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Abstract

G protein-coupled receptors (GPCRS) represent the largest family
of cell surface receptors targeted by therapeutics. Their diverse signalling
capabilities lead to involvement in a wide range of physiological and
disease responses. The vast majority of molecules currently available to
target GPCRs are designed to act at the binding site (the orthosteric site)
for endogenous ligands, either promoting receptor signalling as agonists, or
inhibiting as antagonists. However, a continuing challenge within GPCR
drug discovery is to develop compounds with sufficient selectivity across
closely related targets, and more nuanced mechanisms of action than
classical agonism or antagonism. Ultimately these may offer both
improved therapeutic efficacy, and better minimise the occurrence of on-

and off-target side effects.

This challenge has given rise to rapidly advancing understanding of
alternative allosteric mechanisms for GPCRs, in which molecules bind in a
separate location from the orthosteric ligand to influence receptor activity.
One such class are the intracellular allosteric modulators that bind at the
receptor-G protein interface, thereby inhibiting effector coupling and acting
as non-competitive antagonists. These types of molecules have been
identified for a few GPCR family members currently (e.g. chemokine
receptors), and offer advantages in tackling receptors with large orthosteric
binding sites, and in emergent properties such as use dependence.
Currently broader development and understanding of intracellular allosteric
modulators is hindered by a lack of suitable, high-throughput, screening
methods, with the majority identified via bespoke receptor functional
studies. There is a need for the development of a more universally
applicable screening platform for the rapid identification of intracellular

allosteric modulators at the GPCR superfamily.

This thesis describes the development of a novel approach for
screening ligands able to bind the GPCR intracellular binding site,
employing G protein derived peptidomimetics. These are 11 — 24 amino
acid peptides derived from the C-terminal tail of G protein alpha-subunits



previously identified to display G protein selective inhibition of effector
signalling, with the potential to also act as positive modulators of agonist
binding. This G protein-based selectivity is hypothesised to provide these
peptidomimetics with the ability to couple to multiple GPCRs, thereby
making them putative tools in developing more universally applicable

probes for the GPCR intracellular binding site.

Initially, a range of these peptides were characterised, varying in
length and amino acid sequence, based on their ability to alter orthosteric
agonist binding at the Gs coupled B2-adrenoceptor and Gi coupled
Neuropeptide Y1 receptor. This was achieved by the development of TR-
FRET binding assays to determine orthosteric agonist affinity via
competition analysis, in the absence and presence of Ga C terminal
peptide. Peptides were evaluated based on their ability to positively
modulate agonist affinity, on the hypothesis that their binding promotes the

receptor active conformation.

Selected peptides with the greatest modulatory capacity were then
engineered to contain a tetramethyl rhodamine fluorophore at their N
terminus and evaluated for GPCR binding directly using NanoBRET
technology. NanoBRET binding studies confirmed that fluorescent Ga C
peptides bound to the B2-adrenoceptor and Y1 receptor in an orthosteric
agonist dependent binding mechanism, preferentially coupling to the
GPCR active conformation. These studies (for example for the Gs receptor
tracer TMR-Gas19chal8) demonstrated both the use of these probes as
tracers in competition binding studies to identify competitive unlabelled
ligands binding at the intracellular modulator site, and also as activation
sensors for the receptors to rank the potency and efficacy of orthosteric
agonists. Further, proof of concept data indicated that TMR-Gas19chal8
is a probe that can be used with advanced bioimaging techniques in
conjunction with solubilised receptor lipid particles, including fluorescence
correlation spectroscopy (FCS), to provide information about both binding
and stoichiometry of the bound peptide-receptor complexes. These studies
provided future directions for further development of labelled G protein

peptidomimetic tracers to be used in FCS analysis systems.



Finally, TMR-Gas19chal8 was employed in a small-scale
screening assay to identify novel intracellular modulators of the Gs
prostaglandin EP> receptor. Utilising NanoBRET competition assays and
the TMR-Gos19chal8 probe, unlabelled small-molecule modulators were
screened, allowing accurate derivation of their binding affinity at the EP>
receptor intracellular site and subsequent evaluation of ligand structure
activity relationships. CD006 was identified as a novel small molecule
inhibitor of the EP> receptor, validated through employment of NanoBiT
complementation assay to evaluate CD006’s functional effect on receptor-

[B-arrestin2 recruitment by PGEo.

Together, the data presented in this thesis identify G protein C-
terminus mimetic peptides to be effective tools for the development of
novel, broadly applicable, tracers for GPCR intracellular allosteric binding

sites.
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Chapter 1
Introduction



1. Introduction
1.1. On the subject of receptors.

The turn of the 20" century saw the birth of arguably the most
revolutionary concept in modern medicinal biology, receptor
theory. In 1905 J.N. Langley, and arguably his contemporary P.
Ehrlich, both postulated there existed a chemical substance which
mediated drug action of physiological stimuli and explained the
variability and selectivity of drugs upon different tissues, which
Langley first described as the “receptive substance”(Hill, 2006;
Maehle et al., 2002). This paved the way for Hill and Langmuir to
propose a relationship between drug action and receptor occupancy
in 1909, which began the era of quantitative pharmacology(Hill,
1909). Hill’s equation envisaged receptors as chemical entities for
the first time and described drug action based on the relative
concentrations of ligand and receptor and an equilibrium
dissociation constant (Kp) defining ligand affinity. However, it was
not until 1926 when this theory was first utilised experimentally by
Professor Alfred Joseph Clark to describe the concentration
response curve(Clark, 1926). Clark’s proposed theory assumed
functional response was directly related to the proportion of
occupied receptors(Clark, 1933). Clark’s pioneering work allowed
for the era of quantitative pharmacology to flourish, identifying
methods for the characterisation of agonist and antagonist
properties from functional responses in isolated tissue, exemplified
by the work of Gaddum, Schild (see section 1.2.6.2) and
Stephenson. Building on from Clark’s initial hypotheses,
Stephenson postulated agonist effect was due not only to defined
affinity (occupancy), but also agonist efficacy. This provided the
first mathematical explanation of the idea of a disconnect between
agonist affinity and agonist efficacy, allowing for the
conceptualisation of full verses partial agonism and the existence of
receptor reserve(Stephenson, 1956). Despite these findings
however, receptor theory divided the scientific community until



1948 when R. Ahlquist first defined the o and B adrenergic
responses to adrenaline, noradrenaline and isoprenaline at various
tissues(Ahlquist, 1948).

Today we have a plethora of receptor and protein families, thanks
to advancements in cellular and molecular pharmacology assays
and genome sequencing. Subsequently, early-stage therapeutic
validation has shifted away from identifying broad physiological
responses to defining specific receptor functions and designing
receptor targeted compounds to bring about specific physiological
change. Of these receptors, G protein coupled receptors (GPCRS)
are the largest superfamily of membrane-bound receptors in the
human genome with over 800 singular full-length receptors
encoded. GPCRs remain the most therapeutically targeted receptor
family, with over 27% of the global market share of therapeutic
drugs(Hauser et al., 2017). This domination of the pharmacological
market is primarily due to their diverse signalling characteristics
and their subsequent role in numerous physiological processes
across all aspects of human physiology. Despite the large number of
identified GPCRs, only around 100 have been employed by
therapeutics, of which only 40-50 target class A GPCRs(Alexander
etal., 2011). This small proportion of receptors relative to the
multitude of available therapeutics targeting GPCRs (over 400 in
2017(Hauser et al., 2017)) highlights the flexibility of responses
available through GPCR exploitation, and leaves open the
possibility for alternative therapeutic modalities to exploit this

family further.

Of the therapeutics available, the majority function as orthosteric
ligands, binding at the same site as the endogenous ligand, and
produce either inhibition or activation of GPCR signalling. This
form of modulation has proven effective at treating a host of
diseases, however, it is not without its disadvantages, including the
problem of low receptor selectivity (due to high homology within

receptor subtypes, such as muscarinic or adrenoceptor families) and
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thus producing off-target side effects(Andersson et al., 2011; D.
Yang et al., 2021a).

Functional characterisation of receptor ligands through effects on
signalling leads to the following broad groups: orthosteric agonists,
orthosteric antagonists, and allosteric ligands. Orthosteric agonists
primarily function through mimicking of the endogenous ligand
binding properties, allowing for binding within the orthosteric
binding pocket and activation of the receptor once bound (their
intrinsic efficacy). Therapeutic agonists classically promote the
same response to that seen with the endogenous ligand responses
(Figure 1.1). However, agonists can vary in intrinsic efficacy
relative to the endogenous or other reference agonists, for example
a lower efficacy agonist can be revealed as partial agonism, in
which its maximum response in an assay is lower than that for the
reference ligand(Bosier and Hermans, 2007). Furthermore, several
recent studies have suggested that some ligands function as biased
agonists, in which the balance of effects through different
downstream pathways (e.g. G protein, -arrestin) differs from the
reference agonist. Structural explanations for biased agonism
describe the ability of these ligands to select between different
functionally distinct receptor conformations, though other
explanations (e.g., different ligand binding kinetics affecting
spatiotemporal signalling) are also possible(Herenbrink et al., 2016;
Piekielna-Ciesielska et al., 2018; Reiter et al., 2012; Sengmany et
al., 2017; Sivertsen et al., 2013; Stott et al., 2016).

Antagonists inhibit receptor signalling and are further
subcategorised based on their ability to be overcome through
increased concentrations of agonist and their mode of action (Figure
1.1). Surmountable antagonism is the most classical example of
antagonism, whereby antagonism arises from competitive reversible
interactions at the orthosteric binding site, thus allowing complete
reversal of inhibition upon addition of higher concentrations of

agonist. In contrast, non-surmountable effects (reduction in the



agonist maximum response, regardless of its concentration) can be
derived from non-equilibrium conditions (e.g. the antagonist is
slowly dissociating or irreversibly bound), or through ligands
exhibiting allosteric non-competitive behaviour(Hulme and
Trevethick, 2010; Sykes and Charlton, 2018).

Agonism Antagonism
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o o
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— Full Agonist — Partial Agonist _ i __ [High] Competitive
g g Vehicle antagonist
_ [Low] Competitive _ non-surmountable
antagonist antagonist

Figure 1.1. Example data depicting the classical responses attributed to
different classes of therapeutic ligands.

Allosteric ligands exhibit a wide variety of behaviours less easily
defined than classical agonists and antagonists, however, broadly
encompass compounds which bind at sites independent from the
orthosteric binding site (usually affording them greater capacity for
target selectivity between closely related receptors). Traditionally,
allosteric ligands are said to modify the effects of orthosteric
agonist cooperatively, such as endocrine or neurotransmitter
signalling. Positive allosteric modulators (PAMS) increase agonist
affinity and/or efficacy, thereby increasing activity, by promoting
agonist-favoured receptor conformations and may or may not have
their own efficacy as receptor agonists (agoPAMs). Conversely,
negative allosteric modulators (NAMs) or “non-competitive
antagonists” decrease the effects of agonists either by reducing the

affinity for agonist ligands or by reducing the ability of receptors to



signal via secondary messengers (either by steric hindrance or
unfavourable conformational stabilisation). Additionally, allosteric
modulator binding has the potential to be dependent on receptor
conformation. For example, modulator binding may be increased at
the active conformation, in this instance “uncompetitive”
mechanisms may be observed whereby the inhibitory effect of the
modulator is enhanced by the presence and binding of the
orthosteric agonist. This in particular is a potentially useful
mechanism for the design of more selective compounds which
display a “use-dependence” (effects of the modulator will be greater
in physiological systems and receptors with a high degree of native
stimulation), thereby having the greatest therapeutic effect at
localised sites of receptor activation (Astrém and Persson, 1961;
Chen et al., 1992). An example of this benefit can be seen with the
drug Memantine, a low affinity, voltage-dependent, uncompetitive
antagonist of glutamatergic NMDA receptors. Used to reduce the
cognitive decline in Alzheimer's disease, Memantine is used to
reduce the effects of excitotoxicity at glutaminergic neurones. Its
ability to target the high proportion of over-active NMDA channels
at the site of hyperexcitation, while having limited effects on
physiological levels of glutamate signalling, allows Memantine to
display reduced side-effect profiles to more classical competitive
inhibitors(Cacabelos et al., 1999; Chen et al., 1992). True allosteric
modulators, without their own pharmacological activity, also
provide the additional benefit of being reliant on the binding of
endogenous orthosteric ligands to observe an effect. In many
instances the maximal size of this effect on orthosteric agonist
pharmacology (either affinity, or efficacy or both) is limited by the
extent of co-operativity between the orthosteric and allosteric
ligands. This can generate a “ceiling” to the maximum response of
the allosteric modulator, which can be advantageous in reducing the
risk of on-target side-effects and overdose(Casadd-Anguera and
Casado, 2022; May, 2003; Oswald et al., 2016a; Sachpatzidis et al.,
2003).



1.2. G protein coupled receptors

The GPCR superfamily can be separated into classes dependent on
their evolutionary homology and specific receptor families: Classes
A (Rhodopsin family), B (secretin family), C (metabotropic
glutamate family), D (Fungal only), E (Cyclic AMP family [from
D. discoideum]) and F (Frizzled/Smoothened family). Over 700
GPCRs belong to the Class A family, the majority of which are
olfactory receptors and 241 are non-olfactory receptors, and
therefore Class A GPCRs are most commonly targeted by
therapeutics(Kroeze, 2003).

GPCRs mediate their cellular responses through the employment of
at least two distinct signalling cascades, the G-protein and f3-
arrestin pathways (although more recent studies suggest additional
signalling protein interactions exist for certain GPCR families(Happ
et al., 2022)). G-protein signalling can be separated into four main
classes depending on the specific G-protein employed by the
receptor, which classically differ through employment of variable o
subunits, in combination with B and y subunits. All classes of G-
proteins function in a GTPase cycle and therefore rely on the
exchange of GDP to GTP within the Ga subunit to facilitate
activation, followed by GTP hydrolysis to terminate Ga. protein
signalling. Agonist binding and the subsequent change in receptor
conformation to an “active state” results in G-protein GDP-GTP
exchange, uncoupling from the receptor and separation of the three
subunits into two functional units, membrane bound Go-GTP and
the GPy dimer, which both signal in various downstream

pathways(Syrovatkina et al., 2016).

G-protein classes are defined by the specific Ga subunit employed:
Gaij, Gas, Gog11 or Gagrz. These classes can be further separated
into isoforms, with qualitatively similar signalling mechanisms.

Guio 1s the largest class made up of Gail, Gai2, Gai3, Goo, Got, Gog



and Goz(Schidth and Lagerstrom, 2008). Both Gai/o and Gos are
involved with regulation of cyclic adenosine monophosphate
(cAMP) production through adenylyl cyclases and the subsequent
control of cCAMP sensitive binding proteins, such as protein kinase
A. Gos primarily stimulates adenylyl cyclases and promotes cCAMP
mediated signalling. Increased cellular cCAMP activates protein
kinase A (PKA) by binding to the regulatory PKA domains of the
inactive tetramer, freeing the catalytic PKA domains to act on
downstream targets(Taylor et al., 2012). Such targets include
modulating the activity of key intracellular signalling molecules in
the mitogen-activated protein (MAP) kinase cascade
pathway(Goldsmith and Dhanasekaran, 2007), driving changes in
gene transcription and ERK signalling. Additionally, cCAMP also
signals through exchange proteins directly regulated by cAMP
(EPACs) which bind cAMP and are associated with cellular
functions including hormone secretion and formation of cell
junctions(Cheng et al., 2008).

Activated PKA also acts to regulate L-type Ca?* voltage channels in
cardiac muscle for Bi-adrenoceptor (B1-AR) mediated
contraction(Budde et al., 2002), and activate myosin light chain
phosphatase for B2-adrenoceptor (B2-AR) mediated smooth muscle
relaxation(Aslam et al., 2010). In contrast, Gaio subunits inhibit the
function of certain isotypes of adenylyl cyclases (AC1, 5 & 6)
(Sadana and Dessauer, 2009), reducing intracellular cAMP and
limiting further downstream signalling, such as PKA driven
processes. Gaijo signalling also drives ERK activation and
subsequent gene transcription (as a result of inhibiting PKA driven
crosstalk with the Ras-Raf-MAPK cascade usually associated with

tyrosine kinase signalling(Goldsmith and Dhanasekaran, 2007)).

Unlike these cAMP associated counterparts, Gogz11 IS primary
involved in driving release of intracellular calcium. Gog/11 Subunits
activate phospholipase Cp which in turn facilitates the conversion

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



trisphosphate (IP3) and diacylglycerol (DAG). IP3is than able to
release calcium stored in the endoplasmic reticulum, increasing
intracellular calcium, and DAG promotes activation of protein
kinase C and further downstream signalling(Syrovatkina et al.,
2016). Both Goi and Gas have also been shown to play a role in
calcium mobilisation, primarily through employment of the Gy
subunit which has been shown to regulate adenylyl cyclases, K*
channels and Ca?* channels via the B-isoforms of phospholipase
C(Khan et al., 2013).

The B-arrestin signalling pathway is primarily involved in GPCR
inactivation and receptor internalisation, although arrestin
independent internalisation has been shown to occur(Bhatnagar et
al., 2001; Gray et al., 2003; Lee et al., 1998). In total, there are four
main isoforms of arrestin, Arrestins-1 to 4. Despite these various
isoforms, Arrestin-2&3 (B-arrestin-1/2) are the primary forms
involved in classical signalling and are denoted as “non-visual” due
to their ubiquitous expression compared with the “visual” arrestins
almost exclusively found within photoreceptive cells(Shukla and
Dwivedi-Agnihotri, 2020).

B-arrestin signalling is promoted upon receptor activation, and
subsequent GPCR C-terminal and / or intracellular loop
phosphorylation by G protein-coupled receptor kinases (GRKS)
recruited by the free membrane Gy subunit(Lefkowitz and Shenoy,
2005). p-arrestin recruitment facilitates receptor inactivation
through several pathways. B-arrestin binding itself provides steric
inhibition of G-protein binding thus preventing further G-protein
signalling, and promotes clathrin mediated receptor internalisation
and receptor degradation through binding of E3 ubiquitin ligases
(Shenoy and Lefkowitz, 2011). Additionally, arrestins can promote
the activation of proteins involved in degradation of G-protein
mediated secondary messengers, such as diacylglycerol kinases for
the degradation of DAG and phosphodiesterases (PDEs) for the
localised degradation of cAMP(Baillie et al., 2007; Houslay et al.,



2017). These reduce the downstream effects of G-protein pathways
upon B-arrestin activation(Reiter et al., 2012). In addition to this
inhibitory role, -arrestin signalling has been shown to scaffold
proteins involved in ERK pathway signalling and gene expression,
and potentially drive receptor compartmentalisation post
internalisation, suggesting B-arrestins play a larger role in cellular
control than just GPCR inactivation(Thomsen et al., 2016; Zhao et
al., 2004). Indeed, it is the dual functionality of B-arrestins that has
driven research into therapeutics with a preferred effect on the
signalling of certain secondary messengers, termed biased
signalling (see section 1.1). Additionally, recent advancements in
our understanding of arrestin structure and function have
highlighted possible routes for therapeutic exploitation. The
identification of GPCR phosphorylation patterns which drive
particular arrestin functional activities, termed “phosphorylation
barcoding”, and recent structural information, suggest the
possibility of multiple arrestin conformations driving particular
functions(Cao et al., 2022; Kawakami et al., 2022; Nobles et al.,
2011). These new concepts have opened the door for a wider
appreciation of arrestin-mediated responses in early drug discovery.

Together, such diverse GPCR mediated signalling pathways allow
for GPCRs and G-proteins to play a vital role across a plethora of
physiological responses and, as such, are perfectly positioned for

pharmacological exploitation.

1.2.1. Relating structure to function of GPCRs

GPCRs all display a degree of structural homology, consisting of an
extracellular N-terminus, seven a-helical transmembrane domains
(from which they get their alternative name seven transmembrane
receptors [7TM]), three extracellular loops, three intracellular loops
and an intracellular C-terminus, which is often linked to the plasma

membrane via palmitate to produce a fourth intracellular loop in
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certain families. This bundled a-helical structure allows for
multiple binding pockets within and around the receptor, allowing
access for smaller compounds with the potential to alter receptor
conformation and function(Alexander et al., 2011).

The orthosteric binding site for endogenous and small molecule
ligands is generally found within the upper half of the 7TM bundle,
accessed via the extracellular surface, and relies on interactions
with multiple transmembrane helices to facilitate orthosteric ligand
binding (Figure 1.2).The classical example of this relationship can
be seen with the binding mechanisms of ligands to the B2-AR.
When binding its endogenous catecholamine ligands (e.g.,
adrenaline, noradrenaline), a subset of particular residues within the
upper region of the 7TM bundle facilitate ligand binding and
receptor activation. Initial mutagenesis studies by Strader and
Dixon identified an aspartic acid residue (D113%%?) on TM3 was
essential for ligand binding through the formation of an ionic bridge
between its carboxyl group and the amine group of catecholamine
ligands. Similarly, mutation of serine residues S204 and S207 in
helix 5 results in a reduction in agonist efficacy due to a loss of
hydrogen bonding with their respective hydroxy side chains, while
loss of F290 further limits agonist binding through its ability to
stabilize the interaction of the aromatic catechol-containing ring
with the receptor(Rasmussen et al., 1999; Rosenbaum et al., 2007;
Strader et al., 1989, 1987).

Further diversity of the GPCR orthosteric ligand binding pocket can
be achieved through the incorporation of interactions with the
extracellular loops and N-terminus for larger ligands. This is
exemplified in the case of peptide ligands (e.g., chemokines) which,
due to their greater size and structural variability, allow for much
greater and diverse binding modalities(Wacker et al., 2010; Yang et
al., 2018; Zerbe et al., 2021). Chemokines in particular display a
two-step binding method, forming initial interactions with the

receptor N terminus, facilitating, through conformational change of
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the extracellular regions, further binding with the ECL and 7TM
regions(Liu et al., 2022).

In the case of the class A receptors, various ligands bind to similar
binding sites within the helical bundle, however, structural
variations among the extracellular loops, variations in pocket size
and physiochemical properties, results in diverse ligand
recognition(Katritch et al., 2013). Despite this diversity, Class A
receptor activation mechanics remain relatively conserved
throughout the various ligand sub-families. Within the structures
are evolutionary conserved motifs termed “micro-switches” such as
CWHxP, PIF, Na* binding pocket, NPxxY, and DRY regions, which
link the orthosteric binding pocket to the G protein-coupling region
and promote G protein activation via allosteric
interactions(Rasmussen et al., 2011; Zhou et al., 2019). As
discussed previously relating to the B2-AR, agonist binding
promotes co-ordinated reorganisation of the rotameric switch of
W54 (using the Ballesteros/Weinstein numbering
system(Ballesteros and Weinstein, 1995)) within the CWxP motif,
disruption of the NPxxY motif interactions with TM1 and 2 inner
ends, TM3 DRY motif network with TM6 and intracellular loop
residues, and PIF and Na* pocket structural rearrangements.
Together these result in a structural rearrangement that involves
rotation and movement of the inner ends of key transmembrane
helices relative to each other, particularly of an outward
displacement of the cytoplasmic end of TM6, the classical sign of
receptor activation. Rearrangement of the Na* site also facilitates
the inward movement of TM7 towards TM3 which, combined with
the rotation of Y'2 in the NPxxY motif, allows for significant
packing together of TM7-TM3. This packing alters the function of
the DRY region found at the base of TM7, which forms a salt
bridge interaction between D/E3**° and R®*C, R3*0 also forms an
additional salt bridge (the “ionic lock”) with E®3stabilising the

connection between TM3 and ICL2/TM6 in the inactive state,
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however, this interaction is lost upon ligand binding and R3* is
freed to interact with alternative residues and facilitate stronger G
protein binding(D. Yang et al., 2021b). Additionally, binding of Ga
subunits through interactions with rearranged TM3, 5 and 6 and the
intracellular loops, aids in the elimination of this interaction and
promotes formation of the active state, leading to the allosteric co-

operativity between agonist and G protein binding to the receptor,

discussed below.

Figure 1.2. Structure of a classical class A GPCR. (A) Representation of
Class A GPCR structure embedded in the plasma membrane. (B) Cryo-EM
derived structure of the class A P2-adrenoceptor (verified through numerous x-
ray crystallography and cryo-EM structures) indicating N terminus in blue and
C terminus in red (PDB: 7DHI)(Yang et al., 2020). (Intracellular loop 3 is
excluded due to high positional variability as a result of structural flexibility,

and is often deleted or replace in the protein to aid crystallisation)
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1.2.2. Advances in exploration of G protein structure and function, in

relation to the activation mechanism of GPCRs

In recent years, GPCR drug discovery has benefitted from
increasing availability of crystal and cryoEM structures to provide
a more rational basis for drug design. Previously, the ability to
obtain GPCR crystal structures has been hindered by difficulties in
receptor extraction, crystal formation for X-ray crystallography and
large variability in receptor conformations. The recent development
and advancement of Fab fragment, nanobody, mini-G-protein,
stabilising mutations (e.g., STAR technology), and the increasing
resolution of cryo-EM technologies, has driven the exponential
increase in available GPCR structures in the last decade. Such
technologies have allowed for stabilisation and visualisation of
receptors in multiple conformational states while bound to effectors
and ligands. This revolution in structural technology is perfectly
demonstrated by how studies such as the visualisation of the active
B2-adrenoceptor in complex with Gas solved in 2011, which
allowed visualisation of the integral interactions required for
receptor activation incorporating effector binding and thus
broadening our understanding of GPCR dynamics(Rasmussen et al.,

2011), to become almost routine.

1.2.3. The GPCR-G protein interaction and the high affinity state.

G protein a subunits form the primary interactions between
heterotrimeric G proteins and receptors. Structurally, a subunits
consist of a GTP-binding domain, helical insertion domain and
protruding C terminal tail. The GTP-binding domain shares a large
portion of structural homology with Ras-like, small, GTPases and
contains both switch 1 and switch 2 regions, which change
conformation depending on the nature of the bound nucleotide. The
helical insertion domain is found within the GTP-binding region

before switch 1 and hinders the nucleotide dissociation from the
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GTP-binding site. The C terminal region predominantly forms an
alpha helical structure, termed the a5 helix, which is one of the
main regions involved in GPCR binding and selectivity for
particular Ga subunits(Cherfils and Chabre, 2003).

The improved understanding of GPCR activation and
crystallisation, in combination with previous mutagenesis studies
and recent molecular dynamic simulations, allows for the
identification of essential sites of interaction between GPCRs and G
proteins(Hilger et al., 2018; Maeda et al., 2019; Mafi et al., 2023;
Rasmussen et al., 2011; Toyoda et al., 2023; Weis and Kobilka,
2008). These structures have shed light on the mechanism behind
the observed ability for G protein binding to promote increased
agonist affinity for GPCRs, and vice versa, therefore promoting a
receptor “high-affinity state”. Ultimately the allosteric stabilisation
of this ternary complex is the basis of agonist action at GPCRs.
Co-crystalised GPCR-G protein structures indicate the helical C-
terminal region of the different Ga subunits is essential for its
selective recognition and activation by receptors (Flock et al., 2017;
Mafi et al., 2023). The a5 helix docks within a cavity between TM3
and TMD5 facilitating the outward movement of TM5-TM®, thereby
generating a conformation towards the classical active
conformation, and aiding in breaking of the ionic lock(Mafi et al.,
2023). Additionally, the a5-helix limits the reformation of the ionic
lock between TM3 and ICL2/TM6, maintaining the outward shift
indicative of orthosteric ligand binding and receptor activation. This
interaction is primarily through non-polar interactions within the
pocket, with the final four amino acids of the a5 helix being
essential for coupling, as identified through mutagenesis and
chimeric messenger studies(Gilchrist et al., 2002; Hamm et al.,
1988; Rens-Domiano and Hamm, 1995; Thaker et al., 2014). In the
case of Gos, the final amino acids YELL form a reverse turn motif
which allows for the last two leucine residues to form a contact

point with TM6 and aid in the outward displacement of this region
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in receptor activation. Similarly, the tyrosine (Y) residue strongly
interacts with the conserved arginine (R) residue in TM3 and aids in
locking the two proteins together(Mannes et al., 2021). In the case
of Gai binding, the binding pocket of Gai selective receptors is
narrower, requiring Go,; to form much closer hydrophobic
interactions within the binding pocket (for class A GPCRs). This
may aid in explaining the greater Ga; promiscuity displayed by
classically defined Gos coupled receptors (e.g.,B2-Adrenoceptors),

than Ga; coupled receptors(Edward Zhou et al., 2019).

1.2.4. Pharmacological models of receptor binding and activation -

GPCR conformational dynamics upon ligand binding

Receptors, such as GPCRs can be most simply described as
molecular switches which exist in a dynamic equilibrium between

an unbound, bound and activated states:

D+R = DR DR+

Unbound Inactive Active

How well drugs bind to a site of the receptor (D + R < DR) is
known as the “affinity”, whilst the ability of the drug, once bound,
to activate the receptor (DR = DR¥*) is known as the intrinsic
efficacy. Both elements, alongside characteristics of the signalling
system, then relate to the potency and maximal response of agonist
concentration responses curves determined by the activated receptor
engaging secondary messenger effector proteins, including G

proteins and arrestin signalling(Stott et al., 2016).

Based on the law of mass action, the affinity of a ligand can be
defined by the forward and reverse rates of binding D+R — DR/
D+R < DR, which are each proportional to the participant
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concentrations. The constants relating concentration to these
rates are respectively, the ligand association (kon) and
dissociation rate constants (kofr). At dynamic equilibrium
association and dissociation and rates are equal, such that the
concentrations in the binding event (D, R and DR) no longer
change. Kp (Kkoff/Kkon) is defined at this point as the equilibrium
dissociation constant. Kp has been a staple measurement of
ligand-receptor interaction since its first coinage by Hill in
1909. Hill reported that ligand affinity, Kp relates to receptor
proportional occupancy () and ligand concentration in the

Hill-Langmuir equation(Hill, 1909):

Equation 1.

Through this, Kp can further be defined as the concentration of
ligand [D] required to occupy 50% of receptors at equilibrium
(when Kp=[D], a=0.5). However, although this relationship
provides a basic description of GPCR function/dynamics, it remains
incomplete due to the lack of incorporation of effector proteins. The
need to account for the role of such effectors resulted in the

“ternary complex model”(De Lean et al., 1980).

1.2.5. The ternary complex model

As shown in both the GPCR activation pathway and the interactions
with native G proteins (see section 1.2.1&1.2.3), the relationship
between the inactive “DR” complex and the active “DR*” relies on
complex conformational changes as a result of both ligand and
secondary messenger binding. As such, it is suggested that agonist
bound GPCRs stabilise effector binding allosterically, while

effector binding equally enhances the binding affinity of orthosteric
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agonists, generating distinct low- and high-affinity states (in
reference to the orthosteric agonist)(Warne et al., 2019). This three-
way interaction is described by the “ternary complex model”
(Figure 1.3A), originally described by De Lean in 1980(De Lean et
al., 1980).
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Figure 1.3. Evolution of the Ternary Complex model (A) The
original ternary complex model derived from the two-state model and
incorporated G protein binding, where G protein binding promotes the
stabilisation of the ARG complex(De Lean et al., 1980). (B) The
extended ternary complex model incorporated constitutively active
receptors (R*), where a receptor can adopt the active conformation in
the absence of an agonist (Costa and Herz, 1989; Samama et al., 1993)
(C) The cubic ternary complex model proposes the receptor exists in
eight different forms, either bound to a ligand (A) and/or a G protein
(G) and existing in an active (R,) or inactive (R;) state(Weiss et al.,
1996).
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However, this initial hypothesis was first expanded upon to
incorporate the identification of receptor constitutive activity
(creating the “extended ternary complex model”), before again
being expanded to include the thermodynamic interactions between
G protein and GPCR in the absence of agonist to create the “cubic

ternary complex model” (Figure 1.3B&C).

The intricacy of the cubic model, although the most complete
description of the agonist-receptor-effect interaction, renders it
unlikely to be of use in any practical application. Similarly, despite
the growing complexity of the ternary complex model, the cubic
model also remains incomplete in describing the complex
interactions at play between GPCR, ligand and effector, especially

in the context of ligand bias.

1.2.6. Pharmacological processes to quantify and explore receptor

pharmacology

1.2.6.1. Derivation of agonist functional parameters and their relation to
ligand affinity and efficacy.
Development of novel therapeutics has changed dramatically since
the first synthetic therapeutic, chloral hydrate, was developed in
1869. However, despite rapid advancement in scientific knowledge
and opportunity, the main question asked of any new drug has not
changed, what does it do? This forms the bases of all functional

experiments used to examine and identify novel therapeutics.

Within the realms of GPCR pharmacology, there are two main aims
within experimental setups: measurement of ligand binding
parameters (e.g., Ko, Bmax) and measurement of receptor functional
responses (ECso/ICso, Rmax, CO-0perativity factors)(Hill, 2006).
Advancement in radioligand/fluorescent ligand binding studies has
provided accessibility to ligand affinity data, however, the
measurement of ligand efficacy remains challenging(Soave et al.,
2020a; Stott et al., 2016). At the forefront of this problem is the
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conditional nature of functional assays, whereby their output is both
a result of ligand intrinsic efficacy, affinity and system dependent
factors (such as cell type, receptor expression levels, accessory
proteins and point in the signalling cascade). As such, what is
usually described as ligand efficacy is a combination of both
intrinsic and system dependent efficacy describing the ability of a
ligand to promote downstream signalling(Stott et al., 2016). Of the
various methods of quantifying ligand parameters, the
concentration-response curve is the most widely used for the
derivation of ligand maximal responses (Rmax) and potency (ECso).
These parameters are a mainstay in modern pharmacology,
however, despite providing a method of comparing ligands in a
single experiment (at chosen endpoints) their high system
dependence makes them poor candidates for derivation of
comparable affinity and efficacy values. In particular, the
application of over expressing cell systems (e.g., Hek 293/CHO
transfected lines), or functional readouts with high amplification in
the signalling pathway, resulting in Rmax being achieved with only a
fraction of total receptor occupancy, resulting in the presence of
“spare receptors” commonly known as receptor reserve. In
particular, this can result in agonists of quite different intrinsic
efficacy producing the same Rmax (though through different
proportional receptor occupies) , thereby overestimating efficacy
because of the lack of observed partial agonism.

Subsequently, the need to quantify functional data and derive
parameters that represent pharmacological properties of GPCR
agonists in a comparable way, led to the development of various
empirical operational models. The most well-known of these is the
Black and Leff operational model of agonism(Black and Leff,
1983). The Black and Leff model has become prominent within
pharmacology due in part to its ability to employ sets of
concentration response curve (CRC) data. The maximal response of

the system must also be estimated in the fit (Emax) requiring the
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operational model to be fit globally to multiple data sets, rather than
to individual experimental data sets. Their model provides an
estimate of ligand efficacy through a transducer ratio in the form of
“1”. Black and Leff put forward a model which described agonist
ligand action as a function of the system maximal response (Emax),
agonist dissociation constant (Ka or Kp), agonist concentration([A])

and efficacy (1):
Equation 2.

EmaxT [A]

E= K.+ [A](1 + 1)

This is derived from the ligand occupancy Hill equation (Kp is
represented as Ka in equation 2), that is, receptors and ligands
follow the laws of mass action, and that the concentration of agonist
occupied receptors [AR] is dependent on ligand concentration,
number of receptors and ligand affinity. The relationship between
[AR] and the system response was then modelled as a hyperbolic
curve, leading to the definition of Ke concentration of agonist-
receptor complexes that produce a half-maximal response. In
equation 2, T is a parameter based on the total receptor

concentration (Rt) and KE :):

Equation 3.

This therefore still makes T a combined parameter for ligand and
systemic effects, since Rt is a property of the system (receptor
number), and the coupling efficiency Ke depends both on ligand
intrinsic efficacy and system effects. As a consequence, T (or the
transduction coefficient T / Ka) is often expressed relative to a

reference agonist to allow normalisation and ranking of agonists
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across assays, for example in considering ligand bias(Stott et al.,
2016). Furthermore, the exploration of different ligands within the
same assay system and subsequent normalisation of response data
to remove system dependent components further strengthens the

validity of T as an estimation of intrinsic efficacy.

One weakness of operational models is their assumption that all
data collected is at experimental equilibrium. For example, Klein
Herenbrink et al (Herenbrink et al., 2016) have demonstrated that
functional measurements of agonist dissociation constants and t
using the operational model vary drastically depending on the
timepoint of collection. This can arise because agonists with slow
binding kinetics (kotf) take longer to reach binding equilibrium,
affecting functional potency and maximal response at earlier (non-
equilibrium) timepoints. With recent development of techniques
applicable for measuring responses regularly over time, real-time
functional response assays have allowed for the development of
analyses to model functional kinetic data by Hoare et al (Hoare,
2018; Hoare et al., 2020). These models use the concepts of the
Black and Leff model as a basis to determine kinetically derived
measures of affinity (Kp) and efficacy through direct measurement
of functional response over time. By facilitating analysis of
complete kinetic profiles of cellular responses, it is possible to
obtain a much broader understanding of cellular processes resulting
from ligand/therapeutic intervention. These models and their

application are considered in more detail in chapter 6.

1.2.6.2.  Functional derivation of antagonist affinity.
Mathematical scrutiny of functional responses allowed easy
analysis of agonist action; however, these initial methods of
defining ligand action provide little aid in the characterisation of
antagonists. Studies carried out by Clark and Gaddum established a

pattern or rightward shifts in agonist responses with the addition of
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a competitive reversible antagonist(Clark, 1937). Gaddum based his
equation on assuming equilibrium and that an equivalent functional
response could be generated by the same (although unknown) level
of proportional receptor occupancy (pa) by the agonist ([A]).
Equations 4 and 5 show the expressions for pa, pa’in the absence
and presence of the antagonist [B], where Ka is the equilibrium
dissociation constant of the agonist and Ksg is the equilibrium
dissociation constant of the antagonist (Gaddum, 1937):

Equation 4.
pA—-Eﬂ/Kk
T+l
Equation 5.
Par = [A'][A,][CBI?
Kt Tl

By equating pa and pa’, the Gaddum equation defining the antagonist
affinity Kg on the basis of the concentration ratio (CR, [A’]/[A]) and
the known antagonist concentration [B] is derived. This elegant
simplification is known as a null method as properties of the agonist
(e.g. affinity and efficacy) determining the position of the control curve
are not required — it is the magnitude of the curve shift in the presence

of the antagonist, expressed as CR that is important.

Equation 6.

[B]

K., =
B~ CrR-1

Later, Schild expanded upon this equation to allow its use with
functional response data, in which curve shifts are collected in
response to multiple concentrations of antagonist(Schild, 1947).
Equation 7 demonstrates the relationship underpinning Schild

analysis, in which a plot of log [CR-1] against log [B] should be
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linear, with an x intercept providing the estimate of antagonist
affinity as log [Kg] or -pKg. These estimates historically are also
often referred to as pA: values, since the antagonist concentration at
its Kp estimate produces a two-fold change as the concentration
ratio. Schild plots can be used to check that conditions are satisfied
for an appropriate Kp estimate, since they should be linear with unit
slope if measurements are made at binding equilibrium (non-
surmountable antagonism can result from non-competitive or slow /
irreversible effects) and the antagonist is competitive and reversible

at the agonist binding site.
Equation 7.

pKg = log(CR — 1) — log [B]

1.2.6.3.  Kinetic aspects of drug action.
The characterisation methods described thus far rely on the
assumption of experimental equilibrium, however, within the last
decade there has been growing appreciation for the role of ligand
binding Kinetics and non-equilibrium conditions within

pharmacological profiling.

Since the employment of traceable ligands (e.g., fluorescent/radio-
ligands) to characterise ligand binding kinetics, it has become
apparent that binding kinetics (especially ligand dissociation rate)
have a strong influence on drug action. The inherent longer
residence time of a ligand due to a slow off rate (koff) has been
linked to an increased duration of action in in vivo
studies(Vauquelin and Van Liefde, 2006). Similarly in the case of
antagonist with long dissociation times, this prolonged residency
provides ligands with a displayed non-surmountable mode of action
at early time points and in systems with highly variable agonist
environments(Dijon et al., 2021). An example of this is found
within the immune system and the release of localised chemokines

or cytokines. Within this dynamic environment, the addition of a
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high residency time chemokine receptor antagonist would act as an
insurmountable antagonist regardless of the high endogenous
agonist local concentration (which would ordinarily outcompete
rapidly dissociating ligands)(Casella et al., 2023).

