or CHO-K1 cells stably expressing GHRHR-NL WT or V225I, following 8 or 30 minutes of
GHRH stimulation.

8 minutes

30 minutes

pEC50a:

Emaxb:

n:

pEC50a:

Emaxb:

n:

pcDNA3.1

N.R.

N.R.

6

N.R.

N.R.

6

GHRHR WT

8.25 ± 0.38

91.35 ± 12.30

6

8.42 ± 0.35

97.84 ± 11.05

6

GHRHR V225I

8.35 ± 0.28

95.32 ± 9.49

6

8.16 ± 0.23

96.48 ± 8.88

6

Data ± SEM of n individual data sets.
a Negative

logarithm of the agonist concentration producing a half-maximal response.

b Maximal

response measured as a percentage of the response obtained in the presence of GHRHR-NL WT.

N.R. – No response measured.
Statistical significance was calculated relative to GHRHR WT using a Student’s t-test.
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5.4.2 – Effects of GHRHR mutations upon Ca2+i mobilisation
To further investigate the impact of mutations within the GHRHR upon receptor pharmacology,
investigations into agonist-induced Ca2+i mobilisation were conducted. However, as the
Probenecid within the Ca2+ imaging kit has been found to be toxic to CHO-K1 cells, it became
necessary to utilise HEK293T cells as an alternative cell line in which to perform calcium
experiments. HEK293T cells transiently transfected with pcDNA3.1 or pcDNA3.1/NL-GHRHR
WT were incubated with Fluo-4/AM for 1 hour, and GHRH-induced Ca2+-dependent changes in
fluorescence were recorded (Figure 5.16). The readings obtained revealed a substantial
increase in the fluorescence intensity readings in NL-GHRHR-expressing cells following agonist
injection. However, stimulation of mock-transfected cells revealed a similar increase in
fluorescence, suggesting that either: the GHRHR may be incapable of promoting Ca2+i
mobilisation following agonist exposure, or that HEK293T cells do not provide an appropriate
cell background in which to study Ca2+i mobilisation, due to their high levels of endogenous
response. Therefore, the effect of GHRHR mutation V225I upon agonist-induced Ca2+i
mobilisation was not investigated.
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Figure 5.16: GHRH-mediated Ca2+i mobilisation in HEK293T cells
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5.4.3 – Effects of GHRHR mutations upon β-arrestin recruitment
Despite HEK293T cells exhibiting an endogenous response to GHRH in Ca2+i mobilisation
experiments, the HEK293T cell line was utilised for β-arrestin recruitment assays as such
experiments rely upon detecting interactions between NL- and YFP-tagged constructs. As a
result, HEK293T transiently co-expressing GHRHR-NL WT or V225I, and either YFP-β-arrestin1
or YFP-β-arrestin2 were stimulated with GHRH for up to 1 hour, and changes in BRET responses
were measured (Figure 5.17). The data reveals that neither WT nor mutant GHRHR is able to
promote the recruitment of β-arrestins following agonist exposure, as highlighted by the
absence of any agonist-induced changes in the BRET signals calculated.
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Figure 5.17: Neither GHRHR-NL WT nor V225I is able to promote the recruitment of β-arrestins following
stimulation with GHRH for up to 60 minutes. HEK293T cells transiently co-expressing β-arrestin1-YFP (A-B)

or β-arrestin2-YFP (C-D) and GHRHR-NL WT (A and C) or V225I (B and D) were stimulated with GHRH (1 pM
– 1 μM), for up to 60 minutes. Agonist-induced changes in BRET (∆BRET) are calculated relative to vehicle
alone. Data represent the mean ± SEM of 4 replicates, each performed in triplicate. BU – BRET units.
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5.5 – Investigating the effects of mutations within the CTR
The CT family of peptides consists of six members, ranging from 32 to 52 amino acids in length:
CT, AMY, AM, AM2, and two distinct forms of CGRP (αCGRP and βCGRP) (Barwell et al., 2012).
These peptides act at two GPCRs, namely the CTR and the CLR. Both receptors can form
complexes with RAMPs: RAMP1, 2 and 3 in humans (McLatchie et al., 1998), generating
multiple distinct receptor phenotypes with different specificities for the CT peptide family
(Poyner et al., 2002; Roh et al., 2004). The CT family of peptides are a unique group of
hormones important for homeostasis in a diverse array of tissues; CT is essential for calcium
balance (Copp et al., 1962; Davey et al., 2008), whereas CGRP and AM are important for
neurotransmission, and regulation of the cardiovascular and respiratory systems (Brain and
Grant, 2004; Assas et al., 2014; Pawlak et al., 2017; Clark et al., 2021). Hence, CTR mutations
have been linked to recurrent kidney stone disease (Shakhssalim et al., 2014; Mitra et al., 2017)
and cardiovascular disease (Kumar et al., 2019), as well as disorders of bone density and
structure (Chambers and Magnus, 1982; Chambers et al., 1985; Zaidi et al., 1994), and
cholethiasis (gall stones) (Konderko et al., 1989) (Table 5.1). Hence, this chapter seeks to
investigate the effects of the CTR variant A429S upon receptor pharmacology.

5.5.1 – Effects of CTR mutations upon cAMP production
To evaluate the effect of mutating A429 within the CTD of the CTR, studies began by profiling
the ability of the mutant to promote cAMP production, relative to WT receptor. Whilst the CTR
is able to traffic and function in the absence of RAMP, association with RAMP1, RAMP2 or
RAMP3 forms the AMY1, AMY2 or AMY3 receptors, respectively, with each receptor subtype
exhibiting distinct agonist affinities and signalling profiles (Hay and Pioszak, 2016). To allow the
study of CTR-mediated cAMP production in the absence of RAMPs, COS-7 cells which lack
endogenous RAMP expression were utilised (Bühlmann et al., 1999; Bouschet et al., 2005;
Bailey and Hay, 2006; Hay and Pioszak, 2016). COS-7 cells transiently transfected with
pcDNA3.1, pcDNA3.1/NL-CTR WT or pcDNA3.1/NL-CTR A429S were stimulated with CT or
CGRP, for 8 or 30 minutes, and cAMP responses measured (Figure 5.18). Mock-transfected
cells demonstrated a lack of endogenous cAMP response to either peptide agonist, whilst NLCTR-expressing cells exhibited an increase in cAMP production following agonist exposure. CT
was revealed to be a more potent agonist than CGRP at promoting cAMP accumulation, at
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either WT or mutant receptors (Table 5.8). Stimulation of CTR A429S with either agonist, for 8
or 30 minutes, revealed no significant differences in agonist potency or maximal responses,
relative to WT CTR. Thus, A429S has no impact upon agonist-induced cAMP responses
downstream of CTR activation, implying that residue A429 plays only a minor role, if any, in
cAMP production.

260

B

-8

-7

-6

Log[CT] (M)

C

T

T
-W
C

T

-A

4

S
29
C

R
G

P

T
-W
P

-A

4

S
29

0

20

40

-8

Log[CGRP] (M)

-12 -11 -10 -9

CGRP

-7

-6

14
13
12
11
10
9
8
7
6
5
4

C

T

T
-W

C

ns

R
G

C

T

-A

ns

42

9S
C

R
G

P

C

R
G

T
-W
P

-A

42

Agonist Potency

30 minutes of agonist stimulation

Log[CGRP] (M)

9S

140

160

20

40

60

80

100

120

C

T

C

C

ns

T

-A

42

9S
C

R
G

P

C

R
G

T
-W

ns

P

-A

ns

42

C

T

-A

42

9S
C

R
G

P

C

R
G

T
-W
P

-A

42

9S

9S

Maximal Response

T
-W

T
-W

T

ns

Maximal Response

NL-CTR WT using a one-way ANOVA with Bonferroni’s correction for multiple comparisons (ns, not significant).

replicates, each performed in duplicate, as a percentage of the response obtained in the presence of NL-CTR WT. Statistical significance was calculated relative to

were stimulated with CT or CGRP (1 pM – 1 μM), for 8 (A) or 30 (B) minutes, and cAMP production was measured. Data represented as the mean ± SEM of 3 -7

Figure 5.18: CTR A429S does not affect agonist-mediated cAMP production relative to CTR WT. COS-7 cells transiently expressing pcDNA3.1, NL-CTR WT or A429S

0

20

40

60

80

140

80

60

-6

25

-7

50

75

100

5

8

125

150

9

175

11

0
-8

200

225

6
-12 -11 -10 -9

ns

20

100

-8

-6

ns

Agonist Potency

10

12

13

7

120

-12 -11 -10 -9

-7

CGRP

40

60

80

100

120

100

CT

Log[CT] (M)

-12 -11 -10 -9

A429S

WT

pcDNA3.1

140

120

140

0

20

40

60

80

100

120

140

CT

% Response
(relative to WT)

8 minutes of agonist stimulation

pEC50
pEC50

% Response
(relative to WT)

% Response
(relative to WT)

261
% Response
(relative to WT)

Emax
(% relative to WT)
Emax
(% relative to WT)

A

Chapter 5 - Investigating the pharmacology of mutant class B1 receptors

Chapter 5 - Investigating the pharmacology of mutant class B1 receptors
Table 5.8: Potency (pEC50) and maximal responses (Emax) for cAMP production in mock-transfected COS-7 cells or COS-7
cells transiently expressing NL-CTR WT or A429S, following stimulation with CT or CGRP for 8 or 30 minutes.

8 minutes of agonist stimulation

CT

CGRP

pEC50a:

Emaxb:

n:

pEC50a:

Emaxb:

n:

pcDNA3.1

N.R.

N.R.

7

N.R.

N.R.

6

CTR WT

10.31 ± 0.19

91.00 ± 7.14

7

7.04 ± 0.30

105.54 ± 16.13

4

CTR A429S

10.32 ± 0.43

71.12 ± 7.14

5

7.09 ± 0.35

121.25 ± 23.06

4

30 minutes of agonist stimulation

CT

CGRP

pEC50a:

Emaxb:

n:

pEC50a:

Emaxb:

n:

pcDNA3.1

N.R.

N.R.

4

N.R.

N.R.

3

CTR WT

11.03 ± 0.17

92.38 ± 3.28

4

7.36 ± 0.20

102.34 ± 8.34

3

CTR A429S

11.37 ± 0.26

86.13 ± 5.34

4

7.20 ± 0.30

93.67 ± 4.13

3

Data ± SEM of n individual data sets.
a Negative

logarithm of the agonist concentration producing a half-maximal response.

b Maximal

response measured as a percentage of the response obtained in the presence of NL-CTR WT.

N.R. – No response measured.
Statistical significance was calculated relative to NL-CTR WT using a one-way ANOVA with Bonferroni’s correction for
multiple comparisons.

To ensure that use of an N-terminal NL tag does not impede upon the ability of CTR agonists
to bind and activate the receptor, agonist-induced cAMP responses were investigated in cells
expressing a C-terminally NL-tagged CRFR2, similar to investigations pertaining to the CRFR2
(Figure 5.6; Table 5.4). Stimulation of COS-7 cells transiently expressing CTR-NL WT revealed
responses similar to those obtained in cells expressing NL-CTR WT, with no significant
differences observed after 8 or 30 minutes of CT exposure (Figure 5.19; Table 5.9). Thus, there
is confidence that the inclusion of an N-terminal NL tag does not interfere with receptor
function.
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Figure 5.19: The placement of the NL tag does not significantly affect CT-induced cAMP
production at the CTR. COS-7 cells transiently expressing NL-CTR or CTR-NL were stimulated with

CT (1 pM – 1 μM), for 8 (A) or 30 (B) minutes, and cAMP production was measured. Scatterplots
display the agonist potencies (C) and maximal responses (D) calculated after stimulation with CT
for 8 or 30 minutes. Data represent the mean ± SEM of 4-7 replicates, each performed in
duplicate, as a percentage of the response obtained in the presence of 100 μM Forskolin.
Statistical significance was calculated relative to NL-CTR using a one-way ANOVA with Bonferroni’s
correction for multiple comparisons (ns, not significant).

263

Chapter 5 - Investigating the pharmacology of mutant class B1 receptors

Table 5.9: Potency (pEC50) and maximal responses (Emax) for cAMP production in mock-transfected COS-7 cells or
COS-7 cells transiently expressing NL-CTR WT or CTR-NL WT, following stimulation with CT for 8 or 30 minutes.

8 minutes

30 minutes

pEC50a:

Emaxb:

n:

pEC50a:

Emaxb:

n:

pcDNA3.1

N.R.

N.R.

7

N.R.

N.R.

4

N-terminal NL tag

10.31 ± 0.19

91.00 ± 7.14

7

11.03 ± 0.17

92.38 ± 3.28

4

C-terminal NL tag

10.80 ± 0.15

82.65 ± 2.45

6

11.24 ± 0.08

89.32 ± 2.47

6

Data ± SEM of n individual data sets.
a Negative

logarithm of the agonist concentration producing a half-maximal response.

b Maximal

response measured as a percentage of the response obtained in the presence of 100 μM Forskolin.

N.R. – No response measured.
Statistical significance was calculated relative to NL-CTR using a one-way ANOVA with Bonferroni’s correction for
multiple comparisons.
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5.5.2 – Effects of CTR mutations upon Ca2+i mobilisation
Having observed that A429S has no effect upon cAMP production downstream of CTR
activation, we next sought to investigate the ability of CTR to promote Ca2+i mobilisation. For
such experiments, HEK293DCTR cells transiently expressing pcDNA3.1, NL-CTR WT or NL-CTR
A429S were loaded with Fluo-4/AM for one hour, and agonist-induced changes in fluorescence
was measured (Figure 5.20). The addition of CT or CGRP to mock-transfected cells revealed no
endogenous Ca2+i mobilisation response, whilst CTR-expressing cells displayed substantial
increases in the fluorescence readings obtained upon agonist injection.
In order to directly compare the effects of the A429S mutation with the WT CTR, the raw Ca2+
traces were converted to concentration-response curves (Figure 5.20). By normalising the
fluorescence readings relative to the maximal response obtained in the presence of 10 μM
Ionomycin, this reduces any variability generated between experiments due to differential dye
loading or passage number. The normalised data was then subsequently further normalised
relative to WT CTR in order to ascertain the effects of the A429S mutation upon receptormediated Ca2+i mobilisation.
Analysis of the Ca2+i mobilisation data obtained reveals that, similar to the cAMP data shown
previously (Figure 5.18; Table 5.8), CT is a more potent agonist than CGRP (pEC50: 7.84 ± 0.15
or 6.31 ± 0.20, respectively), with CGRP stimulation failing to produce a full concentrationresponse curve within the range of agonist concentrations tested. Further, A429S had no effect
upon CT-induced responses, with a maximal response and agonist potency similar to WT (Table
5.10), but displays a reduced magnitude of response following injection of CGRP (reduced by
~30%), without a concomitant reduction in potency. Therefore, whilst A429S does not appear
to influence CT-induced signalling, the mutation reduces the ability of CGRP to promote Ca2+i
mobilisation, without any effect upon CGRP-induced cAMP production.
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Table 5.10: Potency (pEC50) and maximal responses (Emax) for Ca2+i mobilisation in mock-transfected HEK293∆CTR cells or
cells transiently expressing NL-CTR WT or A429S, following stimulation with CT or CGRP.

CT

CGRP

pEC50a:

Emaxb:

n:

pEC50a:

Emaxb:

n:

pcDNA3.1

N.R.

N.R.

3

N.R.

N.R.

3

CTR WT

7.84 ± 0.15

99.97 ± 6.03

4

6.31 ± 0.20

103.09 ± 6.72**

4

CTR A429S

8.36 ± 0.20

76.51 ± 5.30

4

6.54 ± 0.30

69.53 ± 13.51**

4

Data ± SEM of n individual data sets.
a Negative

logarithm of the agonist concentration producing a half-maximal response.

b Maximal

response measured as a percentage of the response obtained in the presence of NL-CTR WT.

N.R. – No response measured.
Statistical significance was calculated relative to NL-CTR WT using a one-way ANOVA with Bonferroni’s correction for
multiple comparisons (**, p < 0.01).
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5.5.3 – Effects of CTR mutations upon β-arrestin recruitment
Having characterised the ability of the CTR to promote cAMP production and Ca2+i
mobilisations, investigation began into quantifying agonist-induced β-arrestin recruitment to
the CTR. Accordingly, HEK293T cells transiently co-expressing CTR-NL WT or CTR-NL A429S,
and β-arrestin1-YFP or β-arrestin2-YFP were stimulated with CT or CGRP for up to 1 hour, and
BRET responses were measured (Figures 5.21-5.22). The findings obtained revealed that
exposure to either peptide agonist does not promote the translocation of β-arrestins to the
WT CTR, as has been shown previously (Dal Maso et al., 2018). In addition, whilst stimulation
of CTR A429S with CGRP generated results similar to WT, notably a lack of β-arrestin1/2
recruitment, the addition of CT induced the selective recruitment of β-arrestin2, but not βarrestin1 (Emax: 0.005 ± 0.001 BU; pEC50 of 7.86 ± 0.30) (Table 5.11). This suggests that the
introduction of a serine residue (S) into the C-terminal tail of the CTR at position A429
encourages the recruitment of β-arrestin2, possibly by establishing a potential
phosphorylation site for GRKs, in turn initiating recruitment of β-arrestins (Yang et al., 2017;
Zhou et al., 2017; Gurevich and Gurevich, 2019). Overall, the data obtained within this study
demonstrates that A429S has little impact upon the signalling properties of the CTR, except
when investigating β-arrestin2 recruitment or CGRP-mediated Ca2+i mobilisation.
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Figure 5.21: CGRP-induced β-arrestin recruitment following stimulation of CTR-NL WT or A429S for up to 60 minutes. HEK293T

cells transiently co-expressing β-arrestin1-YFP (A-C) or β-arrestin2-YFP (D-F) and either CRFR2-NL WT or A429S were stimulated
with CGRP (1 pM – 1 μM) for up to 60 minutes. Agonist-induced changes in BRET (∆BRET) are calculated relative to vehicle alone.
Data represent the mean ± SEM of 4-5 replicates, each performed in triplicate. BU – BRET units.
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Figure 5.22: CT-induced β-arrestin recruitment following stimulation of CTR-NL WT or A429S for up to 60 minutes. HEK293T cells

transiently co-expressing β-arrestin1-YFP (A-C) or β-arrestin2-YFP (D-F) and either CRFR2-NL WT or A429S were stimulated with CT
(1 pM – 1 μM) for up to 60 minutes. Agonist-induced changes in BRET (∆BRET) are calculated relative to vehicle alone. Data
represent the mean ± SEM of 4-5 replicates, each performed in triplicate. Statistical significance was calculated relative to CTR-NL
WT using a Student’s t-test (***, p < 0.001). BU – BRET units.

Table 5.11: Potency (pEC50) and maximal responses (Emax) for β-arrestin recruitment to CTR-NL WT and A429S following
stimulation with CT.

WT

A429S

pEC50a:

Emaxb:

n:

pEC50a:

Emaxb:

n:

β-arrestin1

N.R.

N.R.

4

N.R.

N.R.

5

β-arrestin2

N.R.

N.R.

4

7.86 ± 0.30

0.005 ± 0.001***

Data ± SEM of n individual data sets.
a Negative

logarithm of the agonist concentration producing a half-maximal response.

b Maximal

response measured, reported in BRET units (BU).

N.R. – No response measured.
Statistical significance was calculated relative to CTR-NL WT using a Student’s t-test (***, p , 0.001).
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5.6 - Summary and conclusions
This chapter has attempted to characterise the effects of mutations with class B1 GPCRs,
namely the CRFR2, GHRHR and CTR, upon receptor signalling. To achieve this, classical
pharmacological assays investigating cAMP accumulation (for all mutants), Ca2+i mobilisation
(for the CTR) and β-arrestin1/2 recruitment (for all mutants) were utilised, subsequently
analysing their effects in terms of changes in agonist potency (pEC50) and maximal response
(Emax).
Several natural mutations of GPCRs that have pathophysiological implications have been
demonstrated to affect cell surface expression of the receptor (Tao, 2006; Stoy and Gurevich,
2015); Missense mutations can cause defective receptor biosynthesis or defective trafficking
to the cell surface, with the latter being the most common defect in all GPCR inactivating
mutations (Jin et al., 2007; Newton et al., 2011; Ulloa-Aguirre et al., 2014). Conversely, GPCR
mutations can induce a gain of function, increasing receptor expression at the plasma
membrane or receptor activity in the absence of agonist stimulation (CAMs) (Schipani et al.,
1995; Hjorth et al., 1998; Arora et al., 1999; Parnot et al., 2002; Stoy and Gurevich, 2015;
Fukami et al., 2018). The substitutions introduced into the GHRHR (V225I) and CTR (A429S)
appeared to be well tolerated, with no impact upon cell surface expression relative to WT
receptor (Figure 5.2; Table 5.2). Mutations within the CRFR2, however, revealed differing
results: K307R and R389Q had no significant impact upon receptor expression, whereas the
majority of CRFR2 mutations (A134T, F183L, R185C, R185L and A388D) caused a dramatic
reduction in cell surface expression.
The data revealed within this chapter highlights that mutations can differentially affect some
downstream signalling pathways whilst leaving others relatively unaffected (Figure 5.23A);
CRFR2 mutations largely had little impact in terms of cAMP signalling, but effects more diverse
than those upon cell surface expression were observed for agonist-induced β-arrestin
recruitment: substitutions had a wide range of effects, with some being very tolerant to
mutation (F138L, A388D and R398Q), some having largely reduced functionality (A134T), and
others displaying a gain-of-function in some instances (K307R). A134T negatively impacted
upon all signalling pathways investigated: the variant dramatically diminished the magnitude
of Urocortin-induced β-arrestin1/2 recruitment (Figures 5.10A, 5.11A, 5.12A and 5.13A) and
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the potency of agonist-mediated cAMP responses (Figures 5.6A and 5.7A). The reductions in
signalling may potentially be due to the dramatic reduction in receptor expression observed,
to less than 50% that of WT CRFR2 (Figure 5.2; Table 5.2). Conversely, CRFR2 mutants F138L,
A388D and R389Q exhibited signalling profiles similar to WT CRFR2, for all second messenger
pathways investigated (Figures 5.6-5.7 and 5.10-5.13), despite significant reductions observed
in the cell surface expression of CRFR2 variants F138L and A388D (Figure 5.2). The robust
signalling observed for these mutants indicates the presence of a large population of receptor
reserve inherent to the system under study. In contrast, CRFR2 R185C displayed reduced
efficacies for β-arrestin1 (Figures 5.10D and 5.11C) and β-arrestin2 recruitment (Figures 5.12D
and 5.13C; Table 5.6), with no observable change in Urocortin-mediated cAMP production,
relative to WT CRFR2 (Figures 5.6C and 5.7C; Table 5.5). Similarly, CRFR2 K307R selectively
enhanced β-arrestin1 recruitment (Figures 5.10E and 5.11D), but had no impact upon agonistinduced β-arrestin2 recruitment (Figures 5.12E and 5.13D) or cAMP production (Figures 5.6D
and 5.7D), whereas CRFR2 R185L dramatically attenuated β-arrestin1/2 recruitment (Figure
5.14), whilst simultaneous increasing the potency of β-arrestin2 responses but having no effect
upon cAMP accumulation (Figure 5.8). Overall, whilst a reduced membrane expression will
influence any results observed, this appears to affect the signalling of each variant to differing
extents: the reductions in cell surface expression have minimal impact in some instances
(F138L and A388D), but greater consequences for others (A134T, R185C and R185L).
In terms of GHRHR signalling, V225I had no discernible effects upon agonist-induced cAMP
production (Figure 5.15; Table 5.7) or β-arrestin1/2 recruitment (Figure 5.17), relative to WT
(Figure 5.23B). In contrast, CTR A429S had varying effects (Figure 5.23C): A429S had no impact
upon CGRP- or CT-induced cAMP accumulation (Figure 5.18; Table 5.8), but attenuated CGRPmediated Ca2+i mobilisation, without any influence upon that of CT (Figure 5.20; Table 5.10).
Further, A429S revealed a gain-of-function for CTR-dependent β-arrestin1/2 recruitment:
whilst stimulation of WT CTR is unable to promote the translocation of β-arrestins to the
membrane, even after 1 hour of agonist exposure, stimulation of CTR A429S results in a
noticeable recruitment of β-arrestin2 to the receptor, with responses detected within 5
minutes of CT exposure (Figure 5.22; Table 5.11). This could be due to the introduction of a
serine residue within the CTD of the GPCR: GRKs phosphorylate agonist-activated GPCRs on
serine and threonine residues located in the C-terminal tail region and/or the third cytoplasmic
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loop, in turn selectively recruiting β-arrestins with high affinity to agonist-occupied, GRKphosphorylated receptors, ultimately serving to sterically inhibit G protein coupling (Reiter and
Lefkowitz, 2006; Yang et al., 2017; Zhou et al., 2017; Gurevich and Gurevich, 2019). Hence,
while A429S appears to play only a minor role cAMP accumulation or Ca2+i mobilisation
downstream of CTR activation, it is important in inducing β-arrestin recruitment to the
receptor; this is likely due to the addition of a phosphorylation site within the cytoplasmic tail
of the CTR, despite the pre-existence of numerous serine residues within the CTD (Figure 5.1).
A

B

C

Figure 5.23: Extent of pathway activation by the individual CRFR2, GHRHR and CTR
mutants, relative to the WT GPCR. Schematic representation of the amount of

signalling pathway activation for each mutant of CRFR2 (A), GHRHR (B) or CTR (C),
relative to the corresponding WT receptor. The colour and thickness of each line
indicates the the degree of signalling observed for Urocortin (CRFR2), GHRH
(GHRHR) or CT (CTR), for the indicated pathway, as determined by the changes in
maximal responses (Emax) detected: Green lines indicate a greater extent of
signalling, relative to WT; Blue lines indicate a lesser extent of signalling; Black
lines indicate that the response was similar to that of WT. Schematic made using
BioRender.com
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6.1 General overview
GPCRs are extremely diverse in the ligands to which they bind, as well as their individual
structures and functions, and are ultimately responsible for regulating an immense variety of
cellular and physiological responses. In addition to initiating various signalling cascades,
activation of cell surface GPCRs also triggers regulatory processes that act to restrict the
duration of signalling. Acute attenuation of signalling can be accomplished via either agonistinduced receptor desensitisation or internalisation, typically terminating receptor signalling by
entering the system into a refractory state following sustained stimuli. Whilst there are general
mechanisms which govern GPCR activation and downstream signalling, individual receptor
subtypes often differ in terms of their tissue distribution patterns, subcellular localisation and
the precise methods by which subsequent signalling cascades are regulated. In addition,
receptor expression levels, degree of activation of downstream effector proteins and/or
downregulatory mechanisms, to name but a few, can also vary for a given GPCR in a cell
context-dependent manner, and normal receptor function is often disrupted under
pathological conditions.
To further add to the complexity of GPCR signalling, receptors are able to interact with a variety
of proteins which are capable of influencing their trafficking, ligand binding preferences and
overall pharmacology. Moreover, a given GPCR can activate various signalling pathways to
differing extents, in an agonist- or cell background-dependent manner, giving rise to signalling
bias. Therefore, the therapeutic potential of GPCRs as a drug target is large, with receptor
malfunction often having deleterious effects upon the overall health of an organism. As such,
the development of pharmaceutical drugs or pharmacological tools which are capable of
selectively modulating a chosen pathway(s), without affecting other signalling events, may
allow us to elucidate, and appreciate, the full signalling repertoire of a given receptor, as well
as reduce off-target side effects. However, to fully understand and target aberrant receptor
signalling, an in-depth knowledge of ‘normal’ receptor function, and how this is controlled by
interacting proteins, is essential, such that we can subsequently decipher the impact of
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mutations within receptor subtypes or associated proteins, or perhaps target the regulatory
machinery to develop safer and more efficacious drugs.
Overall, the work presented within this thesis has studied the molecular pharmacology of
various class A and B GPCRs, with a particular emphasis on the: A2AR, CLR, CTR, CRFR2 and
GHRHR. More specifically, the work presented within this thesis began with investigations into
A2AR-mediated signalling, attempting to understand the importance of receptor internalisation
in agonist-mediated signalling: studying the effect of small molecule inhibitors upon cAMP
production, and directly quantifying receptor internalisation and β-arrestin recruitment.
Chapter 3 revealed that the A2AR does not internalise upon agonist stimulation, nor promote
the recruitment of β-arrestins, in contrast to other Adenosine receptor subtypes. Though not
included within this thesis directly, during the course of my studies, there was interest in
understanding whether RAMPs may influence A2AR signalling or trafficking, after preliminary
data gathered by colleagues suggested that RAMPs may interact with Adenosine receptors
(data not published). Despite a lack of evidence to support this hypothesis (data not shown),
this led to the development of a BRET-based protein-protein interaction assay which was
subsequently utilised throughout Chapter 4 in order to quantify RAMP-GPCR interactions at
the cell surface. Indeed, it was possible to study cell surface interactions between RAMPs and
the CLR, GIPR and GLP-1R, further verifying such observations obtained via luminescence
microscopy, and ultimately generating a framework upon which RAMP-GPCR interactions can
be studied in the future via single molecule TIRF microscopy. Moreover, the work presented
herein investigated the effects of RAMP1 mutations upon RAMP-CLR pharmacology, utilising
the cell surface BRET, cAMP accumulation and β-arrestin recruitment assays developed within
previous chapters. Such studies were then expanded in Chapter 5 to include exploring the
effects of various disease-associated CRFR2, GHRHR or CTR variants upon receptor
pharmacology, quantifying the activation of various second messenger signalling cascases, as
well as plasma membrane expression levels.
Hence, through completion of various pharmacological assays, such as: cAMP production; βarrestin recruitment; Ca2+i mobilisation; receptor internalisation; and RAMP-interaction assays,
a framework has been provided, upon which further work can be conducted, to understand
receptor signalling properties, as well as the impact of receptor or RAMP mutations upon GPCR
pharmacology.
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6.2 The A2AR: a receptor which exhibits sustained cAMP signalling in
the absence of agonist-induced internalisation
In Chapter 3, A2AR pharmacology was investigated with regards to cAMP production, with a
particular emphasis upon the temporal aspect of agonist-mediated responses and the effects
of small molecule inhibitors of internalisation upon receptor signalling. The work presented
pertains to an in-depth characterisation of agonist-induced cAMP signalling, attempting to
profile signalling responses in both CHO-K1 and HEK293-based cell lines, using a variety of AR
agonists. Studies were further extended to investigate receptor-dependent β-arrestin
recruitment and agonist-induced internalisation, in an attempt to rationalise the observations
made from cAMP studies. Moreover, the remaining ARs were subsequently explored in terms
of their abilities to promote β-arrestin recruitment and receptor internalisation, to examine
whether ARs are similar in their signalling/trafficking capabilities, with the β2R utilised as a
positive control.

6.2.1 A2AR-mediated cAMP production is reduced upon treatment with
Barbadin or Dynasore, but not Cmpd101
The data presented within Chapter 3 revealed that it is possible to observe activation of the
canonical, Gαs-mediated signalling pathway in CHO-K1-A2AR cells in the absence of agonist
stimulation, as demonstrated by a higher basal level of cAMP when compared to parental CHOK1 cells, and an ability of ZM241385 to induce concentration-dependent decreases in cAMP
production (Figure 3.2). Hence, the A2AR was demonstrated to possess high levels of
constitutive activity, in accordance with previously published reports (Klinger et al., 2002;
Ibrisimovic et al., 2012; Bertheleme et al., 2013). Moreover, agonist-mediated stimulation of
the A2AR revealed further activation of the Gαs-dependent signalling pathway, as
demonstrated by the abilities of various AR agonists to promote robust increases in cAMP
production, in both CHO-K1-A2AR (Figures 3.1 and 3.13; Tables 3.1 and 3.8) and HEK293-SNAPA2AR (Figures 3.4 and 3.14; Tables 3.2 and 3.9) cell lines. By investigating receptor-dependent
cAMP signalling in the absence of any PDE inhibition, it was possible to examine how agonistmediated responses vary over time, in HEK293-SNAP-A2AR cells. Upon analysis of the data
obtained from time course experiments, it became apparent that agonist exposure promotes
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a rapid increase in cAMP production, with maximal responses obtained within 30 minutes and
remaining sustained for at least two hours (Figure 3.6). Indeed, cAMP levels were only
attenuated upon the addition of ZM241385, due to the ability of ZM241385 to antagonise
agonist-mediated increases in cAMP production (Figure 3.2).
The persistent signalling capabilities of the A2AR was initially hypothesised to be due to an
ability of the receptor to signal, at least in part, from intracellular compartments; There is
accumulating evidence to indicate that internalisation can induce prolonged receptor
signalling from intracellular membranes, with various Gαs-coupled GPCRs, such as the TSH and
PTH receptors, having been reported to induce persistent cAMP signalling phases upon
internalisation, with downstream responses elicited by receptors located in early endosomes
or the Golgi/trans-Golgi network appearing distinct from those originating from the plasma
membrane (Calebiro et al., 2009; Ferrandon et al., 2009; Feinstein et al., 2011; Werthmann et
al., 2012; Tsvetanova and von Zastrow, 2014; Tsvetanova et al., 2015). Indeed, a requirement
for signalling from intracellular receptors has been demonstrated for the biological effects of
various hormones and neurotransmitters, such as Dopamine (Kotowski et al., 2011),
cannabinoids (Hebert-Chatelain et al., 2016), GIP (Ismail et al., 2016), GLP-1 (Kuna et al., 2013),
and Adrenaline, with the latter even suggested to cross cellular membranes to directly act
upon intracellular β1 and β2 adrenoceptor populations (Tsvetanova and von Zastrow, 2014;
Irannejad et al., 2017).
Overall, studies relating to the treatment of A2AR-expressing cell lines with small molecule
inhibitors of internalisation revealed a significant reduction in agonist-mediated cAMP
responses: both Barbadin, an inhibitor of β-arrestin/AP2 complexes (Beautrait et al., 2017),
and Dynasore, a Dynamin inhibitor (Macia et al., 2006), demonstrated an ability to attenuate
agonist-induced cAMP production, for various AR agonists. In particular, exposure to Barbadin
appeared to differentially influence agonist potencies and maximal responses, with differences
notable between CHO-K1 (Figures 3.8 and 3.15-3.16; Tables 3.4 and 3.10) and HEK293 (Figures
3.9 and 3.17-3.18; Tables 3.5 and 3.11) backgrounds, whilst Dynasore treatment exclusively
influenced agonist potencies, independent of cell context (Figures 3.19-3.20; Tables 3.123.13). Furthermore, Barbadin pre-treatment appeared to generally reduce agonist-mediated
responses in a potency-related manner: Barbadin preferentially affected the more potent
agonists (pEC50 >6.6 in CHO-K1-A2AR cells or >6.4 in HEK293-SNAP-A2AR cells), except in the
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cases of IB-MECA in CHO-K1-A2AR cells, or Adenosine, Cmpd 20 and PSB0777 in HEK293-SNAPA2AR cells, whereby treatment had no effect (Table 6.1). Indeed, Barbadin pre-treatment was
revealed to typically diminish agonist potencies by approximately 10-100 fold, in either
overexpression system, with the extent of Barbadin-induced attenuation appearing to
correlate with agonist potency. Such observations implied that the more potent agonists
possessed either a greater ability to activate, or a greater dependency upon, intracellular
receptors. Consequently, as GPCRs have revealed a propensity to preferentially activate
differing effector proteins in some instances, as determined by the stimulating agonists’
concentration or potency (Jakubík et al., 2011; Smith et al., 2018; Jelinek et al., 2021), perhaps
the phenomenon of signalling bias may be further extended to include activation of favoured
receptor pools: apparent system bias may arise due to differential expression and activation
of individual effector proteins, or proportions of receptors, within different cellular
compartments.
In contrast to the results obtained following Barbadin pre-treatment, treatment with Dynasore
resulted in a decrease in potency for all agonists investigated, regardless of compound potency
or cell background (Table 6.1), with similar reductions of approximately 10-100 fold. Hence,
the cAMP data obtained implied that β-arrestin- and/or Dynamin-dependent internalisation of
the A2AR contributes to agonist-mediated signalling, with perhaps both intracellular and cell
surface-localised receptor populations influencing cAMP production; The relative
contributions from either receptor subpopulation appeared to be dependent upon the agonist
and/or cell system under investigation. Whilst both small molecule inhibitors demonstrated an
ability to reduce the maximal level of cAMP produced over time (Figures 3.10 and 3.21; Tables
3.6 and 3.14), neither influenced the persistent nature of A2AR-mediated cAMP signals. Instead,
both Barbadin and Dynasore diminished, but did not totally abolish, agonist-mediated
responses, therefore supporting the initial hypothesis that intracellular A2AR populations may
contribute to overall cellular cAMP concentrations, in addition to receptors at the cell surface.
Whilst processes such as β-arrestin recruitment and receptor internalisation ultimately act to
dampen receptor-mediated signalling at the cell surface through receptor downregulation,
such pathways also play essential roles in receptor desensitisation and resensitisation (Lohse
et al., 1990; January et al., 1997; Cahill III et al., 2017; Rajagopal and Shenoy, 2018): following
phosphorylation on the C-terminal tail of a GPCR, β-arrestin recruitment facilitates receptor
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desensitisation through G protein uncoupling and recruitment of endocytic machinery
(Goodman et al., 1996; Laporte et al., 1999; McDonald et al., 1999). Upon internalisation,
receptors become resensitised through dephosphorylation of their C-terminal tails, before
ultimately being recycled back to the plasma membrane or targeted for degradation
(Bünemann and Hosey, 1999; Drake et al., 2006). Hence, whilst receptor internalisation has
been reported to directly contribute to agonist-mediated signalling in some cases, it is more
widely accepted to be important for processes of receptor desensitisation and resensitisation.
To understand whether the dampening of cAMP responses observed following Barbadin or
Dynasore treatment was due to the inhibition of receptor internalisation or simply prevention
of A2AR resensitisation, Cmpd101, a GRK2/3 inhibitor (Lowe et al., 2015) was utilised. The data
revealed, however, that whilst Cmpd101-mediated inhibition of GRK2/3 accentuated
Isoprenaline-induced cAMP production at the β2R (Figure 3.24; Table 3.17), in accordance with
previous reports (Malach et al., 2015), treatment had no effect upon cAMP production profiles
in either CHO-K1-A2AR (Figure 3.22; Table 3.15) or HEK293-SNAP-A2AR (Figure 3.23; Table 3.16)
cells (Table 6.1). Such findings contradict those of various studies which have highlighted the
importance of GRK2 in agonist-mediated desensitisation of the A2AR (Mundell et al., 1998; Khoa
et al., 2006; Mundell and Kelly, 2011; Daigle et al., 2014).
In addition to inhibiting the GTPase activity of Dynamin (Macia et al., 2006), Dynasore has also
been reported to act via both clathrin-dependent and -independent mechanisms (Preta et al.,
2015), as well as impair GPCR-mediated signalling in an endocytosis-independent manner
(Basagiannis et al., 2017). Indeed, investigations into the effects of Dynasore upon Forskolinstimulated cAMP production revealed that Dynasore reduced cAMP production in a systemdependent manner (Figure 3.26; Table 3.18), in the absence of any receptor stimulation. Thus,
it became critical to directly investigate A2AR-mediated β-arrestin recruitment and receptor
internalisation, in order to authenticate the effects of the small molecule internalisation
inhibitors upon cAMP production.
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7.51 ± 0.16

PSB0777

↓

↓↓↓

-

↓↓↓

-

-

↓↓↓

-

↓

↓

Barbadin

N.D.

↓↓↓

N.D.

N.D.

N.D.

N.D.

↓↓↓

N.D.

N.D.

↓↓↓

Dynasore

N.D.

-

N.D.

N.D.

N.D.

N.D.

-

N.D.

N.D.

-

Cmpd101

7.45 ± 0.12

7.90 ± 0.09

7.99 ± 0.13

8.98 ± 0.08

5.95 ± 0.11

6.86 ± 0.09

7.51 ± 0.10

6.53 ± 0.13

5.94 ± 0.09

7.17 ± 0.11

pEC50a:

-

↓↓↓

↓↓↓

↓↓↓

-

-

↓↓↓

↓↓

-

-

Barbadin

N.D.

↓↓↓

N.D.

N.D.

N.D.

N.D.

↓↓↓

N.D.

N.D.

↓↓↓

Dynasore

HEK293-SNAP-A2AR

-

-

N.D.

N.D.

N.D.

N.D.

-

N.D.

N.D.

-

Cmpd101

Negative logarithm of the agonist concentration producing a half-maximal response following pre-treatment with vehicle (1%

8.50 ± 0.23

NECA

difference. N.D. – Not determined.

Dynasore or Cmpd101, relative to vehicle, with the number of arrows indicating the extent of change, whilst ‘-’ indicates no

Arrows indicate an increase/decrease in the potency (pEC50) observed for cAMP production following pre-treatment with Barbadin,

DMSO).

a

7.00 ± 0.15

6.27 ± 0.24

Cmpd 20

IB-MECA

8.76 ± 0.16

CGS21680

8.11 ± 0.22

6.38 ± 0.21

CPA

CV1808

6.42 ± 0.18

CCPA

6.00 ± 0.16

7.47 ± 0.23

Adenosine

Cmpd 21

pEC50a:

Agonist:

CHO-K1-A2AR

production in CHO-K1-A2AR and HEK293-SNAP-A2AR cells.

Table 6.1: Summary of the effects of Barbadin, Dynasore and Cmpd101 upon the potencies (pEC50) of agonist-mediated cAMP
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6.2.2 The A2AR does not recruit β-arrestins or undergo agonist-induced
internalisation, despite previous reports
In addition to stimulating production of cAMP, the A2AR has also been reported to promote the
recruitment of β-arrestins (Burgueño et al., 2003; Navarro et al., 2020) and subsequently
undergo agonist-induced internalisation (Piirainen et al., 2017). Indeed, internalisation of the
A2AR has been suggested to play a vital role in receptor resensitisation, with inhibition of
internalisation, via inclusion of hypertonic sucrose or concavalin A during the resensitisation
period, completely blocking recovery of A2AR responsiveness in NG108-15 cells (Mundell and
Kelly, 1998). Hence, a requirement of endocytosis for the processes governing A2AR
resensitisation may, at least in part, explain the reductions in agonist-mediated cAMP
responses observed upon treatment with inhibitors of internalisation, namely Barbadin
(Figures 3.8-3.10) and Dynasore (Figures 3.19-3.21).
Whilst investigating agonist-mediated β-arrestin recruitment to the A2AR, however, it became
apparent that stimulation with various agonists does not induce translocation of either βarrestin1 (Figure 3.27) or β-arrestin2 (Figure 3.30) to the receptor, even in the presence of GRK
overexpression (Figure 3.34). Whilst this may seem to contradict previous reports, it is worth
noting that aforementioned studies have largely focussed upon the role of β-arrestins in the
co-desensitisation and co-internalisation of A2AR-D2R heteromers; CGS21680 or ZM241385
exposure has been shown to promote or prevent the recruitment of β-arrestin2 to the D2R,
respectively, subsequently increasing or decreasing D2R internalisation, and modulating D2Rinduced activation of downstream effector proteins such as Gαi/o, Akt and ERK1/2 (Yang et al.,
1995; Fuxe et al., 1998, 2014; Hillion et al., 2002; Borroto-Escuela et al., 2010, 2011, 2016,
2018; Huang et al., 2013). Furthermore, the A2AR has been documented to form a heteromeric
complex with various other GPCRs, including the A1R, whereby the arrangement of the
tetramer has been suggested to permit the binding of two β-arrestin molecules to the external
protomers of both A1R and A2AR, with activation of the A2AR impeding upon signalling via the
A1R (Navarro et al., 2018a). However, upon investigating β-arrestin recruitment to the other
ARs, it became apparent that only the A3R was capable of recruiting β-arrestins following
agonist exposure, specifically β-arrestin2 (Figure 3.29), as previously reported (Stoddart et al.,
2015; Wall et al., 2020) (Appendix 2). Neither the A1R nor the A2BR exhibited any detectable
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recruitment subsequent to receptor stimulation (Figure 3.33). Furthermore, GRK
overexpression had no effect upon agonist-induced translocation of β-arrestins to either the
A1R or A2BR (Figure 3.35), similarly to the A2AR, except perhaps in the case of β-arrestin2 to the
A1R in the presence of GRK4, although this was only detected at the highest concentration of
Adenosine (100 μM). The absence of β-arrestin recruitment to the A1R is most likely due to the
absence of Ser/Thr residues within the receptor’s cytoplasmic tail, which makes β-arrestin
recruitment inherently unfavourable (Mundell and Kelly, 2011). As such, GRK-dependent
phosphorylation of the A1R and subsequent β-arrestin recruitment has been subject to debate
(Palmer et al., 1996; Nie et al., 1997; Gao et al., 1999). Whilst desensitisation of the A2BR has
been described by some studies as a robust phenomenon, occurring rather rapidly and
independent of the cell type in which it is expressed, other reports, however, have disagreed;
Instead, it has been suggested that both heterologous and homologous methods of
desensitisation can occur for the A2BR, in a system-dependent manner (Klaasse et al., 2008;
Mundell and Kelly, 2011). A2BR desensitisation has been observed to occur by classical GRK/βarrestin mechanisms in some cell lines, but via PKC-dependent processes in others, suggesting
that regulatory mechanisms vary between cellular expression systems, as well as between
species. Likewise, the role/importance of serine residues within the A2BR’s cytoplasmic tail, or
the kinetics of β-arrestin recruitment, has been found to differ between reports (Mundell et
al., 1999, 2000, 2010; Matharu et al., 2001; Penn et al., 2001; Trincavelli et al., 2008; Gao et
al., 2014). Hence, variability amongst established reports pertaining to the abilities of individual
ARs to induce β-arrestin recruitment or undergo internalisation, and lack thereof within this
study, is arguably due to the wide variety of tissues/immortalised cell lines or experimental
conditions in which various investigations have been performed.
In addition to studying agonist-mediated β-arrestin recruitment to the A2AR, receptor
internalisation was explored as part of a collaborative effort with members of Prof. Stephen
Hill and Dr. Stephen Briddon’s research group (University of Nottingham, UK), utilising multiple
experimental approaches, such as: NanoBiT (Figures 3.36 and 3.39), BRET (Figure 3.41) and
confocal microscopy (Figure 3.47). Through utilisation of HiBiT-tagged GPCRs, it was possible
to investigate the internalisation capabilities of each AR, revealing that only the A1R (Figure
3.40) and A3R (Figure 3.38) undergo agonist-induced receptor internalisation, whilst the A2AR
(Figure 3.36) and A2BR (Figure 3.40) appear to remain at the cell surface following receptor
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activation. Similarly, independent investigations into A2AR internalisation by our collaborators
at the University of Nottingham, via confocal microscopy, revealed that stimulation with high
concentrations of agonist, for up to 3 hours, does not induce any discernible A2AR
internalisation, with clear expression of SNAP-labelled A2AR at the cell surface (Figure 3.47).
Furthermore, the use of fluorescently-tagged markers of endosomal compartments within this
study revealed that there were no changes in the subcellular localisation of A2AR or A2BR
populations upon agonist exposure (Figures 3.41 and 3.45). Such findings are in agreement
with previous reports which display a lack of co-localisation of A2AR or A2BR in Rab5-postive
early endosomes (Mundell et al., 2000; Zezula and Freissmuth, 2008). Moreover, the A2BR CTD
has been revealed to contain a type II PDZ interacting domain at the extreme distal end of its
cytoplasmic tail, perhaps dictating its prolonged membrane localisation (Hall et al., 1998;
Mundell and Kelly, 2011; Dunn and Ferguson, 2015). In contrast, the A3R revealed a propensity
to traffic out of early endosomal compartments and into late endosomes, upon stimulation
with Adenosine or NECA (Figures 3.42-3.43; Table 3.21), whilst the A1R appeared to selectively
translocate out of recycling endosomes upon stimulation with Adenosine, but not NECA (Figure
3.46). Overall, it was possible to observe clear differences in the internalisation profiles of each
AR, as well as differences in their abilities to recruit β-arrestins (Table 6.2).
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N.D.

✕
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✕

β-arrestin2

✕

β-arrestin2

A3R

N.D.

✓

N.D.

✓

A1R

✕

✕

✕

✕

A2AR

Internalisation was determined via HiBiT assays.

N.D.

✕

N.D.

✕

A2BR

Internalisation

‘✕’ indicates a lack of response, whilst ‘✓’ indicates a response was detected. N.D – Not determined.

N.D.

PSB0777

N.D

✕

N.D

NECA

N.D.

✕

N.D.

CGS21680

✕

✕

✕

Adenosine

A2BR

A2AR

A1R

β-arrestin Recruitment

Agonist:

HEK293T cells.

N.D.

✓

N.D.

✓

A3R

Table 6.2: Summary of the abilities of the A1R, A2AR, A2BR or A3R to recruit β-arrestins or undergo agonist-induced internalisation in
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The apparent discrepancies between the conclusions made within this thesis and those from
the scientific literature is arguably due to a plethora of biological or experimental factors.
Whilst the data presented within this study has revealed a lack of AR-mediated β-arrestin
recruitment or internalisation in some instances, this is not due to poor experimental design:
the pharmacological assays employed within this thesis have demonstrated an ability to
reliably detect Isoprenaline-induced β-arrestin recruitment, receptor internalisation and
changes in subcellular localisation of the β2R (Figures 3.28, 3.37 and 3.44), in agreement with
previous studies (Cao et al., 1999, 2019; Laporte et al., 1999, 2000; Seachrist et al., 2000; Yang
et al., 2015; Zindel et al., 2015; Carr et al., 2016; Fan et al., 2016; Beautrait et al., 2017; Paek
et al., 2017; Zhang et al., 2020). Thus, there is confidence that the null results observed for
particular ARs are a true phenomenon, and not an experimental artefact. Instead, the absence
of any observable effect is arguably due to system-dependent differences, for example: Nversus C-terminal protein tags, or the presence of a glycine-serine linker region between the
GPCR and the tag (which allows for free movement of both the GPCR and tag, relative to each
other (van Rosmalen et al., 2017)), may affect assay readouts; different cell types exhibit
different effector expression levels and regulatory mechanisms; or perhaps there is a
reluctancy of researchers to publish null results. Furthermore, the observations made by
individual research groups have been generated using a variety of assays and reagents, such
as western blots, confocal microscopy, co-immunoprecipitation, FRET- or BRET-based
approaches. Such assay formats utilise a variety of protein or epitope tags, as well as labels or
dyes, which may differ in their cell permeability, stability, protein sequences or expression
vectors. Consequently, the amalgamation of differences between experimental approaches is
likely to culminate in differences between published results. Finally, some GPCRs undergo
constitutive internalisation or β-arrestin recruitment, in the absence of agonist (Dale et al.,
2001; Trivedi and Bhattacharyya, 2012; Piirainen et al., 2015). Whilst some studies report
agonist-induced A2AR internalisation or β-arrestin recruitment, there has also been resilience
against it in some instances, with such differences having been postulated to partially result
from variable constitutive activity of the A2AR due to receptor overexpression, leading to
constitutive receptor internalisation or β-arrestin recruitment in the absence of agonist
(Burgueño et al., 2003; Brand et al., 2008; Charalambous et al., 2008; Kroeze et al., 2015;
Piirainen et al., 2017).
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The CTD of a GPCR is an important regulator of interactions between the receptor and
associating proteins, such as β-arrestins and components of the endocytic pathway (Cahill III
et al., 2017; Spillmann et al., 2020): the cytosolic tail of some GPCRs is able to form an
interaction with β-arrestin1/2, modulating its activity (Yang et al., 2017; Thibeault and
Ramachandran, 2020). Furthermore, the CTD of some GPCRs includes residues or motifs which
can directly interact with components of the CME pathway (Ohno et al., 1995; Pandey, 2010;
Mundell and Kelly, 2011; Kadlecova et al., 2017), facilitating β-arrestin-independent
endocytosis (Moo et al., 2021). The CTD of the A2AR in particular is of much interest due to its
unusual length (>120 amino acids) and dispensability for Gαs coupling (Zezula and Freissmuth,
2008). Indeed, the CTD serves as a binding site for several accessory proteins, with established
interaction partners including α-actinin, a component of the actin cytoskeleton, and various
other GPCRs, such as the D2R and mGluR5 (Zezula and Freissmuth, 2008). Furthermore, the CTD
sequence of the A2AR includes AP2- and caveolin-interacting motifs, similar to those of the A1R
and A3R (the A2BR CTD includes a caveolin-interacting motif, but no AP2-interacting sequence)
(Mundell and Kelly, 2011). Hence, the trafficking of GPCRs is often dictated by sequences
within the cytoplasmic tail (Magalhaes et al., 2012; Walther and Ferguson, 2013; Dores and
Trejo, 2014; Dunn and Ferguson, 2015).
To investigate the importance of the C-terminal tail in dictating β-arrestin recruitment to, and
internalisation of, the A2AR, or lack thereof, the CTD of the A2AR was swapped with that of the
A3R, and vice versa. Interestingly, the results revealed that swapping the C-terminal tails had
no effect upon agonist-induced β-arrestin recruitment to the A2AR (Figure 3.48), nor receptor
internalisation (Figure 3.50), but dramatically affected the responses observed for the A3R.
Indeed, the C-terminal tail of the A2AR induced a prolonged recruitment of β-arrestin2 to the
A3R upon stimulation with Adenosine or NECA (Figure 3.49; Table 3.23), as well as a biphasic
profile of receptor internalisation (Figure 3.50), whereby the A3R appeared to recycle back to
the plasma membrane more quickly than its WT counterpart (Figure 3.38). Swapping the entire
CTD of a GPCR has previously been shown to not only affect β-arrestin trafficking but other
receptor properties as well such as recycling (Cao et al., 1999), and the effects observed within
this study are hypothesised to be due to the C-terminal tail facilitating interactions with nonnative protein partners. For example, the cytoplasmic tail of the A2AR has been reported to
directly interact with α-actinin. Perhaps the A3-2A(CTD)R is consequently able to interact with α-

286

Chapter 6 – Discussion
actinin, influencing A3R internalisation and subsequent trafficking (Burgueño et al., 2003). In
addition, the CTD of the A2AR possesses more Ser/Thr residues than that of the A3R (Mundell
and Kelly, 2011), possibly leading to hyperphosphorylation of the chimeric A3-2A(CTD)R relative
to WT A3R, enhancing prolonged recruitment of β-arrestin2. Such an occurrence has been
previously observed for the β2R upon the introduction of additional phosphorylation sites
within the receptor’s cytoplasmic tail (Zindel et al., 2015). In the case of the A2A-3(CTD)R,
however, it is conceivable that β-arrestin recruitment and receptor internalisation is controlled
independently of the CTD, with another region of the A2AR dictating such protein interactions
and internalisation kinetics, such as the ICLs or transmembrane core (Tang et al., 1999; Smyth
et al., 2000; Francesconi et al., 2009; Shirvani et al., 2012; Boucrot et al., 2014; Smith et al.,
2016; Kahsai et al., 2018; Sandhu et al., 2019).

6.2.3 How do inhibitors of internalisation affect agonist-dependent
signalling if the A2AR doesn’t internalise?
Recent efforts have been made within the last few decades towards understanding agonistinduced receptor phosphorylation, internalisation, intracellular trafficking and recycling, but
little has been determined in terms of GPCR dephosphorylation events. Whilst GPCR
phosphorylation and internalisation has been shown to be important for processes of receptor
desensitisation and resensitisation, investigations into the dephosphorylation of GPCRs has led
to a deeper appreciation that resensitisation is not synonymous with endosomal sorting and
recycling, but is instead an independent process. In this regard, studies have shown that under
certain conditions, GPCRs such as the Dopamine D1 receptor, thyrotropin-releasing hormone
receptor (TRHR) or β2R can undergo dephosphorylation independent of receptor
internalisation, contrasting with the paradigm that receptor internalisation is a prerequisite
step for recovery of responsiveness (Gardner et al., 2001; Tran et al., 2004; Jones and Hinkle,
2005; Iyer et al., 2006). Thus, perhaps the lack of agonist-dependent A2AR internalisation is
suggestive of the receptor being able to undergo rapid cycles of desensitisation and
resensitisation at the plasma membrane, subsequently explaining the persistent cAMP signals
observed upon A2AR activation: continuous expression at the cell surface allows continued
exposure to stimulating agonist(s), in turn allowing rapid, repetitive cycles of receptor
activation, desensitisation and resensitisation, all whilst remaining at the cell surface.
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On the other hand, persistent receptor signalling has also been suggested to be facilitated by
agonist-specific properties which prolong interactions with a receptor, namely agonist
rebinding or a prolonged residence time (Hothersall et al., 2016). Agonist rebinding refers to
an agonist being more likely to rebind a receptor after dissociation, rather than diffusing away
(Vauquelin and Charlton, 2010), whereas a long residence time could lead to sustained
receptor activation through the formation of a stable binding event which persists even after
the removal of unbound agonist (Hoffmann et al., 2015). Hence, agonist rebinding creates
opportunities for multiple new binding events, effectively leading to perpetual occupation of
a given receptor, whereas a long residence time leads to persistent receptor occupation.
Sustained signalling via agonist rebinding has been suggested for the β2R (Teschemacher and
Lemoine, 1999), whilst a long residence time has been recorded for various GPCR agonists
(Andreassen et al., 2014; Swinney et al., 2014). Indeed, agonists of the A2AR, such as CGS21680
and NECA have been reported to possess long residence times (53 ± 0.2 or 35 ± 0.2 minutes,
respectively) (Guo et al., 2012; Potterton, 2020). Thus, perhaps the A2AR exhibits a persistent
cAMP signalling response due to the prolonged residence time of its agonists.
It is hypothesised that the small molecule inhibitors of internalisation, Barbadin and Dynasore,
may influence cellular cAMP levels thorough off-target effects, independent of receptor
endocytosis or β-arrestin recruitment, perhaps interfering with A2AR desensitisation or
resensitisation, or agonist binding, thus leading to an apparent attenuation of receptordependent cAMP signalling. Furthermore, it is conceivable that such inhibitors may also act in
a totally receptor-independent manner, instead influencing the innate ability of a cell to
stimulate cAMP production, as observed for Dynasore in HEK293-SNAP-A2AR cells (Figure 3.26;
Table 3.18) e.g. through modulation of AC, protein kinases or Gα’s GTPase activity, rationalising
observations whereby cAMP responses are seemingly reduced in an agonist-independent
manner.
Overall, the prolonged signalling capabilities of the A2AR, without a prerequisite of
internalisation for regulating receptor responsiveness, may explain the prevalent role of
targeting the A2AR for therapeutic treatment of various disease-associated pathologies,
particularly ischaemia, inflammation and cancer (Karmouty-Quintana et al., 2013; Borea et al.,
2017). Under metabolically stressful conditions, extracellular concentrations of Adenosine
dramatically increase and A2AR gene expression is highly upregulated; Heightened Adenosine
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signalling can then lead to severe immunosuppression and angiogenesis through activation of
A2AR populations widely expressed throughout the body, particularly on cells of the immune
and circulatory systems, as well as those of a malignant tumour (Panther et al., 2003; Lappas
et al., 2005; Allen-Gipson et al., 2006; Raskovalova et al., 2006; Deaglio et al., 2007; Ahmad et
al., 2009; Wallace and Linden, 2010; Gessi et al., 2017; Liu et al., 2017; Masoumi et al., 2020).
Hence, by increasing the signalling levels of a high-affinity receptor, which exhibits persistent
signalling with no requirement for internalisation, it may prolong exposure to high
concentrations of agonist, facilitating large-scale, chronic immunosuppression in disease
states.
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6.3 Cell surface interactions between RAMPs and class B GPCRs
As eluded to throughout the entirety of this thesis, GPCRs do not operate in isolation. Instead,
there is an intrinsic ability of GPCRs to interact with a plethora of proteins, acting to stimulate
multiple downstream signalling pathways and modulate receptor expression, function,
trafficking and overall pharmacology, to differing extents. RAMPs provide a major example of
membrane-spanning accessory proteins which act as pharmacological switches and
chaperones for various GPCRs, regulating receptor signalling and/or trafficking in a receptordependent manner, and is most evident for the prototypical RAMP-interacting GPCR, the CLR.
In Chapter 4, interactions between various GPCRs and RAMPs at the cell surface were
investigated, with a particular emphasis upon CLR-RAMP heteromers. Accordingly, CLR
pharmacology was investigated with regards to the effects of RAMP1 mutations upon cAMP
production, in HEK293-, COS- and CHO-based cell lines, using a variety of CLR agonists. Studies
were subsequently extended to investigate receptor-dependent β-arrestin recruitment, in an
attempt to rationalise observations made by colleagues, at Aston University and the University
of Birmingham, from TIRF microscopy experiments. Specifically, this study has attempted to
verify the effects of known RAMP1 mutations upon CLR-dependent cAMP production and βarrestin recruitment profiles, such that we can subsequently understand the dynamics of CLRRAMP interactions at the single molecule level.

6.3.1 GPCR-RAMP interactions at the cell surface
The ability of RAMPs to interact with, and modulate the pharmacology of, various GPCRs has
been well documented, with RAMPs reportedly having even coevolved with various receptors
(Hay and Pioszak, 2016; Barbash et al., 2017; Mackie et al., 2019). However, interactions have
largely been investigated utilising whole cells or cell lysates, or affinity-based approaches, with
little focus upon interactions exclusively at the cell surface. Hence, in Chapter 4, interactions
between RAMPs and the CLR, GIPR and GLP-1R at the cell surface were explored, as much
variability can be found amongst existing reports regarding interactions between GIPR/GLP-1R
and individual RAMPs (Christopoulos et al., 2003; Wootten et al., 2013; Hay and Pioszak, 2016;
Harris et al., 2021; Shao et al., 2021).
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Indeed, using a cell-impermeable SNAP-tag fluorescent dye, it was possible to detect saturable,
specific interactions via BRET between: RAMP1/2 and CLR or GIPR; and RAMP3 and CLR, GIPR
or GLP-1R in HEK293S cells (Figures 4.3-4.5; Table 4.1), using the CLR as a positive control.
Furthermore, inclusion of N-terminal Nluc- or SNAP-tags was observed not to impede upon
CLR or RAMP pharmacology, with the rank order of agonist potencies at CLR-RAMP1, -RAMP2
or -RAMP3 complexes as: CGRP > AM2 ³ AM; AM > AM2 > CGRP; or AM2 = AM > CGRP,
respectively (Figures 4.7-4.8; Tables 4.3-4.4), in broad agreement with previous reports (Roh
et al., 2004; Wunder et al., 2008; Holmes et al., 2013; Watkins et al., 2014; Winfield, 2017).
Moreover, the RAMP-GPCR interactions observed were subsequently verified via BRET
microscopy, further highlighting the abilities of both the CLR and GIPR to interact with all three
RAMPs at the cell surface, whilst GLP-1R was only capable of interacting with RAMP3 (Figures
4.9-4.10). Whilst the observation of GIPR-RAMP complexes is in agreement with previous
studies investigating GIPR-RAMP interactions in HEK293F cell lysates (Lorenzen et al., 2019),
reports vary in conclusions regarding GLP-1R-RAMP interactions: the GLP-1R has been
reported as both incapable of interacting with RAMPs, as determined by its inability to promote
translocation of RAMPs to the plasma membrane in HEK293S, COS-7 or CHO-K1 cells
(Christopoulos et al., 2003; Wootten et al., 2013; Weston et al., 2015), and capable of
interacting with all three RAMPs, as determined by suspension bead–based assays (SBA), as
well as second messenger assays, in COS-7 or HEK293-based cell lines (Lorenzen et al., 2019;
Shao et al., 2021). Hence, the revelation that particular GPCRs are able to form associations
with RAMPs is highly dependent upon the immortalised cell lines or experimental approaches
utilised. Thus, in addition to HEK293S cells, cell surface RAMP-receptor interactions were
investigated in COS-7 cells which have been shown to lack endogenous RAMP expression
(Bühlmann et al., 1999; Bouschet et al., 2005a; Bailey and Hay, 2006; Hay and Pioszak, 2016).
Whilst the findings obtained were largely in agreement with those previously observed using
HEK293S cells (Figures 4.3-4.5; Table 4.1), identifying interactions between: RAMP1 and CLR
or GIPR; RAMP2 and CLR; and RAMP3 and CLR, GIPR or GLP-1R in COS-7 cells, there was no
detectable association between GIPR and RAMP2 (Figures 4.16-4.17; Table 4.8). This is
arguably due to a lower transfection efficiency of COS-7 cells, relative to HEK293S cells,
resulting in a poorer expression of GIPR at the cell surface. However, it is conceivable that GIPR
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does not interact with RAMP2 in COS-7 cells, highlighting important differences between
individual cell lines (Table 6.3).
Table 6.3: Summary of RAMP-GPCR interactions in HEK293S and COS-7 cells.

HEK293S

COS-7

RAMP1

RAMP2

RAMP3

RAMP1

RAMP2

RAMP3

CLR

✓

✓

✓

✓

✓

✓

GIPR

✓

✓

✓

✓

✕

✓

GLP-1R

✕

✕

✓

✕

✕

✓

‘✕’ indicates a lack of response, whilst ‘✓’ indicates a response was detected, at a
2:1 ratio of RAMP:GPCR.

Recent studies have witnessed significant advances in defining the pharmacological role of
RAMP3, with RAMP3 described as unique amongst RAMPs. It differs from RAMP1 and RAMP2
in several ways, including being capable of trafficking to the plasma membrane even in the
absence of over-expression of a cognate GPCR (Kuwasako et al., 2000; Hilairet et al., 2001b;
Christopoulos et al., 2003; Weston et al., 2015; Mackie et al., 2019; Serafin et al., 2020), as
observed via BRET microscopy: it was possible to observe expression of RAMP3 at the cell
surface in the absence of exogenous GPCR expression, but not of RAMP1 or RAMP2 (Figure
4.14). It is suggested that this is due to RAMP3 containing four N-glycosylation sites, which
have

been

shown

to

be

important

for

receptor-independent

trafficking

in

Xenopus oocytes (Flahaut et al., 2002). Furthermore, the CTD of RAMP3 harbours a PDZ
binding motif which has been shown to regulate receptor recycling, modulating CLR
internalisation and resensitisation (Flahaut et al., 2003; Bomberger et al., 2005b, 2005a).
However, removal of the PDZ interacting motif had no observable effect upon the cell surface
interactions detected between RAMP3 and CLR, GIPR or GLP-1R within this study (Figure 4.11;
Table 4.5), nor CLR-RAMP3-mediated cAMP production (Figures 4.12-4.13; Tables 4.6-4.7).
Such findings support the notion that removal of the PDZ binding motif has no significant effect
upon the initial phase of GPCR signalling (Harris et al., 2021) (Appendix 2), indicating that
RAMP3 DPDZ possesses the same intrinsic ability, as WT RAMP3, to interact with GPCRs and
activate downstream second messengers.

292

Chapter 6 – Discussion

6.3.2 RAMP1 mutations differentially affect CLR-dependent cAMP
production and β-arrestin recruitment in various model cell systems
Understanding how RAMPs interact with the CLR, and how such associations modulate
trafficking, agonist binding preferences and overall pharmacology for both RAMP and receptor,
has been the subject of various reports, with structural studies attempting to highlight key
residues and sites of contact (Steiner et al., 2003; Ittner et al., 2004; Koller et al., 2004; Simms
et al., 2008; Qi et al., 2011; Barwell et al., 2012; Lee et al., 2016; Woolley et al., 2017; Leung et
al., 2021). For agonist binding in particular, it has been revealed that F37 in CGRP is critical for
receptor binding, forming a single contact with RAMP1 via W84 (Kusano et al., 2008; Moad
and Pioszak, 2013; Booe et al., 2018), in turn suggesting that distinct RAMP-peptide contacts
contribute to selectivity, as the equivalent residue in RAMP2 (F111) cannot make the CGRP F37
contact (Booe et al., 2018). Binding of the non-peptide antagonist BIBN4096, however, is
seemingly dictated by W74 in RAMP1, with BIBN4096 exhibiting >100-fold higher affinity for
the human CGRP receptor compared to that of the rat, which instead has a lysine residue at
the equivalent position (K74). Furthermore, K74W in rat RAMP1 and E74W in RAMP3 increases
the affinity of BIBN4096 at the rat CGRP receptor, or human AM2 and AMY3 receptors,
respectively (Mallee et al., 2002; Hay et al., 2006a; Simms et al., 2006; Miller et al., 2010; ter
Haar et al., 2010).
Within Chapter 4, studies were undertaken to verify the effects of RAMP1 mutations (W74K
and W84A) upon CLR-mediated signalling. Indeed, the data obtained revealed that RAMP1
W74K had no observable effect upon agonist-mediated cAMP responses (Table 6.4): the
potencies of CGRP, AM and AM2 at CLR-RAMP1 W74K heterodimers were similar to those
observed at WT RAMP1-containing complexes, across HEK293DCTR (Figure 4.20; Table 4.10),
COS-7 (Figure 4.21; Table 4.11) and CHO-K1 (Figure 4.22; Table 4.12) expression systems. Such
findings are in agreement with previous reports investigating the potency of CGRP at HA-CLRRAMP1 complexes, in COS-7 cells (Miller et al., 2010), with broadly similar measurements of
absolute potency (Table 4.11). In contrast, RAMP1 W84A was revealed to reduce agonistmediated cAMP responses, in a cell context-dependent manner (Table 6.4): RAMP1 W84A
reduced the potencies of all agonists tested at the CLR in HEK293DCTR (Figure 4.20; Table 4.10)
and CHO-K1 cells (Figure 4.22; Table 4.12), whilst selectively reducing the potency of CGRP in
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COS-7 cells, as well as totally abolishing AM2-mediated signalling (Figure 4.21; Table 4.11). The
system-dependent differences are hypothesised to be due to a less reliable transfection
efficiency of COS-7 cells, and ultimately protein expression levels, relative to the other cell lines
utilised, rather than differences in endogenous RAMP expression (Bouschet et al., 2005b;
Wootten et al., 2013; Yeung, 2020).
Having confirmed the effects of RAMP1 mutations upon agonist-mediated signalling, the
impact of the individual RAMP1 mutants was also investigated in terms of BIBN4096’s ability
to antagonise CGRP-mediated cAMP production. It was identified that, whilst W74K had no
effect upon agonist potency, the RAMP1 mutation significantly reduced the pA2 of BIBN4096,
in all cell lines investigated (Table 6.4): HEK293 DCTR (Figure 4.23; Table 4.13), COS-7 (Figure
4.24; Table 4.14) and CHO-K1 (Figure 4.25; Table 4.15). Such observations are in agreement
with previous researcher groups having identified a similar magnitude of reduction in the pA2
of BIBN4096 (approximately 100 fold), using COS-7 cells (Miller et al., 2010). In contrast,
RAMP1 W84A had no effect upon the ability of BIBN4096 to antagonise CGRP-mediated cAMP
production (Figures 4.23-4.24; Tables 4.13-4.14), except in CHO-K1 cells (Figure 4.25; Table
4.15). This apparent reduction in pA2 is arguably due to a direct effect upon the ability of CGRP
to stimulate CLR-dependent cAMP signalling, as demonstrated by incomplete concentrationresponse curves even in the absence of antagonist (Figures 4.22 and 4.25; Tables 4.12 and
4.15); There were no significant differences in the pA2 values obtained at RAMP1 W84Acontaining complexes when compared amongst cell types. Hence, the data regarding the
effects of RAMP1 mutations (Table 6.4), W74K and W84A, upon agonist-mediated cAMP
production at CLR-RAMP1 complexes, in the absence or presence of BIBN4096, is in broad
agreement with previous reports (Miller et al., 2010; Moore et al., 2010).
The RAMP1 ECD is a three-helix bundle stabilised by three disulphide bonds, one of which is
located next to W74 which is suggested to contribute to the structural maintenance of the
ligand binding site (Kusano et al., 2008). Furthermore, particular RAMP1 residues, including
W74 and W84, are reported to form a hydrophobic patch on the molecular surface and
subsequently participate in the interaction with CLR, subsequently forming part of the ligand
binding pocket (Doods et al., 2000; Mallee et al., 2002; ter Haar et al., 2010). Hence, W74K and
W84A most likely disrupt hydrophobic interactions, compromising the structural stability and
integrity of the binding site, and subsequent interactions with BIBN4096 or CGRP, respectively.
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Table 6.4: Summary of the effects of RAMP1 mutations upon the functions of CGRP, AM, AM2 or BIBN4096, in cAMP or
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Whilst various structural studies have attempted to determine the critical residues for RAMPCLR interactions and ligand binding (Kusano et al., 2008; Gingell et al., 2010; Moore et al., 2010,
2012), studies are yet to explore the temporal or spatial dynamics of RAMP-receptor
interactions, and how this is influenced by ligand binding. Hence, in collaboration with Prof.
David Poyner (Aston University, UK); Prof. Davide Calebiro and Mr. Jak Grimes (University of
Birmingham, UK), this thesis has provided a framework upon which we can investigate the
dynamics of RAMP1-CLR interactions at the cell surface via single molecule TIRF microscopy,
having characterised the pharmacology of CLR-RAMP1 mutant complexes. Within Chapter 4,
interactions between CLR and RAMP1 WT/W74K/W84A at the cell surface were initially
investigated via a BRET-based approach (Figures 4.16-4.17 and 4.26; Tables 4.8 and 4.16). The
data obtained revealed that the magnitude of the BRET signal detected increased as a
hyperbolic function of the amount of RAMP1, for both WT and mutant RAMPs (Figure 4.26;
Table 4.16), reflecting a specific interaction between CLR and RAMP1, in accordance with
previous reports (Mercier et al., 2002; Héroux et al., 2007). Furthermore, both RAMP1 W74K
and W84A exhibited a greater degree of interaction with the CLR, compared to WT RAMP
(Figure 4.26; Table 4.16).
In addition, TIRF microscopy data revealed that both CLR and RAMP1 WT populations appear
relatively mobile in the absence of any stimulation, with both receptor and WT RAMP
subsequently becoming less mobile in the presence of CGRP: the CLR and RAMP1 appear to
interact more frequently, forming more stable, lengthier interactions with each other (Figure
4.27), leading to significant clustering and eventual internalisation (Appendix Figure 7.11). Such
observations are suggestive of functional signalling complexes being created in response to
agonist. In contrast, exposure to BIBN4096 alone revealed a diffusion pattern of the CLR similar
to that observed in the absence of stimulation, whereas RAMP1 molecules appeared more
mobile. Furthermore, co-administration of CGRP and BIBN4096 revealed the diffusion patterns
of both CLR and WT RAMP1 to be similar to those observed in unstimulated cells. Hence, whilst
it can be inferred that whilst CGRP promotes the formation of stable CLR-RAMP1 complexes in
order to generate a functional response, BIBN4096 appears to interfere with the generation of
stable CLR-RAMP1 oligomers, preventing the formation of a signalling complex. Indeed, the
data suggests that whilst the CLR has an absolute requirement for interaction(s) with a RAMP
for ER export, both RAMP1 and CLR are able to diffuse independently of each other once at
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the plasma membrane, interacting only transiently, unless exposed to agonist whereby they
then form stable complexes and eventually co-internalise, in agreement with previous reports
(Hilairet et al., 2001a).
Furthermore, mutation W74K within RAMP1 appeared to reduce the diffusion of both receptor
and RAMP populations, whereas W84A selectively increased the mobility of RAMP1, without
any accompanying effect upon that of the CLR (Figure 4.28). Such data suggests that RAMP1
W74K serves to reduce the diffusion of both CLR and RAMP, perhaps encouraging the
formation of stable, functional complexes, whereas RAMP1 W84A prevents interactions
between RAMP and the CLR. This hypothesis is supported by the observation that W84A
dramatically reduced CLR-dependent signalling (Table 6.4), whereas W74K largely impacted
upon the ability of BIBN4096 to antagonise CGRP-mediated signalling. Overall, in the presence
of W84A, CLR and RAMP1 molecules exhibit a diffusion pattern resembling that of CLR and WT
RAMP1 in the presence of BIBN4096. Conversely, data pertaining to the CLR and RAMP1 W74K
revealed a diffusion pattern of RAMP and receptor molecules resembling those of CLR and WT
RAMP1 molecules in the presence of CGRP (Figure 4.27). Hence, W74K appears to reduce the
diffusion of both CLR and RAMP1, whilst W84A increases the diffusion of RAMP1 without any
effect upon that of the CLR. Therefore, the RAMP1 mutations may be affecting CLR and RAMP
diffusion or internalisation, and subsequent duration or extent of signalling pathway activation
by influencing the frequency and/or stability of interactions between individual molecules of
CLR and RAMP1 at the cell surface.
Whilst early studies have demonstrated that CLR-RAMP internalisation occurs in a β-arrestinand Dynamin-dependent manner (Kuwasako et al., 2000; Hilairet et al., 2001a; Hay et al.,
2006b), reports linking CLR-RAMP complexes to β-arrestins are rather indirect, with only two
studies to date having directly investigated CGRP- or AM-mediated β-arrestin2 recruitment to
CLR-RAMP1 or -RAMP2 complexes, via BRET or enzyme fragment complementation
approaches (Héroux et al., 2007; Hendrikse et al., 2020). The investigations performed within
this study have determined that CGRP, AM or AM2 are able to stimulate β-arrestin recruitment
via activation of the CLR in association with RAMP1, with larger responses observed for βarrestin2 recruitment, relative to β-arrestin1 (Figures 4.29-4.33; Table 4.17). In particular,
CGRP was observed to be the most efficacious agonist at CLR-RAMP1 complexes (Figure 4.29),
followed by AM (Figure 4.30) and AM2 (Figures 4.31 and 4.33; Table 4.17). Hence, as well as
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modulating intracellular cAMP levels, the CLR is able to promote translocation of β-arrestins to
the plasma membrane upon agonist stimulation. Moreover, unpublished data from the Ladds’
research group has revealed that all three agonists (CGRP, AM and AM2) affect the largest
response at CLR-RAMP1 heterodimers, compared to RAMP2- or RAMP3- containing
complexes, with differing potencies at each RAMP-CLR oligomer. Hence, for the same three
peptide agonists, RAMPs are able to modulate both the levels and potencies of response at
the CLR, in terms of both Gαs-mediated cAMP accumulation and β-arrestin recruitment.
Upon comparison of the abilities of mutant RAMP1-containing heterodimers to stimulate βarrestin recruitment, it became apparent that RAMP1 W84A significantly attenuated all
agonist-mediated responses, even leading to complete abolition of recruitment in some
instances (CGRP-mediated β-arrestin1 recruitment and AM2-induced β-arrestin2 recruitment)
(Figures 4.29-4.33; Table 4.17), whilst the effects of RAMP1 W74K varied in an agonistdependent manner (Table 6.4). Despite RAMP1 W74K having no effect upon agonist potency,
the mutant reduced the magnitude of both AM- and AM2-induced β-arrestin1 translocation to
the CLR, with no effect upon that observed with CGRP. Furthermore, W74K reduced the
potency but increased the maximal response of CGRP-induced β-arrestin2 recruitment, whilst
having no effect upon AM2-mediated responses and selectively reducing the potency, but not
efficacy, of AM. Overall, the impact of RAMP1 W84A upon β-arrestin recruitment generally
matched that observed for cAMP production i.e. an attenuation of signalling, whereas RAMP1
W74K had no influence upon agonist-mediated cAMP production whilst reducing β-arrestin
signalling, in an agonist-dependent manner. Such findings appear to implicate both W74 and
W84 in RAMP1 in CLR-mediated β-arrestin recruitment, perhaps due to a greater need for
stabilisation of RAMP-CLR interactions (Doods et al., 2000; Mallee et al., 2002; ter Haar et al.,
2010).
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6.4 Naturally occurring missense mutants of class B1 GPCRs
There is an inherent ability of GPCRs to activate multiple signalling pathways, to differing
extents; A phenomenon termed signalling bias. Whilst the signalling capabilities of a given
receptor can be modified, for some receptors, through association with RAMPs, mutations
within the protein structure of a GPCR can also directly affect activation of downstream
effectors, depending on the type or location of the mutation introduced. Similar to most
proteins within the human genome, class B1 GPCRs and their associated peptides display
significant natural variation across populations, with numerous naturally occurring missense
variants seemingly well tolerated throughout evolution. However, in Chapter 5, it was
observed that, in some instances, mutations within class B1 GPCRs can significantly alter
receptor pharmacology. In particular, Chapter 5 sought to characterise the pharmacology of
disease-associated variants of the: CRFR2, GHRHR and CTR, as revealed by GWAS studies
performed by our LMB/St Jude Children’s Research Hospital colleagues. Specifically, mutants
of the CRFR2, GHRHR and CTR were investigated with regards to their cell surface expression
levels, and their abilities to mediate cAMP production, Ca2+i mobilisation and β-arrestin
recruitment.