Similarly, ligand association rate influences therapeutic capacity for
rebinding. Within environments able to facilitate ligand rebinding
more easily (i.e., local reservoirs with reduced capacity for drug
exchange with the bulk fluid subject to clearance (e.g. plasma), and
a high target protein concentration) the addition of a fast association
rate ligand results in high levels of rebinding, effectively producing
a perceived increase in localised therapeutic concentration(Sykes et
al., 2017). From a clinical perspective this results in an increase in
therapeutic duration of action and increases the occurrence of on-

and off-target adverse reactions.

1.2.6.4. The Allosteric ternary complex model

The presented methods by Black and Leff/Schild and Gaddum
provide a way of characterising orthosteric ligands using functional
data, however, these have limited utility to define key parameters
for allosteric modulators using functional data. An expansion on
the classical ternary complex model by Leach et al 2007 allowed
for further estimation on the effects of allosteric interaction on
receptor interactions(Changeux and Christopoulos, 2016; Leach et
al., 2007). This allosteric ternary complex model (ATCM) provides
description of allosteric interactions in terms of equilibrium
dissociation constants for the free receptor, Ka and Kg for
orthosteric and allosteric ligands/effectors, respectively, and the
subsequent allosteric effect that each exerts on affinity (governed
by the cooperativity factor “a’”). Values of a > 1 imply positive
cooperativity, values of o < 1 but > 0 denote negative cooperativity,

and a values equal to 1 indicate neutral cooperativity. However, this
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model is limited by its inability to account for allosteric effects on
efficacy. Consequently, an expansion to the ATCM was derived to
account for modification of agonist efficacy through combination of
the ATCM with an operational model of orthosteric agonism and
allowing the allosteric ligand to possess efficacy, resulting in the
incorporation of an additional parameter, § — as shown in equation
8.

Equation 8.

E (7alAl(Kp + aB[B]) + 75[B]K)"

E= ([AlKp + K4Kp + K4[B] + a[A][B)™ + (z4lAl(Kp + aB[B]) + t5[BlKs)™

Values of B < 1 denote an allosteric attenuation in signalling, values
of B = 1 indicate no change in the signalling capacity of the receptor
when bound to both ligands and values of > 1 denote an increased
capacity of the receptor to signal when bound to both orthosteric
and allosteric agonist. Within the subsequent model, the parameters
1A and t8 denote the capacity of orthosteric and allosteric ligands,
respectively, to exhibit agonism and incorporate the intrinsic
efficacy of each ligand, the total density of receptors and the
efficiency of stimulus—response coupling. The terms Emand n
denote the maximal possible system response and the slope factor
of the transducer function that links occupancy to response,
respectively. This model, therefore, allows estimation of allosteric
interactions through exploitation of a and B functions, which have
the capacity to change with ligands/receptors chosen, but remain
constant between assay systems. In practice the allosteric
operational model can be challenging to fit to experimental data due
to the number of parameters that need to be estimated for the
orthosteric and allosteric ligands, and the system, requiring global
fitting across several data sets (e.g. using different modulators as

well as differing concentrations) and / or the use of independent

27



estimates, e.g. for ligand affinities, to simplify the constraints.
Occasionally, simplification can be achieved by representing
overall allosteric ligand co-operativity as the combined parameter
o (Kenakin and Christopoulos, 2013; Leach et al., 2007; Thal et
al., 2018).

1.2.6.5. Practical characterisation of GPCR functional responses, using
complementation and BRET / FRET assays

Regarding GPCRs there are a plethora of functional responses and
techniques available for monitoring ligand activity, at both a
cellular level and phenotypic level. The dual signalling nature of
GPCRs provides multiple opportunities to measure cellular
responses at various stages of the signalling pathway, from G
protein/arrestin coupling to downstream changes of ion levels,
protein phosphorylation/activation, receptor regulation and
trafficking, and functional phenotypic readouts such as
proliferation, secretion and contraction / relaxation(Anton et al.,
2022a; Dixon et al., 2016; Garbison et al., 2004). Equally common
amongst studies is the use of changing cellular cAMP
concentrations as a measure of Gg;i coupled receptor activity, or the
detection of accumulating intracellular calcium, usually through the
use of fluorescent calcium sensitive dyes or biosensors(Cullum et
al., 2023). These responses represent the primary consequences of
receptor activation and subsequent G protein activation as
previously discussed. However, beyond the seen downstream
consequences of receptor activation, these techniques give little
information about the relative recruitment of effectors by the
receptors itself and risk miss-characterisation of partial agonists
(particularly in over expressing systems). Initially described in
2016, recent advancement in split luciferase bioassays utilising a

nanoluciferase (NanoLuc, Promega, Wisconsin, USA), split into
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two large and small fragments (termed LgBIiT and SmBIT
respectively) which independently display negligible luciferase
activity, but upon reversible complementation, regain enzymatic
function, allows for much easier visualisation and measurement of
direct protein-protein interactions in real time in the presence of
substrate (compared to previous irreversible approaches )(Dixon et
al., 2016). This assay, termed “NanoBiT complementation”, is
unlike more classical functional assays as it does not measure the
downstream cellular response but instead measures the recruitment
of chosen effectors to receptors directly. By fusion of the NanoLuc
fragments onto the two proteins of interest, the detection of protein
interactions is possible by the reconstitution of the nanoluciferase
fragments into a functional luciferase, which is only achieved when
the fragments (and subsequently the proteins of interest) are close
to each other. In comparison to other protein-protein interaction
approaches based on resonance energy transfer (RET, e.g.
NanoBRET), the distance constraints and reversibility to detect the
signal may be similar, but complementation offers a simpler
luminescence based readout compared to the ratiometric
measurements required for RET donor / acceptor interaction. The
SmBIT tag (18 amino acids) is also much smaller than RET partner
proteins, allowing its incorporation in proteins where larger tags
might disrupt function, and for example in genome modified native
receptor genes using CRISPR(Dijon et al., 2021; Dixon et al., 2016;
Soave et al., 2020d; White et al., 2020a, 2017).

1.2.6.6. Recent advancement in GPCR conformational biosensors

In line with the aims of NanoBiT complementation, conformational
biosensors represent an emerging strategy to interrogate ligand
efficacy at the receptor level. Development of these sensors blurs
the line between classical functional assays and binding assays,
relying on binding of labelled transducers, nanobodies and/or

resonance energy transfer techniques to detect receptor
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conformational change. Such sensors have widened our
understanding receptor states beyond those proposed by the various
models (as described previously), highlighting the many alternative
conformations stabilised by different agonists, both full and partial,
and the conformational equilibrium bound receptors occupy. These
include conformations which differentially activate particular
signalling pathways (biased ligands) or those stabilised by the
binding of an allosteric ligand, altering the activity/affinity of
orthosteric ligands (such as promoting the high affinity state)(J
Olsen et al., 2022).

Initial sensors designed to detect particular receptor conformations
employed nanobody technology. Nanobodies (Nb) are single-
domain antibodies that provide high selectivity and affinity for
particular 3D target receptor conformations. The relatively large
protein structure of Nbs allows for a high degree of modification
(e.g., addition of fluorophores or affinity tags) without having a
detrimental effect on Nb affinity or conformation (Soave et al.,
2020d). Their high degree of receptor selectivity and ability to
stabilise particular receptor conformations has particularly driven
their use within the field of GPCR crystallography and cryogenic-
electron microscopy (cryo-EM), fuelling an increase in available
GPCR structures(Robertson et al., 2022).

Transducer-based sensors have also been developed, employing
fluorescently labelled versions of proteins known to interact with
GPCRs (e.g., GRKSs, G proteins, miniG proteins and arrestins)(Wan
et al., 2018). These sensors allow the possibility of measuring
distinct receptor states (when used in parallel) and facilitate
characterisation of the activation of multiple distinct signalling
pathways by the same receptor. MiniG proteins are a key example
of such sensors, miniG proteins are synthetic G protein mimetics
which consist of the Ras-like GTPase domain of the Ga subunit
with a truncated N terminus, removing the Gy interface and the

membrane anchoring groups, and deletion of the alpha helical
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domain (Carpenter et al., 2016). Removal of the membrane anchors
allows the mini Ga protein to localise to the cytosol under basal
conditions and be recruited to the membrane upon GPCR activation
(Wan et al., 2018). Several mutations facilitate thermostablisation
of the protein for expression and purification, including a mutation
in the a5 helix of the mini Ga protein C terminal to uncouple
nucleotide release upon mini Gas protein-GPCR binding (Carpenter
et al., 2016). Mutations in the mini Gos protein gene sequence
allow for variations of peptide expression and alteration of the
GPCR interface and allow receptor specific binding and
representing other Ga protein families: Gai/o, Gag/11 and

Gal2/13(Carpenter et al., 2016).

Further to this technique, the employment of tethered transducer
proteins (e.g., SPASM sensors — tethered G protein alpha subunits)
is providing insight into small changes in receptor
conformation(Gupte et al., 2017; Kim et al., 2021). The
advancement within these transducer systems has also allowed for
the advancement of GPCR crystallography in the study of GPCR-
effector interactions, in particular the increase in structures

highlighting the interactions between GPCRs and G proteins.

1.2.6.7.  Fluorescence based approaches to derive ligand binding

parameters.

Classically, the use of radiolabelled ligands has been a staple
method for the characterisation of receptor-ligand binding since
first use by Paton and Rang in 1965, however, more recent
advancements within fluorescence-based approaches are becoming
more popular(Paton and Rang, 1965). In particular, the use of
resonance energy transfer provides advantages over radioligand
binding assays by allowing continuous homogeneous measurements

to be taken over a given time-period in real time, avoiding
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separation of bound ligand from free for quantification (e.g. by

filtration).

Initially described by Theodor Forster in 1948, Forster (or
Fluorescence) Resonance Energy Transfer (FRET) is a technique
which utilise the transfer of non-radiative energy from one
fluorescent molecule (fluorophore or fluorescent protein) to
another, resulting in the subsequent release of detectable photons
from the receiving molecule(Forster, 1948). Traditionally carried
out between two fluorophores, each fluorophore must have a
distinct excitation and emission wavelength profile with a small
degree of overlap between the “donor” emission and “acceptor”
excitation wavelengths, allowing for excitation of the acceptor
fluorophore by the donor emission(Comeo et al., 2020; Degorce et
al., 2009; Halls, 2019; Hoffmann et al., 2005; Soave et al., 2020b;
Sykes et al., 2017). The efficacy of energy transfer can be affected
by a number of factors which provide FRET advantages within
assay setups. Most important is the role of proximity between donor
and acceptor fluorophores, with FRET occurring at peak efficacy
within 1-10nm. In the context of studying ligand-receptor or
protein-protein interactions, this distance is most likely to occur
during protein interaction, allowing detection of binding within a

homogeneous system in real time(Sykes and Charlton, 2018).

A similar principle is applied within Bioluminescence Resonance
Energy Transfer assays (BRET). BRET again relies on the transfer
of light energy from a donor to acceptor for the measurement of
protein interactions(Angers et al., 2000; Pfleger and Eidne, 2006).
Where BRET differs from FRET is through the generation of the
donor emission. Unlike FRET, BRET makes use of
bioluminescence generated by luciferase enzymes (upon substrate
addition), rather than fluorophore laser driven excitation, to provide
the excitation necessary from stimulation of nearby fluorophores.
This removes the need for receptor/protein labelling with expensive

reagents such as Terbium (e.g. in TR-FRET) and simpler detection
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with platereader based systems, since the donor emission is
controlled with addition of a substrate, rather than fluorescence
excitation (Pfleger and Eidne, 2006; Stoddart et al., 2016, 2015;
White et al., 2020a).

As mentioned, the primary benefit (beyond safety advantages) of
using these fluorescence-based approaches is the ability to measure
binding in real time over a chosen time-period within a single assay
well. This contrasts with previous radioligand binding approaches
which were used primarily to measure equilibrium “endpoint”
readings due to greater complexity in carrying out Kinetic
experimentation using single timepoints per well. The ability to
measure ligand interactions from non-equilibrium timepoints to
equilibrium has opened novel methods for quantifying ligand
affinity and efficacy kinetically and given insight into how non-
equilibrium conditions affects drug action. The ability to
characterise ligands through their kinetic profile is essential,
however, understanding of collected data (and subsequent
derivation of meaningful parameters) can be challenging.
Mathematical models aim to address this by allowing for derivation
of standard ligand affinity values (Kon/Koff, Kp) through global
fitting of experimental kinetic data. A key methodology for utilising
binding data to understand the kinetics of competing compounds
was designed by Motulsky and Mahan in 1984(Motulsky and
Mahan, 1984). Their method explored the relationships between
labelled ligand (radioligand in the original study) and unlabelled
ligand binding within competitive association experiments.
Through this competition analysis they aimed to describe
pharmacological parameters of the unlabelled ligand at non-
equilibrium conditions in relation to the labelled ligand’s
association and dissociation rates, and the concentration used. This
model generates competition association curves to multiple
unlabelled compounds with varied association and dissociation rate

constants according to:
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Equation 9.

Y=0- (k4 - DIFE + ko = Fr e(—KrX) _ka =K e(—l@X))
KF ' Ks KF Ks
Where:
Equation 10.

KA == kl[L] + k2

Equation 11.
Kg = ks U]+ ky
Equation 12.
S = ((Ky = Kg)* +4-ky ks - [L] - [1]-1072%)
Equation 13.
Ke =05 (K4 +Kg+5)
Equation 14.
K;=05- (K, + Kz —5)
Equation 15.
DIFF = Ky — K;
Equation 16.

Bnax - k1 - [L] -107°
DIFF

Q=

where X = time (minutes), Y = Specific binding, ki = kon tracer
(molar?! minute) , kz = kot tracer (minute™®), [L] = tracer ligand
concentration (NM) and [I] = unlabelled ligand concentration (nM).
Fixing these values to those obtained from tracer binding

experiments carried out on the same day allowed derivation of
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unlabelled ligand association (ks) and dissociation (k) rate
constants and Bmax = system maximal specific binding at

equilibrium.

More recent development of fluorescent homogeneous technology
as allowed for an increase in the appreciation of ligand kinetic

parameters. This has driven an increase in the available techniques
for measuring ligand kinetic parameters, particularly in the context
of orthosteric ligands, however the role of allosteric ligand Kinetics

remains underexplored.

1.3. The advancement in intracellular allosteric modulator

pharmacology

1.3.1. Unlocking the potential of intracellular allosteric modulators

An emerging technique designed to counteract the issues resulting
from poor therapeutic selectivity is the use of intracellular allosteric
antagonists. Intracellular allosteric modulators provide a novel
approach for selectively targeting GPCR signalling by direct steric
inhibition of effector (e.g., G protein/arrestin) binding(Mohanty et
al., 2023; Ortiz Zacarias et al., 2018). The G protein binding pocket
between TM3 and TM5 discussed in section 1.2.3 provides an
allosteric binding site accessible to such cell permeable small
molecule therapeutics. These have the potential to not only
antagonise receptor function, but also harbour greater selectivity for
distinct receptor conformations, for example active versus inactive
states (Figure 1.4). Potentially this would allow different modalities
of the allosteric antagonist to emerge, such as a use-dependent,

uncompetitive, mode of action(Jiang et al., 2020).

To date, the exploration of use-dependent ligands has been limited
within the field of GPCR drug discovery, however the benefit of

these ligands has been extensively utilised within ion channel and
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enzyme therapeutics (as discussed in section 1.1)(Boulton et al.,
2018; Cacabelos et al., 1999). The benefit of these ligands is they
provide reduced on- and off-target side effects due to their
preference for the active conformation, thereby increasing their
potency considerably at sites of high receptor activity such as sites
of inflammation. Despite the benefits displayed by such ligands, the
development of GPCR uncompetitive ligands has been hindered by
the limited conformational change within the orthosteric binding
pocket upon receptor activation. Enzyme and ion channel targeted
uncompetitive ligands are able to exploit highly dynamic protein
conformational changes to carry out their function, however, the
region of GPCR conformational change is spread more evenly
across the receptor transmembrane structure. However, the largest
conformational shift occurs to facilitate release of activated G
proteins at the intracellular site which provides a putative
mechanism for the development of GPCR targeted use-dependent
ligands(Latorraca et al., 2017; Liu et al., 2017a; Xu et al., 2023).
Despite the more universal binding mechanisms employed by the
native G protein alpha subunits, the helical bundle structure of
GPCRs allows for multiple smaller putative small molecule binding
regions within this intracellular pocket which displays high
sequence diversity across receptor families compared to the
orthosteric binding site(Flock et al., 2017). This holds the potential
for the development of increasingly selective therapies with
potential uncompetitive, use-dependent, modes of action. Such
compounds, employed alone or in combination with other
therapeutics, would provide a new angle for tackling the problem of
on- and off-target side effects within GPCR therapeutics.
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Figure 1.4. Representation of intracellular allosteric modulator function.
Binding of the intracellular modulator occurs within the same region as the
native secondary messengers (e.g., G proteins), thereby inhibiting downstream

signalling. *Indicates active receptor complex.



To date there has been limited success in the identification and
development of novel small molecule compounds able to exploit
the intracellular binding pocket, with a key limitation being the
difficulty of identifying compounds which preferentially bind this
region in a high throughput manner. Current techniques designed to
identify and characterise these compounds are very receptor
specific and rely on determining effects on functional responses
brought about by these compounds or the effects these compounds
have on agonist binding. However, without carrying out these
assays in combination with mutagenesis studies of the chosen
receptor it is increasingly difficult to identify the exact mode of
action and binding site of these compounds. More recently, the
employment of cryo-EM technology has facilitated increased
identification and understanding of intracellular allosteric ligand-
receptor interactions(Jiang et al., 2020; Liu et al., 2017a), however,
this remains a highly complex and low-throughput method for
characterisation of novel ligands and therefore limits the rate of
drug discovery in this area. Additionally, ligands identified in this
manner are not necessarily successful when transferred into
biological systems, likely due to cryo-EM's need for exceptionally
high ligand concentrations and employment of a purified receptor
system resulting in interactions incompatible within native
environments (Andrews et al., 2008; Huber et al., 2022; Liu et al.,
2017a; Oswald et al., 2016b).

1.3.2. Recent advancement in intracellular allosteric modulator drug

discovery

Among the small number of compounds identified which bind to
this region, the greatest success has come from targeting the
chemokine receptor families, especially CXCR and CCR families.
CCRA4 was the first of these receptors to be targeted by such

compounds and Andrews et al, through a combination of
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mutagenesis studies, radioligand binding assays and functional
assays, identified two compounds able to antagonise CCR4
signalling with selectivity over CCR5 being dependent on the
structure of the intracellular C terminus. By showing that these
compounds required intracellular access and preferential binding to
receptors with CCR4 C termini, they were able to devise a putative
intracellular binding model for compounds which bound to this
region of CCR4, and to a lesser degree CCR5(Andrews et al.,
2008). Similarly, radioligand binding studies by Zweemer et al and
Walter et al employing a number of CCR2 and CCR9 targeted
ligands, respectively, identified CCR2-RA-[R] and CCX282-B,
allosteric modulators of CCR2/CCR9 signalling. Further
mutagenesis studies identified their respective binding sites to be
located at the intracellular site of the receptor(Walters et al., 2010;
Zheng et al., 2016; Zweemer et al., 2014, 2013).

Following on from these initial findings, Nicholls et al were able to
identify compounds with similar binding properties at CXCR1 and
CXCR2(Nicholls et al., 2008). In addition to similar mutagenesis
and functional assays, they were able to show that antagonist
binding within this intracellular region had a negative effect on
endogenous ligand binding, in this case CXCLS8. This relationship
suggested highly negatively co-operative mode of allosteric
antagonism when targeting this site, whereby, the binding of the
antagonist and orthosteric agonist is mutually exclusive and has the
appearance of an effective competitive binding model despite these
ligands having independent binding sites. This hypothesis was
further strengthened by the inclusion of receptor modelling of
CXCR2 and the identification of a potential intracellular
hydrophobic cavity which, combined with mutagenesis and
compound structural relationships, is a putative binding site for

these compounds.

The identification of this intracellular site and compounds able to

bind this region led to the development of further compounds
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targeting CXCR1 and 2 with greater selectivity and efficacy at this
binding site, as well as greater characterisation of pre-existing
compounds. Navarixin is one such compound. Originally
discovered in 2006, navarixin was shown to inhibit chemotaxis of
polymorphonuclear cells, such as macrophages, a response known
to be attributed to CXCR1/2 activation(Dwyer et al., 2006;
Gonsiorek et al., 2007a). The inclusion of a chiral centre results in
two (R and S) enantiomers which display large variation in affinity
for both CXCR1 and CXCR2(Casella et al., 2023; Lu et al., 2018).
This variability, and subsequent variability in selectivity for
CXCR2 over CXCR1, indicates the importance of this chiral centre
in producing selective binding and highlights the selective potential
provided of this intracellular binding site in future compound
development. Additionally, recent fluorescent-navarixin binding
data has furthered the potential role this binding region can play
through characterisation of various CXCR2 intracellular ligands
displaying large variability in their binding kinetics, and therefore a
high degree of selectivity and functional potential(Casella et al.,
2023).

More recently, this intracellular site has been identified and
exploited at the prostaglandin receptor EP2 (discussed in section
8.2.1) and P2-adrenoceptor, indicating the presence of a conserved
allosteric binding site potentially present across a range of
GPCRs(Jiang et al., 2020; Liu et al., 2017b). These compounds are
the first examples of a more general potential to design IAMs acting
at Gs, as well as Gi coupled receptors, and beyond the specific
chemokine receptor family.

The B2-adrenoceptor ligand “compound-15” was identified in 2017
through employment of X-ray crystallography and subsequent
radioligand binding assays to determine IAM mediated changes to
agonist affinity. Compound 15 was found to bind within the G
protein binding site, displaying a preference for binding the inactive

receptor conformation. This resulted in compound-15 having the
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capacity to decrease orthosteric agonist affinity, potentially having
a dual role in inhibiting signalling through both steric hindrance of
effector coupling, and reduction in agonist binding. However,
compound-15 was only shown to have significant therapeutic
potential at high concentration (<30uM). The combination of a low
modulatory potency with additional complications, including the
potential for protein binding, ligand degradation and reduced target
access, means compound-15 is unlikely to have a clinically relevant
effect. Additionally, the methods employed to facilitate X-ray
crystallography require a high degree of receptor modification in
order to stabilise the protein conformation. As such, mutations are
introduced, a number of which are within the compound-15 binding
site, thereby providing limited translational data regarding the

native endogenous receptors.

1.4. G protein peptidomimetics

1.4.1. Exploring the GPCR-G protein interaction using G protein

mimetics peptides

An alternative approach to targeting receptor-G protein effector
allosteric sites has been highlighted by the investigation of GaC-
terminal peptides(Gilchrist et al., 2002). These peptides are derived
from the final amino acids found at the C-terminal end of the Ga5
helix, however the exact length of the peptides used to date varies.
The initial concept of GaC-terminal peptides was born from the
identification of key residues in G-proteins, primarily residing in
the C-terminus, which facilitate GPCR-Ga subunit binding and G-
protein selectivity as discussed above in section 1.2.1, 1.2.2 &
1.2.3(Hirsch et al., 1991; Miller et al., 1988). G-peptides were first
employed during these initial studies as tools for identifying the
interacting residues between G-proteins and GPCRs. Previous
research had already broadly implicated the C-terminus of Ga-

proteins with GPCR binding and therefore Hamm et al pioneered
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these peptides and utilised the final 17 amino acids of Goy, as a Ga
peptide, to show that this region of the G-protein was able to bind
to and inhibit signalling from the rhodopsin receptor(Hamm et al.,
1988). Furthermore, the team also pioneered and demonstrated the
use of synthetically designed Ga peptides as tools for understanding

GPCR-effector interactions.

Mutagenesis studies from Conklin et al(Conklin et al., 1993) built
upon these early findings and provided early evidence for the role
of the Ga5 helix C-terminus in G-protein recruitment. This study
involved the manipulation of Gag and subsequent switching of
preferred GPCR effector subtype through modification of the Ga5
C-terminal region of G-proteins. In this study the o2-adrenoceptor,
Adenosine 1 receptor and Dopamine 2 receptor were employed due
to their selectivity for Gai coupling. It was hypothesised that varied,
incremental, alterations of the final 23 amino acids of the Goyq
subunit to match corresponding residues found in the Goi a5 helix
would result in varied activation of the Gogq PLC pathway upon
receptor activation through chimeric Gagsi recruitment. Initial
experiments gave positive results for Gogq mediated responses with
varied degrees of PLC activation, predominantly dependent on the
number of Ga; amino acids incorporated. Further analysis indicated
that chimeras containing the final 3-13 Goi amino acids produced
the most PLC activation indicating their prominent role in GPCR-
G-protein interactions and strengthening previous findings

regarding the role of G-protein C-termini.

Alongside these observations came the proposal that overexpression
of C-terminal peptides as minigenes may provide a form of
inhibition through competition with native G-proteins for GPCR
binding. Initial testing of this hypothesis by Palm et al and
Rasenick et al gave evidence supporting this hypothesis, showing
that expression of Gos peptides of varying lengths produced varying
levels of selective G-protein inhibition or signalling

modification(Palm et al., 1990; Rasenick et al., 1994). Furthermore,
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these initial studies provided hypotheses and evidence for
identifying the role of Ga peptide binding in promoting the active
state of GPCRs, thus increasing agonist affinity. Rasenick et al
emphasised the potential for this phenomenon through
identification of Gas peptides able to increase agonist affinity at -
adrenoceptors. The study made use of C6 cell membranes and
saponin treated cells (promoting cell permeability) to study the
effects of synthetic, site-specific, peptides from Gas corresponding
to amino acids 15-29, 354-372, and 384-394 and Goi (8-22, 315-
324, and 345-455). Firstly, the peptide’s ability to bind, and
therefore inhibit signalling from, the 3-adrenoceptors was assessed
through measurement of cCAMP levels upon stimulation with
isoprenaline. In permeable cells, incorporation of Gas peptides 354-
372 and 384-394 produced a large reduction in isoprenaline driven
cAMP levels compared to untreated, Gai and Gas -15-29 treated
cells. Having indicated their selective binding capability these
peptides were then used in cell-based competition assays measuring
binding affinities of cold isoproterenol through competition with
125]-pindolol (IPIN). These assays showed that Gas 384-394 and
354-372 peptides were able to increase isoproterenol affinity,
indicating promotion of the active receptor conformation. Carrying
this forward these peptides were tested for a concentration
dependent relationship with isoproterenol-IPIN competition (using
fixed concentrations of both ligands). This identified peptide 384-
394 was able to cause an increase in isoproterenol potency with
increased peptide concentration, thus again indicating an increase in

active state receptors.

Rasenick et al further showed that peptide-G-protein competition
did indeed occur through the addition of Gpp(NH)p into
isoproterenol competition studies. Gpp(NH)p acts as an alternative
to GDP/GTP in G-protein activation, allowing binding within the
RAS domain but inhibiting hydrolysis. This causes permanent

uncoupling of the G-protein from receptors which displays as a
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reduction in agonist affinity through promotion of the inactive state.
The addition of Gpp(NH)p into the previous competition assays,
using a fixed concentration of peptide 384-394, showed that even in
the presence of the peptide there was a proportional decrease in
agonist affinity upon Gpp(NH)p addition, indicating that the 100
MM concentration of peptide still allowed for native G-protein
binding. However, this native binding was negated through
increased concentration of peptide 384-394, indicated by
Gpp(NH)p having no effect on agonist affinity in these assays. The
combination of these results indicated that peptide 384-394
displayed a competitive, surmountable antagonistic relationship
with native G-proteins.

Studies by Gilchrist et al enhanced these concepts through
characterization of Goi peptides and their inability to promote the
active conformation of the receptor(Gilchrist et al., 1998). Gilchrist
et al began by characterising the effects of multiple Go. C-terminal
peptides, consisting of the final 11 amino acid residues of various
Ga subtypes, on the Adenosine Al receptor. Al preferentially
functions through the use of Gai and it was hypothesised that Gai
peptides and Gat peptides, which share a large proportion of
sequence homology, would selectively inhibit Al signalling. Using
membranes from an Al expressing CHO-K1 cell line, the effects of
peptides derived from Gai, o, s, t and six synthetic t variants were
determined through us of radioligand binding assays and
competition assays, measuring the receptor affinity for N6-
cyclohexyl-adenosine (CHAd) or N6-R-phenylisopropyladenosine
(R-PIA, A1 agonist) with and without the presence of Ga peptides.
These assays showed that Goij and Gao inhibited CHAd specific
binding in a concentration specific manner. Conversely to previous
Gos peptide data, these initial observations suggested that Gaio
peptides could still compete with heterotrimeric G proteins for
interactions with A1l but did not promote the active state of the

receptor.
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In addition to the primary research outcomes presented, both
Rasenick’s and Gilchrist’s publications indicate that not all the C-
terminal a5 helix is needed to produce a G protein selective peptide.
In both cases only the final 11 amino acids were used and were still

able to cause selective functional inhibition of G protein signalling.

1.4.2. Recent advancement in Ga peptides and their potential role in

Cryo-EM

More recently the subject of G protein mimetics, particularly
regarding a5 derived peptide length, has been further explored by
Mannes et al through radioligand binding studies at the [2-
adrenoceptor(Mannes et al., 2021). Here the affinity of unlabelled
agonist isoproterenol was determined through competition with
[*H]-dihydroalprenolol in the presence of Gas peptides of varying
sequence length, structural alterations, or sequence modifications.
In agreement with previously published findings, Mannes found
that these peptides promote the active conformation, however in
contradiction to previous publications, the 11 amino acid peptide
did not have any effect on agonist affinity. To further explore these
findings the team developed alternative peptides derived from the
Gas C terminus incorporating peptide elongations (11-25 amino
acid chains), non-native amino acids, N/C-terminal modifications,
and cross-linking “molecular staples” for stabilisation of the peptide
structure. Through subsequent radioligand binding assays they were
able to derive the effects of these modifications on the relative
modulatory effects elicited by the peptides, through modulation of
isoproterenol affinity. These results indicate that the integrity of the
secondary structure, and subsequent structural homology to native
protein alpha subunits, is integral for the binding and function of
the peptides in promoting the receptor active state(Mannes et al.,
2021). Furthermore, of the 17 peptides explored, those which

facilitated the greatest increase in agonist affinity (thereby
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promoting the greatest number of high-affinity receptor states)
incorporated a cyclohexylalanine residue within the C-terminal
region. This modification (in place of leucine residues in the -2
position) appears to act by increasing the hydrophobicity of this
peptide region and suggests, as has previously been shown, that the
final amino acids of the a5 helix play an essential role in promoting

receptor interactions.
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2. Thesis Aims
The ability to bind to the intracellular binding pocket of GPCRs

provides G protein based peptidomimetics similar characteristics to
the previously developed mini-G protein technology and the use of
GPCR conformationally selective nanobodies. As such, there are a
plethora of established roles in which these peptidomimetics can be
utilised, ranging from stabilisation of GPCR states for structural
studies to understanding and exploiting receptor-effector
interactions. The initial development of mini-G proteins and
nanobody techniques was for the identification of novel GPCR
structures within particular conformations. Subsequently, these
tools were designed to have high binding affinity and long
residency times to produce an irreversible mechanism of binding
and allow for stabilisation of active receptor conformation. Where
these peptides differ functionally from these more established forms
of characterising the intracellular binding site is primarily in their
putative lower affinity. Furthermore, observed competition between
Ga peptidomimetics and native G proteins highlights their
potential use in competition-based screening assays for identifying
new intracellular modulators, including small molecules. A low
affinity and shorter residency time would provide G protein
peptidomimetics the unique ability to provide fast kinetic profiles of
both orthosteric and allosteric ligand interaction. Additionally, their
G protein origin potentially allows for screening without having to
rely on selective receptor-tracer interactions, opening the possibility
of wider target screening where fluorescent/radiolabelled tracers are
limited.

This thesis aims to explore a range of G protein derived
peptidomimetics for multiple G protein classes and determine their
utility in a range of pharmacologically relevant techniques,
including their use as more universally applicable fluorescent

tracers for the characterisation of GPCR ligand interactions.
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In Chapter 4, the allosteric efficacies of various Gas and Gai
derived peptides are determined through changes in agonist
affinities, measured using fluorescence resonance energy transfer
techniques. Peptides consisting of 11-24 amino acids are employed
to identify the role of peptide primary and secondary structure on
their ability to modulate signalling at the B2-Adrenoceptor and
Neuropeptide Y1 receptor.

Chapter 5 explores the use of click-chemistry techniques in the

development of alternative Gas derived peptide tracers.

Chapter 6 employs fluorescently tagged peptides to further explore
the binding of G protein peptidomimetics directly. Use of BRET
technology allowed for identification of the use-dependent nature of
peptide binding as well as their role as tracers in intracellular
competition assays and as orthosteric agonist driven active-state

biosensors.

Chapter 7 aims to characterise the use of fluorescently labelled
peptides in fluorescence correlation spectroscopy techniques.
Binding of tracer peptides to f2-Adrenoceptors is explored to
determine acute peptide binding events and future utility in
microscopy-based techniques (e.g., the identification of receptor

dimerization).

Chapter 8 describes the use of a novel peptidomimetic tracer within
a small scale, medium-throughput screen of novel small molecule

intracellular allosteric modulators of the prostaglandin EP-.
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3. Materials and Methods
3.1. Materials

Ga C-terminus peptides and HiBiT peptide were purchased from
Genscript Biosciences Ltd (New Jersey, USA), generated by solid-
phase peptide synthesis with <98% purity. Stocks were stored as
solid or in solution (double distilled H.O or DMSO) at a 10mM
concentration in individual 2 pl aliquots at -20°C. All additional
compounds (manufacturer as stated in specified chapters) were
stored in solution using either double distilled H2O or DMSO at
concentrations of 10mM-200uM in individual aliquots at -20°C
prior to use. All mammalian expression vectors and
lipofectamine/lipofectamine 3000 reagents were purchased from
Invitrogen (Paisley, UK). All cell culture reagents and additional
buffer reagents were obtained from Sigma Aldrich (UK). Human
Embryonic Kidney 293T (HEK293T, ATCC CRL-3216,
Invitrogen) cells were selected as a commonly used model cell line
used to express recombinant proteins of interest. HEK293T cells
are engineered to express the simian virus 40 (SV40) large T
antigen (DuBridge et al., 2023). This enhances high efficiency
transfection of expression vectors, such as pcDNA3.1, where the
antibiotic resistance gene is controlled by an SV40 promoter(Fox et
al., 2015). Mammalian expression selection antibiotics zeocin and
Geneticin were provided by Thermo Fisher Scientific and
Invitrogen. The SmBIT and LgBiT sequences for the NanoBiT
assay constructs, and Nanoluciferase substrate furimazine were
obtained from Promega corporation (Madison, US). Compounds for
EP> competition screening were synthesised and purified by
Constance Dalton and Shailesh Mistry (University of Nottingham)
and stored at a 10mM concentration in DMSO as individual 2 pl
aliquots at -20°C.
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3.2. Development of receptor constructs for cellular and

membrane-based assays

Gene expression vectors are employed to encode proteins of interest
for transfection and expression within mammalian and prokaryotic
cell cultures(Makrides, 1999). These also facilitate modification of
the expressed proteins to aid in biological exploration, including
conjugating to a peptide tag or mutating key amino acids. A number
of expression vectors have been developed to suit different
expression systems. These share common features to ensure
suitable transcription (generation of mMRNA from DNA for protein
translation) efficiency, propagation in prokaryotic cells and
selection in mammalian cells. In all cases, expression vectors
contain promoters and enhancers to facilitate the initiation of
transcription, such as the human cytomegalovirus (CMV) promoter
to enhance protein transcription in mammalian cell lines. Vectors
also contain a polyadenylation tail to protect mRNA from
degradation, for which a SV40 poly(A) sequence was used(Hoff et
al., 1993). Expression protein cDNA inserts typically contain a
Kozak consensus sequence to improve the efficiency of protein
translation(Kozak, 1987).

Within this thesis, receptor constructs were placed within
pcDNA3.1(+)neo vectors (Figure 3.1). This vector contains the
human cytomegalovirus immediate-early (CMV) promoter to
achieve high expression of the inserted cDNA within mammalian
cell lines, and a bovine growth hormone (bGH) polyadenylation site
for effective termination of transcription. Inclusion of neomycin
(neo) and ampicillin resistance genes allows for efficient selection
of transfected colonies in both mammalian and E.coli systems. In
all cases, constructs were generated by restriction digestion of
previously generated receptor constructs, and re-ligation of desired

fragments into target plasmids.
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Restriction digestion is the process of cutting DNA into smaller
fragments via endonuclease enzymes. Specific endonucleases
recognise particular sequences within DNA strands and cut the
phospholipid backbone either symmetrically (generating “blunt
ends”) or asymmetrically (generating “sticky ends”). All
endonucleases employed within this thesis resulted in the formation
of sticky ends for easy reconstitution of DNA fragments and re-
ligation (reforming of the phospholipid backbone integrity) within
new vectors. Where indicated, receptor templates utilised were
modified to include an N-terminal SNAP-tag sequence for the
benzyl guanine mediated conjugation of fluorophores(Keppler et
al., 2004).
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Figure 3.1. Plasmid maps. (Top) p3.1 vector plasmid indicating functional

regions of DNA sequence used for the expression and replication of the
plasmid in both bacteria and mammalian systems. (Bottom) p3.1 vector with
example receptor/thermostable(ts)Nluc/LgBiT fragments inserted within the
multiple cloning site (MCS). Other regions shown include antibiotic resistance
genes (NeoR/KanR/AmpR), various bacterial and mammalian
enhancer/promoter regions for RNA polymerase binding and bacterial and

mammalian replication origin sites (ori) for DNA polymerase binding.
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3.2.1. p»-AR constructs:

p3.1neo(+)-SNAP-B2-AR (GenBank: BC073856.1) was provided
by Dr Nicholas Holliday. Modified B2-AR construct p3.1neo(+)-
SNAP-B2-AR-tsNluc (Figure 3.1) was made from previously
generated plasmid vectors p3.1neo(+)-SNAP-f2-AR-LgBIT
(generated by Dr Nicola Dijon, University of Nottingham) and
p3.1neo(+)-thermostable Nanoluciferase (tsNluc, GeneArt Gene
synthesis, Invitrogen; designed by Dr Nicola Dijon). The
thermostable nanoluciferase includes point mutations to improve
nanoluciferase stability, as described in Hoare et al (2023,

submitted for publication) and by Promega (Dixon et al., 2016).

To perform restriction digests, 2L 10 x Digestion buffer Green
(New England Biolabs, containing gel loading dye) was added to
2ug p3.1neo(+)-tsNluc plasmid, and 2uL 10x digestion buffer was
added to 2ug p3.1neo(+)-SNAP-B2-AR-LgBIT. Double distilled
H20 was added to a final assay buffer volume of 20 pl. cDNA
vectors underwent digestion with 1U Xhol and XbaR1 (New
England Biolabs) for 2 hours at 37°C prior to enzyme inactivation
at 72°C for 20 minutes. This digestion excised the LgBiT and

tsNluc fragments from each vector.