6.4.1 CRFR2 mutations differentially affect agonist-mediated signalling
and receptor expression
GWAS and population variation data obtained from colleagues at the LMB and St Jude
Children’s Research Hospital revealed various naturally occurring, disease-associated missense
variants of the CRFR2: A134T, F138L, R185C, K307R, A388D and R389Q, within both the TMDs
and CTD of the receptor. Such mutations within the CRFR2 have been associated with various
pathologies, including chondropathies, disorders of the musculoskeletal system and cartilage,
and diseases of the blood or blood-forming organs, to name but a few (Table 5.1). To ascertain
the effects of each CRFR2 variant, each mutated receptor was subjected to various
pharmacological assays, and cell surface expression levels analysed.
Upon stimulation of WT CRFR2, activation of the Gαs-dependent cAMP signalling pathway was
observed, as demonstrated by the ability of both CRF and Urocortin to promote concentrationdependent increases in cellular cAMP levels (Figures 5.4-5.7; Tables 5.3-5.5), in accordance
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with previous reports (Hauger et al., 2003; Bailey et al., 2019). Subsequently, substitutions
introduced within the TMD (F138L in TM1, R185C in TM3 and K307R in TM6) or CTD of CRFR2
(A388D in helix 8 and R389Q in the cytoplasmic tail) were revealed to have no effect upon
agonist-induced cAMP production, except upon substitution of alanine with threonine at
position 134 (A134T in TM1), whereby the mutations significantly reduced the potency of
Urocortin-mediated cAMP responses (Figures 5.6-5.7; Table 5.3).
Sequence alignment of class B1 GPCRs reveals conserved residues at positions equivalent to
134 and 138 in CRFR2 (positions 1x57 and 1x61, respectively, according to the universal
numbering system described by (Wootten et al., 2013)). The residue at position 1x57 is
typically an alanine, except in the case of the CTR, CLR or VIPR2 whereby the residue is a serine
or glycine, and the residue at position 1x61 is typically a leucine, except in the case of the CTR,
CLR and CRFRs whereby the residue is a phenylalanine. It is conceivable that the effects
observed for the mutant A134T is due to a disruption of electrostatic potential within TM1
following the introduction of a polar amino acid in place of a non-polar residue, consequentially
interfering with agonist binding and/or receptor signalling: most class B GPCR ligands are
helical and form a lipophilic interaction with a site within a region formed between TM1, TM2
and TM7. Extracellular sides of the TMDs assume a “V” shape conformation, presenting a large,
solvent-filled cavity which is accessible to extracellular ligand binding, with ligand specificity
dictated by polar interaction networks (Pal et al., 2010). Furthermore, ligand binding has been
reported to involve TM1/7 and ECL2 (Hauger et al., 2006; Assil-Kishawi et al., 2008; Slater et
al., 2018), whereby TM1 packs against and stabilises a kink in TM7 via hydrogen bonds between
highly conserved residues (Culhane et al., 2015; de Graaf et al., 2017), and mutations of
residues within TM1 of the Secretin receptor have been shown to impair receptor signalling
(di Paolo et al., 1999). Hence, perhaps the introduction of a polar residue at position 134
(A134T) in the CRFR2 interferes with ligand binding via an alteration in electrostatic
interactions, whilst substitution of phenylalanine at position 138 (F183L) with leucine has no
effect as either residue is non-polar and a leucine at position 1x61 is more highly conserved
amongst class B1 GPCRs.
Whilst the initial data appears to implicate only residue A134 in agonist-stimulated cAMP
production, cell surface expression data reveals all mutants to be expressed to a lesser extent
than the WT receptor, except in the cases of K307R and R389Q (Figure 5.2; Table 5.1). Indeed,
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A134T, F138L, R185C and A388D exhibited substantially lower expression levels compared to
WT CRFR2, with the greatest reduction observed for the A134T mutant, which was expressed
at levels approximately 43% that of WT (Figure 5.2; Table 5.2). Thus, the reduced cAMP
signalling observed at CRFR2 A134T is likely due to reduced receptor expression at the cell
surface, rather than impaired ligand binding due to disruption of a polar network involving
TM1. Such reductions in plasma membrane expression could be a consequence of protein
misfolding or intracellular retention of CRFR2 variants. Furthermore, mutants F138L, R185C
and A388D also exhibited reduced expression levels at the plasma membrane, but without
concomitant reductions in agonist-mediated cAMP signalling responses (Figures 5.6-5.7; Table
5.5). This observation can most likely be attributed to the presence of spare receptors; As
signalling pathways often involve amplification steps, not all receptors are required to elicit a
maximal response. Indeed, spare receptors typically exist in excess of those required to elicit a
full effect but become involved in agonist-mediated signalling upon a reduction in receptor
number, such as occupation of receptors by an irreversible antagonist or a reduction in cell
surface expression (Dowd and Abel, 2017). Hence, the level of cell surface expression would
need to be drastically reduced in order to achieve a significant reduction in GPCR signalling.
Computational analysis performed by our colleagues revealed a GIPR variant with a missense
mutation of a relatively conserved arginine residue, at the position equivalent to 185 of the
CRFR2 (position 3x30 according to (Wootten et al., 2013); Figure 5.3), GIPR R217L. By
generating both R185C and R185L mutants of the CRFR2, it was possible to compare the effects
of substituting the conserved arginine residue with either a cysteine or leucine. Similar to the
R185C variant, R185L caused a significant reduction in the cell surface expression of CRFR2
(Figure 5.2; Table 5.2). However, the introduction of a leucine residue induced a more drastic
reduction in expression, with CRFR2 R185L levels approximately 36% that of WT receptor,
compared to 65% for the R185C mutant. Hence, loss of a positive charge at position 185, is not
well tolerated, with the introduction of a non-polar residue (L) affecting receptor expression
to a greater extent than a polar residue (C). By comparing the effects observed upon
substituting arginine at position 3x30 in other class B1 GPCRs, it became apparent that
mutations at position 3x30 are generally not well tolerated, and have been documented to
severely affect the expression levels of various receptors: mutation of the rat GLP-1R (R227)
was found to reduce cell surface expression to 31% that of WT, with no effect upon signalling
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or affinity (Xiao et al., 2000), whilst mutation of CRFR1 (R189) totally abolished receptor protein
expression (Coin et al., 2013). This is arguably due to protein misfolding as the conserved
positive charge at position 3x30 has been shown to be involved in the formation of salt bridges
within the GCGR (R225) which act to stabilise ECL1 and ECL2 (Siu et al., 2013)
Whilst the CRFR2 was revealed to be incapable of inducing Ca2+i mobilisation (Figure 5.9),
agonist stimulation was observed to promote the translocation of both β-arrestin1 and βarrestin2 to the WT receptor (Figures 5.10-5.13; Table 5.6). Mutations within the CTD of the
CRFR2 (A388D and R389Q) had no effect upon β-arrestin recruitment, nor did mutant F138L.
Therefore, replacing a neutral, non-polar amino acid at position 388 in the CRFR2 with a
negatively charged aspartic acid residue (A388D) appears to be well-tolerated in terms of
agonist-mediated signalling, with no observable effects upon receptor function despite a slight
reduction in cell surface expression, relative to WT CRFR2. Similarly, loss of a positively charged
arginine residue at position 389 due to substitution with a polar glutamine amino acid had no
effect upon receptor function nor expression. As both CTD mutants exhibited little divergence
from the WT receptor, in terms of either receptor expression or signalling, it is hypothesised
that the proximal C-terminal portion of the receptor may play little to no role in protein
folding/plasma membrane expression or agonist-mediated signalling. Indeed, R389Q revealed
to be the only CRFR2 variant investigated which appeared identical to WT. Mutations within
the TMD of the CRFR2, on the other hand, generally affected receptor signalling, with the
exception of F138L. Mutant A134T in particular exhibited a reduction in the maximal β-arrestin
recruitment recorded, without a concomitant reduction in potency, suggesting that the
reduction in agonist-mediated signalling is a direct consequence of decreased receptor
expression (Figure 5.2; Table 5.2), similar to the reductions observed in cAMP signalling
(Figures 5.6-5.7; Table 5.5). Furthermore, both R185C and R185L exhibited a diminished ability
to recruit β-arrestins, with a greater reduction observed at R185L than R185C. Therefore, it
appears that reductions in cell surface receptor expression levels has direct consequences
upon β-arrestin recruitment to the CRFR2, with R185L affected to a greater extent than R185C
(Figures 5.2 and 5.10-5.14; Tables 5.2 and 5.6). Moreover, R185L also exhibited an increase in
the potency of Urocortin-induced β-arrestin2 recruitment, highlighting a more linear
relationship between receptor occupancy and agonist concentration, as a result of less
amplification steps in β-arrestin recruitment, compared to G protein signalling (Kelly, 2013;
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Gillis et al., 2020): with fewer amplification steps, EC50 increases with receptor density
(Buchwald, 2017, 2019).
Unlike other CRFR2 mutants, K307R selectively increased the magnitude of β-arrestin1, but not
β-arrestin2, recruitment. TM6 has been heavily implicated in the recruitment and activation of
transducer proteins for various GPCRs, with outward movement of TM6 at the base of the
receptor found to be conserved across all GPCR classes, allowing accommodation of the α5
helix of Gα subunits (Wootten et al., 2018). Indeed, sequence alignment of class B GPCRs
reveals a conserved positive charge at the position equivalent to that of 307 in CRFR2, within
TM6 (position 6x37 according to (Wootten et al., 2013), which has been shown to be
responsible for the formation of salt bridges within the GCGR (Hollenstein et al., 2014),
stabilising the inactive state of the receptor by preventing extension of the intracellular end of
TM6 away from the core of the receptor (Mattedi et al., 2020). Furthermore, mutation of
residue 6x37 in a number of class A GPCRs (a conserved leucine) has been shown to result in
significant reduction of G protein activation and downstream signalling, confirming the roles
of these positions as G protein-contacting residues, critical for permitting interaction and
activation of Gαs subunits (Venkatakrishnan et al., 2016; Wootten et al., 2018; Zhou et al.,
2019). Substitution of lysine at position 307 in the CRFR2 with arginine retains the positive
charge within TM6, suggesting that conservation of overall charge at position 307 confers an
ability to interact with and activate Gαs subunits, in turn explaining the ability of CRFR2 K307R
to induce Gαs-mediated cAMP signalling similar to WT (Figures 5.7-5.8; Table 5.4). As βarrestins often compete with G proteins for binding sites on GPCRs, movement of the base of
TM6 away from the core of the receptor upon activation facilitates β-arrestin binding, as well
as that of G proteins. The increased magnitude of β-arrestin1 recruitment, with no effect upon
β-arrestin2 responses (Figures 5.10-5.13; Table 5.6), suggests a role of K307 in mediating direct
interactions between β-arrestin1 and the CRFR2. Such interactions are plausible as β-arrestin1
has been shown to interact with the TM6 of Rhodopsin via a hydrogen bond (Peterhans et al.,
2016; Zheng et al., 2019).
Overall, the preceding data has revealed an ability of the CRFR2 to elevate cAMP levels and
recruit β-arrestins, to differing extents, with mutations within the receptor revealed to have
varying effects upon CRFR2 signalling (Figure 5.23). The ability to modulate signalling pathways
to differing extents is termed signalling bias and can be defined in terms of ligand bias or
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receptor bias. Ligand bias refers to the ability of a given ligand to stimulate ‘imbalanced’
responses, compared to a reference ligand acting on the same receptor: a biased ligand can
selectively activate only a subset of biological responses or activate all of them but with
different efficacies compared to the reference ligand. Receptor bias, on the other hand, refers
to the ability of receptor variants, which diverge only by a mutation or a polymorphism, to
induce signalling pathways with different relative efficacies, once activated by the same ligand.
Several studies have shown that receptor conformational equilibrium models, such as the
extended ternary complex model or cubic ternary complex model (Samama et al., 1993; Weiss
et al., 1996) (Figure 1.5) (Appendix 2), can satisfactorily explain ligand bias (Edelstein and
Changeux, 2016; Bridge et al., 2018), with researchers attempting to explain receptor bias
(Franco et al., 2018) whilst addressing problems underlying bias quantification (Kenakin and
Christopoulos, 2013; Buchwald, 2017, 2019; Kenakin, 2017a; Hoare et al., 2020). The most
popular methods by which to quantify signalling bias utilise concentration-response data and
the operational model of pharmacological agonism (Black and Leff, 1983; Black et al., 1985;
Kenakin, 2017b), with the usefulness of the operational model dependent upon the
interpretation of the two main parameters: the ligand-receptor dissociation constant (Ka) and
the intrinsic efficacy (τ). These parameters describe the ability of the ligand-receptor complex
to transduce a response via a single transduction coefficient, log(τ/Ka), which characterises
intrinsic relative activity (RAi) (Kenakin and Christopoulos, 2013) for a given signalling pathway
(van der Westhuizen et al., 2014), in a system-independent manner, taking into account both
the potency and maximal efficacy of the test agonist. Moreover, when the Hill slope is equal
to 1, RAi can be estimated using agonist Emax and EC50 values from concentration-response
curves (Griffin et al., 2007; Ehlert et al., 2011; Kenakin et al., 2012; Winpenny et al., 2016).
Whilst the operational model’s transduction coefficient, log(τ/Ka), allows for comparisons
between systems with different degrees of amplification, it requires normalisation of data
relative to the maximum response elicited by the system under investigation (Carvalho et al.,
2021) (Appendix 2). For arrestin recruitment assays, no positive system control compound
exists which stimulates a maximal system response. Therefore, it was not possible to fit the
operational model to the data obtained for the CRFR2 variants in order to quantify signalling
bias. On the other hand, approximating RAi values from Emax and EC50 values does not require
normalisation to a system max, but instead requires normalisation relative to WT receptor
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responses. However, this method does not take into account variation in cell surface
expression levels between mutants and approximations are largely skewed by pEC50 values,
with slight changes in potencies equating to logarithmic changes in EC50 (Equation 6.1;
calculating RAi (Ehlert et al., 2011; Kenakin et al., 2012; Winpenny et al., 2016) relative to WT
receptor). Hence, neither method appeared appropriate for quantifying apparent signalling
bias amongst CRFR2 variants.
1!"#,%&'% ×13(),*&+&*&,-&

*&0"#!(
!"! *+",/.
= $13
"#$",&#'#&#()#

(),%&'% ×1!"#,*&+&*&,-&

%

Equation 6.1

Ultimately, different procedures of bias quantification may exhibit discrepancies between each
other, failing to detect ligand bias or leading to false positives, due to the presence of system
bias: system bias is a reflection of the differences in measurements of biochemical
amplification obtained between varying biological systems e.g. due to differential expression
of transducer molecules, such as G proteins, with contributions from differences in
amplification between either signalling pathways or the assays used to assess signalling
pathways (Onaran and Costa, 2012; Smith et al., 2018). In addition, some GPCR mutations can
modify the balance between different signalling pathways due to differences in receptor
trafficking and cellular location. Whilst such differences are often attributed to receptor bias
(Franco et al., 2018), they may instead be a consequence of system bias: mutation A189V in
the FSHR has been shown to selectively impair G protein signalling, with no effect upon βarrestin-mediated activation of ERK1/2, due to a reduction in plasma membrane expression
levels. Artificially reducing the membrane density of WT FSHR has been shown to impart a
preference for β-arrestin-dependent pathways, over G protein-dependent signalling
(Tranchant et al., 2011; Uchida et al., 2013). Hence, the magnitude of response elicited by an
agonist can generally reflect both the cell surface expression and the ability to respond to the
presence of agonist. Decreases in both receptor expression and function can therefore make
it difficult to dissect the relative contributions of defective transduction abilities and protein
misfolding towards overall receptor pharmacology. Therefore, no formal quantification of
signalling bias at the CRFR2 has been conducted within this study, as further investigations are
required to ascertain whether the observed imbalance between signalling pathways is caused
by a true receptor bias or whether it results from affected cell surface expression of the
receptor.
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6.4.2 Mutating V225 in the GHRHR has no effect upon receptor
pharmacology
GWAS and population variation data also highlighted a naturally occurring, disease-associated
missense variant of the GHRHR, V225I which has been linked to disorders of the cornea (Table
5.2) (Qin et al., 2014, 2018; Dubovy et al., 2017). Within Chapter 5, it was observed that
stimulation of the GHRHR with GHRH promotes an increase in cAMP production, in a
concentration-dependent manner (Figure 5.15; Table 5.7), in accordance with previous reports
(Salvatori et al., 2001; Tam et al., 2013; Cong et al., 2021). Furthermore, mutating residue V225
within TM3 of the GHRHR was revealed to have no effect upon cAMP production, with the
V225I mutant capable of stimulating increases in cAMP levels similar to the WT receptor
(Figure 5.15; Table 5.7). In addition, the V225I variant was found to be expressed at the cell
surface at levels similar to that of its WT counterpart (Figure 5.2; Table 5.2). Whilst stimulation
of GHRHR-expressing cells has been demonstrated to promote mobilisation of Ca2+i by other
research groups (Chen et al., 2000; Tam et al., 2013), this study revealed a lack of agonistinduced Ca2+i mobilisation, with cells overexpressing GHRHR yielding Ca2+i responses similar to
those obtained from mock-transfected cells (Figure 5.16). The agonist-induced increases in
Ca2+i levels recorded in the absence of exogenous GHRHR may be due to endogenously
expressed Gαq/11-coupled receptors, with GHRH-mediated Ca2+i responses having been
previously reported to occur via GPR41 and GPR43 (Miletta et al., 2014). Moreover, the GHRHR
was revealed to be incapable of recruiting β-arrestins following agonist stimulation, as was the
V225I variant (Figure 5.17), despite previous reports (Cong et al., 2021).
Overall, the data suggests that substitution of valine with isoleucine within TM3 of the GHRHR
is well-tolerated, with no effects upon cAMP signalling nor plasma membrane expression,
relative to WT receptor. Sequence alignment of class B1 GPCRs reveals the majority of
receptors to contain a non-polar residue (V/I/L) at positions equivalent to 225 in the GHRHR
(3x52 according to the universal numbering system described by (Wootten et al., 2013)),
except in the case of the CRFRs which instead possess a polar cysteine residue. Therefore,
perhaps the lack of effect of V225I upon GHRHR-dependent signalling is indicative that amino
acid substitutions within TM3 may be well-tolerated so long as overall polarity is conserved.
The importance of the residue at position 3x52 within individual GPCRs has generally not been
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investigated, but structural studies been postulated that I235 within the CLR forms
hydrophobic interactions with RAMP1, anchoring the two proteins together (Liang et al., 2018).
Hence, perhaps valine at position 225 in the GHRHR is involved in hydrophobic interactions
with RAMPs or other accessory proteins, in accordance with the GHRHR suggested to form a
complex with RAMP2/3 (Lorenzen et al., 2019), and substitution with isoleucine has no effect
upon such interactions.

6.4.3 Introducing a serine residue into the CTD of the CTR selectively
induces β-arrestin2 recruitment
Analysis of GWAS and population variation data by colleagues at the LMB and St. Jude
Children’s Research Hospital also revealed a variant of the CTR, A429S, which has been found
to be associated with disorders of: bone density and structure; pulp and periapical tissues; and
the gall bladder, biliary tract and pancreas (Table 5.2) (Chambers et al., 1985; Konderko et al.,
1989; Zaidi et al., 1994; Masi et al., 1998; Caviedes-Bucheli et al., 2004, 2005; Wahlstrøm et
al., 2017). By investigating the signalling pathways activated by the CTR A429S mutant with
regards to cAMP production, Ca2+i mobilisation and β-arrestin recruitment, it was possible to
observe subtle differences relative to the WT receptor.
In accordance with previous reports, the CTR is able to promote concentration-dependent
increases in intracellular cAMP concentrations upon agonist stimulation (Chabre et al., 1992;
Gingell et al., 2016; Hay et al., 2018; Maso et al., 2019; Ostrovskaya et al., 2019; Pan et al.,
2020), with CT revealed to be a more potent agonist than CGRP (Figures 5.18-5.19; Tables 5.85.9). A point mutation at position 429 within the cytoplasmic tail of the CTR (A429S) had no
effect upon the ability of the receptor to couple to Gαs, with agonist potencies and maximal
responses comparable to WT, after either 8 or 30 minutes of stimulation (Figure 5.18; Table
5.8). Furthermore, stimulation of the CTR was observed to promote an increase in Ca2+i
concentrations, in agreement with published findings (Chabre et al., 1992; Cafforio et al.,
2009), with CT observed to be a more potent agonist than CGRP (Figure 5.20; Table 5.10),
similar to cAMP assays. In contrast, CTR A429S was observed to have no significant influence
upon CT-induced Ca2+ signalling, relative to WT receptor, whilst substantially reducing the
ability of CGRP to promote Ca2+i mobilisation (Figure 5.20; Table 5.10). However, as stimulation
with either agonist failed to generate a full concentration-response curve at the mutant
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receptor, it appears that A429S reduces the overall ability of the CTR to promote increases in
Ca2+i levels.
Furthermore, it was observed that the CTR does not promote β-arrestin recruitment upon the
addition of CT or CGRP, despite previous reports (Andreassen et al., 2014). Interestingly,
stimulation of the A429S mutant, however, was observed to mediate selective recruitment of
β-arrestin2 to the receptor in response to CT, but not CGRP (Figures 5.21-5.22; Table 5.11).
Hence, the introduction of a polar serine residue into the proximal region of the cytoplasmic
tail of the CTR, in place of a non-polar alanine, induces recruitment of β-arrestin2. The lack of
β-arrestin translocation to the WT receptor is arguably due to a lack of Ser/Thr clusters with
the receptor’s CTD, which provide phosphorylation sites for GRKs and other protein kinases
(Gurevich et al., 1995; Kouhen et al., 2000; Doronin et al., 2002; Tobin, 2008). Hence, the
existence of a serine at position 429 may introduce a phosphorylation site, stimulating βarrestin recruitment. Indeed, the addition of engineered serine residues into the CTD of the
β2R has been previously shown to lead to hyperphosphorylation of the receptor and prolonged
β-arrestin2 recruitment (Zindel et al., 2015), whilst alanine substitution within the CTD of the
dOR or the Histamine H4 receptor reduces β-arrestin-dependent desensitisation and
internalisation (Kovoor et al., 1997; Kouhen et al., 2000; Verweij et al., 2020).
Overall, mutation A429S had no effect upon CTR-dependent cAMP signalling, but reduced
agonist-mediate Ca2+i responses and promoted β-arrestin2 recruitment. The reduced Ca2+i
responses observed may be due to a more rapid process of receptor desensitisation as a
consequence of increased β-arrestin2 translocation to the mutant receptor. Whilst A429S
showed no discernible recruitment upon CGRP stimulation, perhaps β-arrestin2 recruitment
occurs more slowly in response to CGRP, relative to CT, due to it being a less potent agonist.
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6.5 Conclusions and future work
Overall, the work presented within this thesis has highlighted a lack of β-arrestin recruitment
to the A2AR, as well as the absence of receptor internalisation following agonist stimulation. In
addition, this study has identified that the reduced signalling capacity observed upon pretreatment of A2AR-expressing cell lines with inhibitors of internalisation may, in some instances,
be due to diminished cAMP production via receptor-independent pathways. Hence, it would
be of interest to investigate the consequences of using such inhibitors upon receptor
desensitisation and resensitisation, as well as effects upon AC activity directly, to attempt to
reconcile the differences observed between the different cell types investigated and the
effects upon Forskolin-mediated cAMP production. Furthermore, the data presented has
highlighted differences in the β-arrestin recruitment and internalisation capabilities of each
Adenosine receptor subtype.
Moreover, the ability of RAMPs to interact with the CLR, GIPR and/or GLP-1R at the cell surface
has been explored, with plasma membrane associations verified using both quantitative and
qualitative approaches. Subsequently, the effects of RAMP1 mutations upon agonist-mediated
signalling has been quantified in terms of the abilities of mutant RAMP1-CLR heterodimers to
stimulate cAMP production and β-arrestin recruitment, in various cell types; Such findings
validate the effects of RAMP1 mutations against previously published reports, whilst also
presenting novel observations pertaining to the dynamics of RAMP1-CLR interactions, and how
RAMP-receptor diffusion patterns are influenced by the addition of agonist or antagonist. It
would be of interest to investigate CLR-RAMP internalisation profiles, in particular those of
CLR-RAMP1, to further aid our understanding of how CLR and RAMP1 populations affect each
other’s trafficking/diffusion, and how this may be affected in the presence of RAMP mutations.
It would also be interesting to investigate the diffusion and colocalization of CLR-RAMP2 and RAMP3 heterodimers via single molecule TIRF microscopy, to allow for comparisons to be
drawn between the different RAMP-containing complexes.
Finally, naturally occurring, disease-associated missense variants of the CRFR2, CTR and GHRHR
have been characterised in terms of their cell surface expression levels, and abilities to mediate
cAMP production, Ca2+i mobilisation and β-arrestin recruitment, relative to their WT cognate
receptor. It would be worth extending the pharmacological characterisation to include
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investigating how ligand binding may be affected by the presence of point mutations within
the receptors, as well as their internalisation profiles: receptor mutations may affect the initial
steps of receptor activation (agonist binding) as well as termination of signalling
(internalisation), which could be affected to a greater extent than G protein coupling.
Futhermore, it would be interesting to study receptor signalling the presence of RAMPs,
particularly that of the CTR as it has been well-documented to be capable of interacting with
RAMPs and giving rise to distinct receptor subtypes.
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Appendix Figure 7.1: Adenosine-induced changes in β-arrestin1 recruitment to the A2AR in the presence of pcDNA3.1
or GRK1-6. HEK293T cells transiently co-expressing A2AR-NL, β-arrestin1-YFP, and pcDNA3.1 (A), GRK1 (B), GRK2 (C),

GRK3 (D), GRK4 (E), GRK5 (F) or GRK6 (G), were stimulated with Adenosine for up to 60 minutes. Agonist-induced
changes in BRET (∆BRET) are calculated relative to vehicle alone. Data represent the mean ± SEM of 5 replicates, each
performed in triplicate.
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Appendix Figure 7.2: Adenosine-induced changes in β-arrestin2 recruitment to the A2AR in the presence of pcDNA3.1
or GRK1-6. HEK293T cells transiently co-expressing A2AR-NL, β-arrestin2-YFP, and pcDNA3.1 (A), GRK1 (B), GRK2 (C),

GRK3 (D), GRK4 (E), GRK5 (F) or GRK6 (G), were stimulated with Adenosine for up to 60 minutes. Agonist-induced
changes in BRET (∆BRET) are calculated relative to vehicle alone. Data represent the mean ± SEM of 5 replicates, each
performed in triplicate.

312

CGS21680-induced ΔBRET
(relative to vehicle) (BU)

A

pcDNA3.1

0.020
0.015
0.010
0.005
0.000

-0.005
-0.010
-0.015
-0.020
0 5 10 15 20 25 30 35 40 45 50 55 60 65

Time (mins)

0.015
0.010
0.005
0.000

-0.005

0.005
0.000

Time (mins)

Time (mins)

F
CGS21680-induced ΔBRET
(relative to vehicle) (BU)

0.005
0.000

-0.005

Time (mins)

G

GRK5

0.020
0.015
0.010
0.005
0.000

Time (mins)

Time (mins)

1 μM

0.005
0.000

-0.020

0 5 10 15 20 25 30 35 40 45 50 55 60 65

10 µM

0.010

-0.015

-0.020

0 5 10 15 20 25 30 35 40 45 50 55 60 65

100 µM

0.015

-0.010

-0.015

-0.020

GRK6

0.020

-0.005

-0.010

-0.015

0.000

0 5 10 15 20 25 30 35 40 45 50 55 60 65

-0.005

-0.010

0.005

-0.020

0 5 10 15 20 25 30 35 40 45 50 55 60 65

0.010

0.010

-0.015

-0.020

0.015

0.015

-0.010

0 5 10 15 20 25 30 35 40 45 50 55 60 65

GRK4

GRK3

0.020

-0.005

-0.015

-0.020

CGS21680-induced ΔBRET
(relative to vehicle) (BU)

0.010

-0.010

-0.015

0.020

0.015

-0.005

-0.010

E

D

GRK2

0.020

CGS21680-induced ΔBRET
(relative to vehicle) (BU)

GRK1

CGS21680-induced ΔBRET
(relative to vehicle) (BU)

0.020

C

CGS21680-induced ΔBRET
(relative to vehicle) (BU)

CGS21680-induced ΔBRET
(relative to vehicle) (BU)

B

100 nM

10 nM

0 5 10 15 20 25 30 35 40 45 50 55 60 65

Time (mins)

1 nM

100 pM

Vehicle

Appendix Figure 7.3: CGS21680-induced changes in β-arrestin1 recruitment to the A2AR in the presence of pcDNA3.1
or GRK1-6. HEK293T cells transiently co-expressing A2AR-NL, β-arrestin1-YFP, and pcDNA3.1 (A), GRK1 (B), GRK2 (C),

GRK3 (D), GRK4 (E), GRK5 (F) or GRK6 (G), were stimulated with CGS21680 for up to 60 minutes. Agonist-induced
changes in BRET (∆BRET) are calculated relative to vehicle alone. Data represent the mean ± SEM of 5 replicates, each
performed in triplicate.
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Appendix Figure 7.4: CGS21680-induced changes in β-arrestin2 recruitment to the A2AR in the presence of pcDNA3.1
or GRK1-6. HEK293T cells transiently co-expressing A2AR-NL, β-arrestin2-YFP, and pcDNA3.1 (A), GRK1 (B), GRK2 (C),

GRK3 (D), GRK4 (E), GRK5 (F) or GRK6 (G), were stimulated with CGS21680 for up to 60 minutes. Agonist-induced
changes in BRET (∆BRET) are calculated relative to vehicle alone. Data represent the mean ± SEM of 5 replicates, each
performed in triplicate.
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Appendix Figure 7.5: NECA-induced changes in β-arrestin1 recruitment to the A2AR in the presence of pcDNA3.1 or GRK1-6.

HEK293T cells transiently co-expressing A2AR-NL, β-arrestin1-YFP, and pcDNA3.1 (A), GRK1 (B), GRK2 (C), GRK3 (D), GRK4 (E), GRK5
(F) or GRK6 (G), were stimulated with NECA for up to 60 minutes. Agonist-induced changes in BRET (∆BRET) are calculated relative
to vehicle alone. Data represent the mean ± SEM of 5 replicates, each performed in triplicate.
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Appendix Figure 7.6: NECA-induced changes in β-arrestin2 recruitment to the A2AR in the presence of pcDNA3.1 or
GRK1-6. HEK293T cells transiently co-expressing A2AR-NL, β-arrestin2-YFP, and pcDNA3.1 (A), GRK1 (B), GRK2 (C), GRK3

(D), GRK4 (E), GRK5 (F) or GRK6 (G), were stimulated with NECA for up to 60 minutes. Agonist-induced changes in BRET
(∆BRET) are calculated relative to vehicle alone. Data represent the mean ± SEM of 5 replicates, each performed in
triplicate.
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Appendix Figure 7.7: PSB0777-induced changes in β-arrestin1 recruitment to the A2AR in the presence of pcDNA3.1 or
GRK1-6. HEK293T cells transiently co-expressing A2AR-NL, β-arrestin1-YFP, and pcDNA3.1 (A), GRK1 (B), GRK2 (C), GRK3

(D), GRK4 (E), GRK5 (F) or GRK6 (G), were stimulated with PSB0777 for up to 60 minutes. Agonist-induced changes in
BRET (∆BRET) are calculated relative to vehicle alone. Data represent the mean ± SEM of 5 replicates, each performed
in triplicate.
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Appendix Figure 7.8: PSB0777-induced changes in β-arrestin2 recruitment to the A2AR in the presence of pcDNA3.1 or
GRK1-6. HEK293T cells transiently co-expressing A2AR-NL, β-arrestin2-YFP, and pcDNA3.1 (A), GRK1 (B), GRK2 (C), GRK3

(D), GRK4 (E), GRK5 (F) or GRK6 (G), were stimulated with PSB0777 for up to 60 minutes. Agonist-induced changes in
BRET (∆BRET) are calculated relative to vehicle alone. Data represent the mean ± SEM of 5 replicates, each performed
in triplicate.
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Appendix Figure 7.9: CHO-K1 cells do not respond to CGRP, AM or AM2 in the absence of
RAMP co-expression. CHO-K1 cells transfected with pcDNA3.1 only (A) or CLIP-CLR and

pcDNA3.1 (B) do not produce substantial cAMP responses following stimulation with CGRP, AM
or AM2. Data represented as a mean percentage of the cAMP response obtained in the
presence of 100 μM Forskolin ± SEM of 4-6 replicates.
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Appendix Figure 7.10: COS-7 cells do not respond to CGRP, AM or AM2 in the absence of RAMP
co-expression. COS-7 cells transfected with pcDNA3.1 only (A) or CLIP-CLR and pcDNA3.1 (B) do

not produce substantial cAMP responses following stimulation with CGRP, AM or AM2. Data
represented as a mean percentage of the cAMP response obtained in the presence of 100 μM
Forskolin ± SEM of 4-5 replicates.

319

320
8.5 secs

9.0 secs

6.5 secs

4.0 secs

1.5 secs

9.5 secs

7.0 secs

4.5 secs

2.0 secs

(University of Birmingham, UK).

dotted line indicating the subsequent path of movement, suggestive of complex internalisation. Experiments were performed by Mr. Jak Grimes

pixels represent SNAP-RAMP1; White pixels represent co-localised SNAP-RAMP1 and CLIP-CLR. The white arrow highlights a CLR/RAMP1 cluster, with the

interact before clustering and eventually internalising (t = 3.5 secs), following stimulation with 10 μM CGRP. Green pixels represent CLIP-CLR; Magenta

RAMP1 was investigated in COS-7 cells via single molecule TIRF microscopy. The data obtained reveals that the CLR and RAMP1 co-localise (t = 2 secs) and

Appendix Figure 7.11: Image sequence of CLR-RAMP1 clustering and internalisation. The diffusion and colocalization patterns of CLIP-CLR and SNAP-

8.0 secs

6.0 secs

5.5 secs

5.0 secs

7.5 secs

3.5 secs

3.0 secs

2.5 secs

1.0 secs

0.5 secs

0 secs

Appendix 2 – Publications and manuscripts

Carvalho, S., Pearce, A., and Ladds, G. (2021). Novel mathematical and computational models

of G protein–coupled receptor signalling. Current Opinion in Endocrine and Metabolic
Research 16: 28–36.
Kalash, L., Winfield, I., Safitri, D., Bermudez, M., Carvalho, S., Glen, R., Ladds, G., and Bender,
A. (2021). Structure-based identification of dual ligands at the A2AR and PDE10A with antiproliferative effects in lung cancer cell-lines. Journal of Cheminformatics 13: 1–17.
Harris, M., Mackie, D.I., Pawlak, J.B., Carvalho, S., Truong, T.T., Safitri, D., Yeung. H.Y.,
Routledge, S., Harper, M.T., Al-Zaid, B., Soave, M., Al-Sabah, S., Inoue, A., Poyner, D.R., Hill, S.J.,
Briddon, S.J., Sexton, P.M., Wootten, D., Zhao, P., Caron, K.M., and Ladds, G. (2021). RAMPs
regulate signalling bias and internalisation of the GIPR (bioRxiv pre-print).
Wall, M.J., Hill, E., Huckstepp, R., Barkan, K., Deganutti, G., Leuenberger, M., Preti, B., Winfield,
I., Carvalho. S., Suchankova, A., Wei, H., Imlach, W., La Mache, C., Dean, E., Hume, C., Hayward,
S., Oliver, J., Zhao, F.Y., Spanswick, D., Reynolds, C.A., Lochner, M., Ladds, G., and Frenguelli,
B.G. (2021) Selective activation of Gαob by an adenosine A1 receptor agonist elicits analgesia
without cardiorespiratory depression (submitted to Nature Communications).

321

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in

Endocrine and Metabolic Research

Review

Novel mathematical and computational models of G
protein–coupled receptor signalling
Sabrina Carvalhoa, Abigail Pearcea and Graham Ladds

pathologies are associated with their dysfunction, with
30% of all U.S. Food and Drug Administration (FDA)approved drugs targeting this receptor family [1,2].
GPCRs are highly dynamic and can adopt multiple
active states [3], each linked to distinct downstream
signalling profiles (Figure 1); agonist-mediated activation does not always lead to uniform activation across
signalling cascades, a phenomenon termed ‘biased
agonism’ (Figure 2) [4]. There is an opportunity to
design ligands which selectively engage and activate
therapeutic pathways, sparing those contributing to
undesirable side effects. As much of our current understanding regarding GPCR pharmacology hinges on
the development of mathematical models to provide key
concepts and measurable parameters, such as efficacy
and potency, they are powerful tools in successful drug
discovery.

Abstract

The processes by which agonist binding promotes biological
activity is a key issue in G protein–coupled receptor (GPCR)
pharmacology, with much of our understanding governed
by the application of mathematical models to experimental
data. Models are built upon decades of fundamental
principles, providing key concepts and measurable parameters
which quantify agonism. Whilst numerous general receptor
activation models exist, such as the operational model of
agonism, there is no single model capable of describing all
functional effects. Instead, there are a variety of models, each
used to understand specific experimental observations. In this
review, we summarise recent GPCR models which
incorporate multiple signalling pathways simultaneously,
constitutive receptor activity or receptor dynamics, whilst
providing parameters to quantify agonist bias. We also
describe how model parameterisation requires model organisms and advanced experimental techniques, both proving
invaluable for the construction of more complex, mechanistic
models.

The appropriate model depends on the
question asked and the data available
Since the conceptualisation of receptor theory, the
processes by which agonist binding promotes biological
activity has been a central issue in molecular pharmacology [5]. Numerous general receptor activation
models exist, linking together the fundamentals of receptor occupancy and ligand efficacy, yet there is no
single unifying model capable of describing all functional effects. Instead, there are a variety of models,
each used to understand specific experimental observations. Empirical models, used exclusively for curve
fitting, can be applied to a vast amount of biological data
to predict how systems may behave, rather than explain
how components interact. Mechanistic models, however, assume that systems can be understood by examining
individual components and the manner in which they
are coupled, providing meaningful insights into receptor
pharmacology but requiring extensive parameterisation.
No model is without its limitations, and, as experimental techniques are becoming increasingly powerful,
models are continuously being developed to better
recapitulate receptor behaviour.
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Background

General models of GPCR signalling: uses and
limitations
The Emax model

G proteinecoupled receptors (GPCRs) are a large superfamily of membrane proteins responsible for
numerous physiological responses, transducing extracellular stimuli across cellular membranes. Various

Receptor occupancy does not necessarily correlate
with response; partial agonists may elicit effects
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Figure 1

Signalling cascade following GPCR activation. Activation of a GPCR by a given agonist can, potentially, result in activation of multiple downstream
signalling pathways. Agonist binding induces a conformational change in the transmembrane bundle of the GPCR, enabling the activation of heterotrimeric G proteins. There are four major classes of G protein (shown above), each classified by their a subunit, which generate a downstream response.
GPCRs can activate various combinations of G proteins, as well as recruit and signal via b-arrestins. Agonist binding of a GPCR often also leads to
receptor internalisation, further regulating receptor signalling. GPCR, G protein–coupled receptor.

approximating those of full agonists in systems with
sufficient amplification. Therefore, agonist efficacy is
influenced by the system in which it is tested. The Emax
model, based on the HilleLangmuir equation [6], is the
simplest and most commonly used model used to
interpret receptor signalling data [7]. It allows for
system-independent comparisons between full and
partial agonists [8], through determination of Emax=EC
50
values, whereby EC50 is the concentration of agonist
required to elicit a half maximal response (Emax). It has
high utility and can be applied to an assortment of
biological systems but provides no mechanistic insight.
Hence, more extensively used methods are based on the
operational model of receptor agonism [9,10].

between two pathways of interest (Eq. (2)) [4], to be
receptor density-independent.

The operational model of receptor agonism

This model has its limitations: whilst applicable to any
receptoreeffector system, t, KA, and the maximal
response of the system (Em) are all interdependent
[12], making the model structurally unidentifiable [13].
Furthermore, whilst the scale combines affinity and efficacy to cancel interacting effects, it has been suggested as insufficient for the analysis of partial agonists.

The so-called ‘operational model’, as devised by Black
and Leff [11], separates receptor occupation from
agonist-mediated response, stating that an agonist
binds a receptor, with an affinity KA, to form a complex
which is capable of producing a stimulus which elicits a
functional response (Figure 3). This stimulus can be
quantified by t, the operational efficacy (Figure 4A),
and can be combined with affinity into a single metric
to !quantify
" agonism: the transduction coefficient,
log

t=K
. This allows comparisons between
A
agonists but requires normalisation to a reference
agonist (Eq. (1)), as well as further normalisation
www.sciencedirect.com
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The occurrence of superagonists and positive allosteric
modulators, which can elicit an Emax greater than the Em
previously estimated by the model, suggests that multiple Em values could correspond to multiple active receptor conformations (Figure 4B; [14]). Hence,
Burgueño et al. [15] proposed the use of a novel log(t)
Current Opinion in Endocrine and Metabolic Research 2021, 16:28–36
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Fig. 2

Activation of a GPCR by a given agonist can, potentially, result in activation of multiple downstream signalling pathways. These may also be activated to
differing extents. In the aforementioned example, (a) a balanced agonist causes equal receptor-mediated activation of two G protein–dependent
pathways: (c) Gas and (d) Gaq/11. (b) A biased agonist, however, weakly activates Gas (c) but strongly activates Gaq/11 (d) GPCR, G protein–coupled
receptor.

scale to better distinguish between affinity- and
efficacy-driven
!
" bias; whilst both DlogðtÞ and

D log

t=K
are independent of receptor density, the
A
former is largely driven by ligand efficacy, whilst the
latter is driven by both potency and affinity. They are
suggested as complementary scales, providing a more
complete measurement of biased agonism.

Applying the operational model to multiple pathways
simultaneously
The use of the operational model to quantify ligand bias,
although useful, is inherently flawed: the model is
applied to each signalling pathway separately, assuming
them to be independent, causing a propagation of errors
from two successive normalisation steps. Zhu et al. [19]
developed an extension of the operational model,
termed the ‘intact’ operational model, which accounts
for linked equilibria between conformations and a
mutual depletion of receptor states (Figure 4C). The
model allows for application to multiple pathways
simultaneously, with a shared dissociation constant (KA),
and a direct estimate of ligand bias (DDlogðR1#2 Þ).

Application to biphasic Gas vs Gai signalling data from
the literature demonstrates that, whilst estimated
parameter values are generally comparable between the
original and intact models, estimations are more precise
for the latter, yielding more sensitivity to detect weak
ligand bias that might otherwise have been missed.
Including constitutive activity in the operational model
Some GPCR ligands reduce constitutive activity of the
receptor, classifying them as inverse agonists. This is
incompatible with the operational model [11] which
does not allow for negative responses. Accordingly, the
model has been extended to include constitutive activity [16] and allow for nonunit Hill coefficients
(Figure 4D; [17]), providing a measure of pathway bias
for both agonists and inverse agonists
constitutively
! at a "

active receptor: DlogðεÞ or Dlog ε=K
(the latter
A
!
"
being analogous to D log t=K
), whereby ε is the
A

ligand’s intrinsic efficacy [18]. In contrast to t, ε is independent of receptor density, removing any weighting
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Fig. 3

Summary of the Black and Leff Operational Model. An agonist (A) binds the receptor (R) with an affinity KA to form an agonist–receptor complex (AR).
This in turn elicits a response (E) with an efficacy KE. The operational efficacy (t) can determined by dividing the total receptor number (RTotal) by KE. The
maximal response of the system is given by Em, and n denotes the Hill coefficient.

from system-dependent coupling efficiency and the
requirement of normalisation to a reference ligand.
General two-state and ternary complex models

Many signalling models are two-state models, whereby
receptor occupancy and activation do not fully correspond, for example, the operational [11] and minimal
two-state [20] models. Whilst they explain phenomena
such as partial agonism and receptor reserve, they are
often difficult to fit and their parameters are not always
intuitive. For example, the operational model yields large,
often inaccurate, values of t for full agonists, and precision estimates of t and KA decrease with increasing values
of t, leading to biologically meaningless parameters [13].
Buchwald [21] developed a generalised model of receptor function, relying on essential assumptions of the
minimal two-state receptor theory, but with several advantages: the model is more intuitive, characterising
processes of receptor binding, activation and signal
amplification each by their own parameter (Kd, ε and g,
respectively). Consequentially, it separates receptor
activation and signal amplification, allowing for fitting of
complex data where receptor binding and response are
measured separately. It has been developed to
www.sciencedirect.com

incorporate constitutive activity [22] and allows quantification of bias for pathways with considerably
different degrees of amplification, better characterising
partial agonists in systems with large amplification and
more accurately estimating the efficacy of ‘almost-full’
agonists. However, as this model includes an additional
parameter compared with the operational model, it requires more data to be accurately fitted.
Two-state models assume a single functional response
via a single receptor active state, failing to explain how
agonists can activate multiple differing pathways or how
the associating G protein can affect the receptor. Hence,
more mechanistic models, namely ternary complex
models (TCMs) (Figure 4E) [23], have been developed
to account for receptor interactions with G proteins, in
the absence (extended TCMs; [24]) or presence of
constitutive activity (cubic TCMs (Figure 4F); [25]).
More detailed GPCR models: development and
examples
Mechanistic models rely on model organisms and
advanced experimental techniques

Modelling is an iterative process, with experimentation and computation driving one another. Models
Current Opinion in Endocrine and Metabolic Research 2021, 16:28–36
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Fig. 4

Schematics for the mathematical models discussed in this review. (a) The red box shows the operational model [11]. (b) and (c) The green boxes
show adaptations of the operational model to include different receptor conformational states ((b), [14]; (c), [19]). (d) and (i) The purple boxes indicate
models which include constitutive activity for monomers ((d), [17]) or homodimers ((i), [46]). (e) and (f) The orange boxes are equilibrium-based ternary
complex models which account for G protein interactions in the presence ((e), [23]) and/or absence ((f), [25]) of agonist. (g) and (h) The grey boxes are
two-state models not adapted from the operational model but are nonequilibrium-based models including either receptor internalisation ((g), [43]) or the
kinetics of receptor-mediated signalling ((h), [45]).
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vary in detail depending on the process being examined, the questions being asked and the data available
to validate the model [26]. However, functional data
obtained from mammalian cells can often prove
difficult to interpret; these cells express a plethora of
GPCRs and interacting proteins, with multiple regulatory and signalling processes underlying a given
functional response, often acting at different timescales. Hence, the existence of simpler organisms,
which are well characterised and can be easily
manipulated experimentally, is a key tool in initial
model development.
A commonly used organism to investigate GPCR
signalling is Saccharomyces cerevisiae, which have several
features making them useful in studying receptor
pharmacology. Their pheromone pathway shares
extensive similarities to GPCR pathways in humans
and is composed of few functionally redundant components, using a single GPCR to respond to pheromones [27,28]. The pathway can be easily engineered
through manipulation of individual genes [29], and
yeast can functionally express numerous components
of mammalian GPCR signalling complexes, retaining
natural ligand and G protein preferences [30], without
expression of regulatory proteins (e.g. GPCR kinases or
b-arrestins). To date, yeast have been used extensively
to characterise receptor function [31] and understand
experimental data [32].
Determining model parameters is, whilst important,
often time consuming. Values previously published in
the literature, or on online repositories, for example,
BioModels [33], can be used. However, another
method is to use ever-advancing experimental techniques, such as biosensors. Numerous biosensors exist
which are able to provide pharmacologists with realtime, high-resolution measurements of receptor
conformational changes [34], coupling preferences
[35] and spatiotemporal signalling profiles [36,37],
greatly facilitating estimates of kinetic parameters.
Examples of complex, mechanistic models

By combining the TCM with a model of the G protein
activation cycle, Bush et al. [38] developed a ‘carousel’
model which suggests a collision-coupling regime to
explain the robust response to pheromone in S. cerevisiae:
G proteins interact randomly with both occupied or
unoccupied receptors, with occupied receptors tending
to activate Ga subunits and unoccupied receptors
tending to inactivate them. This hypothesises a ratiometric mechanism by which yeast convert absolute
extracellular ligand concentrations into fractional receptor occupancy [38], attempting to explain the robust
sensitivity of mating yeast to pheromone gradients;
without a ratiometric system, yeast are easily misled due
to their uneven receptor distribution [39].
www.sciencedirect.com
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Based on multiple cubic TCMs, Bridge et al. [40]
developed a model which allows for simulation and
time-dependent analysis of multipathway activation
dynamics at a single receptor, with any number of
active receptor states or G proteins. The extensive
variability of this model enables it to model biphasic
and nonmonotonic concentration-dependent responses not normally observed in three-state models,
better characterising bias and predicting underlying
dynamics. Such models also delineate receptor activation and signalling properties [41,42].

Future directions: extending models to
include receptor dynamics
Measurements of receptor signalling are often made
under nonequilibrium conditions, whereby receptor
occupancy and density are ever changing; receptor
concentration can be dynamically modelled considering
its synthesis and internalisation (Figure 4G; [43]).
Agonist bias has been demonstrated to vary over time,
often influenced by ligand dissociation kinetics and
measurement timescales used. Aripiprazole, a drug with
slow dissociation kinetics at the dopamine D2 receptor,
has been reported to be biased towards Gaob signalling
at earlier time points but significantly biased towards
inhibition of cAMP production at later time points [44].
Therefore, biased agonism is not a fixed concept.
However, all receptor models used to quantify bias
assume a state of equilibrium.
To incorporate receptor kinetics, Hoare et al. [45]
developed a series of models which define a kinetic
descriptor of efficacy: kt, the transduction rate constant. The various models divide the transduction
system into two temporally separated components:
transduction potential and response, allowing for a
lack of equilibria, and accounting for the depletion of
species such as G proteins and second messengers
(Figure 4H). The framework has been validated using
experimental data on the angiotensin AT1 receptor
[36]. The models provide estimates of efficacy which
are directly proportional to t, allowing the efficacies of
full agonists to be distinguished. Furthermore, bias
models have also been extended to include receptor
homodimerisation (Figure 4I; [46]) to explain how
bias can vary with agonist concentration [47].

Conclusion
Mathematical models are fundamental in understanding concentrationeresponse data and providing
mechanistic insight into GPCR activation and signalling. Numerous models have been developed over the
years [48], each aiming to better recapitulate receptor
behaviour [46]. Generic models are advantageous;
they can be reduced to less complex derivatives when
appropriate [19,21], or are modular, allowing for
Current Opinion in Endocrine and Metabolic Research 2021, 16:28–36
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incorporation of additional GPCR-interacting species/
regulatory processes [40,45]. The models mentioned
in this review only considered orthosteric ligande
receptor interactions. However, there are many
models based on the two-state [49], ternary complex
[50] or operational models of agonism, with [51,52] or
without [53] constitutive activity, which include
additional receptor binding sites, enabling the characterisation of allosteric modulators.
One main focus in model development has been to
distinguish between true ligand bias and system bias:
to separate unbalanced activation of signal transduction cascades from differential amplification
inherent to the system under investigation. The
European Research Network on Signal Transduction
(ERNEST) consortium aims to integrate signalling
data, in a standardised manner, to formulate general
principles governing signal transduction in different
cell types [54]. However, some models often lead to
misleading conclusions [55], appearing oversensitive,
and studies have criticised them for identifying bias
between different measures of the same pathway.
There are also disparities between different measures
of bias, although many methods are based on the same
traditional theory of receptor action [56]. Hence,
models are continuously being adapted to include more
appropriate assumptions.
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Structure‐based identification of dual
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Abstract
Enhanced/prolonged cAMP signalling has been suggested as a suppressor of cancer proliferation. Interestingly, two
key modulators that elevate cAMP, the A2A receptor (A2AR) and phosphodiesterase 10A (PDE10A), are differentially coexpressed in various types of non-small lung cancer (NSCLC) cell-lines. Thus, finding dual-target compounds, which
are simultaneously agonists at the A2AR whilst also inhibiting PDE10A, could be a novel anti-proliferative approach.
Using ligand- and structure-based modelling combined with MD simulations (which identified Val84 displacement
as a novel conformational descriptor of A2AR activation), a series of known PDE10A inhibitors were shown to dock to
the orthosteric site of the A2AR. Subsequent in-vitro analysis confirmed that these compounds bind to the A2AR and
exhibit dual-activity at both the A2AR and PDE10A. Furthermore, many of the compounds exhibited promising antiproliferative effects upon NSCLC cell-lines, which directly correlated with the expression of both PDE10A and the A2AR.
Thus, we propose a structure-based methodology, which has been validated in in-vitro binding and functional assays,
and demonstrated a promising therapeutic value.
Keywords: Docking, MD simulations, Structure‐based design, Virtual screening, A2AR, PDE10A, Anti‐proliferative, Dual
target, Triazoloquinazolines, NSCLC, Lung cancer
Introduction
Cyclic adenosine monophosphate (cAMP) is a second
messenger that has a major role in transduction and cell
signaling in several pathways and biological systems [1].
cAMP elevation may be achieved via the activation of the
adenylate cyclases by Gs proteins, and the inhibition of
cAMP-degrading phosphodiesterases [2], and has been
shown to inhibit proliferation of several cancer cell types

*Correspondence: grl30@cam.ac.uk; ab454@cam.ac.uk
†
Leen Kalash, Ian Winfield and Dewi Safitri contributed equally to the
work
1
Centre for Molecular Informatics, Department of Chemistry, University
of Cambridge, Lensfield Road, CB21EW Cambridge, UK
2
Department of Pharmacology, University of Cambridge, Tennis Court
Road, CB2 1PD Cambridge, UK
Full list of author information is available at the end of the article

such as breast cancer, colon cancer, lung cancer, glioblastoma etc [3–6].
Two key modulators of intracellular cAMP are the
adenosine A2A receptor (A2AR) and the phosphodiesterase 10A (PDE10A), which are often co-expressed in
different amounts across NSCLC cell-lines. The A2AR
is expressed in the two histologically distinct types of
NSCLC cell-lines, lung adenocarcinoma and squamous
carcinoma cell-lines [7, 8]. Likewise, PDE10A is overexpressed in lung adenocarcinoma, and its inhibition was
found to suppress growth [9], demonstrating a correlation between the levels of overexpression and survival
[10]. This makes these systems interesting avenues of
investigation for relating the amount of co-expression
of these two protein targets and their ability to elevate
cAMP as well as induce anti-proliferation in these
cell-lines.

© The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
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We hypothesized that a novel approach would be to
discover compounds, which act simultaneously as agonists of the A2AR that are also inhibitors of PDE10A.
cAMP elevation could be achieved through the
A2AR-Gαs-adenylate cyclase axis, while further promoted
by the inhibition of its breakdown via PDE10A [7, 8]. A
multi-target approach is a departure from standard drug
discovery practice, where one target is often the driving
force in compound optimization. A multi-target compound could, through synergistic effects, be more effective in elevating cAMP. Indeed, dual PDE inhibition and
A2AR activation via compound combinations exhibited
synergy (according to isobologram analysis) in cAMP
elevation, and was observed to inhibit proliferation in
other cancer cell types such as multiple myeloma and
diffuse large B-cell lymphoma [11]. The use of multitarget ligands have also demonstrated beneficial effects on
Alzheimer’s and Parkinson’s disease [12, 13]. Therefore,
combining this approach in single dual-targeted compounds at the A2AR and PDE10A could be explored as a
novel anti-proliferative strategy for adenocarcinoma and
squamous carcinoma cell-lines.
For the purpose of designing PDE10A inhibitors and
A2AR agonists, many virtual screening protocols have
been reported in the literature, implementing either
ligand- or structure-based approaches Examples of
ligand-based protocols include in silico target prediction,
pharmacophore-based and fragment-based approaches
and comparative molecular field analysis (CoMFA)
[14–19]. Docking, as a structure-based approach, has
also been employed for the design of either PDE10A
inhibitors or A2AR agonists [20]. In addition, molecular
dynamics has been used extensively to investigate the
conformational dynamics at the A2A adenosine receptor or PDE10A [20–27]. However, none of the reported
protocols rationalizes or correctly predicts the functional
activity of ligands against the targets of interest, in particular the A2AR, which is addressed in this work.
Here, a novel structure-based methodology for identifying ligands that activate the A2AR while simultaneously
inhibiting the PDE10A is devised. Given that PDE10A
is an enzyme, compounds that target the active site
would most likely confer inhibition. However, binding
to the orthosteric site of the A2AR may not guarantee the
desired functional activity. For this reason, the structurebased computational approach was focused on the more
challenging goal, which involved identifying whether
known PDE10A inhibitors are A2AR agonists.
The focus of this approach was on the key interacting residues, which are reported in the literature to discriminate between agonist and antagonist activity of
A2AR ligands [28–31]. It is postulated that the motion of
the residue Val84 in Transmembrane Helix 3, upon A2AR

ligand binding, might discriminate between agonist and
antagonist activity, which has not previously been studied
by any MD approaches [19–24, 32]. Hence, the motion of
this residue has been investigated as a conformational
descriptor for the characterization of receptor activation
by A2AR ligands.
Subsequently, the selected compounds were evaluated
pharmacologically in vitro using both binding and functional assays. We then extended our studies to evaluate
the compounds for their abilities to modulate cell proliferation in lung squamous cell carcinoma and lung adenocarcinoma cell-lines. Their anti-proliferative effects
were correlated with the co-expression of the A2AR and
PDE10A and (increased) cellular levels of cAMP.

Results
Method for selecting triazoloquinazolines as candidates
for dual ligand activity at A2AR and PDE10A

Triazoloquinazolines were identified by Kalash et al. as
a compound series that showed the highest frequency of
prediction as binders at the A2AR and PDE10A by ligandand structure-based approaches (Fig. 1a) [33]. For the
purpose of finding dual-target ligands that elevate cAMP,
the focus was on ligands that could simultaneously activate the A2AR (agonists) and inhibit PDE10A.
From the ZINC database, six purchasable triazoloquinazolines (1–6) were shortlisted (compound 1–6
Fig. 1a, see methods for details) [34], which were (Fig. 1b,
c) previously shown to display inhibition of PDE10A
(with a rank order of potency of 1 > 6 = 4 > 5 > 3 = 2) [34].
Importantly, for future reference, no significant activity of the A2AR selective agonist CGS21680 at PDE10A
was detected. Using a crystal structure of PDE10A (PDB
ID: 4DDL) and ligand/protein docking, binding poses
were found that appeared consistent (i.e. docking in
approximately the same position) for all six compounds
(Fig. 1d—illustration of predicted binding modes of representative triazoloquinazolines 1 and 4). Importantly,
this analysis highlighted that the interaction of Tyr683,
a residue belonging to a ‘selectivity pocket’ of PDE10A,
through a hydrogen bond with the thioether of the compounds could explain their PDE10A subtype selectivity.
Following the initial shortlisting (based on PDE10A
activity), compounds 1–6 were docked into the orthosteric site of the A2AR protein crystal structure (PDB ID:
2YDO). In this structure a relatively large displacement
of the Val84 residue was observed (when referenced to
its average distance to Leu249, a residue that is comparatively static in position relative to the structure as a whole
(Additional file 1: Table S1). The relative motion of this
amino acid residue is essential for A2AR activation, in
order to avoid the steric clash that might otherwise result
between the agonist and the receptor.
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Fig. 1 The Structures of the identified PDE10A inhibitors with the potential to bind to the A2AR, and their pharmacology at PDE10A. a Virtual
screening protocol. b Chemical structures for the six compounds identified in the in silico screen, literature references, compound IDs (used here)
and pIC50 for PDE10A inhibition. c Concentration-response curves generated for 1–6 and CGS21680 at PDE10A. Data is the mean of six individual
replicates ± SEM. d Representative binding modes proposed for the triazoloquinazolines 1 and 4 docked to the PDE10A crystal structure (PDB ID:
4DDL). Yellow spheres indicate lipophilic contacts. Aromatic interactions are illustrated by purple disks and hydrogen bond acceptors are shown
as red arrows. Tyr683 is part of the “selectivity pocket” of PDE10A [33], and its interaction through a hydrogen bond with the thioether of both
compounds could explain their subtype selectivity

The selection of the structure to be used as the docking model for the A2AR was based on the Val84-Leu249
inter-residue distances found for the active/inactive
forms of the A2AR protein crystal structures reported
in the protein data bank (PDB). Based on this criterion,
the A2AR crystal structure (PDB ID: 2YDO) was selected
since it exhibited the largest inter-residue distance. It
was hypothesized that this would allow ligand exploration of a conformational space most likely to be occupied
by A2AR agonists when docked into the orthosteric site.
Indeed, this enabled enrichment of A2AR agonists over
A2AR antagonists and A2AR inactives (refer to methods
for details). This is in agreement with a previous study
by Rodríguez et al. [26], where the A2AR crystal structure (PDB ID: 2YDO) displayed the highest enrichment
factor value (EF1 %) for docked agonists over the other
active crystal structures of the A2AR. The 2YDO crystal
structure enriched agonists 63.5-fold better than random
and 2.9-fold better than antagonists (63.5 % versus 21.9 %)
[26]. However, their docking approach failed to find any
A2AR agonists (which used three active structures: PDB
IDs: 2YDO, 2YDV, and 3QAK). The authors rationalized
this as resulting from bias of the chosen chemical libraries towards A2AR antagonists over agonists.
The evaluation of the six triazoloquinazolines 1–6
(Fig. 1a), as promising candidates for A2AR agonism, was
based on their docking scores. Compounds were selected
based on their scores below the score threshold value of
-7.33, which was determined as the optimum selection

criteria for agonists based on computing the Matthews
correlation coefficient (see Methods for more details).
Compounds 1–6 were screened against PAINs (PAN
Assay Interference Compounds) with regard to the
recent analysis of the use of this approach by Tropsha
using FAFDrug3 [35], and none of the compounds exhibited any potential PAINs liability.
Analysis of the molecular docking studies
of the representative triazoloquinazolines 1–4 shortlisted
for experimental validation

Docking studies predicted consistent molecular interactions for the triazoloquinazolines, similar to those of the
co-crystallized ligand bound to the A2AR protein crystal structure (PDB ID: 2YDO). Representative and distinct binding modes are illustrated in Fig. 2. Compounds
1–3, were predicted to be selective A2AR ligands, which
was attributed to interactions with His250 [36, 37]. This
residue is located in the core region of the receptor and
part of a sub-pocket formed by Leu85, Met177, Trp246
and Leu249. Despite the fact that it is conserved among
the A1R and the A2AR subtypes (as suggested by a recent
study [38], due to the high conservation of amino acid
residues in the adenosine receptor subtypes), subtype
selectivity might not be attributed to the receptor-specific amino acid residues, but rather to conformational
differences. Also, given that mutation experiments have
failed so far to highlight any receptor-specific amino acid
residues responsible for subtype selectivity, this would
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Fig. 2 Docking studies predicted molecular interactions similar to those observed for triazoloquinazolines in the A2AR protein crystal structure (PDB
ID: 2YDO). Distinct binding modes are shown for compounds 1 and 4. a Compound 1 hydrogen bonds via the nitrogen of the quinazoline ring with
Asn253 and via the imidazo ring with Glu169. The triazole ring is π-stacked with Phe168, and the phenyl group in quinazoline is π-stacked with His250
b Compound 4 shows π-stacking with Phe168. It can be seen that the A2AR selective agonist 1 is predicted to bind deeper within the binding site
and interacts with His250 and Asn253, which is consistent with binding modes observed in crystallographic data (PDB IDs: 4UG2, 4UHR, 3QAK, 2YDO
and 2YDV). The essential role of His250 in shaping the binding site was supported by MD simulation. Yellow spheres indicate lipophilic contacts, red
arrows show hydrogen bond acceptors and purple disks indicate aromatic interactions

add weight to the suggested hypothesis [37, 39]. Hence,
the selectivity of A2AR agonists could be attributed to
the conformational preferences of the His250 amino acid
residue that contributes to shaping the orthosteric site
to favor their selectivity [38]. Indeed, the interaction
with this residue is only observed for the selective A2AR
co-crystallized agonists, CGS21680 (PDB ID: 4UHR)
and UK432097 (PDB ID: 3QAK) but not for the nonselective co-crystallized agonists NECA (PDB ID: 2YDV)
and adenosine (PDB ID: 2YDO). These results appear to
confirm that interactions with His250 serve to improve
binding to the lipophilic sub-pocket which suggests this
is a driver for A2AR sub-type selectivity. In terms of functional activity however, the occurrence of this interaction
cannot discriminate between agonists and antagonists
[37, 39].
Compound 1 hydrogen bonds via the nitrogen of the
quinazoline ring with Asn253, and via the imidazo ring
with Glu169. The triazole ring is π-stacked with Phe168,
and the phenyl group in quinazoline is π-stacked with
His250 (Fig. 2). Compound 4 shows π-stacking with
Phe168. The selective A2AR agonist, compound 1 is predicted to bind deeper within the receptor core and to
directly interact with His250 and Asn253, which is consistent with the experimentally observed interactions
between the co-crystallized ligands and the active A2AR
crystal structures (PDB IDs: 4UG2, 4UHR, 3QAK,
2YDO and 2YDV). The compounds were not predicted

to display all the interactions exhibited by the agonist
co-crystallized ligands [28–30], in particular the Thr88
and Ser277 interactions, which are also characteristic of
the ZM241385 antagonist [27]. Hence, these interaction
types are not characteristic of agonist activity. However,
it has been reported in the literature that mutating these
residues has a stronger influence on agonist activity than
upon the antagonist activity of the A2AR ligands, but not
on the binding to the A2AR [37–39]. As for the co-crystallized A2AR antagonists (PDB ID: 5IU4 3UZA, 5K2A,
4EIY, 3EML, 5NM2, 5JTB, 5UVI, and 5UIG), these only
show interactions with Phe168, Asn253, and Glu169 residues. Therefore, the type of predicted interaction is not
indicative of receptor activation by the triazoloquinazolines. However, the docking model used enriched A2AR
agonists (exhibited higher docking score distribution)
over A2AR antagonists and A2AR inactives (compounds
that do not bind to the A2AR). This suggested an investigation (using molecular dynamics) into whether the
His250 movement would differ between selective versus
non-selective A2AR agonist binding (discussed in the supporting information) and also to investigate whether the
motion of Val84 would vary upon agonist and antagonist
binding. This could allow discrimination between these
different classes of compounds.
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Analysis of MD Simulations reveals that a shift in Val84
is one requirement for receptor activation by A2AR ligands

The analysis of the active and inactive forms of the available A2AR crystal structures is in accordance with reports
in the literature, which mention that Val84 in TM3 has
to move by approximately 2 Å upon agonist binding to
avoid a steric clash between the ligand and the receptor
[29–31]. This gave rise to the hypothesis that the motion
of this residue might discriminate between agonist and
antagonist binding (Fig. 3a).
MD simulations (100 ns) were performed for the cocrystallized structures (PDB IDs: 5IU4 and 2YDO), which
exhibited the largest differences observed in the distance
between the α-carbons of Val84 in TM3, and Leu249, a
relatively fixed residue in TM6 (12.96 Å and 14.53 Å, see
methods for details). The same MD analysis was carried
out for the apo structure of the A2AR (PDB ID: 5IU4), the
docked triazoloquinazolines 1, 4 and 5 with the highest
predicted affinities, compound 6 (with lowest predicted
affinity), CHEMBL3799351 (a potent antagonist), and
CGS21680 (the selective and potent A2AR agonist). All
these compounds were docked into the orthosteric site
of the inactive form of the A2AR protein crystal structure (PDB ID: 5IU4), Additional file 1: Figure S4. For the
first 50 ns the structures were considered to be relaxing
to an annealed state. For the subsequent 50 ns the agonist
bound structures showed an increase of the Cα distances
between Val84 and Leu249, with an increased distance

equivalent to the active protein crystal structure (PDB
ID: 2YDO). Compound 6, the apo structure, and the
antagonist bound structures did not exhibit this increase
in Cα distances and instead showed a slight decrease in
the Cα distances for the antagonist bound structures in
comparison to the apo structure and compound 6.
To gain further insights from the change in the Cα distances between Val84 and Leu249 for the agonist bound
structures (which are the systems of interest in this
study), longer simulations of 500 ns were carried for compounds 1, 5, and CGS21680, in addition to the active and
inactive cocrystal structures (PDB IDs: 2YDO and 5IU4).
The simulations were run in duplicate.
The same trends were observed in the longer simulations. Over the first 50 ns the structures were annealing,
and for the rest of the simulation (the last 450 ns) compounds 1, 5 and CGS21680 increased their Cα distances
between Val84 and approaching the distance observed for
the active protein crystal structure (PDB ID: 2YDO), as
shown in Fig. 3b, c. Hence, the increase in the distance
between Val84 and Leu249 residues observed upon A2AR
agonist binding appears to serve as a useful conformational descriptor for receptor activation by A2AR ligands.
Characterisation of triazoloquinazolines affinity constant
at adenosine A2AR

We sought to validate the docking studies by quantifying the affinity of each compound at the A2AR using a

Fig. 3 a The aligned and superimposed active (PDB ID: 2YDO in blue) and inactive conformations (PDB ID: 5IU4 in grey) of the A2AR protein crystal
structures. The Val84-Leu249 Cα distances were measured for the active and inactive conformations and were 14.53 Å and 12.96 Å respectively
b The moving average trend-lines (bin-size of 20 frames) are for the Val84-Leu249 Cα distances of the apo structure (PDB ID: 5IU4) and the docked
and the co-crystallized structures (PDB ID: 5IU4 and 2YDO use the same color code as 3A) of the A2AR over a simulation of 100 ns. Compounds 1,
5 and CGS21680 are docked into the inactive form of the A2AR protein crystal structure (PDB ID: 5IU4). The variations in the computed distances
for compounds 1, 5 and CGS21680 were similar - all increased their average distances over time, moving closer to the average distance observed
in the active protein crystal structure (PDB ID: 2YDO). c Violin plots for distance distributions (same color code of Fig. 3b) for the last 450 ns of the
simulations shows higher Val84-Leu249 distances for the agonist bound to the A2AR in comparison to the antagonist bound to the A2AR. Hence,
the increase in the Val84-Leu249 inter-residue distance upon A2AR agonist binding serves as a promising conformational descriptor for receptor
activation by A2AR ligands. A statistical analysis was performed on the distance distributions for the last 450 ns using a Mann-Whitney test and a
Kolmogorov-Smirnov test. The differences in medians of the distance distributions for each of the agonists versus the antagonist were significant at
a p value < 0.05, and the p value for the Kolmogorov-Smirnov test was < 2.2 × 10− 16
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Fig. 4 Characterisation of ligands targeting A2AR/PDE10A using a NanoBRET-based ligand binding assay. a Kinetic binding curve of CA200645 at
Nluc-A2AR expressed HEK293T cells. After 19 minutes association with 40 nM CA200645, CGS21680 was injected to give a final concentration of
10 µM in order to displace the fluorescent probe. The curve was fit into “association then dissociation” model built in Prism 8.4.3. b Competition
of CA200645 (300 nM) by reference compounds including CGS21680, NECA, and isoprenaline at equilibrium. c Competitive binding curves of
triazoloquinazolines in correspond to of 300 nM CA200645. Both curves (panel B and C) were fitted using the “one-site Ki” equation where KD and
concentration of hot ligand were set to 65 nM and 300 nM, respectively. Data points are the mean ± SEM from 3–27 repeats performed in duplicate.
(D) The summary of binding affinities (pKi) of tested ligands. pKi values were calculated from inhibition of CA200645 binding at equilibrium to
Nluc-A2AR-expressed HEK293T cells. # Cmpd 5 did not fully displace binding of CA200645 under condition tested. Statistical significance (*p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001) compared to CGS21680 was determined by one-way ANOVA with Dunnett’s post-test

NanoBRET binding assay. In this experiment, we used
N-terminally tagged A2AR with Nanoluciferase (Nluc)
that will emit bioluminescence in close proximity with
the fluorescent probe, CA200645, in the presence of Nluc
substrate. Firstly, we determine the affinity constant of
CA200645 in our expression system. CA200645 has been
extensively used to characterise ligand binding properties
at adenosine receptor subtypes [40–42]. Using HEK293
cells we determined the disassociation constant (KD) of
CA200645 at the Nluc-A2AR to be 65 nM (Fig. 4a). We
next extended our studies to use a classical competition
binding assay ([43, 44]) where non-fluorescent ligands
compete for binding at the Nluc-A2AR with CA200645.
Using this approach, we determined the pKi for NECA as

6.36 ± 0.09 and CGS21680 as 6.39 ± 0.04 while isoprenaline (a non-selective agonist of β-adrenoceptors) failed
to displace CA200645 (Fig. 4b). We next determined the
rank order of affinities for the six triazoloquinazolines
compounds at the A2AR to be: cmpd 4 > cmpd 2 > cmpd
6 > cmpd 1 = cmpd 3 > cmpd 5 (note: under condition
tested, cmpd 5 was unable to fully displace CA200645)
(Fig. 4c, d).
Identifying AR subtype selectivity of triazoloquinazolines

Identification of AR subtype selectivity of triazoloquinazolines was performed using previously characterised yeast strains expressing human A1R, A2AR or A2BR
[45]. The A3R cannot be functionally expressed in yeast
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(See figure on next page.)
Fig. 5 Dose-response curves for NECA, CGS21680 and compounds 1–6 in either the A1R and GPA1/Gαi1/2, A2AR and GPA1/ Gαs, or the A2BR (with
GPA1/Gαs expressed in yeast strains). The efficacy of the compounds (1–6) was measured against A3R in CHO-K1-A3R cells. Reporter gene activity
in yeast was determined using β-galactosidase assays, after 16-hours stimulation with either: NECA (a), CGS21680 (b) compound 1 (c), compound
2 (d), compound 3 (e), compound 4 (f), compound 5 (g), compound 6 (h), whereas cAMP inhibition was determined when in CHO-K1-A3R cells
which were co-stimulated with each of the compounds 1–6 and 1 µM Forskolin. In general, the triazoloquinazolines 1–5 exhibited agonistic activity
against the adenosine receptor sub-types, with compounds 1–3 being selective A2AR agonists. The data is represented as either percentage of
the response obtained upon stimulating each receptor (A1R, A2AR, or A2BR) with NECA stimulation, or as a percentage response relative to 100 µM
Forskolin simulation in the A3R ± SEM of 4–6 individual replicates

(Knight et al., 2016), therefore we utilised CHO-K1 cells
stably expressing A3R (CHO-K1-A3R). Testing the compounds in these systems identified compounds 1, 2, 3,
4, 5 to be A2AR agonists, whilst compounds 1, 2, 3 are
A2AR-selective (Fig. 5, Additional file 1: Table S2). It is
interesting to note that compound 6 was able to bind to
the A2AR but given that in the yeast based assay it failed
to elicit a functional response, we suggest it maybe an
A2AR antagonist.
To further verify the efficacy of compounds against the
A2AR, we assayed their ability to stimulate cAMP production using CHO-K1 cells stably expressing human A2AR
(CHO-K1-A2AR). All compounds tested were observed
to be partial agonists, relative to CGS21680, with a rank
order of potency of CGS21680 > 5 = 4 > 1 = 3 > 6 > 2
(Fig. 6; Table 1). Antagonism with ZM241385 displayed
non-classical antagonism, which is presumed to be due
to the dual effects upon endogenous PDE10A (Additional file 1: Figure S5). For compound 6, treatment with
ZM241385 solely reduced Emax and basal levels, with no
effect on the response range (Fig. 6; Table 1). ZM241385
has been suggested to be an inverse agonist at the A2AR
potentially explaining these effects [30]. Importantly, all
compounds were able to stimulate cAMP production
in the absence of the A2AR, or in the presence of 1 µM
ZM241385, presumably from inhibition of PDE10A.
Thus, we observe a significant increase in efficacy of
compounds 1–5 via the additional action upon the A2AR
(Fig. 6; Table 1), which could be attributed to an additive
action in elevating intracellular cAMP levels.
Dual PDE 10A inhibition and A2AR agonism is anti‐
proliferative in CHO-K1-A2AR cells

Both CHO-K1 and CHO-K1-A2AR cells displayed
concentration-dependent inhibition of cell proliferation when stimulated with forskolin (Additional file 1:
Figure S6, Table S3), confirming the anti-proliferative
effects of cAMP. However, sole activation of the A2AR,
via CGS21680 stimulation, had no anti-proliferative
effects upon either cell type (Additional file 1: Figure S6,
Table S3). In contrast stimulation with compound 1 displayed A2AR-dependent inhibition of cell growth. Compounds 3–5 show anti-proliferative effects in CHO-K1

cells, which increased in terms of both potency and efficacy when the A2AR was expressed (Additional file 1:
Figure S6, Table S3). Compound 2 appeared to be antiproliferative regardless of the cell type tested whereas
Compound 6 displayed little anti-proliferative action
implying that that sole inhibition of PDE 10A has little
effect upon the proliferation of CHO-K1 cells (Additional
file 1: Figure S6, Table S3).
Dual PDE 10A inhibition and A2AR agonism
is anti-proliferative in Lung carcinoma cells

Having established that the compounds 1–5 appear to
have dual activity in CHO-KI cells where the A2AR was
over expressed we then extended our studies to a series of
lung carcinoma cells: two lung squamous cell carcinomas
(LUSC): LK-2 and H520, and two lung adenocarcinoma
cells (LUAC): H1563 and H1792, which express differing levels of the four adenosine receptor subtypes and
PDE10A (Fig. 7a). Using these cell lines, we investigated
the effects of compounds of our dual-target compounds
upon cAMP production and proliferation (Fig. 7). Note,
compound 2 was not analysed for cAMP production in
this study due to apparent off-target toxic effects upon
CHO-K1 cell proliferation—a feature also noted in all
four lung carcinoma cell lines.
LK-2 cells express the A1R, A2BR and very low levels
of PDE10A, but lacked expression of the A2AR (Fig. 7a).
In these cells compound 3 and to a lesser extent compound 4 were able to stimulate cAMP production
(Fig. 7a, Additional file 1: Table S4). However, only
forskolin and compound 3 (Fig. 7a, Additional file 1:
Table S5) displayed any anti-proliferative actions. Thus,
in the absence of significant PDE10A or A2AR expression, compound 1 and 5 displayed little activity. Compound 4 is an agonist for the A2BR so presumably this
explains its ability to stimulate cAMP production. The
action of compound 3 was somewhat of a surprise and
may suggest it has additional activities beyond A2AR
and PDE10A. By means of a comparison, H520 cells
express all four ARs, but no PDE 10A. In these cells, we
were able to observe stimulation of cAMP accumulation
when exposed to all compounds except for compound
6, which displayed low potency and efficacy (Fig. 7,
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Fig. 6 CGS21680 and compounds 1–6 elevated cAMP in A2AR stably expressed in CHO-K1 cells, which were antagonized by ZM241385. A2AR stably
expressed in CHO-K1 cells (CHO-K1-A2AR) were stimulated for 30 minutes with: CGS21680 (a), compound 1 (b), compound 2 (c), compound 3 (d),
compound 4 (e), compound 5 (f), or compound 6 (g), after which the cAMP levels were determined. Subsequently compounds were antagonized
with either 100 pM, 10 nM or 1 µM ZM241385, which decreased the cAMP levels to the same level of CHO-K1 cells (no A2AR stably expressed). Data
represented are relative to the response of CGS21680, ± SEM of 4–9 individual replicates

Additional file 1: Table S4). The increase in activity of
the compounds was also apparent for proliferation
assays, where compounds 1, 3–5 all displayed antiproliferative activity with higher affinity and efficacy
than that observed in the LK-2 cells (Fig. 7, Additional
file 1: Table S5). This data highlights the potential of
the compounds to prevent proliferation when the A2AR
is expressed. Likewise, in H1792 cells we observe the
expression of all four ARs and an increase in PDE10A
expression, relative to H520 cells (Fig. 7). Again, we
observed the ability of all compounds to elevate cAMP
levels, whilst compounds 1, 3, 4 and 5 act in an antiproliferative manner (Fig. 7, Additional file 1: Tables S4,
S5). The same was also apparent for H1563 cells, which
in contrast to H1792 cells express much higher levels
of PDE10A (Fig. 7, Additional file 1: Tables S4, S5). By
comparing the observed potencies for proliferation and
cAMP assays, across all cell types, for all anti-proliferative compounds, a strong correlation was observed
(Fig. 7B, r = 0.80, 95 % CI; 0.85–0.91). This suggests that
through improving efficacy in terms of cAMP production, an increased efficacy can also be achieved in terms
of proliferation inhibition.
Finally, to provide convenient means by which to compare the anti-proliferative activities of the compounds
tested in this study, we multiplied the potency term
(affinity) for the compounds by their efficacy (span of
antiproliferation)—generating a ‘proliferation factor’
term as described previously [46]. Using this analysis,
we can observe that compounds 1, 3, 4 and 5, all display
improved efficacy when both PDE10A and A2AR are present in the cells (Fig. 7). In contrast, compound 6 displays
no anti-proliferative activity in any cell type tested whilst
CGS21680 is only anti-proliferative in H1563 cells (Fig. 7,
Additional file 1: Table S5), suggesting these are more
sensitive to proliferation inhibition. In contrast, forskolin displays near equal activity in all cell types tested. As
described earlier, compound 3 displayed activity in all
four NSCLC cell lines suggesting it may display off target
effects. Significantly, it is worth highlighting that compound 4 displayed higher efficacy when the A2BR was
most abundantly expressed in cells. This directly corelates
with it being non-selective at the different AR subtypes
and suggests it may be a pan-AR/PDE10A compound.

Conclusions
In this work, a novel structure-based approach has been
successful in identifying triazoloquinazolines as the first
dual ligands that activate the A2AR and inhibit PDE10A
simultaneously. Docking of the triazoloquinazolines 1–6,
which are known PDE10A inhibitors, was performed
on the orthosteric site of the A2AR (PDB ID: 2YDO). It
is demonstrated experimentally using a BRET-based
ligand-binding assay that these ligands indeed bind to
the A2AR. The rank order of affinity for the six triazoloquinazolines at the A2AR was found to be: cmpd 4 > cmpd
2 > cmpd 6 > cmpd 1 = cmpd 3 > cmpd 5.
Functional analysis in yeast-screening assay and in
mammalian cells demonstrated that compounds 1–5
were A2AR agonists and revealed that compounds 1–3 are
selective for the A2AR. It is suggested that the observed
A2AR sub-type selectivity for 1–3 is attributed to their
predicted interactions with the His250 residue, which is
an interaction present only in the selective co-crystallized A2AR agonists, such as CGS21680 and UK432097.
It was further demonstrated by MD simulation analysis
that this residue undergoes conformational changes only
when selective A2AR agonists are bound and not when
non-selective agonists bind to A2AR. This could contribute to shaping the orthosteric site to favor selectivity of
A2AR agonists. Moreover, MD analysis highlighted the
motion of Val84 in TM3 as an essential requirement for
A2AR activation.
Compounds 1 and 3–5 exhibited promising concentration-dependent anti-proliferative effects in lung squamous cell carcinoma cells and lung adenocarcinoma
cells, which correlated with co-expression of A2AR and
PDE10A and increased cellular levels of cAMP. Compound 1 (as a selective A2AR agonist and a PDE10A
inhibitor) exhibited increased potency for both cAMP
accumulation and anti-proliferative actions, which
increased in tandem with the combined target expression
(A2AR and PDE10A) across the NSCLC cell lines, from
LK-2-H520-H1792-H1563. Hence, the structure-based
approach proposed in this work has been successfully
validated using binding and functional assays, and it provides a template for generating A2AR agonists as part of a
dual-target design objective.
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Table 1 Potency (pEC50) and range of responses for cAMP production upon CGS21680 and triazoloquinazoline
stimulated cAMP accumulation in CHO-K1-A2AR and CHO-K1 cells
CHO-K1-A2AR

CGS21680
Cmpd 1
Cmpd 2
Cmpd 3
Cmpd 4
Cmpd 5
Cmpd 6

CHO-K1

pEC50a

Rangeb

8.78 ± 0.2

86.33 ± 7.2

6.29 ± 0.5**

30.50 ± 8.1

6

7.55 ± 0.2

37.71 ± 2.9**

5

33.87 ± 5.3

6

7.32 ± 0.2

7.26 ± 0.3**

7.70 ± 0.4**
6.52 ± 0.4

n

pEC50a

CHO-K1-A2AR vs. CHO-K1
Rangeb

n

Δ pEC50c

Δ Ranged

9

ND

ND

4

–

–

61.14 ± 5.2***

8

6.49 ± 0.3

20.19 ± 2.7

4

0.83 ± 0.5

40.95 ± 7.80

28.95 ± 6.3

6

5.90 ± 0.3

18.32 ± 2.3

4

27.42 ± 4.4

6

4.85 ± 0.2

39.46 ± 3.9

4

6.62 ± 0.2

18.75 ± 1.7

4

6.35 ± 0.3

31.42 ± 4.6

4

6.30 ± 0.2

19.49 ± 1.7

4

1.44 ± 0.6
1.21 ± 0.5

− 8.96 ± 10.6
10.63 ± 8.70

0.93 ± 0.6

18.96 ± 3.60

0.17 ± 0.8

2.45 ± 9.9

1.28 ± 2.4

7.93 ± 6.1

Data ± SEM of n individual replicates. aNegative logarithm of agonist concentration producing half-maximal response. bPercentage range of response observed
upon agonist stimulation, relative to that obtained with CGS21680 stimulation in each cell type. cChange in pEC50 between CHO-K1 and CHO-K1-A2AR cells (Δ
pEC50 = pEC50(CHO-K1-A2AR) - pEC50(CHO-K1)). dChange in range between CHO-K1 and CHO-K1-A2AR cells (Δ Range = Range (CHO-K1-A2AR) - Range (CHO-K1)). ND
Not determined, full dose-response curve not feasible. Statistical difference, between CHO-K1-A2AR cells and CHO-K1 cells, was calculated using pair-wise t-tests, for
each agonist (*p < 0.05, **p < 0.01, ***p < 0.001)

Methods
Design approach for the discovery of dual ligands
at the A2AR and PDE10A

Triazoloquinazolines were shortlisted as candidates of
dual ligands at the A2AR and PDE10A since this chemical series were predicted to show activity based on
ligand- and structure- based techniques [33]. The focus
was on discovering compounds that elicited an elevation of cAMP by the activity of ligands having dual
effects, simultaneously agonists at A2AR and inhibitors of
PDE10A.
From the ZINC database, eleven purchasable triazoloquinazolines that were experimentally determined
as PDE10A inhibitors were identified using a search for
the triazoloquinazoline substructure with the following
criteria: Uniprot ID: Q9Y233 and IC50 < 10 µM. Identified triazoloquinazolines had the following ZINC IDs:
3,154,141, 3,141,002, 6,206,233, 9,937,921, 9,939,949,
2,968,902, 14,728,559, 424,907, 13,229,753, 44,924,158,
and 8,747,709. These were downloaded for subsequent
docking into the orthosteric site of the A2AR protein crystal structure.
Selection of the A2AR protein crystal structure
for shortlisting triazoloquinazoline candidates as A2AR
agonists

All the active forms of the A2AR protein crystal structure with the following PDB IDs (4UG2, 4UHR, 3QAK,
2YDO, and 2YDV) and the inactive forms with the following PDB IDs (5IU4, 3UZA, 5K2A, 4EIY, 3EML,
5NM2, 5JTB, 5UVI, and 5UIG) were downloaded into
MOE [47]. It has been reported in the literature that Val84
in TM3, which is located in the orthosteric site, has to
shift its position upon agonist binding owing to a steric
clash with the ligand, which may contribute to the 2 Å

shift observed in H3 [29–31]. To evaluate the change in
the interaction upon agonist binding, the distance was
calculated from a single amino acid residue to Val84. This
gave a frame of reference to compare structures. The
‘fixed’ amino acid residue selected was Leu249 in TM6.
This was achieved by aligning all the active and inactive
forms of the A2AR protein crystal structures (using the
sequence editor > alignment > align/superimpose option).
Then, the mean RMSD displacement from the mean of
all the aligned structures was calculated for Leu249, which
turned out to be low (0.40 Å) confirming that it is reasonably static in its relative position.
For each PDB ID of the active and inactive forms of
the A2AR crystal structures, the distance between the
α-carbons of Val84 in TM3 and Leu249 in TM6 was measured in MOE using the measure > distances option.
Additional file 1: Table S1 lists all the Val84-Leu249 interresidue distance values. The inter-residue distances of
the active forms ranged from 14.30 to 14.53 Å, and for
the inactive forms they ranged from 12.96 to 13.36 Å. The
largest displacement of the Val84 residue was measured
for the active form in PDB ID: 2YDO, and the distance
was equal to 14.53 Å. This can be compared to the inactive form of the A2AR protein crystal structure (PDB ID:
5IU4), which had the minimum distance (12.96 Å). Given
that Val84 displayed the highest displacement from the
Leu249 residue in the protein crystal structure with the
PDB ID: 2YDO, it was selected as the best candidate for
shortlisting candidates of A2AR agonists.
Ligand preparation

39 potent agonists and 38 potent antagonists of the A2AR
(Uniprot ID: P29274) with EC50 and IC50 values less
than 1 µM and confidence scores equal to 9 were manually extracted from ChEMBL. 133 A2AR inactives were
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Fig. 7 Lung squamous cell carcinoma and adenocarcinoma cells display increasing sensitivity to compounds 1, 3–5 in terms of proliferation,
dependent upon combined A2AR and PDE10A expression. Lung squamous cell carcinoma cells (LK-2 and H520) and lung adenocarcinoma cells
(H1792 and H1563 were subjected to semi-quantitative RT-PCR analysis to determine expression of the A1R, A2AR, A2BR, A3R and PDE 10A, data
represented relative to GAPDH expression, ± SEM of 3 individual replicates. Further, each cell line was stimulated with CGS21680 or compounds
1, 3–6 for 30 minutes and cAMP levels determined. Data represented relative to the response obtained upon stimulation with 100 µM Forskolin,
± SEM of 4–8 individual replicates. Additionally, all cells were stimulated with CGS21680, or 1, 3–6 for 72 hours and cell number determined using
CCK-8. Data represented as a percentage of the cell number present after treatment with 1 % DMSO, ± SEM of 4–8 replicates. (B) Correlation plot
for pEC50 of each compounds ability to stimulate cAMP production vs. its pIC50 for inhibiting proliferation. Data represented ± SEM. (C) Proliferation
factor (pIC50 x span anti-proliferative Additional file 1: Table S5) calculated for 1, 3–6, CGS21680s and forskolin at LK-2, H520, H1792 and H1563 cells.
Bars represent the mean Imax ± SEM, whilst individual data points are shown as a scatter plot.

extracted from PubChem using SQL and the eleven purchasable triazoloquinazolines were selected from the
ZINC database. The entire set of ligands were prepared
for docking into the orthosteric site of the A2AR protein
crystal structure, with LigPrep 2.5 [48]. using the default
settings and the Epik option, which introduces energy
penalties associated with ionization and tautomerization
[49].
Receptor preparation

Docking with Glide [50] was performed against the
human A2AR protein crystal structure (PDB IDs: 2YDO
and 5IU4). The protein structures were prepared using

the Protein Preparation Wizard of Maestro 9.3 [51], following the default protocol, which accounts for energy
refinement, hydrogen addition, pKa assignment, sidechain rotational isomer refinement, and addition of
missing residues and side-chains with Prime 3.1 [52].
Resolved water molecules were discarded, and the structure was centered using the co-crystallized ligand as the
center of the receptor grid generated for each protein
structure. The co-crystal structures of A2AR with Adenosine (PDB ID: 2YDO) and with ZM241385 (PDB ID:
5IU4) were selected as target structures.
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Enrichment of agonists by the A2AR docking model (PDB
ID: 2YDO)

In an attempt to validate the A2AR docking model, the
set of prepared A2AR agonists, antagonists and inactives
were docked using Glide against the prepared protein
structure.
The Glide docking parameters used were extra precision (XP) and flexible ligand sampling, which obtained
the best separation for the medians of docking score
distributions for agonists versus antagonists and agonists versus inactives of the A2AR. This implies that this
docking model enriches the agonists. Additional file 1:
Figure S7 shows the separation of the medians for the
A2AR docking model: (A) − 11.24 (agonists) (B) − 7.88
(antagonists) and (C) − 6.74 (inactives). Statistical analysis was performed with R using a Mann-Whitney test on
the agonist and antagonist docking score distributions, as
well as agonist and inactive docking score distributions.
The differences in medians were significant at a p value of
less than 0.05 [33].
Cut‐off generation for compound selection as candidates
of A2AR agonists from the docking model

The Matthews correlation coefficient (MCC), which takes
into account true and false positives (agonists) and negatives (antagonists), was computed (using a Python script
[33]) for the docking scores of the agonists and antagonists against the A2AR docking model. A search was
performed for a docking score threshold that gave the
highest MCC in order to shortlist promising candidates
of A2AR agonists, which displayed docking scores that are
lower than the score with the highest MCC, and this gave
a threshold of -7.33 for the A2AR docking model.
Docking

The eleven purchasable triazoloquinazolines, which were
prepared with LigPrep, were docked against the A2AR
protein crystal structure (PDB ID: 2YDO). The Glide
docking parameters used were extra precision (XP) and
flexible ligand sampling. The parameters were deduced
from docking experiments using known actives and
inactives against the protein-docking model. The A2AR
protein is fairly rigid as assessed by thermal stability (B
factor) in Glide [53]. Six triazoloquinazolines (1–6) displayed docking scores that are lower than − 7.33, which
was the docking score with the highest MCC for the
known agonists and antagonists. Their chemical structures are depicted in Fig. 1. Additionally compounds
1, 4 and 5 (with the highest predicted affinities and the
most potent agonists identified), compound 6 (which did
not exhibit any agonist activity), CHEMBL3799351 (an
antagonist with an IC50 = 4.35 nM and confidence score
equal to 9) and CGS21680 (the selective and potent A2AR

agonist) and adenosine (a non-selective adenosine receptor agonist), were docked into the inactive form of the
A2AR protein crystal structure (PDB ID: 5IU4) for MD
simulation and analysis. The six triazoloquinazolines (1–
6) were then shortlisted for validation as A2AR agonists in
relevant biochemical assays.
MD simulations

Based on a structural analysis of the available A2AR
crystal structures, the distance between the α-carbons
of Val84 in TM3 and Leu249 in TM6 was selected for
investigation as a conformational descriptor for receptor activation. The two A2AR co-crystallized structures
(PDB IDs: 5IU4 and 2YDO), which exhibited the largest difference in α-carbon distances between Val84 in
TM3 and Leu249 in TM6 (12.96 Å versus 14.53 Å respectively), were selected for molecular dynamics simulation. Subsequently, compounds 1, 4, 5, and 6 that were
docked into the orthosteric site of the inactive form of
the A2AR protein crystal structure (PDB ID: 5IU4) were
subjected to a 100 ns MD simulation protocol. Likewise, CHEMBL3799351, CGS21680 and adenosine were
docked into the orthosteric site of the inactive form of
the A2AR protein crystal (PDB ID: 5IU4) to obtain simulations of control compounds. The apo structure (PDB
ID: 5UI4) was also selected for the same analysis.
The starting structures were prepared using Maestro
9.3 following the default procedure for protein preparation. The protocol adds missing residues and sidechain
information with Prime 3.1 [52], and uses the “Cap termini” option that adds the coordinates to the residue.
Next, “Analyze network” in the interactive hydrogen
bond optimizer was used to check on the assignments of
hydrogen orientations in the hydrogen bonding network.
They were subsequently optimized. All MD simulations
described in this study were performed using Desmond
3.2, available in the Schrödinger software package Release
2016-3 with the default force field OPLS3 [54]. An
orthorhombic box was used to build the model systems
with periodic boundary conditions in an isothermal–isobaric ensemble with a constant number of particles (NPT
ensemble). The system temperature was kept at 300 K,
and the pressure was kept at atmospheric pressure. The
definition of transmembrane regions was taken from the
OPM database [55]. The receptor structures were embedded in a pre-equilibrated palmitoyloleoyl-phosphatidylcholine membrane (bilayer) and solvated with simple
point charge water and 0.15 M NaCl. All other parameters were set to default values (refer to Additional file 1:
Table S6 in supporting information). The 100 ns simulations were carried out with Desmond 3.2 via command
line on the computer cluster CALCULON (University
of Cambridge) by using 20 central processing units. For
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each compound, the simulations were performed twice,
and the trajectories obtained were analyzed with the
software VMD. Then plots were obtained for the RMSD
values of His250 in TM6, and the α-carbons distances
between Val84 in TM3 and Leu249 in TM6 for the simulated systems over 100 ns using the seaborn library [56].
The same protocol was repeated for the 500 ns simulations for compounds 1, 5, CGS21680, and the A2AR protein crystal structures (PDB IDs: 2YDO and 5UI4) (each
performed in duplicate).
Materials

Triazoloquinazolines 1–6 were supplied from Ambinter
(Orléans, France), and CGS21680, NECA and ZM241385
from Tocris Biosciences (Abingdon, UK) (%purity ≥ 95).
All compounds were stored in 10 mM stock solutions in
DMSO. Rolipram was purchased from Cayman chemicals (Michigan USA), and other laboratory reagents were
from Sigma-Aldrich (Poole, UK), of analytical grade.
Mammalian cell culture

CHO-K1 (gifted by Dr. Ewan St. John Smith, University
of Cambridge, UK) CHO-K1-A2AR and CHO-K1-A3R
cells (gifted by Prof. Karl-Norbert Klotz, University of
Wuerzburg, Germany), were routinely cultured in Hams
F-12 nutrient mix, supplemented with 10 % fetal bovine
serum (FBS). H520, H1563, H1792 and LK-2 cells (gifted
by Dr. Whalid Khaled, University of Cambridge, UK)
were grown in RPMI media + 10 % FBS. All media was
further supplemented with 1X antibiotic, antimycotic
solution (Sigma Aldrich, Poole, UK). Culturing of all cell
types was done at 37 °C in a humidified atmosphere containing 5 % CO2.
Generation of CHO-K1 cell line stably expressing the A2AR

CHO-K1 cells stably expressing the A2AR cells were
generated via transfection with 500 ng pcDNA3.1-A2AR
(cDNA.org), per well of a 24-well plate, which was performed with FuGENE HD (Promega, Wisconsin, USA),
at a 1:3 (w/v) DNA:FuGENE ratio. Prior to adding
800 µg/ml G418 (Sigma Aldrich, Poole, UK), the cells
were further cultured for 48 hours. Then every 48 hours,
G418 containing media were replaced until foci of cells
were attained, which were left to grow to 100 % confluency. Afterwards, each well was tested for the ability of
CGS21680 to elevate cAMP, performing further culturing with appropriately responding clones as described.
Phosphodiesterase 10A inhibition assays

A PDE10A assay kit (BPS Bioscience, San Diego, CA)
was used to test the PDE10A inhibition of compounds
1–6 as described in the manufactures protocol. 400 pg of

purified PDE10A was used per reaction, and the plates
were read using a TECAN infinite M200.
Yeast methods

Generation of yeast strains was done according to previously reported protocols, and they have been routinely
grown as previously described [45]. Yeast cells expressing
either the A1R, A2AR, or A2BR were treated with either
NECA, CGS21680 or compounds 1–6, in order to measure the activity of each, as previously described [45].
Bioluminescence Resonance Energy transfer (BRET)-based
ligand binding of triazoloquinazolines

HEK293T cells were seeded in 6-well plates at density of
106 cells/well and grown overnight at 37oC in DMEM/
F12 medium supplemented with 10 % FBS and 1 % antibiotic/antimycotic. Cells were then transfected with 1.5 µg
Nluc-A2AR construct (a gift from Dr. Stephen Briddon,
and Professor Steven Hill, University of Nottingham, UK)
per well using PEI method. The ratio of DNA:PEI used
for this transfection was 1:6 in 150 mM NaCl [57]. Cells
were grown overnight, harvested and seeded at a density
of 50,000 cells/well into PLL-coated white 96-well plates
(Greiner, UK) in complete growth medium and cultured for a further 24 h. On the day of the assay, culture
medium was discarded and replaced by 80 µl BRET buffer
which consist of PBS supplemented with 0.9 mM CaCl2,
0.5 mM MgCl2, and 1 % BSA (w/v). The assay was started
by adding 10 µl of furimazine, the substrate of Nluc (Promega, UK) (diluted in BRET buffer) to a final concentration of 0.4 µM and the plate was incubated in the dark at
room temperature for 5 minutes.
For association-dissociation kinetic experiments, following furimazine incubation, 40 nM of CA200645 (purchased from Hello Bio, Bristol, UK) was added and the
plate was immediately read. After 19 minutes stimulation, CGS21680 was injected to give a final concentration
of 10 µM. Whereas for competition association assays,
after incubation with furimazine, CA200645 (300 nM)
in the presence of unlabelled ligand (in a range of 10 pM
to 100 µM) were added simultaneously. BRET signal was
recorded for either 50 minutes or 20 minutes, for kinetic
experiments or competition assay as appropriate, on a
Mithras LB940 plate reader allowing sequential integration of signal detected from fluorescent probe CA200645
and Nluc. The BRET ratio corresponds to the ratio of
light emission from acceptor (red fluorescent probe,
long pass filter > 610 nm) over donor (Nluc 460 nm).
Ligand-induced ΔBRET was used to construct the association-dissociation kinetic of the fluorescence probe and
competition binding curve of unlabelled ligands.
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Prior to assay, harvesting of cells was performed with trypsin
containing 0.05 % EDTA, they were then washed with
PBS, and subsequently resuspended in stimulation buffer
(PBS Proliferation assays containing 0.1 % BSA and 25 µM
rolipram). Seeding of cells was done at 2000 cells well− 1
of a 384-well white optiplate, and then they were stimulated at room temperature with compounds 1–6 (ranging
100 pM-10 mM) for 30 minutes. The cells were subsequently
lysed, and the measurement of cAMP levels was done using
a LANCE cAMP detection kit (PerkinElmer), and the plates
were read with a Mithras LB940 microplate reader.

per reaction. RT-PCR was subsequently implemented
according to what has been previously reported[58]. The
RT-PCR that has been done used gene specific primers
to human: GAPDH (Sense 5’–TGCACCACCAACTGC
TTAGC– 3’; Antisense 5’-GGCATGGACTGTGGTCAT
GAG–3’), A1R (Sense 5’-CCACAGACCTACTTCCAC
ACC–3’; Antisense 5’–TACCGGAGAGGGATCTTG
ACC–3’, Primerbank ID − 115305570C1), A2AR (Sense
5’-CGCTCCGGTACAATGGCTT–3’; Antisense 5’–
TTGTTCCAACCTAGCATGGGA–3’, Primerbank ID
− 156142194C1), A2BR (Sense 5’–TGCACTGACTTC
TACGGCTG–3’; Antisense 5’–GGTCCCCGTGACCAA
ACTT–3’, Primerbank ID − 22907046C1), A3R (Sense
5’–GGCCAATGTTACCTACATCACC–3’;
Antisense
5’–CCAGGGCTAGAGAGACAATGAA–3’, Primerbank
ID − 4501953A1) and PDE10A (Sense 5’-TGA TGACTT
TTCTCTCGACGTTG–3’; Antisense 5’–AAGCCACCT
ACACAGTGTCTC–3’, Primerbank ID − 359465520C1).
Then, gel electrophoresis (using 2 % agaorse gels) was
performed to resolve PCR products. The imaging of gels
was subsequently done using a G Box iChemi gel documentation system employing GeneTools analysis software (Syngene, Cambridge, UK) and densitometry.

Proliferation assays

Data analysis

To determine KD value of CA200645, the signals from
kinetic assay was fit into “association then dissociation”
equation which was built in Prism 8.4. With the purpose
of validating BRET-based competition assay, several reference compounds including CGS21680, NECA, and
isoprenaline were also included. Binding affinities were
calculated from competition assay by fitting data to nonlinear regression using “one-site, fit Ki” model built in
Prism 8.4. The concentration and KD values of ‘hot’ ligand
were set to 300 nM and 65 nM, respectively.
cAMP accumulation assays

To test the effect of compounds 1–6 upon proliferation,
various cell types were seeded onto clear 96-well plates
at proper densities for each; CHO-K1 (2000 cells well− 1),
CHO-K1-A2AR (2000 cells well− 1), H520 (2500 cells well− 1),
H1563 (2500 cells well− 1), H1792 (2500 cells well− 1), LK-2
(2500 cells well− 1). This was done in suitable media, and
they were cultured for 24 hours. After the subsequent addition of compounds 1–6 (ranging 316 nM − 100 µM), cells
were allowed to grow further for 72 hours. Quantification
of changes in cell number was done by adding 5 µl CCK-8
reagent to each well, accompanied by incubation at 37 °C for
1–3 hours. The determination of OD450 was done using a
Mithras LB940 micro-plate reader at 450 nm.
RT-PCR

Extraction of RNA from H520, H1792, H1563 and LK-2
cells was done using a RNAqueous®-4PCR Total RNA
Isolation Kit (Life Technologies, Paisley, UK) as per the
manufacturer’s instructions. Then, DNAse I treatment
was performed to remove the contamination by genomic
DNA. Subsequently, the quantification of the degree
of purity of RNA samples was performed using a NanoDrop™ Lite spectrophotometer (Thermo Scientific,
UK). The samples that were used in cDNA synthesis are
those of yields > 100 ng/µL and A260/280 ratios > 1.9. The
cDNA synthesis was done using a QuantiTect reverse
transcription kit (Qiagen, Manchester, UK), for which
a total of 1 µg of freshly isolated RNA was consumed

Data analysis was performed using GraphPad Prism 8.2.1
(San Diegeo, CA). All data for β-galactosidase assays
were normalized to the responses resulting from NECA
stimulation, whereas the data for cAMP inhibition/accumulation assays were normalised to those obtained upon
stimulation with 100 µM Forskolin or CGS21680. As for
proliferation assays, the normalization of all data was
done relative to the responses obtained upon treating
cells with 1 % (v/v) DMSO. Subsequently, a three-parameter logistic equation was used for fitting each set of normalized data β-galactosidase or cAMP data, in order to
calculate pEC50/pIC50 and Emax values. Also, the fitting
of the proliferation data was done using a three-parameter logistic equation constraining the basal value to 100
and the system maximum to the IMax value obtained for
compound 2, since it elicited the maximum inhibition of
cellular proliferation in all cell types tested. A one-way
ANOVA with Dunnett’s post-test, or Student’s t-test was
used to assess the statistical significance for all assays,
where p < 0.05 was considered to be significant.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13321-021-00492-5.

345

Additional file 1. Discussion. Additional figures and tables

Kalash et al. J Cheminform

(2021) 13:17

Page 16 of 17

Authors’ contributions
LK conceived the idea of the dual-target ligand design, designed the computational study, shortlisted the compounds for experimental validation, and
wrote this manuscript. GL and IW designed while, IW, DS and SC performed,
all in vitro experiments to validate the design approach. MB helped in running MD simulation analysis. DS, IW and GL analyzed in vitro data and wrote
the pharmacology aspect of the manuscript. AB, RG, and GL supervised the
project. All authors read and approved the final manuscript.
Funding
LK thanks the IDB Cambridge International Scholarship for support. This
work was financially supported by an ERC grant to AB (No. 336159), and
MRC Doctoral Training Partnership studentship to I.W. (MR/J003964/1) and a
Leverhulme Trust Grant to G.L (RPG-2017-255). We would also like to thank the
Endowment Fund for education from the Ministry of Finance of the Republic
of Indonesia for supporting DS and the Posen fund (Murray Edwards College)
awarded to SC. M.B. acknowledges funding from the German Research Foundation (grant number DFG-407626949) and the German Academic Exchange
Service (DAAD). Finally, we thank the Dr Walid Khalid and members of the WTK
laboratory (Pharmacology Cambridge) for the gift of the NSCLC cell lines.

10.

11.

12.

13.
14.

Competing interests
The authors declare no competing interests.
Author details
1
Centre for Molecular Informatics, Department of Chemistry, University
of Cambridge, Lensfield Road, CB21EW Cambridge, UK. 2 Department
of Pharmacology, University of Cambridge, Tennis Court Road, CB2 1PD Cambridge, UK. 3 Pharmacology and Clinical Pharmacy Research Group, School
of Pharmacy, Bandung Institute of Technology, 40132 Bandung, Indonesia.
4
Institute of Pharmacy, Freie Universität Berlin, Königin-Luise-Straße 2 und 4,
14195 Berlin, Germany. 5 Department of Metabolism Digestion and Reproduction, Faculty of Medicine, Imperial College London, SW7 2AZ London, UK.
6
Present Address: GlaxoSmithKline, Gunnels Wood Road, Hertfordshire SG1
2NY Stevenage, UK.

15.
16.

17.

18.

Received: 9 December 2020 Accepted: 1 February 2021
19.

References
1. Hellstrom M, Harvey AR (2014) Cyclic AMP and the regeneration of
retinal ganglion cell axons. Int J Biochem Cell Biol 56:66–73. https://doi.
org/10.1016/j.biocel.2014.04.018
2. Errante FS, Leite AA, Caricati-Neto A, Bergantin LB (2017) RPM-R new
antitumoral pharmacological strategies involving Ca2+/camp signaling
pathways. J Cancer Epidemiol Prev 2:6
3. Fajardo AM, Piazza GA, Tinsley HN (2014) The role of cyclic nucleotide
signaling pathways in cancer: targets for prevention and treatment.
Cancers (Basel) 6:436–458. https://doi.org/10.3390/cancers6010436
4. Indolfi C, Avvedimento EV, Di Lorenzo E et al (1997) Activation of cAMPPKA signaling in vivo inhibits smooth muscle cell proliferation induced by
vascular injury. Nat Med 3:775–779. https://doi.org/10.1038/nm0797-775
5. Toll L, Jimenez L, Waleh N et al (2011) {Beta}2-adrenergic receptor agonists inhibit the proliferation of 1321N1 astrocytoma cells. J Pharmacol
Exp Ther 336:524–532. https://doi.org/10.1124/jpet.110.173971
6. Rodriguez G, Ross JA, Nagy ZS, Kirken RA (2013) Forskolin-inducible cAMP
pathway negatively regulates T-cell proliferation by uncoupling the
interleukin-2 receptor complex. J Biol Chem 288:7137–7146. https://doi.
org/10.1074/jbc.M112.408765
7. Mediavilla-Varela M, Luddy K, Noyes D et al (2013) Antagonism of
adenosine A2A receptor expressed by lung adenocarcinoma tumor cells
and cancer associated fibroblasts inhibits their growth. Cancer Biol Ther
14:860–868. https://doi.org/10.4161/cbt.25643
8. Inoue Y, Yoshimura K, Kurabe N et al (2017) Prognostic impact of CD73
and A2A adenosine receptor expression in non-small-cell lung cancer.
Oncotarget 8:8738–8751. https://doi.org/10.18632/oncotarget.14434
9. Zhu B, Lindsey A, Li N et al (2017) Phosphodiesterase 10A is overexpressed in lung tumor cells and inhibitors selectively suppress growth

20.

21.

22.

23.

24.
25.

26.
27.

346

by blocking β-catenin and MAPK signaling. Oncotarget 8:69264–69280.
https://doi.org/10.18632/oncotarget.20566
Fusco JP, Pita G, Pajares MJ et al (2018) Genomic characterization of individuals presenting extreme phenotypes of high and low risk to develop
tobacco-induced lung cancer. Cancer Med. https://doi.org/10.1002/
cam4.1500
Rickles RJ, Pierce LT, Giordano TP et al (2010) Adenosine A2A receptor
agonists and PDE inhibitors: a synergistic multitarget mechanism discovered through systematic combination screening in B-cell malignancies.
Blood 116:593–602. https://doi.org/10.1182/blood-2009-11-252668
Jankowska A, Wesołowska A, Pawłowski M, Chłoń-Rzepa G (2019) Multifunctional ligands targeting phosphodiesterase as the future strategy
for the symptomatic and disease-modifying treatment of alzheimer’s
disease. Curr Med Chem. https://doi.org/10.2174/092986732666619
0620095623
Cheong SL, Federico S, Spalluto G et al (2019) The current status of
pharmacotherapy for the treatment of Parkinson’s disease: transition from
single-target to multitarget therapy. Drug Discov Today 24:1769–1783
Shipe WD, Sharik SS, Barrow JC et al (2015) Discovery and optimization
of a series of pyrimidine-based phosphodiesterase 10A (PDE10A) inhibitors through fragment screening, structure-based design, and parallel
synthesis. J Med Chem 58:7888–7894. https://doi.org/10.1021/acs.jmedc
hem.5b00983
Rieger JM, Brown ML, Sullivan GW et al (2001) Design, synthesis, and
evaluation of novel A2A adenosine receptor agonists. J Med Chem
44:531–539. https://doi.org/10.1021/jm0003642
Chen JB, Liu EM, Chern TR et al (2011) Design and synthesis of novel dualaction compounds targeting the adenosine A(2A) receptor and adenosine transporter for neuroprotection. ChemMedChem 6:1390–1400. https
://doi.org/10.1002/cmdc.201100126
Halder AK, Amin SA, Jha T, Gayen S (2017) Insight into the structural
requirements of pyrimidine-based phosphodiesterase 10A (PDE10A)
inhibitors by multiple validated 3D QSAR approaches. SAR QSAR Env Res
28:253–273. https://doi.org/10.1080/1062936x.2017.1302991
Yuan G, Gedeon NG, Jankins TC, Jones GB (2015) Novel approaches
for targeting the adenosine A2A receptor. Expert Opin Drug Discov
10:63–80. https://doi.org/10.1517/17460441.2015.971006
Pourbasheer E, Shokouhi Tabar S, Masand VH et al (2015) 3D-QSAR and
docking studies on adenosine A2A receptor antagonists by the CoMFA
method. SAR QSAR Env Res 26:461–477. https://doi.org/10.1080/10629
36X.2015.1049666
Hu E, Kunz RK, Rumfelt S et al (2012) Use of structure based design to
increase selectivity of pyridyl-cinnoline phosphodiesterase 10A (PDE10A)
inhibitors against phosphodiesterase 3 (PDE3). Bioorg Med Chem Lett
22:6938–6942. https://doi.org/10.1016/j.bmcl.2012.09.010
Deganutti G, Moro S (2017) Supporting the identification of novel fragment-based positive allosteric modulators using a supervised molecular
dynamics approach: a retrospective analysis considering the human A2A
adenosine receptor as a key example. Molecules. https://doi.org/10.3390/
molecules22050818
McGraw C, Yang L, Levental I et al (2019) Membrane cholesterol depletion
reduces downstream signaling activity of the adenosine A2A receptor.
Biochim Biophys Acta Biomembr 1861:760–767. https://doi.org/10.1016/j.
bbamem.2019.01.001
Yuan S, Hu Z, Filipek S, Vogel H (2015) W246(6.48) opens a gate for a continuous intrinsic water pathway during activation of the adenosine A2A
receptor. Angew Chem Int Ed Engl 54:556–559. https://doi.org/10.1002/
anie.201409679
Guo D, Pan AC, Dror RO et al (2016) Molecular basis of ligand dissociation
from the adenosine A2A receptor. Mol Pharmacol 89:485–491. https://
doi.org/10.1124/mol.115.102657
Mondal C, Halder AK, Adhikari N, Jha T (2014) Structural findings of cinnolines as anti-schizophrenic PDE10A inhibitors through comparative
chemometric modeling. Mol Divers 18:655–671. https://doi.org/10.1007/
s11030-014-9523-9
Rodríguez D, Gao Z-G, Moss SM et al (2015) Molecular docking screening
using agonist-bound GPCR structures: probing the A2A adenosine receptor. J Chem Inf Model 55:550–563. https://doi.org/10.1021/ci500639g
Novikov GV, Sivozhelezov VS, Shaitan KV (2013) [Investigation of the
conformational dynamics of the adenosine A2A receptor by means of
molecular dynamics simulation]. Biofizika 58:618–634

Kalash et al. J Cheminform

(2021) 13:17

Page 17 of 17

28. Xu F, Wu H, Katritch V et al (2011) Structure of an agonist-bound human
A2A adenosine receptor. Science 332:322–327. https://doi.org/10.1126/
science.1202793
29. Lebon G, Edwards PC, Leslie AG, Tate CG (2015) Molecular determinants
of CGS21680 binding to the human adenosine A2A receptor. Mol Pharmacol 87:907–915. https://doi.org/10.1124/mol.114.097360
30. Lebon G, Warne T, Edwards PC et al (2011) Agonist-bound adenosine A2A
receptor structures reveal common features of GPCR activation. Nature
474:521–525. https://doi.org/10.1038/nature10136
31. Carpenter B, Lebon G (2017) Human adenosine A2A receptor: molecular
mechanism of ligand binding and activation. Front Pharmacol 8:898.
https://doi.org/10.3389/fphar.2017.00898
32. Ng HW, Laughton CA, Doughty SW (2013) Molecular dynamics simulations of the adenosine A2A receptor: structural stability, sampling, and
convergence. J Chem Inf Model 53:1168–1178. https://doi.org/10.1021/
ci300610w
33. Kalash L, Val C, Azuaje J et al (2017) Computer-aided design of multitarget ligands at A1R, A2AR and PDE10A, key proteins in neurodegenerative diseases. J Cheminform 9:1–19. https://doi.org/10.1186/s1332
1-017-0249-4
34. Kehler J, Ritzen A, Langgard M et al (2011) Triazoloquinazolines as a novel
class of phosphodiesterase 10A (PDE10A) inhibitors. Bioorg Med Chem
Lett 21:3738–3742. https://doi.org/10.1016/j.bmcl.2011.04.067
35. Capuzzi SJ, Muratov EN, Tropsha A (2017) Phantom PAINS: problems with
the utility of alerts for pan-assay interference compounds. J Chem Inf
Model 57:417–427. https://doi.org/10.1021/acs.jcim.6b00465
36. Katritch V, Jaakola VP, Lane JR et al (2010) Structure-based discovery of
novel chemotypes for adenosine A(2A) receptor antagonists. J Med
Chem 53:1799–1809. https://doi.org/10.1021/jm901647p
37. Jaakola VP, Lane JR, Lin JY et al (2010) Ligand binding and subtype selectivity of the human A(2A) adenosine receptor: identification and characterization of essential amino acid residues. J Biol Chem 285:13032–13044.
https://doi.org/10.1074/jbc.M109.096974
38. Glukhova A, Thal DM, Nguyen AT et al (2017) Structure of the adenosine
A1 receptor reveals the basis for subtype selectivity. Cell 168:867-877 e13.
https://doi.org/10.1016/j.cell.2017.01.042
39. Weston C, Poyner D, Patel V et al (2014) Investigating G protein signalling
bias at the glucagon-like peptide-1 receptor in yeast. Br J Pharmacol
171:3651–3665. https://doi.org/10.1111/bph.12716
40. Stoddart LA, Vernall AJ, Denman JL et al (2012) Fragment screening at
adenosine-A3 receptors in living cells using a fluorescence-based binding assay. Chem Biol. https://doi.org/10.1016/j.chembiol.2012.07.014
41. Soave M, Kellam B, Woolard J et al (2020) NanoBiT complementation to
monitor agonist-induced adenosine A1 receptor internalization. SLAS
Discov. https://doi.org/10.1177/2472555219880475
42. Barkan K, Lagarias P, Vrontaki E et al (2019) Pharmacological characterisation of novel adenosine receptor A3R antagonists. BioRxiv. https://doi.
org/10.1101/693796
43. Bylund DB, Toews ML (1993) Radioligand binding methods practical
guide and tips. Am J Physiol. 265(5 Pt 1):L421-9
44. Kenakin KT (1988) Pharmacologic Analysis of drug receptor interaction.
Ther Drug Monit. https://doi.org/10.1097/00007691-198803000-00029

45. Knight A, Hemmings JL, Winfield I et al (2016) Discovery of Novel Adenosine Receptor Agonists That Exhibit Subtype Selectivity. J Med Chem
59:947–964. https://doi.org/10.1021/acs.jmedchem.5b01402
46. Safitri D, Harris M, Potter H et al (2020) Elevated intracellular cAMP
concentration mediates growth suppression in glioma cells. Biochem
Pharmacol. https://doi.org/10.1016/j.bcp.2020.113823
47. Molecular Operating Environment (MOE) (2013) Chemical Computing
Group Inc., Montreal, QC
48. Schrödinger Release 2016-4 (2016) LigPrep, Schrödinger, LLC, New York
49. Shelley JC, Cholleti A, Frye LL et al (2007) Epik: a software program for
pK(a) prediction and protonation state generation for drug-like molecules. J Comput Aided Mol Des 21:681–691. https://doi.org/10.1007/
s10822-007-9133-z
50. Halgren TA, Murphy RB, Friesner RA et al (2004) Glide: a new approach for
rapid, accurate docking and scoring. 2. Enrichment factors in database
screening. J Med Chem 47:1750–1759. https://doi.org/10.1021/jm030
644s
51. Sastry GM, Adzhigirey M, Day T et al (2013) Protein and ligand preparation: parameters, protocols, and influence on virtual screening enrichments. J Comput Aided Mol Des 27:221–234. https://doi.org/10.1007/
s10822-013-9644-8
52. Jacobson MP, Pincus DL, Rapp CS et al (2004) A hierarchical approach to
all-atom protein loop prediction. Proteins Struct Funct Genet. https://doi.
org/10.1002/prot.10613
53. Parthasarathy S, Murthy MRN (2000) Protein thermal stability: insights
from atomic displacement parameters (B values). Protein Eng Des Sel
13:9–13. https://doi.org/10.1093/protein/13.1.9
54. Bowers KJ, Chow DE, Xu H, Dror RO, Eastwood MP, Gregersen BA, Klepeis
JL, Kolossvary I, Moraes MA, Sacerdoti FD, Salmon JK, Shan Y, Shaw
DE (2006) Scalable algorithms for molecular dynamics simulations on
commodity clusters. In: SC’06: Proceedings of the 2006 ACM/IEEE Conference on Supercomputing. Tampa, FL, pp 43. https://doi.org/10.1109/
SC.2006.54
55. Lomize MA, Pogozheva ID, Joo H et al (2012) OPM database and PPM
web server: resources for positioning of proteins in membranes. Nucleic
Acids Res 40:D370–D376. https://doi.org/10.1093/nar/gkr703
56. (2017) Seaborn: statistical data visualization. http://seaborn.pydata.org
57. Mackie DI, Nielsen NR, Harris M et al (2019) RAMP3 determines rapid recycling of atypical chemokine receptor-3 for guided angiogenesis. Proc Natl
Acad Sci U S A 116:24093–24099. https://doi.org/10.1073/pnas.19055
61116
58. Ladds G, Zervou S, Vatish M et al (2009) Regulators of G protein signalling
proteins in the human myometrium. Eur J Pharmacol 610:23–28. https://
doi.org/10.1016/j.ejphar.2009.03.042

Publisher’s note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

347

RAMPs regulate signalling bias and cellular fate of the GIPR
Matthew Harris1, Duncan I. Mackie2, John B. Pawlak2, Sabrina Carvalho1, Tin T. Truong3, Dewi
Safitri1, Ho Yan Yeung1, Sarah Routledge1, Matthew T. Harper1, Bashaier Al-Zaid4, Mark Soave5,6,
Suleiman Al-Sabah4, Asuka Inoue7, David Poyner8, Stephen J. Hill5,6, Stephen J. Briddon5,6, Patrick
M. Sexton3, Denise Wootten3, Peishen Zhao3*, Kathleen M. Caron2* and Graham Ladds1*
1
2

Department of Pharmacology, University of Cambridge, Cambridge, CB2 1PD, UK
Department of Cell Biology and Physiology, University of North Carolina, Chapel Hill, North

Carolina, USA
3

Drug Discovery Biology Theme, Monash Institute of Pharmaceutical Sciences, Monash University,

Parkville 3052, Victoria, Australia
4

Department of Pharmacology and Toxicology, Faculty of Medicine, Kuwait University, Kuwait

5

Division of Physiology, Pharmacology and Neuroscience, School of Life Sciences, University of

Nottingham, Nottingham, NG7 2UH, UK
6

Centre of Membrane Proteins and Receptors, University of Birmingham and University of

Nottingham, Midlands, UK.
7

Graduate School of Pharmaceutical Sciences, Tohoku University, Sendai, Miyagi 980-8578, Japan

8

Life and Health Sciences, Aston University, Birmingham, B4 7ET, UK

* To whom correspondence should be addressed:
Dr. Graham Ladds, Department of Pharmacology, University of Cambridge, Tennis Court Rd.,
Cambridge, CB2 1PD, United Kingdom. Tel.: 44 (0) 1223 334020; E-mail: grl30@cam.ac.uk.
Prof. Kathleen Caron, Department of Cell Biology and Physiology, University of North Carolina,
Chapel Hill, North Carolina, USA. E-mail: kathleen_caron@med.unc.edu
Dr. Peishen Zhao, Drug Discovery Biology, Monash Institute of Pharmaceutical Sciences, Monash
University, Parkville 3052, Victoria, Australia. E-mail: elva.zhao@monash.edu

Key words: G protein coupled receptor (GPCR), gastric inhibitory polypeptide receptor (GIPR),
receptor activity-modifying protein (RAMP), signal bias, G protein activation, internalisation.

348

Abstract
Receptor activity modifying proteins are a subfamily of 3 proteins that can interact with and modulate
G protein-coupled receptors (GPCRs). While most class B1 GPCR:RAMP combinations interact
intracellularly, only a restricted subset of complexes reach the cell surface. GIPR, a class B1 GPCR,
physiologically potentiates glucose-stimulated insulin secretion. Here we identify that GIPR interacts
with all three RAMPs and that these interactions can modulate both G protein activation and GIPR
internalisation profiles. RAMP3 reduced GIPR Gs activation and cAMP production, but retained the
GIPR at the cell surface, and this was associated with prolonged ERK1/2 phosphorylation and
enhanced b-arrestin association. By contrast, RAMP1/2 reduced Gq/11/15 activation and enhanced
internalisation of the GIPR. Through knockout mice studies, we show that RAMP1 is important to
the normal physiological functioning of GIPR to regulate blood glucose levels. Thus, RAMPs act on
G protein/b-arrestin complexes, having both acute and chronic effects on GIPR function.

Introduction
Gastric inhibitory polypeptide (GIP) is a 42 amino acid peptide secreted postprandially from Kenteroendocrine cells1. After its release, it is rapidly broken down by dipeptidylpeptidase IV (DPPIV)
to GIP (3-42), a weak partial agonist. The substitution of L-Ala for D-Ala to produce GIP (D-Ala2)
reduces this breakdown, whilst substitution of the third amino acid, Glu, for Pro in GIP results in the
partial agonist (GIP (Pro3))2. Together, GIP and glucagon-like peptide 1 (GLP-1) function to
potentiate glucose stimulated insulin secretion from pancreatic b-cells3, a process severely impaired
in type 2 diabetes mellitus (T2DM)4. Away from the pancreas, GIP has effects on adipocytes,
osteoblasts and neurons, and is thus a potential therapeutic target for diseases such as, T2DM,
osteoporosis, Parkinson’s disease and Alzheimer’s disease5–8.
GIP (1-42) acts via the GIP receptor (GIPR), a class B1 G protein-coupled receptor (GPCR).
Like most class B1 GPCRs, GIPR classically activates Gas leading to accumulation of cAMP. The
notion of pleiotropic signalling - the ability of a receptor to stabilise multiple active conformations to
couple to numerous G protein effectors9 - has since been demonstrated for most class B1 GPCRs10,
including the closely related glucagon-like peptide-1 receptor (GLP-1R) and glucagon receptor
(GCGR)11,12. It has been reported that GIPR activation results in ERK1/2 phosphorylation13 and is
likely to mobilise intracellular calcium, but additional studies on pleiotropic signalling of the GIPR are
lacking.
Further diversity in GPCR signalling can be bought about by interaction with receptor activitymodifying proteins (RAMPs). The three RAMPs (RAMP1, RAMP2 and RAMP3) are single
transmembrane spanning proteins initially discovered as molecular chaperones for the calcitonin
receptor-like receptor (CLR)14. RAMPs and CLR associate in the endoplasmic reticulum and are
trafficked to the plasma membrane (PM) since neither can efficiently migrate to the cell surface
alone. Beyond their roles as molecular chaperones, RAMPs have been reported to modulate ligand
binding, G protein coupling, downstream effector recruitment and receptor internalisation and
recycling of other class B1 GPCRs including; calcitonin receptor (CTR); parathyroid hormone 1
receptor (PTH1R); parathyroid hormone 2 receptor (PTH2R); secretin receptor (SCTR); GCGR;
corticotrophin releasing factor receptor 1 (CRFR1) and; vasoactive intestinal polypeptide receptor 1
(VPAC1R)15–19. A recent study demonstrated that the majority of class B1 GPCRs are capable of
interacting with RAMPs20. However, previous studies demonstrating that the GLP-1R has little, if
any, effect on cell surface expression of RAMPs21,22, indicate that not all identified interactions are
productive for cell surface expressed complexes.
In this study, we report that GIPR indeed signals pleiotropically, activating a wide range of G
protein subtypes, promoting cAMP production, mobilising intracellular calcium and ERK1/2
phosphorylation. By utilising flow cytometry and BRET methods for screening GPCR-RAMP
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interactions, we demonstrate that GIPR interacts with all three RAMPs, and identify multiple other
interacting GPCRs that also alter RAMP trafficking. The interaction of RAMPs with GIPR modulates
signalling bias of the receptor and shows a clear separation of effects when comparing GIPR
complexes with RAMP1 or 2, and RAMP3. This modulation is dependent on a complex interplay
between effects on G protein activation and differences in receptor localisation. We also demonstrate
that RAMPs play an important role in modulating GIPR activity in vivo. Importantly, this study
highlights the influence of RAMPs on GIPR pharmacology and demonstrates the need to consider
RAMPs when investigating GIPR signalling, as well as other RAMP-interacting GPCRs.

Results
BRET and flow cytometry identify GIPR as a novel RAMP interacting GPCR
RAMPs interact with many class B1 GPCRs, although different approaches to measure interaction
have yielded differences in their outcomes and are not without controversy15,20. We therefore
preformed a systematic screen of each RAMP-class B1 GPCR combination using a BRET-based
screening assay to identify receptor:RAMP interactions23 (Figure 1A-B and Supplementary Table 1)
and a flow cytometry-based assay to verify if these interactions translated to effects on cell surface
expression24 (Figure 1C-E). In the BRET screen, cells were cotransfected with a constant amount of
GPCR-Rluc (GPCR with a C-terminal fusion to Rluc) with increasing amounts of each RAMP-YFP.
Based on the screening thresholds established in Mackie et al.23 our BRET screen shows that the
majority of class B1 GPCRs form either good or strong interactions with all three RAMPs, and
corresponds well with a recent suspension bead array-based screen of class B1 GPCR:RAMP
interactions20. CRFR2 formed only a poor interaction with RAMP1, whilst CRFR1, PAC1R and
PTH1R with RAMP1, were the only GPCR: RAMP pairs where an interaction was deemed negative.
RAMP-interacting GPCRs typically promote plasma membrane localisation of RAMPs15.
Therefore, we next performed flow cytometry using an APC-conjugated anti-FLAG monoclonal
antibody to detect levels of FLAG-RAMP surface expression upon cotransfection with each class B1
receptor to verify if potential protein-protein interactions translated to effects on RAMP surface
expression. Little to no cell surface expression of FLAG-RAMP1 or FLAG-RAMP2 was observed
when cotransfected with vector control (pcDNA3.1) in HEK-293S cells, although FLAG-RAMP3
partially localised to the plasma membrane in the absence of receptor (Figure 1C-E). This effect has
also previously been observed in HEK-293 and Cos-7 cells23,25.
Not all RAMP-GPCR interactions identified in the BRET screen translated to effects on RAMP
plasma membrane expression. The majority of receptor-RAMP combinations that increased surface
expression of FLAG-RAMPs correlated well with previous functional studies16,21,22,24–27. We also
identify novel RAMP-GPCR interacting partners that promote plasma membrane localisation of
RAMPs including the SCTR with RAMP1, GHRHR with RAMP2 and the GIPR with all three RAMPs
(Figure 1C-E). Also, of note, whilst there was no BRET interaction between PAC1R and RAMP1
there was a significant elevation in FLAG-RAMP1 surface expression with PAC1R (Figure 1C).
Overall, these data exemplify the variety of cellular interactions between RAMPs and GPCRs,
demonstrating a necessity for orthogonal approaches to screening.
Coexpression of GIPR with each FLAG-RAMP significantly promoted RAMP surface
expression (Figure 1C-E), with the effect on RAMP3 comparable to that of CLR (the archetypal
RAMP-interacting receptor). This novel interaction was also verified using ELISA (Supplementary
Figure 1A). Whilst there was no reciprocal effect of RAMP1 or RAMP2 coexpression on the plasma
membrane expression of GIPR, RAMP3 co-expression resulted in a small (~20%), but significant
increase in GIPR cell surface expression compared to GIPR alone (Supplementary Figure 1B).
To interrogate the difference observed between the BRET and flow cytometry screens, we
generated SNAP-RAMP and Nluc-CLR/GIPR/CRFR2 fusion constructs and utilised a cell
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impermeable SNAP reagent (SNAP-Surface® Alexa® Fluor 488) to measure BRET between GPCR
and RAMP only at the cell surface. All of the newly generated fusion constructs were shown to be
functional (Supplementary Figure 2). While the rank order of potency for CLR agonists in the
presence SNAP-RAMP1 and SNAP-RAMP3 was identical to FLAG- or HA- tagged RAMPs, there
was some discrepancy with the CLR-SNAP-RAMP2 complex. However, SNAP-RAMP constructs
were used solely for the purpose of BRET. As predicted, CLR and GIPR exhibited saturable
increases in DBRET with increasing concentration of all three SNAP-RAMPs, indicating direct
interactions (Figure 1F-H), whilst there was only a very small, linear increase in DBRET between
CRFR2 and RAMP3, and no effect with RAMP1 or RAMP2. Cell surface localised BRET between
RAMPs and CLR/GIPR was confirmed through cell surface BRET imaging (Supplementary Figure
1C-D). The two BRET assays, together with the lower cell surface expression of FLAG-RAMP3 in
the presence of CRFR2, indicate that CRFR2 may interact with RAMP2, but that this complex does
not traffic to the cell surface, an effect previously observed with the atypical chemokine receptor 3
(ACKR3)23. Thus, many of the potential GPCR:RAMP complexes identified in the initial BRET screen
may only occur intracellularly. Overall, these data provide evidence for an interaction between GIPR
and all three RAMPs and that these complexes are present at the cell surface.
Signalling pleiotropy of the GIPR
GIPR is traditionally considered to be a Gas-coupled GPCR whereby activation leads to production
of cAMP. However, many class B1 GPCRs, including the closely related glucagon and GLP-1
receptors are known to signal pleiotropically10. GCGR and GLP-1R stimulate release of calcium from
intracellular stores ((Ca2+)i), and ERK1/2 phosphorylation; events that are reported to be downstream
of Gs, Gq, Gi and/or b-arrestins11,12,28,29. Therefore, we firstly sought to characterise the ability of the
GIPR to pleiotropically couple to different transducers, namely distinct G protein subtypes and barrestins. We utilised a NanoBiT system to evaluate agonist-dependent dissociation of each
individual Ga-LgBiT from Gbg2-SmBiT29,30,31, along with BRET to assess recruitment of b-arrestin1/2YFP to myc-GIPR-Rluc (functionally validated in Supplementary Figure 2B) as measures of G
protein activation and b-arrestin1/2 recruitment at the GIPR (Figure 2A, Supplementary Figure 3).
The GIPR coupled to multiple distinct G protein subfamilies and recruited b-arrestins when
stimulated with its cognate ligand GIP (1-42) in HEK-293 cells transiently expressing the GIPR. A
rank order of potency was established for activation of each Ga in combination with the optimal Gbg2
complex (that which resulted in the largest range and most robust response32, Supplementary Figure
4), and, recruitment of b-arrestin1/2: Gs ≈ G12 > Gi2 > Gq ≈ G13 > Gz > b-Arr2 > Gi3 ≈ b-Arr1 ≈ G11>
G15 > G14 (Figure 2A, Supplementary Figure 3). These experiments demonstrate that GIPR couples
to more than one G protein, albeit with significantly lower potency for all effectors except G12, Gi2 and
Gq. Whilst most G proteins were clearly monophasic, both Gz and G12 displayed two phases of
response: a high potency first phase (8.77±0.55 and 11.00±0.22, respectively) and a lower potency
second phase (6.18±0.61 and 8.18±0.24, respectively). To further assess signalling, the ability of
GIP (1-42) to activate three intracellular signalling pathways (cAMP accumulation, (Ca2+)i
mobilisation and phosphorylation of ERK1/2) was assessed (Figure 2B-D, Table 1). In all cases, GIP
(1-42) was able to stimulate concentration-dependent responses. Both cAMP and (Ca2+)i
mobilisation were monophasic, whilst ERK1/2 phosphorylation displayed a pronounced biphasic
response. Unsurprisingly, the cAMP response was the most potent, with lower potency observed for
(Ca2+)i mobilisation and ERK1/2 phosphorylation (cAMP: pEC50 of 9.83± 0.08; (Ca2+)i: pEC50 of
8.70±0.16; pERK1/2: three-parameter fit pEC50 of 7.93±0.2; pEC50_1 of 9.13±0.61, pEC50_2 of
6.22±0.50 as determined using the biphasic model).
To determine the contribution of individual G protein subfamilies and downstream effectors
to modulation of these three GIPR-mediated signalling pathways, we stimulated the GIPR,
transiently expressed in HEK-293S cells, after pre-treatment with a number of pharmacological
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inhibitors (Supplementary Figure 5). In this system, cAMP accumulation was independent of Gai/o
coupling as PTx did not alter cAMP responses (Supplementary Figure 5A). Given the biphasic nature
of the pERK1/2 response, it was not surprising that multiple inhibitors modulated the GIP (1-42)
response (Supplementary Figure 5B). 30-minute pre-treatment with 100 nM YM-254890, to
selectively inhibit Gq/11/14 activation, or overnight pre-treatment with PTx significantly attenuated the
high potency first phase of ERK1/2 phosphorylation (p=0.0027 and p=0.0465, respectively). The
lower potency, second pERK1/2 phase appeared to be EPAC1/2-dependent as pre-treatment with
non-selective EPAC1/2 inhibitor, ESI-09, removed any second phase response. Interestingly, a
similar effect was observed for (Ca2+)i mobilisation, despite being monophasic (Supplementary
Figure 5C). Pre-treatment with YM-254890, or PTx significantly reduced (Ca2+)i mobilisation, by
approximately 90% (p<0.0001) and 70% (p<0.0001), respectively. There was also a small EPAC1/2dependent component to (Ca2+)i mobilisation (p=0.0021). This indicates that GIPR stimulates (Ca2+)i
mobilisation and promotes phosphorylation of ERK1/2 via at least Gaq/11/14, Gai/o and EPAC1/2dependent mechanisms.
GCGR and GLP-1R peptide agonists exhibit cross reactivity with related receptors and have
potential for differences in biased agonism22,33,34. Consequently, we investigated a series of GIP
peptide analogues and GCGR and GLP-1R agonists for interaction with GIPR and potential biased
agonism in second messenger assays (Figure 2E-G, Table 1). In all cases, GIP (D-Ala2) had almost
identical potency and Emax to GIP (1-42), GIP (Pro3) was a partial agonist with lower potency and,
GIP (3-42) had a substantially lower maximum response with similar potency to GIP (Pro3). For
ERK1/2 phosphorylation, GIP (D-Ala2) and GIP (Pro3) responses were biphasic (pEC50_1 of
8.72±0.60 and 7.49±0.12 and pEC50_2 of 6.88±0.46 and 4.50±0.41, respectively). Furthermore, all
GCGR and GLP-1R family ligands were monophasic and very weak partial agonists with potency
values in the high nM to low µM range. Overall, these findings illustrate that GIPR signals
pleiotropically, has very little cross-reactivity with glucagon or GLP-1 family ligands in common
second messenger assays and only the three most potent agonist for ERK1/2 phosphorylation were
able to generate a biphasic response. Assessment of G protein activation for the two most potent
GIP-peptide analogues after GIP (1-42); GIP (D-Ala2) and GIP (Pro3) was also performed using
representatives for each G protein subtype (Figure 2H-K, Supplementary Figure 6, Supplementary
Table 2), revealing a similar rank order of potency to that observed for the intracellular signalling
pathways. At the G protein level, GIP (Pro3) was not biphasic at any of the four G proteins, whilst,
similar to GIP (1-42), GIP (D-Ala2) was biphasic for G12 (pEC50_1 of 10.97±0.30 and pEC50_2 of
7.42±0.46). Interestingly, GIP (D-Ala2) also displayed two phases of response at Gq (pEC50_1 of
9.77±0.43 and pEC50_2 of 6.45±0.40), unlike GIP (1-42). Calculation of the relative intrinsic activity
(RAi, a measure of the Emax and EC50 ratio for test and reference) for GIP (D-Ala2) and GIP (Pro3),
relative to GIP (1-42), at each signalling pathway and G protein tested revealed that they appear to
be neutral ligands (Figure 2L and M).
RAMPs differentially modulate GIPR signalling
After establishing that GIPR interacts with, and promotes, RAMP surface expression, we set out to
determine whether RAMPs modulate GIPR signalling. For this, GIPR was co-expressed with each
FLAG-RAMP and the ability of GIP (1-42), GIP (D-Ala2) and GIP (Pro3) to stimulate cAMP
accumulation, (Ca2+)i mobilisation and ERK1/2 phosphorylation was assayed under the same
experimental conditions as Figure 2 (Figure 3A-C Table 2). Despite co-expression of RAMP3
resulting in increased cell surface expression of GIPR, RAMP3 led to a small, but significant,
reduction in the potency and Emax for cAMP accumulation for all three agonists (Figure 3A). Coexpression of GIPR with RAMP1 or RAMP2 did not alter GIP-mediated cAMP accumulation. In
contrast, co-expression with RAMP1 or RAMP2 significantly reduced the Emax for (Ca2+)i mobilisation
for all 3 peptides (Figure 3B, Table 2). A similar trend was observed for ERK1/2 phosphorylation,
with RAMP1 or RAMP2 co-expression reducing Emax for all three agonists (Figure 3C, Table 2).
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Analysis using the biphasic model revealed that the attenuated pERK1/2 response upon
coexpression with RAMP1 and RAMP2 was a result of significant attenuation to the fraction of the
response mediated by the high potency phase for GIP (1-42) (p=0.043 and p=0.0057) and GIP (DAla2) (p=0.046 and p=0.015). RAMP3 had no effect on (Ca2+)i mobilisation or ERK1/2
phosphorylation .
Overall, there is a clear separation of the effects of RAMP3 (to reduce cAMP signalling) and
RAMP1 and RAMP2 (to reduce (Ca2+)i mobilisation and ERK1/2 phosphorylation) relative to GIPR
expressed alone. This indicates that RAMPs modulate GIPR function.
RAMPs differentially modulate GIPR signalling by altering G protein activation
As RAMPs can modulate G protein activation of various class B1 GPCRs16,21,22,35, we hypothesised
that the observed effects on GIPR signalling were a result of changes to G protein activation.
Therefore, we investigated the effect of RAMPs on G protein activation and b-arrestin recruitment in
the presence of each FLAG-RAMP (Figure 4A-L, Supplementary Figure 7, Supplementary Table 3,
Table 3). Coexpression of RAMP3 with GIPR led to a significant reduction in the potency of Gs
activation for GIP (1-42) (p=0.0003, Figure 4A, Supplementary Table 3). RAMP3 coexpression had
no significant effect on activation of any other G protein or b-arrestin recruitment (Figure 4B-L,
Supplementary Figure 7, Supplementary Table 3). In stark contrast, coexpression with either RAMP1
or RAMP2 significantly reduced the potency of activation of Gq, G11 and G15 (Figure 4E, F and H,
Supplementary Figure 7, Supplementary Table 3), whilst having no effect on the other G proteins
assayed, or b-arrestin1/2 recruitment (Figure 4A-D, G, I-L, Supplementary Figure 7, Supplementary
Table 3). The changes in potency for GIP (1-42) induced by coexpression with each RAMP relative
to GIPR alone are displayed in Figure 4M. Similar effects of RAMPs on GIPR mediated activation
of members from each G protein subtype (Gs, Gq, Gi2 and G12) were observed for GIP (D-Ala2) with
RAMP3 reducing the potency of activation of Gs and RAMP1/2 reducing the potency of activation of
Gq (Supplementary Figures 8-9. Supplementary Table 4). Extending the analysis of the GIP (D-Ala2)
Gq response to the biphasic model revealed that RAMP1/2 significantly attenuated the fraction of the
response mediated by the high potency first phase (p=0.0066 and p=0.0046, respectively). Together
these data show that RAMP3 significantly shifts G protein activation away from Gs, while RAMP1
and RAMP2 significantly shift G protein activation away from Gq, G11 and G15.
Combined with the inhibitor data for attenuation of specific signalling pathways shown in
Supplementary Figure 5, these data indicate that the RAMP3-dependent effect on cAMP
accumulation may be associated with a reduced ability to activate Gs, and the RAMP1 and RAMP2dependent effects on (Ca2+)i mobilisation and ERK1/2 phosphorylation may be linked to reduced
activation of Gq, G11 and G15, but not Gi/o.
RAMPs control internalisation of GIPR
Beyond effects on G protein activation and ligand specificity, RAMPs are known to influence receptor
internalisation and recycling 17,18,23,36. We therefore set out to determine whether RAMPs had any
effect on GIPR internalisation or recycling using flow cytometry and confocal microscopy (Figure 5).
Using flow cytometry, we assessed GIPR-RAMP internalisation and recycling by measuring
cell surface expression of FLAG-GIPR in the presence or absence of HA-RAMPs (addition of the
FLAG-tag to GIPR did not influence signalling, whilst CLR signalling was comparable between HARAMPs and FLAG-RAMPs - Supplementary Figure 2) and FLAG-RAMP (with untagged GIPR), in
the absence of GIP (1-42), after 1 hour treatment with 100 nM GIP (1-42), and after 4 hours recovery
from agonist stimulation in the presence of cycloheximide, to prevent de novo protein synthesis
(Figure 5A and Supplementary Figure 10A). After 1 hour treatment with GIP (1-42), there was a
significant reduction in cell surface expression of FLAG-GIPR when expressed alone
(Supplementary Figure 10A), or coexpressed with RAMP1 or RAMP2 (Figure 5A), indicative of
homologous desensitisation and internalisation. There was no reduction in cell surface expression
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of FLAG-GIPR when expressed in HEK-293 cells lacking b-arrestin (Supplementary Figure 10B),
suggesting that agonist-stimulated internalisation of GIPR is b-arrestin-dependent. Interestingly,
there was no significant change in FLAG-GIPR surface expression when co-expressed with RAMP3
(Figure 5A). A similar pattern was observed for RAMP surface expression, indicating that GIPR and
RAMP1 or RAMP2 internalise as a complex, whereas RAMP3 retains the GIPR in a complex at the
cell surface. Following 4 hours recovery from agonist stimulation, there was no significant recycling
of either GIPR or RAMP in GIPR:pcDNA3.1 (Supplementary Figure 10A), GIPR:RAMP1 or
GIPR:RAMP2 expressing cells (Figure 5A), while surface expression remained at approximately
untreated levels in GIPR:RAMP3 expressing cells. This implies that GIPR alone, or in complex with
RAMPs, does not recycle to the plasma membrane after ligand-induced internalisation, at least when
saturating concentrations of agonist are used.
To confirm these observations, we used confocal microscopy to track the cellular localisation
of myc-GIPR-Rluc in the presence and absence of RAMP1 or RAMP3 (Figure 5B). In the absence
of RAMP, GIPR was clearly localised to the plasma membrane before treatment, internalised to
intracellular vesicles following 1 hour treatment with GIP (1-42) and did not appear to recycle to the
plasma membrane after ligand wash-out and 4 hours recovery (Figure 5B). When RAMP1 was
coexpressed, colocalisation was observed between GIPR and RAMP1 at the plasma membrane
before treatment (r = 0.61±0.13). After treatment with GIP (1-42), both GIPR and RAMP1 were no
longer localised to the plasma membrane but remained colocalised in intracellular vesicles (r =
0.74±0.13). Interestingly, after 4 hours recovery, whilst both GIPR and RAMP1 were still localised
intracellularly although reduced colocalisation was observed (r = 0.32±0.31) possible suggesting that
GIPR and RAMP1 are sorted to separate intracellular pathways. In the presence of RAMP3, GIPR
and RAMP3 were colocalised at the plasma membrane before treatment, after treatment and
following 4-hour recovery (r = 0.91±0.04, 0.85±0.11 and 0.90±0.07, respectively), supporting the
conclusion that RAMP3 prevents internalisation of the GIPR.
RAMPs regulate temporal dynamics of GIPR signalling
The differences in cellular localisation of GIPR in the presence of RAMPs, raised the possibility that
there may be differences in the temporal profile of signalling of the GIPR when co-expressed with
RAMPs. To investigate this, we assayed the cAMP level in the absence of PDE inhibitor up to 2
hours stimulation with ~EC50 concentration of GIP (1-42) (0.1 nM) in the presence and absence of
FLAG-RAMPs (Figure 5C-E). Consistent with earlier experiments performed with 8 minutes of
stimulation, after 4 or 8 minutes of agonist stimulation, RAMP3 displayed lower levels of cAMP
(Figure 5E), whilst RAMP1 and RAMP2 had no significant effect relative to GIPR expressed alone
(Figure 5C-D). As duration of agonist stimulation increased, there was no significant attenuation of
GIPR-mediated cAMP accumulation in the presence of RAMP3, although there were small
reductions after both 90 and 120 minutes stimulation (Figure 5E). GIPR co-expression with RAMP1
or RAMP2 expression, on the other hand, resulted in progressively greater reductions of cAMP with
significance reached for RAMP1 after 30 minutes stimulation and RAMP2 after 90 minutes
stimulation (Figure 5C-D).
Long term ERK1/2 phosphorylation was also assayed with or without FLAG-RAMP1, FLAGRAMP2 or FLAG-RAMP3 in response to 100 nM GIP (1-42) (Figure 5F). In the absence of RAMP,
GIPR-stimulated ERK1/2 phosphorylation reached a maximum between 4-10 minutes, decayed to
basal levels after 40 minutes and displayed a small second phase after around 45 minutes
stimulation. This second phase of ERK1/2 phosphorylation was determined to be b-arrestindependent as it was absent in HEK-293ADb-arrestin cells expressing the GIPR (Supplementary
Figure 11, Supplementary Table 5). Coexpression with RAMP1 or RAMP2 resulted in a reduction in
amplitude of the first phase relative to GIPR expressed alone (Figure 5F, Supplementary Table 6).
Additionally, the second phase was attenuated in the presence of RAMP1 and absent with RAMP2.
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RAMP3 coexpression, on the other hand, significantly prolonged ERK1/2 phosphorylation, with
levels of activation declining much more gradually, with a sustained response even after 120
minutes. Therefore, as well as modulating G protein activation, RAMPs can modulate GIPR
signalling in response to chronic agonist stimulation.
RAMP3 enhances b-arrestin recruitment to GIPR
The fact that the second phase of ERK1/2 phosphorylation was b-arrestin-dependent, and RAMPs
appeared to modulate long term ERK1/2 signalling raised the possibility that RAMPs may also alter
the duration of b-arrestin recruitment to the GIPR. b-arrestin1/2 recruitment was, therefore,
measured in the presence and absence of each FLAG-RAMP upon stimulation with increasing
concentrations of GIP (1-42) for 60 minutes (Figure 5G, Table 3). Coexpression of RAMP3 with
GIPR increased the potency of b-arrestin1 recruitment after 60 minutes stimulation. For b-arrestin-2
recruitment, the signal attenuated from 6 minutes to 60 minutes (~35%) in the absence of RAMP
and in the presence of RAMP1/2, whilst the signal was maintained in the presence of RAMP3. This
demonstrates RAMP3-specific effects on b-arrestin recruitment, but also demonstrates that RAMP3
does not prevent internalisation by blocking b-arrestin recruitment, even though b-arrestin is required
for internalisation.
Overall, these data indicate that RAMPs alter the temporal profile of intracellular signalling,
as well as influencing the cellular localisation of the GIPR. Thus, it is plausible that the effects of
RAMPs on the long-term signalling of the GIPR are, at least in part, due to the RAMP-induced
changes to cellular localisation of GIPR.
RAMP3 effects on GIPR internalisation are dependent on its PDZ-motif
The C-terminal PDZ-motif in RAMP3 has been demonstrated to be required for promoting recycling
of CLR and ACKR3 (via interaction with NSF)17,23 and to reduce agonist-stimulated internalisation of
CLR (via interaction with NHERF1)37. We therefore hypothesised that the observed effects of
RAMP3 on GIPR internalisation were dependent on the PDZ-motif of RAMP3.
To investigate the role that the PDZ-motif of RAMP3 plays in controlling GIPR membrane
localisation, we deleted the last 4 amino acids from RAMP3 to generate SNAP-, HA- and FLAGRAMP3DPDZ fusion constructs. These constructs were functional, as coexpression with CLR
resulted in similar cAMP responses to that of CLR:RAMP3 (Supplementary Figure 2). Firstly, GIPR
promoted cell surface expression of RAMP3DPDZ to similar levels as wild type (WT) RAMP3, using
flow cytometry, whilst a direct, plasma membrane localised, interaction was observed using cell
surface BRET, (Supplementary Figure 12A-B). Interestingly, HA-RAMP3DPDZ elevated FLAGGIPR plasma membrane expression to a lesser extent than when WT RAMP3 was coexpressed
(Supplementary Figure 12C).
We next explored GIPR: RAMP3DPDZ internalisation (Figure 6A-B). In contrast to WT
RAMP3, after 1 hour treatment with GIP (1-42), there was a significant reduction in plasma
membrane expression of the GIPR: RAMP3DPDZ complex, which was clearly visualised
intracellularly. (Figure 6A-B). This indicates that, similar to CLR, the PDZ-motif of RAMP3 may be
responsible for preventing internalisation of the GIPR. Interestingly, following ligand washout and 4
hours recovery, the GIPR: RAMP3DPDZ complex displayed plasma membrane localisation to a
similar extent to untreated cells, suggesting receptor recycling back to the plasma membrane. This
recycling demonstrates that removal of the PDZ-motif produces a GIPR:RAMP complex with a
distinct phenotype to that of GIPR alone or in combination with any WT RAMP.
cAMP accumulation, (Ca2+)i mobilisation and ERK1/2 phosphorylation were measured in
response to GIP (1-42), in HEK-293S cells expressing GIPR and either WT RAMP3 or RAMP3DPDZ
to assess the effect of the PDZ-motif on intracellular signalling (Figure 6C-E). The absence of the
PDZ-motif had no significant effect on the initial phase of intracellular signalling, thus indicating that
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receptor complexes with RAMP3DPDZ have the same intrinsic ability to activate second messengers
as WT RAMP3. When determining temporal cAMP levels, RAMP3DPDZ coexpression resulted in
the expected reduction at 4 and 8 minutes, similar to WT RAMP3 (Figure 6F-G). Similar to WT
RAMP3, there was no significant effect on cAMP levels after 15, 90, or 120 minutes stimulation,
although, in contrast to WT RAMP3, there was a significant reduction after 30 and 60 minutes
stimulation. When assaying long term ERK1/2 phosphorylation, GIPR:RAMP3DPDZ signalling more
closely matched that of GIPR alone, with a rapid decline in initial ERK1/2 signalling and an even
more pronounced second phase (Figure 6H and Supplementary Table 7). Furthermore, the
enhancement of b-arrestin recruitment observed with RAMP3 was abolished by removal of the PDZmotif (Figure 6I and Supplementary Table 7). This provides further evidence consistent with
internalisation of the GIPR:RAMP3DPDZ complex, and the prolongation of ERK1/2 phosphorylation
by RAMP3 that is a result of sustained b-arrestin recruitment from maintained cell surface
expression. Overall, these data provide evidence that the PDZ-motif at the C-terminal tail of RAMP3
is necessary for preventing internalisation of the GIPR and that this modulates long-term signalling
of the GIPR.
RAMPs are coexpressed with GIPR in pancreatic islets and RAMP1-/- alters regulation of blood
glucose levels
Having established that RAMPs significantly alter signalling and cellular fate of GIPR, it was
important to establish whether this interaction was physiologically relevant. GIP, as an incretin
hormone, plays a crucial role in the maintenance of blood glucose levels, by promoting insulin and
glucagon secretion from pancreatic b- and a-cells, respectively (Figure 7A). As this is the most well
characterised function of GIPR, we have focused on pancreatic islets and insulin secretion. We firstly
determined RNA expression levels of RAMP1 and RAMP3 in mouse pancreatic islets, using
RNAscope to detect RAMP1 and RAMP3 transcripts in cells positive for glucagon (a-cells) or insulin
(b-cells) (Figure 7B). The average signal intensity per cell, indicates that both RAMP1 and RAMP3
are expressed in a- and b-cells, with significantly greater expression at the cellular level in a-cells
(Figure 7C).
Having determined that GIPR and RAMPs are coexpressed, at the mRNA level, in mouse
pancreatic islets we next explored whether RAMPs play any role in the normal insulinotropic action
of GIP. For this purpose, we exposed WT, RAMP1-/- and RAMP3-/- mice38,39 to intraperitoneal glucose
challenge in the presence or absence of metabolically stabilised GIP (D-Ala2) (to prolong the
circulating half-life of GIP by preventing breakdown by DPPIV) (Figure 7D). Immediately before
injection, resting blood glucose levels were all approximately 100 mg/dL. As expected, in the
absence of GIP, blood glucose levels were elevated 20 minutes after injection in WT, RAMP1-/- and
RAMP3-/- mice. For WT and RAMP3-/- mice glucose levels after 20 minutes were similar to resting
levels, in the presence of GIP (D-Ala2), indicative of GIP potentiation of glucose-stimulated insulin
secretion. However, there were two distinct populations of RAMP1-/- mice after 20 minutes treatment
in the presence of GIP (D-Ala2). One population (Figure 7D, marked x) displayed elevated blood
glucose levels, suggesting an insensitivity to GIP. The other population (Figure 7D, marked y)
exhibited resting glucose levels but elevated insulin levels. Therefore, it appears that RAMP1 is
required for the normal functioning of GIPR in pancreatic islets and thus suggests interactions
between GIPR and RAMPs are potentially important for aspects of GIPR physiology.