Gel electrophoresis was used to isolate 522bp tsNluc insert
fragments from digestion reaction mixture containing p3.1neo(+)-
tsNluc. Gel electrophoresis is the separation of DNA fragments by
size using an 1% agarose gel and applying an electrical field to
move negatively charged DNA towards the positive electrode(Aaij
and Borst, 1972). The agarose gel percentage adjusts the separation
of shorter and longer DNA fragments based on the speed of their
migration. To do this, 40mL TBE buffer (89mM Tris base, 89mM
boric acid, 2mM EDTA, pH: 7.6) was added to 400mg agarose
solid and microwaved for 1 minute to allow for full solubilisation of
agarose. Once cooled to room temperature, 0.125uLmL* ethidium

bromide (to visualise the DNA under UV illumination) was added
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prior to addition of resulting 1% agarose gel to the mould. Once
solidified, the gel was transferred to electrophoresis gel tank
containing 500mL TBE buffer. 6puL 1kb DNA ladder (New
England Biolabs) was added to outer wells and digestion reaction
sample (20uL) was loaded into adjacent well. The gel was run for
40 minutes using 80V, 100A electrical output to allow sufficient
DNA separation. The gel was then removed and imaged by ultra-
violate light prior to collection of the fragment aligning to the
500bp region of reference ladder. tsNluc fragment was obtained
from gel using Sigma-Aldritch Gel purification kit. tsNluc
containing gel fragment was immersed in 3 volumes of gel
solubilisation solution (300 pl / 100 mg gel) and heated at 52°C
until dissolved. A silica filter “GenElute” binding column was
prepared using high salt column prep solution applied by
centrifugation (14000rpm, 1 minute). Solubilised gel fragment was
treated with 1x volume of gel fragment (~100puL) isopropanol, then
loaded into the column and spun at 14000rpm for 1 minute to bind
the DNA fragment into silica. Membrane was then washed with
manufacturers wash solution supplemented with ethanol by
centrifugation (14000rpm, 2.5 minute) to remove excess salts. DNA
was then collected from membrane by application of 40uL ddH20

and centrifugation (14000rpm, 1 minute).

Digested SNAP-B2-AR- vector fragment sticky ends were
dephosphorylated, to prevent relegation, by treatment with Fast
Alkaline Phosphatase (FastAP) enzyme. 1uL FastAP buffer and 1U
FastAP enzyme (New England Biolabs) were added to the digestion
reaction mixture and incubated at 37°C for 30 minutes prior to

inactivation as before.

pcDNA3.1 SNAP-B2-AR- vector fragments were then purified
using PCR clean-up kit (Sigma-Aldrich, Pool, UK) again utilising
silica binding columns. The SNAP-B2-AR- reaction mixture was
diluted with 5 volumes of binding buffer, and loaded into
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preprepared silica column by centrifugation (14000rpm, 1 minute).
Membrane was then washed as before, and DNA fragment was

eluted using 50pL ddH20 by centrifugation (14000rpm, 1 minute).

Generated fragments were then joined by DNA ligation. Ligation
reactions were performed at a specific molar ratio of insert:vector
DNA optimised according to the 3:1 molar end ratio, with a total
vector DNA amount of 50ng per reaction. The enzyme T4 DNA
ligase (New England Biolabs) was used to form p3.1neo(+)-SNAP-
B2-AR-tsNluc by addition of tsNluc and p3.1neo(+)SNAP-B2-AR
fragments to 1L ligation buffer + 1U T4 ligase (New England
Biolabs) [making up volume to 10uL with ddH.0O]. Ligation
mixture was then incubated for 16 hours at 16°C prior to

inactivation as before.

Resulting constructs were used to transform competent bacterial
cells (TOP10F’, Invitrogen) by heat shock. 2.5uL Ligation sample
was incubated with 25uL TOP10F’ chemically competent cells for
30 minutes before rapid heating to 42°C for 30 seconds to promote
uptake of environmental DNA constructs. Sterile LB (Lurio
Bertoni) Broth (20 g/L) was then added to the suspension and both
positive and negative controls (+/- ligation DNA) were incubated at
37°C for one hour in a shaking plate. Suspensions were then plated
onto separate agar plates (LB Agar 35mg/ml) containing 75pug/mL
Ampicillin or 30 pg/ml Kanamycin as required and incubated
overnight at 37°C. Four of the resulting colonies were picked using
a 200uL sterile pipette tips, which were expelled into universals
containing 5mL LB broth supplemented with 100ug mL™*
ampicillin. Negative controls of bacterial transformations were
conducted as described, using ligation reactions without the
addition of insert DNA. Miniprep cultures were then grown for 16
hours in a shaking incubator at 37°C prior to cell lysis and DNA
acquisition (miniprep kit, Sigma-Aldrich, Pool, UK).
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DNA extraction was performed according to the manufacturer’s
instructions using a Sigma Aldrich miniprep kit. 1.5mL miniprep
colony sample suspension was transferred to 1.5mL Eppendorf
tubes and separating by centrifugation (4000rpm, 5 minutes —
repeated twice to amass larger cell pellets). The resulting cell
pellets were then resuspended in resuspension buffer supplemented
with RNase as per kit instructions. Samples were treated with
Alkaline lysis buffer (NaOH/ sodium dodecyl sulphate [SDS]),
ensuring effective mixing, for five minutes. This mixture of strong
alkali and detergent disrupts bacterial cell membranes and allows
the alkali to contact and denature unwanted proteins and genomic
(but not plasmid) DNA. Post incubation the sample is treated with
a neutralisation solution of potassium acetate to prevent further
denaturation of DNA and precipitation of the SDS detergent.
Resulting suspensions were then spun (14000rpm, 10 minutes) to
separate lysate from cell material and detergent and supernatant was
transferred to reprepared (100uL column prep solution, 12,000rpm,
30sec) silica filtration columns for DNA extraction. DNA was
collected as previously described, eluting in 100pL ddH20.
Samples were screened by Sanger sequencing (courtesy of
University of Nottingham deep sequencing department) to identify

colonies containing p3.1neo(+)-SNAP-B2-AR-tsNluc plasmids.

Successfully transformed colonies were then amplified and DNA
extracted using the Qiagen Maxiprep kit (Qiagen, Germany),
performed as manufacturer’s guidance. Colonies were amplified in
120mL LB Broth overnight before collection of bacteria by
centrifugation (6000g, 15 minutes). Pellet was then dried and
resuspended in RNase supplemented resuspension buffer before
addition of lysis buffer. Cell lysis was allowed to occur for 5
minutes before addition of neutralisation buffer and transfer of
mixture into a filtration column. Lysate was allowed to separate
within the column for 15 minutes prior to filtration into a pre-

prepared QIAGEN-tip silica filtration column. Column was allowed
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to drain by gravity for 15 minutes before double washing and
draining with manufacturers wash solution supplemented with
ethanol. Once fully drained, the QIAGEN-tip was transferred to a
collection tube and filled with manufacturers elution buffer and
allowed to drain by gravity. Collected elute was then treated with
0.7x volume isopropanol and spun at 4000rpm for one hour.
Resulting DNA pellet was resuspended in 300pL Tris-EDTA buffer
(TE, 10mM Tris-Cl, ImM EDTA, pH 8.0) and transferred to a
1.5mL Eppendorf tube. 30uL NaOAC and 660uL 100% ethanol
were added to precipitate the DNA prior to centrifugation
(14000rpm, 10 minutes). Supernatant was discarded and replaced
with 200uL 70% ethanol without resuspending the DNA pellet.
After an additional spin (14000rpm, 5 minutes) the pellet was left to
half dry before resuspension in 300uL TE. DNA concentration was
determined by measuring sample absorbance with a Nanodrop,
measuring light absorption at 260nm. Furthermore, the ratio of
absorbances at 260nm, 230nm and 280nm (260/230 or 260/280)
provides insight on sample purity. Due to RNA also having high
absorbance at 260nm and the amino acids in proteins (in particular
those with aromatic side chains) absorbing strongly at 280nm, a
260/280 ratio of 1.8 is considered optimal, with ratios of 1.7-1.9
accepted as being relatively free of contamination. A ratio of less
than 1.7 indicates high protein contamination whereas a ratio of
greater than 1.9 indicates high RNA contamination. Similarly,
organic compounds(e.g., trizols, phenols), likely forming part of a
solvent or buffer, absorb at 230nm and again this allows for

determination of sample purity.

3.2.2. NPY Y1 receptor constructs:

P3.1neo(+)-SNAP-ratY1-tsNluc and P3.1neo(+)-SNAP-ratY1-
LgBiT were generated using previously generated p3.1zeo(+)-
SNAP-ratY1 (provided by Dr Nicholas Holliday, GenBank:
z11504), p3.1neo(+)-tsNluc and p3.1neo(+)-SNAP-B2-AR-LgBIT

cDNA vectors. Exchange of the tsNluc and LgBiT fragments was
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performed using excision and relegation with Not1 and XbaR1.
LgBiT insert and SNAP-ratY1 vector fragments were isolated as
previously described above and P3.1neo(+)-SNAP-ratY 1-tsNluc or
P3.1neo(+)-SNAP-ratY1-LgBiT constructs were obtained using T4
DNA ligation and TOP10F’ transformation and mini/maxiprep as

before.

3.2.3. Prostanoid EP; receptor constructs:

P3.1neo(+)-EP2-tsNluc was generated using previously generated
p3.1neo(+)-human EP -LgBIT (provided by Dr Nicola Dijon,
GenBank: NM00956.4) and p3.1neo(+)-SNAP-B2-AR-tsNluc
cDNA vectors. In this instance, the receptor cDNA was transferred
between vectors, with the EP> insert DNA isolated by Hindlll and
Xhol digestion. This insert was ligated into Hind 111 / Xho |
digested p3.1neo tsNluc as previously described, followed by

transformation and mini/maxiprep.

3.3. Cell culture
3.3.1. Cell line maintenance and passaging

The cell lines primarily used for the generation of membrane
suspensions and NanoBiT complementation assays were mixed
population HEK?293 cell lines stably expressing cDNA of above
constructs. Cell lines utilised in NanoBiT complementation assays
were duel transfected lines containing receptor constructs as
indicated above as well as expressing SmBiT114-B-arrestin-2, a
modified version of B-arrestin-2 with the nanoluciferase SmBiT114
fragment fused to the N terminus, through the transfection of
p3.1(+)zeo-SmBIiT114-Barrestin2 (curtesy of Dr Nicholas Holliday
and Nichola Dijon). All cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with glucose
(4.5¢/L) and L-glutamine (4.5¢/L), and with 10% foetal bovine
serum (FBS) (Life Technologies, Paisley, U.K.) in a humidified
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atmosphere of 5% CO2 at 37°C. Medium was supplemented with
the appropriate maintenance concentration of relevant antibiotic
where needed. For neomycin resistance lines, 0.8mg/mL geneticin
was used to maintain selection and for NanoBiT lines 200pg/mL
zeocin was included. Cells were passaged at 80% confluency into
T25-T175 flasks and all maintenance was carried out in sterile
conditions. Cell splitting was carried out by first removal of
maintenance DMEM/10%FBS and cells were washed with sterile
phosphate buffered saline (PBS). PBS was aspirated and either
0.5/1/3 mL of sterile trypsin solution was added to the T25/75/175
flask, respectively, and incubated for 5 minutes at 37°C. Flasks
were physically agitated by knocking the side of the flask and,
using 10 mL DMEM/10%FBS, cells were washed off the flask and
collected in a 30 mL sterile universal tube. To remove trypsin and
pellet cells, the universal was centrifuged (1000 g, 5 minutes) and
the pellet resuspended in 5 mL of DMEM/10%FBS. Cells were
split according to required ratio or a sample was counted for

seeding plates.
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Table 3.1. Cell lines

TR-FRET assays]

Cell Line Transfected constructs Origin
p3.1neo(+)-SNAP-B2-AR | Courtesy of Dr Nicholas
Hek-ssp2AR [Terbium labelled for Holliday, University of

Nottingham

Hek-ssp2AR-tsNluc

p3.1neo(+)-SNAP-f2-

Generated during project,

AR-tsNluc University of Nottingham
) p3.1neo(+) -SNAP-f3;- Courtesy of Dr Nicola Dijon,
Hek-ssp1AR-LgBIT ) o )
AR-LgBIiT University of Nottingham

Hek-ssY1

p3.1zeo(+)-SNAP-ratY1l
[Terbium labelled for
TR-FRET assays]

Courtesy of Dr Nicholas
Holliday, University of
Nottingham

Hek-Y1-tsNluc

p3.1neo(+)-ratY1-tsNluc

Generated during project

Hek-EP,-
LgBiT/SmBIT- B-

arrestin2

p3.1neo(+)-EP2-LgBiT/
p3.1zeo(+)-SmBiT114-B-

arrestin-2

Courtesy of Dr Nicola Dijon,
University of Nottingham

Hek-EP2-tsNluc

p3.1neo(+)-EP2-tsNluc

Generated during project

Hek-EP4-tsNluc

p3.1neo(+)-EP4-tsNluc

Courtesy of Dr Nicola Dijon,
University of Nottingham

Hek-ssCXCR2-tsNluc

p3.1neo(+)-SNAP-
CXCR2-tsNluc

Courtesy of Dr Desislava
Nesheva, University of

Nottingham

Hek ssA>A-tsNIuc

p3.1neo(+)-SNAP-
A>AR-Nluc

Courtesy of Dr Mark Soave,
University of Nottingham

Hek-MOR-LgBIT

p3.1neo(+)-MOR-LgBIT

Courtesy of Dr Nicola Dijon,
University of Nottingham

Hek-mGIluR2-tsNluc

p3.1neo(+)-mGIuR2-
tsNluc

Courtesy of Professor Dmitry
Veprintsev, University of

Nottingham

“ss” indicates the presence of signal sequence and SNAP labelling.
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3.3.2. Cell line stable transfection by lipofectamine 3000

All cell lines were transfected using Lipofectamine 3000 reagent
(Invitrogen, Thermofisher, Loughborough, UK). Lipofectamine
mediates nucleic acid transfer across cell membranes by the
formation of liposomes with a positively charged surface (aided by
co-lipid p3000), encasing the DNA of interest. These liposomes can
then fuse with the negatively charged plasma membrane of cells
and, due to co-lipid mediated fusion of the liposome with the cell
membrane, transfer the nucleic acid cargo molecules into the

cytoplasm.

For transfection of a T25 flask of adherent HEK293T cells, two
25mL tubes were prepared, each with 250uL Opti-MEM
(Thermofisher, Loughborough, UK) media. 5ug cDNA and. 10pL
p3000 reagent was added to the first tube and 7.5uL lipofectamine
was added to the other tube. Both tube solutions were then
combined and gently mixed prior to incubation at room temperature
for 5 minutes. During incubation, 60% confluent (T25) HEK293
wild-type cells were removed from the incubator, DMEM removed
and washed with Opti-MEM (Thermofisher). Media was replaced
with 1.2mL Opti-MEM. 450uL Opti-MEM was added to DNA
suspension before all 1mL of DNA-lipofectamine suspension was
added to the cells. Cells were incubated overnight at 37°C, in 5%
COy, before splitting 1:2 into a fresh T25 flask containing DMEM
and allowed to grow for a further 24 hours before addition of
required antibiotic. Cells were allowed to select for one week prior
to expansion into 2x T75 flasks for maintenance as described

previously. All Cell lines employed are listed in table 2.1.

3.3.3. Procedure for cell freezing

One flask was used to generate frozen cell line stores [with a low
passage] for future use. Cells were allowed to grow to 90%
confluency in T75 flasks before centrifugation and splitting into
3mL freezing media (FBS supplemented with 10% DMSO) and
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suspension separation into 3x cryovials. Vials were placed in room
temperature freezing container (Mr Frosty, Nalgene, Thermofisher,
Loughborough, UK). The freezing container contained isopropyl
alcohol to ensure cooling of cells by 1°C/min in -80°C freezer
conditions, thus preventing protein degradation. The freezing
container was placed in -80°C freezer for 24 hours, before

transferring cryovials to liquid nitrogen stores.

3.3.4. Derivation of SNAP-tagged receptor expression

Cells transfected with receptor constructs incorporating the
SNAPtag fusion protein were screened for receptor expression by
SNAP labelling. Cells were seeded onto 8 wells of a poly-D-Lysine
coated, clear bottom, 96 well black plate (Greiner, Cat: 655090) at
30,000 cells/well and allowed to grow overnight at 37°C, 5% COx.
Cells were then SNAP labelled by first removing growth media and
replacing media with 0.1uM SNAP-surface AF488 (NEB Biolabs)
in DMEM/10%FBS. Cells were incubated with labelling media for
30 minutes at 37°C, 5% CO2 before washing with phosphate
buffered saline solution (PBS). Cells were then fixed by replacing
PBS with 3% paraformaldehyde (PFA) solution and incubating at
room temperature (in the dark) for 10 minutes. PFA was removed
from cells and cells were washed twice in PBS to ensure complete
removal of PFA from wells before labelling with 2 pg/mL Hoechst
33342 nuclear stain (H33342) in PBS, incubating at room
temperature for 15 minutes in the dark. After staining, H33342
solution was removed and replaced with 100uL PBS and plate was
wrapped in foil and stored at 4°C until required for imaging. An IX
Micro Widefield Plate reader was used to image labelled cells,
imaging four sites per well with a 20x extra long working distance
objective, using FITC and DAPI excitation / emission filters for
imaging SNAP-surface AF488 (receptors) and H33342 (nuclei)
labels respectively.
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3.4. Ga C-terminal peptides

All peptides were ordered from Genscript Biosciences Ltd, generated by solid-

phase peptide synthesis with >98% purity. Sequences and modifications are

shown in Table 2.2.

Table 2.2. Ga C-terminus peptides employed across project

Name

Sequence (N-C terminus left to right)

Gosl1

Gas24

Gas19
Gas19chal8
Pra-Gas19chal8
PalmGas19chal8
Goi24

Gail9
Gail9chal8

QRMHLRQYELL
NIRRVENDC RDIT QRMHLRQYELL
FNDC RDIT QRMHLRQYELL
FNDC RDII QRMHLRQYE{CHA}L
Propargylglycine-Gasl9chal8
Palmitoyl- Gasl9chal®8
NVQFVEFDAV TDVI IKNNLKDCGLF
FDAV TDVI IKNNLKDCGLF
FDAV TDVI IKNNLKDCG{CHA}F

TMR-Gas19chal8
TMR-Gail9chal8

Tetramethylrhodamine-Gas19chal8
Tetramethylrhodamine-Gail9chal8

“CHA” indicates the inclusion of the non-native amino acid

cyclohexyl alanine.

3.5. Membrane preparation and Terbium labelling of SNAP

tagged receptors.

For membrane-based assays, cells were grown in four poly-D-
lysine coated T175 flasks to 90% confluency. Terbium (Th)

labelling was optionally performed where membrane preparations

were to be used in TR-FRET assays. Cell culture medium was

removed from T175cm? flasks containing confluent adherent Hek-
ssP2-AR/ssY 1 and replaced with 10mL of Tag-lite labelling

medium (LABMED, Perkin Elmer, Bagnols-sur-Ce’ze,France)
containing 100nM SNAP-Lumi4-Tb (Cisbio Bioassays). Cells were

incubated in labelling medium for one hour at 37°C under 5% COa.
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Labelling medium was removed and retained for repeat use (up to 5

times)and cells were washed twice with PBS before harvesting.

For all membrane preparations, cells were then harvested by
addition of 10mL fresh PBS and removal of cells from flask walls
by scraping. Cell suspensions were then collected into 25mL
universals and spun to obtain a cell pellet (2000rpm, 10 minutes).
Supernatant was removed thoroughly, and cell pellets were frozen

at -20°C until required for membrane preparation.

Cell pellets were thawed on ice to prevent receptor degradation.
20mL of wash buffer (10mM HEPES, 10mM EDTA, pH: 7.4) was
added to the pellet before homogenised using an electrical
homogeniser, Ultra-Turrax (lka-Werk GmbH & Co. KG, Staufen,
Germany) (position 4, 8 short bursts), and subsequently centrifuged
at 48 000g at 4 °C. Supernatant was discarded and the pellet was
resuspended in 20mL wash buffer and centrifuged again as above.
The final pellet was resuspended in cold 10 mM HEPES with 0.1
mM EDTA (pH 7.4). Protein concentration was determined using
the bicinchoninic acid assay kit (Sigma-Aldrich, Pool, UK) using
bovine serum albumin (BSA) as standard, and aliquots were
maintained at -80 °C until required. The bicinchoninic acid assay
exploits the change in light absorption brought about by the
interaction of copper(lIl) ions with protein alpha helical structures to
measure protein content, comparing a known standard (BSA) with
test sample absorption. 160uL 1M copper(1l) sulphate solution was
added to 8mL bicinchoninic acid to form a green solution. Serial
dilutions of BSA in ddH20 ranging from 1000mg/mL — Omg/mL
[decreasing in steps of 200mg/mL] were generated and plated in 96
well, clear bottom plates (Greiner) [25uL/well in triplicate].
Membrane test sample was diluted 1/10 with a final volume of
100pL and added in triplicate to plate (25uL/well). Once all
samples were plated, 200uL bicinchoninic acid-copper sulphate
solution was added to each well using a multichannel pipette to

ensure addition at equal times. Plate was incubated for 30 minutes
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at 37°C before reading on a PHER Astar FS plate reader, measuring
optical density (OD) per well. Control data was then plotted against
protein concentration and assessed using simple linear regression.
Sample data was then incorporated into the resulting linear equation
to determine membrane protein content in pg/mL. Membrane
samples were then aliquoted to give individual tubes suitable for
addition of 1 pg/well membrane to half a 384-well plate and stored
at -80°C.

3.6. Time resolved Forster (or Fluorescence) Resonance Energy
Transfer (TR-FRET) and Bioluminescence Resonance

Energy Transfer (BRET) Assays:

Experimental methods for these assays are described in detail in the
relevant chapters, including assay conditions, concentrations and
timepoints. A brief general overview is provided in this section for

reference.

3.6.1. Direct measurement of fluorescent tracer binding recruitment
measured by TR-FRET and BRET

Characterisation of fluorescent ligand binding affinity employed
both saturation endpoint and/or association kinetic approaches as
described in data analysis (section 3.7). The fluorescent probe of
interest was diluted in assay buffer (composition as stated within
relevant chapter) to eight decreasing concentrations. The
appropriate concentration of ligand was then incubated with
Hek293 cell membranes containing the receptor construct of
interest, with additional 10uM purified HiBIT [seq:
VSGWRLFKKIS] when using LgBiT-fused receptors as indicated)
and either vehicle or a saturating concentration of non-specific
binding (NSB) compound as stated in relevant chapters. In the case

of binding assays utilizing NanoBRET technology, luciferase
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substrate furimazine (Promega, Wisconsin, USA) was added to
either the assay plate or pre-mixed with membrane suspension (for
kinetic assays) and incubated with membranes for 5 minutes prior
to online plate injection and acquisition of binding data. Final
concentrations of ligands were multiplied by 3x for TR-FRET
assays (final volume, 30uL), 4x for vehicle only BRET assays
(final volume, 40puL) or 5x for BRET assays (final volume, 50uL)
incorporating additional agonist concentrations, to account for

experimental dilutions when plating.

For characterisation of agonist induced tracer binding by
NanoBRET, required HEK293 membranes were incubated (amount
as defined in relevant chapter methods) with a single concentration
of fluorescent tracer as indicated, furimazine and 14 decreasing
concentrations of corresponding orthosteric ligands of interest. NSB
and total binding responses were defined by inclusion of either
vehicle or defined unlabelled NSB ligand at saturating

concentrations.

For kinetic assays, membrane-furimazine suspension was added to
the assay plate by smart online injection using BMG PHERAstar
FS injectors, 5 minutes after furimazine incubation. Diluted
membrane/furimazine mix was loaded into PHERAstar FS injector
system and primed to equilibrate system and remove bubbles from
injection lines. A PHERAstar injector protocol was used to inject
10pL of membrane per well using smart dispensing to generate
final well volumes as described. Fluorescent ligand output and
donor emission were both measured using PHERAstar FS filters of
corresponding wavelengths as stated in the corresponding chapters,
using an internal temperature of 37°C unless otherwise stated. Data
was recorded across a range of timepoints as stated for both
endpoint and kinetic reads.
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3.6.2. Characterisation of unlabelled ligand binding through

fluorescent ligand competition

For both TR-FRET and BRET assays, increasing concentrations of
competing ligands were incubated with single concentrations of
HEK293 cell membranes and fluorescent tracer as previously
indicated. Where required, a single saturating concentration of
orthosteric agonist was also included across the plate to ensure
sufficient receptor activation and subsequent tracer binding. For
BRET assays employing C terminally fused thermostable
Nanoluciferase receptors, a single concentration of Nanoluc
substrate was included either within the assay plate or within
defined membrane suspensions (kinetic assays only) as previously
described. Unlabelled ligand affinity was then derived through

application of the Cheng-Prusoff correction (see section 3.7).

3.7. Data analysis

TR-FRET and NanoBRET assays were performed in either
triplicate or duplicate unless otherwise indicated and were routinely
expressed as the respective acceptor / donor emission ratios (ratio x
10,000 for TR-FRET data). In competition binding studies,
individual experiment data were normalised to total binding in the
absence of competing ligands (100 %), while in agonist-stimulated
recruitment assays, data were normalised to a maximal
concentration of stimulating reference agonist (100%) and vehicle
control (0%).

For Fl-ligand association kinetic data, specific binding traces for Fl-
ligand (defined as total binding — NSB) were fit to a one site
association model. Global fitting of this model across multiple
fluorescent ligand concentrations from the same experiment
enabled estimation of Fl-ligand association (kon) and dissociation
rate constants (Kof), together with the kinetically derived Kp

(=Kott/Kon) using the equations:
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Bound = Bpgteqy. (1 — e Fobst)

Where, the Bpiateau IS the equilibrium level of tracer binding, and the
observed association rate constant Kobs is related to the binding rate

constants for Fl-ligand in a single site model by:

kops = [Fl_ligand]. kon + kopf

Endpoint saturation analysis also enabled calculation of the
equilibrium dissociation constant (Kp) for fluorescent tracer, as
well as total binding density as Bmax in TR-FRET and BRET

experiments, based on:

[Tracer]
[Tracer] + K

Specific binding = Bmax.

Competition binding studies were fitted to determine competing
ligand 1Cso concentrations, using a four-parameter fit including the
Hill slope (n)

IC50"
[Ligand]™ + ICsy™

Specific binding = Basal + Total Specific binding.

Where appropriate, the Cheng-Prusoff equation was applied to
convert ICso estimates to the competing ligand dissociation constant
as K

[FL]
145
KFL

Ki:
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KrL and [FL] represent the fluorescent probe dissociation constant
and concentration respectively. The Cheng-Prusoff method allows
for determination of unlabelled ligand inhibitory constants (Kj)
through competition derived 1Csp values if, as in this case, the

concentration and affinity of the competing ligand is known.

For endpoint agonist stimulation of Fl-ligand recruitment measured
by NanoBRET and NanoBiT complementation assays,
concentration response curve analysis was performed to obtain

estimates of ligand potency (ECso) and maximal response Rmax:

[Agonist]™
[Agonist]™ + ECsy"

Response = Basal + R,y y-

Alternatively kinetic Fl-ligand recruitment data were fitted to a rise-

to-steady state model, as described by Hoare et al (2020):

Response (at time t) = Basal + Responsegeqqy state- (1 — € 7*0PSt)

Initial rate = kobs. Responsesieqay state

In this analysis, concentration response data were analysed by
defining the initial rate at each ligand concentration as the response.

All data analysis was performed using Prism 10.0 (GraphPad
Software, San Diego). Parameter estimates were expressed as pX (-
log X) where appropriate (e.g. pECso) and data from individual

experiments were pooled as mean * s.e.m. Statistical significance
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between two data groups was assessed by Student’s unpaired or
paired t-test as indicated in the text, with a level of significance
defined as p < 0.05.
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Chapter 4. Results 1

Identification of Ga C-terminus
peptides able to promote the GPCR
high affinity state for orthosteric
agonist binding.
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4. Identification of Ga C-terminus peptides able to
promote the GPCR high affinity state for orthosteric
agonist binding.

4.1. Chapter introduction

The need for a more universal, high-throughput, method of
characterising intracellular allosteric ligands calls for the development
of novel tracers for the GPCR intracellular binding site. The recent
advancements in the use of Gas derived peptides to bind and modulate
receptor conformations makes these peptides an appealing template in
the design of more universally applicable tracers for targeting the G
protein interaction site. However, understanding of the exact nature of
their modulatory capacity in regard to agonist binding, and the effects
of peptide structure on their allosteric ability, remains limited. As
such, the aims of this chapter were to establish an experimental system
to monitor the influence of peptides on orthosteric ligand binding at Gs
and Gi coupled receptors. This involved the development of a TR-
FRET based approach to monitor effects on orthosteric ligand binding
(the principles of which are introduced in section 4.2.1). This also
required the identification of candidate Gs and Gi coupled receptors to
act as examples within these studies. A brief background to these
receptors (B2-AR and Y1) is outlined in section 4.2.2 and 4.2.3.

4.2. Introduction to employed techniques and receptors within

this chapter.

4.2.1. Time-resolved Forster Resonance Energy Transfer (FRET)
assays for GPCR ligand binding.

As previously discussed in chapter 1, luminescence and

fluorescence-based biosensors or ligands are emerging as widely
used methodologies for characterisation of ligand interactions at
GPCRs(Soave et al., 2020c; Stoddart et al., 2018, 2015; Sykes et
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al., 2019). The techniques available are fast expanding to
encompass all stages of GPCR signalling, from detecting initial
ligand binding interactions, to downstream signalling responses.
The development of fluorescent ligands in particular has allowed
for a revolution in the measurement of ligand binding within a
homogeneous assay system, allowing for real-time readout of
receptor-ligand interactions both visually and through application of
light-based plate readers(Soave et al., 2020c; Stoddart et al., 2015).

Foremost amongst the new light-based techniques available is
FRET. Initial FRET studies relied on the application of fluorescent
protein pairs, such as Cyan and Yellow-fluorescent-protein (CFP /
YFP), which required measurement of acceptor emissions at the
same time as donor excitation. Application of fluorescent proteins
allowed for cellular based assays, employing genetically encoded
sensors, with the capacity to detect intracellular protein-protein
interactions through resonance energy transfer(Anton et al., 2022b;
Hoffmann et al., 2005). More recently this technique has been
further expanded using intramolecular FRET sensors to allow for
direct spatial measurement of cellular microenvironments and
changes in secondary messenger concentrations as a result of
receptor activation(Anton et al., 2022b; Comeo et al., 2020; Halls,
2019; Navarro et al., 2018; Soave et al., 2020c).

One disadvantage of standard FRET methodologies is that the
donor excitation can generate background autofluorescence, and
therefore “noise” within emission data collected at the same time.
Often the specific signal to noise in FRET experiments is therefore
limited, particularly for quantitative investigations of
pharmacology. One method to overcome this limitation involves the
use of lanthanide elements, including Europium (Eu) and Terbium
(Tb) as the donor fluorophores in a FRET assay. Following
excitation (typically at 337 nm), these ions have a long emission
lifetime, allowing a persistent FRET signal if present after the

excitation pulse is completed. FRET measurements can be made
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following a short delay after excitation (known as time resolved
FRET (TR-FRET), roughly in the microsecond range)(Degorce et
al., 2009). This reduces the background from short-lived
fluorescence emission and improves the detection range, increasing
the overall signal-to-noise ratio for the specific FRET signal and
increasing assay sensitivity. A second advantageous property of
lanthanides is their discrete emission spectra with multiple peaks,
allowing the use of well separated acceptor fluorophores from the

donor excitation (Figure 4.1).

® TerbiumEM @ Terbium EX Cy5 EM Cys EX ® BODIPYFLEM @ BODIPY FL EX

Figure 4.1. Excitation/Emission spectra of Terbium compared with the
classical fluorophores BODIPY-FL and Cyanine5 (Cy5).

Clearly one issue with application is the ability to tag targets of interest
with a lanthanide fluorophore, however, this was made possible with
the development of caged lanthanide chelates and their modification
with reactive groups suitable for protein labelling technologies, such as
SNAP-tag technology. SNAP-tag technology utilises the irreversible
and specific reaction of O°®-alkylguanine-DNA alkyl transferase (AGT)
tag with O%-benzylguanine (BG) derivatives, leading to the transfer of

the synthetic probe to a reactive cysteine residue on the tagged target
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protein(Keppler et al., 2004). The combination of TR-FRET
technology and suitable Tb donor labelling of the receptor proteins,
together with the generation of fluorescent ligand probes, then provides
routes to powerful high-throughput, homogenous, assays for kinetic
and endpoint receptor binding studies, both for the fluorescent probes
themselves, and also unlabelled ligands through probe competition
studies (Figure 4.2)(Fyfe et al., 2019; Sykes et al., 2017; Sykes and
Charlton, 2018).
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Figure 4.2. Principle of TR-FRET. Upon orthosteric ligand binding, stimulation of the N-terminally fused donor Th, attached with
reaction of BG-Th with the extracellular SNAP tag, allows energy transfer to ligand fluorophores within 10 nm distance, producing a

FRET ratio increase indicating specific binding.
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The draw of fluorescent ligand technology is its ability to be
combined with resonance energy transfer technology. This
facilitated the development of homogeneous assay formats,
removing the need to separate bound from free ligand when
measuring ligand interactions, thus enabling true equilibrium assay
systems. This can further be extended to include multiple
timepoints, allowing more accurate evaluation of ligand kinetics
within a single assay well. In addition, beyond its homologous real-
time benefits, is that it eliminates the primary concern with the use,
and disposal, of radiolabelled ligands and provides a significantly
faster system for ligand binding measurements. As such, it also
facilitates the means to measure acute changes in agonist affinity as
a result of GPCR conformational dynamics at a range of timepoints
(see section 6.5.1). The coupling of native G proteins to receptors is
known to promote conformational change towards the active-
conformation (high-affinity state) and application of FRET based
studies has allowed for exploration of this phenomenon (section
4.5.2). Additionally, their sensitivity allows characterisation of how
assay environments (e.g. pH, buffer composition) can have subtle
effects on receptor-ligand interactions(Farmer et al., 2022). These
advantages highlight TR-FRET using orthosteric ligand probes as a
suitable approach for the exploration and characterisation of
synthetic Ga C-terminus peptides and their effects on GPCR-

agonist interactions.

4.2.2. Targeting the [>-Adrenoceptor.

Of the hundreds of class A GPCRs, the most well studied are the
adrenoceptor family (AR). This family carries out their function
upon the binding of catecholamines (e.g., adrenaline, noradrenaline)
and can be subdivided into nine receptor subtypes: a1a, 018, 01D,
a2a, 02B, 02c, B1, B2 and Bs, with their expression being widespread
across the body(Ahlquist, 1948; Hill, 2006). Of the nine receptors,
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the P receptors couple primarily to Gs proteins, facilitating their
function through the accumulation of cCAMP and subsequent
activation of PKA. This response has diverse functional
consequences at a phenotypic level, dependent on tissue specific

receptor location.

Clinically, the B2-AR has a longstanding association with the
pathology and treatment of asthma and chronic obstructive
pulmonary disease (COPD), which highlights the diverse roles
these receptors display. Asthma and COPD represent a diseased
state of restricted airflow driven by inflammation, airway smooth
muscle pro-contractile agents, together with lumenal occlusion by
mucus and plasma, and airway wall thickening. As of 2019, it is
believed that asthma has affected an estimated 262 million people
worldwide and caused 455,000 deaths on record, with COPD
affecting a similar 292 million people and is the fourth leading
cause of death worldwide(Adeloye et al., 2022). Despite their
similar presented symptoms, CODP and asthma have distinct
pathophysiological differences. Asthma is generally considered to
be associated with hyperresponsiveness of the airways which leads
to recurrent, fully reversible, inflammation. Conversely, COPD is
the umbrella term used for a group of lung diseases, including
emphysema and chronic bronchitis, defined as a disease state
characterised by airflow limitation that is not fully reversible.
Within healthy tissue, B2-AR activation drives relaxation of the
airway smooth muscle to promote opening of the airway. As such,
within the smooth muscle tissue of the lungs, application of B2-AR
agonists acts to alleviate the effects of COPD and asthma and
promotes relaxation of the muscle, resulting in dilation of the
airways. Initially, observation of this relationship led to the
treatment of asthma using high-efficacy, short-acting, B2-AR
agonists such as isoprenaline, however, this was later linked to a
high degree of asthma-mortality and subsequently discontinued.

This was believed to be due not only to the high efficacy of these
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ligands, but also due to the lack of selectivity between the 2-AR
and B1-AR which are primarily found in cardiac tissue.
Additionally, the systemic application of these ligands was further
believed to drive adverse drug reactions, particularly at the heart,
due to poor clearance and tissue selectivity, resulting in alternative
application techniques being explored(Salpeter et al., 2004; Walker
etal., 2011; Wendell et al., 2020). Subsequently, the treatment of
choice was then changed to employ long-acting B2-AR partial
agonists, such as salmeterol, which were able to reduce the
incidence of on/off-target side-effects while also reducing the need

for repeat dosing beyond once a day.

HO,

OH

Salbutamol

HO.

N/\/\/\/"\/\/\O

Salmeterol

Figure 4.3. Structures of B2-AR short and long-acting partial agonists.

Additionally, the majority of patients rely on short acting partial-
agonists such as salbutamol for fast alleviation of symptoms in the
case of severe onset of symptoms(Burggraaf et al., 2001; Cullum et
al., 1969; D’Alonzo and Tolep, 1998; Walker et al., 2011). The
pharmacological profile of these ligands is believed to be related to
their corresponding chemical structure (Figure 4.3). In the cases of
salbutamol and salmeterol, both share an identical head group, with

salmeterol containing a long carbon chain compared to the small
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tert-butyl group of salbutamol. This large alkyl chain provides
salmeterol with a greater hydrophobicity, likely resulting in
increased membrane localisation and a subsequent slower
pharmacokinetic profile, facilitating its role as a long-acting

agonist.

However, the application of these long and short acting partial
agonists is still implicated in the development of severe side-effects
over prolonged use. Foremost amongst the side-effects associated
with prolonged use of f2-AR agonists is the detrimental effects on
cardiac and vasculature function. Prolonged use of f2-AR agonists
(even when applied topically via inhalation) is associated with
greater risk of hypertension, ischaemia, myocardial depression,
atrial fibrillation and sudden cardiac related death through its role
of increasing heart rate through off-target interactions at the -
AR(Salpeter et al., 2004). These negative cardiac implications are
further exacerbated by potential on-target side-effects within the
skeletal muscle vascular beds, resulting in vasodilation, a
subsequent drop in cardiac venous return, and compensatory
tachycardia(Lulich et al., 1986). Another example of the potential
negative impact of B2-AR orthosteric agonists is through
stimulation of B2-AR within the immune system. Recent studies
have found stimulation of B2-AR to produce asthma-like allergic
airway disease in mice through its role in activating Tn2 cells. Th2
cells drive inflammation through the activation and recruitment of
adaptive immune cells (B cells) and macrophages through release
of IL4 and IL13, thus having potential detrimental consequences for
those suffering with inflammatory driven diseases, such as COPD
and Asthma(Walker et al., 2011).

The diverse functionality of the B2-AR in particular has driven its
extensive targeting by therapeutics for treating a plethora of
diseases. As stated before, development of B2-AR agonists has
played a pivotal role in the treatment of asthma, particularly with

the development of salbutamol, used to alleviate
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bronchoconstriction(Cullum et al., 1969). Similarly, the discovery
of B2-AR antagonists (B-blockers) such as propranolol has lowered
the risk of severe heart conditions for uncountable patents through
its ability to reduce the effects of hypertension and cardiac
arrythmia through inhibition of the B1-AR response. However,
limited selectivity for the B1-AR against the B2-AR, and the
systemic application of these antagonists, can result in severe
effects in asthma patients through promotion of
bronchoconstriction. Subsequently, more selective f1-AR
antagonists, such as atenolol, have mitigated cardiac risks while

having reduced side effects within the airways (Quirke, 2006).

The treatment of both asthma/COPD and cardiovascular disease
highlight the desirable effects of developing selective adrenoceptor
ligands in order to reduce the incidence of therapeutic side effects.
However, due to high variability in function yet conserved
structural homology within the adrenoceptor family, development
of selective therapeutics with limited on- and off-target side effects
remains challenging(Rasmussen et al., 2011; Rosenbaum et al.,
2009; Toyoda et al., 2023; Xu et al., 2021). In particular, structural
studies highlight a high degree of conservation of key residues
between B2-AR and B1-AR involved in ligand binding, particularly
aspartate (TM3) serine (TM5) residues and suggest that ligand
selectivity is driven by variations in extracellular regions, altering
ligand access to the binding pocket. This complexity has led to the
exploration of alternative targeting mechanisms, such as allosteric

modulation.