Discussion
The pharmacology of the GIPR has, to date, been relatively poorly characterised. In this study, we
have shown that GIPR pleiotropically activates multiple different G proteins and b-arrestins to
stimulate cAMP accumulation, release of intracellular calcium and phosphorylation of ERK1/2. In
addition, activation of the GIPR by GIP peptides promotes receptor internalisation. Moreover, we
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have demonstrated novel interactions between GIPR and RAMPs. These interactions modulate the
selectivity profile of GIPR for G protein activation to influence the initial phase of intracellular
signalling events, alter the cellular localisation of GIPR, control its long-term activity in terms of
signalling and, are important for the normal physiological functioning of the GIPR.
Widespread interactions of RAMPs with Family B GPCRs
RAMPs heterodimerise with select class B1 GPCRs to modulate their pharmacology to effectively
create “new” receptors with distinct characteristics14,16,22,27. We utilised BRET and flow cytometry
methods to screen all class B1 GPCRs for interactions with, and effects on cell surface expression
of, RAMPs. The BRET screen indicated that almost all class B GPCRs could interact, with at least
one RAMP – a similar finding to a recent multiplexed suspension bead array (SBA) approach20. Our
flow cytometry screen correlated well with positive and negative results from previous studies
investigating the effects of class B1 GPCRs on RAMP plasma membrane expression15, verifying its
validity as a method for investigating GPCR: RAMP interactions. As a result of this method, SCTR,
PAC1R, GHRHR and GIPR, were identified to promote plasma membrane localisation of RAMP1,
RAMP1, RAMP2 and all three RAMPs, respectively. Despite this, there were some differences.
CRFR1 has been reported to promote plasma membrane localisation of RAMP221, whilst VPAC1R
has been reported to promote surface expression of all three RAMPs40. Whilst significant increases
were not detected in this study, surface expression trended towards an increase in each case.
Similarly, there was a trend towards an increase in RAMP3 surface expression when coexpressed
with SCTR, an interaction previously reported26, whilst we also observed a significant elevation in
RAMP1 cell surface expression with SCTR. Identification of RAMP interactions have not always
been consistent between studies15, with discrepancies reported for both VPAC2R21,40 and
GCGR22,36. It is, therefore, clear that newly identified interactions must be treated cautiously, verified
further and investigated for functional effects. As such, ELISA and cell surface BRET measurements,
along with functional assays, were utilised to confirm interaction of GIPR with all three RAMPs.
Nonetheless, the evidence now suggests that a much greater array of GPCRs, than perhaps
previously thought, may interact with RAMPs.
Interestingly, only around 50% of the interactions identified in the SBA assay20 or our BRET
screen appear to translate to effects upon RAMP plasma membrane expression. By measuring
BRET between Nluc-GPCR and SNAP-RAMPs only at the cell surface we showed that there was
no, or minimal, BRET between Nluc-CRFR2 and SNAP-RAMPs, in stark contrast to the initial BRET
screen and SBA study20. This suggests that not all GPCR:RAMP complexes traffic to the PM, most
likely because the complex is either targeted for degradation or because the receptor resides largely
intracellularly. As well as the well-established role of RAMPs to chaperone GPCRs to the cell
surface14,41,42, our data suggests that RAMPs may also play a role in trapping some GPCRs
intracellularly. The latter may be particularly applicable to GPCR:RAMP3 complexes as RAMP3 has
been demonstrated, in multiple cell lines, to endogenously traffic to the plasma membrane23,25. Nglycosylation of RAMP3 has been attributed to its receptor-independent cell surface localisation43,
although the endogenous expression of interacting GPCRs, such as CTR and CLR, may also
influence this localisation. Therefore, any interaction between RAMP3 and a receptor that resides,
at least partially, intracellularly in the basal state may reduce endogenous trafficking of RAMP3 to
the PM, thus resulting in a cellular redistribution of RAMP3. Indeed, the atypical chemokine receptor,
ACKR3, which resides on the membrane of endocytic vesicles in the resting state44, was recently
shown to reduce PM expression of RAMP323. Furthermore, intracellular GPCR-RAMP interactions
may have interesting implications on GPCRs with high constitutive activity, as well as those that
signal intracellularly.
It is important to note that GPCR-RAMP interactions are not limited to class B1 GPCRs as
RAMP1 and RAMP3 have been shown to interact with the class C calcium sensing receptor
(CaSR)42 whilst RAMP3 also interacts with the class A G protein coupled estrogen receptor
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(GPER)41. Recently, a flow cytometry screen of the chemokine family of receptors identified
numerous GPCRs that could alter the plasma membrane expression of RAMPs23. Furthermore, the
strong co-evolution of RAMPs and GPCRs suggests that there are likely to be many more interacting
partners45. It will be interesting to observe how RAMPs modulate the pharmacology, trafficking and
signalling properties of this wide range of GCPRs.
Signalling pleiotropy at the GIPR
Having identified GIPR to promote RAMP cell surface expression, NanoBiT® assays, mammalian
cell signalling assays and chemical inhibitors were used to characterise the signalling profile of the
GIPR. Although classically thought of as a Gs coupled receptor, GIPR was demonstrated to activate,
to varying degrees, G proteins from all 4 subfamilies. Furthermore, despite b-arrestin recruitment to
the GIPR being somewhat debated46–48, we demonstrated rapid b-arrestin1 and b-arrestin2
recruitment. Unsurprisingly, Gs was the most potent effector activated, but our data strongly support
promiscuous coupling of the of GIPR to multiple G protein subtypes, albeit with varying potencies
and differing phases of response. This G protein promiscuity translated to pleiotropic signalling, with
GIPR stimulating (Ca2+)i mobilisation and ERK1/2 phosphorylation, together with its well-known role
to promote cAMP accumulation. Somewhat surprisingly, given the role of Gi/o at other class B1
GPCRs16,22, PTX treatment had no effect on cAMP accumulation, but reduced (Ca2+)i mobilisation
and ERK1/2 phosphorylation. The expression levels of each adenylyl cyclase (AC) isoform are not
known in the cell lines used in this study. Therefore, it is possible that Gi-sensitive AC isoforms are
either absent or expressed at very low levels. Alternatively, GIPR may be located in subdomains of
the plasma membrane lacking Gi-sensitive AC. The insulinotropic actions of GIPR are thought to be
mediated through activation of the cAMP effectors, PKA and EPAC49, to ultimately elevate (Ca2+)i
levels. The potent (around nM), Gq/11/14, Gi/o and EPAC1/2-dependent, activation of Ca2+ release from
intracellular stores by GIP, may therefore also contribute to stimulation of insulin release, as is the
case for GLP-150. While Gq/11/14 activation is known to promote (Ca2+)i release via PLCb activation, it
is possible that Gi/o-dependent release of Gbg to activate PLCb, PLCe or PLCh is responsible for the
Gi/o component51,52. Although the GIPR has previously been shown to activate ERK1/2
phosphorylation13, we provide evidence that this GIPR stimulates ERK1/2 phosphorylation by a
range of different intracellular mechanisms. Treatment with pharmacological inhibitors revealed that
the first, high potency, phase appears to be Gq/11/14 and Gi/o-dependent, with the smaller low potency
phase abolished by treatment upon EPAC1/2 inhibition. However, further experiments will be
required to confirm how GIPR-mediates ERK1/2 phosphorylation. The Gq/11/14 mechanism implied
for other receptors involves production of diacylglycerol (DAG) to activate protein kinase C (PKC)53,
therefore the Gi/o mechanism could involve activation of Rap1GAPII or Gbg-mediated activation of
tyrosine kinases, similar to the M2 muscarinic acetylcholine receptor and a2A-adrenoreceptor,
respectively53,54. It is also interesting to note the potent activation of G12 and G13, especially due to
the apparent negative effect of RhoA/ROCK activation on insulin secretion55,56.
RAMPs as allosteric modulators of the GIPR
In HEK-293S cells, RAMP coexpression with GIPR was observed to differentially modulate the initial
phase of second messenger signalling pathways: RAMP3 attenuated cAMP signalling, while RAMP1
and RAMP2 abrogated calcium and pERK1/2 signalling. It is not surprising that the effects of the
RAMPs on (Ca2+)i mobilisation and ERK1/2 phosphorylation were similar as both were identified to
be predominantly Gq/11/14 and Gi/o-dependent with a small contribution from EPAC1/2. The attenuated
activation of Gq/11/15, coupled with the reduction to the Gq/11/14 and Gi/o-dependent high potency phase
of the ERK1/2 response upon coexpression of RAMP1/2 indicates that the impaired ERK1/2
signalling, and likely (Ca2+)i mobilisation, are due to negative regulation of Gq/11/15. The multiple
domains of RAMPs (extracellular domain, transmembrane domain and C-terminus) allows them to
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allosterically and directly modulate ligand binding, propagation of receptor activation to the
intracellular side of the receptor and, G protein coupling and activation57,58. Our G protein dissociation
studies suggest that RAMPs appear to differentially modulate G protein activation to alter GIPR
signalling. This has also previously been observed for RAMP interactions with CLR, CTR, CRFR1,
VPAC2R and GCGR16,21,22,25,35. Whilst the effects of RAMPs on second messenger signalling events
appear to be explained by alterations to G protein coupling, it will be important in future studies to
establish whether there are also RAMP-induced effects on ligand binding. The mechanism by which
the RAMPs shift the rank order of potency of G protein activation may be via allosterically modifying
the G protein binding pocket to differentially promote or disrupt receptor induced G protein activation.
Alternatively, there may be direct interactions of the RAMP C-terminus with the G protein. Cryo-EM
structures of CLR with each RAMP suggest that both mechanisms are plausible59,60.
RAMPs spatially modulate GIPR signalling
To date, most studies involving RAMPs have focused on effects on ligand binding, G protein
activation and early phase signalling events. However, it has emerged that RAMPs also influence
the cellular fate of interacting receptors, with RAMP3 shown to interact with NSF to promote recycling
of CLR and ACKR317,23, or NHERF1 to reduce CLR internalisation37. Through flow cytometry and
confocal microscopy, we have been able to track GIPR and RAMPs following stimulation with GIP.
GIPR is reported to internalise rapidly following agonist stimulation61, but there is evidence that it
continues to activate Gs from endosomal compartments leading to sustained cAMP signalling62. This
phenomena has also been reported for a number of other GPCRs, including GLP-1R, PAC1R and
PTH1R63–65. Our data are consistent with these findings, with GIPR internalising after 1-hour GIP
stimulation and continuing to stimulate cAMP production for at least up to 2 hours.
RAMP coexpression was demonstrated to modulate both GIPR internalisation and receptor
signalling following chronic stimulation. RAMP1/2 had no effect on GIP (1-42)-mediated
internalisation but progressively reduced cAMP signalling over time, relative to GIPR, and lacked
any second phase of ERK1/2 phosphorylation. It is plausible that the altered long-term signalling of
GIPR in the presence of RAMP1/2 may be explained by changes to receptor fate. There are
contrasting findings regarding the fate of GIPR with separate studies suggesting slow recycling47 or
lysosomal degradation61. It will also be important to establish the impact of RAMPs on the endosomal
localisation of GIPR using markers for Rabs66. Whilst there appears to be no recycling of GIPR in
the absence or presence of RAMP1/2 at saturating agonist concentration. It should, however, be
noted that recycling cannot be ruled out for lower concentrations of agonist67.
Furthermore, we have demonstrated a dramatic alteration in GIPR localisation in the
presence of RAMP3. GIPR: RAMP3 complexes were observed at the plasma membrane after both
1-hour stimulation and a further 4 hours recovery. The prolonged first phase of ERK1/2
phosphorylation, coupled with sustained cAMP production, compared to RAMP1/2, suggest that
these effects may be a result of sustained plasma membrane localisation. While the data suggests
the GIPR does not internalise when expressed with RAMP3, another possible explanation is that the
GIPR internalises to very early endosomes (VEE)68, whereby it rapidly recycles to the membrane,
thus appearing localised to the membrane in the confocal images and maintaining a high level of
plasma membrane localisation in FACS measurements.
PDZ-domain-containing proteins regulate endosomal sorting of a number of GPCRs,
including b2-adrenergic receptor (b2AR) and luteinising hormone receptor (LHR)69,70 to promote
rapid recycling to the membrane. These effects are dependent upon PDZ recognition sequences at
the C-terminus of the receptors. RAMP3, but not RAMP1 or RAMP2, also possesses a C-terminal
PDZ-recognition sequence, which is required for promotion of plasma membrane expression of CLR
via interaction with NSF or NHERF-117,18,37. In the case of GIPR:RAMP3, the PDZ-recognition
sequence is required for maintenance of cell surface expression as deletion resulted in agoniststimulated internalisation of the GIPR:RAMP3DPDZ complex. Removal of the PDZ-recognition motif
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had no effect on early phase intracellular signalling events, relative to RAMP3, indicating that the
ability to activate second messengers was maintained. In contrast, the sustained ERK1/2
phosphorylation observed in the presence of RAMP3 was lost when the PDZ domain was removed,
providing evidence that the effect of RAMP3 on ERK1/2 signalling is likely due to maintained plasma
membrane localisation. Interestingly, and somewhat surprisingly, the GIPR:RAMP3DPDZ complex
recycled back to the plasma membrane following 4 hours recovery from agonist stimulation. This
recycling indicates that there may be a PDZ-independent mechanism intrinsic to RAMP3 that
promotes plasma membrane expression; possibly N-glycosylation or another, as yet unidentified,
accessory protein.
The addition of GIPR to the family of GPCRs that are regulated by RAMP3 raises an
interesting question regarding the more general role of RAMP3. The effect on the initial phase of
signalling for CLR and ACKR3 are not hugely different to CLR:RAMP1/2 or ACKR3 alone,
respectively16,23. Therefore, the predominant physiological role of RAMP3 may be to regulate the
recycling properties and plasma membrane localisation of the interacting receptor.
The importance of RAMP3 for potentiating b-arrestin recruitment
We provide evidence that b-arrestins are responsible for a second phase of ERK signalling, a feature
that is common to many other GPCRs71,72. Despite rapid recruitment of b-arrestins, we also
demonstrate sustained interaction with the GIPR, and this is further enhanced for b-arrestins 2 upon
coexpression with RAMP3. The importance of b-arrestin recruitment in GLP-1R-mediated insulin
release indicates that they may also play a role in mediating the insulinotropic actions of GIPR. Given
the effects of RAMP3 on b-arrestin recruitment and ERK1/2 activation and that ERK1/2 signalling is
thought to promote proliferation of b-cells1,49,73 it is possible that RAMP3 plays a role in regulating
GIP-mediated pancreatic b-cell proliferation.
The physiological consequence of the RAMP-GIPR interactions
We have demonstrated that RAMPs, particularly RAMP1, play a role in the normal physiological
functioning of GIPR in pancreatic islets to regulate blood glucose levels. Through RNAscope we
have shown that RAMPs are coexpressed, at the RNA level, with the GIPR in mouse pancreatic aand b-cells and that RAMP1-/- mice display impaired GIP-mediated regulation of blood glucose
levels. Although RAMP3-/- mice did not demonstrate impaired regulation of insulin secretion or blood
glucose levels, RAMP3 may still play an important role in pancreatic b-cell proliferation or in GIPR
functioning away from the pancreas. It should be noted that it is not known whether GIPR expression
levels are altered in the RAMP1-/- or RAMP3-/- mice.
This study has demonstrated the influence of RAMP interactions on GIPR pharmacology and
highlights the importance of considering RAMPs when assessing GIPR signaling in recombinant
systems. The apparent importance of RAMP1 to GIPR signalling in pancreatic islets raises the
possibility of selectively targeting GIPR: RAMP1 complexes through the GIPR: RAMP1 interface as
a treatment for type 2 diabetes mellitus. Indeed, exploiting the receptor:RAMP interface for selective
drug design has recently been achieved for the anti-migraine drug, erunumab, which selectively
targets the CLR: RAMP1 interface74,75.
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Materials and Methods
Peptides
Human GIP (1-42), GIP (D-Ala2), GIP (Pro3), GIP (3-42), CRF, Urocortin, CGRP, AM and AM2 were
purchased from Bachem (Bubendorf, Switzerland) and made to 1 mM stocks in water containing
0.1% BSA. Human glucagon, oxyntomodulin, and GLP-1 (7–36)NH2 were purchased from Alta
Bioscience and prepared as 1 mM stocks in water containing 0.1% BSA.
Generation of expression plasmids
Glucagon receptor, GLP-1R, FLAG-tagged RAMPs, HA-tagged CLR, CRF1bR and CRF2R were
used as previously described16,21,22,76. The GIPR, GLP-2R, PTH1R, PTH2R and GHRHR constructs
comprised the native signal peptide plus receptor sequence and were provided by Dr. Simon Dowell
(GSK, Stevenage, UK). CTR was purchased from cDNA.org.
GIPR possess a putative N-terminal signal peptide that is cleaved during receptor processing
and trafficking77. Therefore, to label the receptor at its N-terminus, a FLAG-tag was introduced
immediately downstream of the predicted signal peptide. This was achieved using a previously
described mutated version of pcDNA3.178. Briefly, pcDNA3.1 was modified by the addition of a linker
region encoding the influenza hemagglutinin signal peptide (MKTIIALSYIFCLVFAA) between the
Kpn-1 and Not-1 sites of the multiple cloning site to produce pcDNA3.1-hgSP. The linker was
constructed by annealing two complementary primers containing the hemagglutinin signal peptide
sequence and Kpn-1 and Not-1 restriction sites. A FLAG-tag (DYKDDDDK) was introduced
immediately downstream of the predicted signal peptide of GIPR by sequential overlapping PCR
using primers, which also added a Not-1 and Xba-1 site to the product’s termini. This product was
then ligated into pcDNA3.1-hsSP to produce FLAG-GIPR.
SNAP-RAMP constructs were generated via PCR amplification of RAMP1, 2, 3 or 3∆PDZ
DNA, without their native signal sequences, to introduce in-frame 5’ and 3’ restriction sites of EcoRI
and EcoRV, respectively. RAMP PCR products were then ligated in frame into pcDNA3.1(+)
containing sigSNAP. All SNAP-RAMP constructs were functional (Supplementary Figure 2),
although there was a change in rank potency of CLR agonists for the RAMP2 complex. However,
RAMP1 and RAMP3 signalling were identical and SNAP-RAMP constructs were used solely for the
purpose of BRET. Nluc-GPCR constructs were PCR amplified, without their native signal sequences,
to introduce in-frame 5’ and 3’ BamHI and XbaI restriction sites, respectively. PCR products were
then ligated in frame into pcDNA3.1(+) containing sigNLuc. FLAG-RAMP3DPDZ, HA-RAMP3DPDZ
and SNAP-RAMP3DPDZ constructs were generated by removing the DTLL PDZ recognition
sequence through site-directed mutagenesis (Agilent Technologies, Santa Clara, CA). Mutagenesis
and SNAP-RAMP and Nluc-GPCR generation was confirmed by Sanger sequencing (Department
of Biochemistry, University of Cambridge).
All GPCR-Rluc expression constructs were generated by ligation of class B GPCR cDNA
(purchased from cDNA.org) into a CD33/Myc/RLuc backbone with cloning results confirmed by
Sanger sequencing (Eton Biosciences). RAMP-YFP, b-arrestin-1/2-YFP and GRK5, expression
plasmids were used as previously described23.
Cell culture and transfection
HEK-293S cells (a gift from AstraZeneca), HEK-293T cells and HEK-293ADb-arrestin cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM)/F12 supplemented with 10 % heatinactivated fetal bovine serum (FBS, Sigma) and 1% antibiotic antimycotic solution (Sigma). HEK293A cells were grown in DMEM supplemented with 10 % heat-inactivated FBS. The rank order of
potencies was conserved across the three cell types (Supplementary Figure 13), although absolute
potencies were reduced in HEK293S by ~3 fold (also previously demonstrated to express similar
levels of RAMPs79), thus ensuring that it was possible to compare data between different HEK-293
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cell lines. Suspension cells (HEK-293S) were therefore used for second messenger signalling
assays and flow cytometry, HEK-293T cells were used for imaging and BRET assays due to their
high transfection efficiency and adherent nature and, HEK-293A cells were used for NanoBiT assays
as this technique was previously optimised in these cells30. All cell lines used were incubated at 37
°C in humidified 95 % air and 5 % CO2. For HEK-293S cells, transient transfections were performed
using Fugene HD (Promega) in accordance with the manufacturer’s instructions using a 1:3 (w:v)
ratio of DNA:Fugene HD. For HEK-293T and HEK-293ADb-arrestin cells, cells were transfected
using polyethylenimine (PEI, Polysciences Inc.) and 150 mM NaCl using a 1:6 (w:v) ratio of DNA:PEI.
For HEK-293A cells, transient transfections were performed using PEI Max (Polyscience Inc.) and
150 mM NaCl using a 1:6 (w:v) ratio of DNA:PEI Max. pcDNA3.1 was used throughout to maintain
a consistent level of total DNA.
cAMP Accumulation Assay
HEK-293S cells were transfected with GPCR and RAMP/pcDNA3.1 at a 1:1 ratio for 48 hours.
Ligand-stimulated cAMP accumulation in the presence or absence of 0.5 mM 3-isobutyl-1methylxanthine (IBMX) was measured after the indicated times of stimulation using LANCE® cAMP
Detection Kit (Perkin Elmer Life Sciences) and a Mithras LB 940 multimode microplate reader, with
100 μM Forskolin (Sigma) used as a positive control as previously described16,80.
Intracellular Calcium Mobilisation Assay
Mobilisation of intracellular calcium was measured in HEK-293S transfected with GIPR and FLAGRAMP/pcDNA3.1 at a 1:1 ratio as previously decribed16. Ligands were robotically added using a BD
Pathway 855 high-content bioimager and images were captured every second for 80 s. Fiji (Is Just)
Image J was used to create a time series and to determine the intensity of the region of interest for
the entire time course. Background fluorescence was corrected for and the maximum intensity used
to generate concentration-response curves. 10 μM ionomycin (Cayman Biosciences) was used as
a positive control.
ERK1/2 Phosphorylation Assay
HEK-293S or HEK-293ADb-arrestin cells were transfected with GIPR and FLAG-RAMP/pcDNA3.1
at a 1:1 ratio. 48 hours post-transfection, cells were washed and resuspended in Ca2+ free HBSS.
Cells were seeded at a density of 35000 per well in 384-well white Optiplates. To generate
concentration-response curves ligands were added for 5 min, previously determined to be the
optimum time for assaying acute ERK1/2 phosphorylation13. For time-course experiments, 100 nM
GIP was added to the cells for the indicated times. Cells were then lysed using the supplied lysis
buffer and assayed for ERK1/2 phosphorylation using the phospho-ERK (Thr202/Tyr204) Cellular
Assay Kit (Cisbio). Plates were read using a Mithras LB 940 multimode microplate reader (Berthold
Technologies) and 100 μM phorbol 12-myristate 13-acetate (PMA, Sigma) used as a positive control.
Normalised dose-response data for GIP (1-42), GIP (D-Ala2) and GIP (Pro3) in cells expressing
GIPR and pcDNA3.1/FLAG-RAMP3/ FLAG-RAMP3DPDZ were also fitted using the biphasic model
in GraphPad Prism 8.4.2 (dashed lines).
Chemical Inhibitors
Where appropriate, cells were treated with pertussis toxin (PTX, 200 ng/ml), for 16 h prior to
assaying, to ADP-ribosylate Gαi, thereby uncoupling receptor-mediated Gαi-dependent inhibition of
cAMP production16. To determine the contribution of Gαq/11/14 to signalling, cells were pretreated for
30 min, at room temperature, with 100 nM YM-254890 (Alpha Laboratories) to prevent GDP-GTP
exchange at Gαq/11/1481 (100 nM is sufficient to completely block all specific signalling by Gq/11/1416).
To determine the contribution of different cAMP driven pathways to intracellular signalling, cells were
pre-treated for 15 min, at room temperature, with 100 μM of the non-selective exchange factor
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directly activated by cAMP (EPAC1/2) inhibitor ESI-09 (Sigma)82, or 100 μM of the protein kinase A
(PKA) inhibitor Rp-8-Br-cAMPs (Santa Cruz Biotechnology)83.
RAMP-GPCR BRET screen
The BRET screen between GPCR-RLuc and RAMP-YFP was performed as previously described23.
Briefly, HEK-293T cells transiently transfected with a constant concentration of GPCR-RLuc with
increasing amounts of RAMP-YFP were cultured in 96-well, white, clear bottom plates coated with
poly-D-lysine for 24 hours. Media was then replaced by 90 µL PBS containing 0.49 mM MgCl2.6H2O,
0.9 mM CaCl2.2H2O and the assay initiated by adding 10 µL of coelenterazine-h (Promega) to a final
concentration of 5 µM. BRET readings were then measured 10 min after addition of coelenterazine
h using a Mithras LB 940 multimode microplate reader. The acceptor/donor ratio (520 nm/460 nm)
was calculated, and the data was fitted using either a linear regression or one-site binding
(hyperbola) with GraphPad Prism 8.4.2.
Flow cytometry screen for class B GPCR interactions with RAMPs
HEK-293S or HEK-293ADb-arrestin cells were transfected with GPCR and FLAG-RAMP/pcDNA3.1
(for RAMP surface expression) or FLAG-GIPR and HA-RAMP/pcDNA3.1 (for GIPR surface
expression) at a 1:1 ratio. After 48 hours, 400000 cells were washed three times in FACS buffer
(PBS supplemented with 1% BSA and 0.03% sodium azide) before and after 1 hour incubation at
room temperature in 50 μL FACS buffer containing allophycocyanin (APC)-conjugated anti-FLAG
monoclonal antibody (BioLegend, diluted 1:100 in FACS buffer). For internalisation and recycling
experiments, cells were not treated, treated with 100 nM GIP (1-42) for 1 hour in complete
DMEM/F12 at 37 °C, or treated, washed with PBS and incubated for 4 hours in complete DMEM/F12
containing 5 µg/ml cycloheximide (Sigma) to allow receptor recovery and prevent de novo protein
synthesis18. Internalisation or recovery was stopped by washing with ice cold PBS and assayed as
above but kept at 4°C throughout. To account for dead cells 2.5 μL propidium iodide (ThermoFisher
Scientific) was added to each sample. Samples were analysed using a BD Accuri C6 flow
cytometer, Ex. λ 633 nm and Em. λ 660 nm. GPCR interaction screen data were normalised to cell
surface expression for cells co-transfected with HA-CLR and FLAG-RAMP2 as 100% and cells
transfected with pcDNA3.1 as 0%. FLAG-GIPR surface expression was normalised to expression in
the absence of HA-RAMP as 100% and pcDNA3.1 as 0%. For internalisation and recycling
experiments, data were normalised to cell surface expression in the absence of treatment as 100%
and vector control as 0%.
Analysis of cell surface expression by enzyme-linked immunosorbent assay
HEK-293S cells were transfected with GPCR and FLAG-RAMP/pcDNA3.1 at a 1:1 ratio. Cell surface
expression of FLAG-RAMPs was determined as previously described22. Briefly, 48 hours posttransfection, cells were fixed with 3.7% paraformaldehyde and washed 3 times with PBS before and
after incubation with mouse anti-FLAG M2 primary antibody (Sigma, diluted 1:2000 in PBS with 1%
BSA) or HRP-conjugated anti-mouse IgG secondary antibody (GE Healthcare, diluted 1:4000 in PBS
with 1% BSA). Cells were then incubated in o-phenylenediamine (OPD) solution (SigmaFast ophenylenediamine tablets, Sigma, dissolved in 20 ml distilled water) for 3-5 min, before termination
of the reaction by addition to 100 μL 1 M sulphuric acid. Plates were read using a Mithras LB 940
multimode microplate reader at 492 nm. Data were normalised to cell surface expression for cells
co-transfected with CLR and RAMP2 as 100% and cells transfected with pcDNA3.1 as 0%.
Cell Surface BRET
HEK-293S cells were transfected with 100 ng Nluc-GPCR and various amounts of each SNAPRAMP (0, 5, 10, 25, 50, 75, 100, 200 or 500 ng). 24 hours post-transfection, cells were incubated
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with 200 nM SNAP-Surface® Alexa Fluor® 488 (New England Biolabs, UK, diluted in serum-free
DMEM/F12), for 30 min at 37°C with 5% CO2. Cells were then washed three times with KREBS
buffer (126 mM NaCl, 2.5 mM KCl, 25mM NaHCO3, 1.2 mM NaH2PO4, 1.2 mM MgCl2, 2.5 mM
CaCl2), before being harvested and resuspended in KREBS buffer. Cells were seeded at 20000 cells
per well in a white 96-well plate (ThermoFisher Scientific). Nano-Glo® Live Cell Substrate (Promega)
was added to each well and BRET readings (460 nm and 515 nm) were measured after 10 min. The
acceptor/donor ratio is shown relative to the transfected DNA ratios and data fitted using either a
linear regression or one-site (hyperbola) with GraphPad Prism 8.4.2.
Cell Surface BRET Imaging
120000 HEK-293S cells were seeded onto poly-D-lysine-coated 35mm 4-chamber MatTek dishes
(Ashland) prior to transfection. After 24 hours, cells were transfected with Nluc-CLR or Nluc-GIPR
and each SNAP-RAMP/pcDNA3.1. 24 hours after transfection, cells were labelled by replacing
complete growth medium with 500 µl serum free DMEM/F12 containing 200 nM SNAP Surface Alexa
Fluor-488 (New England Biolabs) and were incubated for 30 min at 37°C with 5% CO2. Before
imaging, cells were washed and incubated with 500 µl HBSS supplemented with 1.8 g/L glucose.
RAMP expression and localisation was visualised by imaging fluorescence through a fluorescein
isothiocyanate (FITC) channel (1 second exposure, 488/10 nm excitation, 583/22 nm emission).
Cells were then incubated with Nano-Gloâ Substrate (Promega) to a final concentration of 10 µM,
for 15 min, and bioluminescence and BRET images were subsequently captured using an open
channel (2 second exposure) and FITC channel (10 second exposure, 509/22 nm emission),
respectively. Bioluminescence imaging was performed using an Olympus LV200 microscope,
equipped with a 60x oil immersion objective lens. BRET ratio measurements, using membranelocalised fluorescence and bioluminescence signals, were performed using Fiji (Is Just) Image J.
NanoBiT G protein activation assay
HEK-293A cells were transiently transfected with GIPR, appropriate Ga-LgBiT and Gb subunits, Gg2SmBiT and FLAG-RAMP/pcDNA3.1 at a 2:1:3:3:2. For Gq, G11, G14 and G15, cells were also
transfected with RIC8A, a chaperone protein required for Gq family signalling84, at a 1:1 ratio to
GIPR. The optimal Gb subunit used for each Gag2 are as follows; Gas, Gb1; Gai2, Gb1; Gai3, Gb1;
Gaz, Gb1; Gaq, Gb1; Ga11, Gb3; Ga14, Gb2; Ga15, Gb2; Ga12, Gb1; Ga13, Gb3. 24 hours after
transfection, cells were harvested and seeded at 60000 cells per well into poly-D-lysine-coated clearbottomed 96 well plates (Corning) and cultured for a further 24 hours. Media was then removed, and
cells were washed with HBSS plus 10 mM HEPES before addition of 80 µl HBSS containing 10 mM
HEPES and 0.1 % BSA. 10 µl of coelenterazine-h (diluted in HBSS containing 10 mM HEPES and
0.1 % BSA) was then added to each well to a final concentration of 5 µM, and the plate incubated
for 1 hour in the dark. After incubation, a baseline was established for 2 min before ligands were
robotically added using a Hamamatsu Functional Drug Screening System (FDSS) and luminescence
measured every 10 seconds for 10 min. GIP (1-42) and GIP (D-Ala2) were added in a log dilution
series between 1 µM and 0.1 pM, whilst GIP (Pro3) was added in a 0.5 log dilution series between
1 µM and 1 nM. Ligand-induced change in luminescent units were corrected to baseline and vehicle,
and the area under the curve (AUC), for the entire timecourse, used to generate concentrationresponse curves. Data were normalised to the maximal response, determined by fitting to the threeparameter logistic model, for all data where Emax could be determined robustly. Where this was not
possible the response 1 µM was used. For G14, raw AUC data was collated due to the variability of
the data. Normalised dose-response data for Gz and G12 for GIP (1-42) and Gq and G12 for GIP (DAla2) were also fitted using the biphasic model in GraphPad Prism 8.4.2 (dashed lines).
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Internalisation and resensitisation imaging
The cellular localisation of GIPR and RAMPs was determined as described23. Briefly, HEK-293T
cells transiently transfected with the indicated combination of GIPR ± RAMP were treated with or
without 100 nM GIP (1-42) for 1 hour in complete DMEM/F12 at 37 °C. For receptor resensitisation
after agonist stimulation, cells were washed with PBS and incubated for 4 hours in complete
DMEM/F12 containing 5 µg/ml cycloheximide. Cells were then fixed in 4% paraformaldehyde,
blocked in PBS + 4% BSA, incubated with appropriate primary and secondary antibodies and images
visualised and processed as previously described23. Pearson’s correlation coefficients (r) were
determined using the colocalization threshold plugin for ImageJ as described in Weston et al.,
201485. Four separate Regions of Interest (ROI) were selected and mean ± SD was determined.

b-Arrestin recruitment
HEK-293T cells were transfected with myc-GIPR-Rluc, b-arrestin-1/2-YFP, GRK5 and FLAGRAMP/pcDNA3.1 at a 1:5:4:1 ratio and grown overnight. 150000 cells were seeded into poly-L-lysine
coated 96-well plates (Perkin Elmer) in reduced serum media (MEM + 2% FBS + 1% antibiotic
antimycotic solution). The following day, b-arrestin-1/2 recruitment was measured after 6 min
(determined from initial 60 min timecourse experiments as the time point at which b-arrestin-1/2
recruitment was maximal) or 60 min (to assess long term b-arrestin-1/2 recruitment) using a Berthold
Mithras LB 940 multimode microplate reader as previously described86. The GIP (1-42)-induced
change in 530 nm/485 nm) ratio was corrected to vehicle treated cells. Data were converted to
milliBRET (mBRET) units by multiplying by 1000.
In situ hybridisation (RNAscope) and immunohistochemistry
Pancreatic tissue was collected from six wildtype 129/S6-SvEv-TC1 mice and fixed in 4% PFA at
4°C overnight. The tissue was removed from PFA and washed in PBS before dehydrating and
embedding in paraffin. Paraffin sections were cut to 5 µm thickness. RNAscope in situ hybridisation
to detect RNA transcripts was performed according to the manufacturer protocol (Advanced Cell
Diagnostics) using probes for RAMP1 (#532681) and RAMP3 (#497131). Antibody staining was
performed following in situ hybridisation with guinea pig anti-insulin antibody (Invitrogen, diluted
1:1000) and rabbit anti-glucagon antibody (ZYMED, diluted 1:300) in 3% BSA in PBS with 0.1%
Triton X overnight at 4°C. This was followed by secondary antibody staining with goat anti-guinea
pig IgG (Jackson ImmunoResearch, diluted 1:400) and donkey anti-rabbit IgG (Jackson
ImmunoResearch, diluted 1:200), respectively, for 1 hour at room temperature.
Blood glucose and insulin measurements
All mice used in this study were between 8 to 20 weeks of age and are of the 129/S6-SvEv-TC1
background. The generation of Ramp1 and Ramp3 knockout mice were previously described38,39.
All animal experiments were approved by the Institutional Animal Care and Use Committee of the
University of North Carolina at Chapel Hill. This study was powered to attain statistical significance
of p <
0.05
with
a
90%
probability
between
RAMP1+/+ and RAMP1−/− and
+/+
−/−
RAMP3 and RAMP3 mice. Male and female mice were fasted for 4 hours (9am to 1pm) with free
access to water prior to baseline blood collection and treatment. Mice we treated by intraperitoneal
injection with glucose (1g/kg, Sigma #G5767) containing GIP (D-Ala2) (50 nmol/kg, Tocris #6699) in
sterile saline. Fasting blood was collected by submandibular bleed immediately before treatment and
20 min after treatment. Blood glucose was measured with a glucometer immediately upon collection
and serum was isolated and stored at -80°C until insulin was measured by mouse insulin ELISA
(Alpco) according to the manufacturer protocol.
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Data Analysis
Data analyses for all assays were performed in GraphPad Prism 8.4.2 (San Diego, CA, USA). For
cAMP accumulation, (Ca2+)i mobilisation and ERK1/2 phosphorylation assays, data were fitted to
obtain concentration–response curves using a three-parameter logistic equation, to obtain values
for pEC50 (-logEC50) and Emax (as a percentage of forskolin, ionomycin and PMA stimulation,
respectively). Where data are expressed relative to the maximal response, data were normalised to
the Emax determined from the three-parameter logistic fit. Where dose-response curves clearly
displayed both a high potency and low potency phase, data were also fitted to the biphasic model
and are displayed as dashed lines. Values obtained from biphasic fits are quoted in the text and
were used to guide interpretation of results, whilst tables were populated with and data analysed
using the values obtained from the three-parameter fit. To assess whether there was any ligand bias
for GIP (1-42), GIP (D-Ala2) or GIP (Pro3) for each intracellular signalling pathway and activation of
each subclass of G protein as well as to construct the cAMP timecourse bias plots, intrinsic relative
activity (RAi)87,88 were calculated relative to GIP (1-42), or GIPR expressed alone, respectively using
the following equation;
+,#-// +'1#$2)

!"#$%#,'$($'$)*$ = 4

56,7,#$%# × 59:;,'$($'$)*$
<
59:;,#$%# × 56,7,'$($'$)*$

Statistical differences were analysed using one-way ANOVA and Dunnett’s post-hoc test, Student’s
t-test or a Kruskal-Wallis test, as appropriate. A probability of p<0.05 was considered significant,
values are stated as mean ± standard error of the mean (SEM).
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Figure legends
Figure 1. GIPR interacts with all three RAMPs at the plasma membrane
A-B. BRET screen for formation of heterodimers between class B1 GPCRs and RAMPs. HEK-293T
cells were cotransfected with a constant concentration of GPCR C-terminally tagged with the Rlucdonor moiety and increasing amounts of YFP-acceptor labelled RAMPs. ΔBRET was determined for
each receptor:RAMP pair and plotted as a function of the total fluorescence/total luminescence ratio.
Data were fitted using one site-binding (hyperbola) and representative saturation isotherms are
displayed for each receptor as described in (Mackie et al., 2019)23. A. A systematic, multi-component
approach was used to score the interactions. Firstly, all interactions that failed to reach Bmax > 0.1
were deemed negative (salmon). Secondly, a comparison of fits between hyperbolic and linear
models was used where Linear R2 > Hyperbolic R2 was deemed a poor interaction (yellow). Finally,
the remaining interactions were deemed good (blue) or strong (green) based on the BRET50 values:
BRET50 > 10 (good) or BRET50 < 10 (strong). B. Representative curves of 3 individual data sets for
each RAMP-receptor interaction, with quantitative data reported in Supplementary Table 1. C-E.
Flow cytometry analysis of class B1 GPCR-dependent plasma membrane (PM) expression of
RAMPs. HEK-293S cells were cotransfected with GPCR and FLAG-RAMP at a 1:1 ratio. PM
expression of FLAG-RAMPs was determined by flow cytometry using an APC-conjugated anti-FLAG
monoclonal antibody. Surface expression was normalised to FLAG-RAMP2 when cotransfected with
CLR as 100%. Endogenous surface expression of FLAG-RAMPs was determined by cotransfection
with pcDNA3.1. All values are the mean ± SEM of at least 3 individual data sets. Data were assessed
for statistical differences, at p<0.05, in cell surface FLAG-RAMP expression compared to expression
in the absence of receptor using a one-way ANOVA with Dunnett’s post-hoc test, (*, p < 0.05; **, p
< 0.01; ****, p < 0.0001). F-H. Cell surface BRET between class B1 GPCRs and RAMPs. HEK-293S
cells were cotransfected with a constant concentration of GPCR N-terminally tagged with the Nlucdonor moiety and increasing amounts of SNAP-RAMP. ΔBRET was determined for each
receptor:RAMP pair at each ratio. A comparison of linear and hyperbolic fits was performed with the
fit with the highest R2 value shown (hyperbolic for CLR and GIPR and linear for CRFR2). Data are
the mean + SEM of 3-11 individual data sets.
Figure 2. GIPR activation results in promiscuous G protein activation, recruitment of barrestins and stimulation of cAMP accumulation, intracellular calcium mobilisation ((Ca2+)i)
and ERK1/2 phosphorylation.
A. Average pEC50 values, obtained from three-parameter logistic fits, for activation of each G protein
and recruitment of b-arrestin measured by loss of luminescence upon Ga-LgBiT and Gbg2-SmBiT
dissociation and BRET between GIPR-Rluc and b-arrestin1/2-YFP, respectively. Data were
assessed for statistical differences, at p<0.05, in pEC50 compared to activation of Gs using a oneway ANOVA with Dunnett’s post-hoc test (*, p<0.05; **, p<0.01; ****, p<0.0001). B-D. HEK-293S
cells were transiently transfected with untagged GIPR. cAMP accumulation was measured following
8 min stimulation with GIP (1-42), and data are expressed relative to 100 µM forskolin (B). For (Ca2+)i
mobilisation (C), cells were stimulated for 2 min with GIP (1-42) with the intensity at the time of peak
response used to construct the concentration-response curves. Data are expressed relative to 10
µM ionomycin. Phosphorylation of ERK1/2 was determined after 5 min stimulation with GIP (1-42)
and data are expressed relative to 100 μM PMA (D). The dashed line represents the biphasic fit,
with the equivalent three-parameter fit faded. E-G. Cells were transiently transfected with GIPR with
cAMP accumulation (E), (Ca2+)i mobilisation (F) and ERK1/2 phosphorylation (G) measured as
above in response stimulation with other GIP-based (GIP (D-Ala2), GIP (Pro3) and GIP (3-42)) and
glucagon family ligands (glucagon, GLP-1 (7-36)NH2, oxyntomodulin and liraglutide). Data are
expressed relative to the maximal GIP (1-42) response, determined by three-parameter logistic fits.
All data for B-G are expressed as mean + SEM with quantitative data displayed in (Table 1). The
dashed line represents the biphasic fits for GIP (D-Ala2) and GIP (Pro3) pERK1/2 responses, with
the equivalent three parameter fits faded. H-K. HEK-293A cells were cotransfected with GIPR, one
of Gas-LgBiT (H), Gai2-LgBiT (I), Gaq-LgBiT (J) or Ga12-LgBiT (K), Gb1, Gg2-SmBiT, and pcDNA3.1
at a 2:1:3:3:2 ratio. RIC8A was also included for Gq. G protein activation was measured by the
agonist-induced change in relative luminescence units (RLU). Data points were corrected to baseline
and vehicle and the AUC used to produce concentration-response curves for each G protein,
expressed relative to the maximal response to GIP (1-42), determined by three-parameter logistic
fits. Data are expressed as mean + SEM of 4-7 individual experiments with quantitative data
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displayed in (Supplementary Table 2). Biphasic fits for GIP (1-42) (G12) and GIP (D-Ala2) (Gq and
G12) are displayed as dashed lines, with the equivalent three parameter fits faded. L-M. Radial plots
demonstrating the intrinsic relative activity (RAi) on a logarithmic scale for GIP (D-Ala2) and GIP
(Pro3)-mediated cAMP accumulation, (Ca2+)i mobilisation and ERK1/2 phosphorylation (L) or
activation of Gs, Gq, Gi2 and G12 (M), relative to GIP (1-42).
Figure 3. RAMPs differentially modulate GIPR signalling
A. cAMP accumulation was determined in HEK-293S cells transfected with GIPR and one of FLAGRAMP1, FLAG-RAMP2 or FLAG-RAMP3 following 8 min stimulation with GIP (1-42), GIP (D-Ala2)
or GIP (Pro3). B, (Ca2+)i mobilisation was measured in cells transfected with GIPR and one of FLAGRAMP1, FLAG-RAMP2 or FLAG-RAMP3. Cells were stimulated for 2 min with GIP (1-42), GIP (DAla2) or GIP (Pro3) with the intensity at the time of peak response used to construct the
concentration-response curves. C, ERK1/2 phosphorylation following 5 min stimulation with GIP (142), GIP (D-Ala2) or GIP (Pro3) was determined in cells transfected with GIPR and one of FLAGRAMP1, FLAG-RAMP2 or FLAG-RAMP3. In all cases data are expressed relative to the maximal
response, determined by three-parameter logistic fits, in the absence of FLAG-RAMP. Biphasic fits
for pERK1/2 are displayed as dashed lines, with the equivalent three parameter fits faded. All data
are expressed as mean + SEM of at least 3 individual data sets with quantitative data displayed in
(Table 2).
Figure 4. RAMPs differentially alter potency of activation of individual G proteins by GIPR.
A-J. HEK-293A cells were transfected with GIPR, appropriate Ga-LgBiT and Gb subunits, Gg2SmBiT and each FLAG-RAMP/pcDNA3.1 at a 2:1:3:3:2 ratio. RIC8A was also included for Gq, G11,
G14 and G15. G protein activation was measured by the GIP (1-42)-induced change in RLU. Data
points were corrected to baseline and vehicle and the AUC used to produce concentration-response
curves for each G protein. Data were normalised to the maximum response to GIP (1-42),
determined by three-parameter logistic fits, for each condition and are expressed as mean + SEM
of 3-7 individual experiments with quantitative data displayed in (Supplementary Table 3). Biphasic
fits for Gz and G12 are displayed as dashed lines, with the equivalent three parameter fits faded. KL. Peak b-arrestin-1/2 recruitment was measured in HEK-293T cells transiently expressing GIPRRluc, GRK5, each FLAG-RAMP/pcDNA3.1 and b-arrestin-1/2-YFP after 6 min stimulation with GIP
(1-42). Data are expressed as ligand-induced delta milli BRET (mBRET) and are the mean + SEM
of 3-10 individual experiments with quantitative data displayed in (Table 3). M. Radial plot showing
the change in log potency, obtained from three-parameter logistic fits, of G protein activation and barrestin recruitment induced by coexpression with each FLAG-RAMP relative to GIPR + pcDNA3.1.
Data were assessed for statistical differences, at p<0.05, in pEC50 compared to GIPR expressed
with pcDNA3.1 using a one-way ANOVA with Dunnett’s post-hoc test (*, p<0.05; **, p<0.01; ***,
p<0.001).
Figure 5. RAMP3 maintains GIPR at the PM, whilst RAMP1 diverts GIPR to Rab7a positive late
endosomes after treatment with GIP (1-42).
A. Flow cytometry analysis of GIPR and RAMP PM expression after treatment with GIP (1-42) with
or without recovery from agonist stimulation. Cells cotransfected with GIPR and FLAG-RAMPs (for
RAMP surface expression), or FLAG-GIPR and HA-RAMPs (for GIPR surface expression) were
either treated with 100 nM GIP (1-42) for 1 hour, or treated, washed and allowed to recover for 4
hours, in the presence of cycloheximide. PM expression of FLAG-RAMPs or FLAG-GIPR was
determined by flow cytometry as described in Figure 1. Surface expression was normalised to the
level observed in the absence of treatment for each GIPR:RAMP complex (as 100%) and pcDNA3.1
(for FLAG-GIPR) or pcDNA3.1 + FLAG-RAMP (as 0%). Data are the mean + S.E.M and were
assessed for statistical differences, at p<0.05, in surface expression compared to surface expression
in the absence of GIP (1-42) treatment using a Kruskal-Wallis test (*, p<0.05; **, p<0.01; ***,
p<0.001). B. HEK-293T cells transfected with GIPR (green) and RAMP1 or RAMP3 (purple) were
untreated, treated as in A. Scale bar 10 µM. Pearson’s correlation coefficients (r) were determined
using the Image J colocalization threshold plugin. Values are mean ± SD. C-E. cAMP production
was measured following stimulation with 0.1 nM GIP (1-42) in the absence of PDE inhibition in cells
transfected with GIPR and FLAG-RAMP/pcDNA3.1. Data were assessed for statistical differences,
at p<0.05, compared to GIPR expressed with pcDNA3.1 using Student’s t-test (*, p<0.05; **, p<0.01).
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F. Temporal ERK1/2 phosphorylation following stimulation with 100 nM GIP (1-42) was determined
in HEK-293S cells transfected with GIPR and one of FLAG-RAMP1, FLAG-RAMP2 or FLAG-RAMP3
with quantitative data displayed in (Supplementary Table 6). G. b-arrestin-1/2 recruitment was
measured in cells expressing GIPR-Rluc, GRK5, FLAG-RAMP/pcDNA3.1 and b-arrestin-1/2-YFP
after 60 min stimulation with increasing concentrations of GIP (1-42). Data are expressed as ligandinduced delta mBRET and are the mean + SEM of 3-6 independent experiments with quantitative
data displayed in (Table 3).
Figure 6. RAMP3 maintenance of GIPR at the plasma membrane is dependent on it PDZrecognition sequence.
A. HEK-293S cells cotransfected with GIPR and FLAG-RAMP3DPDZ (for RAMP surface
expression), or FLAG-GIPR and HA-RAMP3DPDZ (for GIPR surface expression) were either treated
with 100 nM GIP (1-42) or vehicle for 1 hour or treated with 100 nM GIP (1-42) for 1 hour, washed
and allowed to recover for 4 hours, in the presence of cycloheximide. PM expression of FLAGRAMP3DPDZ or FLAG-GIPR was determined by flow cytometry as described in Figure 1. Surface
expression was normalised to the level observed in the absence of treatment (as 100%) and
pcDNA3.1 (for FLAG-GIPR) or pcDNA3.1 + FLAG-RAMP3DPDZ (as 0%). Data are the mean +
S.E.M and were assessed for statistical differences, at p<0.05, in the change in pEC50 compared to
surface expression compared to surface expression in the absence of GIP (1-42) treatment using a
Kruskal-Wallis test (*, p<0.05; **, p<0.01). B. HEK-293T cells transfected with GIPR and
RAMP3DPDZ were treated as in A. Scale bar 10 µM. Pearson’s correlation coefficients (r) were
determined using the Image J colocalization threshold plugin. Values are mean ± SD. C-E. cAMP
accumulation (C), (Ca2+)i mobilisation (D) and ERK1/2 phosphorylation (D) were determined in HEK293S cells expressing GIPR and either FLAG-RAMP3 or FLAG-RAMP3DPDZ as previously
described in Figure 2. Data are expressed relative to the maximal response, determined by threeparameter logistic fits, in the absence of FLAG-RAMP. Biphasic fits for pERK1/2 are displayed as
dashed lines, with the equivalent three parameter fits faded. F-G. cAMP production was measured
following stimulation with 100 nM GIP (1-42) in the absence of PDE inhibition in HEK-293S cells
transfected with GIPR and one of FLAG-RAMP3, FLAG-RAMP3DPDZ or pcDNA3.1. Data were
assessed for statistical differences, at p<0.05, compared to GIPR expressed with pcDNA3.1 using
Student’s t-test (*, p<0.05). H. Temporal ERK1/2 phosphorylation following stimulation with 100 nM
GIP (1-42) was determined in cells transfected with GIPR and FLAG-RAMP3DPDZ with quantitative
data displayed in (Supplementary Table 7) I. b-arrestin-1/2 recruitment was measured in HEK-293T
cells expressing GIPR-Rluc, GRK5, FLAG-RAMP3DPDZ/pcDNA3.1 and b-arrestin-1/2-YFP after 6
min and 60 min stimulation with 100 nM GIP (1-42). Data are expressed as ligand-induced delta
mBRET and are the mean + SEM of 4-6 independent data sets with quantitative data displayed in
(Supplementary Table 8).
Figure 7. RAMPs are coexpressed with GIPR in pancreatic a- and b-cells and regulate the
normal physiological function of GIPR
A. Schematic diagram representing the physiological effects of GIP (1-42) on pancreatic a- and bcells. B. Pancreatic tissue from six wildtype 129/S6-SvEv-TC1 mice was fixed and stained for
glucagon (red) and insulin (blue) to differentiate between pancreatic a- and b-cells. RNAscope in
situ hybridisation was performed on fixed pancreatic tissue to detect RNA transcripts for RAMP1 and
RAMP3 at the cellular level (green, indicated by white arrows). Scale bar 50 µm. C. Average signal
intensity per cell for RAMP1 or RAMP3 RNA transcripts in pancreatic a- and b-cells. Data are the
mean + SEM of 14 individual cells. Data were assessed for statistical differences, at p<0.05, in
RAMP expression using a one-way ANOVA with Dunnett’s post-hoc test (*, p<0.05; ***, p<0.001).
D. Blood glucose and insulin levels were measured in WT, RAMP1-/- and RAMP3-/- 129/S6-SvEvTC1 mice immediately before (red circles), and 20 min after (blue circles) intraperitoneal injection
with 1g/kg glucose with or without 50 nmol/kg GIP (D-Ala2). Data are expressed as the insulin vs
glucose concentration for each individual mouse. Dashed circled areas represent two distinct
populations within the RAMP1-/- mice treated with GIP (D-Ala2).
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Table 1: Potency (pEC50) and Emax values for cAMP production, intracellular calcium mobilisation and ERK1/2 phosphorylation at
the GIPR, stimulated with various GIP-based and glucagon family ligands measured in HEK 293S cells.

cAMP
(Ca2+)i

pERK1/2

Relative to
system maxa
GIP (1-42)
9.83±0.08
70.64±2.18
7
8.70±0.16
23.07±1.00
4
7.93±0.26
31.13±2.51
10

pEC50b
Emaxb
n
pEC50a
Emaxb
n
pEC50a
Emaxb
n

Relative to GIP (1-42)
GIP (D-Ala2)
10.06±0.10
106.6±3.99
7
8.93±0.28
91.61±7.59
3
7.81±0.20
91.80±6.08
5

GIP (Pro3)
7.64±0.11
68.02±2.46
5
7.84±0.23
23.94±2.79
3
7.16±0.27
79.83±9.45
4

GIP (3-42)
8.07±0.48
22.95±3.22
10
ND
ND
3
6.61±0.90
31.26±13.15
3

Glucagon
6.97±0.27
26.76±2.91
8
ND
ND
3
5.92±0.34
62.92±17.18
3

GLP-1 (7-36)NH2
6.68±0.33
37.19±4.12
8
ND
ND
3
ND
ND
3

Oxyntomodulin
6.77±0.88
14.42±3.79
7
6.81±0.62
16.30±5.87
3
5.32±0.59
90.47±46.24
3

Data are the mean ± SEM of n individual data sets.
a
The maximal response to the ligand expressed as a percentage of the maximal response of the system for each pathway; 100 μM forskolin for cAMP,
10 μM ionomycin for (Ca2+)i and 100 μM PMA for pERK1/2.
b
The maximal response to the ligand expressed as a percentage of the GIP (1-42) response for each pathway
c
The negative logarithm of the agonist concentration required to produce a half-maximal response.
ND = Not defined as data could not be fitted using the three-parameter Log [Agonist] vs response model

Table 2: Potency (pEC50) and Emax values for cAMP production, intracellular calcium mobilisation ((Ca2+)i) and ERK1/2
phosphorylation in HEK 293S cells expressing the GIPR and either pcDNA3.1, FLAG-RAMP1, FLAG-RAMP2 or FLAG-RAMP3 in
response to GIP (1-42), GIP (D-Ala2) or GIP (Pro3).
GIPR
pEC50
Emaxb
n
pEC50a
Emaxb
n
pEC50a
Emaxb
n

GIP (1-42)
10.24±0.10
99.88±3.50
4
8.81±0.13
99.60±4.41
3
8.47±0.26
100.1±7.67
3

GIP (D-Ala2)
10.27±0.07
100.2±2.67
4
9.01±0.09
99.79±2.97
3
8.00±0.31
101.2±11.60
3

pEC50a
Emaxb
n
pEC50a
Emaxb
n
pEC50a
Emaxb
n

10.27±0.08
99.88±2.85
5
8.78±0.08
100.2±2.65
3
8.14±0.19
98.33±5.91
3

10.27±0.06
100.1±2.27
5
8.50±0.095
99.85±3.25
3
8.00±0.21
100.7±7.49
3

pEC50a
Emaxb
n
pEC50a
Emaxb
n
pEC50a
Emaxb
n

10.00±0.06
100.1±2.39
7
8.60±0.09
98.18±2.86
6
8.18±0.14
98.64±4.62
6

9.95±0.05
98.25±2.16
8
8.88±0.088
99.56±3.04
3
7.56±0.17
93.33±5.85
7

a

cAMP
(Ca2+)i
pERK1/2

+ RAMP1
GIP (Pro3)
7.69±0.07
100.1±2.55
4
7.90±0.12
98.35±4.96
3
5.77±0.41
121.9±34.91
3

GIP (1-42)
10.12±0.12
105.8±5.32
4
8.69±0.14
68.62±3.43***
3
8.07±0.37
56.38±7.85**
3

7.70±0.06
100.0±2.15
5
7.85±0.14
99.26±6.24
3
5.89±0.28
122.3±21.93
3

10.09±0.09
106.7±3.99
5
8.61±0.14
68.39±3.10****
3
8.94±0.70
39.49±8.64***
3

7.59±0.04
99.21±1.53
14
8.07±0.17
98.92±6.63
3
6.87±0.19
85.82±8.03
8

9.58±0.07***
91.78±2.74*
8
8.59±0.12
93.28±3.66
6
8.03±0.17
106.1±6.0
8

GIPR
cAMP
(Ca2+)i
pERK1/2

(Ca2+)i
pERK1/2

GIP (Pro3)
7.58±0.15
91.31±5.09
4
7.80±0.38
19.62±3.80****
3
6.59±0.80
65.90±26.65
3

+ RAMP2

GIPR
cAMP

GIP (D-Ala2)
10.13±0.09
103.1±3.64
4
8.82±0.20
46.50±3.53****
3
7.88±0.42
56.59±8.94*
3
10.16±0.07
101.2±2.98
5
8.60±0.14
65.15±3.27****
3
7.78±0.49
38.05±8.30***
3

7.45±0.11
103.3±4.31
5
7.65±0.34
50.32±6.83***
3
6.05±0.49
66.40±19.85
3

+ RAMP3
9.57±0.07***
87.47±2.86**
8
8.92±0.087
92.67±2.63
3
7.94±0.18
92.41±5.61
7

7.08±0.09****
75.73±2.93****
13
7.70±0.19
89.30±6.25
3
6.41±0.29
104.0±14.29
8

Data are the mean ± SEM of n individual data sets. Values were obtained by fitting to the three-parameter logistic model.
a
The negative logarithm of the agonist concentration required to produce a half-maximal response.
b
The maximal response to the ligand normalized to the maximal response for GIPR expressed alone, determined by fitting to the three-parameter Log
[Agonist] vs response model for each individual experiment.
Data were assessed for statistical differences, at p<0.05, in the change in pEC50 compared to GIPR expressed with pcDNA3.1 using Student’s t test
(*, p < 0.05; **, p < 0.01; ****, p < 0.0001).
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Table 3: Potency (pEC50) and Emax values for b-arrestin-1 and b-arrestin-2 recruitment, following stimulation with GIP (1-42), in HEK 293T cells
expressing GIPR and either pcDNA3.1, FLAG-RAMP1, FLAG-RAMP2 or FLAG-RAMP3.
6 Min

b-arrestin-1

b-arrestin-2

pEC50a
Emaxb
n
pEC50a
Emaxb
n

GIPR
7.80±0.18
2.40±0.53
6
8.19±0.12
10.66±1.88
4

+ RAMP1
8.19±0.29
4.05±0.61
8
8.35±0.13
10.01±1.12
3

+ RAMP2
7.96±0.36
4.13±0.87
7
8.19±0.12
11.09±1.82
3

60 Min
+ RAMP3
8.08±0.26
3.98±0.50
8
8.13±0.13
13.24±0.66
4

GIPR
8.35±0.40
4.84±0.74
6
8.77±0.11
5.92±0.94
4

+ RAMP1
8.45±0.36
2.72±1.13
8
9.14±0.67
6.55±1.34
3

+ RAMP2
8.08±0.24
3.43±1.12
8
8.57±0.37
7.52±0.37
3

Data are the mean ± SEM of n individual data sets.
a
The negative logarithm of the agonist concentration required to produce a half-maximal response.
b
The maximal response to GIP (1-42) minus the baseline in mBRET units.
Data were assessed for statistical differences, at p<0.05, in the change in pEC50 compared to GIPR expressed with pcDNA3.1 using a one-way
ANOVA with Dunnett’s post-hoc test (**, p < 0.01).
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+ RAMP3
9.60±0.19*
4.26±0.98
6
9.04±0.17
11.47±1.71*
4
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Summary
The development of therapeutic agonists for G protein-coupled receptors (GPCRs) is hampered by the
propensity of GPCRs to couple to multiple intracellular signalling pathways. This promiscuous coupling leads
to numerous downstream cellular effects, some of which are therapeutically undesirable. This is especially
the case for adenosine A1 receptors (A1Rs) whose clinical potential is undermined by the sedation and
cardiorespiratory depression caused by conventional agonists. We have discovered that the A1R-selective
agonist, BnOCPA, is a potent and powerful analgesic but does not cause sedation, bradycardia, hypotension
or respiratory depression. This unprecedented discrimination between native A1Rs arises from BnOCPA’s
unique and exquisitely selective activation of Gob among the six Gαi/o subtypes, and in the absence of βarrestin recruitment. BnOCPA thus demonstrates a highly-specific Gα-selective activation of the native A1R,
sheds new light on GPCR signalling, and reveals new possibilities for the development of novel therapeutics
based on the far-reaching concept of selective Gα agonism.

Short summary:
We describe the selective activation of an adenosine A1 receptor-mediated intracellular pathway that provides
potent analgesia in the absence of sedation or cardiorespiratory depression, paving the way for novel
medicines based on the far-reaching concept of selective Gα agonism.
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Introduction
G protein-coupled receptors (GPCRs) are the targets of many FDA-approved drugs{Hauser, 2017
#34;Congreve, 2020 #145}. However, the promiscuity with which they couple to multiple G protein- and βarrestin-activated intracellular signalling cascades leads to unwanted side effects. These side effects limit
both the range of GPCRs suitable for drug-targeting, and the number of conditions for which treatments could
be developed{Kenakin, 2018 #131;Michel, 2018 #132}. One family of GPCRs that has particularly suffered
as drug targets from their promiscuous coupling and wide-ranging cellular actions are the four GPCRs for the
purine nucleoside adenosine, despite the potential for using adenosine receptor agonists to treat many
pathological conditions including cancer, and various cardiovascular, neurological and inflammatory
diseases{Jacobson, 2016 #33;Borea, 2018 #91;Sawynok, 2016 #104}. For example, activation of the widelydistributed adenosine A1 receptor (A1R) with currently available agonists elicits multiple actions in both the
central nervous system (CNS) and in the cardiorespiratory system. In the CNS A1Rs inhibit synaptic
transmission, induce neuronal hyperpolarization, and cause sedation, while in the cardiorespiratory system
A1Rs slow the heart (bradycardia), contribute to reducing blood pressure (hypotension), and depress
respiration (dyspnea){Headrick, 2013 #94;Dunwiddie, 2001 #93;Vecchio, 2018 #14;Sawynok, 2016
#104;Kaczynska, 2008 #167;Koeppen, 2009 #170}. These multiple effects severely limit the prospects of A1R
agonists as life-changing medicines, despite their potential use in a wide range of clinical conditions, such as
glaucoma, type 2 diabetes mellitus, pain, epilepsy and cerebral ischemia{Varani, 2017 #80;Baltos, 2016
#17;Sawynok, 2016 #104;Weltha, 2018 #106;Deb, 2019 #155}, and in which there are clear unmet clinical
needs that could be addressed with novel therapeutics.
The therapeutic limitations of promiscuous GPCR coupling might be overcome through the development of
biased agonists – compounds that selectively recruit one intracellular signalling cascade over
another{Kenakin, 2019 #130;Wootten, 2018 #134;Michel, 2018 #132}. This signalling bias has most
frequently been expressed in terms of Gα vs β-arrestin signalling{Violin, 2007 #144} and has been pursued
at a variety of receptors{Smith, 2018 #174;Foster, 2017 #175}, for example, at the angiotensin II type 1
receptor (AT1R){Wingler, 2020 #173}, and at neurotensin receptors in the treatment of drug addiction{Slosky,
2020 #161}. Agonist bias has been sought in the context of opioid receptors, but with some
controversy{Kliewer, 2020 #146}, for compounds producing analgesia with reduced respiratory
depression{Michel, 2018 #132}.
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However, while other forms of bias exist, including between individual Gα subunits{Kenakin, 2019 #130;Yano,
2018 #165}, the challenge remains in translating GPCR signalling bias observed in vitro to tangible, and
physiologically- and clinically-relevant, selectivity at native receptors in vivo{Michel, 2018 #132;Kenakin, 2018
#131;Luttrell, 2018 #162;Benredjem, 2019 #166}. Accordingly, while the potential to preferentially drive the
G protein-coupling of A1Rs has been described in several in vitro studies{Cordeaux, 2004 #82;Stewart, 2009
#81;Valant, 2014 #19;Aurelio, 2018 #95}, to date no A1R-specific agonist has been reported that can elicit
biased Gα agonism at native A1Rs in intact physiological systems, let alone the selective activation of one
Gα subunit. To achieve such selectivity among Gα subunits would introduce novel therapeutic opportunities
across a wide range of debilitating clinical conditions.
Utilising molecular dynamics (MD) simulations, and Gαi/o subunit- and β-arrestin-specific cellular signalling
assays, we describe how one A1R-selective agonist, BnOCPA{Knight, 2016 #1;Jagtap, 2011 #101}, fulfils
the criteria for a selective Gα agonist in exclusively activating Gob among the six members of the Gαi/o family
of G protein subunits, and in the absence of β-arrestin recruitment. In addition, through a combination of CNS
electrophysiology, physiological recordings of cardiorespiratory parameters, a sensitive assay of attention
and locomotor function, and the use of a clinically-relevant model of chronic neuropathic pain, we
demonstrate selective activation of native A1Rs and the delivery of potent analgesia without sedation, motor
impairment or cardiorespiratory depression. Our data thus demonstrate the translation of agonist Gα
selectivity in vitro to therapeutically-tangible clinically-relevant observations in vivo. Such observations reveal
the possibility of achieving Gα selectivity at native receptors, highlight the physiological benefits of such
selectivity, and specifically speak to the possibility of unlocking the widespread clinical potential of A1R
agonists.
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RESULTS
The novel A1R agonist BnOCPA exquisitely discriminates between native pre- and postsynaptic A1Rs
in the intact mammalian CNS.
BnOCPA (Fig. 1A), a molecule first described in a patent as a potential treatment for glaucoma or ocular
hypertension {Jagtap, 2011 #101}, is a cyclopentyl derivative of adenosine and a highly selective and potent,
full agonist at human adenosine A1Rs (hA1Rs; Fig. 1B; Supplementary Table 1){Knight, 2016 #1}. Our
characterisation of BnOCPA, synthesised independently as part of a screen for suitable scaffolds for the
generation of fluorescent ligands for the A1R, began with an exploration of the binding characteristics of
BnOCPA at the human A1R (hA1R) using classical radioligand binding (where the antagonist [3H]DPCPX
was used as a tracer), and a NanoBRET agonist binding assay (using a novel NECA-TAMRA compound,
which acts as a full agonist (pEC50 – 7.23 ± 0.13; Noel et al., in preparation). Using both assays we observed
that BnOCPA was able to bind to the hA1R with an affinity equal to that of the prototypical A1R agonists CPA
and NECA, and higher than that of the endogenous agonist adenosine (Fig. 1B; Supplementary Table 1).
Significantly, using NECA-TAMRA as the fluorescent agonist tracer, the high affinity state of the biphasic
binding profile observed in the NanoBRET assay was equivalent to that reported previously for BnOCPA (3.8
nM compared to 1.7 nM{Jagtap, 2011 #101}).
These initial pharmacological studies at recombinant hA1Rs in cell lines did not reveal anything extraordinary
about BnOCPA. However, when we investigated BnOCPA at native A1Rs in rat hippocampal slices, against
which BnOCPA is also a potent agonist, with >8,000- and >150-fold greater efficacy at rat A1Rs (rA1Rs) than
at rat A2ARs (rA2ARs) and A3Rs (rA3Rs), respectively (Supplementary Table 2), we discovered properties of
BnOCPA that were not consistent with those of typical A1R agonists such as adenosine, CPA and NECA. In
accordance with the effects of standard A1R agonists, BnOCPA potently inhibited excitatory synaptic
transmission in rat hippocampal slices (IC50 ~65 nM; Fig. 1C to G and Supplementary Fig.1A to D). This effect
was attributable to activation of native presynaptic A1Rs on glutamatergic terminals{Dunwiddie, 2001 #93}
(Fig. 1C; Supplementary Fig. 1E, F), and cannot be attributed to any action of BnOCPA at A3Rs since even
a high concentration (1 µM) of the potent and selective A3R agonist 2-Cl-IB-MECA{Jacobson, 1995 #196}
had no effect on the fEPSP (Supplementary Fig. 1G, H). However, in stark contrast to adenosine and CPA,
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BnOCPA did not activate postsynaptic A1Rs (Fig. 1C) to induce membrane hyperpolarisation, even at
concentrations 15 times the IC50 for the inhibition of synaptic transmission (Fig. 1H, I).
This peculiar and unique discrimination between pre- and postsynaptic A1Rs might possibly be explained in
terms of either some hindrance in the binding of BnOCPA to A1Rs on postsynaptic neurones, or, and
unprecedented for an A1R agonist, binding to the postsynaptic A1R, but without the ability to activate the
receptor. To test the latter hypothesis - that BnOCPA actually bound to postsynaptic A1Rs, but without efficacy
- we reasoned that BnOCPA might behave in a manner analogous to a receptor antagonist in preventing or
reversing activation by other A1R agonists, a property that has been predicted and observed for biased
agonists at other receptors{Kenakin, 2019 #130;Luttrell, 2018 #162}. To test this, we pre-applied BnOCPA
then applied CPA (in the continued presence of BnOCPA). Remarkably, the co-application of CPA and
BnOCPA resulted in a significant reduction of the effects of CPA on membrane potential (Fig. 1I;
Supplementary Fig. 2A, B). In addition, membrane hyperpolarisation induced by the endogenous agonist
adenosine was reversed by BnOCPA (Supplementary Fig. 2C). In contrast the A3R agonist 2-Cl-IB-MECA
had no effect on membrane potential and did not interfere with the membrane hyperpolarisation caused by
adenosine (Supplementary Fig. 2D, E), further reaffirming the actions of BnOCPA as being selectively
mediated by A1Rs.
To test whether the inability of BnOCPA to affect membrane potential was a trivial action due to BnOCPA
blocking K+ channels mediating the postsynaptic hyperpolarisation, or in some other way non-specifically
interfering with G protein signalling, we applied the GABAB receptor agonist baclofen to CA1 pyramidal
neurons. BnOCPA had no effect on membrane hyperpolarisation produced by baclofen (Supplementary Fig.
2F, G), confirming that the actions of BnOCPA were specific to the A1R. These observations, of a lack of
effect of BnOCPA on postsynaptic membrane potential, likely explained why, in a model of seizure activity,
(low Mg2+/high K+), with prominent postsynaptic depolarisation that promotes neuronal firing, BnOCPA had
little effect (Fig. 1J, K). In contrast, equivalent concentrations of CPA completely suppressed neuronal firing
(Fig. 1J, K).
BnOCPA demonstrates unique Gα signalling in the selective activation of Gob.
The observation that BnOCPA discriminated between pre- and postsynaptic A1Rs might be explained if these
receptors were to activate different intracellular pathways to mediate their effects, and that BnOCPA was not
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able to activate the pathway responsible for postsynaptic membrane hyperpolarisation. To test whether the
actions of BnOCPA and the prototypical A1R agonists were mediated via β-arrestins (β-arrestin1 and βarrestin2), we used a BRET assay{Hamdan, 2006 #199;Kocan, 2011 #200;Pfleger, 2006 #201;Salahpour,
2012 #202} for β-arrestin recruitment (Supplementary Fig. 3). We observed no β-arrestin recruitment at the
A1R using either BnOCPA, CPA or adenosine, regardless of whether β-arrestin1 or β-arrestin2 was
expressed (Supplementary Fig. 3). This was in contrast to β-arrestin2 recruitment by the A3R in response to
adenosine and NECA, but not BnOCPA (Supplementary Fig. 3). Moreover, the lack of recruitment of βarrestin1 and β-arrestin2 by the A1R was independent of any of the six G protein receptor kinase (GRK)
isoforms co-expressed with β-arrestin1 and β-arrestin2; only low levels of recruitment were observed even
when GRKs where highly (5-fold) over-expressed compared to the levels in the A3R assays (Supplementary
Fig. 4). These observations of a lack of β-arrestin recruitment by A1Rs are consistent with those previously
reported for recombinant A1Rs expressing native sequences{Ciruela, 1997 #119;Escriche, 2003
#117;Ferguson, 2002 #115;Gines, 2001 #118;Iacovelli, 1999 #116}, and are likely due to the absence of
serine and threonine residues in the A1R cytoplasmic tail, which makes the A1R intrinsically biased against
β-arrestin signalling{Violin, 2007 #144;Yin, 2019 #143}. Accordingly, the differential actions of BnOCPA at
pre- and postsynaptic A1Rs are more likely to reside in selective activation of one Gα-mediated pathway over
another.
To investigate whether BnOCPA has the ability to discriminate between the various Gαi/o subunits activated
by adenosine, we generated a recombinant cell system (CHO-K1 cells) expressing both the hA1R and
individual pertussis toxin (PTX)-insensitive variants of individual Gαi/o subunits. Against these individual
Gαi/o subunits we tested adenosine, CPA, NECA, BnOCPA, and the agonist HOCPA{Evans, 1989
#102;Knight, 2016 #1}, a stereoisomer of GR 79236{Gurden, 1993 #172;Strong, 1993 #157}, which behaved
similarly to adenosine and CPA in both inhibiting synaptic transmission and causing membrane
hyperpolarisation (Supplementary Fig. 5). In cells treated with PTX to inhibit endogenous Gαi/o{Stewart, 2009
#81;Knight, 2016 #1} we observed that adenosine, CPA, NECA and HOCPA activated a range of Gαi/o
subunits, including both Gαo isoforms, Goa and Gob (Fig. 2A-D; Supplementary Table 1; Supplementary
Figs. 5 and 6). Such promiscuous Gα coupling has been described previously for adenosine, CPA, and NECA
at recombinant A1Rs in cell lines{Cordeaux, 2004 #82;Wise, 1999 #158}, including using novel BRET-based
assays{Avet, 2020 #159}, where the observations are in keeping with ours, confirming the validity of the PTX-
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based approach. In stark contrast, BnOCPA displayed a unique and highly distinctive Gαi/o subunit activation
profile: BnOCPA was not able to activate Gi1, Gi2, Gi3 or Gz, and was furthermore capable of discriminating
between the two Gαo isoforms via the selective activation of Gob, and not of Goa (Fig. 2A-D; Supplementary
Fig. 6).
The selective and unique activation of Gob among the six Gαi/o subunits by BnOCPA could be observed in
a comparison of the activation of Goa and Gob by the A1R agonists in their ability to inhibit the forskolinstimulated accumulation of cAMP (Fig. 2E). Whereas adenosine, CPA, NECA and HOCPA activated both
Goa and Gob to inhibit cAMP accumulation, BnOCPA selectively activated Gob, with no discernible activation
of Goa. Further quantification of this Gα selectivity, through the application of the operational model of
receptor agonism{Black, 1983 #154;Gomes, 2020 #164;Kenakin, 2012 #163} to remove potential issues of
system bias, confirmed selective activation of Gob by BnOCPA, with no detectable response at Goa (Fig.
2F).
To establish the functional implications of BnOCPA’s profound selectivity for Gob over Goa, we hypothesised
that BnOCPA should reduce the actions of adenosine on the inhibition of cAMP accumulation via Goa. This
was indeed the case (Fig. 2G): BnOCPA antagonised the Goa-mediated inhibition of cAMP production by
adenosine in a concentration-dependent manner enabling an estimate (using Schild analysis of its affinity
(Kd) to be 113 nM; pKd ~ 6.9){Tallarida, 1987 #208} that was quantitatively similar to BnOCPA’s ability to
bind to the hA1R (pKi ~6.6; Fig. 1B). Importantly, this observation, of the ability of BnOCPA to antagonise the
actions of adenosine on cAMP inhibition, revealed no agonist action of BnOCPA at Goa at concentrations up
to 100 μM (>105 greater than the IC50 against cAMP accumulation; Fig. 1B), and, moreover, had parallels
with the antagonising effects of BnOCPA on membrane potential in the CNS (Fig. 1H, I; Supplementary Fig.
2A, C). These data suggest that BnOCPA has the unique ability of displaying both agonist and antagonistlike properties at both recombinant and native A1Rs; properties that are expected of a truly Gα subunitselective agonist.
The data from whole-cell patch-clamp recordings showed that BnOCPA did not influence neuronal membrane
potential at native A1Rs (Fig. 1H, I), while experiments in recombinant hA1Rs showed that BnOCPA did not
activate Goa (Fig. 2A, C-F), and indeed prevented the activation of Goa by adenosine (Fig. 2H). We thus
predicted that A1Rs in the hippocampus, where Goa is found at levels 10-15 times higher than Gob{Kolasa,
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2000 #178}, should act via Goa to induce membrane hyperpolarisation, and thereby providing a potential
explanation for the lack of effect of BnOCPA on membrane potential. To test this prediction, we injected a
series of previously validated interfering peptides against Goa and Gob {Gilchrist, 2002 #30;Gilchrist, 1998
#183;McPherson, 2018 #182;Ding, 2006 #181;Vanhauwe, 2002 #184;Goldsmith, 1987 #185;Mousli, 1990
#186;McIntire, 1998 #187;Oleskevich, 1995 #179;Rouot, 1992 #188} into CA1 pyramidal cells during wholecell voltage clamp recordings. Introduction of the Goa interfering peptide caused a significant attenuation of
the adenosine-induced outward current (Fig. 2H, I). In contrast, neither the scrambled Goa peptide, nor the
Gob peptide, which reduced the modulation of Ca2+ channels by muscarinic M4 receptors in striatal cholinergic
interneurons{Ding, 2006 #181} had any effect on outward current amplitude (Fig. 2H, I). Thus, adenosinemediated membrane potential hyperpolarisation occurs mainly through A1R activation of Goa, in keeping with
the high levels of expression of Goa vs Gob in the hippocampus{Kolasa, 2000 #178}. The data from
recombinant receptors demonstrating the inability of BnOCPA to activate Goa (Fig. 2A, C-F) thus explains
why BnOCPA did not cause membrane hyperpolarisation, and indeed prevented or reversed the
hyperpolarisation induced by CPA or adenosine, respectively (Fig. 1H, I; Supplementary Fig. 2A, C).
The Gα selectivity displayed by BnOCPA is reflected in non-canonical binding modes and a selective
interaction with Gαi/o subunits
To better understand the unusual signalling properties of BnOCPA and the highly specific Gα coupling to
Gob, we carried out dynamic docking simulations to study the basic orthosteric binding mode of BnOCPA in
an explicit, fully flexible environment using the active cryo-EM structure of the A1R (PDB code 6D9H;
Supplementary Movie 1). We previously reported that modifications at position N6 of the adenine scaffold
modulate the agonist binding path to A1R{Deganutti, 2021 #197}. More precisely, N6-cyclopentyl analogues
(CPA and HOCPA) markedly interact with the extracellular loop 2 (ECL2) compared to adenosine, while
BnOCPA (which bears the N6-cyclopentyl-2-benzyloxy group) is most prone to engage residues of the A1R
located at the top of transmembrane helix 1 (TM1) and TM7. In the present study, we compared the boundstate BnOCPA to the non-Gα selective agonists adenosine and HOCPA, and an antagonist (PSB36) of the
A1R (Fig. 3A-C). BnOCPA engaged the receptor with the same fingerprint as adenosine{Cheng, 2017 #50}
(Fig. 3A) and HOCPA (Fig. 3B, Supplementary Movie 2). Further explorations of the BnOCPA docked state
using metadynamics (MD) simulations revealed interchangeable variations on this fingerprint (namely Modes
A, B, and C; Fig. 3D - F; Supplementary Fig. 7) that could be distinguished by the orientation of the BnOCPA-
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unique benzyl group. Having established the possible BnOCPA binding modes, we examined the respective
contribution of the orthosteric agonists, the G protein α subunit α5 (C-terminal) helix (GαCT), and the Gα
protein subunit{Flock, 2017 #136;Okashah, 2019 #135} to the empirically-observed G protein selectivity
displayed by BnOCPA (Fig. 2A-F, Supplementary Fig. 6).
Simulations in the absence of G protein. Firstly, following Dror et al.,{Dror, 2011 #38} we compared the
dynamics of the BnOCPA-bound A1R with the corresponding dynamics of the receptor{Draper-Joyce, 2018
#97;Glukhova, 2017 #96} bound to either HOCPA (Fig. 3B), the A1R antagonist PSB36 (Fig. 3C), or the apo
receptor, our hypothesis being that there may be ligand-dependent differences in the way that the intracellular
region of the receptor responds in the absence of the G protein. In these simulations the G protein was
omitted so that inactivation was possible and so that the results were not G protein-dependent. The BnOCPA
binding Modes A-C were interchangeable during MD simulations (Methods Table 1) but were associated with
distinctly different dynamics, as monitored by changes in a structural hallmark of GPCR activation, the
N7.49PXXY7.53 motif{Rosenbaum, 2009 #103} (Supplementary Fig. 8). Given the high flexibility shown by the
BnOCPA benzyl group during the simulations and its lipophilic character, we hypothesized and simulated a
further binding mode (namely Mode D) not explored during MD simulations. This conformation involves a
hydrophobic pocket underneath ECL3 (Fig. 3G) which is responsible for the A1/A2A selectivity{Cheng, 2017
#50}. Superimposition of the four BnOCPA binding Modes A-D reveals the highly motile nature of the benzyl
group of BnOCPA (Fig. 3H) under the simulated conditions.
Quantification of the N7.49PXXY7.53 dynamics revealed that HOCPA, BnOCPA Mode A, BnOCPA Mode C and
the apo receptor show a similar distribution of the RMSD of the conserved N7.49PXXY7.53 motif (Fig. 3I;
Supplementary Fig. 7). In contrast, the non-canonical BnOCPA binding Modes B and D were responsible for
a partial transition of the N7.49PXXY7.53 backbone from the active conformation to the inactive conformation
(Supplementary Fig. 8) in a manner analogous with the antagonist PSB36 (Fig. 3J). Overall, the simulations
revealed Mode D as the most stable BnOCPA pose (6.8 µs out 9 µs simulated starting from this configuration
– Methods Table 1), while Mode B accounted for 3.6 µs out of 21 µs.
Dynamic Docking of GαCT. To simulate the agonist-driven interaction between the A1R and the G protein,
the α5 (C-terminal) helix (GαCT) of the G protein (Gi2, Goa, Gob) was dynamically docked to the HOCPAand BnOCPA-bound active A1R structure (again lacking G protein; Supplementary Movie 3). This allowed us
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to evaluate the effect of different GαCT on the formation of the complex with A1R to test the hypothesis that,
of Goa, Gob and Gi2, only the GαCT of Gob would fully engage with the BnOCPA-bound active A1R, in line
with the empirical observations of G protein selectivity summarized in Fig. 2C, D. Fig. 4A shows that the
GαCT of Gob docked to the A1R via a metastable state (MS1) relative to the canonical state (CS1;
Supplementary Movie 3), regardless of whether HOCPA or BnOCPA was bound. Fig. 4B, C show that the
CS1 geometry corresponds to the canonical arrangement as found in the cryo-EM A1R:Gi protein complex,
whereas state MS1 resembles the recently reported non-canonical state observed in the neurotensin
receptor, believed to be an intermediate on the way to the canonical state{Kato, 2019 #113}. In contrast, Fig.
4D-F show that the GαCT of Goa and Gi2 docks to the A1R to form metastable states MS2 and MS3. MS2 is
similar to the β2-adrenergic receptor:GsCT fusion complex{Liu, 2019 #114}, proposed to be an intermediate
on the activation pathway and a structure relevant to G protein specificity. In this case however, it appears to
be on an unproductive pathway.
MD simulations on the full G protein Gα subunit. To test the hypothesis that the non-functional
BnOCPA:A1R:Goa complex showed anomalous dynamics, we increased the complexity of the simulations
by considering the Gα subunit of the Goa and Gob protein bound to the A1R:BnOCPA (Mode B or D) complex
or the Gob protein bound to A1R:HOCPA (a functional system). The most visible differences between Goa
(Supplementary Movie 4) and Gob (Supplementary Movie 5) comprised the formation of transient hydrogen
bonds between the α4-β6 and α3-β5 loops of Goa and helix 8 (H8) of the receptor (Supplementary Table 3).
Similar contacts are present in the non-canonical state of the neurotensin receptor:Gi protein complex{Kato,
2019 #113}. Overall, Goa interacted more with TM3 and ICL2 residues (Fig. 4G, H), while TM5 and TM6,
along with ICL1, were more engaged by Gob (Fig. 4G, H). Interestingly, R2917.56 and I2928.47, which are
located under the N7.49PXXY7.53 motif, showed a different propensity to interact with Goa or Gob. In this
scenario, it is plausible that a particular A1R conformation stabilized by BnOCPA (as suggested by the
simulations in the absence of G protein, Fig. 3I-J) may favor different intermediate states during the activation
process of Goa and Gob.
To test the prediction from the MD simulations that R2917.56 and I2928.47 were involved in A1R/Gα coupling,
we performed a series of site-directed mutagenesis (to alanine) against R2917.56, I2928.47 and the adjacent
hydrophilic residues Q2938.48 and K2948.49 (Fig 4I) and compared the inhibition of forskolin-stimulated cAMP
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production in response to adenosine, CPA, NECA, HOCPA and BnOCPA in FlpIn-CHO cells against the wildtype (WT) hA1R (Fig 4J). Of these residues, none of which are reported to affect binding{Kooistra, 2020
#203;GPCRdb, 2020 #204}, K2948.49 had the least impact on efficacy. For the agonists, the mutations had
minimal effects on HOCPA. In contrast A1R/Gα coupling induced by adenosine, CPA, NECA and BnOCPA
was affected, but differentially so. These effects on efficacy (IC50 values) can be readily observed when
individual mutant IC50 values are normalized to their respective WT controls (Fig. 4K), and revealed that
R2917.56, I2928.47 and Q2938.48 are especially important for CPA and NECA coupling, R2917.56 for adenosine
efficacy, and Q2938.48 for BnOCPA. These observations reinforce the MD simulations predictions related to
H8 residues involved in G protein coupling of the agonist-stimulated A1R, and in particular suggest that
R2917.56, I2928.47 and Q2938.48 are especially required for selective agonist coupling to Gαo/i, and may thus
contribute to the Gα bias observed among these agonists (Fig. 2C, D). A more detailed analysis, involving
saturation mutagenesis of these residues is required to provide a full characterization of their actions to direct
agonist bias but is beyond the scope of this current study.
BnOCPA does not depress heart rate, blood pressure or respiration: evidence for in vivo
physiological selectivity at native A1Rs.
Given BnOCPA’s clear differential effects in a native physiological system (Fig. 1), strong Gα selectivity (Fig.
2), unique binding characteristics (Fig. 3) and selective Gα interaction (Fig. 4), we hypothesised that these
properties might circumvent a key obstacle to the development of A1R agonists for therapeutic use - their
powerful effects in the cardiovascular system (CVS) where their activation markedly reduces both heart rate
and blood pressure{Koeppen, 2009 #15}. These cardiovascular effects are likely through Goa, which is
expressed at high levels in the heart{Asano, 1995 #87;Wolf, 1998 #90}, particularly in the atria{McGrath,
2009 #169}, and which plays an important role in regulating cardiac function{Jiang, 2009 #86}. In contrast,
and with parallels of differential Goa vs Gob expression in the hippocampus{Kolasa, 2000 #178}, Gob may
similarly be absent or expressed at very low levels in the heart{Kawai, 1996 #176}{McGrath, 2009
#169}.Given this differential expression of Goa and Gob, and the lack of effect of BnOCPA on Goa (Fig. 2AF), we predicted that BnOCPA would have minimal effects on the CVS. Moreover, given the antagonism of
Goa-mediated actions by BnOCPA at native and recombinant A1Rs (Fig. 1H, I, Supplementary Fig. 2A, C,
Fig. 2G-I), we further predicted that the actions of adenosine on the CVS may be attenuated by BnOCPA.
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In initial experiments we screened BnOCPA for its effects on heart rate using an isolated frog heart
preparation. In contrast to adenosine and CPA, which depress heart rate through hyperpolarisation caused
by activation of cardiac sinoatrial K+ channels{Belardinelli, 1995 #160}, BnOCPA had no effect on heart rate,
but markedly reduced the bradycardia evoked by adenosine (Supplementary Fig. 9A). Thus, BnOCPA
appears not to activate A1Rs in the heart, but instead behaves like an antagonist in preventing the actions of
the endogenous agonist. These observations have parallels with BnOCPA’s inability to activate A1Rs to
hyperpolarise neurones, and indeed inhibiting or reversing the postsynaptic hyperpolarisation induced by
typical A1R agonists (Fig. 1G, H; Supplementary Fig. 2A, C), and in preventing the A1R/Goa-mediated
inhibition of cAMP accumulation by adenosine (Fig. 2H). Such antagonist-like behaviour may be explained
by BnOCPA causing unique A1R conformations unlike those of conventional agonists (Fig. 3I, J), and driving
non-canonical and ultimately non-productive interactions with Goa (Fig. 4).
To investigate the effects of BnOCPA in an intact mammalian system, we measured the influence of BnOCPA
on heart rate and blood pressure in urethane-anaesthetised, spontaneously breathing adult rats. As
expected, both resting heart rate and arterial blood pressure were significantly reduced by adenosine and
CPA (Fig. 5A to D). In complete contrast, BnOCPA had no effect on either heart rate (Fig. 5A, C) or blood
pressure (Fig. 5B, D), even when applied at twice or three times the initial dose (Supplementary Fig. 10; Fig.
6E, F). These negative observations could not be explained by metabolism of BnOCPA to an inactive
substance since BnOCPA is a very stable compound (37oC; half-life (t1/2) > 240 min in PBS) with a human
plasma stability of ~100 % remaining after 120 mins suggesting a t1/2 > 240 min at 37oC. In addition, the in
vitro metabolic t1/2 of BnOCPA was determined as > 60 mins using human liver microsomes (0.1 mg/mL,
37oC), and the intrinsic clearance (CLint) calculated as <115.5 μl/min/mg. This was in contrast to the reference
compounds verapamil and terfenadine (0.1 μM) with t1/2 in human plasma determined as 33 and 10 min and
CLint as 213.1 and 683.0 μl/min/mg, respectively (see Supporting Data File 1). Further evidence that BnOCPA
was present and active during these experiments was obtained from studies analogous to those in frog heart
when BnOCPA was applied together with adenosine. In the intact anaesthetised rat, when co-applied with
adenosine or CPA, BnOCPA abolished the bradycardia induced by both agonists, indicating its ability to bind
to the A1R at the dose applied (Fig. 5A, C; Fig 6D, Supplementary Fig. 9B; Supplementary Fig. 10). Volumes
of saline equivalent to the drug injections had no effect on either heart rate or blood pressure and there was
no waning in the effects of adenosine responses with repeated doses (Supplementary Fig. 9C, D). Thus,