Compound 15 and Compound 6 were first described in 2019 as
novel intracellular modulators of 2-AR. Compound 15 was shown
to bind to a site within the G protein binding pocket and thus inhibit
signalling, while promoting the receptor inactive conformation,
although its low affinity limits its therapeutic utility. In contrast,
Compound 6 was shown to bind via the intracellular loop 2 region

and displays an ability to stabilise the active conformation of the
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receptor through interactions with TM3&4(Heng et al., n.d.; Liu et
al., 2017a). Application of these allosteric ligands is believed to
hold greater potential for reduced side effect burden due to not only
providing greater target selectivity, but also relying on endogenous
hormone levels for activity, thereby limiting the effects at off-target
tissues with reduced receptor activation (e.g., 2-AR in TH2 cells)

(as discussed in section 1.2.1).

4.2.3. Targeting the Neuropeptide Y Y1 receptor.

Neuropeptide Y (NPY) and its corresponding receptors Y1,2,4 and
5 are expressed throughout the body with locations including
various regions of the central and peripheral nervous system(Yi et
al., 2018). NPY itself is a 36 amino acid peptide that acts as a
neurotransmitter, having involvement on a plethora of homeostatic
and physiological functions, particularly within the control of
appetite and satiety. It is the most abundant neuropeptide in the
central nervous system; however, it shares a high proportional
(70%) homology with hormones peptide YY (PYY), released from
colonic endocrine | cells, and islet released pancreatic polypeptide
(PP, 50%). All four known NPY receptors are class A GPCRs and
mediate their activity through employment of Gai G proteins,
resulting in a reduction in cellular cAMP production, modification
of gene expression and a reduction in Ca?* channel function(Yi et
al., 2018; Zhang et al., 2011). The Y1 receptor shows equivalent
affinity and responses to NPY and PY'Y, but not the circulating 3-
36 metabolites produced by the action of dipeptidyl peptidase
IV(Grandt et al., 1996).

Dysregulation of the NPY signalling pathway has been implicated
in both psychological and physiological diseases, including obesity,
blood pressure, Gl and bone function, and certain forms of
cancer(Baldock et al., 2009; Chen and Zhang, 2022; Holzer et al.,
2012; Qin et al., 2019; Zhang et al., 2011; Zukowska-Grojec et al.,
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1991). The central role of NPY in the hypothalamic circuits
controlling appetite has received particular attention historically.
Activation of NPY Y1 signalling in hypothalamic arcuate neurones
has been shown to induce food intake and promote obesity,
primarily identified through behavioural studies using the rodent
model system(Zhang et al., 2011). Upregulation of NPY and
stimulation using NPY agonists was shown to produce a marked
increase in feeding behaviour(Beck, 2006; Nguyen et al., 2012).
These studies subsequently led to development of several selective
Y1 antagonists, able to promote satiety within additional in vivo
studies. BIBO3304 is a key example Y1 peptidomimetic antagonist
developed in an attempt to reduce Y1 driven feeding, however, the
in vivo efficacy of BIBO3304 and other selective antagonists has
remained limited due to poor bioavailability, limiting their use to
purely pharmacological studies(H. A. Wieland et al., 1998).
Additionally, the role of Y1 signalling in promoting
vasoconstriction may result in orthosteric ligands displaying
detrimental effects within the circulatory system. A further barrier
limiting the effectiveness of selective Y1 antagonists is the presence
of compensatory mechanisms within the NPY signalling pathways.
In particular, Y5 signalling in the paraventricular nucleus of the
hypothalamus has been implicated in moderating food intake, and,
upon Y1 knockout or inhibition, overcompensates to counteract the
reduction in feeding behaviour as a result of loss of Y1
signalling(Nguyen et al., 2012). Subsequently, the ability to
modulate endogenous levels of Y1 signalling, particularly at sites of
peak NPY responses driving appetite and feeding behaviour,
through application of use-dependent ligands would potentially
provide increased effectiveness in reducing feeding behaviour. This
makes the identification of alternative, allosteric, ligands with an
improvement bioavailability and CNS penetration profile an
appealing strategy for tackling Y1 mediated responses.
Additionally, application of use-dependent allosteric ligands could

further provide site and receptor selectivity, thereby reducing the
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occurrence of on- and off-target side effects, particularly within the
circulatory system and sympathetic nervous system (Schneider et
al., 2007).

4.3. Chapter aims:

Overall, the objective of this chapter was to indirectly assess the
function of candidate Gs and Gi peptides through a predicted ability
to enhance orthosteric agonist affinity at relevant GPCRs, based on
the Ternary-Complex Model (see chapter 1). For each of the
example receptors studied (B2-AR — Gs, Y1 — Gi), this involved the
generation of a suitable TR-FRET orthosteric ligand binding assay,

its validation, and use to assess peptide impacts.

4.4. Methods
4.4.1. Cell line generation and membrane preparation.

HEK?293 cell lines were generated as previously described (section
3.3 & 3.5) expressing p3.1neo(+)-SNAP-B2-AR or p3.1(+) SNAP-
rY1. Cells were initially screened for SNAP-receptor membrane
expression by labelling with membrane impermanent fluorophore
SNAP-surface AF488 prior to fixing and imaging, as described
previously (section 3.5). Upon validation of cell line stability and
receptor expression, cells were gown in four T175 flaks to 90%
confluency before being used to generate Tb labelled Hek-SNAP-
receptor cell membranes as described (section 3.5).

4.4.2. TR-FRET assessment to derive BODIPY-FL-PEG8-(S)-
Propranolol affinity at the ff>-adrenoceptor.

To determine the ability of various Gas derived Go C-terminal
peptides to modulate agonist affinity at B2-AR, the binding of the
fluorescent ligand BODIPY-FL-PEG8-(S)-Propranolol (Hello Bio
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Ltd, Bristol, UK) was first characterised in saturation and kinetic
association binding studies. All assays were run in 384-well, white,
Optiplates (product number: 6007290, PerkinElmer LAS Ltd, UK).

Fluorescent probe association kinetics were determined using seven
different concentrations of BODIPY-FL-PEG8-(S)-Propranolol (Fl-
propranolol) ranging from 100nM — 1.56nM (final assay
concentrations), initially made up to be 3-fold more concentrated,
accounting for dilution upon addition to assay plate. Assays were
run in both sodium rich assay buffer was composed of 1x Hank’s
balanced salt solution (CaCl,-2H.0[185.4mg/L],
MgSO4-7H20[200mg/L], KCI[400mg/L], KH2PO4,[60mg/L]
MgCl,-6H.0[8g/L], Na2HPO4[90mg/L], NaHCO3[350mg/L]),
NaCl[8g¢/L], 1% DMSO, 0.1mg/ml Saponin, 0.02% w/v Pluronic
acid Fi27 and 20mM HEPES and 0.2% bovine serum albumin
[BSA], pH 7.4) or low sodium buffer (25mM HEPES, 1% DMSO,
0.1mg/ml Saponin, 0.02% w/v Pluronic acid Fi27, ImM MgCl; and
0.2% BSA, pH 7.4). The appropriate concentrations of Fl-
propranolol were incubated with Tb-Hek-ssp2-AR cell membranes
(1pg/well) in assay buffer (final volume, 30uL), in the absence or
presence of 10 uM 1C1118551 to determine non-specific binding.
Prior to reading the assay plate was spun at 200rpm for 10 seconds
to ensure equal well volume and mixing. The amount of bound FI-
propranolol to Th-labelled receptors was determined by HTRF
detection using a PHERAstar FS (BMG), using real time
measurements during incubations at 37°C. Tb donor was stimulated
using three flashes with incorporated laser at 337nm and dual
fluorescence was measured, measuring emission wavelengths of
520nm (acceptor, Fl-propranolol) and 490nm (donor, Thb), to
generate a HTRF ratio (520/490nm x 10000). Readings were taken
at 10 second intervals, on a row-by-row basis, within a 30-minute
range allowing for construction of association kinetics curves. The
resulting specific binding data were fitted to a one site association

kinetic model as described in data analysis (section 3.7) to
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determine best-fit estimates for kon and Kotr, as well as kinetic
derivation of Fl-propranolol Kp. Assays employing non-

hydrolysable GTP-analogues incorporated 100uM Gpp(NH)p
within the assay buffer, in order to minimise native G-protein

interaction with the receptor.

A similar experimental setup was used for the characterisation of
the Y1 receptor fluorescent orthosteric antagonist BIDA84(Liu et
al., 2016). The binding affinity of BIDA84 was again characterised
in saturation binding studies. Assay buffer (low sodium) consisted
of 25mM HEPES, 1% DMSO, 0.1mg/ml Saponin, 0.02% w/v
Pluronic acid F127, 1mM MgCl. and 0.2% BSA, pH 7.4 either with
or without the addition of 2.5mM CaCl2, reported to improve Y1
ligand binding(Heike A. Wieland et al., 1998). Th-Hek-ssY1
membranes (1pg/well) were incubated at 37°C with increasing
concentrations of BIDA84 ranging from final assay concentration
200nM-1.6nM (decreasing by half concentration, and either assay
buffer or 1luM NPY/BIB03304 (NSB), which defined NSB (final
well volume: 30uL). BIDA84 binding to labelled receptors was
recorded measuring wavelengths of 665nm (acceptor, BIDA84) and
620nm (donor, Th), to generate a HTRF ratio (665/620 x 10000).
Readings were taken over a 2-hour timecourse with readings every
30 minutes. Final specific binding data were derived by removal of
measured NSB from total binding data and BIDA84 affinity (Kp)

was determined as described in methods, data analysis section 3.7.

4.4.3. TR-FRET assessment to determine allosteric behaviour of
unlabelled Gas C-terminal peptides.

Having derived the affinity of fluorescent tracers, the allosteric
behaviour of Gas and Gai peptides Gasl1, Goas24, Gas19chals,
Gai24 and Gail9chal8 was assessed indirectly (Sequences within
section 3.4). Binding affinities of various orthosteric receptor

agonists and antagonists was measured through competition with
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the labelled tracers at their respective receptors, in the presence or

absence of the G protein peptides.

For B2-AR investigations, assays were run in both high and low
sodium conditions, with high sodium conditions incorporating
Gpp(NH)p as previously described, and low sodium assays run both
with and without Gpp(NH)p present. Tb labelled Hek-ssf2-AR
membranes (1pg/well) were incubated with increasing
concentrations of orthosteric ligands (salbutamol, isoprenaline,
salmeterol, formoterol and 1C1118551 ranging from 1uM to
0.01nM final assay concentration decreasing in half log steps,
10pL/well), vehicle or 10uM corresponding peptide (10uL/well),
and 20nM Fl-propranolol. The addition of the ssp2-AR-Hek cell
membranes was done last by injection using BMG PHERAstar
injectors to ensure equivalent competition between labelled vs
unlabelled ligand binding over the time to equilibrium. The assay
plate (final assay volume 30pL [all dilutions accounted for 3x
dilution upon addition to assay plate]) was then incubated at 37°C
between reads using a benchtop incubator. HTRF endpoint plate
reads (using BMG Pherastar, settings as described in above) were
taken after 30-, 60- and 120-minutes post membrane addition and.
NSB was again defined by 10uM ICI118551 (10uL/well) and total
binding was determined by vehicle control and used to define 0%
and 100% binding respectively when normalizing response data.

Y1 receptor assays were again run using low sodium assay buffer as
was previously described, with or without the addition of 2.5mM
CaClo. Initial optimisation assays, not including test peptides,
compared the effect of Ca?* ions in the assay buffer on agonist
affinity, comparing this new buffer with Ca?* deficient buffer as
previously described. Tb labelled Hek-ssY1 membranes (1pg/well)
were incubated with increasing concentrations of orthosteric ligands
(NPY, PYY, [Leu3l, pro34]PYY, and the dimeric peptide
antagonist 1229U91 / GR231118(Liu et al., 2016; Mountford et al.,
2014) ranging from 3uM to 0.01nM decreasing in half log steps,
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10pL/well), vehicle or 10uM corresponding C terminal G protein
peptide (L0uL/well), and 20nM BIDA84. NSB was again defined
by 1uM BIBO3304 (10pL/well) and total binding was determined
by vehicle control and used to define 0% and 100% binding

respectively when normalizing response data.

In both B2-AR-Gs peptide and rY1-Gi peptide assays, normalized
data were used to determine ligand ICso values +/- peptide and
values were then converted into derived pK; values using the Cheng

and Prusoff correction as described in data analysis (section 3.7).

4.5. Results

4.5.1. Validation of the HEK SNAP-£,-AR cell line and FI-
propranolol for use in TR-FRET ligand binding assays.

Following transfection of p3.1neo(+)-SNAP-B2-AR, generating the
Hek-ssP2-AR cell line, receptor expression was validated by SNAP
surface-AF488 labelling of live cells. Visualisation of whole cells

post labelling showed high receptor expression, localised to the cell

plasma membrane.

The effect of G protein mimetic peptides binding to the intracellular
domains of GPCRs can be assessed indirectly from their impact on
orthosteric ligand binding(Mannes et al., 2021). For example,
peptides which stabilise an active conformation would be expected
to enhance the observed affinity of orthosteric agonists. Initially
therefore, a TR-FRET assay was established to monitor orthosteric
ligand binding to the B2-adrenoceptor, using the fluorescent ligand
BODIPY-FL-PEG8-(S)-Propranolol (Fl-propranolol) as a tracer, to
then allow characterisation of unlabelled ligand affinities through

competition binding experiments.

Binding of the Fl-propranolol tracer to ssf2-adrenoceptors, in
Hek293 membranes, was first characterised in two distinct buffers,

high sodium Hank’s based buffer containing Gpp(NH)p (Figure
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4.4A), which promotes the G protein uncoupled receptor
conformation, and Gpp(NH)p deficient low sodium buffer (Figure
4.4B), reported to promote a shift in equilibrium towards the active
conformation for the B2-adrenoceptor(Boguth et al., 2010; Hubner
et al., 2016; Lefkowitz and Williams, 1977; Selent et al., 2010). In
both cases the binding association Kinetics of seven concentrations
of Fl-propranolol were monitored, and the observed association
rates (Kobs) from specific binding traces showed a linear relationship
with antagonist concentration, as would be expected for single site
binding. Initial assays, carried out to determine the optimal quantity
of membrane required for sufficient donor fluorescent output,
identified 1 pg/well produced adequate HTRF signal without

incorporating additional noise within the signal.
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Figure 4.4. Determination of Fl-propranolol kinetic binding parameters in
HEK-g2-AR membranes. (A) (left) Observed association of Fl-propranolol
specific binding to the B2-adrenoceptor under high sodium conditions,
including 100uM Gpp(NH)p. (right) plot of Fl-propranolol concentration
against kobs showing binding following a simple law of mass action model with
Kobs increasing with concentration in a linear manner. In both A and B data is
presented in singlet from a representative of five experiments, in membranes at
37°C. (B)(left) Fl-propranolol specific binding under low sodium conditions.
(right) plot of Fl-propranolol concentration against Kons Showing binding
following a simple law of mass action model with kops increasing with
concentration in a linear manner. Data in singlet from a representative of five
experiments. Non-specific binding was in all cases determined through
inclusion of 10puM IC1118551 and deducted from plotted data to determine

specific binding.
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Global fitting of the Fl-propranolol association time courses to a
single site binding model allowed for characterisation of kon and Kot
values for Fl-propranolol at the f2-AR. In a sodium rich
environment binding displayed an interaction best described with a
single population of binding sites, with a kon 0f 7.98+1.56 x108 M-
mint and Kor of 0.092+0.023 mint (n=5). This allowed for the
calculation of the equilibrium dissociation constant (Kp) as 11.2 +
0.6nM. In low sodium buffer Fl-propranolol was shown to have a
similar affinity, as would be expected for an antagonist / inverse
agonist that did not favour the active conformation. Using the same
model Fl-propranolol displayed a Kon of 1.3+0.18 x10” M™min™,
Kott 0f 0.18+0.02 min and subsequently a Kp of 16.1+3.1 nM
(n=5).

FL-propranolol competition analysis was performed to determine
the affinities of four representative agonist ligands (isoprenaline,
formoterol, salbutamol and salmeterol) and the unlabelled
antagonist 1C1118551 in both high and low sodium assay buffers as
described in the methods — and later to examine the potential
allosteric effect of different Gas derived peptides. For these assays,
20 nM FL-propranolol tracer was chosen as 1 — 2x Kp
concentration in the assay. Where appropriate, 1Csg values were
converted to estimates of the competing ligand affinity using the
Cheng-Prusoff correction. The hypothesis is that the Gs derived
GoaC-terminal peptide may increase the affinity of orthosteric 32-
adrenoceptor agonists, leading to a shift to a more potent 1C50,
potentially accompanied by a shallower Hill slope (which would
reflect the presence of both high and low affinity receptor
populations within the assay). Specific binding was monitored at a
number of timepoints to ensure the 2 h endpoint shown represented

equilibrium conditions.

For control measurements in the absence of Gas peptides, the
measured affinity of the example ligands was as expected from

literature data (Table 4.1), with an order of affinity of salmeterol >
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ICI118551 > formoterol > isoprenaline > salbutamol, within low
sodium environment assays. The addition of both Gpp(NH)p and a
high sodium environment was hypothesised to cause a reduction in
agonist affinity. This is due to the inclusion of a non-hydrolysable
GTP-analogue resulting in Ga-GppNHp and Gy dissociation,
uncoupling of the native G protein from the receptor ternary
complex with agonist, causing a conformational shift to the low-
affinity agonist state further driven by the negative allosteric action
of sodium (Warne et al., 2019). This was observed within
comparison assays (Table 4.2, Figures 4.5&4.6), indicating high
sodium buffer in combination with Gpp(NH)p is able to produce
lower affinity binding. Removal of sodium and Gpp(NH)p from the
assay resulted in increased affinity across all higher affinity
agonists (10-fold formoterol, 7-fold salmeterol). However, a four-
fold increase in antagonist affinity was also observed for IC1118551
(df=7, p=0.0002).

Additionally, within both high and low sodium conditions, all
agonist competition curves displayed a Hill slope between 0.6 — 1.4
consistent with single site binding, suggesting there was no
detectable influence of the mixed populations of receptors in high /
low affinity conformations (which would display as a two-site
model)(Student’s t-test comparing hillslope deviation from -1, low
sodium: p = 0.51, high sodium: p = 0.65).

Additionally, the effect of solely Gpp(NH)p addition on measured
agonist affinity was explored. In assessing the competition between
Fl-propranolol and unlabelled isoprenaline for the B2-AR, addition
of 100 uM Gpp(NH)p in low sodium buffer had a small,
statistically significant, effect in reducing the affinity of
isoprenaline, but to a lesser extent than in combination with
heightened sodium (pKi isoprenaline = 6.50 + 0.15, pKi
isoprenaline + Gpp(NH)p = 6.11 £ 0.06, p=0.04, df=3 [Student’s t-

test], n=4, data shown later in Figure 4.8).
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4.5.2. Measuring the allosteric effects of Gas C-terminus peptides on
ligand binding at the f>-Adrenoceptor.

The allosteric effects of Ga C-terminus peptides were assessed
through TR-FRET competition binding studies. To compare the
effects of different extents of the Ga a5 helix coverage, peptides
comprised either the final 11 (Gasl1), 24 (Gas24) or 19
(Gos19chal8) amino acids of the Gsa5 helix. Gas19chal8 also
incorporated a cyclohexylalanine (cha) substitution of leucine 18
reported to increase peptide affinity for the B2-AR receptor (see
section 1.4)(Mannes et al., 2021).
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Figure 4.5. The effect of Gas11 on competition between 20nM FI-

propranolol and B2-adrenoceptor agonists for f2-AR binding in HEK -

AR membranes in High Sodium conditions. Data in duplicate as mean +

s.e.m from a representative of five experiments. Non-specific binding was in
all cases determined through inclusion of 10uM ICI1118551 and deducted from

plotted data to determine specific binding. All assays run at 37°C for 2 hours.
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In initial studies run in Gpp(NH)p containing high sodium buffer
(Figure 4.5), the Gas11 peptide had no effect on agonist or
IC1118551 ICses. Furthermore, in comparison studies using low
sodium buffer, 10uM Gasl1 peptide remained insufficient to
increase agonist affinity (Table 4.2, Figure 4.6) or produce a
significant change in Hill slope across all agonists, with all agonists
displaying comparable K; values to previously characterised
inhibitory constants (Table 4.1)(Baker, 2010, 2005). This shows
that even under conditions predicted to promote the high affinity
state, Gas11 is unable to produce sufficient positive modulation of
agonist binding. In addition, no effect of Gas11 on F-propranolol
binding was observed as the total specific binding HTRF ratio was
similar +/- Gas11 under the buffer conditions tested (Figure 4.5,
4.6).

97



2 © Salbutamol
b 25000 A Salbutamol +AlOuM Gas1l
o
£ S 200004 &
I=R=}
<=
2 ; 15000
.g <
o 2 10000+
0 =
S
T a
o L 50004
L
x
[ 0 T T T T 1
-12 -10 -8 -6 -4 -2
log[Ligand] (M)
. _  © Formoterol
§ 25000 A Formoterol + 10uM Gas11
o5
= 8 20000+
XS]
._g =
2 ; 15000+
.g I
o & 10000
0
=)
o
o < 50004
u
@
[ 0 T T T T 1
-12 -10 -8 -6 -4 -2

log[Ligand] (M)

ing ratio

(520/490nm x 10000)

TR-FRET Specific bind

ing ratio

(520/490nm x 10000)

TR-FRET Specific bind

250001

20000

=
a
o
o
?

10000+

25000

20000

=
al
o
o
e

10000

al
o
o
9

© Salmeterol
A Salmeterol + 10uM Gas11

, ©
=
N

(o]
o
o
e

-10

8 6
log[Ligand] (M)

© ICI 118 551
A ICI 118 551 + 10uM Gas1l

, ©
N
N

T
-10

8 6
log[Ligand] (M)

Figure 4.6. The effect of Gas11 on competition between 20nM FI-

propranolol and B2- adrenoceptor agonists in Low Sodium conditions.

Data in duplicate as mean + s.e.m from a representative of five experiments.

Non-specific binding was in all cases determined through inclusion of 10uM
IC1118551 and deducted from plotted data to determine specific binding. All

assays run at 37°C for 2 hours.
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Table 4.1. Literature values of B2-AR orthosteric ligands

Compounds Literature(Baker, Low Na
2010, 2005) assay data
pKi or pKp pKits.e.m

Salbutamol 6.01 5.92 £0.18

Isoprenaline 6.40 6.18 £0.18

Salmeterol 8.83 8.74 £0.21

Formoterol 8.63 8.05 +0.18

ICI 118 551 9.26 8.56 £0.12

Table 4.2: Summary of binding parameters of 2-adrenoceptor ligands derived
from TR-FRET based competition assays, comparing high / low Na buffers
and the effect of Gasl11.

High Na +
Compounds Gpgp(NH)p Low Na
pKits.e.m pKits.e.m
Salbutamol 5.15 +£0.24 5.92 £0.18
Salbutamol + Gasl1 5.64 +0.08 5.78 £0.22
Isoprenaline 5.43 £0.07
Isoprenaline + Gasl1 5.41 +0.09
Salmeterol 7.99 +£0.07 8.74 £0.21*
Salmeterol + Gasl1 7.93 £0.10 8.73 £0.19*
Formoterol 6.97 £0.08 8.05 +£0.18*
Formoterol + Gasl1 6.92 +£0.07 7.95 +0.18*
ICI1 118 551 7.90 +£0.02 8.56 £0.12*
ICI 118 551 + Gasl1 7.90 +£0.03 8.563 £0.12*

Data are presented as mean = s.e.m from 5 different experiments.

Test for significance using log(Ki) data: * P < 0.05 high versus low sodium

buffer, Student’s unpaired t test
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Figure 4.7. Competition between 20nM FIl-propranolol and f2-
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Table 4.3: Binding affinities (pKi) of B2-adrenoceptor ligands in the absence and presence of 10uM Gas C terminal peptides in low

sodium conditions

Gas24 Goas19chal8
Ligand Vehicle 10 UM peptide Cr']:;r:ge Vehicle 10 uM peptide Fold change
Isoprenaline 5.81+0.17 6.54 £ 0.19" 54 6.18+0.18 6.93+0.30™ 5.60
Formoterol 8.30+0.18 8.92 +0.18 4.2 8.85+ 0.07 9.90 £ 0.08™ 11.2
salbutamol 5.64 +£0.12 578 £ 0.22 14 5.89 + 0.07 6.36 £ 0.17~ 3.00
IC1118551 8.62+0.12 8.60 +0.12 1.0 8.70+£0.14 8.67 £0.13 0.90

pKi data are presented as mean + s.e.m and are from 5 different experiments per peptide, with paired vehicle controls for each peptide.

Significant differences between control and peptide assay conditions are indicated by * P<0.05, ** P<0.01, *** P<0.001 (paired

Student’s t-test).
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In contrast, 10uM Gas24 and 10uM Gaoas19chal8 each promoted a
significant increase in measured affinity for three example
orthosteric agonists (Figure 4.7; Table 4.3). The extent of the shift
in affinity was highest for the high efficacy agonists isoprenaline
and formoterol and reduced for the lower efficacy agonist
salbutamol. However, Gos24 and Gas19chal8 had no significant
effect on the affinity of the representative antagonist 1C1118551.
Similarly to Gas11 assays, these peptides had no effect on FI-
propranolol binding, displaying similar HTRF ratios +/- Gas
peptide and having no effect on Fl-propranolol affinity.

Interestingly, within this experimental set both G peptide inclusive
and control agonist curves showed a shallower Hill slope compared
to high sodium conditions, especially in the case of salbutamol and
isoprenaline, with slopes between -0.50 and -0.58, compared to
high sodium condition range (-0.8 to -1; Figure 4.5), suggesting a
greater proportion of receptors in the high-affinity sate. As such, the
addition of a G protein mimetic peptide is hypothesised to cause a
shift within the assay to produce a greater number of receptors in
the high-affinity conformation, displayed as a change in Hillslope
closer to -1, however, in both cases Hill slopes did not change
significantly across all tested agonists (paired t-test, p>0.05) with
the inclusion of the peptide.

The effect of Gpp(NH)p was explored in more detail for the
isoprenaline curves +/- Gas19chal8, as shown in Figure 4.8. These
paired experiments were all performed in low sodium buffer.
Compared to isoprenaline control, the addition of 100 uM
Gpp(NH)p was associated with a modest reduction in isoprenaline
affinity. However, 10 uM Gas19chal8 produced a similar increase
in observed isoprenaline affinity, whether or not Gpp(NH)p was

present.
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Finally, selectivity assays were performed for a paired comparison
of the effects of Gas11 against Gas24, and Gas24 against 24aa Gai
peptides (Gai24) at the B2-adrenoceptor under low sodium
conditions (Figure 4.9&4.10). Incubation with 10uM Gai24 had no
effect on agonist affinity compared to negative controls, whereas
incubation with Gas24 displayed similar shifts in agonist affinity to
those previously observed. Similarly, running side-by-side
comparison with differing Gas peptides showed no effect upon
incubation with 10uM Gas11 but a similar shift in affinity with

incorporation of longer peptide.

104



Isoprenaline Formoterol

150 1501

[=2] (2]

£ £

2 100 S 1004

a a8

@ 9]

E 50 @ 50

3 3

N 0 1 N 04

© 2 ©

E ; E ;

S 504 Log[Agonist] (M) S -50- Log[Agonist] (M)
-©- |soprenaline -®- Isoprenaline + Gas1l -©- Formoterol -®- Formoterol + Gas1l
-@- Isoprenaline + Gas24 -©- Formoterol + Gas24

Salbutamol IC1118551

150 150

100+ 100

(=]

o

1 1
-10 -8 -6 -4 -2

Log[Antagonist] (M)

Normalized tracer binding (%)
(o))
o
1

Normalized tracer binding (%)
a1
o
1

Log[Agonist] (M)

'
a
o
L
'
(41
o
L

-©- Salbutamol - Salbutamol + Gas11 -©- |CI118551 @ |CI118551 + Gas11l
-@- Salbutamol + Gas24 - ICI118551 + Gas24

Figure 4.9. Competition analysis of B2-adrenoceptor agonists in HEK ssf2-
AR membranes, comparing the effects of incubation with 10uM Gas11 or
Gas24 peptides. Normalized data were expressed as % Fl-propranolol binding
in the absence of competing ligand. Non-specific binding was in all cases
determined through inclusion of 10uM IC1118551. Assays were performed at
37°C for 2 hours using 20nM FI-propranolol tracer, in low sodium buffer. Data

are pooled from 2 independent experiments, plotted as mean + s.e.m.
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Figure 4.10. Competition analysis of B2-adrenoceptor agonists post
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Non-specific binding was in all cases determined through inclusion of 10uM
ICI118551 and defines 0% tracer binding. Assays were performed at 37°C for
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pooled from 2 independent experiments, plotted as mean + s.e.m.
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Taken together these data supported the binding of Gas24 and
Gas19chal8 to the B2-AR, and their allosteric stabilisation of the
active conformation selectively promoting high agonist affinity, as
previously observed in radioligand binding assays by Mannes et al
(2021)(Mannes et al., 2021).

4.5.3. Characterisation of Gi derived peptide allosteric actions on

NPY Y1 receptor ligand binding.

The ternary GPCR complex promoting high affinity agonist binding
in the presence of effector G proteins is a feature of GPCRs coupled
to all G protein classes(De Lean et al., 1980; Garcia-Nafria et al.,
2018; Samama et al., 1993; Wan et al., 2018; Warne et al., 2019).
In order to explore whether allosteric actions extended beyond Gas-
based peptides, the Gai coupled NPY Y1 receptor was chosen as a

system to investigate the actions of Gai peptides on ligand binding.

A TR-FRET assay was first established using the fluorescent
antagonist peptide probe BIDA84 ([Lys(2)(sCy5), Arg(4)]BVD-15)
previously characterised by Liu et al., 2016. Using buffer either
containing or lacking 2.5mM CaCly, the affinity of BIDA84 to Y1
membranes was determined by analysis of endpoint saturation data
measuring increasing concentrations of BIDAB84 binding at the
orthosteric binding site. The addition of CaCl; to the buffer had no
significant effect on the binding affinity of BIDA84 (-CaCl», Kp:
5.4nM % 1.8, +CaCly, Kp: 14.5nM + 8.3, p= 0.08, n=4, Figure
4.11A&B).
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Figure 4.11. Characterisation of TR-FRET binding assays inY1 receptor
membranes and the effects of Gai derived peptides. A) Saturation binding
of BIDAB84 in a Ca?* free environment, data are an example from 4
independent experiments. B) Binding of BIDA84 in a 2.5 mM Ca?*
environment C) Competition binding between BIDA84 and control ligands in a
Ca2" free environment. D) Competition binding between BIDA84 and control
ligands in a High Ca?* environment. E-F) Competition analysis for peptide
agonists in absence and presence of different 10uM Gai derived peptides in
high Ca?* conditions. Data are pooled, normalized data from 3-5 independent

experiments incubated for 2-hours at 37°C, plotted as mean * s.e.m.
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The affinities of NPY, PYY, [leu31,pro34]PYY, PYY3-36 and the
peptide antagonist GR231118 were determined by competition with
BIDAB84fluorescent ligand and subsequent conversion of resulting
ICsos to pKi values using the Cheng and Prusoff correction.
Optimisation assays measuring binding affinity of NPY and PYY
were run in both assay buffers as previously described, allowing
characterisation of the role of Ca?* in promoting agonist binding.
The inclusion of calcium caused a 100-fold increase in the affinity
of both NPY and PYY, bringing their relative affinities in line with
previous reports(Gehlert et al., 1997; Krause et al., 1992) (NPY: -
CaCly, pKi= 6.30£0.2, +CaCl,, pKi= 8.64+0.15, PYY: -CaCl,, pKi=
6.02+0.07, +CaCly, pKi= 8.09+0.25). However, the presence of
buffer calcium had little effect on GR231118 affinity (Figure
4.11C&D; -CaCly, pKi= 9.14+0.34, +CaCl,, pKi= 8.92+0.13, n=4).

Having validated the use of BIDA84 TR-FRET competition
binding to determine agonist affinity, Gai derived peptides were
incorporated into assays employing a Ca?* rich buffer. However, in
contrast to Gs findings, the presence of 10 uM Gai24, Gail9 or
Gail9chal8 did not significantly change NPY or [Leu31,
Pro34]PYY binding affinity, as assessed by similar binding ICso
values in the absence and presence of each peptide (Figure
4.11E&F).

4.6. Discussion

The aim of this chapter was to determine whether different Ga C
terminal peptides, mimicking the a5 helix, were able to affect the
affinity of orthosteric ligands at candidate Gs (B2-AR) and Gi (Y1)
coupled receptors. For each receptor, membrane-based TR-FRET
binding assays were established using fluorescent antagonist
probes, which allowed estimation of unlabelled agonist and
antagonist affinities in the absence and presence of Ga C peptide.
For the B2-AR, longer Gs derived C terminal peptides (but not Gi)
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were demonstrated to enhance agonist affinities selectively,
demonstrating an allosteric action. However equivalent Gi peptides
did not directly alter Y1 agonist binding. This study provided the
groundwork for the selection of the most active Ga C terminal
peptides as fluorescent affinity probes for investigation in later

chapters.

4.6.1. Initial validation of employing TR-FRET techniques for
measuring ligand binding

In both cases, initial TR-FRET assays were successfully established
as a system for the derivation of ligand binding at target receptors
B2-AR and Y1. For B2-AR assays, employment of the fluorescent
antagonist BODIPY-FL-Propranolol facilitated measurement of
orthosteric ligand affinities via TR-FRET. However, the measured
affinity of an agonist can be influenced by the experimental
environment. In particular, receptor conformation can have a
profound impact on agonist affinity, as implicated by the ternary-
complex model (see section 1.2.5), causing experimental variation
as a result of the proportions of high (G protein coupled) vs low (G
protein uncoupled) affinity receptor populations. In the case of the
B2-AR, the proportion of high/low affinity populations can be
influenced by the addition of sodium ions within assay buffer
(negative allosteric modulator of class A GPCRs) and
destabilisation of the receptor-Gs complex by non-hydrolysable
GTP analogues (e.g., Gpp(NH)p) (Agasid et al., 2021; Katritch et
al., 2014; Selent et al., 2010; Sykes et al., 2019). Subsequently,
application of high sodium conditions in the presence of Gpp(NH)p
allowed derivation of affinity values in line with literature
measurements, derived using alternative techniques including
radioligand binding(Baker, 2010, 2005). Removal of these low
affinity promoting factors was hypothesised to increase agonist

affinity. Employment of low sodium conditions resulted in an
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increase in control formoterol and salmeterol affinities, indicative
of increased high affinity binding, with no change in Fl-propranolol
affinity. The degree of affinity enhancement from high to low
sodium environments correlated with the reported efficacy
(formoterol > salbutamol > salmeterol) since high efficacy
activation is linked to higher affinity for coupled active versus
uncoupled inactive receptors(Kent et al., 1980). Interestingly, a
slight increase in 1C1118551 affinity was observed in the low
sodium environment, an unexpected characteristic for an antagonist.
However, with no change in antagonist tracer binding this may be
an artifact of ICI118551’s binding mode compared to other
antagonists, given its reliance on ionic interactions within the
binding pocket(Wacker et al., 2010). Furthermore, the inclusion of
Gpp(NH)p to this low sodium environment allowed characterisation
of the positive allosteric effect of native G protein coupling on
agonist affinity. By employing Gpp(NH)p to remove the native G
protein, a reduction in agonist affinity is observed, indicating a

change in receptor conformation to the low-affinity state.

Similarly, employment of the fluorescent peptide probe BIDA84
facilitated use of TR-FRET at the Y1 receptor for the first time.
Initial binding experiments allowed for derivation of BIDA84’s
binding affinity in line with previous findings employing direct
imaging approaches(Liu et al., 2016). Further application of
BIDAB84 facilitated derivation of orthosteric ligand affinities similar
to those described within radioligand binding assays(Gehlert et al.,
1997; Krause et al., 1992). These assays also provided the means to
explore the effects of environmental calcium levels on ligand
binding at the Y1 receptor. Previous reports have indicated calcium
ions facilitate high affinity binding at the Y1 orthosteric binding
site(Keller et al., 2015). Removal of calcium from the assay buffer
resulted in a reduction in agonist affinity, highlights its important

role in Y1 function.
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4.6.2. Using TR-FRET binding to determine the allosteric effects of G

protein mimetic peptides.

Having validated the ability of TR-FRET binding studied to
accurately derive orthosteric agonist affinity at the >-AR and Y1
receptors, this was used to probe the allosteric effects of G protein
mimetic peptides. The allosteric effects of Ga C-terminal peptides
were first characterised at the f2-AR through measurement of the
affinity of multiple agonists, and the antagonist 1C1118551,
determined through competition with Fl-propranolol under high and
low sodium conditions. Gas19chal8 and Gas24, but not Gas11 or
Gai24, enhanced agonist affinity (but not antagonist ICI118 551)
binding at the B2-adrenoceptor. The largest shift observed (all
peptides were used at highest available concentration, 10 uM) was
with the inclusion of Gas19chal8, causing a 11.2-fold increase in
formoterol affinity. The inability of these peptides to alter
ICI118551 affinity is in line with the hypothesis that these peptides
are promoting conformational change towards the high-affinity
state, thereby influencing agonist binding but not antagonist binding
due to antagonists having no conformational preference for the
high-affinity conformation. Additionally, reintroduction of
Gpp(NH)p within these assays (maintaining a low sodium
environment) further highlights the overall sensitivity of the assay
for receptor conformation. Addition of Gpp(NH)p resulted in the
reduction in isoprenaline control affinity (by removing the coupling
of native G protein within the system) but had no effect on the
modulatory effect of Gas19chal8. This indicates Gas19chal8 is
able to stabilise the high affinity state independently of the native G
protein’s stabilizing effect and does not simply substitute for the

native G protein.

The observed structure activity relationship, displaying increased
activity with longer peptide length, is consistent with G peptide
binding data produced by Mannes et al and may highlight a key

role of the alpha helical secondary structure(Mannes et al., 2021).
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The increase in length (from Gs11 — to Gs24) provides greater
structural integrity of the peptides within the assay. Previous
findings suggest that shorter peptides (around 10 amino acids) do
not display any significant secondary structure when in an aqueous
experimental environment(Koehl et al., 2018; Mant et al., 2007).
This is in line with presented findings showing Gas11 had no effect
on agonist affinity. This suggests that, as the elongation allows for
an additional number of rotations and subsequently a greater
number of hydrogen bonds, the native a-helical structure is better
maintained. This therefore allows the peptides to maintain a greater
structural homology to the native Ga5 helix, putatively increasing
their affinity for the intracellular binding site. Similarly, as
displayed previously by Mannes et al, the increased efficacy of
Gas19chal8 is believed to be due both to the additional length, and
the subsequent stability this provides, and due to the substituted
cyclohexylalanine residue providing a greater hydrophobic
interaction between peptide and receptor than the corresponding
leucine thereby increasing the affinity for the G protein binding site.
Further characterisation and comparison against the Gai24 peptide
indicated the allosteric effect displayed by the Gas24 peptide was a
selective process, with incubation with Gai24 peptides having no
effect on agonist affinity. This highlights that variation in amino
acid sequence seen within the final C-terminal region of alpha
subunits (see section 3.4) is sufficient to provide selective G protein
coupling, indicating that selective peptide binding can be achieved
with only a small fragment of the C-terminal region(Gilchrist et al.,
1998; Rasenick et al., 1994).