396

Wall et al., 2021
BnOCPA does not appear to act as an agonist at CVS A1Rs, but instead antagonises the bradycardic effects
of A1R activation on the heart.
Since adverse effects on respiration (dyspnea) limit the use of systemic A1R agonists{Sawynok, 2016 #104},
we additionally examined the effects of BnOCPA on respiration. In urethane-anaesthetised, spontaneously
breathing adult rats, intravenous injection of BnOCPA had no appreciable effect on respiration (Fig. 6A to D),
even if the dose of BnOCPA was doubled or trebled (Fig. 6E, F). In stark contrast the selective A1R agonist
CPA caused significant respiratory depression (Fig. 6A to D). Paralleling BnOCPA’s antagonism of
adenosine- and CPA-induced depressions of heart rate (Fig. 5A, C; Supplementary Figs. 9B, 10), BnOCPA
reduced the depression of respiratory frequency and minute ventilation caused by CPA (Fig 6D,
Supplementary Fig 10). These data suggest that while BnOCPA targets and clearly engages the A1Rs
responsible for adenosine and CPA’s cardiorespiratory depression, BnOCPA has no agonist action at these
A1Rs.
BnOCPA is a potent analgesic
Our observations of a lack of effect of BnOCPA on the CVS and respiration prompted an investigation into a
potential application of A1R agonists that had previously been severely curtailed by adverse cardiorespiratory
events{Sawynok, 2016 #104;Deb, 2019 #155}, namely the use of A1R agonists as analgesics. Since sedation
or motor impairment can be mistaken for analgesia, we tested BnOCPA in a sensitive assay for balance and
motor coordination, the rotarod, in which the ability of a rodent to remain upon a slowly accelerating rotating
cylinder is a measure of alertness and motor function. As a positive control for the sensitivity of the test, we
showed that the ability of animals treated with morphine to remain on the rotating cylinder was strongly
impaired (Fig. 7A). In contrast, the performance of animals treated with BnOCPA, delivered either
intravenously or intraperitoneally, was indistinguishable from vehicle-treated mice (Fig. 7A). This was true
even if BnOCPA was injected intravenously at three times the dose (Fig 7A), which, while having no
cardiorespiratory actions on its own, prevented cardiorespiratory depression caused by adenosine and CPA.
Thus, BnOCPA does not induce sedation or locomotor impairment that could confound interpretations of
analgesia.
To assess the potential of BnOCPA as an analgesic, we used a rat model of chronic neuropathic pain (spinal
nerve ligation){Kim, 1992 #105} a feature of which is mechanical allodynia whereby the affected limb is
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rendered sensitive to previously innocuous tactile stimuli, and which models the debilitating human clinical
condition of chronic pain, which affects between 20 and 50% of the population{Fayaz, 2016 #216;Yong, 2021
#219}, and which carries a major global burden of disability{Vos, 2017 #218}.
Both intrathecal (Fig. 7B) and intravenous (Fig. 7C) BnOCPA potently reversed mechanical allodynia in a
dose-dependent manner. Thus, BnOCPA exhibits powerful analgesic properties at doses devoid of sedative
or cardiorespiratory effects, and at several orders of magnitude lower than the non-opioid analgesics
pregabalin and gabapentin{Chincholkar, 2018 #108}. To test if this analgesia was mediated by the activation
A1Rs by BnOCPA, we used the selective A1R antagonist, DPCPX. Prior administration of DPCPX prevented
the reversal of mechanical allodynia by BnOCPA (Fig 7D), confirming the importance of A1Rs in mediating
the analgesic actions of BnOCPA. In contrast, the rat A3R-selective antagonist MRS 1523{Li, 1998
#209;Alnouri, 2015 #207}, which is effective in reversing analgesia caused by selective A3R agonists{Chen,
2012 #210;Ford, 2015 #193;Lucarini, 2020 #211}, had no effect on the analgesia caused by BnOCPA. These
observations confirm that the analgesia provoked by BnOCPA is mediated via the selective activation of
A1Rs.
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Discussion
Biased agonists at GPCRs offer great potential for the preferential activation of desirable intracellular
signalling pathways, while avoiding, or indeed blocking those pathways that lead to adverse or unwanted
effects{Kenakin, 2018 #131;Luttrell, 2018 #162}. While this, and the potential to exploit previously unattractive
drug targets such as the A1R, have been appreciated, translation of in vitro observations, particularly of Gα
bias, to native receptors in vivo has been problematic{Michel, 2018 #132;Kenakin, 2018 #131;Luttrell, 2018
#162}. Here we have shown that translation of in vitro selectivity amongst Gα subunits to an intact
physiological system is possible through a benzyl derivative (BnOCPA) of the selective A1R agonist CPA.
Moreover, this Gα selectivity has occurred in the context of the A1R, an attractive, but notoriously intractable
drug target by virtue of the profound cardiorespiratory consequences of its activation by conventional A1R
agonists.
BnOCPA was first reported as a final compound in a patent, where it was described to be selective for the
A1R with respect to its binding affinity, and in reducing elevated intraocular pressure in the treatment of
glaucoma or ocular hypertension{Jagtap, 2011 #101}. We have previously prepared BnOCPA (and
HOCPA){Knight, 2016 #1} for assessment as part of our synthetic campaign to develop potent and A1Rselective fluorescent ligands. The N6-substituent (1R,2R)-2-aminocyclopentan-1-ol) present in BnOCPA and
HOCPA is also found in the experimental and later discontinued{Colca, 2012 #205} drug CVT-3619 (later
named GS 9667), which has been described as a partial, selective agonist of the A1R and shown to reduce
cAMP content and consequently lipolysis in rat adipocytes{Fatholahi, 2006 #206}.
Having identified BnOCPA as a selective Gob agonist at recombinant A1Rs in vitro, we established that this
unusual property can be translated into the selective activation of native A1Rs in both the in vitro CNS and in
vivo cardiorespiratory and peripheral nervous systems. Moreover, these properties of BnOCPA were
observed at A1Rs expressed by three different species: amphibian, rat, and human. While BnOCPA bound
to and induced A1R coupling to Gαi/o subunits recruited by prototypical A1R agonists such as adenosine and
CPA, BnOCPA selectively activated Gob among the six Gαi/o subunits. This likely reflected BnOCPA’s noncanonical binding profile at the A1R, which had profound implications for the interaction with the GαCT in
terms of different binding pathways and intermediate states, and in the different intra- and intermolecular
hydrogen bond patterns and contacts observed in the simulations of the A1R in complex with either Goa
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(inactive) or Gob (active). Predictions from the MD simulations suggested four hitherto uncharacterised
residues as being important for the interaction between the A1R and Gαi/o. Individual mutations in three of
these contacts, R2917.56, I2928.47, Q2938.48 differentially impacted agonist efficacy, with adenosine and
HOCPA being relatively unaffected compared to the stronger effects on the efficacy of CPA, NECA and
BnOCPA. These and other molecular differences in the coupling of the A1R to Gαi/o are likely to underlie the
ability of the BnOCPA-bound A1R to selectively trigger Gob activation among the six Gαi/o subtypes.
The unique and unprecedented Gα selectivity displayed by BnOPCA has physiological importance since it is
able to inhibit excitatory synaptic transmission without causing neuronal membrane hyperpolarisation,
sedation, bradycardia, hypotension or dyspnea. BnOCPA thus overcomes cardiovascular and respiratory
obstacles to the development of adenosine-based therapeutics that have plagued the field since their first
description nine decades ago{Drury, 1929 #99}. As a first, but significant, step towards this, we demonstrate
that BnOCPA has powerful analgesic properties via A1Rs in an in vivo model of chronic neuropathic pain,
potentially through a mechanism which may involve a combination of inhibition of synaptic transmission in
peripheral and spinal pain pathways, and the hyperpolarisation of Gob-containing nociceptive neurons.
Chronic pain, a condition that a large proportion of the population suffers on a constant or frequent
basis{Yong, 2021 #219;Fayaz, 2016 #216} and associated with a major global burden of disability{Vos, 2017
#218} is, however, a disorder for which the current treatments are either severely lacking in efficacy{Finnerup,
2018 #147} or, in the case of opioids, come with unacceptable harms such as adverse gastrointestinal effects,
respiratory depression, tolerance, dependence and abuse potential{Imam, 2018 #107}. Accordingly, novel
treatments for chronic pain are urgently required.
We have shown that highly selective Gα agonism in vitro can be translated into selective activation of native
A1Rs to mediate differential physiological effects, and have identified a novel molecule capable of doing so.
We have also explored molecular mechanisms by which this could occur, and demonstrated pain as one
potential and wide-reaching therapeutic application. Such discoveries are of importance in both
understanding GPCR-mediated signalling, and in the generation of both new research tools and therapeutics
based on the untapped potential of biased, and indeed Gα-selective, agonists such as BnOCPA.
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Fig. 1. BnOCPA discriminates between pre- and postsynaptic A1Rs in the CNS
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Fig. 1. BnOCPA discriminates between pre- and postsynaptic A1Rs in the CNS
A Chemical structures of adenosine, CPA and its derivative, BnOCPA{Knight, 2016 #1}. Bi: Schematic of the
binding of adenosine, CPA and BnOCPA to the human (h) A1R was measured via their ability to displace
[3H]DPCPX, a selective antagonist for the A1R, from membranes prepared from CHO-K1-hA1R cells, their
ability to elicit Gi/o-mediated inhibition of forskolin-stimulated production of cAMP, and for CPA and BnOCPA
to displace binding of the fluorescent AR agonist NECA-TAMRA in a BRET assay. Bii: CPA and BnOCPA
bind with equal affinity to the A1R (pKi ~6.6), while adenosine has a reduced affinity (pKi ~5; n = 5 - 19
individual repeats). Biii: cAMP levels were measured in CHO-K1-hA1R cells following co-stimulation with 1
μM forskolin and each compound (1 pM - 1 μM) for 30 minutes. This identified that all are full agonists at the
hA1R. Adenosine displayed a 10-fold reduced potency compared to CPA and BnOCPA (n = 4 individual
repeats). Biv: CPA and BnOCPA displace the fluorescent AR agonist NECA-TAMRA in a BRET assay
revealing a bi-phasic binding profile indicating that both compounds display high affinity and low affinity
binding. The high affinity constants for CPA and BnOCPA at the A1R were pKi ~9.02 and ~8.44, respectively
(n= 3 individual repeats) with the low affinity constants matching that stated in Bii. C Diagram illustrating
(Left,) pre- and postsynaptic A1Rs at hippocampal synapses, their physiological effects upon activation, and
the panels in Fig. 1 where these effects can be seen (presynaptic: panels D - G; postsynaptic: panels H – K),
and Right, hippocampal slice preparation showing position of stimulating and recording electrodes and a
representative fEPSP (field excitatory postsynaptic potential), which is a product of the electrical stimulationinduced release of glutamate, and the activation of postsynaptic glutamate receptors (not shown). D
Increasing concentrations of the A1R agonist CPA reduced the fEPSP, an effect reversed by the A1R
antagonist 8CPT (2 µM). The graph plots the normalised negative slope of the fEPSP, an index of the strength
of synaptic transmission, over time. Inset, superimposed fEPSP averages in control (largest fEPSP) and
becoming smaller in increasing concentrations of CPA. Scale bars measure 0.2 mV and 5 ms. E
Concentration-response curve for the inhibition of synaptic transmission by CPA (IC50 = 11.8 ± 2.7 nM; n =
11 slices). F Increasing concentrations of BnOCPA reduced the fEPSP, an effect reversed by 8CPT (2 µM).
Inset, superimposed fEPSP averages in control and in increasing concentrations of BnOCPA. Scale bars
measure 0.1 mV and 2 ms. G Concentration-response curve for the inhibition of synaptic transmission by
BnOCPA (IC50 = 65 ± 0.3 nM; n = 11 slices). H CPA (300 nM) hyperpolarised the membrane potential while
BnOCPA (1 µM) had little effect. Scale bars measure 4 mV and 30 s. I Summary data for membrane potential
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changes. The mean hyperpolarisation produced by CPA (300 nM; 7.26 ± 0.86 mV, n = 7 cells) was
significantly different (one-way ANOVA; F(2,23) = 70.46; P = 1.55 x 10-10) from that produced by BnOCPA
(300 nM - 1 µM; 0.33 ± 0.14 mV, n = 10 and 5 cells, respectively; P = 8.26 x 10-11) and for CPA (300 nM)
applied in the presence of BnOCPA (300 nM; 2.75 ± 0.48 mV, n = 4 cells, P = 2.89 x 10-5; See Supplementary
Fig. 2A for an example trace). J In an in vitro model of seizure activity, represented as frequent spontaneous
spiking from baseline, CPA (300 nM) reversibly blocked activity while BnOCPA (300 nM) had little effect.
Scale bars measure 0.5 mV and 200 s. K Summary data for seizure activity expressed in terms of the
frequency of spontaneous spiking before, during and after CPA or BnOCPA. CPA abolished seizure activity
(n = 4) whereas BnOCPA did not significantly reduce seizure frequency (n = 6). Data represented as mean
± SEM; Two-way RM ANOVA (BnOCPA vs CPA slices): F(1, 3) = 186.11, P = 8.52 x10-4 with the following
Bonferroni post hoc comparisons: BnOCPA vs Control; P = 1; CPA vs control; P = 0.010; BnOCPA vs CPA;
P = 0.027. Averaged data is presented as mean ± SEM. ns, not significant; *, P < 0.05; **, P < 0.02; ****, P
< 0.0001.
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Fig. 2. BnOCPA selectively activates Gob.
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Fig. 2. BnOCPA selectively activates Gob.
A cAMP accumulation was measured in PTX-pre-treated (200 ng/ml) CHO-K1-hA1R cells expressing
PTX-insensitive Goa following co-stimulation with 1 μM forskolin and each compound (1 pM - 1 μM)
for 30 minutes (n = 6 individual repeats). The data demonstrates that BnOCPA does not activate
Goa. B, as for A, but cells were transfected with PTX-insensitive Gob. Adenosine, CPA and BnOCPA
all inhibit cAMP accumulation through coupling to Gob (n = 6 individual repeats). Stimulation of cAMP
production in A reflects BnOCPA’s activation of endogenous, PTX-resistant Gαs by the A1R and is
in agreement with previous observations for other A1R agonists (see Supplementary Fig. 4
and{Cordeaux, 2004 #82;Baker, 2007 #124;Hill, 2003 #123}). C-D Heatmaps summarising Emax (C;
%) and potency (D; pEC50; -log [agonist concentration] required for 50 % inhibition of cAMP
accumulation) for individual Gα subunit and b arrestin1 and 2 activation by selective A1R agonists
for the inhibition of forskolin-stimulated cAMP production. Data taken from: Adenosine, CPA,
BnOCPA Fig. 1, Supplementary Figs. 3, 4, 6; NECA, Supplementary Fig. 3, 6; HOCPA,
Supplementary Fig. 5. E Venn diagram of agonist interactions with individual Gαo/i subunits. While
adenosine, CPA, NECA and HOCPA each activate three subunits, BnOCPA exclusively activates
one, Gob. F The inhibition of cAMP accumulation via A1R:Goa or A1R:Gob by the endogenous
agonist adenosine, and the selective A1R agonists CPA, HOCPA and BnOCPA are plotted at each
concentration of agonist. No bias (equal activation of Goa and Gob at each concentration) would fall
on the line of identity (broken grey line). HOCPA behaves most like an unbiased agonist, with some
bias for Gob shown by CPA, and for Goa by adenosine. BnOCPA is highly selective for Gob, with
no activation of Goa, as indicated by the data points falling on the line of zero Goa activation (vertical
broken line). Data presented as mean ± SEM and is replotted from Supplementary Figs. 5 and 6. G
Signalling bias of A1R-selective agonists for A1R-Goa and A1R-Gob (DD Log (!/KA)) was determined
relative to the natural agonist adenosine using the change in log (!/KA) ratio for the data in F where
! is the efficacy of each agonist in activating individual A1R-Gɑi/o complexes, and where KA is the
agonist equilibrium dissociation constant. Compared to adenosine BnOCPA elicits no measurable
response (NR) at Goa. H Adenosine’s ability to inhibit cAMP accumulation via its activation of Goa
was inhibited by BnOCPA in a concentration-dependent manner, and with a Kd of 113 nM (pKd ~6.9
(n = 4 individual repeats) similar to the binding affinity to the hA1R pKi ~6.6; Fig. 1B). I Example
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current traces produced by adenosine (10 µM) in control conditions or in the presence of intracellular
Goa interfering peptide (100 µM), scrambled Goa peptide (100 µM) or Gob interfering peptide (100
µM). Scale bars measure 25 pA and 100 s. J Summary data of adenosine-induced outward current
experiments. The mean amplitude of the outward current induced by adenosine (40.6 ± 2.2 pA, n =
16 cells) was significantly reduced (one-way ANOVA; F(3,37) = 12.40, P = 9.22 x 10-6) to 20.9 ± 3.6
pA (n = 10 cells, P = 2.65 x 10-5) in 100 µM Goa interfering peptide. Neither the scrambled Goa
peptide (Goa SCR; 43.4 ± 2.4 pA, n = 7 cells, P = 1) nor the Gob interfering peptide (39. 2 ± 2.7 pA,
n = 8 cells, P = 1) significantly reduced the amplitude of the adenosine-induced outward current
compared to control, but each were significantly different from the Goa interfering peptide (P = 8.20
x 10-5; P = 8.86 x 10-4, respectively). Averaged data is presented as mean ± SEM. ****, P < 0.0001
relative to other groups.
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Fig. 3. Molecular dynamics simulations reveal that BnOCPA binding modes can uniquely
drive both agonist- and antagonist-like intracellular conformations of the A1R.
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Fig. 3. Molecular dynamics simulations reveal that BnOCPA binding modes can uniquely
drive both agonist- and antagonist-like intracellular conformations of the A1R.
A Adenosine binding pose: N2546.55 (Ballesteros-Weinstein superscript enumeration) is engaged in
key hydrogen bonds, while important hydrophobic contacts are shown as cyan transparent surfaces
(F171ECL2 and I2747.39). B On the basis of structural similarities and the dynamic docking
(Supplementary Movie 2), HOCPA was predicted to bind with a geometry analogous to adenosine;
the cyclopentyl group makes further hydrophobic contacts with L2536.54, as shown by simulation. C
The xanthine scaffold of the antagonist PSB36 makes hydrogen bonds with N2546.55 side chains and
hydrophobic contacts with F171ECL2 and I2747.39. D BnOCPA agonist-like binding Mode A
(Supplementary Movie 1): the benzyl group orients towards the ECL2 and makes hydrophobic
contacts with I175ECL2 (and M1775.35) side chains. E BnOCPA antagonist-like binding Mode B: the
benzyl group orients towards the top of TM5/TM6 and makes hydrophobic contacts with L2586.59
side chain. F BnOCPA agonist-like binding Mode C: the benzyl group orients towards the top of TM7
and makes hydrophobic contacts with Y2717.36 side chain. G Binding orientation of BnOCPA in
antagonist Mode D: the benzyl group orients under ECL3 and occupies the hydrophobic pocket
defined by L2536.54, T2576.58, T2707.35, and L2697.34. Key hydrogen bonds with N2546.55 and T2777.42
are shown as dotted lines; main hydrophobic contacts are highlighted as cyan transparent surfaces.
H Extracellular view of the A1R showing the four BnOCPA binding Modes A (cyan), B (magenta), C
(green), and D (red) as randomly extracted from the MD simulations. I, J Root-mean-square
deviation (RMSD) distributions considering the inactive N7.49PXXY7.53 motif on the distal part of TM7
as reference. I HOCPA (blue broken line), BnOCPA Mode A (cyan curve), BnOCPA Mode C (green
curve) and the apo receptor (dark green broken line) have a common distribution centring around
the active confirmation of the A1R (orange broken line; Supplementary Fig. 7) leading to A1R
signalling. In contrast, J PSB36 (black broken line), BnOCPA Mode B (magenta curve) and BnOCPA
Mode D (red curve) RMSD values have the tendency to move closer to the inactive N7.49PXXY7.53
geometry (leftward shift of the curves towards broken grey line at x = 0) preventing A1R signalling.
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Fig. 4. BnOCPA selectively induces canonical activation states at A1R:Gob, but nonproductive metastable states at other Gαi/o subunits.
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Fig. 4. BnOCPA selectively induces canonical activation states at A1R:Gob, but nonproductive metastable states at other Gαi/o subunits.
A, B, C Dynamic docking of the Gob GαCT (last 27 residues) performed on the BnOCPA-A1R (black)
and the HOCPA-A1R (magenta) complex, respectively. BnOCPA and HOCPA make productive
couplings with the CT of Gob. A Frequency distribution of the RMSD of the last 15 residues of Gob
GαCT (alpha carbon atoms) relative to the Gi2 GαCT conformation reported in the A1R cryo-EM
structure 6D9H (the 3.6Å resolution of which is indicated by the dashed grey line): the two most
probable RMSD ranges, namely canonical state CS1 and metastable state MS1, can be observed.
B, C Two side views of representative MD frames of the most populated α5 clusters from the states
CS1 and MS1. The last 15 residues of Gob GαCT in the CS1 states of both BnOCPA (black) and
HOCPA (magenta) resemble the experimental Gi2 bound state (PDB code 6D9H - cyan). The
alternative highly populated MS1 state is characterized by a binding geometry similar to the non
canonical Gi intermediate state reported in the neurotensin receptor structure 6OSA (orange). D, E,
F Dynamic docking of the Goa (red) and Gi2 (blue) GαCT (last 27 residues) performed on the
BnOCPA-A1R complex. BnOCPA makes non-productive couplings with the CTs of Goa and Gi2. D
Frequency distribution of the RMSD of the Goa (red) and Gi2 (blue) GαCT last 15 residues (alpha
carbon atoms) relative to the Gi2 GαCT conformation reported in the A1R cryo-EM structure 6D9H
(the resolution of which, 3.6Å, is indicated by the dashed grey line): the two most probable RMSD
ranges are labelled as MS2 and MS3. E, F Two side views of representative MD frames of the most
populated GαCT clusters from the states MS2 and MS3; the Goa (red) and Gi2 (blue) last 15 residues
in the state MS2 overlap well with the putative Gs intermediate state (PDB code 6E67 - green). In
the alternative highly populated state MS3, the GαCT helix orients in unique conformations that differ
from those previously described. G, H For each residue the interaction plotted on the backbone is
the difference between the Goa and Gob occupancies in the presence of orthosteric BnOCPA (% of
MD frames in which interaction occurred). BnOCPA/A1R/Goa (inactive coupling) had the tendency
to interact more with ICL2, TM3 TM7, and H8 (red), while BnOCPA/A1R/Gob (active coupling) formed
more contacts with TM5 and TM6 (blue). I Residues in TM7 and H8 of the hA1R predicted by MDS
to be of importance to A1R coupling to Goa (left) and Gob (right). J, K, Mutations of R2917.56, I2928.47,
Q2938.48 and K2948.49 to alanine in the hA1R differentially affect agonist efficacy (J; IC50) against
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stimulated cAMP production. This can best be observed in the spider plot (K), which normalizes the
reduction in IC50 for each mutation and agonist relative to corresponding WT hA1R. The K294A
mutation has little effect on agonist efficacy (< 5-fold change in IC50), while none of the mutations
appreciably affect the efficacy of HOCPA. The R291A7.56, I292A8.47, and Q293A8.48 mutations strongly
affect the efficacy of adenosine, CPA, NECA and BnOCPA.
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Fig. 5. BnOCPA does not affect heart rate or blood pressure
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Fig. 5. BnOCPA does not affect heart rate or blood pressure
A Examples of heart rate (HR) and B blood pressure traces from a single urethane-anaesthetised,
spontaneously breathing rat showing the effects of adenosine (1 mg·kg-1), BnOCPA (8 µg·kg-1) and
CPA (6 µg·kg-1). Adenosine, BnOCPA and CPA were all given as a 350 µL·kg-1 IV bolus. The
intravenous cannula was flushed with 0.9% saline (grey diamonds) to remove compounds in the
tubing. The overshoot in HR following adenosine applications is likely the result of the baroreflex.
Insets are expanded HR and blood pressure responses to adenosine (black trace, boxed region in
A and B) and BnOCPA (blue trace and boxed region in A and B). Scale bars measure: HR, 200
BPM and 6 s; blood pressure, 40 mm Hg and 6 s. C, D Summary data for 4 experiments. Data from
each rat is shown as a different symbol. Means (± SEM, light grey bars) are connected to indicate
the sequential nature of treatments across the four preparations. One-way RM ANOVA for: C HR,
Greenhouse-Geisser corrected F(2.33, 7.00) = 68.27, P = 2.07 x10-5; D mean arterial blood pressure
(MAP), Greenhouse-Geisser corrected F(1.84, 5.52) = 10.51, P = 0.014; with the following Bonferroni
post hoc comparisons: The resting HR of 432 ± 21 BPM was significantly reduced to 147 ± 12 BPM
(~66 %, P = 2.76 x10-11) by adenosine. BnOCPA had no significant effect on HR (~6%, 442 ± 20 vs
416 ± 21 BPM; P = 1) but prevented the bradycardic effects of adenosine (P = 2.71 x10-9 vs
adenosine) when co-injected (mean change 51 ± 4 BPM; ~12 %; P = 0.67). CPA significantly
decreased HR (from 408 ± 17 to 207 ± 29 BPM; ~50 %, P = 1.85 x10-8), a decrease that was not
significantly different to the effect of adenosine (P = 0.12), but was significantly different to the effect
of both BnOCPA (P = 9.00 x 10-9) and adenosine in the presence of BnOCPA (P = 6.69 x10-7). The
resting MAP (86 ± 9 mm Hg) was significantly reduced by adenosine (~47 %, 46 ± 4 mm Hg; P =
0.001). BnOCPA had no significant effect on its own on MAP (88 ± 11 vs 85 ± 13 mm Hg; P = 1) and
did not prevent adenosine in lowering MAP to a value similar to adenosine on its own (51 ± 4 mm
Hg; P = 1 vs adenosine; P = 0.012 vs BnOCPA alone). CPA significantly decreased MAP (from 83
± 8 to 51 ± 5 mm Hg; P = 0.017), a decrease that was not significantly different to the effect of
adenosine in the absence or presence of BnOCPA (P = 1 for both). ns, not significant; **, P < 0.02;
***, P < 0.001; ****, P < 0.0001.
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Fig. 6 BnOCPA does not cause respiratory depression
A examples of tracheal airflow, respiratory frequency (f), tidal volume (VT) and minute ventilation (VE)
from a single urethane-anaesthetised, spontaneously breathing rat showing the lack of effect of
BnOCPA on respiration and the respiratory depression caused by CPA. BnOCPA and CPA were
given as a 350 µL·kg-1 IV bolus at the times indicated by the vertical broken lines (BnOCPA, 8 μg/kg,
blue; CPA, 6 µg·kg-1, red). Grey diamonds indicate spontaneous sighs. Scale bars measure: 180 s
and: airflow, 0.5 mL; f, 50 breaths per minute (BrPM); VT, 0.25 mL; VE, 50 mL/min. B, C, D Summary
data for 8 anaesthetised rats. Data from each rat is shown before and after the injection of BnOCPA
(blue squares and broken lines) and CPA (red circles and broken lines) together with the mean value
for all animals (solid lines) for f, VT and VE, respectively. One-way RM ANOVA: For: B, f,
Greenhouse-Geisser corrected F(1.20, 8.38) = 30.4, P = 3.48 x 10-4; C, VT, F(3, 21) = 15.9, P = 1.25
x 10-5, and D, VE, Greenhouse-Geisser corrected F(1.19, 8.34) = 15.77, P = 0.003, with the following
Bonferroni post hoc comparisons: Following BnOCPA, f (149 ± 12 BrPM), VT (1.0 ± 0.1 mL), and VE
(152 ± 26 ml/min) were not altered (P = 1) compared to resting values f (149 ± 12 BPM), VT (1.0 ±
0.1 mL), and VE (152 ± 26). In contrast to CPA, which reduced f (108 ± 10 BrPM), VT (0.8 ± 0.1 mL),
and VE (99 ± 19 ml/min) compared to resting values f (143 ± 11 BrPM; p = 4.05 x 10-6), VT (1.1 ± 0.1
mL; P = 2.58 x10-5), and VE (155 ± 28; P = 5.52 x 10-5). Whilst the control resting values before
administration of BnOCPA and CPA were not different to one another (P = 1). The effects of CPA
were significantly greater than BnOCPA for f (P = 4.48 x 10-7), VT (P = 1.15 x10-4), and VE (P = 1.16
x10-4). Horizontal significance indicators above the data show differences between resting values
and following IV administration of either BnOCPA (blue line) or CPA (red line). Vertical significance
indicators show differences between the effects of BnOCPA and CPA. E, Individual data for the

three doses of BnOCPA (blue circles) compared to their preceding baseline (black squares).
The mean is shown as an open symbol. One-way ANOVA with Bonferroni corrections found
no differences in: HR (p = 0.07), MAP (p = 1), Freq (p = 0.2), VT (p = 1), or VE (p = 0.9). F,
Average data from the four animals in E showing cardiorespiratory variables as a percentage
of their preceding baseline and as a function of increasing dose of BnOCPA (log10 scale).
G, Individual data from four rats showing the effect (difference from previous baseline) of
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CPA in the absence (red squares) and presence (purple circles) of BnOCPA (8 µg/kg). The
mean is shown as an open symbol. Paired t-tests indicated a significant reduction in the
effects of CPA by BnOCPA on HR (CPA: 179 ± 15 bpm vs BnOCPA: 159 ± 10 bpm; p =
0.035), VE (CPA: 59 ± 9 ml/min vs BnOCPA: 21 ± 3 ml/min; p = 0.041) and Freq (CPA: 52 ±
8 breaths/min vs BnOCPA: 17 ± 3 breaths/min; p = 0.009), with no change in: MAP (p =
0.807) or VT (p = 0.609). Data is shown as mean ± SEM. Raw traces from a representative
experiment can be found in Supplementary Fig. 10
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Fig. 7. BnOCPA is a potent analgesic without causing sedation.
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Fig.7. BnOCPA is a potent analgesic without causing sedation.
A BnOCPA does not induce sedation or affect motor function. BnOCPA was administered IV (n = 6)
or intraperitoneally (IP; n = 6) at 10 µg/kg as per the maximum dose used in the neuropathic pain
study (Fig. 7B), and at 25 µg/kg IV (n = 6), the highest dose used in the cardiorespiratory experiments
(Fig. 6; Supplementary Fig 10). Morphine (n = 6) was administered at 15 mg/kg subcutaneously as
a positive control for sedation and motor impairment. Saline (n = 6) was administered
subcutaneously at the same volume as the morphine injection. Rats were tested on the rotarod over
a period of 5 hours after injection. BnOCPA did not affect motor function at analgesic or higher doses.
Data points are normalised to pre-dose performance to take into account individual differences and
are offset for clarity. B, C BnOCPA alleviates mechanical allodynia in a spinal nerve ligation (Chung)
model of neuropathic pain when administered B via an intrathecal (IT) or C an intravenous route.
Prior to surgery (pre-surg) animals had similar sensitivity to tactile stimulation as assessed by Von
Frey hair stimulation. Spinal nerve ligation subsequently caused hypersensitivity to touch
(mechanical allodynia) as evidenced by the reduction in the tactile pressure necessary to elicit paw
withdrawal (paw withdrawal threshold; PWT) at 1 week after surgery. PWT reaches a similar nadir
across all groups prior to vehicle or BnOCPA infusion (pre-dose). Administration of BnOCPA
significantly increased PWT in the limb ipsilateral to the site of injury, in a dose-dependent manner
(one-way ANOVA (pre-dose, 1, 2 and 4 hrs) for IT BnOCPA F(3,88) = 21.9, P = 1.10 x 10-10; for IV
BnOCPA F(3,92) = 18.1, P = 2.70 x 10-9). Fisher LSD post-hoc comparisons showed significant
differences at: IT 1 nmol at 1 and 2 hrs, P = 0.001 and 4.16 x 10-5, respectively, and 3 nmol at 1, 2
and 4 hrs, P = 9.52 x 10-11, 1.42 x 10-11 and 1.41 x 10-8, respectively; IV 3 µg/kg at 1, 2 and 4 hrs, P
= 0.044, 0.008 and 0.019, respectively, and 10 µg/kg at 1, 2 and 4 hrs, P = 1.37 x 10-8, 6.81 x 10-14
and 3.23 x 10-4, respectively. B and C, n = 6 per treatment, except for 1 nmol BnOCPA, n = 5. D The
analgesic effects of BnOCPA (6 µg/kg IV) were prevented by the A1R antagonist DPCPX (1 mg/kg
IP), but not the A3R-selective antagonist MRS 1523 (2 mg/kg IP). Post-hoc LSD comparisons across
all four groups and four time points (pre-dose, 1, 2 and 4 hrs; F(15,116) = 26.8, P = 0) revealed that
BnOCPA at 6 µg/kg (IV) elicited significant analgesia compared to vehicle-treated animals at 1, 2,
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-9

-16

-9

and 4 hours post-dosing (P = 4.69 x 10 , 3.50 x 10 , 4.69 x 10 , respectively), which persisted in
the presence of the selective A3R antagonist MRS 1523 over the same time period ( P = 4.42 x 1013

, 3.38 x 10-14, 1.81 x 10-10, respectively). In contrast, the PWT in DPCPX-treated animals did not

differ from those in the vehicle group (P = 0.872, 0.748, 0.453 at 1, 2 and 4 hours, respectively). n =
11 for BnOCPA and vehicle groups; n = 6 for the DPCPX group and n = 5 for the MRS 1523 group.
Averaged data is presented as mean ± SEM. ns, not significant; *, P < 0.05; **, P < 0.02; ***, P <
0.001; ****, P < 0.0001.
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Materials and Methods
Approvals. All experiments involving animals were conducted with the knowledge and approval of
the University of Warwick Animal Welfare and Ethical Review Board, and in accordance with the
U.K. Animals (Scientific Procedures) Act (1986) and the EU Directive 2010/63/EU. In vivo
cardiorespiratory studies were conducted under the auspices of UK PPL 70/8936 and the chronic
neuropathic pain studies under the auspices of P9D9428A9.
Preparation of hippocampal slices. Sagittal slices of hippocampus (300-400 µm) were prepared
from male Sprague Dawley rats, at postnatal days 12-201. Rats were kept on a 12-hour light-dark
cycle with slices made 90 minutes after entering the light cycle. In accordance with the U.K. Animals
(Scientific Procedures) Act (1986), rats were killed by cervical dislocation and then decapitated. The
brain was removed, cut down the midline and the two sides of the brain stuck down to a metal base
plate using cyanoacrylate glue. Slices were cut along the midline with a Microm HM 650V microslicer
in cold (2-4°C) high Mg2+, low Ca2+ aCSF, composed of (mM): 127 NaCl, 1.9 KCl, 8 MgCl2, 0.5 CaCl2,
1.2 KH2PO4, 26 NaHCO3, 10 D-glucose (pH 7.4 when bubbled with 95% O2 and 5% CO2, 300
mOSM). Slices were stored at 34°C for 1-6 hours in aCSF (1 mM MgCl2, 2 mM CaCl2) before use.
Extracellular recording. A slice was transferred to the recording chamber, submerged in aCSF and
perfused at 4-6 ml·min-1 (32 ± 0.5°C). The slice was placed on a grid allowing perfusion above and
below the tissue and all tubing was gas tight (to prevent loss of oxygen). An aCSF-filled glass
microelectrode was placed within stratum radiatum in area CA1 and recordings were made using
either a differential model 3000 amplifier (AM systems, WA USA) or a DP-301 differential amplifier
(Warner Instruments, Hampden, CT USA). Field excitatory postsynaptic potentials (fEPSPs) were
evoked with either an isolated pulse stimulator model 2100 (AM Systems, WA) or ISO-Flex (AMPI,
Jerusalem, Israel). For fEPSPs a 10-20 minute baseline was recorded at a stimulus intensity that
gave 40-50% of the maximal response. Signals were acquired at 10 kHz, filtered at 3 kHz and
digitised on line (10 kHz) with a Micro CED (Mark 2) interface controlled by Spike software (Vs 6.1,
Cambridge Electronic Design, Cambridge UK) or with WinLTP2. For fEPSP slope, a 1 ms linear
region after the fibre volley was measured. Extracellular recordings were made independently on
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two electrophysiology rigs. As the data obtained from each rig was comparable both sets of data
have been pooled.
Seizure model. Seizure activity was induced in hippocampal slices using nominally Mg2+-free aCSF
that contained no added Mg2+ and with the total K+ concentration increased to 6 mM with KCl.
Removal of extracellular Mg2+ facilitates depolarisation via glutamate N-methyl-D-aspartate (NMDA)
receptor activation. Increasing the extracellular concentration of K+ depolarises neurons leading to
firing and release of glutamate to sustain activity. Both the increase in K+ concentration and removal
of Mg2+ are required to produce spontaneous activity in hippocampal slices3. Spontaneous activity
was measured with an aCSF-filled microelectrode placed within stratum radiatum in area CA1.
Whole-cell patch clamp recording from hippocampal pyramidal cells. A slice was transferred
to the recording chamber and perfused at 3 ml·min-1 with aCSF at 32 ± 0.5°C. Slices were visualized
using IR-DIC optics with an Olympus BX151W microscope (Scientifica) and a CCD camera (Hitachi).
Whole-cell current- and voltage-clamp recordings were made from pyramidal cells in area CA1 of
the hippocampus using patch pipettes (5–10 MΩ) manufactured from thick walled glass (Harvard
Apparatus, Edenbridge UK) and containing (mM): potassium gluconate 135, NaCl 7, HEPES 10,
EGTA 0.5, phosphocreatine 10, MgATP 2, NaGTP 0.3 and biocytin 1 mg ml−1 (290 mOSM, pH 7.2).
Voltage and current recordings were obtained using an Axon Multiclamp 700B amplifier (Molecular
Devices, USA) and digitised at 20 KHz. Data acquisition and analysis was performed using Pclamp
10 (Molecular Devices, USA). For voltage clamp experiments, CA1 pyramidal cells were held at -60
mV. Peptides to interfere with G protein signalling were introduced via the patch pipette into the
recorded cell. The cell was held for at least 10 minutes before adenosine (10 µM) was added to
induce an outward current.
Frog heart preparation. Young adult male Xenopus leavis frogs were obtained from Portsmouth
Xenopus Resource Centre. Frogs were euthanized with MS222 (0.2 % at a pH of 7), decapitated
and pithed. The animals were dissected to reveal the heart and the pericardium was carefully
removed. Heart contractions were measured with a force transducer (AD instruments). Heart rate
was acquired via a PowerLab 26T (AD instruments) controlled by LabChart 7 (AD instruments). The
heart was regularly washed with Ringer solution and drugs were applied directly to the heart.
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In vivo anaesthetised rat preparation for cardiorespiratory recordings: Anaesthesia was
induced in adult male Sprague Dawley rats (230-330 g) with isofluorane (2-4%; Piramal Healthcare).
The femoral vein was catheterised for drug delivery. Anaesthesia was maintained with urethane (1.21.7 g·kg-1; Sigma) in sterile saline delivered via the femoral vein catheter. Body temperature was
maintained at 36.7°C via a thermocoupled heating pad (TCAT 2-LV; Physitemp). The trachea was
cannulated and the femoral artery catheterised, and both were connected to pressure transducers
(Digitimer) to record respiratory airflow and arterial blood pressure, respectively. Blood pressure and
airflow signals were amplified using the NeuroLog system (Digitimer) connected to a micro1401
interface and acquired on a computer using Spike2 software (Cambridge Electronic Design). Arterial
blood pressure recordings were used to derive heart rate (HR: beats.minute-1; BPM), and to calculate
mean arterial blood pressure (MAP: Diastolic pressure + ⅓*[Systolic Pressure - Diastolic pressure]).
Airflow measurements were used to calculate: tidal volume (VT; mL; pressure sensors were
calibrated with a 3 mL syringe), and respiratory frequency (f; breaths·min-1; BrPM). Minute ventilation
(VE; mL·min-1) was calculated as f x VT.
Cardiovascular and respiratory parameters were allowed to stabilise before experiments began. ,
A1R agonists were administered by intravenous (IV) injection and the changes in HR, MAP, f, VT,
and VE were measured. In pilot studies, the optimal dose of adenosine was determined by increasing
the dose until robust and reliable changes in HR and MAP were produced (1 mg·kg-1). The dose of
CPA was adjusted until equivalent effects to adenosine were produced on HR and MAP (6 µg·kg-1).
For BnOCPA we initially used 1 µg·kg-1, but saw no agonist effect on HR and MAP. To ensure this
was not a false negative we increased the dose of BnOCPA (8 µg·kg-1), which still gave no agonist
effect on HR and MAP. However, as BnOCPA produced an antagonistic effect when co-administered
with adenosine (Fig. 5; Supplementary Fig. 8B) and CPA (Supplementary Fig. 9), it must have
reached A1Rs at a high enough concentration to be physiologically active. These observations
confirmed that the lack of agonistic effects on HR and MAP were not due to a type II error. 8 µg·kg1

BnOCPA was used for all further experiments. All injections were administered IV as a 350 µl·kg-1

bolus.
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In the experimental studies, rats either 1) received an injection of adenosine. After cardiorespiratory
parameters returned to baseline (5-10 minutes) rats were given BnOCPA. After allowing sufficient
time for any effect of BnOCPA to be observed, rats received adenosine with BnOCPA coadministered in a single injection. After cardiorespiratory parameters returned to baseline, rats were
injected with CPA, or 2) received an injection of CPA. After cardiorespiratory parameters returned to
baseline (5-10 minutes) rats were given 8 µg·kg-1 BnOCPA. After allowing sufficient time for any
effect of BnOCPA to be observed, rats received CPA with 8 µg·kg-1 BnOCPA co-administered in a
single injection. After cardiorespiratory parameters returned to baseline, rats were injected with
successive injections of 17 µg·kg-1 and 25 µg·kg-1 BnOCPA, with sufficient time given for any effect
of BnOCPA to be observed.
To check that the volume of solution injected with each drug did not itself induce a baroreflex
response leading to spurious changes in cardiorespiratory responses, equivalent volumes of saline
(0.9 %) were injected. These had no effect on either heart rate or MAP (Supplementary Fig. 8C). To
confirm that repeated doses of adenosine produced the same response and that the responses did
not run-down, rats were given two injections of adenosine (1 mg·kg-1). There was no significant
difference in the changes in cardiovascular parameters produced by each adenosine injection
(Supplementary Fig. 8D).
An additional series of experiments (n = 4) were undertaken to directly compare BnOCPA and CPA
on respiration. Adult male Sprague Dawley rats (400-500 g) were anaesthetised with urethane and
instrumented as described above, with the exception that the arterial cannulation was not performed.
After allowing the animal to stabilise following surgery, BnOCPA (8 µg·kg-1) was administered. After
a 20 minutes recovery period CPA (6 µg·kg-1) was administered. All injections were administered IV
as a 350 µl·kg-1 bolus. Changes in f, VT, and VE were measured. If the dosing occurred close to a
respiratory event such as a sigh a second IV dose was administered, with 20 minute recovery periods
either side of the injection. Measurements for the effect of BnOCPA were time-matched to when
CPA induced a change in respiration in the same preparation. As no difference was observed
between the respiratory responses to BnOCPA in these rats (n = 4) and those instrumented for both
cardiovascular and respiratory recordings (n = 4), the data were pooled (n = 8; Fig. 6A to D).

424

Wall et al., 2021
4

Spinal nerve ligation (Chung model ): Adult male Sprague-Dawley rats, 7-8 weeks old, weighing
around 250 g at the time of Chung model surgery, were purchased from Charles River UK Ltd. The
animals were housed in groups of 4 in an air-conditioned room on a 12-hour light/dark cycle. Food
and water were available ad libitum. They were allowed to acclimatise to the experimental
environment for three days by leaving them on a raised metal mesh for at least 40 min. The baseline
paw withdrawal threshold (PWT) was examined using a series of graduated von Frey hairs (see
below) for 3 consecutive days before surgery and re-assessed on the 6th to 8th day after surgery and
on the 13th to 17th day after surgery before drug dosing.
Prior to surgery each rat was anaesthetized with 3% isoflurane mixed with oxygen (2 L·min-1)
followed by an i.m. injection of ketamine (60 mg·kg-1) plus xylazine (10 mg·kg-1). The back was
shaved and sterilized with povidone-iodine. The animal was placed in a prone position and a paramedial incision was made on the skin covering the L4-6 level. The L5 spinal nerve was carefully
isolated and tightly ligated with 6/0 silk suture. The wound was then closed in layers after a complete
hemostasis. A single dose of antibiotics (Amoxipen, 15 mg/rat, i.p.) was routinely given for prevention
of infection after surgery. The animals were placed in a temperature-controlled recovery chamber
until fully awake before being returned to their home cages. The vehicle (normal saline) was
administered via the intravenous (IV) route at 1 ml·kg-1 and via the intrathecal (IT) route at 10 µl for
each injection. The rats with validated neuropathic pain state were randomly divided into 8 groups:
vehicle IV, BnOCPA at 1, 3, 10 µg·kg-1 g IV; vehicle IT, BnOCPA at 0.3, 1, and 3 nmol IT groups.
To test for mechanical allodynia the animals were placed in individual Perspex boxes on a raised
metal mesh for at least 40 minutes before the test. Starting from the filament of lower force, each
filament was applied perpendicularly to the centre of the ventral surface of the paw until slightly bent
for 6 seconds. If the animal withdrew or lifted the paw upon stimulation, then a hair with force
immediately lower than that tested was used. If no response was observed, then a hair with force
immediately higher was tested. The highest value was set at 15 g. The lowest amount of force
required to induce reliable responses (positive in 3 out of 5 trials) was recorded as the value of PWT.
On the testing day, PWT were assessed before and 1, 2 and 4 hours following BnOCPA or vehicle
administration. The animals were returned to their home cages to rest (about 30 min) between two

425

Wall et al., 2021
neighbouring testing time points. At the end of each experiment, the animals were deeply
anaesthetised with isoflurane and killed by decapitation.
Rotarod test for motor function. A rotarod test was used to assess motor coordination following
intravenous and intraperitoneal administration of BnOCPA. An accelerating rotarod (Ugo Basile) was
set so speed increased from 6 to 80 rpm over 170 seconds. Male Sprague Dawley rats (n = 24), 7
weeks of age (212-258g) were trained on the rotarod twice daily for two days (≥2 trials per session)
until performance times were stable. On the day of the experiment, three baseline trials were
recorded. The compound was administered IP or intravenously via tail vein injection (10 µg/kg, n =
6 per group). The control group received subcutaneous saline and the positive control group received
subcutaneous morphine (15 mg/kg). Latency to fall (seconds) was measured in triplicate at 1, 2, 3
and 5 hours post drug administration.
Constructs, transfections and generation of a stable cell lines. To generate Flp-In-CHO cells
stably expressing the rat A3R, A3R cDNA was cloned into the pcDNA5/FRT expression vector, and
stable Flp-In-CHO cells lines were generated in accordance with the manufacturer’s instructions.
Co-transfection of cells in a T25 flask with a total of 5 µg of rat A3R/pcDNA5/FRT and the Flp
recombinase expressing plasmid, pOG44 (Thermo Fisher Scientific), (GPCR:pOG44 ratio of 1:9)
was performed using Fugene HD (Promega), at a ratio of 3:1 (v/w) (Fugene:DNA). 24 hours after
transfection, cells were harvested and resuspended in growth media containing 600 µg/ml
Hygromycin B (Thermo Fisher Scientific), and subsequently seeded into a fresh T25 flask. Media
was replaced every 2-3 days and cells stably expressing the A3R (Flp-In-CHO-rA3R) were selected
using 600 µg/ml Hygromycin B (Thermo Fisher Scientific). To generate CHO-K1 cells stably
expressing the rat A2AR (CHO-K1-rA2AR), CHO-K1 cells were seeded onto a 6-well plate and
transfected with 1 µg rat A2AR, using Fugene HD (Promega) at a ratio of 3:1 (v/w) (Fugene:DNA). 48
hours after transfection, media was replaced with growth media containing 800 µg/ml G418 and
changed every 2-3 days until cells were >80% confluent. To investigate rat A1R-mediated signalling,
CHO-K1 cells seeded onto a 6-well plate were transiently transfected with 1 µg rat A1R using Fugene
HD (Promega) at a ratio of 3:1 (v/w) (Fugene:DNA), for 48 hours. The plasmids encoding the rat A1R
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and rat A2AR (Nluc-A1R/pcDNA3.1(+) and Nluc-A2AR/pcDNA3.1(+), respectively) were kindly gifted
by Stephen Hill and Stephen Briddon (University of Nottingham).
Cell signaling assays. CHO-K1-hA1R, CHO-K1-rA2AR and Flp-In-CHO-rA3R cells were routinely
cultured in Ham’s F12 nutrient mix supplemented with 10% Foetal bovine serum (FBS), at 37°C with
5% CO2, in a humidified atmosphere. For cAMP accumulation experiments, cells were seeded at a
density of 2000 cells per well of a white 384-well optiplate and stimulated, for 30 minutes, with a
range of agonist concentrations (100 pM – 100 µM). For cAMP inhibition experiments, cells were costimulated with 1 µM Forskolin and a range of agonist concentrations (1 pM – 100 µM), in the
presence or absence of 1 µM antagonist. cAMP levels were then determined using a LANCE® cAMP
kit as described previously5,6.
For determination of individual Gαi/o/z couplings, CHO-K1-hA1R cells were transfected with
pcDNA3.1-GNAZ or, pcDNA3.1 containing pertussis toxin (PTX) insensitive Gαi/o protein mutants
(C351I, C352I, C351I, C351I, C351I, for Gi1, Gi2, Gi3, Goa, Gob, respectively, obtained from cDNA
Resource Center; www.cdna.org), using 500 ng plasmid and Fugene HD at a 3:1 (Fugene:Plasmid)
ratio. Cells were then incubated for 24 hours before addition of 100 ng/ml PTX, to inhibit activity of
endogenous Gαi/o, and then incubated for a further 16-18 hours. Transfected cells were then assayed
as per cAMP inhibition experiments, but co-stimulated with agonist and 100 nM forskolin.
b-arrestin recruitment assays. HEK 293 cells were routinely grown in DMEM/F-12 GlutaMAXTM

(Thermo Fisher Scientific) supplemented with 10% foetal bovine serum (FBS) (F9665, SigmaAldrich) and 1x antibiotic-antimycotic (Thermo Fisher Scientific) (DMEM complete). For analysis of
b-arrestin recruitment following ligand stimulation at the human A1R or A3R, HEK 293 cells in a single
well of 6-well plate (confluency ≥80%) were transiently co-transfected with either A1R-Nluc or A3RNluc, YFP-b-arrestin1/2 and hGRK1-6, or pcDNA3.1 vector (total 2 μg, at a GPCR:b-arrestin;hGRK
ratio of 1:5:4) using polyethyleneimine (PEI, 1 mg/ml, MW = 25,000 g/mol) (Polysciences Inc) at a
DNA:PEI ratio of 1:6 (w/v). As a negative control for the A1R, transfections were also set up in the
absence of YFP-b-arrestin1/2. Briefly, in sterile tubes containing 150 mM sodium chloride (NaCl),
DNA or PEI was added (final volume 50 μl), allowed to incubate at room temperature for 5 minutes,
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mixing together and incubating for a further 10 minutes prior to adding the combined mix dropwise
to the cells. 24 hours post-transfection, HEK 293 cell were harvested, resuspended in reduced serum
media (MEM, NEAA (Thermo Fisher Scientific) supplemented with 1% L-glutamine (2 mM final)
(Thermo Fisher Scientific), 2% FBS and 1x antibiotic-antimycotic) and seeded (50,000 cells/well) in
a poly-L-lysine-coated (MW 150,000-300,000, Sigma-Aldrich) white 96-well plate (PerkinElmer Life
Sciences). 24 hours post seeding, media was removed, cells gently washed in PBS and 90 µl of
furimazine (4 µM) containing solution added (PBS supplemented with 0.49 mM MgCl2, 0.9 mM CaCl2
and 0.1% BSA) to each well before incubating in the dark for 10 minutes. After incubation, 10 µl of
ligand (NECA/CPA, adenosine, BnOCPA) was added in the range of 10 µM to 0.01 µM and filtered
light emission measured at 450 nm and 530 nm every minute for 1 hour using a Mithras LB 940
(Berthold technology). Here, Nluc on the C-terminus of A1R or A3R acted as the BRET donor
(luciferase oxidizing its substrate) and YFP acted as the fluorescent acceptor. Vehicle control
(DMSO) was added to determine background emission, and data was corrected for baseline reading,
vehicle and the response obtained in the absence of YFP-b-arrestin1/2, when appropriate.
Radioligand binding. Radioligand displacement assays were conducted using crude membrane
preparations (100 μg protein per tube) acquired from homogenisation of CHO-K1-hA1R cells in icecold buffer (2 mM MgCl2, 20 mM HEPES, pH 7.4). The ability to displace binding of the A1R selective
antagonist radioligand, 1,3-[3H]-dipropyl-8-cyclopentylxanthine ([3H]-DPCPX) at a concentration (1
nM) around the Kd value (1.23 nM, as determined by saturation binding experiments) by increasing
concentrations of NECA, adenosine, CPA, BnOCPA or HOCPA (10 μM – 0.1 nM) allowed the binding
affinities (Ki) to be determined. Non-specific binding was determined in the presence of 10 μM
DPCPX. Membrane incubations were conducted in Sterilin™ scintillation vials (Thermo Fisher
Scientific; Wilmington, Massachusetts, USA) for 60 minutes at room temperature. Free radioligand
was separated from bound radioligand by filtration through Whatman® glass microfiber GF/B 25 mm
filters (Sigma-Aldrich). Each filter was then placed in a Sterilin™ scintillation vial and radioactivity
determined by: addition of 4 mL of Ultima Gold XR liquid scintillant (PerkinElmer), overnight
incubation at room temperature and the retained radioactivity determined using a Beckman Coulter
LS 6500 Multi-purpose scintillation counter (Beckman Coulter Inc.; Indiana, USA).
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NanoBRET ligand-binding studies. Real-time pharmacological interactions between ligands and
receptors was quantitated using NanoBRET as described previously7. In brief, using N-terminally
NanoLuc (Nluc)-tagged rat A1R, A2AR and A3R expressing HEK-293 cell lines, competition binding
assays were conducted. The data was fitted with the ‘one-site – Ki model’ derived from the Cheng
and Prusoff correction8, built into Prism to determine affinity (pKi) values for all unlabelled agonists
at all adenosine receptor subtypes assayed. In all cases CA200645, which acts as a fluorescent
antagonist with a slow off-rate9 was used with the exception of the rat A3R where the fluorescent
compound was AV03910. For all adenosine receptors filtered light emission at 450 nm and > 610 nm
(640-685 nm band pass filter) was measured using a Mithras LB 940 and the raw BRET ratio
calculated by dividing the 610 nm emission with the 450 nm emission. The Nluc acts as the BRET
donor (luciferase oxidizing its substrate) and CA200645/AV039 acted as the fluorescent acceptor.
CA200645 was used at 25 nM, as previously reported11 and AV039 was used at 100 nM (Barkan et
al. 2019). BRET was measured following the addition of the Nluc substrate, furimazine (0.1 µM).
Nonspecific binding was determined using a high concentration of unlabelled antagonist, DPCPX for
rat A1R, ZM241385 for the rat A2AR and MRS 1220 for rat A3R.
Data Analysis. Concentration-response curves for the effects of A1R agonists on synaptic
transmission were constructed in OriginPro 2018 (OriginLab; Northampton, MA, USA) and fitted with
a logistic curve using the Levenberg Marquadt iteration algorithm. OriginPro 2018 was also used for
statistical analysis. Statistical significance was tested as indicated in the text using paired or unpaired
t-tests or one-way or two-way ANOVAs with repeated measures (RM) as appropriate. Bonferroni
corrections for multiple comparisons were performed. All in vitro cell signalling assay data was
analysed using Prism 8.4 (Graphpad software, San Diego, CA), with all concentration-response
curves being fitted using a 3 parameter logistic equation to calculate response range and IC50. All
cAMP data was normalised to a forskolin concentration-response curve ran in parallel to each assay.
Where appropriate the operational model of receptor agonism6,12 was used to obtain efficacy (log τ)
and equilibrium disassociation constant (log KA) values. Calculation of bias factors (∆log(Tau/KA))
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6

relative to adenosine was performed as described in Weston et al. (2016) . Error for this composite
measure was propagated by applying the following equation.

Where, "# and "$

are

deviations

measurement A and B

of

the

standard

with mean of %# and %$ , %#$ is the composite mean and n is the number of repeats.
Statistical significance relative to adenosine was calculated using a one-way ANOVA with a
Dunnett’s post-test for multiple comparisons. Radioligand displacement curves were fitted to the
one-site competition binding equation yielding logKi values. One-way ANOVA (Dunnett’s post-test)
was used to determine significance by comparing the logKi value for each compound when
compared to adenosine. To determine the extent of ligand-induced recruitment of β-arrestin2-YFP
to either the A1R or A3R, the BRET signal was calculated by subtracting the 530 nm/450 nm emission
for vehicle-treated cells from ligand-treated cells (ligand-induced DBRET). DBRET for each
concentration at 5 minutes (maximum response) was used to produce concentration-response
curves.
All in vivo cardiovascular and respiratory data were analysed using OriginPro 2018. One-way
ANOVAs, with repeated measures as appropriate, and with Bonferroni correction for multiple
comparisons were used. Statistical significance for the effects of IV saline and the antagonist effect
of BnOCPA on CPA were tested using paired t-tests. Data are reported throughout as mean ± SEM
and n values are reported for each experiment. For the neuropathic pain studies, one-way ANOVAs
with Fisher’s Least Significant Difference (LSD) post-hoc test was used to compare drug treatment
groups to the vehicle group (OriginPro 2018). The significance level was set at P < 0.05, with actual
P values reported in the figure legends and summaries, by way of abbreviations and asterisks, on
the graphs: ns, not significant; * P < 0.05; **, P < 0.02; ***, P < 0.001; ****, P < 0.0001.
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Drugs and substances. Drugs were made up as stock solutions (1-10 mM) and then diluted in
aCSF or saline on the day of use.
BnOCPA13

((2R,3R,4S,5R)-2-(6-{[(1R,2R)-2-benzyloxycyclopentyl]amino}-9H-purin-9-yl)-5-

(hydroxymethyl)oxolane-3,4-diol)

and

HOCPA14

((2R,3R,4S,5R)-2-(6-{[(1R,2R)-2-

hydroxycyclopentyl]amino}-9H-purin-9-yl)-5-(hydroxymethyl)oxolane-3,4-diol),

the

[(1R,2R)-2-

hydroxycyclopentyl]amino bis-epimer of known A1R agonist GR7923615, were synthesised as
described previously5 and dissolved in dimethyl-sulphoxide (DMSO, 0.01% final concentration).
Adenosine, 8-CPT (8-cyclopentyltheophylline), NECA (5′-(N-Ethylcarboxamido) adenosine) and
CPA (N6-Cyclopentyladenosine) were purchased from Sigma-Aldrich (Poole, Dorset, UK). 1,3-[3H]dipropyl-8-cyclopentylxanthine ([3H]-DPCPX) was purchased from PerkinElmer (Life and Analytical
Sciences, Waltham, MA). Peptides for interfering with G protein signalling were obtained from Hello
Bio (Bristol, UK) and were based on published sequences16. For Goa the peptide had a sequence of
MGIANNLRGCGLY. The scrambled version was LNRGNAYLCIGMG. For Gob the peptide had a
sequence of MGIQNNLKYIGIC. Peptides were made up as stock solutions (2 mM) and stored at 20°C. The stock solutions were dissolved in filtered intracellular solution just before use.
Molecular Dynamics Simulations
Ligand parameterization. The CHARMM3617,18/CGenFF19,20,21 force field combination was
employed in all the molecular dynamic (MD) simulations performed. Initial topology and parameter
files of BnOCPA, HOCPA, and PSB36 were obtained from the Paramchem webserver19. Higher
penalties were associated with a few BnOCPA dihedral terms, which were therefore optimized at the
HF/6-31G* level of theory using both the high throughput molecular dynamics (HTMD)22
parameterize functionality and the Visual Molecular Dynamics (VMD)23 Force Field Toolkit (ffTK)24,
after fragmentation of the molecule. Short MD simulations of BnOCPA in water were performed to
visually inspect the behavior of the optimized rotatable bonds.
Systems preparation for fully dynamic docking of BnOCPA and HOCPA. Coordinates of the
A1R in the active, adenosine- and G protein-bound state were retrieved from the Protein Data
Bank25,26 database (PDB ID 6D9H27). Intracellular loop 3 (ICL3) which is missing from PDB ID 6D9H
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28,29

was rebuilt using Modeller 9.19

. The G protein, with the exception of the C-terminal helix (helix

5) of the G protein alpha subunit (the key region responsible for the receptor TM6 active-like
conformation) was removed from the system as in previous work30,31. BnOCPA and HOCPA were
placed in the extracellular bulk, in two different systems, at least 20 Å from the receptor vestibule.
The resulting systems were prepared for simulations using in-house scripts able to exploit both
python HTMD22 and Tool Command Language (TCL) scripts. Briefly, this multistep procedure
performs the preliminary hydrogen atoms addition by means of the pdb2pqr32 and propka33 software,
considering a simulated pH of 7.0 (the proposed protonation of titratable side chains was checked
by visual inspection). Receptors were then embedded in a square 80 Å x 80 Å 1-palmitoyl-2-oleylsn-glycerol-3-phosphocholine (POPC) bilayer (previously built by using the VMD Membrane Builder
plugin

1.1,

Membrane

Plugin,

http://www.ks.uiuc.edu/Research/vmd/plugins/membrane/)

through

Version
an

1.1.;

insertion

method34,

considering the A1R coordinates retrieved from the OPM database35 to gain the correct orientation
within the membrane. Lipids overlapping the receptor transmembrane bundle were removed and
TIP3P water molecules36 were added to the simulation box (final dimensions 80 Å × 80 Å × 125 Å)
using

the

VMD

Solvate

plugin

1.5

(Solvate

Plugin,

Version

1.5;

http://www.ks.uiuc.edu/Research/vmd/plugins/solvate/). Finally, overall charge neutrality was
achieved by adding Na+/Cl- counter ions (concentration of 0.150 M) using the VMD Autoionize plugin
1.3 (Autoionize Plugin, Version 1.3; http://www.ks.uiuc.edu/Research/vmd/plugins/autoionize/). All
histidine side chains were considered in the delta tautomeric state, with the exception of H251
(epsilon tautomer) and H278 (protonated).
The MD engine ACEMD37 was employed for both the equilibration and productive simulations.
Systems were equilibrated in isothermal-isobaric conditions (NPT) using the Berendsen barostat38
(target pressure 1 atm), the Langevin thermostat39 (target temperature 300 K) with a low damping
factor of 1 ps-1 and with an integration time step of 2 fs. Clashes between protein and lipid atoms
were reduced through 2000 conjugate-gradient minimization steps before a 2 ns long MD simulation
was run with a positional constraint of 1 kcal mol-1 Å-2 on protein and lipid phosphorus atoms. Twenty
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nanoseconds of MD simulation were then performed constraining only the protein atoms. Lastly,
positional constraints were applied only to the protein backbone alpha carbons for a further 5 ns.
Dynamic docking of BnOCPA and HOCPA. The supervised MD (SuMD) approach is an adaptive
sampling method40 for simulating binding events in a timescale one or two orders of magnitudes
faster than the corresponding classical (unsupervised) MD simulations41. SuMD has been
successfully applied to small molecules and peptides42,43,44,45,46,47,48. In the present work, the
distances between the centers of mass of the adenine scaffold of the A1R agonist and N2546.55,
F171ECL2, T2777.42 and H2787.43 of the receptor were considered for the supervision during the MD
simulations. The dynamic docking of BnOCPA was hindered by the ionic bridge formed between the
E172ECL2 and K265ECL3 side chains. A metadynamics49,50,51 energetic bias was therefore introduced
in order to facilitate the rupture of this ionic interaction, thus favoring the formation of a bound
complex. More precisely, Gaussian terms (height = 0.01 kcal mol-1 and widths = 0.1 Å) were
deposited every 1 ps along the distance between the E172ECL2 carboxyl carbon and the positively
charged K265ECL3 nitrogen atom using PLUMED 2.352. A similar SuMD-metadynamics hybrid
approach was previously employed to study binding/unbinding kinetics53 on the A2AR subtype. For
each replica (Methods Table 1), when the ligands reached a bound pose (i.e. a distance between
the adenine and the receptor residues centers of mass < 3 Å), a classic (unsupervised and without
energetic bias) MD simulation was performed for at least a further 100 ns.
BnOCPA bound state metadynamics. We decided to perform a detailed analysis of the role played
by the E172ECL2 - K265ECL3 ionic interaction in the dynamic docking of BnOCPA. Three 250 ns long
well-tempered54 metadynamics simulations were performed using the bound state obtained from a
previous dynamic docking simulation, which resulted in binding mode A, as a starting point. The
collective variables (CVs) considered were: i) the distance between the E172ECL2 carboxyl carbon
and the positively charged K265ECL3 nitrogen atom and ii) the dihedral angle formed by the 4 atoms
linking the cyclopentyl ring to the phenyl moiety (which was the most flexible ligand torsion during
the previous SuMD simulations). Gaussian widths were set at 0.1 Å and 0.01 radians respectively,
heights at 0.01 kcal/mol-1, and the deposition was performed every 1 ps (bias-factor = 5). Although
complete convergence was probably not reached, three replicas (Methods Table 1) allowed
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sampling of three main energetic minima on the energy surface (Supplementary Fig. 6); these
correspond to the representative binding poses shown in Fig. 3D to F.
Classic MD simulations of BnOCPA binding modes A, B, C and D. To test the hypothesis that
BnOCPA and HOCPA may differently affect TM6 and/or TM7 mobility when bound to A1R (and to
further sample the stability of each BnOCPA binding mode), putative binding conformations A, B and
C (Fig. 3) were superposed to the experimental A1R active state coordinates with the modelled ICL3.
This should have removed any A1R structural artefacts, possibly introduced by metadynamics. As
reference and control, two further systems were considered: i) the pseudo-apo A1R and ii) the
selective A1R antagonist PSB3655 superposed in the same receptor active conformation (Methods
Table 1). The BnOCPA binding mode D was modelled from mode B by rotating the dihedral angle
connecting the cyclopentyl ring and the N6 nitrogen atom in order to point the benzyl of the agonist
toward the hydrophobic pocket underneath ECL3 (Fig. 3G) delimited by L2536.56, T2576.52 , K265ECL3
,T2707.35, and L2697.34. The G protein atoms were removed, and the resulting systems prepared for
MD as reported above. A similar comparison was performed in a milestone study on the b2
adrenergic receptor56 which sought to describe the putative deactivation mechanism of the receptor.
Dynamic docking of the Goa, Gob and Gi2 GαCT helix. A randomly extracted frame from the
classic MD performed on the BnOCPA:A1R complex was prepared for three sets of simulations
placing the GαCT helix 5 (last 27 residues) of the Gα proteins Goa, Gob and Gi2 in the intracellular
solvent bulk side of the simulation boxes. As a further control, a frame from the classic MD performed
on the unbiased ligand HOCPA:A1R complex was randomly extracted and prepared along with the
Gob GαCT. The resulting four systems were embedded in a POPC membrane and prepared as
reported above.
The different structural effects putatively triggered by BnOCPA and HOCPA on the recognition
mechanism of Goa, Gob and Gi2 GαCT were studied by performing 10 SuMD replicas (Methods
Table 1). During each replica (Video S3), the distance between the centroid of the GαCT residues
348-352 and the centroid of the A1R residues D422.37, I2326.33, and Q2938.48 was supervised until it
reached a value lower than 8 Å. A classic MD simulation was then run for a further 300 ns.
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Classic MD simulations on the A1R:Goa and Gob complexes. The A1R cryo-EM structure (PDB
ID 6D9H) was used as template for all the five systems simulated (Methods Table 1). The
endogenous agonist adenosine was removed and HOCPA and BnOCPA (modes B and D) were
inserted in the orthosteric site superimposing 6D9H to the systems prepared for the classic MD
simulations in the absence of G protein. ICL3 was not modelled, nor were the missing part of the G
protein α subunit. As subunits β and γ were removed, the Gα NT helix was truncated to residue 27
to avoid unnatural movements (NT is constrained by Gβ in 6D9H). The Gα subunit was mutated
according to the Goa and Gob primary sequences57 using in-house scripts. The resulting five
systems (Methods Table 1) were embedded in a POPC membrane and prepared as reported above.
Analysis of the classic MD simulations. During the classic MD simulations that started from
Modes A-C (Fig. 3D to F), BnOCPA had the tendency to explore the three conformations by rapidly
interchanging between the three binding modes. In order to determine the effect exerted on the TM
domain by each conformation, 21 µs of MD simulations (Methods Table 1 - BnOCPA mode A,
BnOCPA mode B, BnOCPA mode C) were subjected to a geometric clustering. More precisely, a
simulation frame was considered in pose A if the distance between the phenyl ring of BnOCPA and
the I175ECL2 alpha carbon was less than 5 Å; in pose B if the distance between the phenyl ring of
BnOCPA and the L2586.59 alpha carbon was less than 6 Å, and in pose C if the distance between
the phenyl ring of BnOCPA and the Y2717.36 alpha carbon was less than 6 Å. During the MD
simulations started from mode D (Fig. 3G), a frame was still considered in mode D if the root mean
square deviation (RMSD) of the benzyl ring to the starting equilibrated conformation was less than
3 Å. For each of the resulting four clusters, the RMSD of the GPCR conserved motif NPXXY (N7.49
PIV Y7.53 in the A1R; Supplementary Fig. 7) was computed using Plumed 2.352 considering the
inactive receptor state as reference, plotting the obtained values as frequency distributions (Fig. 3I,
J). Rearrangement of the NPXXY motif, which is located at the intracellular half of TM7, is considered
one of the structural hallmarks of GPCR activation58. Upon G protein binding, it moves towards the
center of the receptor TM bundle (Supplementary Fig. 7). Unlike other activation micro-switches (e.g.
the break/formation of the salt bridge between R3.50 and E6.30), this conformational transition is
believed to occur in timescales accessible to MD simulations56.
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Hydrogen bonds and atomic contacts were computed using the GetContacts analysis tool
(https://github.com/getcontacts/getcontacts) and expressed in terms of occupancy (the percentage
of MD frames in which the interaction occurred).
Analysis of the Goa, Gob and Gi2 GαCT classic MD simulations after SuMD. For each system,
only the classic MD simulations performed after the GαCT reached the A1R intracellular binding site
were considered for the analysis.
The RMSD values to the last 15 residues of the Gi2 GαCT reported in the A1R cryo-EM PDB structure
6D9H were computed using VMD23. The MD frames associated with the peaks in the RMSD plots
(states CS1, MS1, MS2 and MS3 in Fig. 4A, D) were clustered employing the VMD Clustering plugin
(https://github.com/luisico/clustering) by selecting the whole GαCT helixes alpha carbon atoms and
a cutoff of 3 Å.
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Methods Table 1. Summary of the simulations performed.
Ligand

MD approach

# Replicas

Total simulated
timea

BnOCPA

SuMD

6

1.9 µs

BnOCPA

SuMD-Metadynamics

5

4.3 µs

HOCPA

SuMD

5

3.4 µs

BnOCPA (bound state
after dynamic docking)

Metadynamics

3

0.75 µs

BnOCPA(A)

Classic MD

6

9.0 µs

BnOCPA(B)

Classic MD

6

9.0 µs

BnOCPA(C)

Classic MD

3

3.0 µs

HOCPA

Classic MD

4

8.0 µs

PSB36

Classic MD

4

6.0 µs

Apo A1

Classic MD

4

8.0 µs

GαCT Goa (BnOCPA)

SuMD + Classic MD

10

0.36 µs + 3.0 µs

GαCT Gob (BnOCPA)

SuMD + Classic MD

10

0.33 µs + 3.0 µs

GαCT Gi2 (BnOCPA)

SuMD + Classic MD

10

0.37 µs + 3.0 µs

GαCT Gob (HOCPA)

SuMD + Classic MD

10

0.29 µs + 3.0 µs

BnOCPA(D):Gob

Classic MD

4

4.0 µs

BnOCPA(B):Gob

Classic MD

3

3.0 µs

HOCPA:Gob

Classic MD

4

4.0 µs

BnOCPA(D):Goa

Classic MD

5

5.0 µs

BnOCPA(B):Goa

Classic MD

4

4.0 µs

a) For SuMD and SuMD-metadynamics simulations the time is the sum of productive SuMD time
windows.
(A), (B), (C) and (D) indicate the respective BnOCPA binding modes.

437

Bibliography
Abbracchio, M.P., Brambilla, R., Ceruti, S., and Jacobson, K.A. (1995). G protein-dependent
activation of phospholipase C by adenosine A3 receptors in rat brain. Molecular Pharmacology
48: 1038–1045.
Abiru, T., Yamaguchi, T., Watanabe, Y., Kogi, K., Aihara, K., and Matsuda, A. (1991). The
antihypertensive effect of 2-alkynyladenosines and their selective affinity for adenosine A2
receptors. European Journal of Pharmacology 196: 69–76.
Adachi, N., Hess, D.T., McLaughlin, P., and Stamler, J.S. (2016). S-Palmitoylation of a Novel Site
in the β2-Adrenergic Receptor Associated with a Novel Intracellular Itinerary. The Journal of
Biological Chemistry 291: 20232–20246.
Aguiar-Oliveira, M.H., Davalos, C., Campos, V.C., Oliveira Neto, L.A., Marinho, C.G., and Oliveira,
C.R.P. (2018). Hypothalamic abnormalities: Growth failure due to defects of the GHRH
receptor. Growth Hormone & IGF Research 38: 14–18.
Ahmad, A., Ahmad, S., Glover, L., Miller, S.M., Shannon, J.M., Guo, X., Franklin, W.A., Bridges,
J.P., Schaack, J.P., Colgan, S.P., and White, C.W. (2009). Adenosine A2A receptor is a unique
angiogenic target of HIF-2α in pulmonary endothelial cells. Proceedings of the National
Academy of Sciences 106: 10684–10689.
Aittaleb, M., Boguth, C.A., and Tesmer, J.J.G. (2010). Structure and Function of Heterotrimeric
G Protein-Regulated Rho Guanine Nucleotide Exchange Factors. Molecular Pharmacology 77:
111.
Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K., and Walter, P. (2002). Molecular Biology
of the Cell (New York: Garland Science).
Albizu, L., Moreno, J.L., Gonzalez-Maeso, J., and Sealfon, S.C. (2012). Heteromerization of G
Protein-Coupled Receptors: Relevance to Neurological Disorders and Neurotherapeutics. CNS
& Neurological Disorders - Drug Targets 9: 636–650.
Albrandt, K., Brady, E.M., Moore, C.X., Mull, E., Sierzega, M.E., and Beaumont, K. (1995).
Molecular cloning and functional expression of a third isoform of the human calcitonin

438

receptor and partial characterization of the calcitonin receptor gene. Endocrinology 136:
5377–5384.
Alexander, S.P., Christopoulos, A., Davenport, A.P., Kelly, E., Mathie, A., Peters, J.A., Veale, E.L.,
Armstrong, J.F., Faccenda, E., Harding, S.D., Pawson, A.J., Sharman, J.L., Southan, C., Davies,
J.A., and CGTP Collaborators (2019). THE CONCISE GUIDE TO PHARMACOLOGY 2019/20: G
protein-coupled receptors. British Journal of Pharmacology 176: S21.
Al-Hasani, R., and Bruchas, M.R. (2011). Molecular Mechanisms of Opioid Receptor-Dependent
Signaling and Behavior. Anesthesiology 115: 1363.
Allard, D., Allard, B., Gaudreau, P.-O., Chrobak, P., and Stagg, J. (2016). CD73–adenosine: a
next-generation target in immuno-oncology. Immunotherapy 8: 145–163.
Allard, D., Turcotte, M., and Stagg, J. (2017). Targeting A2 adenosine receptors in cancer.
Immunology and Cell Biology 95: 333–339.
Allen-Gipson, D.S., Wong, J., Spurzem, J.R., Sisson, J.H., and Wyatt, T.A. (2006). Adenosine A2A
receptors promote adenosine-stimulated wound healing in bronchial epithelial cells. Lung
Cellular and Molecular Physiology 290: 849–855.
Amara, S.G., Jonas, V., Rosenfeld, M.G., Ong, E.S., and Evans, R.M. (1982). Alternative RNA
processing in calcitonin gene expression generates mRNAs encoding different polypeptide
products. Nature 298: 240–244.
Ammon-Treiber, S., and Höllt, V. (2005). Morphine-induced Changes of Gene Expression in the
Brain. Addiction Biology 10: 81–89.
Ammon-Treiber, S., Stolze, D., Schröder, H., Loh, H., and Höllt, V. (2005). Effects of opioid
antagonists

and

morphine

in

a

hippocampal

hypoxia/hypoglycemia

model.

Neuropharmacology 49: 1160–1169.
Andreassen, K.V., Hjuler, S.T., Furness, S.G., Sexton, P.M., Christopoulos, A., Nosjean, O.,
Karsdal, M.A., and Henriksen, K. (2014). Prolonged Calcitonin Receptor Signaling by Salmon,
but Not Human Calcitonin, Reveals Ligand Bias. PLoS ONE 9: e92042.

439

Angers, S., Salahpour, A., and Bouvier, M. (2003). Dimerization: An Emerging Concept for G
Protein–Coupled Receptor Ontogeny and Function. Annual Review of Pharmacology and
Toxicology 42: 409–435.
Antonny, B., Burd, C., Camilli, P. de, Chen, E., Daumke, O., Faelber, K., Ford, M., Frolov, V.A.,
Frost, A., Hinshaw, J.E., Kirchhausen, T., Kozlov, M.M., Lenz, M., Low, H.H., McMahon, H.,
Merrifield, C., Pollard, T.D., Robinson, P.J., Roux, A., and Schmid, S. (2016). Membrane fission
by dynamin: what we know and what we need to know. The EMBO Journal 35: 2270–2284.
Arborelius, L., Owens, M., Plotsky, P., and Nemeroff, C. (1999). The role of corticotropinreleasing factor in depression and anxiety disorders. Journal of Endocrinology 160: 1–12.
Arman, A., Dündar, B.N., Çetinkaya, E., Erzaim, N., and Büyükgebiz, A. (2014). Novel Growth
Hormone-Releasing Hormone Receptor Gene Mutations in Turkish Children with Isolated
Growth Hormone Deficiency. Journal of Clinical Research in Pediatric Endocrinology 6: 202–
208.
Armour, S.L., Foord, S., Kenakin, T., and Chen, W.J. (1999). Pharmacological characterization of
receptor-activity-modifying proteins (RAMPs) and the human calcitonin receptor. Journal of
Pharmacological and Toxicological Methods 42: 217–224.
Arora, K.K., Chung, h-O., and Catt, K.J. (1999). Influence of a species-specific extracellular amino
acid on expression and function of the human gonadotropin-releasing hormone receptor.
Molecular Endocrinology 13: 890–896.
Assas, B.M., Pennock, J.I., and Miyan, J.A. (2014). Calcitonin gene-related peptide is a key
neurotransmitter in the neuro-immune axis. Frontiers in Neuroscience 8:23.
Assil-Kishawi, I., Samra, T.A., Mierke, D.F., and Abou-Samra, A.B. (2008). Residue 17 of
Sauvagine Cross-links to the First Transmembrane Domain of Corticotropin-releasing Factor
Receptor 1 (CRFR1). The Journal of Biological Chemistry 283: 35644.
Attwood, T.K., and Findlay, J.B.C. (1994). Fingerprinting G-protein-coupled receptors. Protein
Engineering 7: 195–203.