These findings paved the way for the exploration of G derived
peptides, employing the Y1 receptor as a representative Gi coupled
class A GPCR. With accurate measurement of BIDA84 affinity and
defined competition curves of control agonists, able to accurately
determine their respective affinities, peptides Gai24, Gail9 and

Gail9chal8 were employed as initial modulators. Gail9chal8 was
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designed as a putative higher affinity ligand due to the conservation
of the substituted leucine residue at the -2 position between the Gas
and Goi a5-helix sequences and the comparable, hydrophobic,
nature of G protein binding sites between Gs and Gi coupled
receptors (Figure 4.12)
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Figure 4.12. Structural representation of G protein a5 helix binding to p2-
AR (left, PDB:7DHR) and Y1 (right, PDB:7VGX). (Top) Ga subunit
(green), a5 Helix (red), receptor (grey). (Bottom) a5 helix (purple), positive
charge side chain (Royal blue), Negative charge side chain (Red), Polar residue
(Light blue), Hydrophilic sidechain (Green). Models were generated from PDB
files(Park et al., 2022; F. Yang et al., 2021) using Maestro (Schrodinger,
Reading, UK)
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This conservation, along with recent structural studies and previous
Gs peptide data, suggests this modification provides a greater
hydrophobic interaction between the a5 helix and GPCR, as has
been previously reported(Mannes et al., 2021; Yang et al., 2018).
However, Gai24, Gail9 and Gail9chal8 all displayed an inability
to modulate agonist peptide affinity, with peptide + and peptide -
agonist curves displaying similar 1Csg values. It is hypothesised that
if these peptides preferentially couple to the active receptor state
with greater affinity, they will subsequently promote the high-
affinity state as seen in Gs receptor studies, increasing agonist
affinity. However, there is some evidence to suggest that this is not
always evident within experimental systems, especially when
employing G protein mimetic peptides(Gilchrist et al., 1998). This
suggests these findings may not represent a lack of peptide binding,
just a lack of allosteric efficacy. Findings by Gilchrist et al in 1998
identified the use of 11 amino acid Ga; peptides as competitive
inhibitors of Adenosine receptor 1 - G protein binding, but also
indicated that peptide binding inhibited radiolabelled orthosteric
agonist binding(Gilchrist et al., 1998). This is in contrast to what
would be expected upon stabilisation of the high-affinity state as
indicated previously(Mannes et al., 2021).

It is also worth noting that in these assays direct binding of the Ga
C terminal peptide is not being measured and any action is only
indirectly revealed by the allosteric influence on agonist binding. It
is possible that, as previously suggested(Gilchrist et al., 2002, 2001,
1998), shorter peptides, or Gi peptides are capable of binding
receptors and competing with native G protein. However, they are
unable to promote the receptor high-affinity conformation to a
significant degree as to alter global agonist affinity and subsequent
binding measurements(Gilchrist et al., 2002; Mannes et al., 2021).
This is explored further in later chapters.

Similarly, more recent molecular dynamic simulations and

employment of Systematic Protein Affinity Strength Modulation
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(SPASM) Ga peptide linked sensors have alluded to the variability
in binding mechanisms between the types of G protein. Findings by
Sandhu et al identified that binding of the same G protein can vary
significantly from receptor to receptor (see chapter 6), however,
their main focus lay in calculation of the various insertion angles
used by the respective Ga5 helices for binding to active state
receptors(Sandhu et al., 2019). Their proposed models indicate that
the angle, combined with the amino acids make up, is a key driver
in G protein selectivity. In relation to Gi binding and the lack of
receptor conformational change seen in these assays, their findings
indicate that Gai inserts at a much shallower angle than the
respective Gs and Gq models presented, thus displaying reduced
receptor entry. This reduction in sterical interaction may result in
Gai displaying a weaker interaction with its respective receptors,
and the corresponding C terminal peptides may then have a reduced
allosteric action as is indicated here. Without additional
methodologies for detecting peptide binding directly, the role of Ga
C-terminal peptides for Goi coupled peptides remains elusive.
Hence the objective in the following chapters was to establish
whether Gs and Gi C terminal peptide sequences could be used as
the basis for the generation of fluorescent probes, and enable direct

binding assays at the G protein interaction site to be performed.
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Chapter 5. Chemistry

A click-chemistry approach
facilitating peptide-fluorophore
coupling for the generation of
fluorescent Ga C-terminus
peptides.
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5. A click-chemistry approach facilitating peptide-
fluorophore coupling for the generation of
fluorescent Ga C-terminus peptides.

5.1. Introduction

The growing appreciation for fluorescence technology has driven
an increase in experimental diversification within both biological
and molecular chemistry settings. The need for single target
selective tracer ligands for biological application has led to the need
for more structurally complex fluorescent ligands. Especially in the
context of peptide/protein-based biosensors, this requires more
classical chemical synthesis approaches to be tailored to
accommodate the great number of reactive groups present in such
amino acid sequences. The application of “click-chemistry” allows
for the addition of fluorophores to larger, more complex, molecules
without the need for large scale functional group protection and
deprotection steps (introduced in 5.1.1)(Kolb et al., 2001). In this
chapter, the ability to generate fluorescent Ga C-terminus peptides
employing solution-based click-chemistry is explored.

5.1.1. Click chemistry and the advancement of fluorescent ligand

technology and development.

Click-chemistry was originally described by K. B. Sharpless in
2001, for which he was awarded the Nobel Prize in Chemistry in
2022, to describe reactions that give high yields, create only by-
products that can be removed without chromatography, are
stereospecific, simple to perform, and can be conducted in easily
removable or benign solvents(Rostovtsev et al., 2002; Tornge et al.,
2002). The original expression of a Click reaction utilized
alkyne/azide cycloaddition, made feasible by the employment of a
copper catalyst, and was termed “Copper(I)-catalysed Azide-
Alkyne Cycloaddition” (CuAAC, Figure 5.1). The use of copper

catalysis greatly reduces the overall time relative to the
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corresponding uncatalyzed, thermal, process and allows for
reactions to be run at, or below, room temperature. This is achieved
by converting the reaction into a series of discrete steps, forming a
5-triazolyl copper intermediate, culminating in the formation of a
1,2,3-triazole heterocycle. This 1,2,3-triazole heterocycle has the
benefit of being highly chemically stable (inert to severe hydrolytic,
oxidizing and reducing conditions, even at high temperatures).
However, one drawback to the original reaction conditions used is
the required Cu* ions are highly susceptible to oxidation to the
respective Cu?* ion. For this reason, it has become common
practice to generate Cu™ ions through reduction of a Cu(ll) salt. A
common approach employed is the reduction of CuSO4 by ascorbic
acid, which allows for a continuous supply of Cu* without the need

to isolate reactions from environmental oxygen.

N .
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m/ Nw
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Figure 5.1. Reaction mechanism for copper-catalysed azide-alkyne
cycloaddition for the combining of two compounds (R and R’) via a ligand

bound Cu'* catalyst (CuLx).
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The use of the CUAAC reactions has allowed for the development
of novel fluorescent ligands previously hindered by additional
reactive groups within the ligand pharmacophore. Recent examples
include the generation of peptide linker-based fluorescent ligands
for the histamine H: receptor(Kok et al., 2022).

5.2. Application of CUAAC for the generation of varied

fluorescent Gas19chal8 peptide tracers.
5.2.1. General methods

Chemicals and solvents were purchased from standard suppliers
and used without further purification. Sulfo-cyanine5-azide and
Alexafluor-488-azide were purchased from Lumiprobe (Hunt
Valley, MD) (5mg, >95% purity) and stored at -20°C.
Propargylglycine-Gas19chal8 peptide (Pra-Gas19chal8) was
purchased from GenScript Biotech (New Jersey, USA) (4 mg,
>95% purity) and stored at —20°C. Reactions were carried out in
1mL LC/MS glass vials and monitored by thin layer
chromatography on commercially available precoated aluminium-
backed plates (Merck Kieselgel TLC Reverse-phase-C8 Silica gel
60 A F2s4) using a 50% CH3sCN/50% H,O mobile phase.
Visualization was by examination under UV light (254 and 366 nm)
followed by staining with ninhydrin. Organic solvents were
evaporated under reduced pressure at <40°C (water bath
temperature). Analytical RP-HPLC was performed using YMC-
Pack C8 column (150 mm x 4.6 mm x 5 pum) at a flow rate of 1.0
mL/min over a 30 min period (gradient method of 10%-90%
solvent B; solvent A = 0.01% formic acid in H20, solvent B =
0.01% formic acid in CH3CN), UV detection at 254 nm and 320 nm
spectra were analysed using Shimadzu LabSolutions software
(modified from methodologies presented by Mannes et al(Mannes
et al., 2021)). LC/MS was carried out using a Phenomenex Gemini-
NX C18 110 A, column (50 mm x 2 mm x 3 um) at a flow rate
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0.5mL/min over a 5 min period (gradient method of 5%-95%
solvent B; solvent A = 0.01% formic acid in H20, solvent B =
0.01% formic acid in CH3CN). LC/MS spectra were recorded on a
Shimadzu UFLCXR system combined with an Applied Biosystems
API12000 electrospray ionization mass spectrometer and visualized
at 254 nm (channel 1) and 320 nm (channel 2).
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5.2.2. Experimental procedures

Table 5.1: Procedures for the attempted synthesis of fluorophore tagged Gas19chal8 by copper-catalysed azide-alkyne cycloaddition.

Procedure Reactants CuS04:CeH7NaOs (Eq) Solvents/additional reagents Conditions
1 sulfo-cyanine5-azide / Pra-Gas19chal8 (1:1Eq) 5:25 95% H0 : 5% (CHs)>NCH r%w?;ﬁtess
2 sulfo-cyanine5-azide / Pra-Gas19chal8 (1:1Eq) 5:25 95% H-0 : 5% (CHs)>NCH 2%2%}524
3 sulfo-cyanine5-azide / Pra-Gas19chal8 (1:1Eq) 5:25 95% H,0 : 5((3_%5'2_'832)2'\'(:'_' L 2%2%}524
4 benzyl azide / propargyl amine (1:1Eq) 5:25 55% H20: 5(%’|_§3C)|2_|832.)2NCH +40% 2rr(1):rlcljtg§
5 sulfo-cyanine5-azide / Pra-Gos19chal8 (1:1Eq) 5:25 55%(32H2):2§g) :(.?g.?)il\l(ggé)‘l()% 2?]2%}34
6 sulfo-cyanine5-azide / Pra-Gos19chal8 (1:1Eq) 5:25 55%(32—%:22%);('CFS'?),&I\I(E:E(;)M% > (t):ocu’r?
7 sulfo-cyanine5-azide / Pra-Gos19chal8 (1:1Eq) 10:25 55% H:0 - 5(%’|_$3C)':S32)2NCH -40% 2?]2%}34
8 Alexafluor-488-azide / Pra-Gas19chal8 (1:1Eq) 5:25 55% H20: 5(2/:",4(30)'24832)2'\'% $40% | 20°C, 24
9 sulfo-cyanine5-azide / Pra-Gos19chal8 (1:1Eq) 5:25 95% l-l(ZCOH?,)SZOS/OéCl;S%Z)NTCl::l-El 40% 2?]2%}34

General procedure: In all cases, solutions of Reactants and CuSO4/ CsH7NaOe pairs were made with solvents as described, before combining and

stirring in an LC/MS vial in the dark under stated conditions. All reactions were analysed by LC/MS and RP-HPLC as described previously.
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5.2.3. Results

HN NHQ HN NH2

gfﬁuaﬂ¢¢x P oo

LY T

NH,
HoN NH

Figure 5.2. Skeletal structure of Gas19chal8 indicating potential reactive side

groups (Red) and putative site available for fluorophore addition (Green).

Having established Gas19chal8 as the peptide with the greatest
ability to positively modulate agonist affinity at the B2-AR,
Gas19chal8 was chosen as the basis for the development of
fluorescent peptidic tracers. The nature of peptides, being formed
from amino acid sequences, results in their possessing a high
number of reactive groups as a result of amino acid side chains.
Gas19chal8 is no exception. Analysis of Gas19chal8’s skeletal
structure (Figure 5.2) identifies multiple residues commonly
exploited within standard coupling reactions within organic
chemical synthesis, including amide and carboxyl groups.
Subsequently, it is necessary to derive a coupling method which
allows for these groups to remain independent of the coupling
reaction, preferable without the need for side chain protection steps.
Exploitation of the CUAAC reaction has the potential to allow
efficient coupling of complex fluorophores to Ga C-terminal
peptides without the formation of unwanted impurities or side
products. To facilitate the use of this reaction, Gas19chal8
derivatives N-terminally modified with the non-native amino acid
propargy! glycine were acquired along with azido-bearing
analogues of common red-emitting fluorophores sulfo-cyanine5
(sulfo-cy5-azide) and Alexafluor-488 (AF-488-azide). Propargyl

glycine provides an alkyne reactive group connected to the alpha
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carbon of the amino acid, providing the means for fluorophore

cycloaddition without interference with the peptide chain.

CUAAC reactions have been shown to occur under a variety of
conditions with varying degrees of efficiency. Studies carried out
by Byrne et al employing peptides within CUAAC reactions
identified a CuSO4+5H>0/Na Ascorbate equivalent ratio of 5:25,
under aqueous conditions supplemented with 5% N,N-
Dimethylformamide (DMF), to provide a 90% conversion
efficiency after 5 minutes at room temperature(Byrne et al., 2011).
Using these conditions as a starting point, to a 250 uL aqueous
solution of CuSO4+5H20/Na Ascorbate (5:25) was added 1
equivalent (Eq) Pra-Gas19chal8 pre-mixed with 1 Eq sulfo-cy5-
azide in 225 pL H20 + 25 pL DMF (Figure 5.3, Table 5.1 [1]). The
mixture was stirred at room temperature for 5 minutes before
sampling via RP-TLC and LC/MS as previously described. RP-
TLC identified two distinct spots indicative of unreacted peptide
and fluorophore. Similarly, LC/MS traces indicated the presence of
both peptide and fluorophore reactants, with no significant
identification of expected product peaks (m/z calculated: [M+H]":
3323.58, [M+2H]*:1662.29, [M+3H]": 1108.5, [M+4H]": 831.65).
Subsequently, the reaction was allowed to continue for 24 hours
(Table 5.1 [2]).
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Figure 5.3. Attempted reaction between Pra-Gas19chal8 and Sulfo-cyanine5-azide under initial conditions (Table 5.1 [2/3])
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LC/MS analysis post 24-hour incubation again failed to identify
product formation; however, UV 254 nm absorption traces
indicated the formation of a new peak at tr = 2.44 min producing
mass peaks within similarly large mass ranges to those expected for
product formation, suggesting formation of an unknown product.
Analytical reverse-phase HPLC was carried out on a 50 pL sample
of reaction mixture (as described above) to identify and isolate
reaction components. HPLC traces indicated a wide peak between
tr = 5.5 - 7.5 min and a large single peak at tr = 9.52 min (Figure
5.4). Collection of the single later peak afforded a blue solution,
while collection across the entire smaller, wider peak resulted in a

colourless sample.
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Figure 5.4. RP-HPLC analysis 254nm detection trace of Pra-

Gas19chal8/Sulfo-cy5-azide CUAAC reaction mixture sample after 24 hours.

Right axis indicates % CH3CN + 0.01% formic acid in water, with solvent

gradient depicted over UV trace, measured using the right-hand Y -axis.

Collected samples were prepared for analysis by first removing the
CH3CN solvent using reduced pressure evaporation, before freeze
drying the remaining solution. Solid samples obtained were then
solubilized in MeOH and analysed by LC/MS. Analysis identified
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the wide peak (tr = 5.5 - 7.5 min) collected to contain unreacted
peptide while the 9.5-minute peak contained unreacted sulfo-cy5-
azide, with neither sample containing product or traces of the
previously identified unknown species. Together, these findings
indicate that the reaction is unable to proceed under these
conditions. Additionally, incorporation of 40% DMSO to ensure
solubility was not an underlying limitation gave similar results
identifying solubility is not the limiting factor (Table 5.1 [3]).

In order to determine if the CUAAC reaction itself is the underlying
limiting factor, a small-scale test reaction was carried out under the
same conditions (with the inclusion of DMSO to maintain
solubility) between benzyl azide and propargyl amine (Figure 5.6,
Table 5.1 [4]) for 60-minutes.

CuSO,

: :: Na Ascorbate
/
HZN\// + N 55% H,0, 40% DMSO, 5% DMF

7 N

N* 20°C, 60 min
_N// \ \N
/
N
HoN

Figure 5.6. CUAAC test reaction.

Under these conditions, TLC and LC/MS analysis identified highly
efficient product generation. This suggests that the reaction
conditions are adequate to allow for efficient click reactions to
occur between these reactive groups, therefore indicating that the
inefficiency of the peptide-fluorophore coupling is likely the result

of particular reactant properties within this environment.

The addition of a Copper-chelating ligand has previously been used
to enhance the speed and efficiency of CUAAC reactions by
providing a continuous supply of Cu* ions within the reaction mix.

Foremost amongst the various ligands available is tris-((1-benzyl-4-
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triazolyl)methyl)amine (TBTA), a tertiary amine containing the
1,2,3-triazole moiety. Addition of 5 Eq TBTA to the primary
reaction mixture was hypothesised to increase the availability of
Cu™ ions, thus driving the reaction to completion (Table 5.1 [5]).
However, similar negative results were obtained upon LC/MS and
RP-HPLC analysis of resulting reaction mixture post 5-minute and
24-hour incubations at room temperature. Similarly, increasing the
reaction temperature to 50°C had no positive effect on product

formation, nor did the inclusion of 10 Eq CuSQO4 (Table 5.1 [6&7]).

Figure 5.7. Structure of Alexafluor-488-azide

In order to determine if the reaction was hindered by properties of
the reacting fluorophore, sulfo-cy5-azide was substituted for
AF488-azide (Figure 5.7, Table 5.1 [8]) under the same conditions
(excluding TBTA). TLC and RP-HPLC both failed to identify
product formation despite fluorophore substitution, implicating the
Pra-Gos19chal8 as the primary limiting factor within the reaction.
2,2,2-Trifluoroethanol (TFE) has previously been identified to
disrupt intramolecular protein hydrogen bonding(Roccatano et al.,
2002). With this in mind, TFE (20%) was added to reaction mixture
to negate any detrimental effects of peptide secondary structure
which might sterically shield the ability of the cycloaddition to take
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place (Table 5.1 [9]). Unfortunately, this also appeared to have no

effect on reaction efficiency.

5.2.4. Discussion

Within this section, the viability of peptide click reactions to label
peptides was explored. Extensive literature examples exist
highlighting the high diversity in conditions available which
facilitate CUAAC reactions, however, there are limited examples of
solution-based click reactions being exploited for long-chain
peptide chemistry. Test reactions exploiting small-molecule
reactants demonstrated the efficiency of the click-reaction under
initial reaction conditions, implying the displayed inefficiency of
the target reaction is directly related to the larger compounds being
employed. Additionally, the inability of different solvent systems to
alter reaction efficiency rules out the possibility of solubility
limitations within the system. This therefore required more
extensive exploration of reaction/reactant properties which may be

hindering product formation.

The use of CUAAC was chosen to overcome the limitations of
multiple reactive groups on the Gas19chal8 peptide. However,
these reactive sidechains may also be hindering the efficiency of the
reaction due to their ability to chelate Cu*/Cu?* ions. The presence
of Arginine and Cysteine residues in particular may have a
detrimental effect on reaction efficiency due to the polar nature of
the arginine side groups facilitating metal ion interactions and the
sulfhydryl group of Cysteine promoting oxidation of Cu* ions to
Cu?*, Together these interactions were hypothesised to reduce the
availability of the Cu* catalyst, thereby limiting the reaction.
However, addition of excess amounts of Cu™ had no obvious effect
on product formation. Further addition of a Cu*-chelating ligand
was believed to allow a greater proportion of Cu* to be available for
catalysis(Hein et al., 2008), however again this had no positive
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impact on product formation, suggesting catalyst availability is

unlikely to be the primary limiting factor in product formation.

The nature of the medium/long-chain peptide molecule backbone
allows for a high degree of inter- and intra-molecular hydrogen-
bonding, facilitating formation of protein/peptide secondary
structure. As such, the resulting molecule can have drastically
varied molecular geometry which can have significant impacts on
molecular properties with a high degree of variability depending on
solvent system employed(Kosson et al., 2023). Employing this
knowledge to the presented reactions provides an alternative
explanation for why product formation is not occurring. The ability
for the peptide starting material to form alpha helical secondary
structures may have the negative impact of hiding the required
alkyne reactive group, thereby hindering the reaction between the
alkyne and azide. This phenomenon is one of the primary reasons
peptide synthesis is carried out using a solid phase scaffold as it
limits the stability of intra-molecular interactions(Merrifield, 1963).
Disruption of hydrogen bonding by the addition of TFE was
hypothesised to promote a greater efficiency of product formation
by allowing access to the alkyne functional group, however, TFE
had little effect on product formation, even under test scale
conditions. Together with previous exploratory reactions, this
suggests that a combination of presented confounding factors may

be limiting product formation within these experiments.

There are a number of alternative approaches which may overcome
some of the limitations encountered to facilitate peptide-
fluorophore CUAAC reactions. Primary among these is the
exploration of non-amino acid-based linker chemistry (Figure
5.8A).
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Figure 5.8. Example alternative approaches. (A) Alternative linker
chemistry, this example depicts a PEG-type linker extending away from the
amino acid chain of Gas19chal8. (B) Examples of alternative reactive groups
applicable within strained click reactions with their reactive partner indicated

in brackets.

This would allow for extension of the alkyne group away from the
structurally dynamic amino acid chain and therefore limit the
effects of steric hindrance on reaction efficiency while maintaining
a solution-based reaction process. Similarly, the employment of
alternative click partners may provide greater efficiency, such as
use of strain-promoted azide-alkyne cycloaddition. This technique
relies on much bulkier reactive groups, therefore limiting hiding of
the alkyne group. Strain-promoted azide-alkyne cycloaddition
provides the reactive alkyne within a strained difluorooctyne, in
which the electron withdrawing gem-difluoro moiety acts together
with the ring strain to destabilize the alkyne (Figure 5.8B). This
destabilization increases the reaction driving force and the desire of
the cycloalkyne to relieve its ring strain through cyclisation with
nearby azides (Agard et al., 2006). This process has the added

benefit or being catalyst free, thus removing copper from the
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reaction process completely. Copper is known to have a high degree
of cellular toxicity which can have significant detrimental effects on
future pharmacological assays. This is primary due to the chelating
properties of copper discussed within this chapter, which can
disrupt the complex protein interactions required for cellular
function. Additionally, trace levels of copper ions are essential for
the function of certain proteins (particularly cytochrome c oxidase,
a key transporter within the electron-transport chain involved in
ATP production), which can be disrupted under high copper
conditions. Furthermore, there is evidence that high levels of copper
ions are able to promote formation of reactive oxygen species
which can have a severe impact on cellular function(Tsukihara et
al., 1995; Zu et al., 2000).

This toxicity is of limited consequence within the membrane-based
assays presented within this thesis, however, future exploration
utilizing synthesised fluorescent peptides may be affected, making

catalyst free reactions a preferred methodology.
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Chapter 6. Results 11
Development of fluorescent Ga-C
terminal peptides as GPCR binding

and signalling biosensors through
intracellular NanoBRET.
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6. Development of fluorescent Ga-C terminal peptides
as GPCR binding and signalling biosensors through
intracellular NanoBRET.

6.1. Chapter introduction:

The aim of this chapter was to establish a NanoBRET-based
method (introduced in 6.2.1) to develop fluorescent Go. C-terminus
peptides as binding probes for intracellular modulator receptor sites,
and as sensors for G protein coupled receptor activation. With the
overall thesis aim being to develop universally applicable use-
dependent tracers, particular attention was paid towards
characterising the role of orthosteric agonist binding on tracer
recruitment. Binding was explored using the previously described
B2-AR and NPY Y1 as primary candidate Gs and Gi coupled
receptors, as well as across a range of example receptors each
identified to potentially benefit from 1AM development (briefly
introduced in section 6.2.3 and 8.2.1). Selected Ga C fluorescent
peptides were then tested in their capacity to act as both
intracellular tracers, and as receptor conformational biosensors, to
probe unlabelled ligand interactions both at the intracellular and

extracellular binding sites.

6.2.Introduction

6.2.1. NanoBRET as a method of detecting receptor-ligand

interactions.

An emerging alternative technique to the previously discussed
FRET technology is Bioluminescence resonance energy transfer
(BRET) technology. BRET employs the same physical principles of
energy transfer as describe within FRET assays (Section 4.2.1),
however, donor luminescence is provided by the chemical reaction
catalysed by a luciferase enzyme rather than a stimulated
fluorophore. BRET provides advantages over FRET techniques by

providing a simplified method for producing detectable
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fluorescence output, while maintaining reliance on resonance
energy transfer with similar distance constraints (<10 nm). This
allows BRET to retain homogeneous detection of protein-
protein/protein-ligand interaction in real time. The use of a
luciferase to generate donor emission further removes the need for
laser-based donor excitation, which can have negative effects in
producing experimental artefacts due to light damage (e.g.,
photobleaching). The recent advance in BRET technology upon the
discovery of NanoLuc (Nluc), engineered from the luciferase found
in deep sea shrimp Oplophorus gracilirostris, allowed for greater
signal definition than previous iterations of the technique(Stoddart
et al., 2018). This method exploits the higher luminescence output
generated by the luciferase than that produced by more traditional
luciferases (e.g., Rluc8) to reduce noise within the assay system and
expand the range of compatible fluorophore acceptor wavelength
spectra(Stoddart et al., 2015). Additionally, the reduced size of the
Nluc makes it more easily employed within plasmid-based vectors
and limits the possibility of steric hindrance of protein interactions
when applied to target proteins. The Nluc luciferase generates a
donor luminescence emission of 450-80nm as a result of catalysing
an oxidation reaction between the substrate furimazine and oxygen,
generating furimamide. The high Nluc emission intensity centred
on this wavelength allows for stimulation of a wide variety of
fluorophores. The Nluc / furimazine reaction is itself longer lasting
than traditional BRET luciferases using coelenterazine as substrate.
In addition, luciferase substrates (e.g., endurazine) whose active
moieties are released over time by cellular esterase activity, can
provide additional capacity for longer read times within cellular
assays. This is especially useful for real time kinetic
characterisation of ligand binding with long residency times and

slow approach to equilibrium(Meyrath et al., 2022).
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NanoBRET has been exploited to explore receptor-ligand
interactions through fusion of the Nluc tag to the extracellular
region of receptors, much like SNAP-tag-based approaches(Robers
etal., 2020; Vasta et al., 2021, 2018). However, Nluc-based
NanoBRET has a potential advantage over SNAP-based approaches
due to its ability to function intracellularly. The luciferase substrate
is cell permeable which is in contrast to SNAP-tag labels. This
means that NanoBRET has potential to monitor the intracellular
binding of GPCR ligands (as has been readily demonstrated for
many GPCR-G protein and GPCR-arrestin BRET studies(Casella et
al., 2023; Huber et al., 2022; Johnstone et al., 2022; Toy et al.,
2022; White et al., 2020b, 2017)). However, for a whole cell
intracellular ligand-GPCR NanoBRET application, the fluorescent
tracer would also be required to be cell permeable and so access the

binding site.

Further to ligand-based approaches, advances in BRET-based
biosensors measuring protein recruitment (e.g., G protein, GRK,
arrestin recruitment) have expanded our understanding of receptor-
effector interactions(Charest et al., 2005; Galés et al., 2005).
Additionally, this has allowed development of biosensors designed
for detection of specified receptor conformations, including
fluorescently tagged miniG protein and Nanobody
technologies(Dijon et al., 2021; Soave et al., 2020d; Wan et al.,
2018). Given their original design purpose within the field of
structural biology, one of the inherent benefits of these sensors is
their ability to detect and stabilise the active conformation.
However, as probes to assess competition binding with small
molecules at intracellular binding sites, this also limits their utility
within more traditional binding assays, due to very high receptor
affinity, prolonged occupancy and potential ability to stabilise
active receptor states alone without participation of the orthosteric

agonist (Wan et al., 2018). Consequently, there is a need for
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kinetically fast, lower affinity tracers that bind in a receptor

conformation dependent manner .

6.2.2.  Current methods for characterisation of intracellular allosteric

modulator binding

The rapid discovery of allosteric ligands has previously been
hindered by a lack of tools available for direct characterisation of
modulator binding at the target allosteric binding site. Historically,
research has relied on characterisation of allosteric ligands through
measurement of their modulatory capacity within functional or
orthosteric binding assays(Casadd-Anguera and Casado, 2022;
Kenakin, 2010; Kruse et al., 2013; May, 2003). The use of
radioligands to characterise intracellular ligand binding has also
been utilised for exploration of intracellular ligand binding in a
small number of cases(Gonsiorek et al., 2007b; Salchow et al.,
2010). With the advancements in BRET technologies highlighted
previously (section 6.2.1), and the concurrent development of
fluorescent allosteric ligands, there has been an increasing
opportunity to characterise direct allosteric ligand binding

interactions using real time resonance energy transfer technology.

Of the small number of available fluorescent allosteric ligands
targeting the intracellular binding site, the majority are those
targeted to the CXCR/CCR chemokine receptor families(Huber et
al., 2023, 2022). Work by Casella et al, Toy et al and Huber et al
highlights the unique perspective fluorescent ligands can provide
when characterising allosteric ligands through real-time kinetic
analysis of ligand-receptor interactions(Casella et al., 2023; Huber
etal., 2023; Toy et al., 2022). In particular, application of the
CXCR2 selective fluorescent ligand presented in these studies
allowed for a greater understanding of both labelled and unlabelled
modulator binding characteristics, both through equilibrium binding
and through employment of Motulsky-Mahan competition Kinetics
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analysis within a homogeneous assay system. This, for example,
illustrated that the non-surmountable mode of action of navarixin (a
CXCR2 selective NAM) is the result of a long residency time
(defined as 1/Koff), rather than the non-competitive allosteric
mechanism alone. These studies highlight that use of fluorescent
IAMs allows for real-time identification of ligand binding
characteristics and opens the possibility of screening ligands which
not only compete for intracellular sites, but also have favourable

binding properties for particular receptor conformations.

6.2.3.  Background to additional alternative candidate Gi coupled

receptors used in this study.

The development of the fluorescent peptide BRET approach used
the B2-AR (Gs) and NPY Y1 (Gi) systems as previously introduced
in chapter 4. However, further Gi-coupled receptors were also
explored in this chapter to determine tracer selectivity. A brief
introduction to these subtypes is provided below (prostaglandin EP4

is introduced in section 8.2.1).

6.2.3.1. CXCR2:
Chemokines are key players in the innate immune response. CXC
chemokines specifically are involved in several important
mechanisms promoting immune cell responses to damaged tissue
including immune cell survival, leukocyte chemotaxis and
activation of the inflammatory response(Viola and Luster, 2008).
The majority of chemokines are released by macrophages,
endothelial cells or smooth muscle cells upon detection of, or as a
consequence of cell damage(D. Scholten et al., 2012). All
chemokines are peptide ligands and therefore are made of single
amino acid chains able to fold into complex secondary, tertiary and
quaternary structures, allowing for complex receptor binding
interactions(Allen et al., 2007; Liu et al., 2022). All chemokines
have a shared tertiary structure stabilised by disulphide bridges
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between conserved cysteine residues. CXC chemokines are defined
by the inclusion for a conserved cysteine-X-cysteine motif (X
indicating a single amino acid separation between cysteines) at their
N terminus. The N terminus of chemokines is highly flexible and
the first two cysteines are located within the anterior region
followed by a coil region termed the N-loop. The N-loop region is
important for interactions with receptor N termini upon binding(D.
Scholten et al., 2012). The core domain of chemokines consists of
three antiparallel B strands, and the C terminus consists of an a

helix(Miller and Mayo, 2017; D. Scholten et al., 2012).

In order to carry out their function chemokines are required to bind
to cell surface receptors, including CXCR1 and CXCR2. CXCR1
and CXCR2 belong to the C-X-C chemokine receptor family
distinguished through their binding to C-X-C family chemokine
ligands. Due to their similar structure, multiple related chemokines
(such as CXCL8 and CXCL1) are able to act as agonists for the
same receptor, maximising their effectiveness in innate immune
responses(Alexander et al., 2011; D. Scholten et al., 2012). The use
of peptide ligands allows for a high degree of mechanistic
complexity within the ligand binding site, involving multi-site
interactions to facilitate receptor activation. Additionally,
chemokines employ a two-step binding method, with initial
receptor-ligand interactions occurring between the receptor N-
terminus and chemokine N-loop region. This then facilitates
binding within a secondary binding site formed by the extracellular
loop 2 and TM4, 5, and 6 in the receptor transmembrane
domain(Burg et al., 2015; Kufareva et al., 2014; Zheng et al.,
2017).

Targeting of CXCR2 in particular has been proposed to be a
potential novel approach for the treatment of multiple diseases,
particularly in the case of inflammatory disease. CXCR2 expression
on neutrophils drives chemotaxis towards sites of acute

inflammation, following the CXCLS8 (and other chemokines)
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gradient. The role of neutrophils and CXCL8-CXCR1/2 mediated
chemotaxis is essential for the successful clearance of pathogens,
with knock-out mice displaying significantly delayed wound
healing and compromised neutrophil chemotaxis(Del Rio et al.,
2001; Devalaraja et al., 2000). However, inappropriate or prolonged
expression of CXCL8 and/or its receptors CXCR1/2, drives an
excessive infiltration of immune cells into damaged tissue and can
confer chemokine sensitivity to cells that are normally not
responsive to chemokines, resulting in chronic inflammation and
autoimmune disease(Balkwill, 2004; Koelink et al., 2012). Most
notably, CXCLS8 has been shown to be upregulated in COPD
patients(Keatings et al., 1996). This promotes excessive recruitment
of macrophages and neutrophils to the lungs, resulting in alveolar
and epithelial cell damage. CXCL8 also promotes the contraction of
the epithelium to increase its immune cell permeability, however,
this further contributes to airway obstruction and inflammatory cell
accumulation. This accumulation results in further release of
inflammatory mediators leading to sustained tissue
damage(Reutershan et al., 2006). Additionally, CXCR2’s role in
driving chemotaxis has also been attributed to its role in promoting
increased cell survival and metastasis with tumours overexpressing
CXCR2. As such, the ability to inhibit CXCR2 signalling has the
potential to limit the progression of tumour metastasis and
inflammatory diseases such as COPD. However, the combination of
ligand multi-site interactions, shared endogenous ligands (therefore
poor selectivity) and the two-step binding process makes classical
therapeutic targeting difficult and produces a high degree of on- and
off-target side-effects. Use of orthosteric antagonists has produced
severe side-effects, particularly neutropenia as a result of inhibiting
the chemotaxis of neutrophils from the bone marrow into the
bloodstream. Subsequently, an approach which limits inhibition to
sites of high receptor activation (such as allostery) may prove more
effective at reducing therapeutic side-effects. Exploitation of the

CXCR intracellular binding site has proved to be a suitable
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approach for achieving high target selectivity with the recent
development of the IAM navarixin, able to achieve 100-fold
selectivity for CXCR2 over CXCR1(Gonsiorek et al., 2007b; Holz
etal., 2010; Liu et al., 2022; Norman, 2013; Salchow et al., 2010).
The success of intracellular binding ligands at these receptors
makes CXC chemokine receptors attractive examples as a case-

study for the utility of novel intracellular binding tracers.

6.2.3.2.  Metabotropic glutamate receptor 2:
Metabotropic glutamate receptors (mGIuRs) are receptors found
within the central nervous system (CNS) which belong to the
family of class C GPCRs (in contrast to the other GPCRs explored
in this thesis). This family is distinguished by the presence of a
large extracellular domain (Venus flytrap domain) extending from
the N terminus (compared with the more common class A receptor
structure) which contains the endogenous ligand, L-glutamate,
binding domain. Physiological activation of these receptors relies
on receptor dimerization, both as homo- and heterodimers. G
protein binding has been shown within cryo-EM structures to again
occur through use of the Ga a5 helix, however at a structurally
distinct site (and orientation) to that seen with Class A
GPCRs(Seven et al., 2021). Targeting the metabotropic glutamate
receptor 2 (MGIuR2) in particular has been proposed to aid in the
treatment of schizophrenia and other related
neurological/neurodegenerative diseases(Kammermeier, 2012; Li et
al., 2022). Glutamate is widely utilized within the CNS as an
excitatory neurotransmitter for both metabotropic (GPCRs) and
ionotropic (ion channels e.g., NMDA) receptors and therefore the
employment of classical orthosteric agonists/antagonists has the
potential to produce a plethora of on- and off-target side-
effects(Arsova et al., 2021; Cacabelos et al., 1999; Gémez-
Santacana et al., 2022; Planells-Cases et al., 2006; Seven et al.,

2021). Additionally, mGIuR2 is widely expressed across multiple
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brain regions, therefore modulation of mGIuR2 response to
glutamate, rather than direct activation/inhibition of mGIuR2, via
use of allosteric ligands is likely to achieve increased target
selectivity and reduce potential side-effects(Liauw et al., 2022).

Initial PAMs developed were shown to have a high degree of
success in producing antipsychotic-like and pro-cognitive effects in
preclinical models, making them attractive methods of intervention
for schizophrenia, however, these were later associated with serious
side- effects including neurotoxicity and seizure(Bridges et al.,
2013; Kinney et al., 2005). These adverse effects were further
attributed to modification of the receptor signalling bias through
stabilisation of particular receptor conformations(Kenakin and
Christopoulos, 2013). This proposes the possibility of deriving
novel allosteric modulators able to stabilise preferable
conformations and therefore promote particular signalling pathways
through modification of receptor bias(Sengmany et al., 2017). The
use of intracellular binding ligands has the potential to not only
provide increased target selectivity at the mGIuRs for therapeutic
exploitation, but also would allow for probing of the relationships
underpinning mGIuR homo/heterodimer signalling and allosteric
driven biased signalling through detection of particular receptor

conformations.

6.2.3.3.  p opioid receptor:
The p opioid receptor (MOR) is the primary target for opioid
analgesics, the current gold standard in pain relief
therapeutics(Koehl et al., 2018). MOR activation alters neuronal
function through classical Gai protein signalling mechanisms,
including postsynaptic activation of G protein coupled inwardly
rectifying potassium channels (GIRK), allowing for
hyperpolarization and inhibition of neuronal signalling(Williams et

al., 1982). However respiratory depression is a well-documented
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on-target side effect, and is the leading cause of opioid related
deaths, particularly resulting from prolonged use of MOR agonist
treatments(Stahl et al., 2021). The risk of developing severe side-
effects is further driven by the rapid development of opioid
tolerance, whereby greater therapeutic doses are needed to replicate
the desired analgesia while producing a heightened side-effect
profile. Alternative methods of targeting the MOR have aimed to
reduce either the generation of opioid tolerance or limit the
production of on-target side-effects. Foremost among these
methods is the development of biased agonists able to promote G
protein verses arrestin signalling to different degrees, however,
more recent findings suggest this method may prove ineffective in
reducing side-effect profiles(Gillis et al., 2020; Gutridge et al.,
2020; Schmid et al., 2017; Stahl et al., 2021). The ability to exploit
the intracellular binding site of the MOR may provide an alternative
mechanism for targeting opioid signalling and reducing the severe
side-effect burden of current therapies. The use of intracellular
modulators has thus far exclusively produced antagonists, an
outcome unfavourable in the case of targeting the MOR for
analgesia. However, the identification of IAMs able to selectively
compete with particular effectors (as seen with alternative allosteric
ligands(Bolognini et al., 2016; D. J. Scholten et al., 2012)) may
provide an alternative route for the study and exploitation of biased
signalling and therapeutic tolerance. Similarly, IAMs may provide
an alternative strategy to the current naloxone treatment for

overdone patients.
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6.3.Chapter aims:

Overall, the objective of this chapter was to characterise the binding
of selected Gas and Gai derived peptides directly via NanoBRET.
Initial binding characteristics used candidate receptors introduced in
chapter 4 (B2-AR and Y1), exploring the role of orthosteric agonists
on tracer recruitment. The utility of these fluorescent tracers was
then utilised to determine their ability to bind multiple GPCRs and

to characterise both intracellular and orthosteric ligand binding.

6.4.Methods
6.4.1.  Cell line generation and validation

HEK?293 cell lines were generated as previously described
expressing either: p3.1neo(+)-SNAP-B2-AR-tsNluc, p3.1neo(+)-p1-
AR-LgBIT, p3.1(+) rY1-tsNluc, p3.1neo(+)-EP2-tsNluc,
p3.1neo(+)-EP4-tsNluc,.p3.1neo(+)-Aza-tsNluc, p3.1neo(+)-MOR-
tsLgBIT, P3.1neo(+)-mGlu2-tsNluc and p3.1neo(+)-SNAP-
CXCR2-tsNluc (Generating: Hek-ssp2AR-tsNluc, Hek-ssp1AR-
LgBiT, Hek-rY1-tsNluc, Hek-EP2-tsNluc, Hek-EPs-tsNluc, Hek
ssAxa-tsNluc, Hek-MOR-LgBIT, Hek-mGluR2-tsNluc and Hek-
SSCXCR2-tsNluc). Cells were initially screened for SNAP-receptor
plasma membrane expression by labelling with membrane
impermanent fluorophore SNAP-surface AF488 prior to fixing and
imaging, as described previously (section 3.3.4), or for functional
luciferase by addition of furimazine solution (1/1440
manufacturer’s stock) and measurement of 450 nm luminescence
output. Upon validation of stable cell line transfection and receptor
expression, cells were gown in four T175 flaks to 90% confluency
before being used to generate Hek-receptor cell membranes as

described (section 3.5).
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6.4.2.  Bioluminescence resonance energy transfer (NanoBRET)

assays to monitor fluorescent G protein peptide recruitment.