440

Azam, S., Haque, M.E., Jakaria, M., Jo, S.H., Kim, I.S., and Choi, D.K. (2020). G-Protein-Coupled
Receptors in CNS: A Potential Therapeutic Target for Intervention in Neurodegenerative
Disorders and Associated Cognitive Deficits. Cells 9: 506.
Baggio, L.L., and Drucker, D.J. (2007). Biology of incretins: GLP-1 and GIP. Gastroenterology
132: 2131–2157.
Baggio, L.L., Kim, J.G., and Drucker, D.J. (2004). Chronic Exposure to GLP-1R Agonists Promotes
Homologous GLP-1 Receptor Desensitization In Vitro but Does Not Attenuate GLP-1R–
Dependent Glucose Homeostasis In Vivo. Diabetes 53: S205–S214.
Bahouth, S.W., and Nooh, M.M. (2017). Barcoding of GPCR trafficking and signaling through
the various trafficking roadmaps by compartmentalized signaling networks. Cellular Signalling
36: 42–55.
Bailey, R., Walker, C., Ferner, A., Loomes, K., Prijic, G., Halim, A., Whiting, L., Phillips, A.R.J., and
Hay, D.L. (2012). Pharmacological characterization of rat amylin receptors: implications for the
identification of amylin receptor subtypes. British Journal of Pharmacology 166: 151–167.
Bailey, R.J., and Hay, D.L. (2006). Pharmacology of the human CGRP1 receptor in Cos 7 cells.
Peptides 27: 1367–1375.
Bailey, S., Harris, M., Barkan, K., Winfield, I., Harper, M.T., Simms, J., Ladds, G., Wheatley, M.,
and Poyner, D. (2019). Interactions between RAMP2 and CRF receptors: The effect of receptor
subtypes, splice variants and cell context. Biochimica et Biophysica Acta (BBA) - Biomembranes
1861: 997–1003.
Bale, T.L., and Vale, W.W. (2004). CRF and CRF Receptors: Role in Stress Responsivity and Other
Behaviors. Annual Review of Pharmacology and Toxicology 44: 525–557.
Ballesteros, J.A., Jensen, A.D., Liapakis, G., Rasmussen, S.G.F., Shi, L., Gether, U., and Javitch, J.
(2001). Activation of the β2-Adrenergic Receptor Involves Disruption of an Ionic Lock between
the Cytoplasmic Ends of Transmembrane Segments 3 and 6. Journal of Biological Chemistry
276: 29171–29177.
Ballesteros-Yáñez, I., Castillo, C.A., Merighi, S., and Gessi, S. (2018). The Role of Adenosine
Receptors in Psychostimulant Addiction. Frontiers in Pharmacology 8: 1–18.

441

Baltos, J.A., Gregory, K.J., White, P.J., Sexton, P.M., Christopoulos, A., and May, L.T. (2016).
Quantification of adenosine A1 receptor biased agonism: Implications for drug discovery.
Biochemical Pharmacology 99: 101–112.
Barbash, S., Lorenzen, E., Persson, T., Huber, T., and Sakmar, T.P. (2017). GPCRs globally
coevolved with receptor activity-modifying proteins, RAMPs. Proceedings of the National
Academy of Sciences 114: 12015–12020.
Barkan, K., Lagarias, P., Stampelou, M., Stamatis, D., Hoare, S., Safitri, D., Klotz, K.N., Vrontaki,
E., Kolocouris, A., and Ladds, G. (2020). Pharmacological characterisation of novel adenosine
A3 receptor antagonists. Scientific Reports 10: 1–12.
Barrick, C.J., Lenhart, P.M., Dackor, R.T., Nagle, E., and Caron, K.M. (2012). Loss of receptor
activity-modifying protein 3 exacerbates cardiac hypertrophy and transition to heart failure in
a sex-dependent manner. Journal of Molecular and Cellular Cardiology 52: 165–174.
Barwell, J., Gingell, J.J., Watkins, H.A., Archbold, J.K., Poyner, D.R., and Hay, D.L. (2012a).
Calcitonin and calcitonin receptor-like receptors: common themes with family B GPCRs? British
Journal of Pharmacology 166: 51.
Barwell, J., Wootten, D., Simms, J., Hay, D.L., and Poyner, D.R. (2012b). RAMPs and CGRP
Receptors. Advances in Experimental Medicine and Biology 744: 13–24.
Basagiannis, D., Zografou, S., Galanopoulou, K., and Christoforidis, S. (2017). Dynasore impairs
VEGFR2 signalling in an endocytosis-independent manner. Scientific Reports 7: 1–11.
Bastin, M., and Andreelli, F. (2019). Dual GIP-GLP1-Receptor Agonists In The Treatment Of Type
2 Diabetes: A Short Review On Emerging Data And Therapeutic Potential. Diabetes, Metabolic
Syndrome and Obesity: Targets and Therapy 12: 1973–1985.
Beautrait, A., Paradis, J.S., Zimmerman, B., Giubilaro, J., Nikolajev, L., Armando, S., Kobayashi,
H., Yamani, L., Namkung, Y., Heydenreich, F.M., Khoury, E., Audet, M., Roux, P.P., Veprintsev,
D.P., Laporte, S.A., and Bouvier, M. (2017). A new inhibitor of the β-arrestin/AP2 endocytic
complex reveals interplay between GPCR internalization and signalling. Nature
Communications 8:1 8: 1–16.

442

Belcheva, M.M., Wong, Y.H., and Coscia, C.J. (2000). Evidence for transduction of mu but not
kappa opioid modulation of extracellular signal-regulated kinase activity by Gz and G12
proteins. Cellular Signalling 12: 481–489.
Benítez-Páez, A. (2006). Sequence Analysis of the Receptor Activity-Modifying Proteins Family,
New Putative Peptides and Structural Conformation Inference. In Silico Biology 6: 467–483.
Benovic, J.L., Pikeot, L.J., Ceriones, R.A., Staniszewskis, C., Yoshimasas, T., Codinall, J., Caron,
M.G., and Lefkowitz, R.J. (1985). Phosphorylation of the Mammalian Beta2 Adrenergic
Receptor by Cyclic AMP-dependent Protein Kinase. The Journal of Biological Chemistry 260:
7094–7101.
Berg, K.A., and Clarke, W.P. (2018). Making Sense of Pharmacology: Inverse Agonism and
Functional Selectivity. International Journal of Neuropsychopharmacology 21: 962–977.
Berg, K.A., Stout, B.D., Cropper, J.D., Maayani, S., and Clarke, W.P. (1998). Novel Actions of
Inverse Agonists on 5-HT 2C Receptor Systems. Molecular Pharmacology 55: 863–872.
Bertheleme, N., Singh, S., Dowell, S.J., Hubbard, J., and Byrne, B. (2013). Loss of constitutive
activity is correlated with increased thermostability of the human adenosine A2A receptor.
British Journal of Pharmacology 169: 988–998.
Bharati, K., and Ganguly, N.K. (2011). Cholera toxin: A paradigm of a multifunctional protein.
The Indian Journal of Medical Research 133: 179.
Bian, D., Mahanivong, C., Yu, J., Frisch, S.M., Pan, Z.K., Ye, R.D., and Huang, S. (2005). The
G12/13-RhoA signaling pathway contributes to efficient lysophosphatidic acid-stimulated cell
migration. Oncogene 25: 2234–2244.
Birnbaumer, L. (2003). G Proteins in Signal Transduction. Annual Review of Pharmacology and
Toxicology 30: 675–705.
Black, J.W., and Leff, P. (1983). Operational models of pharmacological agonism. Proceedings
of the Royal Society of London - Biological Sciences 220: 141–162.
Black, J.W., Leff, P., Shankley, N.P., and Wood, J. (1985). An operational model of
pharmacological agonism: the effect of E/[A] curve shape on agonist dissociation constant
estimation. British Journal of Pharmacology 84: 561–571.
443

Bockaert, J., and Pin, J.P. (1999). Molecular tinkering of G protein-coupled receptors: an
evolutionary success. The EMBO Journal 18: 1723.
Bomberger, J.M., Parameswaran, N., Hall, C.S., Aiyar, N., and Spielman, W.S. (2005a). Novel
Function for Receptor Activity-modifying Proteins (RAMPs) in Post-endocytic Receptor
Trafficking. Journal of Biological Chemistry 280: 9297–9307.
Bomberger, J.M., Spielman, W.S., Hall, C.S., Weinman, E.J., and Parameswaran, N. (2005b).
Receptor Activity-modifying Protein (RAMP) Isoform-specific Regulation of Adrenomedullin
Receptor Trafficking by NHERF-1. Journal of Biological Chemistry 280: 23926–23935.
Booe, J.M., Walker, C.S., Barwell, J., Kuteyi, G., Simms, J., Jamaluddin, M.A., Warner, M.L., Bill,
R.M., Harris, P.W., Brimble, M.A., Poyner, D.R., Hay, D.L., and Pioszak, A.A. (2015). Structural
Basis for Receptor Activity-Modifying Protein-Dependent Selective Peptide Recognition by a G
Protein-Coupled Receptor. Molecular Cell 58: 1040–1052.
Booe, J.M., Warner, M.L., and Pioszak, A.A. (2020). Picomolar Affinity Antagonist and Sustained
Signaling Agonist Peptide Ligands for the Adrenomedullin and Calcitonin Gene-Related Peptide
Receptors. ACS Pharmacology & Translational Science 3: 759–772.
Booe, J.M., Warner, M.L., Roehrkasse, A.M., Hay, D.L., and Pioszak, A.A. (2018). Probing the
Mechanism of Receptor Activity–Modifying Protein Modulation of GPCR Ligand Selectivity
through Rational Design of Potent Adrenomedullin and Calcitonin Gene-Related Peptide
Antagonists. Molecular Pharmacology 93: 355–367.
Borea, P.A., Gessi, S., Merighi, S., Vincenzi, F., and Varani, K. (2017). Pathological
overproduction: the bad side of adenosine. British Journal of Pharmacology 174: 1945.
Borroto-Escuela, D.O., Carlsson, J., Ambrogini, P., Narváez, M., Wydra, K., Tarakanov, A.O., Li,
X., Millón, C., Ferraro, L., Cuppini, R., and Tanganelli, S, (2017). Understanding the Role of GPCR
Heteroreceptor Complexes in Modulating the Brain Networks in Health and Disease. Frontiers
in Cellular Neuroscience 11: 1–20.
Borroto-Escuela, D.O., and Fuxe, K. (2019). Adenosine heteroreceptor complexes in the basal
ganglia are implicated in Parkinson’s disease and its treatment. Journal of Neural Transmission
126: 455–471.

444

Borroto-Escuela, D.O., Marcellino, D., Narvaez, M., Flajolet, M., Heintz, N., Agnati, L., Ciruela,
F., and Fuxe, K. (2010). A serine point mutation in the adenosine A2AR C-terminal tail reduces
receptor heteromerization and allosteric modulation of the dopamine D2R. Biochemical and
Biophysical Research Communications 394: 222–227.
Borroto-Escuela, D.O., Pintsuk, J., Schäfer, T., Friedland, K., Ferraro, L., Tanganelli, S., Liu, F.,
and Fuxe, K. (2016). Multiple D2 heteroreceptor complexes: new targets for treatment of
schizophrenia: Therapeutic Advances in Psychopharmacology 6: 77–94.
Borroto-Escuela, D.O., Rodriguez, D., Romero-Fernandez, W., Kapla, J., Jaiteh, M.,
Ranganathan, A., Lazarova, T., Fuxe, K., and Carlsson, J. (2018a). Mapping the Interface of a
GPCR Dimer: A Structural Model of the A2A Adenosine and D2 Dopamine Receptor Heteromer.
Frontiers in Pharmacology 9: 1–16.
Borroto-Escuela, D.O., Romero-Fernandez, W., Tarakanov, A.O., Ciruela, F., Agnati, L.F., and
Fuxe, K. (2011). On the Existence of a Possible A2A–D2–β-Arrestin2 Complex: A2A Agonist
Modulation of D2 Agonist-Induced β-Arrestin2 Recruitment. Journal of Molecular Biology 406:
687–699.
Borroto-Escuela, D.O., Wydra, K., Li, X., Rodriguez, D., Carlsson, J., Jastrzębska, J., Filip, M., and
Fuxe, K. (2018b). Disruption of A2AR-D2R Heteroreceptor Complexes After A2AR
Transmembrane 5 Peptide Administration Enhances Cocaine Self-Administration in Rats.
Molecular Neurobiology 55: 7038.
Bortolato, A., Doré, A.S., Hollenstein, K., Tehan, B.G., Mason, J.S., and Marshall, F.H. (2014).
Structure of Class B GPCRs: new horizons for drug discovery. British Journal of Pharmacology
171: 3145.
Bos, J.L., Rehmann, H., and Wittinghofer, A. (2007). GEFs and GAPs: Critical Elements in the
Control of Small G Proteins. Cell 129: 865–877.
Boucrot, E., Ferreira, A.P.A., Almeida-Souza, L., Debard, S., Vallis, Y., Howard, G., Bertot, L.,
Sauvonnet, N., and McMahon, H.T. (2014). Endophilin marks and controls a clathrinindependent endocytic pathway. Nature 517: 460–465.
Bouhaddou, M., and Birtwistle, M.R. (2014). Dimerization-based Control of Cooperativity.
Molecular Biosystems 10: 1832.
445

Bouschet, T., Martin, S., and Henley, J.M. (2005). Receptor-activity-modifying proteins are
required for forward trafficking of the calcium-sensing receptor to the plasma membrane.
Journal of Cell Science 118: 4709–4720.
Brain, S.D., and Grant, A.D. (2004). Vascular actions of calcitonin gene-related peptide and
adrenomedullin. Physiological Reviews 84: 903–934.
Brand, F., Klutz, A.M., Jacobson, K.A., Fredholm, B.B., and Schulte, G. (2008). Adenosine A2A
receptor dynamics studied with the novel fluorescent agonist Alexa488-APEC. European
Journal of Pharmacology 590: 36–42.
Breschi, M., Blandizzi, C., Fogli, S., Martinelli, C., Adinolfi, B., Calderone, V., Camici, M.,
Martinotti, E., and Nieri, P. (2007). In vivo adenosine A(2B) receptor desensitization in guineapig airway smooth muscle: implications for asthma. European Journal of Pharmacology 575:
149–157.
Breton, B., Sauvageau, É., Zhou, J., Bonin, H., Le Gouill, C., and Bouvier, M. (2010). Multiplexing
of Multicolor Bioluminescence Resonance Energy Transfer. Biophysical Journal 99: 4037–4046.
Bridge, L.J., King, J.R., Hill, S.J., and Owen, M.R. (2010). Mathematical modelling of signalling in
a two-ligand G-protein coupled receptor system: Agonist-antagonist competition.
Mathematical Biosciences 223: 115–132.
Bridge, L.J., Mead, J., Frattini, E., Winfield, I., and Ladds, G. (2018). Modelling and simulation of
biased agonism dynamics at a G protein-coupled receptor. Journal of Theoretical Biology 442:
44–65.
Bucci, C., Wandinger-Nesst, A., Lutcket, A., Chiariello, M., Bruni, C.B., and Zerialu, M. (1994).
Rab5a is a common component of the apical and basolateral endocytic machinery in polarized
epithelial cells. Proceedings of the National Academy of Sciences USA 91: 5061–5065.
Buchwald, P. (2017). A three-parameter two-state model of receptor function that
incorporates affinity, efficacy, and signal amplification. Pharmacology Research and
Perspectives 5: 1–24.

446

Buchwald, P. (2019). A receptor model with binding affinity, activation efficacy, and signal
amplification parameters for complex fractional response versus occupancy data. Frontiers in
Pharmacology 10: 1–27.
Buenaventura, T., Bitsi, S., Laughlin, W.E., Burgoyne, T., Lyu, Z., Oqua, A.I., Norman, H.,
McGlone, E.R., Klymchenko, A.S., Corrêa, I.R., Walker, A., Inoue, A., Hanyaloglu, A., Grimes, J.,
Koszegi, Z., Calebiro, D., Rutter, G.A., Bloom, S.R., Jones, B., and Tomas, A. (2019). Agonistinduced membrane nanodomain clustering drives GLP-1 receptor responses in pancreatic beta
cells. PLoS Biology 17: e3000097.
Bühlmann, N., Leuthäuser, K., Muff, R., Fischer, J.A., and Born, W. (1999). A Receptor Activity
Modifying Protein (RAMP)2-Dependent Adrenomedullin Receptor Is a Calcitonin Gene-Related
Peptide Receptor when Coexpressed with Human RAMP1. Endocrinology 140: 2883–2890.
Bünemann, M., and Hosey, M.M. (1999). G-protein coupled receptor kinases as modulators of
G-protein signalling. The Journal of Physiology 517: 5–23.
Burgueño, J., Blake, D.J., Benson, M.A., Tinsley, C.L., Esapa, C.T., Canela, E.I., Penela, P., Mallol,
J., Mayor, F., Lluis, C., Franco, R., and Ciruela, F. (2003). The adenosine A2A receptor interacts
with the actin-binding protein α-actinin. Journal of Biological Chemistry 278: 37545–37552.
Busillo, J.M., Armando, S., Sengupta, R., Meucci, O., Bouvier, M., and Benovic, J.L. (2010). Sitespecific Phosphorylation of CXCR4 Is Dynamically Regulated by Multiple Kinases and Results in
Differential Modulation of CXCR4 Signaling. The Journal of Biological Chemistry 285: 7805.
Bylund, D.B. (2007). Beta-2 Adrenoceptor. XPharm: The Comprehensive Pharmacology
Reference 1–12.
Cafforio, P., de Matteo, M., Brunetti, A.E., Dammacco, F., and Silvestris, F. (2009). Functional
expression of the calcitonin receptor by human T and B cells. Human Immunology 70: 678–
685.
Cahill III, T.J., Thomsen, A.R.B., Tarrasch, J.T., Plouffe, B., Nguyen, A.H., Yang, F., Huang, L.Y.,
Kahsai, A.W., Bassoni, D.L., Gavino, B.J., Lamerdin, J.E., Triest, S., Shukla, A.K., Berger, B., Little
IV, J., Antar, A., Blanc, A., Qu, C.X., Chen, X., Kawakami, K., Inoue, A., Aoki, J., Steyaert, J., Sun,
J.P., Bouvier, M., Skiniotis, G., and Lefkowitz, R.J. (2017). Distinct conformations of GPCR-β-

447

arrestin complexes mediate desensitization, signaling, and endocytosis. Proceedings of the
National Academy of Sciences 114: 2562–2567.
Calebiro, D., Godbole, A., Lyga, S., and Lohse, M.J. (2015). Trafficking and Function of GPCRs in
the Endosomal Compartment. Methods in Molecular Biology 1234: 197–211.
Calebiro, D., Koszegi, Z., Lanoiselée, Y., Miljus, T., and O’Brien, S. (2021). G protein-coupled
receptor-G protein interactions: a single-molecule perspective. Physiological Reviews 101:
857–906.
Calebiro, D., Nikolaev, V.O., Gagliani, M.C., de Filippis, T., Dees, C., Tacchetti, C., Persani, L., and
Lohse, M.J. (2009). Persistent cAMP-Signals Triggered by Internalized G-Protein-Coupled
Receptors. PLoS Biology 7: e1000172.
Calebiro, D., Nikolaev, V.O., and Lohse, M.J. (2010a). Imaging of persistent cAMP signaling by
internalized G protein-coupled receptors. Journal of Molecular Endocrinology 45: 1–8.
Calebiro, D., Nikolaev, V.O., Persani, L., and Lohse, M.J. (2010b). Signaling by internalized Gprotein-coupled receptors. Trends in Pharmacological Sciences 31: 221–228.
Calebiro, D., Rieken, F., Wagner, J., Sungkaworn, T., Zabel, U., Borzi, A., Cocucci, E., Zürn, A.,
and Lohse, M.J. (2013). Single-molecule analysis of fluorescently labeled G-protein–coupled
receptors reveals complexes with distinct dynamics and organization. Proceedings of the
National Academy of Sciences 110: 743–748.
Calebiro, D., Sungkaworn, T., and Maiellaro, I. (2014). Real-Time Monitoring of GPCR/cAMP
Signalling by FRET and Single-Molecule Microscopy. Hormone and Metabolic Research 46:
827–832.
Calker, D. van, Müller, M., and Hamprecht, B. (1979). Adenosine regulates via two different
types of receptors, the accumulation of cyclic AMP in cultured brain cells. Journal of
Neurochemistry 33: 999–1005.
Camats, N., Fernández-Cancio, M., Carrascosa, A., Andaluz, P., Albisu, M.Á., Clemente, M.,
Gussinyé, M., Yeste, D., and Audí, L. (2012). Contribution of human growth hormone-releasing
hormone receptor (GHRHR) gene sequence variation to isolated severe growth hormone
deficiency (ISGHD) and normal adult height. Clinical Endocrinology 77: 564–574.

448

Canals, M., Poole, D.P., Veldhuis, N.A., Schmidt, B.L., and Bunnett, N.W. (2019). G-Protein–
Coupled Receptors Are Dynamic Regulators of Digestion and Targets for Digestive Diseases.
Gastroenterology 156: 1600.
Cantarella, G., Lempereur, L., Lombardo, G., Chiarenza, A., Pafumi, C., Zappalà, G., and
Bernardini, R. (2001). Divergent effects of corticotropin releasing hormone on endothelial cell
nitric oxide synthase are associated with different expression of CRH type 1 and 2 receptors.
British Journal of Pharmacology 134: 837–844.
Cao, T.T., Deacon, H.W., Reczek, D., Bretscher, A., and von Zastrow, M. (1999). A kinaseregulated PDZ-domain interaction controls endocytic sorting of the β2-adrenergic receptor.
Nature 401: 286–290.
Cao, Y., Namkung, Y., and Laporte, S.A. (2019). Methods to Monitor the Trafficking of βArrestin/G Protein-Coupled Receptor Complexes Using Enhanced Bystander BRET. Methods in
Molecular Biology 1957: 59–68.
Carr, R., Schilling, J., Song, J., Carter, R.L., Du, Y., Yoo, S.M., Traynham, C.J., Koch, W.J., Cheung,
J.Y., Tilley, D.G., and Benovic, J.L. (2016). β-arrestin–biased signaling through the β2-adrenergic
receptor promotes cardiomyocyte contraction. Proceedings of the National Academy of
Sciences 113: E4107–E4116.
Carrarelli, P., Yen, C.F., Funghi, L., Arcuri, F., Tosti, C., Bifulco, G., Luddi, A., Lee, C.L., and
Petraglia, F. (2016). Expression of Inflammatory and Neurogenic Mediators in Adenomyosis: A
Pathogenetic Role. Reproductive Sciences 24: 369–375.
Carvalho, S., Pearce, A., and Ladds, G. (2021). Novel mathematical and computational models
of G protein–coupled receptor signalling. Current Opinion in Endocrine and Metabolic
Research 16: 28–36.
Caviedes-Bucheli, J., Arenas, N., Guiza, O., Moncada, N.A., Moreno, G.C., Diaz, E., and Munoz,
H.R. (2005). Calcitonin gene-related peptide receptor expression in healthy and inflamed
human pulp tissue. International Endodontic Journal 38: 712–717.
Caviedes-Bucheli, J., Camargo-Beltrán, C., Gómez-la-Rotta, A.M., Moreno, S.C.T., Abello,
G.C.M., and González-Escobar, J.M. (2004). Expression of Calcitonin Gene-Related Peptide
(CGRP) in Irreversible Acute Pulpitis. Journal of Endodontics 30: 201–204.
449

Cellai, L., Carvalho, K., Faivre, E., Deleau, A., Vieau, D., Buée, L., Blum, D., Mériaux, C., and
Gomez-Murcia V. (2018). The Adenosinergic Signaling: A Complex but Promising Therapeutic
Target for Alzheimer’s Disease. Frontiers in Neuroscience 12: 520.
Celver, J., Vishnivetskiy, S.A., Chavkin, C., and Gurevich, V.V. (2002). Conservation of the
Phosphate-sensitive Elements in the Arrestin Family of Proteins. Journal of Biological Chemistry
277: 9043–9048.
Cerione, R.A., Codina, J., Benovic, J.L., Lefkowitz, R.J., Birnbaumer, L., and Caron, M.G. (2002).
Mammalian beta2-adrenergic receptor: reconstitution of functional interactions between pure
receptor and pure stimulatory nucleotide binding protein of the adenylate cyclase system.
Biochemistry 23: 4519–4525.
Di Certo, M.G. di, Batassa, E.M., Casella, I., Serafino, A., Floridi, A., Passananti, C., Molinari, P.,
and Mattei, E. (2008). Delayed internalization and lack of recycling in a beta2-adrenergic
receptor fused to the G protein alpha-subunit. BMC Cell Biology 9: 1–12.
Chabre, O., Conklin, B.R., Lin, H.Y., Lodish, H.F., Wilson, E., Ives, H.E., Catanzariti, L., Hemmings,
B.A., and Bourne, H.R. (1992). A Recombinant Calcitonin Receptor Independently Stimulates
3’,5’- Cyclic Adenosine Monophosphate and Ca2+/lnositol Phosphate Signaling Pathways.
Molecular Endocrinology 6: 551–556.
Chambers, T.J., and Magnus, C.J. (1982). Calcitonin alters behaviour of isolated osteoclasts.
The Journal of Pathology 136: 27–39.
Chambers, T.J., McSheehy, P.M.J., Thomson, B.M., and Fuller, K. (1985). The Effect of CalciumRegulating Hormones and Prostaglandins on Bone Resorption by Osteoclasts Disaggregated
from Neonatal Rabbit Bones. Endocrinology 116: 234–239.
Chang, C.L., Roh, J., and Hsu, S.Y.T. (2004). Intermedin, a novel calcitonin family peptide that
exists in teleosts as well as in mammals: A comparison with other calcitonin/intermedin family
peptides in vertebrates. Peptides 25: 1633–1642.
Chang, Y.H., Conti, M., Lee, Y.C., Lai, H.L., Ching, Y.H., and Chern, Y. (1997). Activation of
phosphodiesterase IV during desensitization of the A2A adenosine receptor-mediated cyclic
AMP response in rat pheochromocytoma (PC12) cells. Journal of Neurochemistry 69: 1300–
1309.
450

Charalambous, C., Gsandtner, I., Keuerleber, S., Milan-Lobo, L., Kudlacek, O., Freissmuth, M.,
and Zezula, J. (2008). Restricted collision coupling of the A2A receptor revisited: Evidence for
physical separation of two signaling cascades. Journal of Biological Chemistry 283: 9276–9288.
Chen, C., Xu, R., Clarke, I.J., Ruan, M., Loneragan, K., and Roh, S.G. (2000). Diverse intracellular
signalling systems used by growth hormone-releasing hormone in regulating voltage-gated
Ca2+ or K+ channels in pituitary somatotropes. Immunology and Cell Biology 78: 356–368.
Chen, C.A., and Manning, D.R. (2001). Regulation of G proteins by covalent modification.
Oncogene 20: 1643–1652.
Chen, J.F., Eltzschig, H.K., and Fredholm, B.B. (2013). Adenosine receptors as drug targets-what
are the challenges? Nature Reviews Drug Discovery 12: 265–286.
Chen, J.F., Lee, C.F, and Chern, Y. (2014). Adenosine Receptor Neurobiology: Overview.
International Review of Neurobiology 119: 1–49.
Chen, Y., Weng, G., Li, J., Harry, A., Pieroni, J., Dingus, J., Hildebrandt, J.D., Guarnieri, F.,
Weinstein, H., and Iyengar, R. (1997). A surface on the G protein β-subunit involved in
interactions with adenylyl cyclases. Proceedings of the National Academy of Sciences of the
United States of America 94: 2711.
Chen, Z., Emi Gaudreau, R., Le Gouill, C., Rola-Pleszczynski, M., Staň, J., and Ková, K. (2004).
Agonist-Induced Internalization of Leukotriene B 4 Receptor 1 Requires G-Protein-Coupled
Receptor Kinase 2 but Not Arrestins. Molecular Pharmacolgy 66: 377–386.
Cheng, R.K.Y., Segala, E., and Robertson, N. (2017). Structures of Human A1 and A2A Adenosine
Receptors with Xanthines Reveal Determinants of Selectivity. Structure 25:1275-1285.
Cherezov, V., Rosenbaum, D.M., Hanson, M.A., Rasmussen, S.G.F., Thian, F.S., Kobilka, T.S.,
Choi, H.J., Kuhn, P., Weis, W.I., Kobilka, B.K., and Stevens, R.C. (2007). High Resolution Crystal
Structure of an Engineered Human β2-Adrenergic G protein-Coupled Receptor. Science 318:
1258–1265.
Chern, Y., Chiou, J.Y., Lai, H.L., and Tsai, M.H. (1995). Regulation of adenylyl cyclase type VI
activity during desensitization of the A2a adenosine receptor-mediated cyclic AMP response:
role for protein phosphatase 2A. Molecular Pharmacology 48:1.

451

Christopoulos, A., Christopoulos, G., Morfis, M., Udawela, M., Laburthe, M., Couvineau, A.,
Kuwasako, K., Tilakaratne, N., and Sexton, P.M. (2003). Novel Receptor Partners and Function
of Receptor Activity-modifying Proteins. The Journal of Biological Chemistry 278: 3292-3297.
Christopoulos, G., Perry, K.J., Morfis, M., Tilakaratne, N., Gao, Y., Fraser, N.J., Main, M.J., Foord,
S.M., and Sexton, P.M. (1999). Multiple Amylin Receptors Arise from Receptor ActivityModifying Protein Interaction with the Calcitonin Receptor Gene Product. Molecular
Pharmacology 56: 235–242.
Chun, L., Zhang, W., and Liu, J. (2012). Structure and ligand recognition of class C GPCRs. Acta
Pharmacologica Sinica 33: 312–323.
Ciruela, F., Saura, C., Canela, E.I., Mallol, J., Lluís, C., and Franco, R. (1997). Ligand-Induced
Phosphorylation, Clustering, and Desensitization of A1 Adenosine Receptors. Molecular
Pharmacology 52: 788–797.
Claing, A., Laporte, S.A., Caron, M.G., and Lefkowitz, R.J. (2002). Endocytosis of G proteincoupled receptors: roles of G protein-coupled receptor kinases and ß-arrestin proteins.
Progress in Neurobiology 66: 61–79.
Clapham, D.E., and Neer, E.J. (2003). G PROTEIN βγ SUBUNITS. Annual Review of Pharmacology
and Toxicology 37: 167–203.
Clark, A.J. (2020). CGRP family of G protein-coupled receptors and their signalling in human
cardiovascular cells (doctoral thesis).
Clark, A.J., Mullooly, N., Safitri, D., Harris, M., Vries, T. de, MaassenVanDenBrink, A., Poyner,
D., Gianni, D., Wigglesworth, M., and Ladds, G. (2021). CGRP, adrenomedullin and
adrenomedullin 2 display endogenous GPCR agonist bias in primary human cardiovascular
cells. Communications Biology 4: 1–12.
Clark, R.B., Knoll, B.J., and Barber, R. (1999). Partial agonists and G protein-coupled receptor
desensitization. Trends in Pharmacological Sciences 20: 279–286.
Clifton, V.L., Read, M.A., Leitch, I.M., Boura, A.L., Robinson, P.J., and Smith, R. (1994).
Corticotropin-releasing hormone-induced vasodilatation in the human fetal placental
circulation. The Journal of Clinical Endocrinology & Metabolism 79: 666–669.

452

Cohen, M. v, and Downey, J.M. (2009). Modulation of receptor sensitivity: possible therapeutic
target? British Journal of Pharmacology 156: 899–900.
Cohen, M. v, Yang, X., and Downey, J.M. (2010). A2b adenosine receptors can change their
spots. British Journal of Pharmacology 159: 1595.
Coin, I., Katritch, V., Sun, T., Xiang, Z., Siu, F.Y., Beyermann, M., Stevens, R.C., and Wang, L.
(2013). Genetically Encoded Chemical Probes In Cells Reveal the Binding Path of Urocortin-I to
CRF Class B GPCR. Cell 155: 1258.
Cong, M., Perry, S.J., Hu, L.A., Hanson, P.I., Claing, A., and Lefkowitz, R.J. (2001). Binding of the
β2 Adrenergic Receptor to N-Ethylmaleimide-sensitive Factor Regulates Receptor Recycling.
Journal of Biological Chemistry 276: 45145–45152.
Cong, Z., Zhou, F., Zhang, C., Zou, X., Zhang, H., Wang, Y., Zhou, Q., Cai, X., Liu, Q., Li, J., Shao,
L., Mao, C., Wang, X., Wu, J., and Xia, T. (2021). Constitutive signal bias mediated by the human
GHRHR splice variant 1. Proceedings of the National Academy of Sciences 118: e2106606118.
Contarino, A., Dellu, F., Koob, G.F., Smith, G.W., Lee, K., Vale, W.W., and Gold, L.H. (2000).
Dissociation of Locomotor Activation and Suppression of Food Intake Induced by CRF in CRFR1Deficient Mice. Endocrinology 141: 2698–2702.
Conti, M., Mika, D., and Richter, W. (2014). Perspectives on: Cyclic nucleotide microdomains
and signaling specificity: Cyclic AMP compartments and signaling specificity: Role of cyclic
nucleotide phosphodiesterases. The Journal of General Physiology 143: 29.
Cooper, G.J., Willis, A.C., Clark, A., Turner, R.C., Sim, R.B., and Reid, K.B. (1987). Purification and
characterization of a peptide from amyloid-rich pancreases of type 2 diabetic patients.
Proceedings of the National Academy of Sciences 84: 8628–8632.
Cooper, J., Hill, S.J., and Alexander, S.P.H. (1997). An endogenous A2B adenosine receptor
coupled to cyclic AMP generation in human embryonic kidney (HEK 293) cells. British Journal
of Pharmacology 122: 546–550.
Cooray, S.N., Chan, L., Webb, T.R., Metherell, L., and Clark, A.J.L. (2009). Accessory Proteins are
vital for the functional expression of certain G protein-coupled receptors. Molecular and
Cellular Endocrinology 300: 17.

453

Copp, H.D., Cameron, E.C., Cheney, B.A., Davidson, A.G.F., and Henze, K.G. (1962). Evidence
for Calcitonin — A New Hormone from the Parathyroid That Lowers Blood Calcium.
Endocrinology 70: 638–649.
Cordeaux, Y., Briddon, S.J., Megson, A.E., McDonnell, J., Dickenson, J.M., and Hill, S.J. (2000).
Influence of Receptor Number on Functional Responses Elicited by Agonists Acting at the
Human Adenosine A1 Receptor: Evidence for Signaling Pathway-Dependent Changes in Agonist
Potency and Relative Intrinsic Activity. Molecular Pharmacology 58: 1075–1084.
Cordeaux, Y., IJzerman, A.P., and Hill, S.J. (2004). Coupling of the human A1 adenosine receptor
to different heterotrimeric G proteins: evidence for agonist-specific G protein activation.
British Journal of Pharmacology 143: 705.
Cordomí, A., Ismail, S., Matsoukas, M.T., Escrieut, C., Gherardi, M.J., Pardo, L., and Fourmy, D.
(2015). Functional elements of the gastric inhibitory polypeptide receptor: Comparison
between secretin- and rhodopsin-like G protein-coupled receptors. Biochemical Pharmacology
96: 237–246.
Costa, T., and Herz, A. (1989). Antagonists with negative intrinsic activity at delta opioid
receptors coupled to GTP-binding proteins. Proceedings of the National Academy of Sciences
86: 7321–7325.
Cottet, M., Faklaris, O., Maurel, D., Scholler, P., Doumazane, E., Trinquet, E., Pin, J.P.R., and
Durroux, T. (2012). BRET and Time-resolved FRET strategy to study GPCR oligomerization: from
cell lines toward native tissues. Frontiers in Endocrinology 3: 92.
Couvineau, A., and Laburthe, M. (2012). VPAC receptors: structure, molecular pharmacology
and interaction with accessory proteins. British Journal of Pharmacology 166: 42–50.
Crespo, P., Xu, N., Simonds, W.F., and Gutkind, J.S. (1994). Ras-dependent activation of MAP
kinase pathway mediated by G-protein βγ subunits. Nature 369: 418–420.
Cueille, C., Pidoux, E., Vernejoul, M.C. de, Ventura-Clapier, R., and Garel, J.M. (2002). Increased
myocardial expression of RAMP1 and RAMP3 in rats with chronic heart failure. Biochemical
and Biophysical Research Communications 294: 340–346.

454

Culhane, K.J., Liu, Y., Cai, Y., and Yan, E.C.Y. (2015). Transmembrane signal transduction by
peptide hormones via family B G protein-coupled receptors. Frontiers in Pharmacology 6: 264.
Daaka, Y., Luttrell, L.M., and Lefkowitz, R.J. (1997). Switching of the coupling of the beta2adrenergic receptor to different G proteins by protein kinase A. Nature 390: 88–91.
Daigle, T.L., Ferris, M.J., Gainetdinov, R.R., Sotnikova, T.D., Urs, N.M., Jones, S.R., and Caron,
M.G. (2014). Selective Deletion of GRK2 Alters Psychostimulant-Induced Behaviors and
Dopamine Neurotransmission. Neuropsychopharmacology 39: 2450–2462.
Dal Maso, E., Glukhova, A., Zhu, Y., Garcia-Nafria, J., Tate, C.G., Atanasio, S., Reynolds, C.A.,
Ramírez-Aportela, E., Carazo, J.M., Hick, C.A., Furness, S.G.B., Hay, D.L., Liang, L.Y., Miller, L.J.,
Christopoulos, A., Wang, M.W., Wootten, D., and Sexton, P.M. s(2019). The Molecular Control
of Calcitonin Receptor Signaling. ACS Pharmacology & Translational Science 2: 31–51.
Dal Maso, E., Just, R., Hick, C., Christopoulos, A., Sexton, P.M., Wootten, D., and Furness, S.G.B.
(2018). Characterization of signalling and regulation of common calcitonin receptor splice
variants and polymorphisms. Biochemical Pharmacology 148: 111–129.
Dale, L.B., Bhattacharya, M., Seachrist, J.L., Anborgh, P.H., and Ferguson, S.S.G. (2001). AgonistStimulated and Tonic Internalization of Metabotropic Glutamate Receptor 1a in Human
Embryonic Kidney 293 Cells: Agonist-Stimulated Endocytosis Is β-Arrestin1 Isoform-Specific.
Molecular Pharmacology 60: 1243–1253.
Dale, N., and Frenguelli, B.G. (2009). Release of Adenosine and ATP During Ischemia and
Epilepsy. Current Neuropharmacology 7: 179.
Daly, J.W., Butts-Lamb, P., and Padgett, W. (1983). Subclasses of adenosine receptors in the
central nervous system: Interaction with caffeine and related methylxanthines. Cellular and
Molecular Neurobiology 3: 69–80.
Dautzenberg, F.M., and Hauger, R.L. (2002). The CRF peptide family and their receptors: yet
more partners discovered. Trends in Pharmacological Sciences 23: 71–77.
Davenport, A.P., and Harmar, A.J. (2013). Evolving pharmacology of orphan GPCRs: IUPHAR
Commentary. British Journal of Pharmacology 170: 693.

455

Davey, R.A., Turner, A.G., McManus, J.F., Chiu, W.M., Tjahyono, F., Moore, A.J., Atkins, G.J.,
Anderson, P.H., Ma, C., Glatt, V., MacLean, H.E., Vincent, C., Bouxsein, M., Morris, H.A., Findlay,
D.M., and Zajac, J.D. (2008). Calcitonin Receptor Plays a Physiological Role to Protect Against
Hypercalcemia in Mice. Journal of Bone and Mineral Research 23: 1182.
Davies, M.N., Gloriam, D.E., Secker, A., Freitas, A.A., Mendao, M., Timmis, J., and Flower, D.R.
(2007a). Proteomic applications of automated GPCR classification. Proteomics 7: 2800–2814.
Davies, M.N., Secker, A., Freitas, A.A., Mendao, M., Timmis, J., and Flower, D.R. (2007b). On
the hierarchical classification of G protein-coupled receptors. Bioinformatics 23: 3113–3118.
de Graaf, C. de, Song, G., Cao, C., Zhao, Q., Wang, M.W., Wu, B., and Stevens, R.C. (2017).
Extending the Structural View of Class B GPCRs. Trends in Biochemical Sciences 42: 946–960.
de La Nuez Veulens, A., and Rodríguez, R. (2009). G Protein-coupled receptors as targets for
drug design. Biotecnología Aplicada 26: 24–33.
Deacon, C.F., Johnsen, A.H., and Holst, J.J. (1995). Degradation of glucagon-like peptide-1 by
human plasma in vitro yields an N-terminally truncated peptide that is a major endogenous
metabolite in vivo. The Journal of Clinical Endocrinology & Metabolism 80: 952–957.
Deacon, C.F., Nauck, M.A., Meier, J., Hücking, K., and Holst, J.J. (2000). Degradation of
Endogenous and Exogenous Gastric Inhibitory Polypeptide in Healthy and in Type 2 Diabetic
Subjects as Revealed Using a New Assay for the Intact Peptide. The Journal of Clinical
Endocrinology & Metabolism 85: 3575–3581.
Deaglio, S., Dwyer, K.M., Gao, W., Friedman, D., Usheva, A., Erat, A., Chen, J.F., Enjyoji, K.,
Linden, J., Oukka, M., Kuchroo, V.K., Strom, T.B., and Robson, S.C. (2007). Adenosine
generation catalyzed by CD39 and CD73 expressed on regulatory T cells mediates immune
suppression. The Journal of Experimental Medicine 204: 1257.
Décaillot, F.M., Rozenfeld, R., Gupta, A., and Devi, L.A. (2008). Cell surface targeting of μ-δ
opioid receptor heterodimers by RTP4. Proceedings of the National Academy of Sciences 105:
16045–16050.
DeFea, K.A. (2011). Beta-arrestins as regulators of signal termination and transduction: How
do they determine what to scaffold? Cellular Signalling 23: 621–629.

456

Dermitzaki, E., Tsatsanis, C., Gravanis, A., and Margioris, A.N. (2002). Corticotropin-releasing
Hormone Induces Fas Ligand Production and Apoptosis in PC12 Cells via Activation of p38
Mitogen-activated Protein Kinase. Journal of Biological Chemistry 277: 12280–12287.
Desai, A.J., Roberts, D.J., Richards, G.O., and Skerry, T.M. (2014). Role of receptor activity
modifying protein 1 in function of the calcium sensing receptor in the human TT thyroid
carcinoma cell line. PLoS One 9: e85237.
Dhami, G.K., Dale, L.B., Anborgh, P.H., O’Connor-Halligan, K.E., Sterne-Marr, R., and Ferguson,
S.S.G. (2004). G Protein-coupled Receptor Kinase 2 Regulator of G Protein Signaling Homology
Domain Binds to Both Metabotropic Glutamate Receptor 1a and Gαq to Attenuate Signaling.
Journal of Biological Chemistry 279: 16614–16620.
Dhyani, V., Gare, S., Gupta, R.K., Swain, S., Venkatesh, K.V., and Giri, L. (2020). GPCR mediated
control of calcium dynamics: A systems perspective. Cellular Signalling 74: 109717.
Di Paolo, E., Petry, H., Moguilevsky, N., Bollen, A., de Neef, P., Waelbroeck, M., and Robberecht,
P. (1999). Mutations of aromatic residues in the first transmembrane helix impair signalling by
the secretin receptor. Receptors and Channels 6: 309–315.
Dickenson, J.M., and Hill, S.J. (1998). Involvement of G-protein βγ subunits in coupling the
adenosine A1 receptor to phospholipase C in transfected CHO cells. European Journal of
Pharmacology 355: 85–93.
Dickerson, I.M. (2013). Role of CGRP-Receptor Component Protein (RCP) in CLR/RAMP
Function. Current Protein & Peptide Science 14: 407.
Dimri, S., Basu, S., and De, A. (2016). Use of BRET to Study Protein-Protein Interactions In Vitro
and In Vivo. Methods in Molecular Biology 1443: 57–78.
Disa, J., Parameswaran, N., Nambi, P., and Aiyar, N. (2000). Involvement of cAMP-dependent
protein kinase and pertussis toxin-sensitive G-proteins in CGRP mediated JNK activation in
human neuroblastoma cell line. Neuropeptides 34: 229–233.
Diviani, D., Lattion, A.-L., Abuin, L., Staub, O., and Cotecchia, S. (2003). The Adaptor Complex 2
Directly Interacts with the alpha1b-Adrenergic Receptor and Plays a Role in Receptor
Endocytosis. The Journal of Biological Chemistry 278: 19331–19340.

457

Dixon, A.S., Schwinn, M.K., Hall, M.P., Zimmerman, K., Otto, P., Lubben, T.H., Butler, B.L.,
Binkowski, B.F., MacHleidt, T., Kirkland, T.A., Wood, M.G., Eggers, C.T., Encell, L.P., and Wood,
K.V. (2016). NanoLuc Complementation Reporter Optimized for Accurate Measurement of
Protein Interactions in Cells. ACS Chemical Biology 11: 400–408.
Dohlman, H.G., and Thorner, J. (1997). RGS proteins and signalling by heterotrimeric G
proteins. Journal of Biological Chemsitry 272: 3871–3874.
Dong, C., Filipeanu, C.M., Duvernay, M.T., and Wu, G. (2007). Regulation of G protein-coupled
receptor export trafficking. Biochimica et Biophysica Acta (BBA) - Biomembranes 1768: 853–
870.
Doods, H., Hallermayer, G., Wu, D., Entzeroth, M., Rudolf, K., Engel, W., and Eberlein, W.
(2000). Pharmacological profile of BIBN4096BS, the first selective small molecule CGRP
antagonist. British Journal of Pharmacology 129: 420.
Doré, A.S., Robertson, N., Errey, J.C., Ng, I., Hollenstein, K., Tehan, B., Hurrell, E., Bennett, K.,
Congreve, M., Magnani, F., Tate, C.G., Weir, M., and Marshall, F.H. (2011). Structure of the
Adenosine A2A Receptor in Complex with ZM241385 and the Xanthines XAC and Caffeine.
Structure 19: 1283–1293.
Dores, M.R., and Trejo, J. (2014). Atypical regulation of G protein-coupled receptor intracellular
trafficking by ubiquitination. Current Opinion in Cell Biology 27: 44.
Doronin, S., Shumay, E., Wang, H., and Malbon, C.C. (2002). Akt Mediates Sequestration of the
β2-Adrenergic Receptor in Response to Insulin. Journal of Biological Chemistry 277: 15124–
15131.
Dorsam, R.T., and Gutkind, J.S. (2007). G-protein-coupled receptors and cancer. Nature
Reviews Cancer 7: 79–94.
Dowd, F.J., and Abel, P.W. (2017). Pharmacodynamics: Mechanisms of Drug Action (Mosby).
Downes, G.B., and Gautam, N. (1999). The G Protein Subunit Gene Families. Genomics 62: 544–
552.
Drake, M.T., Shenoy, S.K., and Lefkowitz, R.J. (2006). Trafficking of G Protein–Coupled
Receptors. Circulation Research 99: 570–582.
458

Drake, M.T., Violin, J.D., Whalen, E.J., Wisler, J.W., Shenoy, S.K., and Lefkowitz, R.J. (2008). βArrestin-biased Agonism at the β2-Adrenergic Receptor. Journal of Biological Chemistry 283:
5669–5676.
Dror, R.O., Arlow, D.H., Borhani, D.W., Jensen, M.Ø., Piana, S., and Shaw, D.E. (2009).
Identification of two distinct inactive conformations of the β2-adrenergic receptor reconciles
structural and biochemical observations. Proceedings of the National Academy of Sciences
106: 4689–4694.
Dror, R.O., Green, H.F., Valant, C., Borhani, D.W., Valcourt, J.R., Pan, A.C., Arlow, D.H., Canals,
M., Lane, R.J., Rahmani, R., Baell, J.B., Sexton, P.M., Christopoulos, A., and Shaw, D.E. (2013).
Structural basis for modulation of a G-protein-coupled receptor by allosteric drugs. Nature
503: 295–299.
Dubovy, S.R., Fernandez, M.P., Echegaray, J.J., Block, N.L., Unoki, N., Perez, R., Vidaurre, I., Lee,
R.K., Nadji, M., and Schally, A.V. (2017). Expression of hypothalamic neurohormones and their
receptors in the human eye. Oncotarget 8: 66796–66814.
Dumas,

E.O.,

and

Pollack,

G.M.

(2008).

Opioid

Tolerance

Development:

A

Pharmacokinetic/Pharmacodynamic Perspective. The AAPS Journal 10: 537–551.
Dumont, J.E., Pécasse, F., and Maenhaut, C. (2001). Crosstalk and specificity in signalling: Are
we crosstalking ourselves into general confusion? Cellular Signalling 13: 457–463.
Dunham, J.H., and Hall, R.A. (2009). Enhancement of the surface expression of G proteincoupled receptors. Trends in Biotechnology 27: 541–545.
Dunn, H.A., and Ferguson, S.S.G. (2015). PDZ Protein Regulation of G Protein–Coupled
Receptor Trafficking and Signaling Pathways. Molecular Pharmacology 88: 624–639.
Dunwiddie, T. v., and Masino, S.A. (2003). The Role and Regulation of Adenosine in the Central
Nervous System. Annual Reviews of Neuroscience 24: 31–55.
Durham, P.L. (2006). Calcitonin Gene-Related Peptide (CGRP) and Migraine. Headache 46: S3.
Edelstein, S.J., and Changeux, J.P. (2016). Biased Allostery. Biophysical Journal 111: 902–908.
Edholm, T., Degerblad, M., Grybäck, P., Hilsted, L., Holst, J.J., Jacobsson, H., Efendic, S., Schmidt,
P.T., and Hellström, P.M. (2010). Differential incretin effects of GIP and GLP-1 on gastric
459

emptying, appetite, and insulin-glucose homeostasis. Neurogastroenterology & Motility 22:
1191-e315.
Edwards, C.M., Todd, J.F., Mahmoudi, M., Wang, Z., Ghatei, M.A., and Bloom, S.R. (1999).
Glucagon-like peptide 1 has a physiological role in the control of postprandial glucose in
humans: studies with the antagonist exendin 9-39. Diabetes 48: 86–93.
Efimova, I., Steinberg, I., Zvibel, I., Neumann, A., Mantelmacher, D.F., Drucker, D.J., Fishman,
S., and Varol, C. (2021). GIPR Signaling in Immune Cells Maintains Metabolically Beneficial Type
2 Immune Responses in the White Fat From Obese Mice. Frontiers in Immunology 12: 643144.
Ehlert, F.J., Suga, H., and Griffin, M.T. (2011). Quantifying Agonist Activity at G Protein-coupled
Receptors. Journal of Visualized Experiments 58: e3179.
Ehrenmann, J., Schöppe, J., Klenk, C., Rappas, M., Kummer, L., Doré, A.S., and Plückthun, A.
(2018). High-resolution crystal structure of parathyroid hormone 1 receptor in complex with a
peptide agonist. Nature Structural & Molecular Biology 25: 1086–1092.
Eicher, E.M., and Beamer, W.G. (1976). Inherited Ateliotic Dwarfism in Mice: Characteristics of
the mutation, little, on Chromosome 6. Journal of Heredity 67: 87–91.
El-Tayeb, A., Michael, S., Abdelrahman, A., Behrenswerth, A., Gollos, S., Nieber, K., and Müller,
C.E. (2011). Development of Polar Adenosine A2A Receptor Agonists for Inflammatory Bowel
Disease: Synergism with A2B Antagonists. ACS Medicinal Chemistry Letters 2: 890.
Elzein, E., Kalla, R. v., Li, X., Perry, T., Gimbel, A., Zeng, D., Lustig, D., Leung, K., and Zablocki, J.
(2008). Discovery of a Novel A2B Adenosine Receptor Antagonist as a Clinical Candidate for
Chronic Inflammatory Airway Diseases. Journal of Medicinal Chemistry 51: 2267–2278.
Emorine, L.J., Marullo, S., Briend-Sutren, M.M., Patey, G., Tate, K., Delavier-Klutchko, C., and
Strosberg, A.D. (1989). Molecular characterization of the human β3-adrenergic receptor.
Science 245: 1118–1121.
Escriche, M., Burgueño, J., Ciruela, F., Canela, E., Mallol, J., Enrich, C., Lluís, C., and Franco, R.
(2003). Ligand-induced caveolae-mediated internalization of A1 adenosine receptors:
morphological evidence of endosomal sorting and receptor recycling. Experimental Cell
Research 285: 72–90.

460

Exton, J.H. (2003). Regulation of Phosphoinositide Phospholipases by Hormones,
Neurotransmitters, and Other Agonists Linked to G Proteins. Annual Review of Pharmacology
and Toxicology 36: 481–509.
Fan, X., Gu, X., Zhao, R., Zheng, Q., Li, L., Yang, W., Ding, L., Xue, F., Fan, J., Gong, Y., and Wang,
Y. (2016). Cardiac β2-Adrenergic Receptor Phosphorylation at Ser355/356 Regulates Receptor
Internalization and Functional Resensitization. PLoS ONE 11: e0161373.
Faron-Górecka, A., Szlachta, M., Kolasa, M., Solich, J., Górecki, A., Kuśmider, M., Żurawek, D.,
and Dziedzicka-Wasylewska, M. (2019). Understanding GPCR dimerization. Methods in Cell
Biology 149: 155–178.
Farrens, D.L., Altenbach, C., Yang, K., Hubbell, W.L., and Khorana, H.G. (1996). Requirement of
rigid-body motion of transmembrane helices for light activation of rhodopsin. Science 274:
768–770.
Faure, M., Voyno-Yasenetskaya, T.A., and Bourne, H.R. (1994). cAMP and By Subunits of
Heterotrimeric G Proteins Stimulate the Mitogen-activated Protein Kinase Pathway in COS-7
Cells. Journal of Biological Chemistry 269: 7851–7854.
Fehmann, H.C., Göke, R., and Göke, B. (1995). Cell and molecular biology of the incretin
hormones glucagon-like peptide-I and glucose-dependent insulin releasing polypeptide.
Endocrine Reviews 16: 390–410.
Feinstein, T.N., Wehbi, V.L., Ardura, J.A., Wheeler, D.S., Ferrandon, S., Gardella, T.J., and
Vilardaga, J.P. (2011). Retromer terminates the generation of cAMP by internalized PTH
receptors. Nature Chemical Biology 7: 278–284.
Feoktistov, I., Murray, J.J., and Biaggioni, I. (1994). Positive modulation of intracellular Ca2+
levels by adenosine A2b receptors, prostacyclin, and prostaglandin E1 via a cholera toxinsensitive mechanism in human erythroleukemia cells. Molecular Pharmacology 45: 6.
Ferguson, G., Watterson, K.R., and Palmer, T.M. (2002). Subtype-Specific Regulation of
Receptor Internalization and Recycling by the Carboxyl-Terminal Domains of the Human A1
and Rat A3 Adenosine Receptors: Consequences for Agonist-Stimulated Translocation of
Arrestin3. Biochemistry 41: 14748–14761.

461

Ferrandon, S., Feinstein, T.N., Castro, M., Wang, B., Bouley, R., Potts, J.T., Gardella, T.J., and
Vilardaga, J.P. (2009). Sustained cyclic AMP production by parathyroid hormone receptor
endocytosis. Nature Chemical Biology 5: 734–742.
Fessart, D., and Delom, F. (2011). Role of phosphorylation in the control of clathrin-mediated
internalization of GPCR. International Journal of Cell Biology 2011: 246954.
Flahaut, M., Pfister, C., Rossier, B.C., and Firsov, D. (2003). N-Glycosylation and Conserved
Cysteine Residues in RAMP3 Play a Critical Role for the Functional Expression of CRLR/RAMP3
Adrenomedullin Receptor. Biochemistry 42: 10333–10341.
Flahaut, M., Rossier, B.C., and Firsov, D. (2002). Respective Roles of Calcitonin Receptor-like
Receptor (CRLR) and Receptor Activity-modifying Proteins (RAMP) in Cell Surface Expression of
CRLR/RAMP Heterodimeric Receptors. Journal of Biological Chemistry 277: 14731–14737.
Flock, T., Hauser, A.S., Lund, N., Gloriam, D.E., Balaji, S., and Babu, M.M. (2017). Selectivity
determinants of GPCR-G-protein binding. Nature 545: 317–322.
Florio, P., Franchini, A., Reis, F.M., Pezzani, I., Ottaviani, E., and Petraglia, F. (2000). Human
Placenta, Chorion, Amnion and Decidua Express Different Variants of Corticotropin-Releasing
Factor Receptor Messenger RNA. Placenta 21: 32–37.
Florio, P., Lombardo, M., Gallo, R., Carlo, C. di, Sutton, S., Genazzani, A.R., and Petraglia, F.
(1996). Activin A, corticotropin-releasing factor and prostaglandin F2α increase
immunoreactive oxytocin release from cultured human placental cells. Placenta 17: 307–311.
Fong, H.K.W., Yoshimoto, K.K., Eversole-Cire, P., and Simon, M.I. (1988). Identification of a GTPbinding protein a subunit that lacks an apparent ADP-ribosylation site for pertussis toxin. The
Proceedings of the National Academy of Sciences of the USA 85: 3066–3070.
Ford, C.E., Skiba, N.P., Bae, H., Daaka, Y., Reuveny, E., Shekter, L.R., Rosal, R., Weng, G., Yang,
C.S., Iyengar, R., Miller, R.J., Jan, L.Y., Lefkowitz, R.J., and Hamm, H.E. (1998). Molecular basis
for interactions of G protein βγ subunits with effectors. Science 280: 1271–1274.
Francesconi,

A.,

Kumari,

R.,

Zukin,

R.S.,

and

Purpura,

D.P.

(2009).

Development/Plasticity/Repair Regulation of Group I Metabotropic Glutamate Receptor

462

Trafficking and Signaling by the Caveolar/Lipid Raft Pathway. The Journal of Neuroscience 29:
3590–3602.
Franco, R., Aguinaga, D., Jiménez, J., Lillo, J., Martínez-Pinilla, E., and Navarro, G. (2018). Biased
receptor functionality versus biased agonism in G-protein-coupled receptors. Biomolecular
Concepts 9: 143–154.
Fredholm, B.B. (2011). Physiological and pathophysiological roles of adenosine. Sleep and
Biological Rhythms 9: 24–28.
Fredholm, B.B., Arslan, G., Halldner, L., Kull, B., Schulte, G., and Wasserman, W. (2000).
Structure and function of adenosine receptors and their genes. Naunyn-Schmiedeberg’s
Archives of Pharmacology 362: 364–374.
Fredholm, B.B., Chen, J.F., Cunha, R.A., Svenningsson, P., and Vaugeois, J.M. (2005). Adenosine
and Brain Function. International Review of Neurobiology 63: 191–270.
Fredholm, B.B., IJzerman, A.P., Jacobson, K.A., Linden, J., and Müller, C.E. (2011). International
union of basic and clinical pharmacology. LXXXI. Nomenclature and classification of adenosine
receptors - An update. Pharmacological Reviews 63: 1–34.
Fredholm, B.B., Irenius, E., Kull, B., and Schulte, G. (2001). Comparison of the potency of
adenosine as an agonist at human adenosine receptors expressed in Chinese hamster ovary
cells. Biochemical Pharmacology 61: 443–448.
Fredriksson, R., Lagerström, M.C., Lundin, L.G., and Schiöth, H.B. (2003). The G-proteincoupled receptors in the human genome form five main families. Phylogenetic analysis,
paralogon groups, and fingerprints. Molecular Pharmacology 63: 1256–1272.
Freeman, J.L.R., Pitcher, J.A., Li, X., Bennett, V., and Lefkowitz, R.J. (2000). α-Actinin is a potent
regulator of G protein-coupled receptor kinase activity and substrate specificity in vitro. FEBS
Letters 473: 280–284.
Fridlyand, L.E., Tamarina, N.A., Schally, A.V., and Philipson, L.H. (2016). Growth HormoneReleasing Hormone in Diabetes. Frontiers in Endocrinology 7: 129.

463

Frielle, T., Collins, S., Daniel, K.W., Caron, M.G., Lefkowitz, R.J., and Kobilka, B.K. (1987). Cloning
of the cDNA for the human beta 1-adrenergic receptor. Proceedings of the National Academy
of Sciences 84: 7920–7924.
Frohman, L.A., Downs, T.R., Kelijman, M., Clarke, I.J., and Thomas, G. (1990). Somatostatin
secretion and action in the regulation of growth hormone secretion. Metabolism 39: 43–45.
Fukami, M., Suzuki, E., Igarashi, M., Miyado, M., and Ogata, T. (2018). Gain-of-function
mutations in G-protein–coupled receptor genes associated with human endocrine disorders.
Clinical Endocrinology 88: 351–359.
Fuxe, K., Agnati, L.F., Euler, G. von, Tanganelli, S., O’Connor, W.T., Ferré, S., Hedlund, P., and
Zoli, M. (1992). Neuropeptides, excitatory amino acid and adenosine A2 receptors regulate D2
receptors via intramembrane receptor-receptor interactions. Relevance for Parkinson’s
disease and schizophrenia. Neurochemistry International 20: 215–224.
Fuxe, K., Borroto-Escuela, D.O., Romero-Fernandez, W., Palkovits, M., Tarakanov, A.O., Ciruela,
F., and Agnati, L.F. (2014a). Moonlighting Proteins and Protein-Protein Interactions as
Neurotherapeutic

Targets

in

the

G

Protein-Coupled

Receptor

Field.

Neuropsychopharmacology Reviews 39: 131–155.
Fuxe, K., Ferré, S., Canals, M., Torvinen, M., Terasmaa, A., Marcellino, D., Goldberg, S.R.,
Staines, W., Jacobsen, K.X., Lluis, C., Woods, A.S., Agnati, L.F., and Franco, R. (2005). Adenosine
A2A and dopamine D2 heteromeric receptor complexes and their function. Journal of
Molecular Neuroscience 26: 209–220.
Fuxe, K., Ferré, S., Zoli, M., and Agnati, L.F. (1998). Integrated events in central dopamine
transmission as analyzed at multiple levels. Evidence for intramembrane adenosine
A2A/dopamine D2 and adenosine A1/dopamine D1 receptor interactions in the basal ganglia.
Brain Research Reviews 26: 258–273.
Fuxe, K., Tarakanov, A., Romero Fernandez, W., Ferraro, L., Tanganelli, S., Filip, M., Agnati, L.F.,
Garriga, P., Diaz-Cabiale, Z., and Borroto-Escuela, D.O. (2014b). Diversity and bias through
receptor-receptor interactions in GPCR heteroreceptor complexes. Focus on examples from
dopamine D2 receptor heteromerization. Frontiers in Endocrinology 5: 1–11.

464

Gagnon, A.W., Kallal, L., and Benovic, J.L. (1998). Role of Clathrin-mediated Endocytosis in
Agonist-induced Down-regulation of the β2-Adrenergic Receptor. Journal of Biological
Chemistry 273: 6976–6981.
Gallo-Rodriguez, C., Ji, X., Melman, N., Siegman, B.D., Sanders, L.H., Orlina, J., Fischer, B., Pu,
Q., Olah, M., and van Galen, P.J. (1994). Structure-activity relationships of N6-benzyladenosine5’-uronamides as A3-selective adenosine agonists. Journal of Medicinal Chemistry 37: 636–
646.
Gao, F., Harikumar, K.G., Dong, M., Lam, P.C.-H., Sexton, P.M., Christopoulos, A., Bordner, A.,
Abagyan, R., and Miller, L.J. (2009). Functional Importance of a Structurally Distinct
Homodimeric Complex of the Family B G Protein-Coupled Secretin Receptor. Molecular
Pharmacology 76: 264–274.
Gao, Z., Chen, T., Weber, M.J., and Linden, J. (1999a). A2B Adenosine and P2Y2 Receptors
Stimulate Mitogen-activated Protein Kinase in Human Embryonic Kidney-293 Cells: CROSSTALK BETWEEN CYCLIC AMP AND PROTEIN KINASE C PATHWAYS. Journal of Biological
Chemistry 274: 5972–5980.
Gao, Z., Ni, Y., Szabo, G., and Linden, J. (1999b). Palmitoylation of the recombinant human A1
adenosine receptor: enhanced proteolysis of palmitoylation-deficient mutant receptors.
Biochemical Journal 342: 387–395.
Gao, Z.G., Balasubramanian, R., Kiselev, E., Wei, Q., and Jacobson, K.A. (2014). Probing
Biased/Partial Agonism at the G Protein-Coupled A2B Adenosine Receptor. Biochemical
Pharmacology 90: 297.
Gao, Z.G., Inoue, A., and Jacobson, K.A. (2017). On the G protein-coupling selectivity of the
native A2B adenosine receptor. Biochemical Pharmacology 151: 201-213.
Gao, Z.G., and Jacobson, K.A. (2008). Translocation of arrestin induced by human A3 adenosine
receptor ligands in an engineered cell line: Comparison with G protein-dependent pathways.
Pharmacological Research 57: 303–311.
Gao, Z.G., Verzijl, D., Zweemer, A., Ye, K., Göblyös, A., Ijzerman, A.P., and Jacobson, K.A. (2011).
Functionally biased modulation of A3 adenosine receptor agonist efficacy and potency by
imidazoquinolinamine allosteric enhancers. Biochemical Pharmacology 82: 658–668.
465

Gardner,

B.,

Liu,

Z.F.,

Jiang,

D.,

and

Sibley,

D.R.

(2001).

The

Role

of

Phosphorylation/Dephosphorylation in Agonist-Induced Desensitization of D1 Dopamine
Receptor Function: Evidence for a Novel Pathway for Receptor Dephosphorylation. Molecular
Pharmacology 59: 310–321.
Genedani, S., Guidolin, D., Leo, G., Filaferro, M., Torvinen, M., Woods, A.S., Fuxe, K., Ferré, S.,
and Agnati, L.F. (2005). Computer-assisted image analysis of caveolin-1 involvement in the
internalization process of adenosine A2A-dopamine D2 receptor heterodimers. Journal of
Molecular Neuroscience 26: 177–184.
George, S.R., Fan, T., Xie, Z., Tse, R., Tam, V., Varghese, G., and O'Dowd, B.F. (2000).
Oligomerization of μ- and δ-Opioid Receptors: GENERATION OF NOVEL FUNCTIONAL
PROPERTIES. Journal of Biological Chemistry 275: 26128–26135.
George, S.R., O’Dowd, B.F., and Lee, S.P. (2002). G-Protein-coupled receptor oligomerization
and its potential for drug discovery. Nature Reviews Drug Discovery 1: 808–820.
Gessi, S., Bencivenni, S., Battistello, E., Vincenzi, F., Colotta, V., Catarzi, D., Varano, F., Merighi,
S., Borea, P.A., and Varani, K. (2017). Inhibition of A2A Adenosine Receptor Signaling in Cancer
Cells Proliferation by the Novel Antagonist TP455. Frontiers in Pharmacology 8: 888.
Gether, U. (2000). Uncovering Molecular Mechanisms Involved in Activation of G ProteinCoupled Receptors. Endocrine Reviews 21: 90–113.
Gicquiaux, H., Lecat, S., Gaire, M., Dieterlen, A., Ly, Y.M., Takeda, K., Bucher, B., and Galzi, J.L.
(2001). Rapid Internalization and Recycling of the Human Neuropeptide Y 1 Receptor. The
Journal of Biological Chemistry 277: 6645–6655.
Gillis, A., Sreenivasan, V., and Christie, M.J. (2020). Intrinsic Efficacy of Opioid Ligands and Its
Importance for Apparent Bias, Operational Analysis, and Therapeutic Window. Molecular
Pharmacology 98: 410–424.
Ginés, S., Hillion, J., Torvinen, M., Crom, S. le, Casadó, V., Canela, E.I., Rondin, S., Lew, J.Y.,
Watson, S., Zoli, M., Agnati, L.F., Vernier, P., Lluis, C., Ferré, S., Fuxe, K., and Franco, R. (2000).
Dopamine D1 and adenosine A1 receptors form functionally interacting heteromeric
complexes. Proceedings of the National Academy of Sciences 97: 8606–8611.

466

Gingell, J.J., Qi, T., Bailey, R.J., and Hay, D.L. (2010). A key role for tryptophan 84 in receptor
activity-modifying protein 1 in the amylin 1 receptor. Peptides 31: 1400–1404.
Gingell, J.J., Simms, J., Barwell, J., Poyner, D.R., Watkins, H.A., Pioszak, A.A., Sexton, P.M., and
Hay, D.L. (2016). An allosteric role for receptor activity-modifying proteins in defining GPCR
pharmacology. Cell Discovery 2: 1–14.
Glukhova, A., Thal, D.M., Nguyen, A.T., Vecchio, E.A., Jörg, M., Scammells, P.J., May, L.T.,
Sexton, P.M., and Christopoulos, A. (2017). Structure of the Adenosine A1 Receptor Reveals
the Basis for Subtype Selectivity. Cell 168: 867-877.
Goldsmith, Z.G., and Dhanasekaran, D.N. (2007). G Protein regulation of MAPK networks.
Oncogene 26: 3122–3142.
Goltzman, D., White, J., and Kremer, R. (2001). Studies of the effects of 1,25-dihydroxyvitamin
D on skeletal and calcium homeostasis and on inhibition of tumor cell growth. The Journal of
Steroid Biochemistry and Molecular Biology 76: 43–47.
Goodman, O.B., Krupnick, J.G., Santini, F., Gurevich, V. v., Penn, R.B., Gagnon, A.W., Keen, J.H.,
and Benovic, J.L. (1996). β-Arrestin acts as a clathrin adaptor in endocytosis of the β2adrenergic receptor. Nature 383: 447–450.
Grace, C.R.R., Perrin, M.H., DiGruccio, M.R., Miller, C.L., Rivier, J.E., Vale, W.W., and Riek, R.
(2004). NMR structure and peptide hormone binding site of the first extracellular domain of a
type B1 G protein-coupled receptor. Proceedings of the National Academy of Sciences 101:
12836–12841.
Grammatopoulos, D., Milton, N.G.N., and Hillhouse, E.W. (1994). The human myometrial CRH
receptor: G proteins and second messengers. Molecular and Cellular Endocrinology 99: 245–
250.
Grammatopoulos, D.K., and Chrousos, G.P. (2002). Functional characteristics of CRH receptors
and potential clinical applications of CRH-receptor antagonists. Trends in Endocrinology &
Metabolism 13: 436–444.

467

Grammatopoulos, D.K., Randeva, H.S., Levine, M.A., Kanellopoulou, K.A., and Hillhouse, E.W.
(2001). Rat cerebral cortex corticotropin-releasing hormone receptors: evidence for receptor
coupling to multiple G-proteins. Journal of Neurochemistry 76: 509–519.
Green, M.R., and Sambrook, J. (2012). Molecular Cloning - A Laboratory Manual (John Inglis).
Griffin, M.T., Figueroa, K.W., Liller, S., and Ehlert, F.J. (2007). Estimation of Agonist Activity at
G Protein-Coupled Receptors: Analysis of M2 Muscarinic Receptor Signaling through Gi/o,Gs,
and G15. Journal of Pharmacology and Experimental Therapeutics 321: 1193–1207.
Gsandtner, I., and Freissmuth, M. (2006). A Tail of Two Signals: The C Terminus of the A 2AAdenosine Receptor Recruits Alternative Signaling Pathways. Molecular Pharmacology 70:
447–449.
Gubitz, A.K., Widdowson, L., Kurokawa, M., Kirkpatrick, K.A., and Richardson, P.J. (1996). Dual
Signalling by the Adenosine A2a Receptor Involves Activation of Both N- and P-Type Calcium
Channels by Different G Proteins and Protein Kinases in the Same Striatal Nerve Terminals.
Journal of Neurochemistry 67: 374–381.
Gupta, M.K., Mohan, M.L., and Naga Prasad, S.V. (2018). G Protein-Coupled Receptor
Resensitization Paradigms. International Review of Cell and Molecular Biology 339: 63–91.
Gurevich, E.V., Tesmer, J.J.G., Mushegian, A., and Gurevich, V.V. (2012). G protein-coupled
receptor kinases: More than just kinases and not only for GPCRs. Pharmacology and
Therapeutics 133: 40–69.
Gurevich, V.V., and Benovics, J.L. (1993). Visual Arrestin Interaction with Rhodopsin. The
Journal of Biological Chemistry 268: 11626–11638.
Gurevich, V.V., Dion, S.B., Onorato, J.J., Ptasienski, J., Kim, C.M., Sterne-Marr, R., Hosey, M.M.,
and Benovic, J.L. (1995). Arrestin Interactions with G Protein-coupled Receptors: DIRECT
BINDING STUDIES OF WILD TYPE AND MUTANT ARRESTINS WITH RHODOPSIN, β2ADRENERGIC, AND M2 MUSCARINIC CHOLINERGIC RECEPTORS. Journal of Biological Chemistry
270: 720–731.
Gurevich, V.V., and Gurevich, E.V. (2006). The structural basis of arrestin-mediated regulation
of G-protein-coupled receptors. Pharmacology & Therapeutics 110: 465.

468

Gurevich, V.V., and Gurevich, E.V. (2008). How and why do GPCRs dimerize? Trends in
Pharmacological Sciences 29: 234.
Gurevich, V.V., and Gurevich, E.V. (2019). GPCR Signaling Regulation: The Role of GRKs and
Arrestins. Frontiers in Pharmacology 10: 125.
Gysling, K. (2012). Relevance of both type-1 and type-2 corticotropin releasing factor receptors
in stress-induced relapse to cocaine seeking behaviour. Biochemical Pharmacology 83: 1–5.
Hales, T.G. (2011). Arresting the development of morphine tolerance and dependence. British
Journal of Anaesthesia 107: 653–655.
Hall, D.A., and Giraldo, J. (2018). A method for the quantification of biased signalling at
constitutively active receptors. British Journal of Pharmacology 175: 2046–2062.
Hall, M.P., Unch, J., Binkowski, B.F., Valley, M.P., Butler, B.L., Wood, M.G., Otto, P., Zimmerman,
K., Vidugiris, G., MacHleidt, T., Robers, M.B., Benink, H.A., Eggers, C.T., Slater, M.R.,
Meisenheimer, P.L., Klaubert, D.H., Fan, F., Encell, L.P., and Wood, K.V. (2012). Engineered
luciferase reporter from a deep sea shrimp utilizing a novel imidazopyrazinone substrate. ACS
Chemical Biology 7: 1848–1857.
Hall, R.A., Ostedgaard, L.S., Premont, R.T., Blitzer, J.T., Rahman, N., Welsh, M.J., and Lefkowitz,
R.J. (1998a). A C-terminal motif found in the β2-adrenergic receptor, P2Y1 receptor and cystic
fibrosis transmembrane conductance regulator determines binding to the Na+/H+ exchanger
regulatory factor family of PDZ proteins. Proceedings of the National Academy of Sciences 95:
8496–8501.
Hall, R.A., Premont, R.T., Chow, C.-W., Blitzer, J.T., Pitcher, J.A., Claing, A., Stoffel, R.H., Barak,
L.S., Shenolikar, S., Weinman, E.J., Grinstein, S., and Lefkowitz, R.J. (1998b). The β2-adrenergic
receptor interacts with the Na+/H+-exchanger regulatory factor to control Na+/H+ exchange.
Nature 392: 626–630.
Halpin-Veszeleiova, K., and Hatfield, S.M. (2020). Oxygenation and A2AR blockade to eliminate
hypoxia/HIF-1α-adenosinergic immunosuppressive axis and improve cancer immunotherapy.
Current Opinion in Pharmacology 53: 84–90.

469

Hamdan, F.F., Audet, M., Garneau, P., Pelletier, J., and Bouvier, M. (2016). High-Throughput
Screening of G Protein-Coupled Receptor Antagonists Using a Bioluminescence Resonance
Energy Transfer 1-Based β-Arrestin2 Recruitment Assay. Journal of Biomolecular Screening 10:
463–475.
Hamdan, F.F., Rochdi, M.D., Breton, B., Fessart, D., Michaud, D.E., Charest, P.G., Laporte, S.A.,
and Bouvier, M. (2007). Unraveling G protein-coupled receptor endocytosis pathways using
real-time monitoring of agonist-promoted interaction between β-arrestins and AP-2. Journal
of Biological Chemistry 282: 29089–29100.
Hammarberg, C., Schulte, G., and Fredholm, B.B. (2003). Evidence for functional adenosine A3
receptors in microglia cells. Journal of Neurochemistry 86: 1051–1054.
Han, S., Xiao, K., Kim, J., Wu, J.H., Wisler, J.W., Nakamura, N., Freedman, N.J., and Shenoy, S.K.
(2012). MARCH2 promotes endocytosis and lysosomal sorting of carvedilol-bound β2adrenergic receptors. The Journal of Cell Biology 199: 817.
Hanson, M.A., Cherezov, V., Roth, C.B., Griffith, M.T., Jaakola, V.P., Chien, E.Y.T., Velasquez, J.,
Kuhn, P., and Stevens, R.C. (2008). A specific cholesterol binding site is established by the 2.8
Å structure of the human β2-adrenergic receptor in an alternate crystal form. Structure 16:
897–905.
Hargrave, P.A., and McDowell, J.H. (1992). Rhodopsin and phototransduction: a model system
for G protein-linked receptors. The FASEB Journal 6: 2323–2331.
Harikumar, K.G., Lau, S., Sexton, P.M., Wootten, D., and Miller, L.J. (2017). Coexpressed Class
B G Protein–Coupled Secretin and GLP-1 Receptors Self- and Cross-Associate: Impact on
Pancreatic Islets. Endocrinology 158: 1685–1700.
Harikumar, K.G., Morfis, M.M., Sexton, P.M., and Miller, L.J. (2008). Pattern of Intra-Family
Hetero-Oligomerization Involving the G-Protein-Coupled Secretin Receptor. Journal of
Molecular Neuroscience 36: 279–285.
Harikumar, K.G., Pinon, D.I., and Miller, L.J. (2007). Transmembrane Segment IV Contributes a
Functionally Important Interface for Oligomerization of the Class II G Protein-coupled Secretin
Receptor. Journal of Biological Chemistry 282: 30363–30372.

470

Harikumar, K.G., Simms, J., Christopoulos, G., Sexton, P.M., and Miller, L.J. (2009). Molecular
Basis of Association of Receptor Activity-Modifying Protein 3 with the Family B G ProteinCoupled Secretin Receptor. Biochemistry 48: 11773–11785.
Harikumar, K.G., Wooten, D., Pinon, D.I., Koole, C., Ball, A.M, Furness, S.G.B., Graham, B., Dong,
M., Christopolous, A., Miller, L.J., and Sexton, P.M. (2012). Glucagon-like peptide-1 receptor
dimerization differentially regulates agonist signaling but does not affect small molecule
allostery. Proceedings of the National Academy of Sciences of the United States of America
109: 18607–18612.
Harmar, A.J. (2001a). Family-B G-protein-coupled receptors. Genome Biology 2:
reviews3013.1-3013.10.
Harris, M., Mackie, D.I., Pawlak, J.B., Carvalho, S., Truong, T.T., Safitri, D., Yeung. H.Y.,
Routledge, S., Harper, M.T., Al-Zaid, B., Soave, M., Al-Sabah, S., Inoue, A., Poyner, D.R., Hill, S.J.,
Briddon, S.J., Sexton, P.M., Wootten, D., Zhao, P., Caron, K.M., and Ladds, G. (2021). RAMPs
regulate signalling bias and internalisation of the GIPR (bioRxiv pre-print).
Hart, M.J., Jiang, X., Kozasa, T., Roscoe, W., Singer, W.D., Gilman, A.G., Sternweis, P.C., and
Bollag, G. (1998). Direct stimulation of the guanine nucleotide exchange activity of p115
RhoGEF by Gα13. Science 280: 2112–2114.
Harvey, S., and Hull, K.L. (1997). Growth hormone. Endocrine 7: 267–279.
Hauger, R.L., Grigoriadis, D.E., Dallman, M.F., Plotsky, P.M., Vale, W.W., and Dautzenberg, F.M.
(2003). International Union of Pharmacology. XXXVI. Current Status of the Nomenclature for
Receptors for Corticotropin-Releasing Factor and Their Ligands. Pharmacological Reviews 55:
21–26.
Hauger, R.L., Risbrough, V., Brauns, O., and Dautzenberg, F.M. (2006). Corticotropin Releasing
Factor (CRF) Receptor Signaling in the Central Nervous System: New Molecular Targets. CNS &
Neurological Disorders Drug Targets 5: 453.
Hausdorff, W.P., Caron, M.G., and Lefkowitz, R.J. (1992). Turning off the signal: desensitization
of beta-adrenergic receptor function. Biochemistry 31: 3193–3197.

471

Hauser, A.S., Attwood, M.M., Rask-Andersen, M., Schiöth, H.B., and Gloriam, D.E. (2017).
Trends in GPCR drug discovery: new agents, targets and indications. Nature Reviews Drug
Discovery 16: 829–842.
Hawes, B.E., van Biesen, T., Koch, W.J., Luttrell, L.M., and Lefkowitz, R.J. (1995). Distinct
Pathways of Gi- and Gq-mediated Mitogen-activated Protein Kinase Activation. Journal of
Biological Chemistry 270: 17148–17153.
Hay, D.L., Christopoulos, G., Christopoulos, A., and Sexton, P.M. (2006a). Determinants of 1Piperidinecarboxamide,

N-[2-[[5-Amino-l-[[4-(4-pyridinyl)-l-

piperazinyl]carbonyl]pentyl]amino]-1-[(3,5-dibromo-4-hydroxyphenyl)methyl]-2-oxoethyl]-4(1,4-dihydro-2-oxo-3(2H)-quinazolinyl) (BIBN4096BS) Affinity for Calcitonin Gene-Related
Peptide and Amylin Receptors — The Role of Receptor Activity Modifying Protein 1. Molecular
Pharmacology 70: 1984–1991.
Hay, D.L., Garelja, M.L., Poyner, D.R., and Walker, C.S. (2018). Update on the pharmacology of
calcitonin/CGRP family of peptides: IUPHAR Review 25. British Journal of Pharmacology 175: 3.
Hay, D.L., and Pioszak, A.A. (2016). Receptor Activity-Modifying Proteins (RAMPs): New Insights
and Roles. Annual Review of Pharmacology and Toxicology 56: 469–487.
Hay, D.L., Poyner, D.R., and Sexton, P.M. (2006b). GPCR modulation by RAMPs. Pharmacology
& Therapeutics 109: 173–197.
Haynes, J.Jr., Obiako, B., Babal, P., and Stevens, T. (1999). 5-(N-ethylcarboxamido)adenosine
desensitizes the A2b-adenosine receptor in lung circulation. American Journal of Physiology
276: 45–46.
Hebert-Chatelain, E., Desprez, T., Serrat, R., Bellocchio, L., Soria-Gomez, E., Busquets-Garcia,
A., Pagano Zottola, A.C., Delamarre, A., Cannich, A., Vincent, P., Varilh, M., Robin, L.M., Terral,
G., García-Fernández, M.D., Colavita, M., Mazier, W., Drago, F., Puente, N., Reguero, L.,
Elezgarai, I., Dupuy, J.W., Cota, D., Lopez-Rodriguez, M.L., Barreda-Gómez, G., Massa, F.,
Grandes, P., Bénard, G., and Marsicano, G. (2016). A cannabinoid link between mitochondria
and memory. Nature 539: 555–559.

472

Heldwein, K.A., Redick, D.L., Rittenberg, M.B., Claycomb, W.C., and Stenzel-Poore, M.P. (1996).
Corticotropin-releasing hormone receptor expression and functional coupling in neonatal
cardiac myocytes and AT-1 cells. Endocrinology 137: 3631–3639.
Hendrikse, E.R., Liew, L.P., Bower, R.L., Bonnet, M., Jamaluddin, M.A., Prodan, N., Richards,
K.D., Walker, C.S., Pairaudeau, G., Smith, D.M., Rujan, R.M., Sudra, R., Reynolds, C.A., Booe,
J.M., Pioszak, A.A., Flanagan, J.U., Hay, M.P., and Hay, D.L. (2020). Identification of SmallMolecule Positive Modulators of Calcitonin-like Receptor-Based Receptors. ACS Pharmacology
& Translational Science 3: 305–320.
Herenbrink, C.K., Sykes, D.A., Donthamsetti, P., Canals, M., Coudrat, T., Shonberg, J.,
Scammells, P.J., Capuano, B., Sexton, P.M., Charlton, S.J., Javitch, J.A., Christopoulos, A., and
Lane, J.R. (2016). The role of kinetic context in apparent biased agonism at GPCRs. Nature
Communications 7: 10842.
Héroux, M., Breton, B., Hogue, M., and Bouvier, M. (2007). Assembly and Signaling of CRLR and
RAMP1 Complexes Assessed by BRET. Biochemistry 46: 7022–7033.
Hieronymus, L., and Griffin, S. (2015). Role of Amylin in Type 1 and Type 2 Diabetes. SAGE
Journals 41: 47S-56S.
Hilairet, S., Bélanger, C., Bertrand, J., Laperrière, A., Foord, S.M., and Bouvier, M. (2001a).
Agonist-promoted Internalization of a Ternary Complex between Calcitonin Receptor-like
Receptor, Receptor Activity-modifying Protein 1 (RAMP1), and β-Arrestin. Journal of Biological
Chemistry 276: 42182–42190.
Hilairet, S., Foord, S.M., Marshall, F.H., and Bouvier, M. (2001b). Protein-Protein Interaction
and Not Glycosylation Determines the Binding Selectivity of Heterodimers between the
Calcitonin Receptor-like Receptor and the Receptor Activity-modifying Proteins. Journal of
Biological Chemistry 276: 29575–29581.
Hillion, J., Canals, M., Torvinen, M., Casadó, V., Scott, R., Terasmaa, A., Hansson, A., Watson,
S., Olah, M.E., Mallol, J., Canela, E.I., Zoli, M., Agnati, L.F., Ibáñez, C.F., Lluis, C., Franco, R., Ferré,
S., and Fuxe, K. (2002a). Coaggregation, Cointernalization, and Codesensitization of Adenosine
A2A Receptors and Dopamine D2 Receptors. Journal of Biological Chemistry 277: 18091–
18097.
473

Hinke, S.A., Gelling, R.W., Pederson, R.A., Manhart, S., Nian, C., Demuth, H.U., and McIntosh,
C.H.S. (2002). Dipeptidyl Peptidase IV-Resistant [d-Ala2]Glucose-Dependent Insulinotropic
Polypeptide (GIP) Improves Glucose Tolerance in Normal and Obese Diabetic Rats. Diabetes
51: 652–661.
Hirsch, J.A., Schubert, C., Gurevich, V.V., and Sigler, P.B. (1999). A Model for Arrestin’s
Regulation: The 2.8 Å Crystal Structure of Visual Arrestin. Cell 97: 257–269.
Hjorth, S.A., Ørskov, C., and Schwartz, T.W. (1998). Constitutive Activity of Glucagon Receptor
Mutants. Molecular Endocrinology 12: 78–86.
Hoare, S.R.J. (2005). Mechanisms of peptide and nonpeptide ligand binding to Class B Gprotein-coupled receptors. Drug Discovery Today 10: 417–427.
Hoare, S.R.J., Pierre, N., Moya, A.G., and Larson, B. (2018). Kinetic operational models of
agonism for G-protein-coupled receptors. Journal of Theoretical Biology 446: 168–204.
Hoare, S.R.J., Tewson, P.H., Quinn, A.M., and Hughes, T.E. (2020). A kinetic method for
measuring agonist efficacy and ligand bias using high resolution biosensors and a kinetic data
analysis framework. Scientific Reports 10: 1–19.
Hoare, S.R.J., and Usdin, T.B. (2005). Molecular Mechanisms of Ligand Recognition by
Parathyroid Hormone 1 (PTH1) and PTH2 Receptors. Current Pharmaceutical Design 7: 689–
713.
Hollenstein, K., de Graaf, C., Bortolato, A., Wang, M.-W., Marshall, F.H., and Stevens, R.C.
(2014). Insights into the structure of class B GPCRs. Trends in Pharmacological Sciences 35: 12.
Hollenstein, K., Kean, J., Bortolato, A., Cheng, R.K.Y., Doré, A.S., Jazayeri, A., Cooke, R.M., Weir,
M., and Marshall, F.H. (2013). Structure of class B GPCR corticotropin-releasing factor receptor
1. Nature 499: 438–443.
Holmes, D., Campbell, M., Harbinson, M., and Bell, D. (2013). Protective effects of intermedin
on cardiovascular, pulmonary and renal diseases: comparison with adrenomedullin and CGRP.
Current Protein & Peptide Science 14: 294–329.

474

Holst, J.J, Toft-Nielsen, M.B., Ørskov, C., Nauck, M., and Willms, B. (1996). On the Effects of
Glucagon-Like Peptide-1 on Blood Glucose Regulation in Normal and Diabetic Subjects. Annals
of the New York Academy of Sciences 805: 729–736.
Holst, J.J., and Rosenkilde, M.M. (2020). GIP as a Therapeutic Target in Diabetes and Obesity:
Insight From Incretin Co-agonists. The Journal of Clinical Endocrinology & Metabolism 105:
e2710–e2716.
Hong, Y., Hay, D.L., Quirion, R., and Poyner, D.R. (2012). The pharmacology of Adrenomedullin
2/Intermedin. British Journal of Pharmacology 166: 110.
Horn, F., Bettler, E., Oliveira, L., Campagne, F., Cohen, F.E., and Vriend, G. (2003). GPCRDB
information system for G protein-coupled receptors. Nucleic Acids Research 31: 294.
Hu, G.M., Mai, T.L., and Chen, C.M. (2017). Visualizing the GPCR Network: Classification and
Evolution. Scientific Reports 7: 1–15.
Huai, Q., Colicelli, J., and Ke, H. (2003). The Crystal Structure of AMP-Bound PDE4 Suggests a
Mechanism for Phosphodiesterase Catalysis. Biochemistry 42: 13220–13226.
Huang, C., and Miller, R.T. (2007). The calcium-sensing receptor and its interacting proteins.
Journal of Cellular and Molecular Medicine 11: 923–934.
Huang, C.L., Jan, Y.N., and Jan, L.Y. (1997). Binding of the G protein βγ subunit to multiple
regions of G protein-gated inward-rectifying K+ channels. FEBS Letters 405: 291–298.
Huang, L., Wu, D., Zhang, L., and Feng, L. (2013). Modulation of A2a receptor antagonist on D2
receptor internalization and ERK phosphorylation. Acta Pharmacologica Sinica 34: 1292–1300.
Huang, L.J., and Taylor, S.S. (1998). Dissecting cAMP Binding Domain A in the RIα Subunit of
cAMP-dependent Protein Kinase: DISTINCT SUBSITES FOR RECOGNITION OF cAMP AND THE
CATALYTIC SUBUNIT. Journal of Biological Chemistry 273: 26739–26746.
Husmann, K., Sexton, P.M., Fischer, J.A., and Born, W. (2000). Mouse receptor-activitymodifying proteins 1, -2 and -3: amino acid sequence, expression and function. Molecular and
Cellular Endocrinology 162: 35–43.

475

Ibrisimovic, E., Drobny, H., Yang, Q., Höfer, T., Boehm, S., Nanoff, C., and Schicker, K. (2012).
Constitutive activity of the A2A adenosine receptor and compartmentalised cyclic AMP
signalling fine-tune noradrenaline release. Purinergic Signalling 8: 677–692.
Ikeda, S.R. (1996). Voltage-dependent modulation of N-type calcium channels by G-protein β
γ subunits. Nature 380: 255–258.
Imai, S., Yokomizo, T., Kofuku, y, Shiraishi, Y., Ueda, T., and Shimada, I. (2020). Structural
equilibrium underlying ligand-dependent activation of β2-adrenoreceptor. Nature Chemical
Biology 16: 430–439.
Intekhab-Alam, N.Y., White, O.B., Getting, S.J., Petsa, A., Knight, R.A., Chowdrey, H.S.,
Townsend, P.A., Lawrence, K.M., and Locke, I.C. (2013). Urocortin protects chondrocytes from
NO-induced apoptosis: a future therapy for osteoarthritis? Cell Death & Disease 4: e717.
Irannejad, R., Pessino, V., Mika, D., Huang, B., Wedegaertner, P.B., Conti, M., and von Zastrow,
M. (2017). Functional selectivity of GPCR-directed drug action through location bias. Nature
Chemical Biology 13: 799–806.
Irannejad, R., and von Zastrow, M. (2014). GPCR signaling along the endocytic pathway.
Current Opinion in Cell Biology 27: 109–116.
Ismail, S., Dubois-Vedrenne, I., Laval, M., Tikhonova, I.G., D’Angelo, R., Sanchez, C., Clerc, P.,
Gherardi, M.J., Gigoux, V., Magnan, R., and Fourmy, D. (2015). Internalization and
desensitization of the human glucose-dependent-insulinotropic receptor is affected by Nterminal acetylation of the agonist. Molecular and Cellular Endocrinology 414: 202–215.
Ismail, S., Gherardi, M.J., Froese, A., Zanoun, M., Gigoux, V., Clerc, P., Gaits-Iacovoni, F.,
Steyaert, J., Nikolaev, V.O., and Fourmy, D. (2016). Internalized Receptor for Glucosedependent Insulinotropic Peptide stimulates adenylyl cyclase on early endosomes.
Biochemical Pharmacology 120: 33–45.
Ittner, L.M., Luessi, F., Koller, D., Born, W., Fischer, J.A., and Muff, R. (2004). Aspartate69 of the
calcitonin-like receptor is required for its functional expression together with receptor-activitymodifying proteins 1 and -2. Biochemical and Biophysical Research Communications 319:
1203–1209.

476

Iwami, G., Kawabe, J., Ebina, T., Cannon, P.J., Homcy, C.J., and Ishikawa, Y. (1995). Regulation
of Adenylyl Cyclase by Protein Kinase A. Journal of Biological Chemistry 270: 12481–12484.
Iyer, V., Tran, T.M., Foster, E., Dai, W., Clark, R.B., and Knoll, B.J. (2006). Differential
phosphorylation and dephosphorylation of β2-adrenoceptor sites Ser262 and Ser355,356.
British Journal of Pharmacology 147: 249–259.
Jacamo, R., Sinnett-Smith, J., Rey, O., Waldron, R.T., and Rozengurt, E. (2008). Sequential
Protein Kinase C (PKC)-dependent and PKC-independent Protein Kinase D Catalytic Activation
via Gq-coupled Receptors: DIFFERENTIAL REGULATION OF ACTIVATION LOOP SER744 AND
SER748 PHOSPHORYLATION. Journal of Biological Chemistry 283: 12877–12887.
Jacob, A., Wu, R., and Wang, P. (2012). Regulation of RAMP Expression in Diseases. Advances
in Experimental Medicine and Biology 744: 87–103.
Jacobsen, S.E., Ammendrup-Johnsen, I., Jansen, A.M., Gether, U., Madsen, K.L., and BräunerOsborne, H. (2017). The GPRC6A receptor displays constitutive internalization and sorting to
the slow recycling pathway. Journal of Biological Chemistry 292: 6910–6926.
Jajoo, S., Mukherjea, D., Kumar, S., Sheth, S., Kaur, T., Rybak, L.P., and Ramkumar, V. (2010).
Role of β-arrestin1/ERK MAP kinase pathway in regulating adenosine A1 receptor
desensitization and recovery. American Journal of Physiology 298: 56–65.
Jakubík, J., Janíčková, H., Randáková, A., El-Fakahany, E.E., and Doležal, V. (2011). Subtype
Differences in Pre-Coupling of Muscarinic Acetylcholine Receptors. PLoS ONE 6: e27732.
January, B., Seibold, A., Whaley, B., Hipkin, R.W., Lin, D., Schonbrunn, A., Barber, R., and Clark,
R.B. (1997). β2-Adrenergic Receptor Desensitization, Internalization, and Phosphorylation in
Response to Full and Partial Agonists. Journal of Biological Chemistry 272: 23871–23879.
Jarvis, M.F., Schulz, R., Hutchinson, A.J., Do, U.H., Sills, M.A., and Williams, M. (1989). [3H]CGS
21680, a selective A2 adenosine receptor agonist directly labels A2 receptors in rat brain.
Journal of Pharmacology and Experimental Therapeutics 251: 888-893.
Jazayeri, A., Rappas, M., Brown, A.J.H., Kean, J., Errey, J.C., Robertson, N.J., Fiez-Vandal, C.,
Andrews, S.P., Congreve, M., Bortolato, A., Mason, J.S., Baig, A.H., Teobald, I., Doré, A.S., Weir,

477

M., Cooke, R.M., and Marshall, F.H. (2017). Crystal structure of the GLP-1 receptor bound to a
peptide agonist. Nature 546: 254–258.
Jean-Charles, P.Y., Kaur, S., and Shenoy, S.K. (2017). GPCR signaling via β-arrestin-dependent
mechanisms. Journal of Cardiovascular Pharmacology 70: 142.
Jelinek, V., Mösslein, N., and Bünemann, M. (2021). Structures in G proteins important for
subtype selective receptor binding and subsequent activation. Communications Biology 4: 1–
11.
Jiang, Z., Rajamanickam, S., and Justice, N.J. (2019). CRF signaling between neurons in the
paraventricular nucleus of the hypothalamus (PVN) coordinates stress responses.
Neurobiology of Stress 11: 100192.
Jin, Z., Tietjen, I., Bu, L., Liu-Yesucevitz, L., Gaur, S.K., Walsh, C.A., and Piao, X. (2007). Diseaseassociated mutations affect GPR56 protein trafficking and cell surface expression. Human
Molecular Genetics 16: 1972–1985.
Joëls, M., and Baram, T.Z. (2009). The neuro-symphony of stress. Nature Reviews Neuroscience
10: 459–466.
Johansson, E., Hansen, J.L., Hansen, A.M.K., Shaw, A.C., Becker, P., Schäffer, L., and ReedtzRunge, S. (2016). Type II Turn of Receptor-bound Salmon Calcitonin Revealed by X-ray
Crystallography. Journal of Biological Chemistry 291: 13689–13698.
Johnson, K.A., and Lovinger, D.M. (2016). Presynaptic G Protein-Coupled Receptors:
Gatekeepers of Addiction? Frontiers in Cellular Neuroscience 10: 264.
Jones, B., Buenaventura, T., Kanda, N., Chabosseau, P., Owen, B.M., Scott, R., Goldin, R.,
Angkathunyakul, N., Corrêa, I.V. Jr, Bosco, D., Johnson, P.R., Piemonti, L., Marchetti, P., Shapiro,
A.M.J., Cochran, B.J., Hanyaloglu, A.C., Inoue, A., Tan, T., Rutter, G.A., Tomas, A., and Bloom,
S.R. (2018). Targeting GLP-1 receptor trafficking to improve agonist efficacy. Nature
Communications 9: 1602.
Jones, B.W., and Hinkle, P.M. (2005). β-Arrestin Mediates Desensitization and Internalization
but Does Not Affect Dephosphorylation of the Thyrotropin-releasing Hormone Receptor.
Journal of Biological Chemistry 280: 38346–38354.

478

Joost, P., and Methner, A. (2002). Phylogenetic analysis of 277 human G-protein-coupled
receptors as a tool for the prediction of orphan receptor ligands. Genome Biology 3: 1–16.
Jordan, B.A., and Devi, L.A. (1999). G-protein-coupled receptor heterodimerization modulates
receptor function. Nature 399: 697–700.
Jorgensen, R., Martini, L., Schwartz, T.W., and Elling, C.E. (2005). Characterization of GlucagonLike Peptide-1 Receptor β-Arrestin 2 Interaction: A High-Affinity Receptor Phenotype.
Molecular Endocrinology 19: 812–823.
Kabli, N., Fan, T., O’Dowd, B.F., and George, S.R. (2014). μ–δ opioid receptor heteromerspecific signaling in the striatum and hippocampus. Biochemical and Biophysical Research
Communications 450: 906–911.
Kadlecova, Z., Spielman, S.J., Loerke, D., Mohanakrishnan, A., Reed, D.K., and Schmid, S.L.
(2017). Regulation of clathrin-mediated endocytosis by hierarchical allosteric activation of AP2.
The Journal of Cell Biology 216: 167.
Kahsai, A.W., Pani, B., and Lefkowitz, R.J. (2018). GPCR signaling: conformational activation of
arrestins. Cell Research 28: 783.
Kalash, L., Winfield, I., Safitri, D., Bermudez, M., Carvalho, S., Glen, R., Ladds, G., and Bender,
A. (2021). Structure-based identification of dual ligands at the A2AR and PDE10A with antiproliferative effects in lung cancer cell-lines. Journal of Cheminformatics 13: 1–17.
Karmouty-Quintana, H., Xia, Y., and Blackburn, M.R. (2013). Adenosine Signaling During Acute
and Chronic Disease States. Journal of Molecular Medicine 91: 173.
Karoor, V., and Malbon, C.C. (1996). Insulin-like Growth Factor Receptor-1 Stimulates
Phosphorylation of the β2-Adrenergic Receptor in Vivo on Sites Distinct from Those
Phosphorylated in Response to Insulin. Journal of Biological Chemistry 271: 29347–29352.
Karteris, E., Randeva, H.S., Grammatopoulos, D.K., Jaffe, R.B., and Hillhouse, E.W. (2001).
Expression and Coupling Characteristics of the CRH and Orexin Type 2 Receptors in Human
Fetal Adrenals. The Journal of Clinical Endocrinology & Metabolism 86: 4512–4519.

479

Katafuchi, T., Yasue, H., Osaki, T., and Minamino, N. (2009). Calcitonin receptor-stimulating
peptide: Its evolutionary and functional relationship with calcitonin/calcitonin gene-related
peptide based on gene structure. Peptides 30: 1753–1762.
Katanev, V.L. (2010). The Wnt/Frizzled GPCR Signaling Pathway. Biochemistry (Moscow) 75:
1428–1434.
Katsushima, Y., Sato, T., Yamada, C., Ito, M., Suzuki, Y., Ogawa, E., Sukegawa, I., Sukegawa, J.,
Fukunaga, K., and Yanagisawa, T. (2013). Interaction of PICK1 with C-Terminus of Growth
Hormone–Releasing Hormone Receptor (GHRHR) Modulates Trafficking and Signal
Transduction of Human GHRHR. Journal of Pharmacological Sciences 122: 193–204.
Kechele, D.O., Dunworth, W.P., Trincot, C.E., Wetzel-Strong, S.E., Li, M., Ma, H., Liu, J., and
Caron, K.M. (2016). Endothelial Restoration of Receptor Activity–Modifying Protein 2 Is
Sufficient to Rescue Lethality, but Survivors Develop Dilated Cardiomyopathy. Hypertension
68: 667–677.
Kelly, E. (2013). Efficacy and ligand bias at the μ-opioid receptor. British Journal of
Pharmacology 169: 1430–1446.
Kelly, E., Bailey, C.P., and Henderson, G. (2008). Agonist-selective mechanisms of GPCR
desensitization. British Journal of Pharmacology 153: 379-388.
Kemp, B.E. (1990). Peptides and Protein Phosphorylation (Boca Raton: CRC Press).
Kenakin, T. (2004). Principles: Receptor theory in pharmacology. Trends in Pharmacological
Sciences 25: 186–192.
Kenakin, T. (2008). What systems can and can’t do. British Journal of Pharmacology 153: 841–
843.
Kenakin, T. (2017a). A Scale of Agonism and Allosteric Modulation for Assessment of Selectivity,
Bias, and Receptor Mutation. Molecular Pharmacology 92: 414–424.
Kenakin, T., and Christopoulos, A. (2013). Signalling bias in new drug discovery: Detection,
quantification and therapeutic impact. Nature Reviews Drug Discovery 12: 205–216.

480

Kenakin, T., Watson, C., Muniz-Medina, V., Christopoulos, A., and Novick, S. (2012). A Simple
Method for Quantifying Functional Selectivity and Agonist Bias. ACS Chemical Neuroscience 3:
193–203.
Kenakin, T.P. (2017b). A System-independent Scale (ΔLog(max/EC50)) of Agonism and
Allosteric Modulation for Assessment of Selectivity, Bias and Receptor Mutation. Molecular
Pharmacology 92: 414-424.
Kenakin, T.P., and Beek, D. (1980). Is Prenalterol (H133/80) really a selective beta 1
adrenoceptor agonist? Tissue selectivity resulting from differences in stimulus-response
relationships. The Journal of Pharmacology and Experimental Therapeutics 213: 406–413.
Keppler, A., Gendreizig, S., Gronemeyer, T., Pick, H., Vogel, H., and Johnsson, K. (2002). A
general method for the covalent labeling of fusion proteins with small molecules in vivo. Nature
Biotechnology 21: 86–89.
Keuerleber, S., Gsandtner, I., and Freissmuth, M. (2011). From cradle to twilight: The carboxyl
terminus directs the fate of the A2A-adenosine receptor. Biochimica et Biophysica Acta Biomembranes 1808: 1350–1357.
Khoa, N.D., Postow, M., Danielsson, J., and Cronstein, B.N. (2006). Tumor necrosis factor-alpha
prevents desensitization of Galphas-coupled receptors by regulating GRK2 association with the
plasma membrane. Molecular Pharmacology 69: 1311–1319.
Kiang, J.G. (1997). Corticotropin-releasing factor-like peptides increase cytosolic [Ca2+] in
human epidermoid A-431 cells. European Journal of Pharmacology 329: 237–244.
Killion, E.A., Chen, M., Falsey, J.R., Sivits, G., Hager, T., Atangan, L., Helmering, J., Lee, J., Lee, J.,
Li, H., Wu, B., Cheng, Y., Véniant, M.M., and Lloyd, D.J. (2020). Chronic glucose-dependent
insulinotropic polypeptide receptor (GIPR) agonism desensitizes adipocyte GIPR activity
mimicking functional GIPR antagonism. Nature Communications 11: 1–17.
Kim, D. (1991). Calcitonin-gene-related peptide activates the muscarinic-gated K+ current in
atrial cells. Pflugers Archive 418: 338–345.

481

Kim, T.-J., Sun, J., Lu, S., Zhang, J., and Wang, Y. (2014). The regulation of β-adrenergic receptormediated PKA activation by substrate stiffness via microtubule dynamics in human MSCs.
Biomaterials 35: 8348.
Kingwell, K. (2015). Pioneering biased ligand offers efficacy with reduced on-target toxicity.
Nature Reviews Drug Discovery 14: 809–810.
Kirsch, G.E., Codina, J., Birnbaumer, L., and Brown, A.M. (1990). Coupling of ATP-sensitive K+
channels to A1 receptors by G proteins in rat ventricular myocytes. American Journal of
Physiology 259: H820-H826.
Kitamura, K., Kangawa, kenji, Kawamoto, M., Ichiki, Y., Nakamura, S., Matsuo, H., and Eto, T.
(1993).

Adrenomedullin:

A

Novel

Hypotensive

Peptide

Isolated

from

Human

Pheochromocytoma. Biochemical and Biophysical Research Communications 192: 553–560.
Kjaergaard, J., Hatfield, S., Jones, G., Ohta, A., and Sitkovsky, M. (2018). A2A Adenosine
Receptor Gene Deletion or Synthetic A2A Antagonist Liberate Tumor-Reactive CD8+ T Cells
from Tumor-Induced Immunosuppression. The Journal of Immunology 201: 782–791.
Klaasse, E.C., IJzerman, A.P., Grip, W.J., and Beukers, M.W. (2008). Internalization and
desensitization of adenosine receptors. Purinergic Signalling 4: 21–37.
Klinge, C.M., and Rao, C.V. (2008). Cell Membrane Receptors. In Global Library of Women’s
Medicine, pp 1756–2228.
Klinger, M., Kuhn, M., Just, H., Stefan, E., Palmer, T., Freissmuth, M., and Nanoff, C. (2002).
Removal of the carboxy terminus of the A2A-adenosine receptor blunts constitutive activity:
Differential effect on cAMP accumulation and MAP kinase stimulation. NaunynSchmiedeberg’s Archives of Pharmacology 366: 287–298.
Klotz, K.N. (2000). Adenosine receptors and their ligands. Naunyn-Schmiedeberg’s Archives of
Pharmacology 362: 382–391.
Klotz, K.N., Hessling, J., Hegler, J., Owman, C., Kull, B., Fredholm, B.B., and Lohse, M.J. (1998).
Comparative pharmacology of human adenosine receptor subtypes - characterization of stably
transfected receptors in CHO cells. Naunyn-Schmiedeberg’s Archives of Pharmacology 357: 1–
9.

482

Knight, A., Hemmings, J.L., Winfield, I., Leuenberger, M., Frattini, E., Frenguelli, B.G., Dowell,
S.J., Lochner, M., and Ladds, G. (2016). Discovery of Novel Adenosine Receptor Agonists That
Exhibit Subtype Selectivity. Journal of Medicinal Chemistry 59: 947–964.
Kobilka (2007). G protein coupled receptor structure and activation. Biochimica et Biophysica
Acta 1768: 794–807.
Kobilka, B.K., and Deupi, X. (2007). Conformational complexity of G-protein-coupled receptors.
Trends in Pharmacological Sciences 28: 397–406.
Kobilka, B.K., Dixon, R.A., Frielle, T., Dohlman, H.G., Bolanowski, M.A., Sigal, I.S., Yang-Feng,
T.L., Francke, U., Caron, M.G., and Lefkowitz, R.J. (1987). cDNA for the human beta 2adrenergic receptor: A protein with multiple membrane-spanning domains and encoded by a
gene whose chromosomal location is shared with that of the receptor for platelet-derived
growth factor. Proceedings of the National Academy of Sciences 84: 46–50.
Köfalvi, A., Moreno, E., Cordomí, A., Cai, N.S., Fernández-Dueñas, V., Ferreira, S.G., GuixàGonzález, R., Sánchez-Soto, M., Yano, H., Casadó-Anguera, V., Cunha, R.A., Sebastião, A.M.,
Ciruela, F., Pardo, L., Casadó, V., and Ferré, S. (2020). Control of glutamate release by
complexes of adenosine and cannabinoid receptors. BMC Biology 18: 1–21.
Kohno, M., Kawahito, Y., Tsubouchi, Y., Hashiramoto, A., Yamada, R., Inoue, K., Kusaka, Y.,
Kubo, T., Elenkov, I.J., Chrousos, G.P., Kondo, M., and Sano, H. (2001). Urocortin Expression in
Synovium of Patients with Rheumatoid Arthritis and Osteoarthritis: Relation to Inflammatory
Activity. The Journal of Clinical Endocrinology & Metabolism 86: 4344–4352.
Kolakowski, L.F. (1994). GCRDb: A G-protein-coupled receptor database. Receptor Channels 2:
1–7.
Koller, D., Ittner, L.M., Muff, R., Husmann, K., Fischer, J.A., and Born, W. (2004). Selective
Inactivation of Adrenomedullin over Calcitonin Gene-related Peptide Receptor Function by the
Deletion of Amino Acids 14-20 of the Mouse Calcitonin-like Receptor. Journal of Biological
Chemistry 279: 20387–20391.
Konderko, K., Kónca, A., Gołab, T., and Jonderko, G. (1989). Effect of calcitonin on gall-bladder
volume in man. Journal of Gastroenterology and Hepatology 4: 505–511.

483

Kong, K.C., Gandhi, U., Martin, T.J., Anz, C.B., Yan, H., Misior, A.M., Pascual, R.M., Deshpande,
D.A., and Penn, R.B. (2008). Endogenous Gs-Coupled Receptors in Smooth Muscle Exhibit
Differential Susceptibility to GRK2/3-Mediated Desensitization. Biochemistry 47: 9288.
Koob, G.F., and Heinrichs, S.C. (1999). A role for corticotropin releasing factor and urocortin in
behavioral responses to stressors. Brain Research 848: 141–152.
Koole, C., Wootten, D., Simms, J., Savage, E.E., Miller, L.J., Christopoulos, A., and Sexton, P.M.
(2012). Second extracellular loop of human glucagon-like peptide-1 receptor (GLP-1R)
differentially regulates orthosteric but not allosteric agonist binding and function. Journal of
Biological Chemistry 287: 3659–3673.
Kostic, T.S., Andric, S.A., and Stojilkovic, S.S. (2001). Spontaneous and Receptor-Controlled
Soluble Guanylyl Cyclase Activity in Anterior Pituitary Cells. Molecular Endocrinology 15: 1010–
1022.
Kostic, T.S., Tomić, M., Andric, S.A., and Stojilkovic, S.S. (2002). Calcium-independent and
cAMP-dependent Modulation of Soluble Guanylyl Cyclase Activity by G Protein-coupled
Receptors in Pituitary Cells. Journal of Biological Chemistry 277: 16412–16418.
Kotowski, S.J., Hopf, F.W., Seif, T., Bonci, A., and von Zastrow, M. (2011). Endocytosis Promotes
Rapid Dopaminergic Signaling. Neuron 71: 278–290.
Kouhen, O.M.-E., Wang, G., Solberg, J., Erickson, L.J., Law, P.-Y., and Loh, H.H. (2000).
Hierarchical Phosphorylation of δ-Opioid Receptor Regulates Agonist-induced Receptor
Desensitization and Internalization. The Journal of Biological Chemistry 275: 36659.
Kovoor, A., Nappey, V., Kieffer, B.L., and Chavkin, C. (1997). μ and δ Opioid Receptors Are
Differentially Desensitized by the Coexpression of β-Adrenergic Receptor Kinase 2 and βArrestin 2 in Xenopus Oocytes *. Journal of Biological Chemistry 272: 27605–27611.
Kraetke, O., Holeran, B., Berger, H., Escher, E., Bienert, M., and Beyermann, M. (2005).
Photoaffinity Cross-Linking of the Corticotropin-Releasing Factor Receptor Type 1 with
Photoreactive Urocortin Analogues. Biochemistry 44: 15569–15577.

484

Krishnan, A., Almén, M.S., Fredriksson, R., and Schiöth, H.B. (2012). The Origin of GPCRs:
Identification of Mammalian like Rhodopsin, Adhesion, Glutamate and Frizzled GPCRs in Fungi.
PLoS ONE 7: e29817.
Kristiansen, K. (2004). Molecular mechanisms of ligand binding, signaling, and regulation within
the superfamily of G-protein-coupled receptors: molecular modeling and mutagenesis
approaches to receptor structure and function. Pharmacology & Therapeutics 103: 21–80.
Kroeze, W.K., Sassano, M.F., Huang, X.P., Lansu, K., McCorvy, J.D., Giguere, P.M., Sciaky, N.,
and Roth, B.L. (2015). PRESTO-TANGO: an open-source resource for interrogation of the
druggable human GPCR-ome. Nature Structural & Molecular Biology 22: 362.
Kruse, A.C., Ring, A.M., Manglik, A., Hu, J., Hu, K., Eitel, K., Hübner, H., Pardon, E., Valant, C.,
Sexton, P.M., Christopoulos, A., Felder, C.C., Gmeiner, P., Steyaert, J., Weis, W.I., Garcia, K.C.,
Wess, J., and Kobilka, B.K. (2013). Activation and allosteric modulation of a muscarinic
acetylcholine receptor. Nature 504: 106.
Kull, B., Svenningsson, P., and Fredholm, B.B. (2000). Adenosine A2A Receptors are Colocalized
with and Activate Golf in Rat Striatum. Molecular Pharmacology 58: 771–777.
Kumar, A., Potts, J.D., and DiPette, D.J. (2019). Protective Role of α-Calcitonin Gene-Related
Peptide in Cardiovascular Diseases. Frontiers in Physiology 10: 821.
Kumari, P., Srivastava, A., Banerjee, R., Ghosh, E., Gupta, P., Ranjan, R., Chen, X., Gupta, B.,
Gupta, C., Jaiman, D., and Shukla, A.K. (2016). Functional competence of a partially engaged
GPCR-b-arrestin complex. Nature 7: 13416.
Kumari, P., Srivastava, A., Ghosh, E., Ranjan, R., Dogra, S., Yada, P.N., and Shukla, A.K. (2017).
Core engagement with β-arrestin is dispensable for agonist-induced vasopressin receptor
endocytosis and ERK activation. Molecular Biology of the Cell 28: 1003–1010.
Kuna, R.S., Girada, S.B., Asalla, S., Vallentyne, J., Maddika, S., Patterson, J.T., Smiley, D.L.,
DiMarchi, R.D., and Mitra, P. (2013). Glucagon-like peptide-1 receptor-mediated endosomal
cAMP generation promotes glucose-stimulated insulin secretion in pancreatic β-cells.
Endocrinology and Metabolism 305: 161–170.

485

Kuperman, Y., and Chen, A. (2008). Urocortins: emerging metabolic and energy homeostasis
perspectives. Trends in Endocrinology & Metabolism 19: 122–129.
Kuperman, Y., Issler, O., Vaughan, J., Bilezikjian, L., Vale, W., and Chen, A. (2011). Expression
and Regulation of Corticotropin-Releasing Factor Receptor Type 2β in Developing and Mature
Mouse Skeletal Muscle. Molecular Endocrinology 25: 169.
Kusano, S., Kukimoto-Niino, M., Akasaka, R., Toyama, M., Terada, T., Shirouzu, M., Shindo, T.,
and Yokoyama, S. (2008). Crystal structure of the human receptor activity-modifying protein 1
extracellular domain. Protein Science 17: 1907.
Kusano, S., Kukimoto-Niino, M., Hino, N., Ohsawa, N., Okuda, K., Sakamoto, K., Shirouzu, M.,
Shindo, M., and Yokoyama, S. (2012). Structural basis for extracellular interactions between
calcitonin receptor-like receptor and receptor activity-modifying protein 2 for adrenomedullinspecific binding. Protein Science 21: 199–210.
Kuszak, A.J., Yao, X.J., Kobilka, B.K., and Sunahara, R.K. (2010). Functional studies of isolated
GPCR-G protein complexes in the membrane bilayer of lipoprotein particles. In G ProteinCoupled Receptors: Structure, Signaling, and Physiology, pp 32–52.
Kuwasako, K., Cao, Y.N., Chu, C.P., Iwatsubo, S., Eto, T., and Kitamura, K. (2006). Functions of
the Cytoplasmic Tails of the Human Receptor Activity-modifying Protein Components of
Calcitonin Gene-related Peptide and Adrenomedullin Receptors. Journal of Biological
Chemistry 281: 7205–7213.
Kuwasako, K., Cao, Y.N., Nagoshi, Y., Tsuruda, T., Kitamura, K., and Eto, T. (2004).
Characterization of the Human Calcitonin Gene-Related Peptide Receptor Subtypes Associated
with Receptor Activity-Modifying Proteins. Molecular Pharmacology 65: 207–213.
Kuwasako, K., Kitamura, K., Nagata, S., Hikosaka, T., and Kato, J. (2010). Function of the
cytoplasmic tail of human calcitonin receptor-like receptor in complex with receptor activitymodifying protein 2. Biochemical and Biophysical Research Communications 392: 380–385.
Kuwasako, K., Shimekake, Y., Masuda, M., Nakahara, K., Yoshida, T., Kitaura, M., Kitamura, K.,
Eto, T., and Sakata, T. (2000). Visualization of the Calcitonin Receptor-like Receptor and Its
Receptor Activity-modifying Proteins during Internalization and Recycling. Journal of Biological
Chemistry 275: 29602–29609.
486

Labeur, M.S., Arzt, E., Wiegers, G.J., Holsboer, F., and Reul, J.M. (1995). Long-term
intracerebroventricular corticotropin-releasing hormone administration induces distinct
changes in rat splenocyte activation and cytokine expression. Endocrinology 136: 2678–2688.
Ladds, G., Davis, K., Das, A., and Davey, J. (2005). A constitutively active GPCR retains its G
protein specificity and the ability to form dimers. Molecular Microbiology 55: 482–497.
Lai, H.L., Yang, T.H., Messing, R.O., Ching, Y.H., Lin, S.C., and Chern, Y. (1997). Protein Kinase C
Inhibits Adenylyl Cyclase Type VI Activity during Desensitization of the A2a-Adenosine
Receptor-mediated cAMP Response. Journal of Biological Chemistry 272: 4970–4977.
Lambright, D.G., Sondek, J., Bohm, A., Skiba, N.P., Hamm, H.E., and Sigler, P.B. (1996). The 2.0
Å crystal structure of a heterotrimeric G protein. Nature 379: 311–319.
Lan, T.-H., Kuravi, S., and Lambert, N.A. (2011). Internalization Dissociates β2-Adrenergic
Receptors. PLoS ONE 6: e17361.
Landis, C.A., Masters, S.B., Spada, A., Pace, A.M., Bourne, H.R., and Vallar, L. (1989). GTPase
inhibiting mutations activate the α chain of Gs and stimulate adenylyl cyclase in human
pituitary tumours. Nature 340: 692–696.
Lane, J.R., Donthamsetti, P., Shonberg, J., Draper-Joyce, C.J., Dentry, S., Michino, M., Shi, L.,
López, L., Scammells, P.J., Capuano, B., Sexton, P.M., Javitch, J.A., and Christopoulos, A. (2014).
A new mechanism of allostery in a G protein-coupled receptor dimer. Nature Chemical Biology
10: 752.
Langley, J.N. (1905). On the reaction of cells and nerve-endings to certain poisons chiefly as
regards to the reaction of striated muscle to nicotine and to curari. Journal of Physiology 33:
374–413.
Laporte, S.A, Oakley, R.H., Zhang, J., Holt, J.A., Ferguson, S.S.G., Caron, M.G., and Barak, L.S.
(1999). The β2-adrenergic receptor/β-arrestin Complex Recruits the Clathrin Adaptor AP-2
during Endocytosis. Proceedings of the National Academy of Sciences of the United States of
America 97: 3712–3717.

487

Laporte, S.A., Miller, W.E., Kim, K.M., and Caron, M.G. (2002). β-arrestin/AP-2 interaction in G
protein-coupled receptor internalization. Identification of a β-arrestin binding site β2-adaptin.
Journal of Biological Chemistry 277: 9247–9254.
Laporte, S.A., Oakley, R.H., Holt, J.A., Barak, L.S., and Caron, M.G. (2000). The Interaction of βArrestin with the AP-2 Adaptor Is Required for the Clustering of β2-Adrenergic Receptor into
Clathrin-coated Pits. Journal of Biological Chemistry 275: 23120–23126.
Lappas, C.M., Rieger, J.M., and Linden, J. (2005). A2A Adenosine Receptor Induction Inhibits
IFN-γ Production in Murine CD4+ T Cells. The Journal of Immunology 174: 1073–1080.
Latek, D., Modzelewska, A., Trzaskowski, B., Palczewski, K., and Filipek, S. (2012). G proteincoupled receptors — recent advances. Acta Biochimica Polonica 59: 529.
Laubach, V.E., French, B.A., and Okusa, M.D. (2011). Targeting of Adenosine Receptors in
Ischemia-Reperfusion Injury. Expert Opinion on Therapeutic Targets 15: 103–118.
Lavezzari, G., and Roche, K.W. (2007). Constitutive endocytosis of the metabotropic glutamate
receptor mGluR7 is clathrin-independent. Neuropharmacology 52: 100–107.
Lean, A. de, Stadel, J.M., and Lefkowitz, R.J. (1980). A ternary complex model explains the
agonist-specific binding properties of the adenylate cyclase-coupled β-adrenergic receptor.
Journal of Biological Chemistry 255: 7108–7117.
Leblais, V., Delannoy, E., Fresquet, F., Bégueret, H., Bellance, N., Banquet, S., Allières, C.,
Leroux, L., Desgranges, C., Gadeau, A., and Muller, B. (2008). β-adrenergic relaxation in
pulmonary arteries: preservation of the endothelial nitric oxide-dependent β2 component in
pulmonary hypertension. Cardiovascular Research 77: 202–210.
Lee, M.H., Appleton, K.M., Strungs, E.G., Kwon, J.Y., Morinelli, T.A., Peterson, Y.K., Laporte, S.A.,
Luttrell, L.M. (2016a). The conformational signature of β-arrestin2 predicts its trafficking and
signalling functions. Nature 531: 665–668.
Lee, S.-M., Hay, D.L., and Pioszak, A.A. (2016b). Calcitonin and Amylin Receptor Peptide
Interaction Mechanisms: INSIGHTS INTO PEPTIDE-BINDING MODES AND ALLOSTERIC
MODULATION OF THE CALCITONIN RECEPTOR BY RECEPTOR ACTIVITY-MODIFYING PROTEINS.
Journal of Biological Chemistry 291: 8686–8700.

488

Lee, S.M., Jeong, Y., Simms, J., Warner, M.L., Poyner, D.R., Chung, K.Y., and Pioszak, A.A. (2020).
Calcitonin Receptor N-Glycosylation Enhances Peptide Hormone Affinity by Controlling
Receptor Dynamics. Journal of Molecular Biology 432: 1996–2014.
Leff, P. (1995). The two-state model of receptor activation. Trends in Pharmacological Sciences
16: 89–97.
Lefkowitz, R.J. (2000). The superfamily of heptahelical receptors. Nature Cell Biology 2: E133–
E136.
Lefkowitz, R.J. (2004). Historical review: a brief history and personal retrospective of seventransmembrane receptors. Trends in Pharmacological Sciences 25: 413–422.
Lefkowitz, R.J. (2007). Seven transmembrane receptors: something old, something new. Acta
Physiologica 190: 9–19.
Lefkowitz, R.J., and Shenoy, S.K. (2005). Transduction of receptor signals by β-arrestins. Science
308: 512–517.
Lenhart, P.M., Broselid, S., Barrick, C.J., Leeb-Lundberg, L.M.F., and Caron, K.M. (2013). Gprotein-coupled receptor 30 interacts with receptor activity-modifying protein 3 and confers
sex-dependent cardioprotection. Journal of Molecular Endocrinology 51: 191–202.
Leung, L., Liao, S., and Wu, C. (2021). To Probe the Binding Interactions between Two FDA
Approved Migraine Drugs (Ubrogepant and Rimegepant) and Calcitonin-Gene Related Peptide
Receptor (CGRPR) Using Molecular Dynamics Simulations. ACS Chemical Neuroscience 12:
2629–2642.
Leuthäuser, K., Gujer, R., Aldecoa, A., McKinney, R.A., Muff, R., Fischer, J.A., and Born, W.
(2000). Receptor-activity-modifying protein 1 forms heterodimers with two G-protein-coupled
receptors to define ligand recognition. Biochemical Journal 351: 347.
Li, J.G., Chen, C., and Liu-Chen, L.Y. (2002). Ezrin-Radixin-Moesin-binding Phosphoprotein50/Na+/H+ Exchanger Regulatory Factor (EBP50/NHERF) Blocks U50,488H-induced Downregulation of the Human κ Opioid Receptor by Enhancing Its Recycling Rate. Journal of
Biological Chemistry 277: 27545–27552.

489

Liang, Y.L., Belousoff, M.J., Fletcher, M.M., Zhang, X., Khoshouei, M., Deganutti, G., Koole, C.,
Furness, S.G.B., Miller, L.J., Hay, D.L., Christopoulos, A., Reynolds, C.A., Danev, R., Wootten, D.,
and Sexton, P.M. (2020a). Structure and Dynamics of Adrenomedullin Receptors AM1 and AM2
Reveal Key Mechanisms in the Control of Receptor Phenotype by Receptor Activity-Modifying
Proteins. ACS Pharmacology & Translational Science 3: 263.
Liang, Y.L., Belousoff, M.J., Zhao, P., Koole, C., Fletcher, M.M., Truong, T.T., Julita, V.,
Christopoulos, G., Xu, H.E., Zhang, Y., Khoshouei, M., Christopoulos, A., Danev, R., Sexton, P.M.,
and Wootten, D. (2020b). Toward a Structural Understanding of Class B GPCR Peptide Binding
and Activation. Molecular Cell 77: 656-668.
Liang, Y.L., Khoshouei, M., Deganutti, G., Glukhova, A., Koole, C., Peat, T.S., Radjainia, M.,
Plitzko, J.M., Baumeister, W., Miler, L.J., Hay, D.L., Christopoulos, A., Reynolds, C.A., Wootten,
D., and Sexton, P.M. (2018). Cryo-EM structure of the active, Gs-protein complexed, human
CGRP receptor. Nature 561: 492.
Liang, Y.L., Khoshouei, M., Radjainia, M., Zhang, Y., Glukhova, A., Tarrasch, J., Thal, D.M.,
Furness, S.G.B., Christopoulos, G., Coudrat, T., Danev, R., Baumeister, W., Miller, L.J.,
Christopoulos, A., Kobilka, B.K., Wootten, D., Skiniotis, G., and Sexton, P.M. (2017). Phase-plate
cryo-EM structure of a class B GPCR–G-protein complex. Nature 546: 118–123.
Limbird, L.E., de Meyts, P, and Lefkowitz, R.J. (1975). β-Adrenergic receptors: Evidence for
negative cooperativity. Biochemical and Biophysical Research Communications 64: 1160–
1168.
Linderman, J.J. (2009). Modeling of G-protein-coupled receptor signaling pathways. Journal of
Biological Chemistry 284: 5427–5431.
Lisenbee, C.S., and Miller, L.J. (2006). Secretin Receptor Oligomers Form Intracellularly during
Maturation through Receptor Core Domains. Biochemistry 45: 8216–8226.
Littmann, T., Göttle, M., Reinartz, M.T., Kälble, S., Wainer, I.W., Ozawa, T., and Seifert, R.
(2015). Recruitment of β-Arrestin 1 and 2 to the β2-Adrenoceptor: Analysis of 65 Ligands. The
Journal of Pharmacology and Experimental Therapeutics 355: 183.

490

Liu, A.M.F., and Wong, Y.H. (2004). G16-mediated Activation of Nuclear Factor κB by the
Adenosine A1 Receptor Involves c-Src, Protein Kinase C, and ERK Signaling. Journal of Biological
Chemistry 279: 53196–53204.
Liu, J.J., Horst, R., Katritch, V., Stevens, R.C., and Wüthrich, K. (2012). Biased signaling pathways
in β2-adrenergic receptor characterized by 19F-NMR. Science 335: 1106–1110.
Liu, X., Ahn, S., Kahsai, A.W., Meng, K.-C., Latorraca, N.R., Pani, B., Venkatakrishnan, A.J.,
Masoudi, A., Weis, W.I., Dror, R.O., Chen, X., Lefkowitz, R.J., and Kobilka, B.K. (2017a).
Mechanism of intracellular allosteric β2 AR antagonist revealed by X-ray crystal structure.
Nature 548: 480–484.
Liu, X., Xu, X., Hilger, D., Aschauer, P., Tiemann, J.K.S., Du, Y., Liu, H., Hirato, K., Sun, X., GuixàGonzález, R., Mathiesen, J.M., Hildebrand, P.W., and Kobilka, B.K. (2019). Structural insights
into the process of GPCR-G protein complex formation. Cell 177: 1243–1251.
Liu, Z., Yan, S., Wang, J., Xu, Y., Wang, Y., Zhang, S., Xu, X., Yang, Q., Zeng, X., Zhou, Y., Gu, X.,
Lu, S., Fu, Z., Fulton, D.J., Weintraub, N.L., Caldwell, R.B., Zhang, W., Wu, C., Liu, X.L., Chen, J.F.,
Ahmad, A., Kaddour-Djebbar, I., Al-Shabrawey, M., Li, Q., Jiang, X., Sun, Y., Sodhi, A., Smith, L.,
Hong, M., and Huo, Y. (2017b). Endothelial adenosine A2a receptor-mediated glycolysis is
essential for pathological retinal angiogenesis. Nature Communications 8: 1–18.
Liu, Z.W., and Gao, X.B. (2007). Adenosine Inhibits Activity of Hypocretin/Orexin Neurons by
the A1 Receptor in the Lateral Hypothalamus: A Possible Sleep-Promoting Effect. The American
Journal of Physiology 97: 837–848.
Lock, J.G., and Stow, J.L. (2005). Rab11 in Recycling Endosomes Regulates the Sorting and
Basolateral Transport of E-Cadherin. Molecular Biology of the Cell 16: 1744.
Lodowski, D.T., Pitcher, J.A., Capel, W.D., Lefkowitz, R.J., and Tesmer, J.J.G. (2003). Keeping G
Proteins at Bay: A Complex Between G Protein-Coupled Receptor Kinase 2 and Gßγ. Science
300: 1256–1262.
Lohse, M.J., Benovic, J.L., Caron, M.G., and Lefkowitz, R.J. (1990). Multiple pathways of rapid
beta 2-adrenergic receptor desensitization. Delineation with specific inhibitors. The Journal of
Biological Chemistry 265: 3202–3209.

491

Lohse, M.J., Klotz, K.N., Schwabe, U., Cristalli, G., Vittori, S., and Grifantini, M. (1988). 2-ChloroN6-cyclopentyladenosine: a highly selective agonist at A1 adenosine receptors. NaunynSchmiedeberg’s Archives of Pharmacology 337: 687–689.
Londos, C., Cooper, D.M., and Wolff, J. (1980). Subclasses of external adenosine receptors.
Proceedings of the National Academy of Sciences 77: 2551–2554.
Lorenzen, E., Dodig-Crnković, T., Kotliar, I.B., Pin, E., Ceraudo, E., Vaughan, R.D., et al. (2019a).
Multiplexed analysis of the secretin-like GPCR-RAMP interactome. Science Advances 5:
eaaw2778.
Lowe, J.D., Sanderson, H.S., Cooke, A.E., Ostovar, M., Tsisanova, E., Withey, S.L., Chavkin, C.,
Husbands, S.M., Kelly, E., Henderson, G., and Bailey, C.P. (2015). Role of G Protein–Coupled
Receptor Kinases 2 and 3 in μ-Opioid Receptor Desensitization and Internalization. Molecular
Pharmacology 88: 347.
Luo, J., Busillo, J.M., Stumm, R., and Benovic, J.L. (2017). G Protein-Coupled Receptor Kinase 3
and Protein Kinase C Phosphorylate the Distal C-Terminal Tail of the Chemokine Receptor
CXCR4 and Mediate Recruitment of β-Arrestin. Molecular Pharmacology 91: 554.
Lüscher, C., and Slesinger, P.A. (2010). Emerging concepts for G protein-gated inwardly
rectifying potassium (GIRK) channels in health and disease. Nature Reviews Neuroscience 11:
301.
Luttrell, L.M., and Miller, W.E. (2013). Arrestins as Regulators of Kinases and Phosphatases.
Progress in Molecular Biology and Translational Science 118: 115–147.
Luttrell, L.M., Roudabush, F.L., Choy, E.W., Miller, W.E., Field, M.E., Pierce, K.L., and Lefkowitz,
R.J. (2001). Activation and targeting of extracellular signal-regulated kinases by β-arrestin
scaffolds. Proceedings of the National Academy of Sciences 98: 2449–2454.
Macia, E., Ehrlich, M., Massol, R., Boucrot, E., Brunner, C., and Kirchhausen, T. (2006).
Dynasore, a cell-permeable inhibitor of dynamin. Developmental Cell 10: 839–850.
Mackie, D.I., Nielsen, N.R., Harris, M., Singh, S., Davis, R.B., Dy, D., Ladds, G., and Caron, K.M.
(2019). RAMP3 determines rapid recycling of atypical chemokine receptor-3 for guided
angiogenesis. Proceedings of the National Academy of Sciences 116: 24093–24099.

492

Madamanchi, A. (2007). β-Adrenergic receptor signaling in cardiac function and heart failure.
McGill Journal of Medicine 10: 99.
Magalhaes, A.C., Dunn, H., and Ferguson, S.S. (2012a). Regulation of GPCR activity, trafficking
and localization by GPCR-interacting proteins. British Journal of Pharmacology 165: 1717.
Maillot, C., Million, M., Wei, J.Y., Gauthier, A., and Taché, Y. (2000). Peripheral corticotropinreleasing factor and stress-stimulated colonic motor activity involve type 1 receptor in rats.
Gastroenterology 119: 1569–1579.
Main, M.J., Brown, J., Brown, S., Fraser, N.J., and Foord, S.M. (1998). The CGRP receptor can
couple via pertussis toxin sensitive and insensitive G proteins. FEBS Letters 441: 6–10.
Makrigiannakis, A., Zoumakis, E., Kalantaridou, S., Coutifaris, C., Margioris, A.N., Coukos, G.,
Rice, K.C., Gravanis, A., and Chrousos, G.P. (2001). Corticotropin-releasing hormone promotes
blastocyst implantation and early maternal tolerance. Nature Immunology 2: 1018–1024.
Malach, E., Shaul, M.E., Peri, I., Huang, L., Spielman, A.I., Seger, R., and Naim, M. (2015).
Membrane-permeable tastants amplify β2-adrenergic receptor signaling and delay receptor
desensitization via intracellular inhibition of GRK2’s kinase activity. Biochimica et Biophysica
Acta (BBA) 1850: 1375–1388.
Mallee, J.J., Salvatore, C.A., LeBourdelles, B., Oliver, K.R., Longmore, J., Koblan, K.S., and Kane,
S.A. (2002). Receptor Activity-modifying Protein 1 Determines the Species Selectivity of Nonpeptide CGRP Receptor Antagonists. Journal of Biological Chemistry 277: 14294–14298.
Margeta-Mitrovic, M., Jan, Y.N., and Jan, L.Y. (2000). A Trafficking Checkpoint Controls GABAB
Receptor Heterodimerization. Neuron 27: 97–106.
Marquès, C., Beleta, J., Palacios, J.M., Jordi Xaus, A., Valledor, A.F., and Cardó, M. (1999).
Expression kip-1 Induction of p27 Proliferation of Macrophages Through the ColonyStimulating Factor-Dependent Adenosine Inhibits Macrophage. The Journal of Immunology
163: 4140–4149.
Martari, M., and Salvatori, R. (2009). Chapter 3: Diseases Associated with Growth HormoneReleasing Hormone Receptor (GHRHR) Mutations. Progress in Molecular Biology and
Translational Science 88: 57–84.

493

Marti-Solano, M., Crilly, S.E., Malinverni, D., Munk, C., Harris, M., Pearce, A., Quon, T.,
Mackenzie, A.E., Wang, X., Peng, J., Tobin, A.B., Ladds, G., Milligan, G., Gloriam, D.E.,
Puthenveedu, M.A., Babu, M.M. (2020). Combinatorial expression of GPCR isoforms affects
signalling and drug responses. Nature 587: 650–656.
Masi, L., Becherini, L., Colli, E., Gennari, L., Mansani, R., Falchetti, A., Becorpi, A.M., Cepollaro,
C., Gonnelli, S., Tanini, A., and Brandi, M.L. (1998). Polymorphisms of the calcitonin receptor
gene are associated with bone mineral density in postmenopausal Italian women. Biochemical
and Biophysical Research Communications 248: 190–195.
Masoumi, E., Jafarzadeh, L., Mirzaei, H.R., Alishah, K., Fallah-Mehrjardi, K., Rostamian, H.,
Khakpoor-Koosheh, M., Meshkani, R., Noorbakhsh, F., and Hadjati, J. (2020). Genetic and
pharmacological targeting of A2a receptor improves function of anti-mesothelin CAR T cells.
Journal of Experimental & Clinical Cancer Research 39: 1–12.
Matharu, A.L., Mundell, S.J., Benovic, J.L., and Kelly, E. (2001). Rapid Agonist-induced
Desensitization and Internalization of the A2B Adenosine Receptor Is Mediated by a Serine
Residue Close to the COOH Terminus. Journal of Biological Chemistry 276: 30199–30207.
Mattedi, G., Acosta-Gutiérrez, S., Clark, T., and Gervasio, F.L. (2020). A combined activation
mechanism for the glucagon receptor. Proceedings of the National Academy of Sciences 117:
15414–15422.
Maudsley, S., Zamah, A.M., Rahman, N., Blitzer, J.T., Luttrell, L.M., Lefkowitz, R.J., and Hall, R.A.
(2000). Platelet-Derived Growth Factor Receptor Association with Na + /H + Exchanger
Regulatory Factor Potentiates Receptor Activity. Molecular and Cellular Biology 20: 8352–
8363.
Mayer, D., Damberger, F.F., Samarasimhareddy, M., Feldmueller, M., Vuckovic, Z., Flock, T
Bauer, B., Mutt, E., Zosel, F., Allain, F.H.T., Standfuss, J., Schertler, G.F.X., Deupi, X., Sommer,
M.E., Hurevich, M., Friedler, A., and Veprintsev, D.B. (2019). Distinct G protein-coupled
receptor phosphorylation motifs modulate arrestin affinity and activation and global
conformation. Nature Communications 10: 1–14.
Mayo, K.E., Godfrey, P.A., Suhr, S.T., Kulik, D.J., and Rahal, J.O. (1995). Growth HormoneReleasing Hormone: Synthesis and Signaling. Recent Progress in Hormone Research 50: 35–73.
494

McCorvy, J.D., Butler, K.V., Kelly, B., Rechsteiner, K., Karpiak, J., Betz, R.M., Kormos, B.L.,
Shoichet, B.K., Dror, R.O., Jin, J., and Roth, B.L. (2018). Structure-inspired design of β-arrestinbiased ligands for aminergic GPCRs. Nature Chemical Biology 14: 134.
McDonald, P.H., Chow, C.W., Miller, W.E., Laporte, S.A., Field, M.E., Lin, F.T., Davis, R.J., and
Lefkowitz, R.J. (2000). β-Arrestin 2: A receptor-regulated MAPK scaffold for the activation of
JNK3. Science 290: 1574–1577.
McDonald, P.H., Cote, N.L., Lin, F.T., Premont, R.T., Pitcher, J.A., and Lefkowitz, R.J. (1999).
Identification of NSF as a β-Arrestin1-binding Protein: Implications for β2-adrenergic receptor
regulation. Journal of Biological Chemistry 274: 10677–10680.
Mcintyre, N., Holdsworth, C.D., and Turner, D.S. (1964). New interpretation of oral glucose
tolerance. The Lancet 284: 20–21.
McLatchie, L.M., Fraser, N.J., Main, M.J., Wise, A., Brown, J., Thompson, N., Solari, R., Lee, M.G.,
and Foord, S.M. (1998). RAMPs regulate the transport and ligand specificity of the calcitoninreceptor-like receptor. Nature 393: 333–339.
McMillin, S.M., Heusel, M., Liu, T., Costanzi, S., and Wess, J. (2011). Structural Basis of M3
Muscarinic Receptor Dimer/Oligomer Formation. Journal of Biological Chemistry 286: 28584–
28598.
Menniti, F.S., Faraci, W.S., and Schmidt, C.J. (2006). Phosphodiesterases in the CNS: targets for
drug development. Nature Reviews Drug Discovery 5: 660–670.
Mercier, J.F., Salahpour, A., Angers, S., Breit, A., and Bouvier, M. (2002). Quantitative
Assessment of β1- and β2-Adrenergic Receptor Homo- and Heterodimerization by
Bioluminescence Resonance Energy Transfer. Journal of Biological Chemistry 277: 44925–
44931.
Merkouris, M., Mullaney, I., Georgoussi, Z., and Milligan, G. (1997). Regulation of Spontaneous
Activity of the δ-Opioid Receptor: Studies of Inverse Agonism in Intact Cells. Journal of
Neurochemistry 69: 2115–2122.
Mettlen, M., Chen, P.H., Srinivasan, S., Danuser, G., and Schmid, S.L. (2018). Regulation of
Clathrin-Mediated Endocytosis. Annual Review of Biochemistry 87: 871.

495

Milan-Lobo, L., Gsandtner, I., Gaubitzer, E., Rünzler, D., Buchmayer, F., Köhler, G., Bonci, A.,
Freissmuth, M., and Sitte, H.H. (2009). Subtype-Specific Differences in Corticotropin-Releasing
Factor Receptor Complexes Detected by Fluorescence Spectroscopy. Molecular Pharmacology
76: 1196–1210.
Miletta, M.C., Petkovic, V., Eblé, A., Ammann, R.A., Flück, C.E., and Mullis, P.E. (2014). Butyrate
Increases Intracellular Calcium Levels and Enhances Growth Hormone Release from Rat
Anterior Pituitary Cells via the G-Protein-Coupled Receptors GPR41 and 43. PLoS ONE 9:
e107388.
Miller, L.J., Dong, M., and Harikumar, K.G. (2012). Ligand binding and activation of the secretin
receptor, a prototypic family B G protein-coupled receptor. British Journal of Pharmacology
166: 18.
Miller, P.S., Barwell, J., Poyner, D.R., Wigglesworth, M.J., Garland, S.L., and Donnelly, D. (2010).
Non-peptidic antagonists of the CGRP receptor, BIBN4096BS and MK-0974, interact with the
calcitonin receptor-like receptor via methionine-42 and RAMP1 via tryptophan-74.
Biochemical and Biophysical Research Communications 391: 437.
Miller, W.E., Houtz, D.A., Nelson, C.D., Kolattukudy, P.E., and Lefkowitz, R.J. (2003). G-proteincoupled Receptor (GPCR) Kinase Phosphorylation and Beta-Arrestin Recruitment Regulate the
Constitutive Signaling Activity of the Human Cytomegalovirus US28 GPCR. 278: 21663–21671.
Milligan, G. (2007). G protein-coupled receptor dimerisation: Molecular basis and relevance to
function. Biochimica et Biophysica Acta (BBA) - Biomembranes 1768: 825–835.
Milligan, G. (2010). The role of dimerization in the cellular trafficking of G protein-coupled
receptors. Current Opinions in Pharmacology 10: 23–29.
Milligan, G., and Kostenis, E. (2006). Heterotrimeric G-proteins: a short history. British Journal
of Pharmacology 147: S46–S55.
Minneman, K.P. (2007). Heterodimerization and Surface Localization of G Protein Coupled
Receptors. Biochemical Pharmacology 73: 1050.
Mirzadegan, T., Benko, G., Filipek, S., and Palczewski, K. (2003). Sequence Analyses of GProtein-Coupled Receptors: Similarities to Rhodopsin. Biochemistry 42: 2759.

496

Mitra, P., Guha, M., Ghosh, S., Mukherjee, S., Bankura, B., Pal, D.K., Maity, B., and Das, M.
(2017). Association of calcitonin receptor gene (CALCR) polymorphism with kidney stone
disease in the population of West Bengal, India. Gene 622: 23–28.
Moad, H.E., and Pioszak, A.A. (2013). Selective CGRP and adrenomedullin peptide binding by
tethered RAMP-calcitonin receptor-like receptor extracellular domain fusion proteins. Protein
Science 22: 1775.
Mohammad, S., Patel, R.T., Bruno, J., Panhwar, M.S., Wen, J., and McGraw, T.E. (2014). A
Naturally

Occurring

GIP

Receptor

Variant

Undergoes

Enhanced

Agonist-Induced

Desensitization, Which Impairs GIP Control of Adipose Insulin Sensitivity. Molecular and
Cellular Biology 34: 3618.
Monopoli, A., Conti, A., Dionisotti, S., Casati, C., Camaiono, E., Cristalli, G., and Ongini, E. (1994).
Pharmacology of the highly selective A1 adenosine receptor agonist 2-chloro-N6cyclopentyladenosine. Arzneimittelforschung 44: 1305-1312.
Montrose-Rafizadeh, C., Avdonin, P., Garant, M.J., Rodgers, B.D., Kole, S., Yang, H., Levine,
M.A., Schwindinger, W., and Bernier, M. (1999). Pancreatic Glucagon-Like Peptide-1 Receptor
Couples to Multiple G Proteins and Activates Mitogen-Activated Protein Kinase Pathways in
Chinese Hamster Ovary Cells. Endocrinology 140: 1132–1140.
Moo, E., Senten, J.R. van, Bräuner-Osborne, H., and Møller, T.C. (2021). Arrestin-Dependent
and-Independent Internalization of G Protein-Coupled Receptors: Methods, Mechanisms, and
Implications on Cell Signaling. Molecular Pharmacology 99: 242–255.
Moore, E.L., Gingell, J.J., Kane, S.A., Hay, D.L., and Salvatore, C.A. (2010). Mapping the CGRP
receptor ligand binding domain: Tryptophan-84 of RAMP1 is critical for agonist and antagonist
binding. Biochemical and Biophysical Research Communications 394: 141–145.
Moore, E.L., Salvatore, C.A., and Moore, E. (2012). Themed Section: Secretin Family (Class B) G
Protein-Coupled Receptors-from Molecular to Clinical Perspectives Targeting a family B
GPCR/RAMP receptor complex: CGRP receptor antagonists and migraine. British Journal of
Pharmacology 166: 66–78.

497

Morfis, M., Tilakaratne, N., Furness, S.G.B., Christopoulos, G., Werry, T.D., Christopoulos, A.,
and Sexton, P.M. (2008). Receptor Activity-Modifying Proteins Differentially Modulate the G
Protein-Coupling Efficiency of Amylin Receptors. Endocrinology 149: 5423–5431.
Moriyama, K., and Sitkovsky, M.V. (2010). Adenosine A2A Receptor Is Involved in Cell Surface
Expression of A2B Receptor. The Journal of Biological Chemistry 285: 39271.
Morlot, S., and Roux, A. (2013). Mechanics of dynamin-mediated membrane fission. Annual
Review of Biophysics 42: 629–649.
Mosjov, S., Heinrich, G., Wilson, I.B., Ravazzola, M., Orci, L., and Habener, J.F. (1986).
Preproglucagon gene expression in pancreas and intestine diversifies at the level of posttranslational processing. Journal of Biological Chemistry 261: 11880–11889.
Mosley, R.L., Lu, Y., Olson, K.E., Machhi, J., Yan, W., Namminga, K.L., Smith, J.R., Shandler, S.J.,
and Gendelman, H.E. (2019). A Synthetic Agonist to Vasoactive Intestinal Peptide Receptor-2
Induces Regulatory T Cell Neuroprotective Activities in Models of Parkinson’s Disease. Frontiers
in Cellular Neuroscience 13: 421.
Müller, E.E., Locatelli, V., and Cocchi, D. (1999). Neuroendocrine Control of Growth Hormone
Secretion. Physiological Reviews 79: 511–607.
Mundell, S., and Kelly, E. (2011). Adenosine receptor desensitization and trafficking. Biochimica
et Biophysica Acta - Biomembranes 1808: 1319–1328.
Mundell, S.J., Benovic, J.L., and Kelly, E. (1997). A Dominant Negative Mutant of the G ProteinCoupled Receptor Kinase 2 Selectively Attenuates Adenosine A2 Receptor Desensitization.
Molecular Pharmacology 51: 991–998.
Mundell, S.J., and Kelly, E. (1998a). Evidence for co-expression and desensitization of A2a and
A(2b) adenosine receptors in NG108-15 cells. Biochemical Pharmacology 55: 595–603.
Mundell, S.J., and Kelly, E. (1998b). The effect of inhibitors of receptor internalization on the
desensitization and resensitization of three Gs-coupled receptor responses. British Journal of
Pharmacology 125: 1594–1600.

498

Mundell, S.J., Loudon, R.P., and Benovic, J.L. (1999). Characterization of G Protein-Coupled
Receptor Regulation in Antisense mRNA-Expressing Cells with Reduced Arrestin Levels.
Biochemistry 38: 8723–8732.
Mundell, S.J., Luty, J.S., Willets, J., Benovic, J.L., and Kelly, E. (1998). Enhanced expression of G
protein-coupled receptor kinase 2 selectively increases the sensitivity of A2A adenosine
receptors to agonist-induced desensitization. British Journal of Pharmacology 125: 347–356.
Mundell, S.J., Matharu, A.-L., Kelly, E., and Benovic, J.L. (2000). Arrestin Isoforms Dictate
Differential Kinetics of A2B Adenosine Receptor Trafficking. Biochemistry 39: 12828–12836.
Mundell, S.J., Matharu, A.L., Nisar, S., Palmer, T.M., Benovic, J.L., and Kelly, E. (2010). Deletion
of the distal COOH-terminus of the A2Badenosine receptor switches internalization to an
arrestin- and clathrin-independent pathway and inhibits recycling. British Journal of
Pharmacology 159: 518–533.
Munshi, R., Pang, I.H., Sternweis, P.C., and Linden, J. (1991). A1 adenosine receptors of bovine
brain couple to guanine nucleotide-binding proteins Gi1, Gi2, and Go. Journal of Biological
Chemistry 266: 22285–22289.
Murga, C., Laguinge, L., Wetzker, R., Cuadrado, A., and Gutkind, J.S. (1998). Activation of
Akt/Protein Kinase B by G Protein-coupled Receptors: A ROLE FOR α AND βγ SUBUNITS OF
HETEROTRIMERIC G PROTEINS ACTING THROUGH PHOSPHATIDYLINOSITOL-3-OH KINASE γ.
Journal of Biological Chemistry 273: 19080–19085.
Murthy, K.S., Zhou, H., Huang, J., and Pentyala, S.N. (2004). Activation of PLC-δ1 by Gi/ocoupled receptor agonists. American Journal of Physiology 287: 1679–1687.
Mustain, W.C., Rychahou, P.G., and Evers, B.M. (2011). The role of neurotensin in physiologic
and pathologic processes. Current Opinion in Endocrinology, Diabetes and Obesity 18: 75–82.
Nag, K., Kato, A., Nakada, T., Hoshijima, K., Mistry, A.C., Takei, Y., and Hirose, S. (2006).
Molecular and functional characterization of adrenomedullin receptors in pufferfish.
Regulatory, Integrative and Comparative Physiology 290: 467–478.

499

Namkung, Y., and Sibley, D.R. (2004). Protein Kinase C Mediates Phosphorylation,
Desensitization, and Trafficking of the D2 Dopamine Receptor. Journal of Biological Chemistry
279: 49533–49541.
Navarro, G., Cordomí, A., Brugarolas, M., Moreno, E., Aguinaga, D., Pérez-Benito, L., Ferre, S.,
Cortés, A., Casadó, V., Mallol, J., Canela, E.I., Lluís, C., Pardo, L., McCormick, P.J., and Franco, R.
(2018a). Cross-communication between Gi and Gs in a G-protein-coupled receptor
heterotetramer guided by a receptor C-terminal domain. BMC Biology 16: 1-15.
Navarro, G., Cordomí, A., Casadó-Anguera, V., Moreno, E., Cai, N.-S., Cortés, A., Canela, E.I.,
Dessauer, C.W., Casadó, V., Pardo, L., Lluís, C., and Ferré, S. (2018b). Evidence for functional
pre-coupled complexes of receptor heteromers and adenylyl cyclase. Nature Communications
2018 9: 1242.
Navarro, G., Gonzalez, A., Campanacci, S., Rivas-Santisteban, R., Reyes-Resina, I., CasajuanaMartin, N., Cordomí, A., Pardo, L., and Franco, R. (2020). Experimental and computational
analysis of biased agonism on full-length and a C-terminally truncated adenosine A2A receptor.
Computational and Structural Biotechnology Journal 18: 2723–2732.
Nayeem, M.A., Pradhan, I., Mustafa, S.J., Morisseau, C., Falck, J.R., and Zeldin, D.C. (2013).
Adenosine A2A receptor modulates vascular response in soluble epoxide hydrolase-null mice
through CYP-epoxygenases and PPARγ. American Journal of Physiology - Regulatory Integrative
and Comparative Physiology 304: 23–32.
Neilan, C.L., Akil, H., Woods, J.H., and Traynor, J.R. (1999). Constitutive activity of the δ-opioid
receptor expressed in C6 glioma cells: identification of non-peptide δ-inverse agonists. British
Journal of Pharmacology 128: 562.
Nemeroff, C.B. (2008). The Role of Corticotropin-Releasing Factor in the Pathogenesis of Major
Depression. Pharmacopsychiatry 21: 76–82.
Newton, C.L., Whay, A.M., McArdle, C.A., Zhang, M., van Koppen, C.J., van de Lagemaat, R.,
Segaloff, D.L., and Millar, R.P. (2011). Rescue of expression and signaling of human luteinizing
hormone G protein-coupled receptor mutants with an allosterically binding small-molecule
agonist. Proceedings of the National Academy of Sciences 108: 7172–7176.

500

Ng, G.Y.K., O’Dowd, B.F., Lee, S.P., Chung, H.T., Brann, M.R., Seeman, P., and George, S.R.
(1996). Dopamine D2 Receptor Dimers and Receptor-Blocking Peptides. Biochemical and
Biophysical Research Communications 227: 200–204.
Nie, Z., Mei, Y., and Ramkumar, V. (1997). Short Term Desensitization of the A1 Adenosine
Receptors in DDT1MF-2 Cells. Molecular Pharmacology 52: 456–464.
Nobles, K.N., Guan, Z., Xiao, K., Oas, T.G., and Lefkowitz, R.J. (2007). The Active Conformation
of β-Arrestin1: DIRECT EVIDENCE FOR THE PHOSPHATE SENSOR IN THE N-DOMAIN AND
CONFORMATIONAL DIFFERENCES IN THE ACTIVE STATES OF β-ARRESTINS1 AND -2. Journal of
Biological Chemistry 282: 21370–21381.
Northup, J.K., Sternweis, P.C., Smigel, M.D., Schleifer, L.S., Ross, E.M., and Gilman, A.G. (1980).
Purification of the regulatory component of adenylate cyclase. Proceedings of the National
Academy of Sciences 77: 6516–6520.
Oakley, R.H., Laporte, S.A., Holt, J.A., Barak, L.S., and Caron, M.G. (1999). Association of βArrestin with G Protein-coupled Receptors during Clathrin-mediated Endocytosis Dictates the
Profile of Receptor Resensitization. Journal of Biological Chemistry 274: 32248–32257.
Oakley, R.H., Laporte, S.A., Holt, J.A., Caron, M.G., and Barak, L.S. (2000). Differential Affinities
of Visual Arrestin, Beta-Arrestin1, and Beta-Arrestin2 for G Protein-coupled Receptors
Delineate Two Major Classes of Receptors. The Journal of Biological Chemistry 275: 17201–
17210.
Odoemelam, C.S., Percival, B., Wallis, H., Chang, M.-W., Ahmad, Z., Scholey, D., Burton, E.,
Williams, I.H., Kamerlin, C.L., and Wilson, P.B. (2020). G-Protein coupled receptors: structure
and function in drug discovery. Royal Society of Chemistry Advances 10: 36337–36348.
Oduori, O.S., Murao, N., Shimomura, K., Takahashi, H., Zhang, Q., Dou, H., Sakai, S., Minami, K.,
Chanclon, B., Guida, C., Kothegala, L., Tolö, J., Maejima, Y., Yokoi, N., Minami, Y., Miki, T.,
Rorsman, P., and Seino, S. (2020). Gs/Gq signaling switch in β cells defines incretin
effectiveness in diabetes. The Journal of Clinical Investigation 130: 6639–6655.
Ohlsson, C., Bengtsson, B.-A., Isaksson, O.G.P., Andreassen, T.T., and Slootweg, M.C. (1998).
Growth Hormone and Bone. Endocrine Reviews 19: 55–79.

501

Ohno, H., Stewart, J., Fournier, M.C., Bosshart, H., Rhee, I., Miyatake, S., Saito, T., Gallusser, A.,
Kirchhausen, T., and Bonifacino, J.S. (1995). Interaction of tyrosine-based sorting signals with
clathrin-associated proteins. Science 269: 1872–1875.
Okosi, A., Brar, B.K., Chan, M., D’Souza, L., Smith, E., Stephanou, A., Latchman, D.S., Chowdrey,
H.S., and Knight, R.A. (1998). Expression and protective effects of urocortin in cardiac
myocytes. Neuropeptides 32: 167–171.
Olah, M.E., Jacobson, K.A., and Stiles, G.L. (1994). Role of the second extracellular loop of
adenosine receptors in agonist and antagonist binding. Analysis of chimeric A1/A3 adenosine
receptors. Journal of Biological Chemistry 269: 24692–24698.
Oldham, W.M., van Eps, N., Preininger, A.M., Hubbell, W.L., and Hamm, H.E. (2006).
Mechanism of the receptor-catalyzed activation of heterotrimeric G proteins. Nature
Structural & Molecular Biology 13: 772–7.
Oldham, W.M., and Hamm, H.E. (2008). Heterotrimeric G protein activation by G-proteincoupled receptors. Nature Reviews Molecular Cell Biology 9: 60–71.
Onaran, H.O., and Costa, T. (2012). Where have all the active receptor states gone? Nature
Chemical Biology 8: 674–677.
Ostrovskaya, A., Hick, C., Hutchinson, D.S., Stringer, B.W., Wookey, P.J., Wootten, D., Sexton,
P.M., and Furness, S.G.B. (2019). Expression and activity of the calcitonin receptor family in a
sample of primary human high-grade gliomas. BMC Cancer 19: 1–12.
Pabbidi, M.R., Ji, X., Maxwell, J.T., Mignery, G.A., Samarel, A.M., and Lipsius, S.L. (2016).
Inhibition of cAMP-Dependent PKA Activates β2-Adrenergic Receptor Stimulation of Cytosolic
Phospholipase A2 via Raf-1/MEK/ERK and IP3-Dependent Ca2+ Signaling in Atrial Myocytes.
PLoS ONE 11: e0168505.
Paek, J., Kalocsay, M., Staus, D.P., Wingler, L., Pascolutti, R., Paulo, J.A., Gygi, S.P., and Kruse,
A.C. (2017). Multidimensional Tracking of GPCR Signaling via Peroxidase-Catalyzed Proximity
Labeling. Cell 169: 338-349.e11.

502

Paing, M.M., Johnston, C.A., Siderovski, D.P., and Trejo, J. (2006). Clathrin Adaptor AP2
Regulates Thrombin Receptor Constitutive Internalization and Endothelial Cell Resensitization.
Molecular and Cellular Biology 26: 3231–3242.
Paing, M.M., Temple, B.R.S., and Trejo, J.A. (2004). A Tyrosine-based Sorting Signal Regulates
Intracellular

Trafficking

of

Protease-activated

Receptor-1:

MULTIPLE

REGULATORY

MECHANISMS FOR AGONIST-INDUCED G PROTEIN-COUPLED RECEPTOR INTERNALIZATION.
Journal of Biological Chemistry 279: 21938–21947.
Pal, K., Melcher, K., and Xu, H.E. (2012). Structure and mechanism for recognition of peptide
hormones by Class B G-protein-coupled receptors. Acta Pharmacologica Sinica 33: 300–311.
Pal, K., Swaminathan, K., Xu, H.E., and Pioszak, A.A. (2010). Structural Basis for Hormone
Recognition by the Human CRFR2α G Protein-coupled Receptor. Journal of Biological
Chemistry 285: 40351–40361.
Palczewski, K., Kumasaka, T., Hori, T., Behnke, C.A., Motoshima, H., Fox, B.A., Le Trong, I., Teller,
D.C., Okada, T., Stenkamp, R.E., Yamamoto, M., and Miyano, M. (2000). Crystal structure of
rhodopsin: A G protein-coupled receptor. Science 289: 739–745.
Palmer, T.M., Benovic, J.L., and Stiles, G.L. (1995a). Agonist-dependent Phosphorylation and
Desensitization of the Rat A3 Adenosine Receptor: Evidence for a G-protein-coupled receptor
kinase-mediated mechanism. Journal of Biological Chemistry 270: 29607–29613.
Palmer, T.M., Benovic, J.L., and Stiles, G.L. (1996). Molecular Basis for Subtype-specific
Desensitization of Inhibitory Adenosine Receptors: Analysis of a Chimeric A1-A3 Adenosine
Receptor. Journal of Biological Chemistry 271: 15272–15278.
Palmer, T.M., Gettys, T.W., and Stiles, G.L. (1995b). Differential Interaction with and Regulation
of Multiple G-proteins by the Rat A3 Adenosine Receptor. Journal of Biological Chemistry 270:
16895–16902.
Palmer, T.M., and Stiles, G.L. (1997). Identification of an A2a adenosine receptor domain
specifically responsible for mediating short-term desensitization. Biochemistry 36: 832–838.