NanoBRET assays used either low sodium assay binding buffer
(including 2.5mM CacCl> for Y1 assay), or an extracellular Hank’s
balanced saline solution, with the constituents as described for TR-
FRET binding measurements (section 4.4.2). TMR- Ga. peptide
binding was first characterised by addition of increasing fluorescent
probe concentrations (8 — 5000 nM) to 1ug/well Hek cell
membranes, in which donor luciferase luminescence was stimulated
with the addition of furimazine (1/960 dilution from Promega
manufacturer’s stock) in the additional absence or presence of the
orthosteric agonist (f2-AR:10 uM isoprenaline, Y1: 100 nM
PYY)[final assay volume, 40ul [all dilutions accounted for 4x
dilution upon addition to assay plate]]. Fluorescent peptide NSB
was defined by the inclusion of 10uM unlabelled
Gas19chal8/Gail9chal8 peptide. Endpoint reads at 10-, 30- and
60-min incubation at 37°C were taken using a PHERAstar as the
BRET ratio between donor luminescence (450 nm emission) and
acceptor TMR- Gas19chal8/TMR- Gas19 / TMR-Gail9chal8
recruitment fluorescence (550 nm) to determine peptide binding.
Data was analysed using endpoint saturation analysis to derive

tracer Kp as described in section 3.7.

For quantitative analysis of TMR- Gas19chal8 / TMR- Gas19 /
TMR-Gail9chal8 recruitment by orthosteric agonists, 500nM
tracer peptide was incubated with 1ug/well Hek cell membranes,
1/960 dilution furimazine, and a selection of the following ligands
at the indicated final concentrations; f2-AR: salbutamol, salmeterol,
isoprenaline, formoterol, or IC1118551; Y1: NPY, PYY,
[Leu31,Pro34]NPY. To initiate the recruitment, membranes were
separately preincubated (5 min) with furimazine to establish
luminescence output, prior to their online injection using the
PHERAstar to assay buffer containing the probe peptide and

stimulating ligands. NanoBRET was monitored for 30 min every
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1.16 (TMR- Gas19chal8), 2.61 (TMR- Gos19), or 1.3 (Y1)
minutes on the PHERAstar, using the BRET ratiometric

measurements described above. In experiments to determine

TMR- Gas19chal8 selectivity, agonist binding, assays were
repeated using the same protocol employing Hek-p1-AR-LgBIT
(incorporating 10uM HiBIT peptide [VSGWRLFKKIS] to assay
plate to form complemented NanoBiT), Hek-Aza-tsNluc, Hek-EP-
tsNluc, Hek-EP4-tsNluc or Hek-ssCXCR2-tsNluc cell membranes,
stimulated with isoprenaline, NECA (Sigma-Aldrich, Pool, UK),
PGE:2 (Sigma-Aldrich, Pool, UK) or CXCL8 28-99 (Stratech
Scientific, Cambridge, UK) respectively, or vehicle. For
experiments to determine TMR- Gail9chal8 selectivity, membrane
suspensions of selected cell lines were validated for receptor
expression and luminescence output by addition of 1/960
furimazine solution as previously described (incorporating 10uM
HiBIT peptide in the assay media to form complemented Nanoluc
where required). TMR-Gail9chal8 binding assays were undertaken
employing similar protocols to previous Y1 binding assays, making
use of saturating concentrations of respective receptor agonists
where required [MOR: 10 uM DAMGO (Sigma-Aldrich, Pool,
UK), CXCR2: 10 pM CXCLS8 28-99, mGlu2R: 20 uM LY395756
(Sigma-Aldrich, Pool, UK)]. In these experiments the extent of
recruitment was assessed 30 min after membrane addition at 37°C.
Endpoint agonist stimulation of tracer peptide recruitment was
assessed by concentration response curve analysis, performed to
obtain estimates of ligand potency (ECsp) and maximal response
Rmax as described in data analysis. Alternatively, kinetic recruitment
data were fitted to a rise-to-steady state model, as described by
Hoare et al (2020) to identify the kinetically derived ECso
(described in section 3.7)(Hoare et al., 2020).

To determine unlabelled ligand affinities using competition
binding, 1 pg/well Hek- B>-AR/Y1-tsNluc cell membranes were
incubated with 500nM / 125nM TMR- Gas19chal8 or 1 uM TMR-
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Gail9chal8, a range of competing concentrations of unlabelled
peptides (Gas19chal8, Palmitoylated(Paml)Gas19chal8, Gas19,
Gas24, Gasl1, Gail9, Gai24 or Gail9chal8), 10uM isoprenaline
or 800nM NPY and 1/960 dilution of furimazine as indicated above
(final volume, 50ul). Incubations were performed at 37°C and
BRET measurements were taken every 30 minutes over a 2-hour
interval, using the PHERAstar (550 nm / 450 nm ratio). Data was
analysed using the Cheng-Prusoff correction as described in section
3.7.
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6.5.Results

6.5.1.  Establishing a NanoBRET binding assay to directly monitor
TMR- Gas19chal8 recruitment to the f2-Adrenoceptor in HEK293 cell

membranes.

Chapter 4 highlighted the role the Go a5 helical peptide sequence
has on their positive enhancement of agonist binding affinity in the
B2-AR. Of the various peptides explored, Gas19chal8 displayed the
greatest modulatory capacity, supporting previous studies indicating
the B2-AR allosteric modulation by this modified Gas
peptide(Mannes et al., 2021). However, this allosteric analysis of
the effects of the Ga C terminal peptides relied on measuring their
properties indirectly, rather than direct demonstration of binding
and peptide affinity for the B2-AR-G protein interaction site. Given
the knowledge that the peptide C terminus was likely to make close
contact with the a5-helix binding site, fluorescent probes predicted
to retain B2-AR affinity through N terminal modification of the
sequence with the BRET compatible fluorophore
tetramethylrhodamine (TMR- Gas19/ TMR- Gas19chal8) were
generated. The ssP2-AR was fused at the C terminus with a
thermostable (ts) Nanoluciferase (ssp2-AR-tsNluc, described in
section 3.2) thereby providing a source of intracellularly located
donor luminescence and providing opportunity to detect TMR-
peptide binding to the expressed ssf2-AR-tsNIuc in membranes by
NanoBRET (Figure 6.1A).
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Figure 6.1. Agonist-dependent binding of TMR-Gas19chal8 to the f32-
adrenoceptor determined by NanoBRET. (A) Diagram of TMR-peptide
interaction with ssf2-AR-tsNluc, generating NanoBRET signal, in the presence
of an orthosteric agonist. (B) Saturation binding of TMR-Gas19chals,
demonstrating the increased specific binding observed in the presence of

10 uM isoprenaline to Hek-ssP2-AR-tsNluc membranes. (C) Specific binding
data in the presence of isoprenaline fitted with a one-site specific binding
model to determine TMR-Gas19chal8 affinity (Kp). (D) Saturation binding
measurements for TMR-Gos19chal8 to ssp2-AR-tsNIuc membranes in an
agonist-free environment and low sodium buffer. In B and D, total and
nonspecific binding (NSB) were defined by the absence and presence of

10 uM unlabelled Gas19chal8. Data shown are single examples from five
independent experiments, taken after 60-minutes incubation at 37°C in a low

sodium environment.

151



o
H
T

T ]
S ]
23
o o 0057
.8 § :
Q. -
ZE TR
% ]
0.00 IIIII.IIIIIIIIIIIiIIIII
0 2000 4000 6000
[TMR-GaS19] nM
—o- Total binding -+ NSB

Figure 6.2. Agonist-dependent binding of TMR-Gas19 to the f2-
adrenoceptor determined by NanoBRET. Specific binding data, using Hek-
ssP2-AR-tsNluc membranes in the presence of isoprenaline, fitted with a one-
site specific binding model to determine TMR-Gas19 affinity (Kp). Total and
nonspecific binding (NSB) were defined by the absence and presence of

10 uM unlabelled Gas19chal8. Data shown are a single example from three
independent experiments, with assay conditions as per Figure 6.1
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Initial saturation studies performed using TMR- Gas19chal8 and
TMR- Gas19, with otherwise unstimulated ssp2-AR-tsNluc
membranes (in low sodium buffer after 60-minutes incubation at
37°C used for previous TR-FRET measurements), failed to detect
significant specific binding using up to 1 uM or 5 uM of labelled
peptide respectively (Figure 6.1D). As highlighted by previous TR-
FRET binding assays performed in chapter 4, it was hypothesised
that Gos peptides would preferentially bind to the receptor active
state. In line with this hypothesis, TMR- Gas19chal8 and TMR-
Gas19 recruitment was only observed in the presence of 10 uM
isoprenaline, in which a substantive specific BRET measurement
was observed that was effectively competed by unlabelled
Gas19chal8 peptide (Figure 6.1B, Figure 6.1C). Under these
agonist-stimulated conditions and low sodium environment, the
TMR- Gas19chal8 affinity (Kp) for the f2-AR was Kp = 599 + 25
nM (n=5) and 3.0 £ 0.75 uM for TMR- Gas19 ((Bmax (as BRET
ratio) = 0.29 + 0.05, n=5 and 0.12 + 0.005, n=3, Figure 6.2). The
use of an extracellular Hank’s-based buffer (with higher sodium
concentration) did not significantly affect TMR-Gas19chal8
affinity or Bmax (Ko = 446£123nM, p=0.16, Bmax = 0.21 + 0.01,
p=0.20 n=4, Figure 6.3). These data demonstrated that, in line with
previous peptide structure activity relationships in chapter 4 and
Mannes et al(Mannes et al., 2021), TMR- Gas19chal8 was the
most suitable probe for the B2-AR intracellular G protein binding
site, whose binding could be detected by NanoBRET, and appeared
dependent on the active receptor conformation promoted by

orthosteric 2-AR agonists.
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Figure 6.3: Saturation binding of TMR-Gas19chal8 to the f2-
adrenoceptor in high sodium conditions. Data in duplicate, taken after 60
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deducted from plotted data to determine specific binding. All assays run at

37°C for 2 hours.
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6.5.1.1.  B2-Adrenoceptor orthosteric agonist pharmacology revealed by
TMR- Gas19chal8 NanoBRET recruitment assays.

Given the agonist dependence of TMR- Gas19chal8 recruitment,
the ability of this NanoBRET assay to function as a f2-AR
activation sensor for ligands of known differences in efficacy was
explored. Using 500 nM TMR- Gas19chal8 tracer, kinetic and
endpoint NanoBRET measurements were performed in ssf2-AR-
tsNIuc membranes in response to agonists and antagonist, also
comparing the low sodium binding buffer initially used with a high
sodium buffer with higher "extracellular” sodium concentrations.
Endpoint concentration response data (Figure 6.4A; Table 6.1)
clearly ranked the agonists isoprenaline, formoterol, salbutamol and
salmeterol in the expected order of potency and maximal
response(Baker, 2005), with salbutamol and salmeterol both
identified as partial agonists relative to isoprenaline. The effect of
the high sodium buffer environment was a reduction in agonist
potency (Figure 6.4B, Table 6.1) as would be expected due to the
nature of the negative allosteric effect of sodium on GPCR
signalling. This was further highlighted by the enhanced partial
agonism (reduced Rmax compared to isoprenaline) apparent for

those ligands (salmeterol, salbutamol) with lower intrinsic efficacy.
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Figure 6.4. Agonist-dependent recruitment of TMR-Gas19chal8 to ssp2-
AR-tsNIuc measured by NanoBRET. Assays were performed using 500 nM
TMR-Gas19chal8 with endpoint binding measured after 30 min, 37°C
exposure to different B2-AR orthosteric ligands, to construct concentration—
response relationships. (A and B) represent pooled data from five experiments,
performed in low sodium and high sodium buffers, respectively, plotted as
mean £ s.e.m. In each case, agonist responses were normalized to 100 uM
isoprenaline.
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Table 6.1: Agonist potencies and maximal responses derived from TMR-Gas19chal8 binding in Low sodium buffer or extracellular

high sodium media.

Ligands Low Sodium High Sodium
PECso *s.e.m Rmax *S.e.m (%) PECso *s.e.m Rmax  *s.e.m (%)
Salbutamol 6.84 +0.16 49.2 2.7 5.91 =+0.22** 26.6 +3.4***
Salmeterol 10.32 +0.18 57.1 %35 9.85 #0.21 324 £1.6%**
Isoproterenol 7.25 #0.12 100.6 +1.3 6.15 0.09** 1011 1.2
Formoterol 9.68 +0.18 83.7 =31 9.02 +0.21* 78.0 3.2
1C1118551 - -3.14 £1.6 - 150 #1.4

Data parameters are presented as mean + s.e.m and are from 5 different experiments per environment. For IC1118551, the effect at

10 mM antagonist is recorded as Rmax. Significant differences between pEC50 or Rmax data in the two buffers are indicated by *
P<0.05, ** P<0.01, ** P<0.001 (unpaired Student’s t-test).
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A further advantage of the NanoBRET methodology was the
homogeneous assay format and the ability to collect the time
dependent kinetics data of TMR- Gas19chal8 recruitment for the
different agonists, and subsequent receptor activation, over time
(Figure 6.5). Fitting the rise to steady-state observed in the data
enabled calculation of the initial rate of fluorescent G peptide probe
recruitment at each agonist concentration, and to construct
concentration-initial response rate relationships for the agonists as
shown in Figure 6.5D, Table 6.2.

These data provided equivalent agonist potency and maximal
response measurements to the endpoint concentration-response
measurements performed under the same buffer conditions. This
utility within kinetics-based assays, primarily as a result of the
relative low affinity of the peptide tracer and rapid binding kinetics,
provides TMR- Gos19chal8 with the ability to follow changes in
receptor conformation faithfully during activation. This may prove
beneficial compared to previously reported sensors that detect the
active receptor conformation with very high affinity, including
miniG proteins or Nb80 nanobody recruitment, or where the sensor
is tethered in close proximity to the G protein binding site through
fusion to the receptor C terminus (e.g. SPASM sensors)(Culhane et
al., 2022; Gupte et al., 2017; Sadler et al., 2023; Touma et al.,
2020).
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Figure 6.5. The Kinetics of TMR-
Gas19chal8 stimulated recruitment
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Table 6.2: Agonist potencies and maximal responses derived from TMR-Gas19chal8 binding using endpoint or kinetically derived data from

high sodium experiments.

Endpoint

Compounds pECsp +s.e.m Rmax

Kinetics rate

ts.e.m (%) pECso +s.e.m Rmax

xs.e.m (%)

Salbutamol 591 +0.22  26.57
Salmeterol 9.85 +0.21  32.39
Isoproterenol 6.15 +0.09 101.10
Formoterol  9.02 £0.21  78.00
IC1118551 15

+3.36
+1.57
+1.15
+3.23
+1.40

5.66 +0.20  20.18
10.02 +0.34  22.28
5.92 +0.10 102.50
8.73 *0.16  74.10
1.21

+2.34
+2.51
+0.87
+1.73
+0.59

Data are presented as mean * s.e.m and are from 4-5 different experiments. Kinetic Rmax calculated as mean steady-state response at maximal
concentration of ligand, Endpoint Rmax taken as response at maximal concentration of ligand.
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Similarly, employment of unmodified TMR- Gas19 within these
recruitment assays highlighted a similar tracer utility, with TMR-
Gas19 also able to define both the full and partial agonism of
isoprenaline and salmeterol respectively with comparable
measurements to TMR-Gas19chal8. Comparison of the tracers
TMR- Gas19 and TMR- Gas19chal8 within the same assay
indicated that the higher affinity ligand TMR- Gas19chal8 gave a
greater Rmax for both isoprenaline and salmeterol responses than the
lower affinity peptide (TMR- Gas19chal8, isoprenaline:
Rmax[BRET ratio] =0.41 + 0.05, pECso 6.91+0.12, salmeterol:
Rmax = 0.28 £0.03, pECsp = 9.14%0.16, TMR- Gas19 isoprenaline:
Rmax = 0.20 £ 0.01, pECso = 6.74+0.22, salmeterol: Rmax = 0.18
+0.01, pECso = 9.18+0.07, n=3, Figure 6.4&6.6). This change in
Rmax may be due to alterations in peptide structure changing the
relative distance or orientation between the Nluc and TMR in each
case. Despite this variability in Rmax, both peptides were able to
characterise the relative efficacies of agonists to the same degree —
indicated by limited variation in pECso values — and both were able
to produce maximal responses to salmeterol with a roughly 50%
reduction in signal compared to the corresponding isoprenaline

response.
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Figure 6.6. Agonist-dependent recruitment of TMR-Gas19 to ssp2-
AR-tsNluc measured by NanoBRET. Assays were performed using
500 nM TMR-peptide with endpoint binding measured after 30-
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6.5.1.2.  Characterising TMR- Gas19chal8 selectivity for example Gs
and Gi coupled receptors

NanoBRET binding assays employing chemokine receptor CXCR2,
a Gj selective GPCR, or Gs selective prostanoid receptors EP2/EPa,
Adenosine receptor 2A (A2a) and Bi-adrenoceptors indicated the
selectivity of TMR- Gos19chal8 binding and recruitment for Gs
coupled GPCRs (Figure 6.7). Stimulation of CXCR2-tsNluc
membranes with its peptide agonist CXCL8 28-99 did not increase
TMR- Gas19chal8 recruitment above basal levels. Conversely,
PGE:; stimulation of the EP2-tsNluc receptor and isoprenaline
stimulation of B1-adrenoceptors in membranes demonstrated an
agonist concentration-dependent increase in TMR- Gas19chal8
NanoBRET (pECso= 6.55 + 0.14, n=3), with levels of specific

binding similar to previous B2-AR responses.

Interestingly, initial screening of Gs coupled receptors failed to
identify TMR-Gas19chal8 binding to EP4 or Aza regardless of
agonist stimulation (Figure 6.8). Structural data mapping the Gos
binding site highlights both receptors having similar hydrophobic
pockets able to house a5 helices, however, alterations within the C
terminal region of the GPCR, especially in the case of elongations
of the C terminus, may reduce measurement of peptide binding.
Both EP4 and Aza have C terminal tails considerably longer than
the other Gs receptors tested, which, when fused with the luciferase,
increases both the flexibility and distance between acceptor and
donor potentially attenuating the measurable BRET signal.
Additionally, recent findings have alluded to the role of both ICL3
and C terminal tail regions in sterically hindering G protein
binding(Sadler et al., 2023). Potentially subtype differences in
these regions outside the C terminal peptide binding site may have

additional impacts in the tracer binding observed.

164



% 100 pM Isoprenaline response

100

50

1004

50

% 10puM PGE, Response

0

-
-14

T T T T T

-12 -10 -8 -6 -4

Log[Isoprenaline] (M)

@]

0.251

0.20

BRET Ratio (550/450nm)
a
ol
1

1
-2

E!o..§....o§o§.

-14

T T T T
-12 -10 -8 -6

Log[CXCL8 aa28-99] (M)

T T T

T T T 1
-14 -13 -12 -11 -10 -9 -8 -7 -6 -5 -4

Log[PGE;] (M)

Figure 7. Agonist-dependent
binding of TMR-Gas19chal8 to
various GPCRs. (A) Agonist
stimulated recruitment of TMR-
Gos19chal8 to the Bi-adrenoceptor.
Data are pooled, normalised data
from 5 independent experiments.
(B) Recruitment of TMR-
Gas19chal8 to EP2-tsNluc
measured by NanoBRET after
PGE: stimulation (30 min). (C)
TMR-Gas19chal8 NanoBRET
measurements performed in
sSCXCR2-tsNLuc membranes in
the absence or presence of the
chemokine CXCL8 28-99(30 min).
For each receptor, data represent an
individual duplicate experiment
displaying mean = SD, from three

performed.
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assays.
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6.5.1.3.  Using TMR- Gas19chal8 binding competition as a detection
method for ligands binding the GsGPCR-G protein interaction site.

To determine whether TMR- Gas19chal8 could be used as a tracer
in binding studies to obtain rank orders of affinity for putative
IAMs, NanoBRET competition binding was performed in ssp2-AR-
tsNIuc membranes, using the candidate unlabelled Go. C-terminal
peptides Gas19chal8, Gas19, Gas24, Gosl1, Gai24 and
PalmGas19chal8 (Table 6.3), in the presence of isoprenaline
(Figure 6.9). The inclusion of an N terminal palmitic acid
modification (PalmGas19chal8) was hypothesised to bring about
an increase in peptide affinity due to an increase in peptide

translocation to the plasma membrane.

Table 6.3. Amino acid sequences of screened Gao C-terminus peptides

Name Sequence (N-C terminus left to right)

Goasll QO RMHLR QYELL

Gas24 NIRR VENDC RDIIQ RMHLR QYELL

Gas19 FNDC RDITQ RMHLR QYELL
Gas19chal8 FNDC RDIIQ RMHLR QYE{CHA}L

PalmGuas19chal8 palmitoyl-FNDC RDIIQ RMHLR QYE{CHA}L
Gai24 NVQFVFDAV TDVI IKNNLKDCGLF
Gail9chal8 FDAV TDVI IKNNLKDCG{CHA}F
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Gos19chal8, PalmGas19chal8, Gas19 and Gas24 successfully
competed for the G protein binding site labelled by TMR-
Gas19chals, allowing derivation of their respective affinities
(Gas19chal8 > Gas24>Gas19&PalmGas19chal 8). The determined
pKi for unlabelled Gas19chal8 (6.62 + 0.06, n=5) was equivalent to
that directly measured for the TMR- Gas19chal8 probe. Similarly,
the reduction in affinity seen with the unmodified peptides follows
the hypothesised order of allosteric efficacy displayed within TR-
FRET studies, that elongation of the peptide sequence results in
greater allosteric modulation. Gas24 provided a greater affinity for
the intracellular site than the shorter, unmodified, Gas19 peptide.
This unmodified peptide further validates our previous findings
highlighting the role of the C terminal region within the context of
GPCR binding, indicating the substitution of leucinel18 for
cyclohexylalanine results in a 41-fold increase in peptide affinity.

In contrast Gas11 and Gai24 did not display any detectable
competition with the tracer peptide, even with a reduction in tracer
concentration (Figure 6.9), supporting the predicted order of
selectivity of the different peptides for a5 helix binding site for Gs
coupled receptors. However, measurement of PalmGas19chal8
affinity indicated a similar affinity to the unmodified Gas19, and a
14-fold reduction in affinity compared to the unmodified
Gas19chal8 peptide This reduction in affinity, suggests that the
addition of the palmitate may hinder the peptide’s access to the G
protein binding site, and / or does not perform as a lipid anchor to

increase local concentration at the membrane as hypothesised .

6.5.2.  Establishing a NanoBRET assay to directly monitor TMR-

Gail9chal8 recruitment to the Y1 receptor

In order to determine if these peptides couple to the Y1 intracellular
region, the fluorescent tracer TMR-Gai19chal8 was produced. This

peptide is formed from the final 19 amino acids of the Gaiz subunit,
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again substituting the (conserved) penultimate leucine for a
cyclohexylalanine residue. Initial assays utilised TMR-Gail9chal8
concentrations ranging from 5uM to 8nM, with the inclusion of
10uM unlabelled Gail9chal8 to define non-specific binding.
TMR-Gai19¢ch18 specific binding was only evident with the
inclusion of 100 nM PYYY, an equivalent high affinity agonist of the
Y1 receptor to NPY(Gehlert et al., 1997; Sheikh and Williams,
1990), with these data showing a small increase in BRET over
vehicle and NSB controls. However, despite this high concentration
range, comparison of multiple timepoints from 10 min to 2 h (not
shown) measurements of peptide binding remained highly variable
due to the inability of the NSB ligand to fully displace fluorescent
ligand binding (resulting in a hyperbolic NSB curve), making
derivation of true specific binding, and subsequently peptide Kp
inaccurate (Figure 6.10). The effect of the NSB ligand produced
variable inhibition on an assay-to-assay basis (with no change to the
experimental protocol) suggesting that it may be a result of poor
peptide solubility, which is in line with the higher lipophilicity of
the Gai peptide than that seen with the previous Gos peptide.
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Figure 6.10 Agonist-dependent binding of TMR-Gail9chal8 to the NPY
Y1 receptor determined by NanoBRET. (A) Saturation binding of TMR-
Gas19chal8 to Hek-ssY 1-tsNluc membranes, demonstrating the increased
specific binding observed in the presence of the orthosteric peptide agonist
100nM PYY. (B) Specific binding data in the presence of PYYY fitted with a
one-site specific binding model. Variability between individual experiment
curves presented in A&B indicate assay variability, limiting derivation of Kp.
Data are a representative of five performed after 30-minutes incubation at 37°C

under high calcium/low sodium buffer conditions.
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Figure 6.11. Agonist-dependent recruitment of TMR-Gail9chal8 to Y1-
tsNluc measured by NanoBRET. Assays were performed using 1 uM TMR-
Gail9chal8 with endpoint binding measured after 10 min exposure to the Y1
endogenous agonists NPY, PYY, [Leu31, Pro34]NPY and NPY3.36 to construct
a concentration—response relationship. Data represent pooled, normalized, data
from 3-4 individual experiments, plotted as mean + s.e.m.

Table 6.4: Agonist potencies derived from TMR-Gail9chal8 binding using
10-minute endpoint derived data.

Peptide pPECso *s.e.m

NPY 8.45 +0.08
PYY 8.13 +0.06
NPY3-36 6.30 +1.53
[Leu3l, 7.05 +1.12
Pro34]NPY

Data are presented as mean + s.e.m and are from 3-4 different experiments.
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Despite an inability to quantify the probe affinity with a high degree
of accuracy, further exploration of the agonist dependent
recruitment of TMR-Gail9chal8 was merited. 1uM tracer was

used to probe receptor activation and relative efficacy of known
agonists at rY1. TMR-Gail9chal8 was incubated with varying
concentrations of NPY, PYY, NYY3.36 and both endpoint and
kinetic NanoBRET measurements were taken over a 30-minute
interval. Endpoint data allowed for the ranking of the agonists in
the expected order of efficacy, with NPY, [Leu31, Pro34]NPY and
PYY displaying similar pECso profiles and NPY 3.3 displaying a
marked decrease in pECso (Figure 6.11, Table 6.4)(Gehlert et al.,
1997). Kinetic analysis (as described for 2-AR data) was also
attempted however, due to the small measurement window obtained
within these NanoBRET assays, small variations in assay
conditions resulted in a large amount of signal variation and
subsequently result in the kinetic data having insufficient quality for

robust measurements to be obtained (data not shown).

Through employment of TMR-Gail9chal8, the relative binding
affinities of unlabelled peptides Gail9, Gail9chal8 and Gai24
were compared in real time by direct competition analysis, in the
presence of 800nM NPY (Figure 6.12). Only Gail9chal8 displayed
complete competition with the fluorescent probe for the G protein
binding site with a pICso of 6.36 = 0.22. This was not further
converted to a Kj using the Cheng-Prusoff correction in the absence
of an accurate tracer Kd value. Nevertheless, the observed capacity
for Gail19chal8 to compete highlights the conserved beneficial
effects the CHA modification has on peptide affinity at both Gs and
Gi classes of receptor, and indicates the lower affinity of the
unmodified Gail9 and Gai24.
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Figure 6.12. NanoBRET competition binding assays using TMR-Gail9chal8
to determine affinities of unlabelled Ga C terminal peptides for the ssY 1-
tsNluc receptor in membranes. Assays were performed in high calcium, low
sodium buffer, for 2 h at 37°C using 1 uM fluorescent tracer under 800nM

NPY conditions. Data are representative from four independent experiments.
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In combination, these NanoBRET data highlights the ability of Gai
C terminal peptides to bind to the G protein binding site of Y1, with
specific binding in the presence of orthosteric agonist peptides, but
a reduced window compared to the B2-AR-TMR-Gs19chal8
peptide system The earlier TR-FRET study (chapter 4) did not
reveal a significant impact of Gai24 or Gail9 peptides on
orthosteric agonist affinity (in contrast to Gas C terminal peptide
allosteric behaviour at the B2-AR system). Collectively this may
indicate that Gi peptide binding affinity is not greatly increased by
activation of the Y1receptor conformation using NPY. This is in
line with previous findings indicating high basal levels of Goj G
protein-GPCR coupling to inactive receptors and the inability of
shorter Gai peptides to promote receptor conformational
change(Gilchrist et al., 1998; Seifert and Wenzel-Seifert, 2002).
Clearly other factors, including the lower Gi peptide affinity, and
the relative orientation and distance of the NanoLuc and TMR-
Gail19chal8 bound biosensor, might also contribute to lower BRET
signal for the Y1 biosensor. However, these results do demonstrate
the principle that Gi peptidomimetics can also be produced as
biosensors for the measurement of receptor activation and relative
agonist efficacy, and identification of intracellular allosteric

modulators at Gai coupled receptors.
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6.5.3.  Characterisation of TMR-Gail9chal8 binding at alternate
GiPCRs

The observations seen within the B2-AR/Gas peptide system show
that Gas derived peptides have the potential to act as more
universally applicable biosensors. This is hypothesised to hold true
for Gai derived peptides due to their displaying similar
characteristics when employed at the Y1 receptor. Using alternative
Ga; selective receptors: Mu opioid receptor (MOR), CXCR2, and
mGIuR2, the broader utility of the TMR-Gail9chal8 was

examined.
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Figure 6.13. TMR-Gas19chal8 binding at alternate Gaicoupled receptors.
CXCR2 and mGlu2, in membrane preparations (A) MOR binding under
vehicle and agonist conditions. (B) CXCR2 binding under agonist conditions.
(C) mGlu2 binding under vehicle and agonist conditions. In all cases, data are
representative experiments from three performed, taken after 30-minutes
incubation at 37°C. In all cases, raw luminescence (NanoLuc) output was

monitored to ensure suitable receptor expression.
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Initial saturation binding experiments at Y1 suggest TMR-
Gail9chal8 has a much lower affinity than the Gas counterpart.
Given the variability in agonist dependent TMR-Gsal9chal8
peptide binding displayed across members of the Gos receptor
family in section 6.5.1.2, it is likely a similar variation may be

present across Goj coupled receptors.

Analysis of TMR-Gail9chal8 binding across additional Gai
coupled receptors showed no significant binding for all receptors
tested at chosen tracer concentrations in the presence of predicted
maximal concentrations of the chosen agonist. For the MOR and
mGIuR2, it was also observed that no specific binding was evident
in the absence of DAMGO or LY395756. The inability of TMR-
Gail9chal8 to couple to mGlu2 is not unexpected Figure 6.13A).
mGlu2 is a member of the Class C family of GPCRs which
employing alternative G protein binding methods to the more
classical Class A family. Structurally, Class C receptors maintain
the classical 7TM structure, however, have additional N-terminal,
extracellular, venus-flytrap domains used for endogenous ligand
binding(Cacabelos et al., 1999; Gémez-Santacana et al., 2022;
Kammermeier, 2012). Furthermore, Ga5 helix binding is thought to
be more topographically arranged at the receptor intracellular
surface and less embedded within the mGIluR2 receptor which,
along with alternative conformational changes as a result of
receptor activation, suggests peptide interactions are likely to be

distinct to class A responses(Seven et al., 2021).

In regard to the MOR, previous data presented by Kosson et al
suggested 24 amino acid long Go derived peptides are able to
couple, and modulate, MOR agonist interactions(Kosson et al.,
2023). However, the data presented showed no significant
differences between agonist affinities in the absence or presence of
Gai24 100uM peptide environments, bearing in mind the use of a
competition binding methodology in which both the radiolabelled

DAMGO tracer and competing ligands were agonists potentially

178



susceptible to allosteric modulation. This is in agreement with the
binding data generated using TMR-Gail9chal8, which displayed
no binding under vehicle or saturating agonist conditions (Figure
6.13C). Additionally, incorporating the displayed lack of binding at
CXCR2 (Figure 6.13B) suggests that Gi peptide binding is much
more variable across receptor types compared with its Gs

counterpart.

6.6.Chapter discussion

Previous TR-FRET findings in Chapter 4 highlighted a potential
role for Ga derived peptides in directly monitoring the GPCR-G
protein binding site through binding in an agonist dependent
manner. This led in this Chapter to the generation of fluorescent G
peptide probes able to couple to various GPCRs (in a G protein
selective manner) in an agonist-dependent manner. For the Gs, 32-
AR system, the generation of both a modified and unmodified 19
amino acid peptide allowed for exploration of the findings put
forward by Mannes et al, allowing characterisation of peptide
affinity for the B2-AR directly(Mannes et al., 2021). TMR-peptide
saturation binding studies displayed clear specific binding to the B2-
AR using NanoBRET and indicated the necessity for an agonist to
be present to facilitate tracer recruitment. These findings highlight
incorporation of the non-native amino acid cyclohexylalanine
residue at the 18 position (-2 Gaos position) results in a five-fold
increase in affinity over the unmodified peptide, corroborating
previous TR-FRET data and indicating an increase in allosteric
efficacy upon CHA inclusion. This strengthens evidence for the
importance of the hydrophobicity provided by this terminal amino
acid region in the binding mechanism employed by Gs coupled
GPCRs(Mannes et al., 2021).

The displayed agonist dependent binding observed by both Gs

peptides provides an interesting insight into Ga-a5 interactions.
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Recent molecular dynamic simulations by Amirhossein Mafi et al
(2023) suggests the a5 helix displays reduced receptor interactions
(at the B2-AR) when binding with the inactive state, however, upon
receptor activation, embeds deeper within the binding pocket and
forms stronger interactions, facilitating receptor conformational
change towards the active state(Mafi et al., 2023). Assimilation of
these findings in the context of presented peptidomimetic tracers
provides evidence in support of these simulations and may allow
greater understanding of the mechanisms driving the displayed
agonist dependent binding. The inability to detect peptide tracer
binding without receptor activation suggests these tracers do not
provide strong enough interactions with the inactive state to allow
significant binding above non-specific measurements, however, the
increased binding at (and therefore affinity for) the active
conformation. This can be explained through incorporation of
knowledge seen within active state GPCR X-ray and cryo-EM
structures, which display a widening of the intracellular binding site
on activation. This allows greater access to the binding pocket and
therefore a greater number of interactions between Ga-a5/Ga-
peptide and receptor, an explanation corroborated within these
simulations(Mafi et al., 2023; Weis and Kobilka, 2008).

From a practical sense, this agonist dependent binding provides
these peptide tracers an additional utility to that originally
hypothesised. This relationship is indicative of the peptide’s ability
to exclusively couple to the receptor active conformation and,
therefore, application of a single concentration of peptide allows for
direct measurement of orthosteric agonist potency and efficacy at
the level of receptor activation. The ability of peptide recruitment to
facilitate distinction between full agonist and partial agonist
responses validated this functionality as an activation sensor, much
in the same way as alternative tracers such as miniG proteins and
nanobodies(Heukers et al., 2019). Where these peptides differ is in

the relatively low affinity they display compared with these
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predefined methodologies. The initial role of miniG proteins and
nanobodies was within structural studies, allowing stabilisation of
particular receptor conformations, has resulted in their having much
higher, semi-irreversible binding mechanisms which limits their
utility in the context of ligand kinetics. The lower affinity afforded
by these peptides allows for their fast rate of association and
therefore employment in the characterisation of agonist response
kinetics, allowing collection of both equilibrium and time-

dependent agonist behaviour.

Similar profiling of the Goi derived fluorescent tracer indicates the
binding model displayed by TMR-Gas19chal8 is applicable more
universally in the case of Ga C terminal peptides. TMR-
Gail19chal8 displayed specific binding at the intracellular binding
site of the Y1 receptor, however, with a reduced affinity and Bmax
than that seen in Gs-f2-AR assays. This is not unexpected when in
combination with the lack of allosteric efficacy seen in previous
TR-FRET assays, and in the context of literature regarding Goi
binding more generally (Seifert and Wenzel-Seifert, 2002). Gai is
the most common secondary messenger (excluding arrestins)
utilised by class A GPCRs, and it has been shown to have greater
constitutive activity in comparison with Gos and Gog coupled
receptors(Seifert and Wenzel-Seifert, 2002). Gilchrist et al (1998)
further highlight the ability of Gai peptides to inhibit GPCR
function without displaying a change in receptor conformation
towards the active state, in line with presented TR-FRET
findings(Gilchrist et al., 1998). Together, this suggests a weaker
interaction is present between Goi subunits and GPCRs compared
to other G protein subtypes, which is reflected in the binding and
modulatory profiles displayed by our Gail9chal8 peptide.
Additionally, the inability of TMR-Gail9chal8 to bind to
alternative Gai coupled receptors corroborates more recent findings
suggesting Gai protein binding in particular employs much greater

reliance on alternative sites of interaction beyond the a5 helix (e.g.,
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ICLs), thus limiting the putative affinity of the Ga5 helix peptides
further depending on receptor type(Ham et al., 2021; Huang et al.,
2022).

A key application of TMR-Gos19chal8 NanoBRET assays would
be the ability to directly determine the affinities of unlabelled
ligands at the G protein binding site through competition analysis,
for example, in the identification of new lead IAMs. Previously,
such studies have only been achieved through the generation of
specific radioligand IAM probes for particular receptors, such as
CXCR?2, or through structural studies with limited pharmacological
evaluation(Liu et al., 2017a; Salchow et al., 2010). Establishing a
NanoBRET competition screening assay for B2-AR-Nluc (in the
presence of saturating concentrations of isoproterenol) provided a
proof of concept to this peptide’s role in ligand identification, with
complementary Gai peptide/Y 1 assays suggesting this relationship
extends to alternative Ga peptides. This allowed quantitative
affinity estimation for the unlabelled peptides Gas19chal8, Gas19
and Gos24, and confirmed the lack of affinity of Gas11 and Gai24
for the B2-AR intracellular site—dovetailing with the indirect
measurements of their action on orthosteric agonist binding in
chapter 4. Additionally, this allowed for further exploitation of
alternative peptide modifications and their effect on peptide
binding. The addition of a palmityl residue at the peptide N-
terminus was hypothesised to increase peptide recruitment to the
receptor, however, competition analysis indicates a large reduction
in affinity compared to Gas19chal8(Covic et al., 2002). This
reduction is thought to be the result of the palmitoylation resulting
in increased steric hindrance, limiting peptide binding within the G
protein binding site, or not driving membrane association as
expected. Additional competition experiments employing TMR-
Gail9chal8 at the Y1 receptor also displayed the ability for
competition at the Gi binding site. The limitations presented in

TMR-Gail9chal8’s saturation binding characterisation limits the
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ability for accurate derivation of unlabelled ligand affinity via the
Cheng-Prusoff correction, nevertheless, these assays do provide a
proof of concept for the employment of Gi derived peptides within

similar screening assays.

One consequence of the observed probe selectivity for the agonist-
occupied receptor conformation is that, in future screening efforts,
such binding assays are likely to reveal negative allosteric
modulators with a preference for the receptor active state, which
would provide them with a use-dependent mode of action(Jiang et
al., 2020). This provides an additional route for therapeutic
selectivity by allowing therapeutic targeting to particular regions
(e.g., neuronal synapses or sites of inflammation) where the target
receptors are highly active, avoiding a more general inhibitory
profile that might lead to undesired on-target effects due to the
uncompetitive ligand potency increasing at the target site(Boulton
etal., 2018).

It is important to note, however, that despite displaying an ability to
determine the affinity of unlabelled peptides of similar chemical
size, there is a distinct possibility that competition may be limited
in the context of small-molecule ligands. Therefore, it is essential to
further characterise the ability of Ga peptidomimetics to compete

with small-molecule allosteric modulators (see chapter 8).
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7. Employing Fluorescence Correlation Spectroscopy
(FCS) to determine TMR-Gas19chal8 stoichiometric
binding relationships and GPCR low-affinity
conformation binding.

7.1. Chapter introduction.

The utility of fluorescent ligands extends beyond the binding assays
described thus far. Despite the growing number of luminescence
and fluorescence-based plate reader assays available, these
techniques are limited in their ability to characterise ligand
interactions at a receptor microdomain level. Such limitations result
in these assays being unable to accurately address questions relating
to changes in ligand-receptor complex distribution, composition
and stoichiometry, and multiple ligand-receptor binding events
within microdomains. The application of fluorescence technology
has facilitated a rapid expansion in light microscopy techniques,
allowing for a plethora of approaches to explore a diverse range of
biological functions. In particular, advancements in confocal
microscopy have facilitated the development of highly sensitive
biophysical techniques for the exploration of receptor-ligand
interactions at the molecular level, including fluorescence
correlation spectroscopy (FCS) and photon counting histogram
(PCH) analysis (introduced in section 7.2.1). This chapter aims to
explore the utility of fluorescent G protein mimetic tracers within
these highly sensitive systems, allowing a greater understanding of
peptide-GPCR interactions at the allosteric G protein binding site,
and providing a basis to facilitate future exploitation of these tracers

within microscopy-based assays.
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7.2. Introduction

7.2.1. Fluorescence correlation spectroscopy as an approach to

measure receptor-ligand interactions.

Fluorescence correlation spectroscopy (FCS) offers a highly
sensitive methodology for the detection of molecular dynamics at
the single receptor level. Initially described in 1972(Magde et al.,
1972), FCS did not become a technique for mainstream biological
research until its integration with confocal microscopy in
1993(Rigler et al., 1993), allowing for much smaller observation
volumes (around 0.25fL) to probe microdomain regions of
biological samples . FCS is a quantitative technique with single
molecule sensitivity which exploits the fluctuations in detected
photons emitted (fluorescent intensity) from a fluorescent source
(e.g. a labelled ligand or receptor protein) moving in and out of a
stationary confocal volume over a set time period. These
fluctuations are then used to determine the speed and number of the
fluorescent species within the sample volume. Statistical analysis of
the time-dependency of these fluctuations using autocorrelation
analysis allows the average dwell time (1D) of the fluorescent
moiety within the detection volume, and consequently its diffusion
coefficient, to be determined(Goulding et al., 2021). Similarly, the
amplitude of the autocorrelation curve is inversely proportional to
the average number of fluorescent particles in the detection volume,
from which particle concentration may be calculated. The inverse
relationship makes FCS particularly sensitive for investigating low
concentrations of particles, being especially useful as this
methodology can be applied both to interactions occurring within a
freely diffusing solution, or within a cellular system in situ. A
variety of autocorrelation models can be fitted to the data, to
account for 2D (e.g. within a cell membrane) and 3D models of
diffusion, and multiple components with different rates of diffusion
(tD1, 1D2....) within the same sample volume. One influence on

the diffusion co-efficient of a fluorescent species is its size (for
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unrestricted diffusion, a 2-fold change in tD is representative of an
8 fold change in molecular mass). Thus, separation of multiple
components can provide quantitative information on events which
change the size and behaviour of receptor complexes (for example
the change between free and bound small molecule ligands in
receptor interaction(Stephen J. Briddon et al., 2004; Kilpatrick and
Hill, 2016; Middleton et al., 2007)).

Additionally, the fluorescence intensity fluctuations over time
captured during FCS can be analysed via the photon counting
histogram (PCH)(Huang et al., 2004). PCH analysis is used to
determine the molecular brightness of a fluorescent species, as well
as its abundance PCH analyses the fluctuation traces in respect to
amplitude. The trace is divided into time bins, with the number of
photons per bin counted and a frequency histogram generated. The
resultant distribution is a combination of a number of Poissonian
processes including the point-spread function of the microscope, the
distribution of the fluorescent species, and the detector response
characteristics. When the bin time used is less than the dwell time
of the species within the volume, the resultant histogram deviation
from the expected Poissonian distribution can be fitted to obtain the
molecular brightness (¢; photons per second per molecule) and a
particle number (N) of the fluorescent species to be determined.
This allows for the identification of particles of varying brightness,
and when normalised to a control of known organisation, can
provide evidence for different stoichiometries of ligand-receptor
signalling complexes (e.g., transient or agonist induced changes in
receptor dimerization or agonist-induced formation of aggregates
within clathrin coated pits) (S. J. Briddon et al., 2004; Cordeaux et
al., 2008; Ilien et al., 2009; Kufareva et al., 2014; Parmar et al.,
2017; Philip et al., 2007). In comparison to FCS analysis of
diffusion co-efficient changes, PCH molecular brightness is more
sensitive to changing stoichiometry (a 2:1 versus 1:1 change in

fluorescent ligand binding produces a 2x change in €). Together
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FCS and PCH combined allow estimation of particle relative
concentrations and brightness, allowing for analysis of intricate
interactions between labelled and unlabelled species at low
concentrations(Briddon et al., 2018; Grime et al., 2020; Huang et
al., 2004).

By employing these analyses in the context of fluorescent ligand
interactions, it is possible to determine both ligand binding in the
presence of receptors, and the number of fluorescent species
interacting per receptor in either a solution-based system or whole
cell environment(Grime et al., 2020; Lay et al., 2022). Particular
examples of the utility of this technique can be demonstrated by
Lay et al (2022), whereby solution-based FCS is used to determine
populations of mono- or multi-labelled TMR-IL-23 within a single
reaction sample, and Briddon et al (2004), which employs FCS to
determine fluorescent ligand binding at the A:-AR receptor at a
single cell level both at the cell membrane and
intracellularly(Briddon et al., 2004; Lay et al., 2022). In the case of
solution-based FCS for detecting ligand binding, it is necessary to
provide all interacting partners within a freely moving environment.
Practically, this relies on isolation of receptors from cell
membranes, thereby providing the mobility necessary for accurate

derivation of ligand binding.

7.2.2. Current methods for the solubilization of cell surface receptors

The plasma membrane is a complex network of protein and
lipid/phospholipid molecules, forming a distinct environment in
which cell surface receptors carry out their function. Whilst
receptor structure and function is determined primarily by the
receptor amino acid sequence, a synergistic relationship must be
established between membrane-spanning residues and membrane
environment to maintain a stable conformation and function.

Exploration of the interactions between receptors and their
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surrounding environment have highlighted the importance of the
lipid environment in facilitating receptor signalling. In particular,
the formation receptor containing of “lipid rafts”, small (10-200
nm) domains enriched with cholesterol and sphingolipids that
compartmentalize cellular processes, along with the identification
of cholesterol binding sites in multiple class A GPCRs has
highlighted potential routes for receptor signalling variability. For
example, variation in B12-AR vs EP> receptor driven adenylyl
cyclase 6 activation in cardiac myocytes, with EP2 signalling
having reduced capacity to activate AC6 despite shared Gas
signalling through exclusion from lipid raft regions or driving
particular changes in receptor-ligand interactions(Awasthi-Kalia et
al., 2001; Hanson et al., 2008; Oates and Watts, 2011; Ostrom et al.,
2001; Schwencke et al., 1999; Shamri et al., 2002). Subsequently,
exploration and derivation of receptor structure and function using
highly sensitive technologies, such as FCS and cryo-EM, requires
the ability to extract single receptor proteins for study, while
maintaining these in conformations that are functionally relevant to

study ligand binding and signalling complexes.

A number of methods for isolating purified receptor proteins have
been developed, which vary in the extent to which the native
phospholipid membrane context around the receptor is preserved. to
simulate the membrane environment. Pure detergent-based
techniques disrupt membranes and solubilise receptors, for example
using n-dodecyl-B-D-maltopyranoside (DDM)(Harwood et al.,
2021; Postis et al., 2015). DDM and other related detergents
structurally mimic but are different from membrane phospholipids,
containing polar head group and single alkyl chain, and remove
receptors into detergent-based micelles with high efficiency while
maintaining suitable aqueous solubility(Seddon et al., 2004). These
have been used to great effect within structural biology to facilitate
effective removal of membrane proteins without employing

methodologies which may restrict or alter protein
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conformation(Koehl et al., 2018; Liu et al., 2017a; Rasmussen et
al., 2011; Thal et al., 2016). However, due to detergents having
limited abilities to effectively mimic the native environment, the
conformations of purified receptor proteins under study from those
which are physiologically relevant. The stability of detergent
extracted membrane proteins has also been shown to be highly
variable depending on the protein of interest(Breyton et al., 1997,
Helenius and Simons, 1975; Lee, 2011; Popot, 2010; Seddon et al.,
2004). This led to exploration of alternative techniques for the
extraction of membrane proteins without complete removal of
surrounding membrane lipids, such as employing synthetic

nanodiscs.

Polymer-based nanodiscs are typically 8-16nm in diameter and
consist of a native phospholipid bilayer derived from the cell
context in which the receptors are expressed, encircled by a helical
membrane scaffold, such as polymerised styrene maleic-acid
(SMA/SMALPs)(Knowles et al., 2009; Ratkeviciute et al., 2021).
Polymer-based nanodiscs provide the advantage of allowing greater
control over nanodisc size compared with micelle/detergent
extraction and allow incorporation of varying degrees of the
surrounding membrane environment. However, the sensitivity of
SMA to ion concentrations (e.g. Mg?"), acidic pH below 7 and UV
irradiation can be a limitation for certain types of experiment
(Oluwole et al., 2017; Popot, 2010). Additionally, there is evidence
that the conformational dynamics of GPCRs within SMALPs
particularly is restricted, and therefore that the conformational
dynamics of the SMALP encapsulated protein may differ from that
of the native protein(Mosslehy et al., 2019; Routledge et al., 2020).
Development of di-isobutylene maleic acid (DIBMA/DIBMALPS)
based nanodiscs has also been explored to produce larger nanodiscs
that may better allow conformational flexibility and complex
formation in the encircled membrane proteins. DIBMALPSs are

believed to have a larger nanodisc diameter (~29nm), with the
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hypothesis that DIBMALPs will have a reduced effect on
membrane lipid packing and therefore less receptor constriction.
Additionally, they display reduced UV absorption and greater
tolerability of pH variation(Oluwole et al., 2017).

7.2.3. Chapter aims:

The overall aim of this chapter is to test TMR-Goas19chal8 as a
probe to bind active GPCR conformations that can be detected and
analysed using FCS / PCH -based approaches. Using the 32-
adrenoceptor as an example receptor, the binding of TMR-
Gas19chal8 is explored to measure the interaction of the Ga
peptide tracer with the receptor, and assess the nature of the TMR-
Gas19chal8 species through their diffusion characteristics, relative
abundance and molecular brightness. Additionally, this facilitated
exploration of the effects of solubilization techniques, using either
DDM or DIBMA methodologies, on the properties of the purified
B2-adrenoceptors as assessed by TMR-Gas19chal8 interaction.

7.3. Methods

7.3.1. Characterisation of the effect of Bovine Serum Albumin (BSA)

on measured TMR-peptide concentration in solution-based FCS

TMR-Gas19chal8 was diluted to 50nM, 100nM, 200nM or 400nM
in 500 pL. assay buffer ( 20mM HEPES, 1mM MgCl.and 1%
DMSO, pH 7.4) with or without the addition of 0.2% BSA. Tracer
dilutions were initially generated in a single step dilution from
10mM (in DMSO) stock solution to minimise peptide exposure to
plastic prior to addition to the assay plate, however, where required
this method was updated to include a ImM intermediate step (in
DMSO) that underwent a 3-minute sonication prior to a final
dilution step to generate a final concentration. 200uL/well tracer
solution was allowed to incubate in the assay plate for 5 minutes at

room temperature (in the dark) prior to measurement. Collected
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TMR-Gas19chal8 FCS autocorrelation data were fitted to a one-or
two-component, free 3D, Brownian diffusion model including a
pre-exponential for triplet state of the fluorophore to determine the
relative diffusion coefficients and concentrations of multiple
moving particles as defined in data analysis(Kilpatrick and Hill,
2016).

7.3.2. Solubilization of ssp2-AR-tsNIuc receptors for use in FCS-based

binding experiments.

Solubilization buffers were first generated consisting of 20mM
HEPES, 150mM NaCl, 5% glycerol and either 1% n-dodecyl-p-D-
maltopyranoside (DDM) or 3% di-isobutylene maleic acid
(DIBMA), pH: 8. For the generation of DIBMA or DDM
solubilized ssP2-AR-tsNluc receptor samples, Hek-ssB2-AR-tsNluc
membranes were first generated as previously described (section
3.5) and membrane samples were diluted to 37ug/pL into
respective buffers (final volume, 1mL). For both DDM and DIBMA
preparations, samples were incubated on a shaking plate for two-
hours (on ice) before being transferred into 1.0 mL, thick-wall,
polycarbonate, Beckman ultracentrifuge tubes. Samples were
centrifuged using a Beckman Optimax ultracentrifuge, TLA-120.2
rotor, at 55,0009 for one-hour at 4°C and supernatants were
collected, flash-frozen, and store at -80°C prior to use(Harwood et
al., 2021). Protein content of both DDM and DIBMA receptor
particles was determined Protein concentration was determined
using the bicinchoninic acid assay kit (Sigma-Aldrich, Pool, UK)
using bovine serum albumin (BSA) as standard, as described in

section 3.5.
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7.3.3. Characterisation of TMR-Gas19chal8 binding to DIBMA or
DDM solubilized p>-Adrenoceptors by FCS.

To assess TMR-ligand binding by FCS, the following samples were
compared, using, 400nM TMR-Gas19chal8 incubations: receptor
free DIBMA/DDM buffer only (DIBMA/DDM w/o B2AR, 20mM
HEPES, 1mM MgCl, 0.2% BSA), DIBMA/DDM w/o B2AR buffer
+10uM isoprenaline, 3 pg/well DIBMA/DDM containing a
nominal 3 pg/well B2AR protein, or 3 pg/well DIBMA/DDM B.AR
+10uM isoprenaline. Additional no BSA controls were run during
the experiment for the receptor free conditions. In the case of DDM
containing experiments, DDM assay buffer was supplemented with
0.1% DDM to maintain a critical micelle concentration above
0.15mM. In some experiments the competition for probe binding by
50uM unlabelled Gas19chal8 was assessed, and for this the
unlabelled competitor peptide was incubated with solubilized
receptors for five minutes prior to addition to assay plate containing
tracer. Samples were then allowed to incubate in the assay plate (in
the dark) for five minutes prior to measurement, taken as described
previously for calibration and solution FCS (final volume, 200pL
per well). Collected TMR-Gas19chal8 autocorrelation data were
again fitted to a two-component, free 3D, Brownian diffusion
model as well as to a one-component photon counting histogram
(PCH) model to explore the possibility of mono- to multi-labelled
particles (see data analysis)(Chen et al., 1999).

7.3.4. General FCS acquisition setup.

FCS assay plates were 8-well chambered Nunc Labtek coverglasses
(No. 1.0 borosilicate glass bottom; ThermoFisher Scientific,
Paisley, UK), and data were acquired using a Zeiss LSM 880
microscope with a 40X c-Apochromat 1.2 NA water-immersion
objective (Carl Zeiss, Germany) at 24°C. Soluble samples

containing TMR-Gos19chal8 species were excited with a Diode
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pumped solid state (DPSS) 561 nm laser and emission light
collected through a 553-695 nm band pass onto a GaAsP detector
using a pinhole set at 1 Airy unit. The confocal volume was set to
200 um above the coverslip surface and beam paths were calibrated
using a solution of 20 nM TAMRA (5-6 carboxy mixed isomers; D
= 2.88 x 10"%m?/s) prepared in high performance liquid
chromatography grade water (Sigma-Aldrich, Missouri, USA).
Calibration measurements were collected using ten 10s reads at a
laser power of 2.4-2.8% and used to define structural parameter and
first order correction of brightness measurements per day (see
section 7.3.6). Experimental measurements were collected using

three, 30s, reads using 1% laser power in all cases.

7.3.5. NanoBRET binding assay for the characterisation of DDM and
DIBMA solubilized receptors

NanoBRET binding assays were carried out in low sodium buffer,
(25mM HEPES, 1% DMSO, 0.1mg/ml Saponin, 0.02% w/v
Pluronic acid F127, ImM MgCl2 and 0.2% BSA, pH 7.4, final assay
volume of 50 puL). 1 pg/well ssP2-AR-tsNluc samples, either
solubilized via DDM, DIBMA, or as Hek cell membrane samples,
were treated with various concentrations of TMR-Gas19chal8
under vehicle or 10 uM isoprenaline conditions. In all cases, NSB
was defined by inclusion of 10 uM unlabelled Gas19chal8 and
donor luminescence was generated through addition of 1/960
furimazine dilution. Donor and acceptor outputs were measured
every 0.8 minutes over a 30-minute timeframe at 25°C. Generated
BRET ratio (550/450nm) data from the 30-minute timepoint were
used to determine TMR-Gas19cha8 binding through endpoint

saturation analysis as described in section 3.7.
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7.3.6. FCS data analysis

In fluorescence correlation spectroscopy the pinhole of the
microscope objective can be positioned to create a Gaussian shaped
confocal detection volume (~0.25fl) on a region of interest, such as
the plasma membrane of a cell or, as in this case, within a defined
section of a sample solution. As fluorescently tagged moieties
diffuse through this volume they produce time dependent
fluctuations in fluorescent intensities. Autocorrelation analysis
compares the size of a fluctuation (81) with the mean fluorescent
intensity (1) at time T with that of a subsequent fluctuation at time
T+1. Using the entire range of T values, the autocorrelation function
(G(7)) can be determined, which is then normalised to the square of
the mean intensity measured (I). The autocorrelation function is
thus: G(t) = 1 + <8I(T). 8I(T+ 1)>/<I>? (Figure 7.1A&B).

Nonlinear curve fitting of data derived from the autocorrelation
function using a biophysical model, was used to produce an
autocorrelation decay curve (Figure 7.1B). From this curve, specific
parameters of the fluorescent particles within the confocal detection
volume can be defined, namely the average dwell time (tD)
representing the halfway point of the G(t) decay and the average
particle number N, from its inverse relationship to the

autocorrelation function at time zero (Go) (Briddon and Hill, 2007).

FCS data was analysed using Zen Black 2012 software (Carl Zeiss,
Germany). Initial calibration data was used to define the confocal

volume by:

3
V =x2- (mzl)z e,

Where V= volume, w1 is the radius of the confocal volume,
determined from w1 = (4:D-1p1)%2, where D and tp: are the

diffusion coefficient and dwell time of TAMRA, respectively. o
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represents half the height of the confocal volume and is calculated
by multiplying o 1 by the structural parameter (S), which thus
represents the ratio of the height to the waist radius of the confocal
volume (set as a constant [S = 5] for 3D solution analysis as
described below) The diffusion co-efficient D for TAMRA is
known (D = 2.88 x 10"°m?/s), therefore measurement of the
experimental dwell time (tp1) during the calibration provides w1, ®
and so the confocal volume. This volume, in conjunction with
individual D values allowed the diffusion coefficients (D) of the
fluorescently tagged receptor or complex to be calculated using the
equation D=w?1/4tD. The concentration of fluorescent particles
within the confocal detection volume was derived using the

equation N/(mw?y).

Experimental autocorrelation data were fitted to a 1-component or
2-component 3D diffusion model (i.e. m=1 or 2), defined by:

—

-1 -4

1 < T T
G(r)=1+—- 1+ — ] | 1+—=——
© N ;:f[ Tpi SZ'TD:'

Where N = particle number, fi is a fraction of i component, zpi is
dwell time of i component, S = structure parameter. The first
triplet state arriving from TMR photo-physics was also accounted
for in a pre-exponential term not shown in the equation above. Fit
quality was assessed on residuals to the fit by chi? analysis (Figure
7.1D. The concentrations of free and bound components were then
calculated directly from their relative contributions to the amplitude

of the autocorrelation function.

Raw fluctuation measurements were also exported and analysed
using photon counting histogram (PCH) analysis(Chen et al., 1999).
PCH analysis measures the variations that occur in the amplitude of
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excitation intensity in different parts of the confocal volume. PCH
analysis can provide information on molecular brightness (€) and an
alternative calculation of particle concentration. When performing
PCH analysis, the fluorescence trace is divided into bins of a
specific time. For diffusion of the fluorescent peptide TMR-
Gas19chals, a bin time of 20us was chosen, to be less than the
dwell time of the fluorescent species but to exclude more rapid time
dependent fluctuations attributed to the photophysics of the
fluorophore. The photon counts in each bin were counted, with a
frequency histogram generated with the x axis representing the
number of photon counts, k, and the y axis the number of bins
containing those counts. This histogram deviates from an expected
Poisson distribution due to the uneven illumination of the confocal
volume, whereby the greatest excitation is found in the centre of the
volume. This deviation from the ideal Poisson distribution can be
measured in PCH analysis, and a fit modelled on the number (N)
and the molecular brightness (¢) of fluorescent species. PCR
calibration reads (TAMRA) were fitted to a 1 component model.
The purpose of this calibration was to provide a first order
correction value (F), which accounts for deviation from a Gaussian
observation volume when using single photon rather than 2 photon
excitation(Huang et al., 2004). This value was then used in the
analysis of experimental data, using 1 or 2 component PCH models
with a bin time set to 20ys.
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7.4. Results and Discussion

7.4.1. Characterisation of TMR-Gas19chal8 in solution within
Fluorescence correlation spectroscopy.

The use of labelled G protein peptidomimetics, with agonist
dependent binding properties, in fluorescence correlation
spectroscopy has the potential to provide insights into the
composition of labelled active receptor complexes with a technique
that reports ensemble behaviours based on single molecule

sensitivity. .

In initial experiments the diffusion characteristics and experimental
measured concentrations of TMR-Gas19chal8 were assessed in
solutions in the absence and presence of 0.2 % bovine serum
albumin (BSA).The nature of peptide amino acid side chains
facilitates a high degree of potential interactions with surrounding
plastic and glass and can result in non-specific binding, thus
reducing the actual free concentration exposed to receptor
preparations in the experiment. By coating plastic surfaces with
bovine serum albumin (BSA), the loss of the labelled peptide to
these surfaces might be minimised. Conversely, BSA may also
affect the pharmacology of other ligands in the assay, for example
small molecules which may bind BSA directly(Blecher, 1964;
Sykes et al., 2016; Tummino and Copeland, 2008).

To determine the effects of BSA’s inclusion within experimental
setups, and to gain a better understanding of the nature of TMR-
Gas19chal8’s behaviour in solution, initial FCS experiments were
carried out to compare peptide free concentration under BSA

positive and BSA negative buffer conditions.
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Figure 7.1. FCS and PCH analysis of 200nM TMR-Gas19chal8 in solution

to determine free concentration, diffusion co-efficient and molecular

brightness (A) Fluctuations in fluorescent intensity over time, measuring 200
NM TMR-Gas19chal8 in the presence of 0.2% BSA, used to derive auto-

correlation curves and photon counting histograms. (B) Autocorrelation curve
for TMR-Gas19chal8 in the presence of 0.2% BSA, fitted to a single-

component 3D diffusion model. (C) Photon-counting histogram (PCH) of the

data presented in (A) fit with a one-component model (red line). (D) Deviation

of data presented in (B) from the single-component FCS model fitted curve to

determine model suitability. In all cases, data are representative experiments

from three performed at 24°C.
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Initial experiments were designed to test three concentrations of
TMR-Gas19chal8 (50nM, 100nM and 200nM), comparing their
theoretical assay concentration with that determined through FCS
analysis under 0% or 0.2% BSA conditions. Autocorrelation curves
were determined through analysis of fluorescence fluctuation data
obtained over time (Figure 7.1A) and in turn used to determine
respective fluorescent species concentrations. In all cases the
observed concentrations indicated a significant reduction over
calculated theoretical concentrations. This relationship was
particularly pronounced in the absence of BSA, with each dilution
resulting in an average concentration of ~ 1nM, indicating an
almost complete loss of free peptide (Figure 7.2A). Addition of
BSA resulted in an increase in observed concentration, but did not
rescue the large difference between this and the test concentrations
applied (Figure 7.2A). This indicated that while BSA may limit
NSB binding for the peptide, it is insufficient alone to prevent the
reduction in free TMR-Gas19chal8 concentration. To test whether
peptide aggregation in solution was also a factor, Figure 7.2B
illustrates the additional effect of sonication and use of an
intermediate, 100 % DMSO dilution, to prepare the FCS assessed
ligand solutions. These conditions improved the availability of the
tracer for autocorrelation analysis. Notably, this analysis was now
best fitted by a two-component model, with the first component 1
having a dwell time of 87.65 + 7.9 s, and the second component 2
having a dwell time of 476.80 + 38.1us. The respective
concentrations for each component (Figure 7.2B) were 147.30 +
16.21 nM, and 98.59 + 14.63 nM, which when combined reflected
the majority of the calculated peptide concentration used (400 nM).
Clearly, FCS analysis does not identify directly the species
underpinning the components identified. Component 1, with the
shorter dwell time and faster diffusion, may represent the free
TMR-peptide in solution. For freely diffusing species, a 2-fold
change in tD is obtained with an 8-fold change in MW, For

component 2 (diffusing 5.5 times slower than component 1), this
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suggests ~64 times change in MW of the TMR-Gas19chal8
diffusing species involved. It is tempting to speculate that this
reflects BSA (molecular weight 66 kD) bound TMR-Gas19chal8
(MW 2.9 kD) — and this would also account for the preservation of
much of the calculated ligand concentration, given a 1:1
BSA:TMR-Gas19chal8. However, it is not entirely possible to
exclude alternatives for component 2, such as TMR-Gas19chal8

aggregated complexes present in the solution.
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Figure 7.2. Determination of the effects of 0.2% BSA on TMR-
Gas19chal8 component concentrations by fluorescent correlation
spectroscopy. (A) initial concentration data derived from a single-component
auto-correlation analysis comparing the effects of 0.2% BSA on increasing
concentrations of TMR-Gas19chal8, without sonication. (B) Concentration
data derived from single (-BSA) or two-component auto-correlation analysis
comparing the effects of 0.2% BSA in low sodium buffer on of the observed
concentration from 400 nM TMR-Gas19chal8 input, after exposure to
sonication for 3 minutes and employing intermediate DMSO dilution. In both
cases data are pooled data from three independent experiments, defining
components on mean dwell time observed (+400nM BSA [tD1] dwell = 87.65
+ 7.9 s, +400nM BSA (2" [tD2] dwell = 476.8 £ 38.1ps).
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7.4.2. Application of FCS-based techniques to determine fluorescent

ligand-receptor binding.

Having determined the FCS characteristics of TMR-Gas19chal8 in
solution, and optimised the conditions to maximise the observed
concentration, the effect of adding solubilized B2-Adrenoceptors
(Hek-ss-B2-AR-tsNluc) on the FCS behaviour of TMR-Gas19chal8
was investigated. Theoretically, the addition of solubilized
receptors known to couple to TMR-Gas19chal8 should produce a
mixed population of bound verses free ligand, distinguishable
through a two-component analysis separating species with differing
dwell times on the basis of altered molecular weight. As previously
discussed (see chapter 6), the expected agonist dependent binding
mechanism of the Gas peptide-receptor interaction should also
increase the proportion of bound ligand in the presence of an
orthosteric agonist, such as isoprenaline. A complicating factor, as
discussed above, is that even in the absence of receptor, the
presence of BSA leads to two-component fitting of the free

fluorescent species.

This hypothesis was first tested employing B2-AR-tsNluc particles
from Hek cell membranes through use of an alternating polymer of
di-isobutylene and maleic acid (DIBMA). DIBMA is designed to
extract lipid-encased membrane proteins from cell membranes in a
detergent-free environment, yielding discoidal DIBMA-lipid
particles (DIBMALPS) larger than the more traditional
SMALPs(Oluwole et al., 2017). Co-incubation of DIBMA
extracted B2-AR-tsNluc with TMR-Gas19chal8 in assay buffer
containing 0.2 % BSA, including or excluding a saturating
concentration of isoprenaline (10 uM), resulted in FCS
autocorrelation curves that were best modelled with two component

analysis across all conditions tested (Figure 7.3A&B; Table 7.1).
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Figure 7.3. FCS analysis of 400 nM TMR-Gas19chal8 binding to DIBMA
B2-Adrenoceptor particles. Experiments were performed in assay buffer + 0.2
% BSA and FCS measurements were fitted with two component
autocorrelation analysis to distinguish faster (1%) and slower (2" diffusing
TMR probe species (A) Component concentrations in the absence or presence
of DIBMA solubilized receptors, with or without 10 uM isoprenaline (1SO)
also present (B) Component dwell times in the absence or presence of DIBMA
solubilized receptors, with or without 10 mM isoprenaline (Iso) also present. In
all cases data were pooled from 3 independent experiments in a low sodium
assay buffer + 0.2 % BSA.
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Table 7.1. FCS autocorrelation analysis of TMR-Gas19chal8 binding at DIBMA solubilized p2-AR.

Condition

% Component 1

Component 1

Component 2

DIBMA w/o f2AR

DIBMA with B2AR
DIBMA w/0 B2AR + 1SO
DIBMA with B2AR + ISO

74.3%+2.3
52+5.2
70.3+2.2
47.34+3.7

Conc
124.5
158.3
122.7
164.3

ts.e.m (M)
+12.7
+15.1
+16.4
+11.6

D1
109.0
124.6
101.5

92.7

£s.e.m (ps)

+8.5
+15.6
16.3
+12.9

Conc
63.3
189.3
57.2
182.6

1s.e.m (nM)

+12.1
+18.0*
6.9
+14.0*

D2
559.8
741.0
613.6
758.4

£s.e.m (ps)
+25.0
+48.7*
+51.6
+47.0*

Data are pooled data from three independent experiments, performed in assay buffer using 400 nM TMR-Gaos peptide in the presence of 0.2 %

BSA. * P<0.05 comparing DIBMA + B2AR using paired Student’s t-tests. No significant difference in the absence and presence of 10 uM

isoprenaline (ISO) was observed regardless of whether B2AR particles were present.
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As previously discussed, 400nM TMR-Gas19chal8 in solution
without any receptor (DIBMA reagent only [DIBMA w/o 32AR])
still produced two component autocorrelation curves representing
species of differing diffusion times. This was interpreted as the
presence of BSA bound, as well as free TMR-Gas19chalS8.
However, addition of DIBMA receptor particles resulted in a
significantly higher second component concentration and longer
dwell time (Table 7.1, Figure 7.3A&B), suggesting the presence of
additional high molecular weight TMR peptide complexes and
consistent with receptor particle binding. Surprisingly, this
difference was observed consistently whether isoprenaline was
present (Table 7.1, Figure 7.3A&B), suggesting receptor particle-
ligand binding detectable by FCS occurred whether or not the

orthosteric agonist was present.

Previous NanoBRET studies (chapter 6) demonstrated
predominantly agonist dependent binding of the TMR-Gas19chal8
peptide in B2-AR membranes. However, this does not rule out the
possibility of a low level of Gas19chal8 peptide binding at
unoccupied receptors, not readily detected using BRET techniques,
but identified through the sensitive measurements of FCS.
However, the absence of isoprenaline regulated Gos peptide binding
suggests that the associated 32-AR conformational changes in
DIBMA particles may be impeded. This is in agreement with
previous findings by Harwood et al, Mosslehy et al., and Routledge
et al (Harwood et al., 2021; Mosslehy et al., 2019; Routledge et al.,
2020) in which it was determined that addition of a polyolefin
based solubilization agent (e.g., SMA/DIBMA\) has a restrictive
effect on receptor conformational change, thus limiting conversion
between the inactive and active states. On the basis of the data
generated, it is not possible to distinguish whether DIBMA particles
containing “inactive” empty f2-AR are able to bind the TMR
probe, or whether 32-AR purified in this manner show a more

constitutively active conformational state (with respect to the Go C
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terminus binding site) that supports TMR probe binding compared
to the NanoBRET membrane studies, but is not further regulated by

isoprenaline.

If the component 2 species identified in the DIBMA B2-AR studies
represents TMR probe binding to the receptor, it should
theoretically be possible to compete for this binding with unlabelled
probe. To this end, DIBMA [2-AR samples were pretreated with
50 uM unlabelled Gas19chal8 for 5 min, before addition of 400
NM TMR-Gas19chal8 and FCS measurements. In the presence of
unlabelled peptide, the dwell times for component 1 and component
2 did not change significantly from the controls (DIBMA f2-AR
only tD1 = 178.3+18.2 us, DIBMA B2-AR+Gas19chal8 1D1 =
190.9+12.8 ps, DIBMA B2-AR only tD2 = 831.6+78.5 us, DIBMA
B2-AR+Gas19chal8 tD2 = 962.7+100.5 us). The presence of
unlabelled Gas19chal8 selectively lowered the measured
component 2 concentration to a similar level displayed within
receptor free samples, however this difference was not statistically
significant compared to vehicle positive controls (Figure 7.4A,
DIBMA B2-AR only tD2 component concentration 167.5£17.9 nM,
DIBMA B2-AR+Gas19chal8 [tD2] 126.2+14.3 nM, one-tailed
paired Student’s t-test, p=0.19, t=0.92, df=6). Thus, these data are
consistent with B2-AR specific binding being observed in DIBMA
particles, but the interpretation is complicated by the likely
additional contribution to component 2 of TMR-Gas19chal8 bound
BSA. In addition, the presence of unlabelled peptide might not only
compete for B2-AR bound probe, but also TMR probe bound to
BSA in the assay, thereby altering its free concentration regulating

receptor binding which may be an additional confounding factor.
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Figure 7.4. FCS analysis of TMR-Gas19chal8 binding to DIBMA f2-AR
in the absence or presence of 50 uM unlabelled Gas19chal8 peptide. (A)
Component concentrations in the absence or presence of 50 uM unlabelled
Gas19chal8. (B) Component dwell times in the absence or presence of 50 uM
unlabelled Gas19chal8.In all cases data were pooled from 3 independent

experiments in a low sodium assay buffer + 0.2 % BSA.
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7.4.3. PCH analysis of TMR- probe species in the absence and
presence of f2-AR DIBMA particles.

The alternate PCH analysis of FCS recordings enable the molecular
brightness of the fluorescent species passing through the confocal
volume to be determined. Where multiple species of differing
binding stoichiometry are present, this may be detected by PCH as
multiple components with differing brightness. For example, this
might occur through multi peptide binding to a single DIBMA
receptor particle (for example if receptor oligomers were present),
or to BSA in solution. Equally, types of non-specific interaction
(peptide aggregates, or interactions with the DIBMA lipid disc)
might create multimeric, brighter particles compared to the TMR-
peptide in solution. However, PCH analysis of the DIBMA [2-AR
experiments indicated only a single brightness component for the
TMR-Gos19chal8 binding, which was similar in all conditions
including the BSA only controls (Figure 7.1C and Figure 7.4A). A
likely interpretation is that binding of the peptide to the DIBMA B»-
AR, or to BSA is at 1:1 stoichiometry such that the brightness of
the bound species does not change compared to the free unbound
peptide in solution. This would further indicate that the fluorescent
Ga probe can bind single receptors (rather than e.g. an oligomeric
complex). This conclusion is supported by previous literature that
suggests GPCR isolated preparations in nanodiscs, are primarily
monomeric in nature, such that only one Gas peptide binding site
per DIBMA B2-AR particle would be expected(Bayburt et al., 2011,
2007).
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Figure 7.5. PCH analysis of TMR-Gas19chal8 interactions under DIBMA
extracted B2-AR conditions. Data (from FCS measurements also providing
Figure 7.3) comparing the relative molecular brightness of 400 nM TMR-
Gas19chal8 in the presence of DIBMA solubilized B2-AR receptors, and in
their absence (but including 0.2 % BSA). Experiments were performed in the

absence and presence of 10 mM isoprenaline
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7.4.4. TMR-Gas probe binding to DDM solubilised receptors can also
be detected by FCS

A common alternative method for solubilization of membrane
proteins is through the employment of detergents, defined as any
agent that consists of a polar hydrophobic head group and nonpolar
hydrophilic tail, such as n-dodecyl-B-D-maltopyranoside (DDM).
Such techniques rely on the formation of detergent micelle particles
able to embed in and disrupt the plasma membrane through their
hydrophilic tail and substitute for phospholipids surrounding
membrane proteins, thus allowing extraction of membrane proteins.
The lack of a restricting polymer provides the extracted protein
greater capacity for conformational flexibility by reduced lipid
packing. It is also well established that, despite their role in
mimicking the membrane phospholipid environment, detergent
hydrophilic head-groups are far from able to recapitulate this
advanced lipid environment(Harwood et al., 2021; Ratkeviciute et
al., 2021). As such, this results in many detergents having a
potential detrimental effect on the structure, function and stability
of the proteins extracted. Indeed, previous studies employing DDM
solubilized adrenoceptors have displayed large variations in agonist
affinity and receptor functionality(Dawaliby et al., 2016; Harwood
et al., 2021). One such example is work by Leitz et al, which
identified solubilized P2-AR (in the absence of effector coupling)
displays isoprenaline affinities around 5 pM, almost a 7-fold
reduction in affinity than comparable measurements in whole cell
binding assays within the wider literature (also, see chapter 4)(Leitz
et al., 2006).
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Figure 7.6. FCS analysis of 400 nM TMR-Gas19chal8 binding to

DDM solubilised p2-Adrenoceptors. (A) Component concentrations in the
presence of DDM solubilized receptors under vehicle or agonist or orthosteric
agonist conditions (B) Component dwell times in the presence of DDM
solubilized receptors under vehicle or 10 uM agonist conditions (E) In all cases
data were pooled from 3 independent experiments in a low sodium assay
buffer + 0.2 % BSA.
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Table 7.2. FCS autocorrelation analysis of TMR-Gas19chal8 binding at DDM solubilized p2-AR.

Condition % Component 1 Component 1 Component 2
Conc zs.e.m (nM) D1 xs.e.m (Us) Conc xs.e.m (nM) D2 xs.e.m (us)
DDM w/o B2AR 91.6+34 361.2 *234 192.4 +10.7 53.4 +13.8 1024 +217.4
DDM with p2AR 73.01+114 318.8 +53.4 162.5 +22.0 144.8 +52.5 1906 +773.0
DDM w/o B2AR + Iso 77.0+84 309.9 £29.7 153.4 +15.0 27.22 5.7 960.1 £196.3
DDM with p2AR + Iso 87.67+1.8 379.8 £18.3 179.2 3.7 54.31 +8.4 1241 +197.7

Data are pooled data from three independent experiments.