503

Palmer, T.M., and Stiles, G.L. (1999). Stimulation of A2A Adenosine Receptor Phosphorylation
by Protein Kinase C Activation: Evidence for Regulation by Multiple Protein Kinase C Isoforms.
Biochemistry 38: 14833–14842.
Palmer, T.M., and Stiles, G.L. (2000). Identification of Threonine Residues Controlling the
Agonist-Dependent Phosphorylation and Desensitization of the Rat A3 Adenosine Receptor.
Molecular Pharmacology 57: 539–545.
Pan, K.S., Siow, A., Hay, D.L., and Walker, C.S. (2020). Antagonism of CGRP Signaling by
Rimegepant at Two Receptors. Frontiers in Pharmacology 11: 1240.
Pandey, K.N. (2010). Small Peptide Recognition Sequence for Intracellular Sorting. Current
Opinion in Biotechnology 21: 611–620.
Panther, E., Corinti, S., Idzko, M., Herouy, Y., Napp, M., la Sala, A., Girolomoni, G., and
Norgauer, J. (2003). Adenosine affects expression of membrane molecules, cytokine and
chemokine release, and the T-cell stimulatory capacity of human dendritic cells. Blood 101:
3985–3990.
Parameswaran, N., and Spielman, W.S. (2006). RAMPs: the past, present and future. Trends in
Biochemical Sciences 31: 631–638.
Parkes, D.G., Vaughan, J., Rivier, J., Vale, W., and May, C.N. (1997). Cardiac inotropic actions of
urocortin in conscious sheep. Heart and Circulatory Physiology 272: 41–45.
Parma, J., Duprez, L., van Sande, J., Cochaux, P., Gervy, C., Mockel, J., Dumont, J., and Vassart,
G. (1993). Somatic mutations in the thyrotropin receptor gene cause hyperfunctioning thyroid
adenomas. Nature 365: 649–651.
Parnot, C., Miserey-Lenkei, S., Bardin, S., Corvol, P., and Clauser, E. (2002). Lessons from
constitutively active mutants of G protein-coupled receptors. Trends in Endocrinology &
Metabolism 13: 336–343.
Parthier, C., Kleinschmidt, M., Neumann, P., Rudolph, R., Manhart, S., Schlenzig, D., Fanghänel,
J., Rahfeld, J.U., Demuth, H.U., and Stubbs, M.T. (2007). Crystal structure of the incretin-bound
extracellular domain of a G protein-coupled receptor. Proceedings of the National Academy of
Sciences 104: 13942–13947.

504

Pawlak, J.B., Wetzel-Strong, S.E., Dunn, M.K., and Caron, K.M. (2017). Cardiovascular effects of
exogenous adrenomedullin and CGRP in Ramp and Calcrl deficient mice. Peptides 88: 1–7.
Peleg, S., Varon, D., Ivanina, T., Dessauer, C.W., and Dascal, N. (2002). Gαi Controls the Gating
of the G Protein-Activated K+ Channel, GIRK. Neuron 33: 87–99.
Penn, R.B., Pascual, R.M., Kim, Y.M., Mundell, S.J., Krymskaya, V.P., Panettieri, R.A., and
Benovic, J.L. (2001). Arrestin Specificity for G Protein-coupled Receptors in Human Airway
Smooth Muscle. Journal of Biological Chemistry 276: 32648–32656.
Pérez-García, S., Carrión, M., Gutiérrez-Cañas, I., González-Álvaro, I., Gomariz, R.P., and
Juarranz, Y. (2016). VIP and CRF reduce ADAMTS expression and function in osteoarthritis
synovial fibroblasts. Journal of Cellular and Molecular Medicine 20: 678–687.
Perrin, M.H., and Vale, W.W. (1999). Corticotropin Releasing Factor Receptors and Their Ligand
Family. Annals of the New York Academy of Sciences 885: 312–328.
Perry, S.J., Baillie, G.S., Kohout, T.A., McPhee, I., Magiera, M.M., Ang, K.L., Miller, W.E., McLean,
A.J., Conti, M. Houslay, M.D., and Lefkowitz, R.J. (2002). Targeting of cyclic AMP degradation
to β2-adrenergic receptors by β-arrestins. Science 298: 834–836.
Peterhans, C., Lally, C.C.M., Ostermaier, M.K., Sommer, M.E., and Standfuss, J. (2016).
Functional map of arrestin binding to phosphorylated opsin, with and without agonist.
Scientific Reports 6: 28686.
Petit, A., Bleicher, C., and Lussier, B.T. (1999). Intracellular calcium stores are involved in
growth hormone-releasing hormone signal transduction in rat somatotrophs. Canadian Journal
of Physiology and Pharmacology 77: 520–528.
Piirainen, H., Hellman, M., Tossavainen, H., Permi, P., Kursula, P., and Jaakola, V.P. (2015).
Human adenosine A2A receptor binds calmodulin with high affinity in a calcium-dependent
manner. Biophysical Journal 108: 903–917.
Piirainen, H., Taura, J., Kursula, P., Ciruela, F., and Jaakola, V.P. (2017). Calcium modulates
calmodulin/α-actinin 1 interaction with and agonist-dependent internalization of the
adenosine A2A receptor. Biochimica et Biophysica Acta - Molecular Cell Research 1864: 674–
686.

505

Pioszak, A.A., Parker, N.R., Suino-Powell, K., and Xu, H.E. (2008). Molecular Recognition of
Corticotropin-releasing Factor by Its G-protein-coupled Receptor CRFR1. Journal of Biological
Chemistry 283: 32900–32912.
Pioszak, A.A., and Xu, H.E. (2008). Molecular recognition of parathyroid hormone by its G
protein-coupled receptor. Proceedings of the National Academy of Sciences 105: 5034–5039.
Pitcher, J., Caron, M.G., Lefkowitz, R.J., Lohse, M.J., and Codina, J. (1992). Desensitization of
the Isolated β2-Adrenergic Receptor by β-Adrenergic Receptor Kinase, cAMP-Dependent
Protein Kinase, and Protein Kinase C Occurs Via Distinct Molecular Mechanisms. Biochemistry
31: 3193–3197.
Pitcher, J., Lohse, M.J., Codina, J., Caron, M.G., and Lefkowitz, R.J. (2002). Desensitization of
the isolated beta2-adrenergic receptor by beta-adrenergic receptor kinase, cAMP-dependent
protein kinase, and protein kinase C occurs via distinct molecular mechanisms. Biochemistry
31: 3193–3197.
Pondel, M. (2000). Calcitonin and calcitonin receptors: bone and beyond. International Journal
of Experimental Pathology 81: 405.
Pottie, E., Tosh, D.K., Gao, Z.G., Jacobson, K.A., and Stove, C.P. (2020). Assessment of biased
agonism at the A3 adenosine receptor using β-arrestin and mini Gαi recruitment assays.
Biochemical Pharmacology 177: 113934.
Poucher, S.M., Keddie, J.R., Singh, P., Stoggall, S.M., Caulkett, P.W.R., Jones, G., and Collis, M.G.
(1995). The in vitro pharmacology of ZM 241385, a potent, non-xanthine, A2a selective
adenosine receptor antagonist. British Journal of Pharmacology 115: 1096–1102.
Poyner, D.R., Sexton, P.M., Marshall, I., Smith, D.M., Quirion, R., Born, W., Muff, R., Fischer,
J.A., and Foor, S.M. (2002). International Union of Pharmacology. XXXII. The mammalian
calcitonin gene-related peptides, adrenomedullin, amylin, and calcitonin receptors.
Pharmacological Reviews 54: 233–246.
Pradhan, A.A., Smith, M.L., Kieffer, B.L., and Evans, C.J. (2012). Ligand-directed signalling within
the opioid receptor family. British Journal of Pharmacology 167: 960–969.

506

Premont, R.T., Inglese, J., and Lefkowitz, R.J. (1995). Protein kinases that phosphorylate
activated G protein-coupled receptors. The FASEB Journal 9: 175–182.
Premont, R.T., Macrae, A.D., Stoffel, R.H., Chung, N., Pitcher, J.A., Ambrose, C., Inglese, J.,
MacDonald, M.E., and Lefkowitz, R.J. (1996). Characterization of the G Protein-coupled
Receptor Kinase GRK4: IDENTIFICATION OF FOUR SPLICE VARIANTS. Journal of Biological
Chemistry 271: 6403–6410.
Preta, G., Cronin, J.G., and Sheldon, I.M. (2015). Dynasore - not just a dynamin inhibitor. Cell
Communication and Signaling 13: 1–7.
Prinster, S.C., Hague, C., and Hall, R.A. (2005). Heterodimerization of G Protein-Coupled
Receptors: Specificity and Functional Significance. Pharmacological Reviews 57: 289–298.
Qi, M., and Elion, E.A. (2005). MAP kinase pathways. Journal of Cell Science 118: 3569–3572.
Qi, T., Christopoulos, G., Bailey, R.J., Christopoulos, A., Sexton, P.M., and Hay, D.L. (2008).
Identification of N-Terminal Receptor Activity-Modifying Protein Residues Important for
Calcitonin Gene-Related Peptide, Adrenomedullin, and Amylin Receptor Function. Molecular
Pharmacology 74: 1059–1071.
Qi, T., and Hay, D.L. (2010). Structure–function relationships of the N-terminus of receptor
activity-modifying proteins. British Journal of Pharmacology 159: 1059.
Qi, T., Ly, K., Poyner, D.R., Christopoulos, G., Sexton, P.M., and Hay, D.L. (2011). Structure–
function analysis of amino acid 74 of human RAMP1 and RAMP3 and its role in peptide
interactions with adrenomedullin and calcitonin gene-related peptide receptors. Peptides 32:
1060–1067.
Qin, Y.J., Chan, S.O., Chong, K.K.L., Li, B.F.L., Ng, T.K., Yip, Y.W.Y., Chen, H., Zhang, M., Block,
N.L., Cheung, H.S., Schally, A.V., and Pang, C.P. (2014). Antagonist of GH-releasing hormone
receptors alleviates experimental ocular inflammation. Proceedings of the National Academy
of Sciences 111: 18303–18308.
Qin, Y.J., Chu, W.K., Huang, L., Ng, C.H.Y., Chan, T.C.Y., Cao, D., Yang, C., Zhang, L., Huang, S.P.,
Li, J., Lin, H.L., Li, W.Q., Chen, L., Schally, A.V., Chan, S.O., Zhang, H.Y., and Pang, C.P. (2018).

507

Induction of Apoptosis in Pterygium Cells by Antagonists of Growth Hormone–Releasing
Hormone Receptors. Investigative Ophthalmology & Visual Science 59: 5060–5066.
Raehal, K.M., Walker, J.K.L., and Bohn, L.M. (2005). Morphine Side Effects in β-Arrestin 2
Knockout Mice. Journal of Pharmacology and Experimental Therapeutics 314: 1195–1201.
Rajagopal, S., and Shenoy, S.K. (2018). GPCR desensitization: Acute and prolonged phases.
Cellular Signalling 41: 9–16.
Ramkumar, V., Olah, M.E., Jacobson, K.A., and Stiles, G.L. (1991). Distinct Pathways of
Desensitization of A1- and A2-Adenosine Receptors in DDT1 MF-2 Cells. Molecular
Pharmacology 40: 639.
Ramkumar, V., Stiles, G.L., Beaven, M.A., and Ali, H. (1993). The A3 adenosine receptor is the
unique adenosine receptor which facilitates release of allergic mediators in mast cells. Journal
of Biological Chemistry 268: 16887–16890.
Ramkumarh, V., Stilesll, G.L., Beavenll, M.A., and Mi, H. (1993). The A3 Adenosine Receptor Is
the Unique Adenosine Receptor Which Facilitates Release of Allergic Mediators in Mast Cells.
The Journal of Biological Chemistry 268: 16887–16890.
Rao, V.R., Cohen, G.B., and Oprian, D.D. (1994). Rhodopsin mutation G90D and a molecular
mechanism for congenital night blindness. Nature 367: 639–642.
Raskovalova, T., Lokshin, A., Huang, X., Jackson, E.K., and Gorelik, E. (2006). Adenosinemediated inhibition of cytotoxic activity and cytokine production by IL-2/NKp46-Activated NK
cells. Immunologic Research 36: 91–99.
Rasmussen, S.G., DeVree, B.T., Zou, Y., Kruse, A.C., Young Chung, K., Kobilka, T.S., Thian, F.S.,
Chae, P.S., Pardon, E., Calinski, D., Mathiesen, J.M., Shah, S.T.A., Lyons, J.A., Caffrey, M.,
Gellman, S.H., Steyaert, J., Skiniotis, G., Weis, W.I., Sunahara, R.K., and Kobilka, B.K. (2012).
Crystal Structure of the β 2 Adrenergic Receptor-Gs protein complex. Nature 477: 549–555.
Rasmussen, S.G.F., Choi, H.J., Fung, J.J., Pardon, E., Casarosa, P., Chae, P.S., Devree, B.T.,
Rosenbaum, D.M., Thian, F.S., Kobilka, T.S., Schnapp, A., Konetzki, I., Sunahara, R.K., Gellman,
S.H., Pautsch, A., Steyaert, J., Weis, W.I., and Kobilka, B.K. (2011). Structure of a nanobodystabilized active state of the β2 adrenoceptor. Nature 469: 175–180.

508

Rasmussen, S.G.F., Choi, H.J., Rosenbaum, D.M., Kobilka, T.S., Thian, F.S., Edwards, P.C.,
Burghammer, M., Ratnala, V.R.P., Sanishvili, R., Fischetti, R.F., Schertler, G.F.X., Weis, W.I., and
Kobilka, B.K. (2007). Crystal structure of the human β2 adrenergic G-protein-coupled receptor.
Nature 2007 450: 383–387.
Reiter, E., Ahn, S., Shukla, A.K., and Lefkowitz, R.J. (2012). Molecular mechanism of β-arrestinbiased agonism at seven-transmembrane receptors. Annual Review of Pharmacology and
Toxicology 52: 179–97.
Reiter, E., and Lefkowitz, R.J. (2006). GRKs and β-arrestins: roles in receptor silencing,
trafficking and signaling. Trends in Endocrinology & Metabolism 17: 159–165.
Reyes-Resina, I., Aguinaga, D., Labandeira-García, J.L., Lanciego, J.L., Navarro, G., and Franco,
R. (2018). Usefulness of identifying g-protein-coupled receptor dimers for diagnosis and
therapy of neurodegenerative diseases and of gliomas. Histology and Histopathology 33: 909–
917.
Rhee, S.G. (2003). Regulation of Phosphoinositide-Specific Phospholipase C. Annual Review of
Biochemistry 70: 281–312.
Riddy, D.M., Delerive, P., Summers, R.J., Sexton, P.M., and Langmead, C.J. (2018). G Protein–
Coupled Receptors Targeting Insulin Resistance, Obesity, and Type 2 Diabetes Mellitus.
Pharmacological Reviews 70: 39–67.
Ring, A.M., Manglik, A., Kruse, A.C., Enos, M.D., Weis, W.I., Garcia, K.C., and Kobilka, B.K. (2013).
Adrenaline-activated structure of the β2-adrenoceptor stabilized by an engineered nanobody.
Nature 502: 575–579.
Rivero-Müller, A., Chou, Y.-Y., Ji, I., Lajic, S., Hanyaloglu, A.C., Jonas, K., Rahman, N., Ji, T.H., and
Huhtaniemi, I. (2010). Rescue of defective G protein–coupled receptor function in vivo by
intermolecular cooperation. Proceedings of the National Academy of Sciences of the United
States of America 107: 2319.
Roche, D., Gil, D., and Giraldo, J. (2013). Mechanistic analysis of the function of agonists and
allosteric modulators: Reconciling two-state and operational models. British Journal of
Pharmacology 169: 1189–1202.

509

Roed, S.N., No, A.C., Wismann, P., Iversen, H., Bräuner-Osborne, H., Knudsen, S.M., and
Waldhoer, M. (2015). Functional Consequences of Glucagon-like Peptide-1 Receptor Cross-talk
and Trafficking. Journal of Biological Chemistry 290: 1233–1243.
Roed, S.N., Wismann, P., Underwood, C.R., Kulahin, N., Iversen, H., Cappelen, K.A., Schäffer, L.,
Lehtonen, J., Hecksher-Soerensen, J., Secher, A., Mathiesen, J.M., Bräuner-Osborne, H.,
Whistler, J.L., Knudsen, S.M., and Waldhoer, M. (2014). Real-time trafficking and signaling of
the glucagon-like peptide-1 receptor. Molecular and Cellular Endocrinology 382: 938–949.
Roehrkasse, A.M., Booe, J.M., Lee, S.M., Warner, M.L., and Pioszak, A.A. (2018). Structure–
function analyses reveal a triple β-turn receptor-bound conformation of adrenomedullin
2/intermedin and enable peptide antagonist design. Journal of Biological Chemistry 293:
15840–15854.
Roh, J., Chang, C.L., Bhalla, A., Klein, C., and Hsu, S.Y.T. (2004). Intermedin Is a
Calcitonin/Calcitonin Gene-related Peptide Family Peptide Acting through the Calcitonin
Receptor-like Receptor/Receptor Activity-modifying Protein Receptor Complexes. Journal of
Biological Chemistry 279: 7264–7274.
Romo, T.D., Grossfield, A., and Pitman, M.C. (2010). Concerted Interconversion between Ionic
Lock Substates of the β2 Adrenergic Receptor Revealed by Microsecond Timescale Molecular
Dynamics. Biophysical Journal 98: 76.
Rosenbaum, D.M., Rasmussen, S.G.F., and Kobilka, B.K. (2009). The structure and function of
G-protein-coupled receptors. Nature 459: 356.
Rosenbaum, D.M., Zhang, C., Lyons, J., Holl, R., Aragao, D., Arlow, D.H., Rasmussen, S.G.F., Choi,
H.J., Devree, B.T., Sunahara, R.K., Chae, P.S., Gellman, S.H., Dror, R.O., Shaw, D.E., Weis, W.I.,
Caffrey, M., Gmeiner, P., Kobilka, B.K., and Shaw, D.E. (2011). Structure and Function of an
Irreversible Agonist-β 2 Adrenoceptor complex. Nature 469: 236–240.
Routledge, S.J., Ladds, G., and Poyner, D.R. (2017). The effects of RAMPs upon cell signalling.
Molecular and Cellular Endocrinology 449: 12–20.
Ruan, C.C., Kong, L.R., Chen, X.H., Ma, Y., Pan, X.X., Zhang, Z.B., and Gao, P.J. (2018). A2A
Receptor Activation Attenuates Hypertensive Cardiac Remodeling via Promoting Brown
Adipose Tissue-Derived FGF21. Cell Metabolism 28: 476–489.
510

Ruiz, A., Sanz, J.M., González-Calero, G., Fernández, M., Andrés, A., Cubero, A., and Ros, M.
(1996). Desensitization and internalization of adenosine A1 receptors in rat brain by in vivo
treatment with R-PIA: involvement of coated vesicles. Biochimica et Biophysica Acta (BBA) Molecular Cell Research 1310: 168–174.
Runge, S., Thøgersen, H., Madsen, K., Lau, J., and Rudolph, R. (2008). Crystal Structure of the
Ligand-bound Glucagon-like Peptide-1 Receptor Extracellular Domain. Journal of Biological
Chemistry 283: 11340–11347.
Rutz, C., Klein, W., and Schülein, R. (2015). N-Terminal Signal Peptides of G Protein-Coupled
Receptors: Significance for Receptor Biosynthesis, Trafficking, and Signal Transduction.
Progress in Molecular Biology and Translational Science 132: 267–287.
Ryabinin, A.E., Bachtell, R.K., Heinrichs, S.C., Lee, S., Rivier, C., Olive, M.F., Mehmert, K.K.,
Camarini, R., Kim, J.A., Koenig, H.N., Nannini, M.A., Hodge, C.W., Roberts, A.J., and Koob, G.F.
(2002). The Corticotropin-Releasing Factor/Urocortin System and Alcohol. Alcoholism: Clinical
and Experimental Research 26: 714–722.
Ryabinin, A.E., Tsoory, M.M., Kozicz, T., Thiele, T.E., Neufeld-Cohen, A., Chen, A., LoweryGionta, E.G., Giardino, W.J., and Kaur, S. (2012). Urocortins: CRF’s siblings and their potential
role in anxiety, depression and alcohol drinking behavior. Alcohol 46: 349–357.
Sachdeva, S., and Gupta, M. (2013). Adenosine and its receptors as therapeutic targets: An
overview. Saudi Pharmaceutical Journal 21: 245.
Safitri, D., Harris, M., Potter, H., Yan Yeung, H., Winfield, I., Kopanitsa, L., Svensson, F., Rahman,
T., Harper, M.T., Bailey, D., and Ladds, G. (2020). Elevated intracellular cAMP concentration
mediates growth suppression in glioma cells. Biochemical Pharmacology 174: 113823.
Salahpour, A., Angers, S., Mercier, J.F., Lagacé, M., Marullo, S., and Bouvier, M. (2004).
Homodimerization of the β2-adrenergic receptor as a prerequisite for cell surface targeting.
Journal of Biological Chemistry 279: 33390–33397.
Salvatore, C.A., Jacobson, M.A., Taylor, H.E., Linden, J., and Johnson, R.G. (1993). Molecular
cloning and characterization of the human A3 adenosine receptor. Proceedings of the National
Academy of Sciences 90: 10365–10369.

511

Salvatori, R., Fan, X., Iii, J.A.P., Espigares-Martin, R., de Lara, I.M., Freeman, K.L., Plotnick, L., AlAshwal, A., and Levine, M.A. (2001). Three New Mutations in the Gene for the Growth
Hormone (GH)-Releasing Hormone Receptor in Familial Isolated GH Deficiency Type IB. The
Journal of Clinical Endocrinology & Metabolism 88: 273–279.
Samama, P., Cotecchia, S., Costa, T., and Lefkowitz, R.J. (1993). A Mutation-induced Activated
State of the ß2-adrenergic receptor. The Journal of Biological Chemistry 268: 4625–4636.
Samuelsson, S., Lange, J.S., Hinkle, R.T., Tarnopolsky, M., and Isfort, R.J. (2016). Corticotropinreleasing Factor 2 Receptor Localization in Skeletal Muscle: Journal of Histochemistry and
Cytochemistry 52: 967–977.
Sandhu, M., Touma, A.M., Dysthe, M., Sadler, F., Sivaramakrishnan, S., and Vaidehi, N. (2019).
Conformational plasticity of the intracellular cavity of GPCR−G-protein complexes leads to Gprotein promiscuity and selectivity. Proceedings of the National Academy of Sciences of the
United States of America 116: 11956–11965.
Sandvig, K., Kavaliauskiene, S., and Skotland, T. (2018). Clathrin-independent endocytosis: an
increasing degree of complexity. Histochemistry and Cell Biology 150: 107–118.
Santini, F., Penn, R.B., Gagnon, A.W., Benovic, J.L., and Keen, J.H. (2000). Selective recruitment
of arrestin-3 to clathrin coated pits upon stimulation of G protein-coupled receptors. Journal
of Cell Science 113: 2463–2470.
Scarselli, M., and Donaldson, J.G. (2009). Constitutive Internalization of G Protein-coupled
Receptors and G Proteins via Clathrin-independent Endocytosis. Journal of Biological Chemistry
284: 3577–3585.
Schaeffer, C., Vandroux, D., Thomassin, L., Athias, P., Rochette, L., and Connat, J.L. (2003).
Calcitonin gene-related peptide partly protects cultured smooth muscle cells from apoptosis
induced by an oxidative stress via activation of ERK1/2 MAPK. Biochimica et Biophysica Acta
(BBA) - Molecular Cell Research 1643: 65–73.
Schiellerup, S.P., Skov-Jeppesen, K., Windeløv, J.A., Svane, M.S., Holst, J.J., Hartmann, B., and
Rosenkilde, M.M. (2019). Gut Hormones and Their Effect on Bone Metabolism. Potential Drug
Therapies in Future Osteoporosis Treatment. Frontiers in Endocrinology 10: 75.

512

Schiöth, H.B., and Fredriksson, R. (2005). The GRAFS classification system of G-protein coupled
receptors in comparative perspective. General and Comparative Endocrinology 142: 94–101.
Schipani, E., Kruse, K., and Jüppner, H. (1995). A constitutively active mutant PTH-PTHrP
receptor in Jansen-type metaphyseal chondrodysplasia. Science 268: 98–100.
Schmidt, J.H., Perslev, M., Bukowski, L., Stoklund, M., Herborg, F., Herlo, R., and Madsen, K.L.
(2020). Constitutive internalization across therapeutically targeted GPCRs correlates with
constitutive activity. Basic & Clinical Pharmacology & Toxicology 126: 116–121.
Schneider, E.H., Schnell, D., Strasser, A., Dove, S., and Seifert, R. (2010). Impact of the DRY
Motif and the Missing “Ionic Lock” on Constitutive Activity and G-Protein Coupling of the
Human Histamine H4 Receptor. Journal of Pharmacology and Experimental Therapeutics 333:
382–392.
Schonenbach, N.S., Hussain, S., and O’Malley, M.A. (2015). Structure and function of G proteincoupled receptor oligomers: implications for drug discovery. Wiley Interdisciplinary Reviews:
Nanomedicine and Nanobiotechnology 7: 408–427.
Schulte, G., and Fredholm, B.B. (2002). Signaling Pathway from the Human Adenosine
A3Receptor Expressed in Chinese Hamster Ovary Cells to the Extracellular Signal-Regulated
Kinase 1/2. Molecular Pharmacology 62: 1137–1146.
Schulte, G., and Fredholm, B.B. (2003). Signalling from adenosine receptors to mitogenactivated protein kinases. Cellular Signalling 15: 813–827.
Schulte, G., and Kozielewicz, P. (2020). Structural insight into Class F receptors – What have we
learnt regarding agonist-induced activation? Basic & Clinical Pharmacology & Toxicology 126:
17–24.
Seachrist, J.L., Anborgh, P.H., and Ferguson, S.S.G. (2000). β2-Adrenergic Receptor
Internalization, Endosomal Sorting, and Plasma Membrane Recycling Are Regulated by Rab
GTPases. Journal of Biological Chemistry 275: 27221–27228.
Seibold, A., Williams, B., Huang, Z.-F., Friedman, J., Moore, R.H., Knoll, B.J., and Clark, R.B.
(2000). Localization of the Sites Mediating Desensitization of the β2-Adrenergic Receptor by
the GRK Pathway. Molecular Pharmacology 58: 1162–1173.

513

Seino, S., and Shibasaki, T. (2005). PKA-Dependent and PKA-Independent Pathways for cAMPRegulated Exocytosis. Physiological Reviews 85: 1303–1342.
Serafin, D.S., Harris, N.R., Nielsen, N.R., Mackie, D.I., and Caron, K.M. (2020). Dawn of a New
RAMPage. Trends in Pharmacological Sciences 41: 249.
Sexton, P.M., Albiston, A., Morfis, M., and Tilakaratne, N. (2001). Receptor activity modifying
proteins. Cellular Signalling 13: 73–83.
Shaaban, G., Oriowo, M., and Al-Sabah, S. (2017). Rate of Homologous Desensitization and
Internalization of the GLP-1 Receptor. Molecules 22: 22.
Shah, B.H. (1997). Enhanced degradation of stimulatory G-protein (Gs alpha) by cholera toxin
is mediated by ADP-ribosylation of Gs alpha protein but not by increased cyclic AMP levels.
Advances in Experimental Medicine and Biology 419: 93–97.
Shakhssalim, N., Basiri, A., Houshmand, M., Pakmanesh, H., Golestan, B., Azadvari, M., Aryan,
H., and Kashi, A.H. (2014). Genetic Polymorphisms in Calcitonin Receptor Gene and Risk for
Recurrent Kidney Calcium Stone Disease. Urologia Internationalis 92: 356–362.
Shao, L., Chen, Y., Zhang, S., Zhang, Z., Cao, Y., Yang, D., et al. (2021a). Modulating effects of
RAMPs on signaling profiles of the glucagon receptor family. Acta Pharmaceutica Sinica B (in
press).
Sharawi, N., Carvalho, B., Habib, A.S., Blake, L., Mhyre, J.M., and Sultan, P. (2018). A systematic
review evaluating neuraxial morphine and diamorphine-associated respiratory depression
after cesarean delivery. Anesthesia and Analgesia 127: 1385–1395.
Shen, A., Nieves-Cintron, M., Deng, Y., Shi, Q., Chowdhury, D., Qi, J., Hell, J.W., Navedo, M.F.,
and Xiang, Y.K. (2018). Functionally distinct and selectively phosphorylated GPCR
subpopulations co-exist in a single cell. Nature Communications 9: 1–12.
Shenoy, S.K., and Lefkowitz, R.J. (2011). β-arrestin-mediated receptor trafficking and signal
transduction. Trends in Pharmacological Sciences 32: 521–533.
Sheth, S., Brito, R., Mukherjea, D., Rybak, L.P., and Ramkumar, V. (2014). Adenosine Receptors:
Expression, Function and Regulation. International Journal of Molecular Sciences 15: 2024.

514

Shi, G.-X., Cai, W., and Andres, D.A. (2013). Rit Subfamily Small GTPases: Regulators in Neuronal
Differentiation and Survival. Cellular Signalling 25: 2060.
Shi, Q., Li, M., Mika, D., Fu, Q., Kim, S., Phan, J., Shen, A., Vandecasteele, G., and Xiang, Y.K.
(2017). Heterologous desensitization of cardiac β-adrenergic signal via hormone-induced
βAR/arrestin/PDE4 complexes. Cardiovascular Research 113: 656.
Shirvani, H., Gätà, G., and Marullo, S. (2012). Regulated GPCR Trafficking to the Plasma
Membrane: General Issues and the CCR5 Chemokine Receptor Example. Subcellular
Biochemistry 63: 97–111.
Siehler, S. (2009). Regulation of RhoGEF proteins by G12/13-coupled receptors. British Journal
of Pharmacology 158: 41–49.
Simms, J., Hay, D.L., Bailey, R.J., Konycheva, G., Bailey, G., Wheatley, M., and Poyner, D.R.
(2008). Structure−Function Analysis of RAMP1 by Alanine Mutagenesis. Biochemistry 48: 198–
205.
Simms, J., Hay, D.L., Wheatley, M., and Poyner, D.R. (2006). Characterization of the Structure
of RAMP1 by Mutagenesis and Molecular Modeling. Biophysical Journal 91: 662.
Simon, M.I., Strathmann, M.P., and Gautam, N. (1991). Diversity of G proteins in signal
transduction. Science 252: 802–808.
Siu, F.Y., He, M., Graaf, C. de, Han, G.W., Yang, D., Zhang, Z., Zhou, C., Xu, Q., Wacker, D.,
Joseph, J.S., Liu, W., Lau, J., Cherezov, V., Katritch, V., Wang, M.W., and Stevens, R.C. (2013).
Structure of the human glucagon class B G-protein-coupled receptor. Nature 499: 444–449.
Slater, P.G., Gutierrez-Maldonado, S.E., Gysling, K., and Lagos, C.F. (2018). Molecular Modeling
of Structures and Interaction of Human Corticotropin-Releasing Factor (CRF) Binding Protein
and CRF Type-2 Receptor. Frontiers in Endocrinology 9: 43.
Smith, J.S., Lefkowitz, R.J., and Rajagopal, S. (2018). Biased Signalling: From Simple Switches to
Allosteric Microprocessors. Nature Reviews 17: 243.
Smith, T.H., Coronel, L.J., Li, J.G., Dores, M.R., Nieman, M.T., and Trejo, J. (2016). Proteaseactivated Receptor-4 Signaling and Trafficking Is Regulated by the Clathrin Adaptor Protein
Complex-2 Independent of β-Arrestins. Journal of Biological Chemistry 291: 18453–18464.
515

Smrcka, A.V. (2008). G protein βγ subunits: Central mediators of G protein-coupled receptor
signaling. Cellular and Molecular Life Sciences 65: 2191–2214.
Smyth, E.M., Austin, S.C., Reilly, M.P., and FitzGerald, G.A. (2000). Internalization and
Sequestration of the Human Prostacyclin Receptor. Journal of Biological Chemistry 275:
32037–32045.
Soave, M., Kellam, B., Woolard, J., Briddon, S.J., and Hill, S.J. (2020). NanoBit Complementation
to Monitor Agonist-Induced Adenosine A1 Receptor Internalization. SLAS Discovery 25: 186–
194.
Soergel, D.G., Subach, R.A., Burnham, N., Lark, M.W., James, I.E., Sadler, B.M., Skobieranda, F.,
Violin, J.D., and Webster, L.R. (2014). Biased agonism of the l-opioid receptor by TRV130
increases analgesia and reduces on-target adverse effects versus morphine: A randomized,
double-blind, placebo-controlled, crossover study in healthy volunteers. Pain 155: 1829–1835.
Sondek, J., Bohm, a, Lambright, D.G., Hamm, H.E., and Sigler, P.B. (1996). Crystal structure of
a G-protein beta gamma dimer at 2.1A resolution. Nature 379: 369–374.
Sonoda, N., Imamura, T., Yoshizaki, T., Babendure, J.L., Lu, J.C., and Olefsky, J.M. (2008). βArrestin-1 mediates glucagon-like peptide-1 signaling to insulin secretion in cultured
pancreatic β cells. Proceedings of the National Academy of Sciences 105: 6614–6619.
Spillmann, M., Thurner, L., Romantini, N., Zimmermann, M., Meger, B., Behe, M., Waldhoer,
M., Schertler, G.F.X., and Berger, P. (2020). New insights into arrestin recruitment to GPCRs.
International Journal of Molecular Sciences 21: 1–14.
Spina, M., Merlo-Pich, E., Chan, R.K.W., Basso, A.M., Rivier, J., Vale, W., and Koob, G.F. (1996).
Appetite-suppressing effects of urocortin, a CRF-related neuropeptide. Science 273: 1561–
1564.
Srinivasan, S., Lubrano-Berthelier, C., Govaerts, C., Picard, F., Santiago, P., Conklin, B.R., and
Vaisse, C. (2004). Constitutive activity of the melanocortin-4 receptor is maintained by its Nterminal domain and plays a role in energy homeostasis in humans. The Journal of Clinical
Investigation 114: 1158–1164.

516

Sriram, K., and Insel, P.A. (2018). G protein-coupled receptors as targets for approved drugs:
How many targets and how many drugs? Molecular Pharmacology 93: 251–258.
Staus, D.P., Strachan, R.T., Manglik, A., Pani, B., Kahsai, A.W., Kim, T.H., Wingler, L.M., Ahn, S.,
Chatterjee, A., Masoudi, A., Kruse, A.C., Pardon, E., Steyaert, J., Weis, W.I., Prosser, R.S.,
Kobilka, B.K., Costa, T., and Lefkowitz, R.J. (2016). Allosteric Nanobodies Reveal the Dynamic
Range and Diverse Mechanisms of GPCR Activation HHS Public Access. Nature 535: 448–452.
Steckler, T., and Holsboer, F. (1999). Corticotropin-releasing hormone receptor subtypes and
emotion. Biological Psychiatry 46: 1480–1508.
Steiner, S., Born, W., Fischer, J.A., and Muff, R. (2003). The function of conserved cysteine
residues in the extracellular domain of human receptor-activity-modifying protein 1. FEBS
Letters 555: 285–290.
Steiner, S., Muff, R., Gujer, R., Fischer, J.A., and Born, W. (2002). The Transmembrane Domain
of Receptor-Activity-Modifying Protein 1 Is Essential for the Functional Expression of a
Calcitonin Gene-Related Peptide Receptor. Biochemistry 41: 11398–11404.
Stephens, L., Smrcka, A., Cooke, F.T., Jackson, T.R., Sternweis, P.C., and Hawkins, P.T. (1994). A
novel phosphoinositide 3 kinase activity in myeloid-derived cells is activated by G protein βγ
subunits. Cell 77: 83–93.
Sterne-Marr, R., and Benovic, J.L. (1995). Regulation of G Protein-Coupled Receptors by
Receptor Kinases and Arrestins. Vitamins and Hormones 51: 193–234.
Stewart, G.D., Valant, C., Dowell, S.J., Mijaljica, D., Devenish, R.J., Scammells, P.J., Sexton, P.M.,
and Christopoulos, A. (2009). Determination of Adenosine A1 Receptor Agonist and Antagonist
Pharmacology Using Saccharomyces cerevisiae: Implications for Ligand Screening and
Functional Selectivity. The Journal of Pharmacology and Experimental Therapeutics 331: 277.
Stoddart, L.A., Vernall, A.J., Briddon, S.J., Kellam, B., and Hill, S.J. (2015). Direct visualisation of
internalization of the adenosine A 3 receptor and localization with arrestin3 using a fluorescent
agonist. Neuropharmacology 98: 68–77.

517

Storme, J., Cannaert, A., Craenenbroeck, K. van, and Stove, C.P. (2018). Molecular dissection
of the human A 3 adenosine receptor coupling with β-arrestin2. Biochemical Pharmacology
148: 298–307.
Stout, B.D., Clarke, W.P., and Berg, K.A. (2002). Rapid Desensitization of the Serotonin2C
Receptor System: Effector Pathway and Agonist Dependence. Journal of Pharmacology and
Experimental Therapeutics 302: 957–962.
Stoy, H., and Gurevich, V.V. (2015). How genetic errors in GPCRs affect their function: Possible
therapeutic strategies. Genes & Diseases 2: 132.
Sun, L., and Ye, R.D. (2012). Role of G protein-coupled receptors in inflammation. Acta
Pharmacologica Sinica 33: 342–350.
Sunahara, R.K., Dessauer, C.W., and Gilman, A.G. (2003). Complexity and Diversity of
Mammalian Adenylyl Cyclases. Annual Review of Pharmacology and Toxicology 36: 461–480.
Sundqvist, M., Holdfeldt, A., Wright, S.C., Møller, T.C., Siaw, E., Jennbacken, K., Franzyk, H.,
Bouvier, M., Dahlgren, C., and Forsman, H. (2020). Barbadin selectively modulates FPR2mediated neutrophil functions independent of receptor endocytosis (Cold Spring Harbor
Laboratory).
Sungkaworn, T., Jobin, M.-L., Burnecki, K., Weron, A., Lohse, M.J., and Calebiro, D. (2017).
Single-molecule imaging reveals receptor–G protein interactions at cell surface hot spots.
Nature 550: 543–547.
Suwa, M., Sugihara, M., and Ono, Y. (2011). Functional and Structural Overview of G-ProteinCoupled Receptors Comprehensively Obtained from Genome Sequences. Pharmaceuticals 4:
652.
Suzuki, N., Nakamura, S., Mano, H., and Kozasa, T. (2003). Gα12 activates Rho GTPase through
tyrosine-phosphorylated leukemia-associated RhoGEF. Proceedings of the National Academy
of Sciences 100: 733–738.
Swaminath, G., Deupi, X., Lee, T.W., Zhu, W., Thian, F.S., Kobilka, T.S., and Kobilka, B.K. (2005).
Probing the β2 Adrenoceptor Binding Site with Catechol Reveals Differences in Binding and
Activation by Agonists and Partial Agonists. Journal of Biological Chemistry 280: 22165–22171.

518

Swaminath, G., Xiang, Y., Lee, T.W., Steenhuis, J., Parnot, C., and Kobilka, B.K. (2004). Sequential
Binding of Agonists to the β2 Adrenoceptor: KINETIC EVIDENCE FOR INTERMEDIATE
CONFORMATIONAL STATES. Journal of Biological Chemistry 279: 686–691.
Syme, C.A., Zhang, L., and Bisello, A. (2006). Caveolin-1 Regulates Cellular Trafficking and
Function of the Glucagon-Like Peptide 1 Receptor. Molecular Endocrinology 20: 3400–3411.
Szczepek, M., Beyrière, F., Hofmann, K.P., Elgeti, M., Kazmin, R., Rose, A., Bartl, F.J., von Stetten,
D., Heck, M., Sommer, M.E., Hildebrand, P.W., and Scheerer, P. (2014). Crystal structure of a
common GPCR-binding interface for G protein and arrestin. Nature Communications 5: 1–8.
Tam, J.K.V., Chow, B.K.C., and Lee, L.T.O. (2013). Structural and Functional Divergence of
Growth Hormone-Releasing Hormone Receptors in Early Sarcopterygians: Lungfish and
Xenopus. PLoS ONE 8: e53482.
Tang, X., Wang, Y., Li, D., Luo, J., and Liu, M. (2012). Orphan G protein-coupled receptors
(GPCRs): biological functions and potential drug targets. Acta Pharmacologica Sinica 33: 363–
371.
Tang, Y., Hu, L.A., Miller, W.E., Ringstad, N., Hall, R.A., Pitcher, J.A., Decamilli, P., and Lefkowitz,
R.J. (1999). Identification of the endophilins (SH3p4p8p13) as novel binding partners for the 1adrenergic receptor. Proceedings of the National Academy of Sciences of the United States of
America 96: 12559–12564.
Tao, Y.X. (2006). Inactivating mutations of G protein-coupled receptors and diseases:
Structure-function insights and therapeutic implications. Pharmacology & Therapeutics 111:
949–973.
Tao, Y.X. (2008). Constitutive Activation of G Protein-Coupled Receptors and Diseases: Insights
into Mechanisms of Activation and Therapeutics. Pharmacology & Therapeutics 120: 129.
ter Haar, E., Koth, C.M., Abdul-Manan, N., Swenson, L., Coll, J.T., Lippke, J.A., Lepre, C.A.,
Garcia-Guzman, M., and Moore, J.M. (2010). Crystal Structure of the Ectodomain Complex of
the CGRP Receptor, a Class-B GPCR, Reveals the Site of Drug Antagonism. Structure 18: 1083–
1093.

519

Terrillon, S., and Bouvier, M. (2004). Roles of G-protein-coupled receptor dimerization: From
ontogeny to signalling regulation. EMBO Reports 5: 30.
Tesmer, V.M., Kawano, T., Shankaranarayanan, A., Kozasa, T., and Tesmer, J.J.G. (2005).
Structural biology: Snapshot of activated G proteins at the membrane: The Gαq-GRK2-Gβγ
complex. Science 310: 1686–1690.
Thibeault, P.E., and Ramachandran, R. (2020). Role of the Helix-8 and C-Terminal Tail in
Regulating Proteinase Activated Receptor 2 Signaling. ACS Pharmacology & Translational
Science 3: 868–882.
Thompson, A., and Kanamarlapudi, V. (2015). Agonist-induced internalisation of the glucagonlike peptide-1 receptor is mediated by the Gαq pathway. Biochemical Pharmacology 93: 72–
84.
Thompson, M.D., Cole, D.E.C., Jose, P.A., and Chidiac, P. (2014). G Protein-Coupled Receptor
Accessory Proteins and Signaling: Pharmacogenomic Insights. Methods in Molecular Biology
1175: 121–152.
Tilley, D.G. (2011). G protein-dependent and –independent signaling pathways and their
impact on cardiac function. Circulation Research 109: 217.
Tobin, A.B. (2008). G-protein-coupled receptor phosphorylation: where, when and by whom.
British Journal of Pharmacology 153: S167.
Tobin, A.B., Butcher, A.J., and Kong, K.C. (2008). Location, location, location...site-specific GPCR
phosphorylation offers a mechanism for cell-type-specific signalling. Trends in Pharmacological
Sciences 29: 413–420.
Tohgo, A., Choy, E.W., Gesty-Palmer, D., Pierce, K.L., Laporte, S., Oakley, R.H., Caron, M.G.,
Lefkowitz, R.J., and Luttrell, L.M. (2003). The Stability of the G Protein-coupled Receptor-βArrestin Interaction Determines the Mechanism and Functional Consequence of ERK
Activation. Journal of Biological Chemistry 278: 6258–6267.
Torekov, S.S., Harsløf, T., Rejnmark, L., Eiken, P., Jensen, J.B., Herman, A.P., Hansen, T.,
Pedersen, O., Holst, J.J., and Langdahl, B.L. (2014). A Functional Amino Acid Substitution in the
Glucose-Dependent Insulinotropic Polypeptide Receptor (GIPR) Gene Is Associated With Lower

520

Bone Mineral Density and Increased Fracture Risk. The Journal of Clinical Endocrinology &
Metabolism 99: E729–E733.
Torvinen, M., Kozell, L.B., Neve, K.A., Agnati, L.F., and Fuxe, K. (2004). Biochemical identification
of the dopamine D2 receptor domains interacting with the adenosine A2A receptor. Journal of
Molecular Neuroscience 24: 173–180.
Torvinen, M., Torri, C., Tombesi, A., Marcellino, D., Watson, S., Lluis, C., Franco, R., Fuxe, K.,
and Agnati, L.F. (2005). Trafficking of adenosine A2A and dopamine D2 receptors. Journal of
Molecular Neuroscience 25: 191–200.
Tran, T.M., Friedman, J., Baameur, F., Knoll, B.J., Moore, R.H., and Clark, R.B. (2007).
Characterization of β2-Adrenergic Receptor Dephosphorylation: Comparison with the Rate of
Resensitization. Molecular Pharmacology 71: 47–60.
Tran, T.M., Friedman, J., Qunaibi, E., Baameur, F., Moore, R.H., and Clark, R.B. (2004).
Characterization of Agonist Stimulation of cAMP-Dependent Protein Kinase and G ProteinCoupled Receptor Kinase Phosphorylation of the β2-Adrenergic Receptor Using
Phosphoserine-Specific Antibodies. Molecular Pharmacology 65: 196–206.
Tranchant, T., Durand, G., Gauthier, C., Crépieux, P., Ulloa-Aguirre, A., Royère, D., and Reiter,
E. (2011). Preferential β-arrestin signalling at low receptor density revealed by functional
characterization of the human FSH receptor A189 V mutation. Molecular and Cellular
Endocrinology 331: 109–118.
Trincavelli, M.L., Marroni, M., Tuscano, D., Ceruti, S., Mazzola, A., Mitro, N., Abbracchio, M.P.,
and Martini, C. (2004). Regulation of A2B adenosine receptor functioning by tumour necrosis
factor a in human astroglial cells. Journal of Neurochemistry 91: 1180–1190.
Trincavelli, M.L., Tonazzini, I., Montali, M., Abbracchio, M.P., and Martini, C. (2008). Short-term
TNF-Alpha treatment induced A2B adenosine receptor desensitization in human astroglial
cells. Journal of Cellular Biochemistry 104: 150–161.
Trincavelli, M.L., Tuscano, D., Cecchetti, P., Falleni, A., Benzi, L., Klotz, K.N., Gremigni, V.,
Cattabeni, F., Lucacchini, A., and Martini, C. (2000). Agonist-Induced Internalization and
Recycling of the Human A3 Adenosine Receptors. Journal of Neurochemistry 75: 1493–1501.

521

Trincavelli, M.L., Tuscano, D., Marroni, M., Falleni, A., Gremigni, V., Ceruti, S., Abbracchio, M.P.,
Jacobson, K.A., Cattabeni, F., and Martini, C. (2002a). A3 Adenosine Receptors in Human
Astrocytoma Cells: Agonist-Mediated Desensitization, Internalization, and Down-Regulation.
Molecular Pharmacology 62: 1373–1384.
Trincavelli, M.L., Tuscano, D., Marroni, M., Klotz, K.N., Lucacchini, A., and Martini, C. (2002b).
Involvement of mitogen protein kinase cascade in agonist-mediated human A3 adenosine
receptor regulation. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 1591: 55–
62.
Trivedi, R.R., and Bhattacharyya, S. (2012). Constitutive internalization and recycling of
metabotropic glutamate receptor 5 (mGluR5). Biochemical and Biophysical Research
Communications 427: 185–190.
Trzaskowski, B., Latek, D., Yuan, S., Ghoshdastider, U., Debinski, A., and Filipek, S. (2012). Action
of Molecular Switches in GPCRs - Theoretical and Experimental Studies. Current Medicinal
Chemistry 19: 1090–1109.
Tsvetanova, N.G., Irannejad, R., and von Zastrow, M.(2015). G Protein-coupled Receptor
(GPCR) Signaling via Heterotrimeric G Proteins from Endosomes. Journal of Biological
Chemistry 290: 6689–6696.
Tsvetanova, N.G., and von Zastrow, M. (2014). Spatial encoding of cyclic AMP signaling
specificity by GPCR endocytosis. Nature Chemical Biology 10: 1061–1065.
Uchida, S., Uchida, H., Maruyama, T., Kajitani, T., Oda, H., Miyazaki, K., Kagami, M., and
Yoshimura, Y. (2013). Molecular Analysis of a Mutated FSH Receptor Detected in a Patient with
Spontaneous Ovarian Hyperstimulation Syndrome. PLoS ONE 8: e75478.
Udawela, M., Christopoulos, G., Morfis, M., Christopoulos, A., Ye, S., Tilakaratne, N., and
Sexton, P.M. (2006a). A critical role for the short intracellular C terminus in receptor activitymodifying protein function. Molecular Pharmacology 70: 1750–1760.
Udawela, M., Christopoulos, G., Tilakaratne, N., Christopoulos, A., Albiston, A., and Sexton,
P.M. (2006b). Distinct Receptor Activity-Modifying Protein Domains Differentially Modulate
Interaction with Calcitonin Receptors. Molecular Pharmacology 69: 1984–1989.

522

Udawela, M., Hay, D.L., and Sexton, P.M. (2004). The receptor activity modifying protein family
of G protein coupled receptor accessory proteins. Seminars in Cell & Developmental Biology
15: 299–308.
Ueda, T., Ugawa, S., Saishin, Y., and Shimada, S. (2001). Expression of receptor-activity
modifying protein (RAMP) mRNAs in the mouse brain. Molecular Brain Research 93: 36–45.
Ulisse, S., Fabbri, A., Tinajero, J.C., and Dufau, M.L. (1990). A novel mechanism of action of
corticotropin releasing factor in rat Leydig cells. Journal of Biological Chemistry 265: 1964–
1971.
Ulloa-Aguirre, A., Zariñán, T., Dias, J.A., and Conn, P.M. (2014). Mutations in G protein-coupled
receptors that impact receptor trafficking and reproductive function. Molecular and Cellular
Endocrinology 382: 411–423.
Underwood, C.R., Garibay, P., Knudsen, L.B., Hastrup, S., Peters, G.H., Rudolph, R., and ReedtzRunge, S. (2010). Crystal Structure of Glucagon-like Peptide-1 in Complex with the Extracellular
Domain of the Glucagon-like Peptide-1 Receptor. Journal of Biological Chemistry 285: 723–
730.
Ungerer, M., Böhm, M., Elce, J.S., Erdmann, E., and Lohse, M.J. (1993). Altered expression of
beta-adrenergic receptor kinase and beta 1-adrenergic receptors in the failing human heart.
Circulation 87: 454–463.
Vale, W., Spiess, J., Rivier, C., and Rivier, J. (1981). Characterization of a 41-residue ovine
hypothalamic peptide that stimulates secretion of corticotropin and β-endorphin. Science 213:
1394–1397.
van der Graaf, P.H., van Schaick, E.A., Math-ot, R.A., Ijzerman, A.P., and Danhof, M. (1997).
Mechanism-based pharmacokinetic-pharmacodynamic modeling of the effects of N6cyclopentyladenosine analogs on heart rate in rat: estimation of in vivo operational affinity and
efficacy at adenosine A1 receptors. Journal of Pharmacology and Experimental Therapeutics
283: 809-816.
Van der Westhuizen, E.T., Breton, B., Christopoulos, A., and Bouvier, M. (2014). Quantification
of Ligand Bias for Clinically Relevant β2-Adrenergic Receptor Ligands: Implications for Drug
Taxonomy. Molecular Pharmacology 85: 492–509.
523

Van Pett, K., Viau, V., Bittencourt, J.C., Chan, R.K., Arias, C., Prins, G.S., Perrin, M., Vale, W., and
Sawchenko, P.E. (2000). Distribution of mRNAs Encoding CRF Receptors in Brain and Pituitary
of Rat and Mouse. The Journal of Comparative Neurology 428: 191–212.
Vanlandingham, P.A., and Ceresa, B.P. (2009). Rab7 Regulates Late Endocytic Trafficking
Downstream of Multivesicular Body Biogenesis and Cargo Sequestration. The Journal of
Biological Chemistry 284: 12110.
Vaughan, J., Donaldson, C., Bittencourt, J., Perrin, M.H., Lewis, K., Sutton, S., Chan, R., Turnbull,
A.V., Lovejoy, D., Rivier, C., Rivier, J., Sawchenko, P.E., and Vale, W. (1995). Urocortin, a
mammalian neuropeptide related to fish urotensin I and to corticotropin-releasing factor.
Nature 378: 287–292.
Venkatakrishnan, A.J., Deupi, X., Lebon, G., Heydenreich, F.M., Flock, T., Miljus, T., Balaji, S.,
Bouvier, M., Veprintsev, D.B., Tate, C.G., Schertler, G.F.X., and Babu, M.M. (2016). Diverse
activation pathways in class A GPCRs converge near the G-protein-coupling region. Nature 40:
383–388.
Venter, J.C., Adams, M.D., Myers, E.W., Li, P.W., Mural, R.J., Sutton, G.G., Smith, H.O., Yandell,
M., Evans, C.A., Holt, R.A., Gocayne, J.D., Amanatides, P., Ballew, R.M., Huson, D.H., Wortman,
J.R., Zhang, Q., Kodira, C.D., Zheng, X.H., Chen, L., Skupski, M., Subramanian, G., Thomas, P.D.,
Zhang, J., Miklos, G.L.G., Nelson, C., Broder, S., Clark, A.G., Nadeau, J., Mckusick, V.A., Zinder,
N., Levine, A.J., Roberts, R.J., Simon, M., Slayman, C., Hunkapiller, M., Bolanos, R., Delcher, A.,
Dew, I., Fasulo, D., Flanigan, M., Florea, L., Halpern, A., Hannenhalli, S., Kravitz, S., Levy, S.,
Mobarry, C., Reinert, K., Remington, K., Abu-Threideh, J., Beasley, E., Biddick, K., Bonazzi, V.,
Brandon, R., Cargill, M., Chandramouilswaran, I., Charlab, R., Chaturvedi, K., Deng, Z., Di
Francesco, V., Dunn, P., Eilbeck, K., Evangelista, C., Gabrielian, A.E., Gan, W., Ge, W., Gong, F.,
Gu, Z., Guan, P., Heiman, T.J., Higgins, M.E.., Ji, R.R., Ke, Z., Ketchum, K.A., Lai, Z., Lei, Y., Li, Z.,
Li, J., Liang, Y., Lin, X., Lu, F., Merkulov, G.V., Milshina, N., Moore, H.M., Naik, A.K., Narayan,
V.A., Neelam, B., Nusskern, D., Rusch, D.B., Salzberg, S., Shao, W., Shue, B., Sun, J., Wang, Z.,
Wang, A., Wang, X., Wang, J., Wei, M., Wildes, R., Xiao, C., Yan, C., Yao, A., Ye, J., Zhang, M.,
Zhang, W., Zhang, H., Zhao, Q., Zheng, L., Zhong, F., Zhong, W., Zhu, S., Zhao, S., Gilbert, D.,
Baumhueter, S., Spier, G., Carter, C., Cravchik, A., Woodage, T., Ali, F., An, H., Awe, A., Baldwin,
D., Baden, H., Baumstead, M., Barrow, I., Beeson, K., Busam, D., Carver, A., Center, A., Cheng,
524

M.L., Curry, L., Danaher, S., Davenport, L., Desilets, R., Dietz, S., Dodson, K., Doup, L., Ferriera,
S., Garg, N., Gluecksmann, A., Hart, B., Haynes, J., Haynes, C., Heiner, C., Hladun, S., Hostin, D.,
Houck, J., Howland, T., Ibegwam, C., Johnson, J., Kalush, F., Kline, L., Koduru, S., Love, A., Mann,
F., May, D., McCawley, S., McIntosh, T., McMullen, I., Moy, M., Moy, L., Murphy, B., Nelson, K.,
Pfannkock, C., Pratts, E., Puri, V., Qureshi, H., Reardon, M., Rodriguez, R., Rogers, Y.H.,
Romblad, D., Ruhfel, B., Scott, R., Sitter, C., Smallwood, M., Stewart, E., String, R., Suh, E.,
Thomas, R., Tint, H.H., Tse, S., Vech, C., Wang, G., Wetter, J., Williams, S., Williams, M., Windsor,
S., Winn-Deen, E., Wolfe, K., ZaverI, J., Zaveri, K., April, J.F., Guigó, R., Cambell, M.J., Sjolander,
K.V., Karlak, B., Kejariwal, A., Mi, H., Lazareva, B., Hatton, T., Narechania, A., Diemer, K.,
Muruganujan, A., Guo, N., Sato, S., Bafna, V., Istrail, S., Lippert, R., Schwartz, R., Walenz, B.,
Yooseph, S., Allen, D., Basu, A., Baxendale, J., Blick, L., Caminha, M., Carnes-Stine, J., Caulk, P.,
Chiang, Y.H., Coyne, M., Dahlke, C., Mays, A., Dombroski, M., Donnelly, M., Ely, D., Esparham,
S., Fosier, C., Gire, H., Glanowski, S., Glasser, K., Glodek, A., Gorokhov, M., Graham, K.,
Gropman, B., Harris, M., Heil, J., Handerson, S., Hoover, J., Jennings, D., Jordan, C., Jordan, J.,
Kasha, J., Kagan, L., Kraft, C., Levitsky, A., Lewis, M., Liu, X., Lopez, J., Ma, D., Majoros, W.,
McDaniel, J., Murphy, S., Newman, M., Nguyen, T., Nguyen, N., Nodell, M., Pan, S., Peck, J.,
Peterson, M., Rowe, W., Sanders, R., Scott, J., Simpson, M., Smith, T., Sprague, A., Stockwell,
T., Turner, R., Venter, E., Wen, M., Wu, D., Wu, M., Xia, A., Zandieh, A., Zhu, X. (2001). The
Sequence of the Human Genome. Science 291: 1304–1351.
Verweij, E.W.E., Araaj, B.A, Prabhata, W.R., Prihandoko, R., Nijmeijer, S., Tobin, A.B., Leurs, R.,
and Vischer, H.F. (2020). Differential Role of Serines and Threonines in Intracellular Loop 3 and
C-Terminal Tail of the Histamine H4 Receptor in β-Arrestin and G Protein-Coupled Receptor
Kinase Interaction, Internalization, and Signaling. ACS Pharmacology & Translational Science 3:
321–333.
Vetter, D.E., Li, C., Zhao, L., Contarino, A., Liberman, M.C., Smith, G.W., Marchuk, Y., Koob, G.F.,
Heinemann, S.F., Vale, W., and Lee, K.F. (2002). Urocortin-deficient mice show hearing
impairment and increased anxiety-like behavior. Nature Genetics 31: 363–369.
Vigano, S., Alatzoglou, D., Irving, M., Ménétrier-Caux, C., Caux, C., Romero, P., and Coukos, G.
(2019). Targeting adenosine in cancer immunotherapy to enhance T-Cell function. Frontiers in
Immunology 10: 925.

525

Vines, C.M., Revankar, C.M., Maestas, D.C., LaRusch, L.L., Cimino, D.F., Kohout, T.A., Lefkowitz,
R.J., and Prossnitz, E.R. (2003). N-Formyl Peptide Receptors Internalize but Do Not Recycle in
the Absence of Arrestins. Journal of Biological Chemistry 278: 41581–41584.
Violin, J.D., Ren, X.R., and Lefkowitz, R.J. (2006). G-protein-coupled receptor kinase specificity
for beta-arrestin recruitment to the beta2-adrenergic receptor revealed by fluorescence
resonance energy transfer. The Journal of Biological Chemistry 281: 20577–20588.
Vogel, R., Mahalingam, M., Lüdeke, S., Huber, T., Siebert, F., and Sakmar, T.P. (2008).
Functional role of the “ionic lock” -- an interhelical hydrogen-bond network in family A
heptahelical receptors. Journal of Molecular Biology 380: 648–655.
Wachter, S.B., and Gilbert, E.M. (2012). Beta-Adrenergic Receptors, from Their Discovery and
Characterization through Their Manipulation to Beneficial Clinical Application. Cardiology 122:
104–112.
Wacker, D., Fenalti, G., Brown, M.A., Katritch, V., Abagyan, R., Cherezov, V., and Stevens, R.C.
(2010). Conserved binding mode of human β 2 adrenergic receptor inverse agonists and
antagonist revealed by X-ray crystallography. Journal of the American Chemical Society 132:
11443–11445.
Wacker, D., Wang, C., Katritch, V., Han, G.W., Huang, X.P., Vardy, E., McCorvy, J.D., Jiang, Y.,
Chu, M., Siu, F.Y., Liu, W., Xu, H.E., Cherezov, V., Roth, B.L., and Stevens, R.C. (2013). Structural
Features for Functional Selectivity at Serotonin Receptors. Science 340: 619.
Wahlstrøm, K.L., Novovic, S., Ersbøll, A.K., Hasbak, P., Jørgensen, L.N., and Hansen, M.B. (2017).
Serotonin, calcitonin and calcitonin gene-related peptide in acute pancreatitis. Scandinavian
Journal of Gastroenterology 52: 1140–1147.
Walker, C.S., Conner, A.C., Poyner, D.R., and Hay, D.L. (2010). Regulation of signal transduction
by calcitonin gene-related peptide receptors. Trends in Pharmacological Sciences 31: 476–483.
Wall, M.J., Hill, E., Huckstepp, R., Barkan, K., Deganutti, G., Leuenberger, M., Preti, B., Winfield,
I., Wei, H., Imlach, W., Dean, E., Hume, C., Hayward, S., Oliver, J., Zhao, F.Y., Spanswick, D.,
Reynolds, C.A., Lochner, M., Ladds, G., and Frenguelli, B.G. (2020). A biased adenosine A1R
agonist confers analgesia without cardiorespiratory depression (bioRxiv pre-print).

526

Wallace, K.L., and Linden, J. (2010). Adenosine A2A receptors induced on iNKT and NK cells
reduce pulmonary inflammation and injury in mice with sickle cell disease. Blood 116: 5010.
Walther, C., and Ferguson, S.S.G. (2013). Arrestins: Role in the Desensitization, Sequestration,
and Vesicular Trafficking of G Protein-Coupled Receptors. Progress in Molecular Biology and
Translational Science 118: 93–113.
Wang, J., Gareri, C., and Rockman, H.A. (2018). G-Protein–Coupled Receptors in Heart Disease.
Circulation Research 123: 716–735.
Watkins, H.A., Walker, C.S., Ly, K.N., Bailey, R.J., Barwell, J., Poyner, D.R., and Hay, D.L. (2014).
Receptor activity-modifying protein-dependent effects of mutations in the calcitonin receptorlike receptor: implications for adrenomedullin and calcitonin gene-related peptide
pharmacology. British Journal of Pharmacology 171: 772–788.
Watson, A.J., Katz, A., and Simon, M.L. (1994). A fifth member of the mammalian G-protein
beta-subunit family. Expression in brain and activation of the beta 2 isotype of phospholipase
C. Journal of Biological Chemistry 269: 22150–22156.
Weichert, D., Kruse, A.C., Manglik, A., Hiller, C., Zhang, C., Hübner, H., Kobilka, B.K., and
Gmeiner, P. (2014). Covalent agonists for studying G protein-coupled receptor activation.
Proceedings of the National Academy of Sciences of the United States of America 111: 10744–
10748.
Weiss, J.M., Morgan, P.H., Lutz, M.W., and Kenakin, T.P. (1996). The cubic ternary complex
receptor-occupancy model. III. Resurrecting efficacy. Journal of Theoretical Biology 181: 381–
397.
Werry, T., Christopoulos, A., and Sexton, P. (2006). Mechanisms of ERK1/2 Regulation by
Seven-Transmembrane-Domain Receptors. Current Pharmaceutical Design 12: 1683–1702.
Werthmann, R.C., Volpe, S., Lohse, M.J., and Calebiro, D. (2012). Persistent cAMP signaling by
internalized TSH receptors occurs in thyroid but not in HEK293 cells. The FASEB Journal 26:
2043–2048.

527

West, R.E., Moss, J., Vaughan, M., Lius, T., and Liug, T.Y. (1985). Pertussis toxin-catalyzed ADPribosylation of transducin. Cysteine 347 is the ADP-ribose acceptor site. The Journal of
Biological Chemistry 260: 14428–1443.
Weston, C., Lu, J., Li, N., Barkan, K., Richards, G.O., Roberts, D.J., Skerry, T.M., Poyner, D.,
Pardamwar, M., Reynolds, C.A., Dowell, S.J., Willars, G.B., and Ladds, G. (2015). Modulation of
glucagon receptor pharmacology by receptor activity-modifying protein-2 (RAMP2). Journal of
Biological Chemistry 290: 23009–23022.
Weston, C., Poyner, D., Patel, V., Dowell, S., and Ladds, G. (2014). Investigating G protein
signalling bias at the glucagon-like peptide-1 receptor in yeast. British Journal of Pharmacology
171: 3651–3665.
Weston, C., Winfield, I., Harris, M., Hodgson, R., Shah, A., Dowell, S.J., Mobarec, J.C., Woodlock,
D.A., Reynolds, C.A., Poyner, D.R., Watkins, H.A., and Ladds, G. (2016). Receptor activity
modifying protein-directed G protein signaling specificity for the calcitonin gene-related
peptide family of receptors. Journal of Biological Chemistry 291: 21925–21944.
Wettschureck, N., and Offermanns, S. (2005). Mammalian G Proteins and Their Cell Type
Specific Functions. Physiological Reviews 85: 1159–1204.
Whalen, E.J., Rajagopal, S., and Lefkowitz, R.J. (2011). Therapeutic potential of β-arrestin- and
G protein-biased agonists. Trends in Molecular Medicine 17: 126.
Wheatley, M., Wootten, D., Conner, M., Simms, J., Kendrick, R., Logan, R., Poyner, D.R., and
Barwell, J. (2012). Lifting the lid on GPCRs: the role of extracellular loops. British Journal of
Pharmacology 165: 1688.
White, C., and Bridge, L.J. (2018). Ligand Binding Dynamics for Pre-dimerised G ProteinCoupled Receptor Homodimers: Linear Models and Analytical Solutions. Bulletin of
Mathematical Biology 81: 3542–3574.
Widmann, C., Dolci, W., and Thorens, B. (1995). Agonist-induced internalization and recycling
of the glucagon-like peptide-1 receptor in transfected fibroblasts and in insulinomas.
Biochemical Journal 310: 203–214.

528

Widmann, C., Dolci, W., and Thorens, B. (1996). Heterologous Desensitization of the Glucagonlike Peptide-1 Receptor by Phorbol Esters Requires Phosphorylation of the Cytoplasmic Tail at
Four Different Sites. Journal of Biological Chemistry 271: 19957–19963.
Wiley, J.W., Gross, R.A., and MacDonald, R.L. (1992). The peptide CGRP increases a highthreshold Ca2+ current in rat nodose neurones via a pertussis toxin-sensitive pathway. The
Journal of Physiology 455: 367.
Willets, J.M., Parent, J.L., Benovic, J.L., and Kelly, E. (1999). Selective Reduction in A2 Adenosine
Receptor Desensitization Following Antisense-Induced Suppression of G Protein-Coupled
Receptor Kinase 2 Expression. Journal of Neurochemistry 73: 1781–1789.
Winfield, I.J. (2017). Quantifying biased agonism of adenosine and calcitonin-like receptors
(doctoral thesis).
Wingler, L.M., Elgeti, M., Hilger, D., Latorraca, N.R., Lerch, M.T., Staus, D.P., Dror, R.O., Kobilka,
B.K., Hubbell, W.L., and Lefkowitz, R.J. (2019). Angiotensin analogs with divergent bias stabilize
distinct receptor conformations. Cell 176: 468.
Winpenny, D., Clark, M., and Cawkill, D. (2016). Biased ligand quantification in drug discovery:
from theory to high throughput screening to identify new biased μ opioid receptor agonists.
British Journal of Pharmacology 173: 1393–1403.
Winzell, M.S., and Ahrén, B. (2007). G-protein-coupled receptors and islet function—
Implications for treatment of type 2 diabetes. Pharmacology & Therapeutics 116: 437–448.
Wise, H. (2012). The roles played by highly truncated splice variants of G protein-coupled
receptors. Journal of Molecular Signaling 7: 1.
Woolley, M.J., Reynolds, C.A., Simms, J., Walker, C.S., Mobarec, J.C., Garelja, M.L., Conner, A.C.,
Poyner, D.R., and Hay, D.L. (2017). Receptor activity-modifying protein dependent and
independent activation mechanisms in the coupling of calcitonin gene-related peptide and
adrenomedullin receptors to Gs. Biochemical Pharmacology 142: 96-110.
Wootten, D., Christopoulos, A., Marti-Solano, M., Madan Babu, M., and Sexton, P.M. (2018).
Mechanisms of signalling and biased agonism in G protein-coupled receptors. Nature Reviews
Molecular Cell Biology 19: 638–653.

529

Wootten, D., Lindmark, H., Kadmiel, M., Willcockson, H., Caron, K., Barwell, J., Drmota, T., and
Poyner, D.R. (2013). Receptor activity modifying proteins (RAMPs) interact with the VPAC2
receptor and CRF1 receptors and modulate their function. British Journal of Pharmacology 168:
822–834.
Wootten, D.L., Simms, J., Hay, D.L., Christopoulos, A., and Sexton, P.M. (2010). Receptor
Activity Modifying Proteins and Their Potential as Drug Targets. Progress in Molecular Biology
and Translational Science 91: 53–79.
Wu, F., Yang, L., Hang, K., Laursen, M., Wu, L., Han, G.W., Ren, Q., Roed, N.K., Lin, G., Hanson,
M.A., Jiang, H., Wang, M.W., Reedtz-Runge, S., Song, G., and Stevens, R.C. (2020). Full-length
human GLP-1 receptor structure without orthosteric ligands. Nature Communications 11: 1–
10.
Wunder, F., Rebmann, A., Geerts, A., and Kalthof, B. (2008). Pharmacological and Kinetic
Characterization of Adrenomedullin 1 and Calcitonin Gene-Related Peptide 1 Receptor
Reporter Cell Lines. Molecular Pharmacology 73: 1235–1243.
Xiao, K., Shenoy, S.K., Nobles, K., and Lefkowitz, R.J. (2004). Activation-dependent
Conformational Changes in β-Arrestin 2. Journal of Biological Chemistry 279: 55744–55753.
Xiao, Q., Jeng, W., and Wheeler, M. (2000). Characterization of glucagon-like peptide-1
receptor-binding determinants. Journal of Molecular Endocrinology 25: 321–335.
Xiao, R.P., Avdonin, P., Zhou, Y.Y., Cheng, H., Akhter, S.A., Eschenhagen, T., Lefkowitz, R.J., Koch,
W.J., and Lakatta, E.G. (1999a). Coupling of β2-Adrenoceptor to Gi Proteins and Its
Physiological Relevance in Murine Cardiac Myocytes. Circulation Research 84: 43–52.
Xiao, R.P., Cheng, H., Zhou, Y.-Y., Kuschel, M., and Lakatta, E.G. (1999b). Recent Advances in
Cardiac β2-Adrenergic Signal Transduction. Circulation Research 85: 1092–1100.
Xiao, R.P., Hohlo, C., Altschuldo, R., Jonesn, L., Livingston, B., Zimans, B., Tantinill, B., and
Lakattas, E.G. (1994). Beta 2-adrenergic receptor-stimulated increase in cAMP in rat heart cells
is not coupled to changes in Ca2+ dynamics, contractility, or phospholamban phosphorylation.
The Journal of Biological Chemistry 269: 19151–19156.

530

Yabe, D., and Seino, Y. (2011). Two incretin hormones GLP-1 and GIP: comparison of their
actions in insulin secretion and β cell preservation. Progress in Biophysics and Molecular
Biology 107: 248–256.
Yamauchi, J., Kaziro, Y., and Itoh, H. (1999). Differential Regulation of Mitogen-activated
Protein Kinase Kinase 4 (MKK4) and 7 (MKK7) by Signaling from G Protein βγ Subunit in Human
Embryonal Kidney 293 Cells. Journal of Biological Chemistry 274: 1957–1965.
Yan, K., Gao, L., Cui, Y., Zhang, Y., and Zhou, X. (2016). The cyclic AMP signaling pathway:
Exploring targets for successful drug discovery. Molecular Medicine Reports 13: 3715–3723.
Yang, D., Zhou, Q., Labroska, V., Qin, S., Darbalaei, S., Wu, Y., Yuliantie, E., Xie, L., Tao, H., Cheng,
J., Liu, Q., Zhao, S., Shui, W., Jiang, Y., and Wang, M.W. (2021). G protein-coupled receptors:
structure- and function-based drug discovery. Signal Transduction and Targeted Therapy 6: 1–
27.
Yang, F., Yu, X., Liu, C., Qu, C.-X., Gong, Z., Liu, H.D., Li, F.H., Wang, H.M., He, D.F., Yi, F., Song,
C., Tian, C.L., Xiao, K.H., Wang, J.Y., and Sun, J.P. (2015a). Phospho-selective mechanisms of
arrestin conformations and functions revealed by unnatural amino acid incorporation and 19FNMR. Nature Communications 6: 1–15.
Yang, J., Sun, H., Zhang, J., Hu, M., Wang, J., Wu, G., Wang, J., Wu, G., and Wang, G. (2015b).
Regulation of β-Adrenergic Receptor Trafficking and Lung Microvascular Endothelial Cell
Permeability by Rab5 GTPase. International Journal of Biological Sciences 11: 868.
Yang, S.N., Dasgupta, S., Lledo, P.M., Vincent, J.D., and Fuxe, K. (1995). Reduction of dopamine
D2 receptor transduction by activation of adenosine A2a receptors in stably A2a/D2 (longform) receptor co-transfected mouse fibroblast cell lines: Studies on intracellular calcium
levels. Neuroscience 68: 729–736.
Yang, Z., Yang, F., Zhang, D., Liu, Z., Lin, A., Liu, C., Xiao, P., Yu, X., and Sun, J.P. (2017).
Phosphorylation of g protein-coupled receptors: From the barcode hypothesis to the flute
model. Molecular Pharmacology 92: 201–210.
Yaqub, T., Tikhonova, I.G., Lä, J., Magnan, R., Laval, M., Escrieut, C., Boulè, C., Hewage, C., and
Fourmy, D. (2010). Identification of Determinants of Glucose-Dependent Insulinotropic

531

Polypeptide Receptor That Interact with N-Terminal Biologically Active Region of the Natural
Ligand. Molecular Pharmacology 77: 547–558.
Yeung, H.Y. (2020). Characterisation and pharmacological regulation of GLP-1-mediated
glucose homeostasis (doctoral thesis).
Yu, X.J., Li, C.Y., Wang, K.Y., and Dai, H.Y. (2006). Calcitonin gene-related peptide regulates the
expression of vascular endothelial growth factor in human HaCaT keratinocytes by activation
of ERK1/2 MAPK. Regulatory Peptides 137: 134–139.
Yuan, N., Friedman, J., Whaley, B.S., and Clark, R.B. (1994). cAMP-dependent Protein Kinase
and Protein Kinase C Consensus Site Mutations of the P-Adrenergic Receptor. The Journal of
Biological Chemistry 269: 23032–23038.
Zaccolo, M., Zerio, A., and Lobo, M.J. (2021). Subcellular Organization of the cAMP Signaling
Pathway. Pharmacological Reviews 73: 278–309.
Zaidi, M., Bax, B., Shankar, V., Moonga, B., Simon, B., Alam, A., Das, R.E.G., Pazianas, M., and
Huang, C.L. (1994). Dimensional analysis of osteoclastic bone resorption and the measurement
of biologically active calcitonin. Experimental Physiology 79: 387–399.
Zamah, A.M., Delahunty, M., Luttrell, L.M., and Lefkowitz, R.J. (2002). Protein Kinase Amediated Phosphorylation of the β2-Adrenergic Receptor Regulates Its Coupling to Gs and Gi:
Demonstration in a reconstituted system. Journal of Biological Chemistry 277: 31249–31256.
Zezula, J., and Freissmuth, M. (2008). The A2A adenosine receptor: a GPCR with unique
features? British Journal of Pharmacology 153: 184–190.
Zhang, L., Yu, Y., Mackin, S., Weight, F.F., Uhl, G.R., and Wang, J.B. (1996). Differential μ Opiate
Receptor Phosphorylation and Desensitization Induced by Agonists and Phorbol Esters. Journal
of Biological Chemistry 271: 11449–11454.
Zhang, X., Zheng, M., and Kim, K.M. (2020). GRK2-mediated receptor phosphorylation and
Mdm2-mediated β-arrestin2 ubiquitination drive clathrin-mediated endocytosis of G proteincoupled receptors. Biochemical and Biophysical Research Communications 533: 383–390.
Zhang, X.C., Liu, J., and Jiang, D. (2014). Why is dimerization essential for class-C GPCR
function? New insights from mGluR1 crystal structure analysis. Protein & Cell 5: 492.
532

Zhang, Y., Sun, B., Feng, D., Hu, H., Chu, M., Qu, Q., Tarrasch, J.T., Li, S., Kobilka, T.S., Kobilka,
B.K., and Skiniotis, G. (2017). Cryo-EM structure of the activated GLP-1 receptor in complex
with a G protein. Nature 546: 248–253.
Zhao, L.H., Yin, Y., Yang, D., Liu, B., Hou, L., Wang, X., Pal, K., Jiang, Y., Feng, Y., Cai, X., Dai, A.,
Liu, M., Wang, M.W., Melcher, K., and Xu, H.E. (2016). Differential Requirement of the
Extracellular Domain in Activation of Class B G Protein-coupled Receptors. Journal of Biological
Chemistry 291: 15119–15130.
Zheng, C., Tholen, J., and Gurevich, V.V. (2019). Critical role of the finger loop in arrestin binding
to the receptors. PLoS ONE 14: e0213792.
Zhong, H., Shlykov, S.G., Molina, J.G., Sanborn, B.M., Jacobson, M.A., Tilley, S.L., and Blackburn,
M.R. (2003). Activation of Murine Lung Mast Cells by the Adenosine A3 Receptor. The Journal
of Immunology 171: 338–345.
Zhou, F., Zhang, H., Cong, Z., Zhao, L.H., Zhou, Q., Mao, C., Cheng, X., Shen, D.D., Cai, X., Ma,
C., Wang, Y., Dai, A., Zhou, Y., Sun, W., Zhao, F., Zhao, S., Jiang, H., Jiang, Y., Yang, D., Xu, H.E.,
Zhang, Y., and Wang, M.W. (2020). Structural basis for activation of the growth hormonereleasing hormone receptor. Nature Communications 11: 1–10.
Zhou, Q., Yang, D., Wu, M., Guo, Y., Guo, W., Zhong, L., Cai, X., Dai, A., Jang, W., Shakhnovich,
E., Liu, Z.J., Stevens, R.C., Lambert, N.A., Babu, M.M., Wang, M.W., and Zhao, S. (2019).
Common activation mechanism of class A GPCRs. ELife 8: e50279.
Zhou, Q.Y., Li, C., Olah, M.E., Johnson, R.A., Stiles, G.L., and Civelli, O. (1992). Molecular cloning
and characterization of an adenosine receptor: the A3 adenosine receptor. Proceedings of the
National Academy of Sciences 89: 7432–7436.
Zhou, X.E., He, Y., Waal, P.W. de, Gao, X., Kang, Y., van Eps, N., Yin, Y., Pal, K., Goswami, D.,
White, T.A., Barty, A., Latorraca, N.R., Chapman, H.N., Hubbell, W.L., Dror, R.O., Stevens, R.C.,
Cherezov, V., Gurevich, V.V., Griffin, P.R., Ernst, O.P., Melcher, K., and Xu, H.E. (2017).
Identification of Phosphorylation Codes for Arrestin Recruitment by G Protein-Coupled
Receptors. Cell 170: 457–469.
Zhu, X., and Birnbaumer, L. (1996). G protein subunits and the stimulation of phospholipase C
by Gs-and Gi-coupled receptors: Lack of receptor selectivity of Galpha(16) and evidence for a
533

synergic interaction between Gbeta gamma and the alpha subunit of a receptor activated G
protein. Proceedings of the National Academy of Sciences of the United States of America 93:
2827–2831.
Zhu, X., Finlay, D.B., Glass, M., and Duffull, S.B. (2019). Model-free and kinetic modelling
approaches

for

characterising

non-equilibrium

pharmacological

pathway

activity:

Internalisation of cannabinoid CB1 receptors. British Journal of Pharmacology 176: 2593–2607.
Zindel, D., Butcher, A.J., Al-Sabah, S., Lanzerstorfer, P., Weghuber, J., Tobin, A.B., Bünemann,
M., and Krasel, C. (2015). Engineered Hyperphosphorylation of the β2-Adrenoceptor Prolongs
Arrestin-3 Binding and Induces Arrestin Internalization. Molecular Pharmacology 87: 349–362.
Zou, Y., Weis, W.I., and Kobilka, B.K. (2012). N-Terminal T4 Lysozyme Fusion Facilitates
Crystallization of a G Protein Coupled Receptor. PLoS ONE 7: 46039.

534