213



The diffusion characteristics of TMR-Gas19chal8 were studied in
the absence and presence of DDM solubilized B2-AR-tsNluc, using
assay buffer containing 0.2 % BSA, as for experiments employing
DIBMA isolated receptors. As before FCS measurements generated
autocorrelation curves that were best described by a two-component
model, eliciting a first component with combined dwell times of
mean 171.9 + 7.4 ps (representing free ligand), and second slower
diffusing component (1282.8 + 216.3 ps) indicative of a higher
molecular weight species. Across all tested environments, derived
concentrations were higher, which may be due to the presence of
0.1% DDM within the assay buffer further limiting TMR-
Gas19chal8 aggregation, potential BSA interaction and other forms
of non-specific binding (Table 7.2). However, in contrast to
DIBMA B-AR data, the increase in 2" component concentration
on addition of DDM B2-AR was not clearcut or significant (given
the variability in individual experiments). There was also no
additional increase in 2" component concentration in the presence
of 10 uM isoprenaline, compared to vehicle (Table 7.2, Figure 7.6).
This means that although 2 components are present, it is difficult to
make firm conclusions that the DDM B2-AR receptor preparations
preserve the TMR-Gos19chals site and support its specific binding
from the current data. In contrast to DIBMA based preparations, it
is also possible the DDM solubilisation provides greater variation in
the size and nature of the B.-AR micelles, and the number of
receptors per particle, which could affect the accuracy of
component separation in the FCS analysis. PCH analysis on the
DDM receptor data (Figure 7.7, was fitted best with a single
component model with equivalent molecular brightness of TMR-
Gas19chal8 particles under all conditions. This suggests, that is
Gas peptide binding to the DDM solubilised f2-AR is present,

multi-receptor binding per micelle is not evident.
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Figure 7.7. PCH analysis of TMR-Gas19chal8 interactions under DDM
solubilize B2-AR conditions. Data comparing the relative molecular
brightness of TMR-Gas19chal8 in the presence of DDM solubilized f2-AR
receptors. In both cases data are pooled from three independent experiments,
and the PCH histogram was sufficiently described by a single component

brightness model.
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7.4.5. DIBMA and DDM purified [f>-AR do not show agonist-
dependent TMR-Gas9chal8 binding in NanoBRET binding
studies.
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Figure 7.8. TMR-Gas19chal8 binding to DIBMA, DDM or Membrane
bound p2-AR detected via NanoBRET. (A) TMR-Gas19chal8 binding to Po-
AR in Hek cell membranes. (B) TMR-Gas19chal8 binding to DDM
solubilized receptors. (C) TMR-Gas19chal8 binding to f2-AR in DIBMA
particles. (D) Raw Nanoluciferase donor luminescence (450nm) measurements
from each receptor sample preparation. In all cases data depict measurements
after 30 minutes incubation at room temperature and is a single example assay
from three independent experiments performed, in the presence and absence of
10 uM isoprenaline (ISO) using 1ug per well protein content for each sample
prep per assay.
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A common characteristic of both DIBMA and DDM solubilised
preparations was that no change in TMR-Gas19chal8 binding
could be detected by FCS in the presence of the orthosteric agonist
isoprenaline. To assess whether this reflected a property of the
receptor preparations used, rather than the FCS based measurement,
it was explored whether DIBMA and DDM solubilized receptors
could be used in a TMR-Gas19chal8 NanoBRET binding study
(see Chapter 6). For each case, luciferase activity was evident on
addition of furimazine substrate (Figure 7.8D, in comparison to 2-
AR membrane preparation controls). TMR-Gos19chal8
NanoBRET specific binding was enhanced in 2-AR membrane
preparations by the presence of isoprenaline to those seen
previously in the case of membrane bound receptors (chapter 6),
however, no significant tracer binding was observed at DIBMA or
DDM isolated receptors regardless of the presence of isoprenaline
(Figure 7.8). It should be noted than in all cases, luminescence
output was used to ensure comparable levels of receptor within
each environment, thereby limiting the effects of receptor
concentration (although with sufficient donor emission the BRET
ratio should account for this variation). The inability for DDM and
DIBMA solubilised receptors to display specific tracer binding,
even at almost 2x Kp concentrations in the presence of agonist,
suggests these methods do impair the receptor conformational
changes that promote high level TMR-Gas19chal8 binding. This
corroborates previous FCS data, indicating TMR-Gas19chal8 may
display limited binding to the inactive receptor state, but
employment of DIBMA or DDM isolation limits the ability of
orthosteric agonists to enhance receptor activation and Gas C
terminal peptide binding. Nevertheless, the demonstration that
some binding can be detected by FCS in DIBMA preparations, but
not through NanoBRET, highlights the benefit provided by the
added sensitivity of this technique for low concentrations of bound

fluorescent species.

217



7.4.6. Concluding remarks

In this chapter, the application of the fluorescent peptide TMR-
Gas19chal8 within FCS-based approaches has been explored.
Employment of TMR-Gas19chal8 within FCS has been optimised
to determine the conditions needed to maximise observed tracer
concentration and identified the likelihood of tracer-BSA binding.
TMR-Gas19chal8 was then used to provide evidence that DIBMA
isolated P2-adrenoceptors can bind TMR-Gos19chal8, with PCH
analysis suggesting this occurs in a 1:1 stoichiometric relationship.
However, a similar relationship was not as clearly defined when
employing DDM solubilisation techniques for receptor isolation,
nor was either isolation technique able to elicit receptor samples
able to mimic the orthosteric agonist dependent TMR-Gas19chal8
peptide binding seen in previous chapters. This appears to be a
consequence of the isolated protein (e.g., restricted conformational
change in DIBMA particles), rather than due to the FCS-based
measurement technique, which is supported by maintained absence

in agonist dependent tracer binding in NanoBRET measurements.

At present, the FCS studies presented using the TMR-Gas19chal8
tracer are limited to solution-based techniques, and purified
receptors (with potential disadvantages), because of the membrane
impermeability of these tracers. The ability to employ FCS within
whole cells with a cell permeable Ga peptidomimetic, would
greatly increase the experimental possibilities, and the biological
questions that might be addressed. In particular, this would allow
for the exploration of GPCR interactions and pharmacology within
distinct cellular environments, such as question of active signalling
receptors within endosomes as has been suggested through the use
of nanobody 80 (Nb80, detects B2-AR active conformation) by Von
Zastrow et al(Irannejad et al., 2013; Tsvetanova and von Zastrow,
2014). In relation to this thesis, this is of particular interest as the
role of intracellular modulators in endosomal signalling is yet to be

explored and may have implications in altering the
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prolonged/distinct receptor signalling displayed with endosomal
signalling, thereby expanding their therapeutic
potential(Mohammad Nezhady et al., 2020; Tsvetanova and von
Zastrow, 2014). Additionally, intracellular peptidomimetics may
facilitate greater exploration of GPCR-effector/GPCR-GPCR
interactions in relation to receptor dimerization via employment of
FCS technology(Kilpatrick et al., 2015).

Overall, these findings provided new possibilities for probing
complex receptor relationships using solution-based FCS, such as
dual-fluorescent binding studies, and have the potential to facilitate
exploration of previously undetectable interactions at the

intracellular binding site of GPCRs.
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Chapter 8. Results IV
Identification of novel intracellular
modulators of the prostaglandin
EP> receptor.
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8. Identification of novel intracellular modulators of
the prostaglandin EP2 receptor.
8.1.Chapter introduction:

Previous exploration of novel peptidomimetic tracers identified
TMR-Gas19chal8’s ability to characterise unlabelled peptide
ligands able to compete for the intracellular binding site. However,
application of peptide ligands within a clinical setting is hindered
by their membrane impermeability, meaning that the future of
intracellular ligands is reliant on the discovery of novel small
molecule modulators. Therefore, this chapter aims to identify the
capabilities of TMR-Gas19chal8 to identify small molecule
intracellular binders at relevant GPCRs. Previous screening of
alternative Gs coupled receptors identified that TMR-Gas19chal8
is able to bind to the prostaglandin EP, receptor as a biosensor. The
prostaglandins represent a highly attractive family for therapeutic
exploitation (introduced in 8.2.1) and, with a recent lead
intracellular modulator having been identified, provide a clinically
relevant candidate for the use of a TMR-Gas19chal8 NanoBRET
binding assay to identify the affinities of candidate small molecule
intracellular ligands. Further application of the NanoBIT arrestin
complementation assay (introduced in 1.2.6.3) provides a functional
method of characterising novel ligands to verify the predictions of

the novel screening system.

8.2.Introduction
8.2.1.  Prostaglandin receptors and the role of EP; in disease.

Prostaglandins (PGs) are lipid-derived autacoids generated by
sequential metabolism of arachidonic acid by the cyclooxygenase
(COX) and prostaglandin synthase enzymes. They play key roles in
regulation of various cellular functions, inflammation and immune
cell regulation through the employment of a range of GPCRs (Hata
and Breyer, 2004). There are five subtypes of prostaglandin
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(Thromboxane Az, PGD2, PGEz, PGl;, and PGF».) and each bind
one or more of the nine prostaglandin receptors DP1.2, EP1 4, FP, IP
and TP. Therapeutic exploitation of prostaglandin signalling has
primarily been achieved through reduction of prostaglandin
production by employment of COX-1/2 inhibitors (non-steroidal
anti-inflammatory drugs, NSAIDs, e.g., ibuprofen)(Rouzer and
Marnett, 2009). NSAIDs are known for their antipyretic, analgesic,
and anti-inflammatory properties, however, these have been met
with a high degree of deleterious side effects such as
gastrointestinal bleeding(Stiller and Hjemdahl, 2022). Selective
targeting of COX-2 was hypothesised to reduce the incidence of
severe side effects, however, despite reducing the incidence of
severe gastrointestinal off-target effects, selective inhibition of
COX-2 was implicated in serious on-target cardiovascular effects
(e.g., myocardial infarction, hypertension, arrhythmia)(Schjerning
et al., 2020). Due to COX-2’s activation during inflammation and
observed side-effect profile, selective targeting of particular
prostaglandin receptors is being explored as a method to further
reduce off-target side effects(Ganesh, 2014). Activation of the
prostaglandin receptor EP2 by PGE: in particular has been shown to
be involved in the progression of oxidative damage associated with
the activation of the innate immune response, implicating its role in
inflammatory diseases such as endometriosis and rheumatoid
arthritis, as well as neurodegenerative diseases including
Alzheimer’s and Parkinson’s(Ganesh, 2014; McCullough et al.,
2004; Prasanna et al., 2011; Tani et al., 2001). Additionally,
upregulation of COX, PGE> and EP» expression within cancer
(particularly colon cancer) is associated with increased
tumorigenesis and proliferation, while also having an
immunosuppressive role within the tumour microenvironment,
increasing tumour immune evasion. This proposes a new route for
targeting tumorigenesis through development of selective EP>

receptor antagonists able to attenuate tumour proliferation and
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increasing immune responses at the tumour

microenvironment(Sluter et al., 2021).

Dependent on the indication, both agonists and antagonists might
be of therapeutic benefit, making EP. and other prostaglandin
receptors attractive therapeutic targets. Subsequently, this has
resulted in a selection of prostaglandin ligands being developed,
primarily binding via an orthosteric mode of action. A number of
EP, antagonists have been identified by ex vivo and limited in vivo
studies, however, none are currently licenced for use clinically and
only one is currently under investigation in phase I trials (TPST-
1495)(Davar et al., 2022). EP antagonism has shown positive
results in animal models of colorectal cancer, with application of
selective EP, antagonist PF-04418948 over 80 days producing
marked suppression in tumour formation by inhibition of
proliferation and pro-inflammatory immune cell migration, limiting
subsequent shaping the tumour microenvironment(Ma et al., 2015).
Additionally, EP2 antagonism has been shown to reduce the
generation of the neuroinflammatory phenotype within Alzheimer’s
disease, allowing increased amyloid plaque phagocytosis and

slowing of disease progression(Fox et al., 2015).

The recent development of a selective EP2 receptor intracellular
modulator proposes a novel method of targeting prostanoid
receptors with potentially reduced side-effects(Jiang et al., 2020).
“Compound 1” has been identified to display insurmountable
inhibition selectively at the EP> receptor with varying efficiency
depending on the agonist employed (Structure 1, section 8.4.1).
Compound 1 was identified through its ability to disrupt cAMP
production using a cCAMP FRET sensor assay, and subsequent

computational docking simulations to determine its binding site.

Interestingly, compound 1 was shown to change in apparent
modulatory capacity depending on the potency of agonist

employed, with more potent agonists eliciting a greater allosteric
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efficacy, suggesting compound 1 displays a use-dependent
mechanism of action. The combination of both allostery and use-
dependent functionality provided by compound 1 gives the unique
advantage of combining the beneficial ceiling effect of allosteric
modulators, and the increased affinity for sites of high receptor
activation driving a reduction in on- and off-target side effects. This
would allow a reduced side-effect burden beyond those seen in
orthosteric ligands designed to reduce side-effects on a purely
receptor selectivity basis and therefore is a promising mechanism
for further therapeutic exploration. One consideration however is
that the exact binding site of compound 1 has not been definitively
shown. Jiang et al inferred that binding occurs at the intracellular
binding site through computational docking models, however, no
experimental evidence is provided. Therefore, a binding assay as
described in previous chapters would provide essential evidence for
the IAM/G protein site action of compound 1 and similar

molecules.

8.3.Chapter aims:

The EP> receptor is a current potential target for the antagonist
treatment of inflammatory, CNS diseases and cancer, and is also the
most recent GPCR with a candidate allosteric small-molecule
ligand that may act intracellularly. This makes it a timely candidate
for testing TMR-Gas19chal8’s utility in screening at the
intracellular site to guide modulator SAR. This chapter aims to
characterise a number of novel EP2 receptor IAMs derived from
compound 1, within a small-scale competition screening assay,
employing TMR-Gas19chal8 as the fluorescent probe in the
NanoBRET binding assay. Characterisation of novel ligands via
competition screening and subsequent functional characterisation
provides experimental support for the action of Compound 1 as an

IAM, and a greater understanding of EP> IAM structure-activity
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relationships based on this series. It also validates the TMR-
Gas19chal8 binding assay for small-molecule screening at
intracellular GPCR sites.

8.4.Materials and Methods
8.4.1. Materials

Compounds CD006, CD012, CD026, CD064 and FI08, were
designed using compound 1 (Structure 1) as a primary
pharmacophore, with alterations at position R (Structure 2, see

Table 8.1 for individual R groups):

o
ST L0
N

Structures 1 (Left) & 2 (Right). (Left) Compound 1 as reported by Jieng et
al, (Right) Pharmacophore for the generation of compound 1-based analogues.

Compounds were synthesised by Constance Dalton (Mistry Lab,
University of Nottingham) and verified by NMR spectra, recorded
in deuterated solvent on a Bruker 400 spectrometer (*H at 400.134
MHz, 13C at 100.624 MHz) at 293 K. RF-HPLC or Preparatory
TLC purified samples were stored as 10mM stock solutions in
DMSO at -20°C in individual 2 pul aliquots before use.

8.4.2.  NanoBRET binding studies to monitor TMR-Gas19chal8
binding at the EP> receptor.

A Hek293 cell line and subsequent membrane preparations
expressing p3.1neo(+)-EP2-tsNluc were each generated as described
previously in sections 3.3&3.5. NanoBRET assays used low sodium

assay binding buffer as described previously (section 4.4.2). TMR-
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Gos19chal8 binding was first characterised by addition of
increasing fluorescent probe concentrations (78.125 — 10,000 nM)
to 1pg/well Hek-EP>-tsNluc cell membranes, in which donor
luciferase luminescence was stimulated with the addition of
furimazine (1/960 dilution from Promega manufacturer’s stock) in
the additional absence or presence of the orthosteric agonist 10uM
PGE: (final assay volume, 40uL [all dilutions accounted for 4x
dilution upon addition to assay plate]). Fluorescent peptide NSB
was defined by the inclusion of 10uM CDO006. Endpoint reads at
30- and 60-min incubation at 37°C were taken using a PHER Astar
as the BRET ratio between donor luminescence (450 nm emission)
and acceptor TMR- Gas19chal8 fluorescence (550 nm) to
determine peptide binding.

For quantitative analysis of TMR- Gas19chal8 recruitment by
orthosteric agonist, 500nM tracer peptide was incubated with
1pg/well Hek-EP2-tsNluc cell membranes, 1/960 dilution
furimazine, and incremental concentrations of PGE>. To initiate the
recruitment, membranes were separately preincubated (5 min) with
furimazine to establish luminescence output, prior to their online
injection using the PHERAstar to assay buffer containing the probe
peptide and stimulating ligands. NanoBRET was monitored after
30- and 60-minutes as above. Endpoint agonist stimulation of tracer
peptide recruitment was assessed by concentration response curve
analysis, performed to obtain estimates of ligand potency (ECso)
and maximal response Rmax as described in data analysis (section
3.7).

To determine peptide tracer utility in small molecule competition
screening and subsequent unlabelled ligand affinities, assays
employed 500nM TMR- Gas19chal8, a range of competing
concentrations of unlabelled ligands (“compound 1, CD006,
CDO012, CD026, CD064, FI08), 10uM PGE> and 1pug/well Hek-
EP>-tsNluc cell membranes pre-incubated with 1/960 dilution of

furimazine as indicated above (final volume, 50uL). Incubations
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were performed at 37°C and BRET measurements were taken at 30
and 60 minutes, using a BMG PHERAstar FSX (550 nm / 450 nm

ratio).

8.4.3.  NanoBiT complementation assays to determine functional

antagonism by candidate modulators.

NanoBiT complementation was applied for the validation of the
above novel unlabelled ligand CD006 within a functional assay
system. Prior to ligand screening, Hek-EP>-LgBiT/SmBIT-f-
arrestin2 cells were seeded at 32,000 cells/well using poly-D-lysine
coated 96-well, clear-bottom, white Greiner assay plates, and were
incubated overnight at 37°C, 5% CO.. Post incubation, cells were
washed, and growth media was replaced with 40 pL pre-warmed
assay buffer which consisted of Hepes buffered salt solution + 0.1%
BSA (HBSS + 0.1% BSA) supplemented with 1/1320 dilution of
furimazine and the CD006 concentrations as indicated in the
results. The basal measure of luminescence was monitored for 5
minutes before the addition of 10 pL vehicle (assay buffer) or
varied concentrations of PGE> (10 uM to 100 pM) to assay wells
via online injection. Final assay volumes were 60 pL per well [all
dilutions accounted for 6x dilution upon addition to assay plate].
Luminescence measurements were obtained from 1 min post ligand
addition as raw luminescence units (RLU), for 35 minutes, at 120

second intervals, maintained at 37°C throughout the assay.
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8.5.Results and Discussion

8.5.1.  Validation of TMR-Gas19chal8 as an intracellular probe for
small-molecule screening at the prostaglandin EP> receptor

As shown in chapter 6, TMR-Gos19chal8 is able to bind the
prostaglandin EP> receptor in an agonist dependent manner.
However, the applicability of the fluorescent peptide NanoBRET
assay in the context of small-molecule screening is yet to be
established. To determine the ability of TMR-Gas19chal8 to
identify novel unlabelled small-molecule modulators it is necessary
to first determine the behaviour of the binding assay in verifying the
affinity of a putative intracellular modulator. Previous data
presented by Jiang et al identified the novel small-molecule EP;
intracellular modulator “compound 17, however, no data was
presented to experimentally determine its binding at the
intracellular binding site. Initial functional data by C Dalton (data
not shown) identified CDO006, a precursor in compound 1 synthesis,
to be a potent EP> antagonist with similar modulatory capacity to
compound 1. This makes CDO006 a suitable candidate for
determining TMR-Gas19chal8 capacity for small-molecule
competition. Initially using a single high concentration of CD006
(10uM) against varied concentrations of TMR-Gas19chal8 yielded
complete inhibition of tracer binding under agonist
conditions(Figure 8.1C), indicating CD006 was indeed able to
compete with the probe in competition binding and could be used

more broadly in the assays to define tracer NSB.

Agonist-dependent binding of the probe to the EP»>-Nanoluc
receptor was briefly discussed in section 6.5.1.2, but in these initial
studies EP,-probe binding had not been shown to be exclusively the
result of receptor activation, nor had tracer EP, affinity been
established, which is essential for deriving affinity estimates with
competition screening. Therefore, initial saturation binding

experiments compared the binding of increasing concentrations of
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TMR-Gas19chal8 in both an agonist and vehicle environment,

employing CDO006 in defining NSB.

As with previous experiments employing the B2-AR, peptide
binding was exclusively observed upon inclusion of an orthosteric
agonist, PGE», with probe binding after vehicle treatment not
significantly increased compared to non-specific binding (Figure
8.1A-B). In the presence of 10uM PGE: the affinity of TMR-
Gas19chal8 for EP2 was shown to be around 3-fold lower than that
for the B2-AR under similar conditions, with a Kp=1.92 + 0.19 uM
(Figure 8.1B, n=3). This variation in affinity across the Gas coupled
receptors is not unexpected. The ever-growing number of available
GPCR-G protein structures are beginning to highlight the
variability within G protein binding mechanisms across receptor
subtypes. In particular, a review undertaken by Flock et al of
multiple GPCR-G protein structural datasets across various receptor
families, highlights multiple mechanism by which different Gas
coupled receptors interact and bind with the Gas subunit(Flock et
al., 2017). Their review uses evolutionary history of receptor family
sequences to highlight the variation in reliance on alternative
interacting residues between the Ga a5 helix binding site and the
receptor intracellular loop regions. Together, diversity of these
inherent binding mechanisms and receptor-a5 interactions presents
an explanation for displayed variations in peptidomimetic
interactions and affinity. Regarding the Gs-EP binding site
specifically, the cavity on the cytoplasmic side of the active EP»
structure is narrower than that in the structure of the f2-AR-Gs
complex due to smaller separation of the TM3-TM6-TM7
bundles(Qu et al., 2021). This potentially limits the binding of
TMR-Gos19chal8 sterically, resulting in a reduced affinity. These
variations in saturation binding (and apparent affinity) may also be
influenced by the extent of competition between probe binding and
native G protein in the assay. Incorporation of data presented by

Flock et al implies this influence may also vary receptor to receptor
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through variation in G protein affinity. Future studies may allow for
exploration of these variations employing CRISPR cell lines

lacking Gas expression(Inoue et al., 2019).

Further exploration of the concentration dependence for agonist
induced recruitment of the Ga probe displayed previously produced
data in line with previous adrenoceptor findings, indicating a pECso
for PGE> of 5.89+0.07 (n=3; Figure 8.1D). This furthers the utility
of the tracer peptide as a tool in determining orthosteric ligand
efficacy. It is noteworthy that the displayed potency determined
from tracer recruitment is significantly reduced when compared
with previously presented functional (CAMP) data by Jieng et al.
This is potentially due to differences signal amplification, with
cAMP responses giving greater amplification (and therefore
potency) at lower concentrations than is seen in direct probe
binding experiments. Similarly, these variations may be the result
of alterations in receptor function/conformation as a result of
employing membrane preparations versus whole cells, or due to the
C terminal NanoLuc modification employed for NanoBRET
studies. There is also the possibility that, as with saturation
experiments, an element of tracer competition with native G
proteins is also driving a reduction in displayed potency (Gilchrist
etal., 2001, 1998; Hamm et al., 1988).
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Figure 8.1. Optimisation of a NanoBRET binding assay for validation of
TMR-Gaos19chal8 binding at the EP2 receptor-tsNluc in HEK293
membranes. (A) Saturation binding of TMR-Gas19chal8, demonstrating the
increased specific binding observed only in the presence of 10 uM PGE,. Data
are a representative experiment from three performed. (B) Validation of
CDO006 as a suitable NSB compound through NanoBRET competition
displaying 100% displacement at high concentrations. Data are pooled,
normalized, data from three experiments. (C) Derivation of TMR-Gas19chal8
affinity (Kp) at EP, through saturation analysis of specific binding under
orthosteric agonist stimulated conditions (10uM PGE). Data are a
representative experiment from three performed. (D) Concentration
dependence of PGE> dependent recruitment of TMR-Gas19chal8 by
NanoBRET, using 500nM TMR-Gos19chal8. In all cases measurements taken
after 60-minutes, incubated at 37°C under low sodium conditions. Data are

pooled, normalized, data from three experiments, plotted as mean * s.e.m.
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Figure 8.2. NanoBRET competition using TMR-Gas19chal8 to determine
compound 1 affinity at EP>-tsNluc, measured at 60-minutes, 37°C incubation
in low sodium buffer. Data are pooled, normalized, data from two-independent

experiments run in duplicate, plotted as mean £ s.e.m.

Having defined tracer binding affinity, the ability of TMR-
Gas19chal8 to accurately determine unlabelled ligand binding
parameters was initially investigated through competition against
the EP2> modulator compound 1. Employing a single concentration
of tracer (1uM), at approximately 0.5%Kp, in the presence of a
saturating concentration of PGE> (10uM) generated clear
competition curves between TMR-Goas19chal8 and increasing
concentrations of compound 1. The subsequent affinity derived for
compound 1, estimated from the 1Cso value via the Cheng-Prusoff
correction (Figure 8.2, pKj = 6.89£0.01, n=2) is in line with
estimates put forward by Jiang et al, validating TMR-Gas19chal8
as a suitable tracer for intracellular modulator characterisation(Jiang
et al., 2020). Furthermore, this provides direct evidence that the
location of compound 1 binding is indeed the intracellular G protein
binding site of the EP> receptor, as predicted from homology

modelling(Jiang et al., 2020).
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8.5.2.  Employing TMR-Gas19chal 18 in the screening of novel EP>»

receptor intracellular allosteric modulators

The ability of compound 1 to bind the EP; intracellular binding site
presents an opportunity for rational, structural-based, design of a
range of higher affinity small-molecule ligands, using compound 1
as a primary pharmacophore. Structural modelling by Jiang et al
suggests the tetrahydrofuran species is the primary region of
compound 1 involved in ligand binding. This region is orientated to
allow extension of the species deeper into the centre of the
intracellular pocket. Thus, modification of this region is
hypothesised to have the greatest effect on ligand interactions and
may allow generation of further modulators of greater selectivity
and affinity. Medicinal chemistry efforts in this area were led by
Constance Dalton, Shailesh Mistry and Charlie Laughton
(University of Nottingham), with the pharmacological analysis

presented below.
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Figure 8.3. NanoBRET competition screening to determine novel, small-
molecule, EP2 intracellular allosteric modulator affinities. Screening
employed Hek-EP.-tsNluc membranes incubated with 500nM TMR-
Gas19chal8 and respective ligand concentrations in low sodium buffer at
37°C. Data was collected every 30-minutes over a one-hour interval. Data is
pooled, normalised, 60-minute timepoint data from five independent

experiments, plotted as mean + s.e.m.
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Table 8.1. Binding affinities of compound 1 analogues at the EP2 receptor,
measured using the TMR-Gal9chal8 NanoBRET binding assay.

Compound Structure/R group pK; £s.e.m

(o]
%
Pharmacophore N__N
2 [
H NﬁNQ
R

Compound 1 @OY% 7.03+0.15
o

CDO006 O 7.64+0.18
T

CDo012 N///E 6.59+0.16

CD064 OVOY% 7.51+0.1
o
o

FLOS8 5.84+0.13

ZT

OQ%

l_o

pKi values are pooled, mean measurements derived from 4-5 independent

experiments.

To test this hypothesis, four compounds were synthesised (by C
Dalton) as shown in Table 8.1. These were then tested along with
compound 1 in a NanoBRET competition screening assay,
competing against TMR-Goas19chal8 for the intracellular binding
site, to determine their respective affinities. All compounds tested
competed against TMR-Gas19chal8, displaying a range of ICso and
subsequent pKi values (Figure 8.3, Table 8.1), with an order of
affinity of CD006 = CD064 > Compound 1 > CD012 > FL08. In
line with previous predictions(Jiang et al., 2020), modification of
the tetrahydrofuran group had the greatest effect on compound
binding. The order of affinity seen in Table 8.1 of these modified
ligands supports the hypothesis that it is primarily hydrophobic
interactions involving the tetrahydrofuran group which drive ligand

binding. CD012 has the weakest hydrophobic interaction through
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the inclusion of a polar nitrile group. CD064 provides a 3-fold
increase in affinity over compound 1 through the substitution for a
cyclopentylmethyl ester residue, which, by omitting the oxygen, has
a greater hydrophobicity while maintaining a similar group size.
CDO006 displayed a similar increase in affinity compared to
compound 1, suggesting compound binding is primarily driven
through both hydrophobic interactions and the ability for the
modulator to embed in the pocket. In CDO006, substitution of the
tetrahydrofuran for an ethyl ester results in this region being smaller
and therefore may reduce the potential for steric hindrance in ligand
binding, allowing for potentially deeper and easier access to the
binding pocket, while maintaining a high hydrophobicity. Finally,
the reduced affinity displayed by FL08 provides evidence for
greater steric hindrance to binding on substitution of an additional

larger dihydrobenzodioxine group at the R position.

These data provide evidence that the TMR-Gas19chal8 EP;
binding assay can identify small molecule intracellular modulators
and help rank inhibitors in structure activity relationships through
measurement of binding affinity. However, determination of
ligand binding does not provide any evidence for the allosteric
function of the compounds at the receptor. The binding of these
ligands is hypothesised to bring about antagonism via direct
competition with the native G protein or arrestins. Hence the use of
a receptor-effector recruitment assay helps visualise the competition
of intracellular ligands with intracellular effectors and explore their

functional effects.

236



8.5.3.  Evaluation of CDO0O06 efficacy in whole cell functional responses

using NanoBIiT complementation

To determine the functional activity of the highest affinity analogue
CDO006 identified by EP» binding studies, PGE> dependent
recruitment of B-arrestin2 was measured using an NanoBiT assay
under control conditions or in the presence of different IAM

concentrations.
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Figure 8.4. PGE: driven f-arrestin2 recruitment to the EP2 receptor
under vehicle and CD006 conditions measured by NanoBiT
complementation. (A) Recruitment of B-arrestin2 as a result of receptor
activation by PGE: in the presence of varied CD006 concentrations after 5-
minute agonist incubation (B) Recruitment of § -arrestin2 as a result of
receptor activation by PGE: in the presence of varied CD006 concentrations
after 30-minute agonist incubation. Data are pooled, normalized data from 4

independent experiments, plotted as mean £ s.e.m.
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Initial control curves display effective recruitment of B-arrestin2
upon increasing concentration of PGE>, with only a small change in
agonist potency between 5 and 30 minutes (pPECso 5 min: 6.65 £
0.19, pECso 31 min: 7.34 £+ 0.02, p=0.003[Student’s t-test], df=3,
n=4) , indicative of rapidly equilibrating responses to orthosteric
agonist stimulation. This is in contrast to PGE, mediated tracer
recruitment data presented previously, indicating an increased
potency of PGE>. This provides further evidence indicating the
displayed potency determined from tracer recruitment is
significantly reduced when compared with functional data, likely
due to the presence of signal amplification in functional assays.
Addition of CD006 had a minor effect on agonist ECso
measurements, shifting curves to the left by 2 — 3 fold in potency, at
both 100nM and 1 puM concentrations across all timepoints (Figure
8.4, 31 minutes: vehicle pECso = 7.34 + 0.02, 1uM CDO006 pECso =
7.89 £ 0.13, p=0.01 [Student’s t-test], df=3, n=4). This is indicative
of an agonist dependent mechanism with positive co-operativity
between the orthosteric and allosteric ligand binding. It suggests
that modulators in this series, including compound 1 and CDO06,
may preferentially bind the active conformation and thus stabilise
this high agonist affinity EP> receptor conformation. However, in
addition to this positive cooperativity for agonist binding, 1 uM
CDO006 produced a significant decrease in agonist Rmax at earlier
timepoints. Initial readings taken after five minutes indicated a
large reduction in Rmax verses control conditions (PGE2 Rmax in
presence of 1uM CD006 = 37.4 + 3.5% of control), however, this
reduction became less pronounced upon additional measurement
over 30-minutes (Rmax in presence of 1uM CDO006 at 31-minutes =
82.9 £ 5.1%). As in Jiang et al (2021) analysis, this supports
negative allosteric modulation on the basis of reduced receptor
coupling efficiency to the effector (B co-operativity factor < 1), due
to the expected antagonism based on an IAM binding site of
effector recruitment. Thus these functional data show initial

evidence for a use dependent mechanism of the modulators (greater
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binding / effect in the presence of agonist) which act to inhibit EP
as allosteric antagonists. Only two CDO006 concentrations were
assessed, but the functional effects observed at 100 nM and 1 pM
are consistent with the measured binding affinity in the NanoBRET
assay. Notably, the functional data are derived from a whole cell
format, indicating that CDO0O0G6 is sufficiently cell permeable (as
might be expected from its lipophilicity) to access the IAM EP: site
across the membrane. The greater effect of the modulator at early
timepoints may reflect hemi-equilibrium conditions (at the 5 min
timepoint, PGE; binding has had not sufficient time to re-establish a
new equilibrium for agonist / modulator / EP> binding), or reflect
the functional timecourse and location (e.g. plasma membrane
versus endosomes at later timepoints) of EP,-arrestin recruitment
by PGE2(Herenbrink et al., 2016; Hoare et al., 2020). Another
factor driving this phenomenon may be due to the nature of the
whole cell-based system, and how local concentrations of
modulator might vary over the time of the assay, though it should
be noted cells were pretreated with CD006 to establish an
equilibrium prior to PGE> addition. Overall, these functional effect
of CDO0O06 highlight its role as an allosteric modulator of the EP»
receptor, however, one limitation of the employed NanoBiT assay
is it only provides functional characterisation of the effects on
CDO006 on arrestin recruitment. Given the high degree of overlap
between the arrestin and G protein binding site, both employing the
intracellular pocket inhabited by these intracellular ligands, it is
likely that the arrestin response is similar to what would be seen
with G protein binding. Additionally, the inhibition of CAMP
production displayed previously for compound 1(Jiang et al., 2020)
also suggests this relationship will be similar for EP,-G protein
binding, however, it remains possible that CD006 may alter G
protein and arrestin signalling to differing degrees. Future
experiments exploring G protein recruitment directly, employing a
range of modulators, would allow this possibility to be defined

further. Additionally, employment of alternative orthosteric ligands,
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and greater modulator concentrations, would facilitate a greater
understanding of modulator function, and may allow global fitting
of the allosteric operational model (in combination with derived
modulator affinity data). This would provide greater quantitative
characterisation of modulator function through measurement of
their affinity (o) and efficacy (B) co-operativity factors and will
extend the evidence for a use dependent negative allosteric
modulation of the EP> receptor across different effectors.

In conclusion, the binding of TMR-Gas19chal8 to the
prostaglandin EP> receptor provides further evidence for its
capacity to act as a more universal tracer for the Gs coupled GPCR
intracellular binding site. Competition binding studies against novel
small-molecule ligands show TMR-Goas19chal8 has the ability to
identify ligands beyond the large peptide ligands described in
chapter 6 and facilitates experimental validation of their
intracellular mode of action. The application of these competition
studies in combination with presented functional assays facilitated
the identification of CDO0O06 as a high affinity intracellular
modulator able to compete for the intracellular binding site with
native effector proteins. Subsequently, the functional validation of
this identified small-molecule ligand provides strong verification
for the use of TMR-Gas19chal8 as a tool for the identification and
characterisation of small-molecule intracellular modulators within a
high-throughput system. Ultimately, this provides an advantage in
the easy ranking of novel modulators via binding affinity, and
facilitates the use of the derived Kj’s to improve fitting of
functional data sets to allosteric models to estimate functional
affinity, efficacy and co-operativity and provide evidence for use-
dependent allosteric modulation. Together, this highlights an
effective system for the identification of use-dependent modulators,
particularly at the EP2 receptor, with the potential to have greater
target selectivity. Such compounds have the potential to provide

greater therapeutic benefits over classical orthosteric antagonists in
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targeting EP> as a strategy for treating cancer, inflammatory

disease, and CNS disorders.
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Chapter 9.
General Discussion
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9. General Discussion
9.1. Thesis Discussion

GPCR therapeutics have been at the forefront of drug discovery
since the purification of the opioid receptor agonist morphine from
opium in 1804 (though this predated the concept of receptors, let
alone GPCRs, by some 100 years). GPCR agonist and antagonist
therapeutics have maintained their standing in drug discovery
through the functional versatility of the receptors, which are
involved in a wide variety of physiological processes. However,
with increasing knowledge of cellular signalling and the nature of
different GPCRs, barriers to further drug discovery have emerged,
such as the difficulty of designing small molecules for larger
peptide and protein hormone binding sites, and achieving suitable
target selectivity between closely related receptors responsive to the
same stimulating ligand. The identification of allosteric binding
sites on GPCRs is rapidly broadening the potential for novel,
selective, ligand development, enhanced by both advances in
structural characterisation and pharmacological techniques to study
the nature of allosterism(Changeux and Christopoulos, 2016; Leach
et al., 2007; Thal et al., 2018). Sir James Black stated in his Nobel
lecture “As analytical pharmacologists, what we are allowed to see
of a new molecule's properties is totally dependent on the
techniques of bioassay we use”(Black, 1989), a statement which,
despite the growing number of methodologies being developed, still
resonates with a continuing need for additional approaches in
GPCR allosteric research. Growth of putative allosteric sites in
GPCRs is likely to be spurred further by the expanding array of
cryoEM and other structures, and their validation will require
further additions to the assay toolbox to rapidly identify and fully
evaluate allosteric ligand interactions. To date, techniques have
relied heavily on functional interplay with orthosteric ligand
binding and signalling and structural validation, which are limited

in their capacity to identify a large array of ligands simultaneously
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within a short timeframe and give limited direct understanding of
allosteric ligand binding. Additionally, recent advancements in
orthosteric ligand pharmacology have identified the importance of
ligand binding kinetic relationships in therapeutic efficiency, an
area currently underexplored in relation to allosteric pharmacology
due to limited experimental capabilities(Cullum et al., 2023; Hill,
2006; Sykes et al., 2019).

This thesis aimed to address the need for a novel, high-throughput,
approach to characterise allosteric ligands in the context of
intracellular allosteric modulators, which target the receptor-
effector interface and are applicable across a range of receptor
targets(Andrews et al., 2008; Casella et al., 2023; Huber et al.,
2023, 2022; Liu et al., 2017a; Nicholls et al., 2008; Oswald et al.,
2016a; Salchow et al., 2010). Intracellular allosteric modulators
have the capacity to rapidly advance the availability of highly
receptor and target site-selective therapeutics. The combination of
increased target selectivity through greater sequence heterogeneity
within allosteric sites within receptor families, the allosteric
“ceiling” that can limit maximal effect, and the potential for use-
dependent binding mechanisms that limit drug action to conditions
under orthosteric agonist stimulation, gives IAMs a unique
advantage in reducing the adverse effects compared to more
classical antagonist therapeutics. From a clinical perspective, these
mechanisms have the potential to promote a positive impact on
patient compliance and reduction in disease burden, particularly in
cases where current treatments have severe adverse effects.
Additionally, the ability of these ligands to directly compete with
the effector (G proteins, -arrestins) at the receptor binding
provides these ligands with the ability to display allosteric
antagonism with high negative co-operativity, and potentially in
future discriminate between effector proteins to generate biased
effects on signalling. Much of the pharmacology of IAMs remains

of potential significance, rather than directly proven —
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demonstration of high affinity, selective, IAM antagonists has been
largely restricted to a few members of the chemokine receptor
family to date (Andrews et al., 2008; Casella et al., 2023; Huber et
al., 2023; Oswald et al., 2016a; Saha and Shukla, 2020; Salchow et
al., 2010; Zweemer et al., 2014).

A characteristic of GPCR families is the ability of multiple diverse
receptors to couple to the same class of G protein (e.g. Gs, Gi or
Gg11) and highlights a shared binding mechanism between receptor
families that recognises the “right” G protein to maintain specificity
of effector responses(Flock et al., 2015; Wingert et al., 2022; Zhou
etal., 2019). Itis this receptor-G protein binding site that is also
targeted by a number of known IAMs. This underpinned the basic
concept for the thesis, namely that probe tools could be developed
that resembled the effector protein (e.g., Gas versus Gai) engaged
by many different GPCRs, that could then be used in binding
studies to assess interactions of novel allosteric ligands at the
intracellular binding site. Previous research that focussed on G
protein alpha subunit C termini (a key element involved in GPCR-
G protein binding) suggested that peptides derived from this region
would maintain a more universal binding relationship for GPCR
intracellular binding sites(Dratz et al., 1993; Gilchrist et al., 1998;
Hamm et al., 1988; Rens-Domiano and Hamm, 1995). This ability
to recognise GPCRs based on G protein selectivity, in combination
with their potentially ability to mimic the G protein’s ability to
promote the agonist-receptor high affinity state, made these
peptides a promising starting point for fluorescent probe
development with utility at multiple GPCRs(Gilchrist et al., 2002,
2001; Mazzoni et al., 2000; Rasenick et al., 1994).

Initial characterisation of Go. C-terminus peptides in Chapter 4
aimed to establish their binding and modulatory capacity at both the
Gs coupled B2-adrenoceptor and Gi coupled Y1 receptor. The ability
for various peptides, varying in length and amino acid sequence, to

alter orthosteric agonist affinity within TR-FRET competition
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binding studies was used as a measure of the peptide’s ability to
bind and promote the active conformation. From Gs peptide studies
it was evident that peptide length, and by extension secondary
structure due to the incorporation of additional alpha helical turns,
has a large effect on modulatory capacity, with longer peptides
displaying greater abilities to increase orthosteric agonist affinity.
Additionally, the inclusion of a non-native amino acid
(cyclohexylalanine, CHA) at the -2 position was shown to provide
an increase in Gas19 peptide modulatory capacity similar to levels
achieved by the longest peptide tested (Gas24), despite a reduction
in peptide length. These studies confirmed the original activity of
the peptides first described in Mannes et al (2021). However, when
attempting to translate these peptide designs to Gi receptor systems,
multiple Gai C terminus peptide variants had no significant effect
on orthosteric agonist affinity, a result in line with previous findings
by Gilchrist et al(Gilchrist et al., 1998). The nature of the assay
used did not exclude the possibility that the Gai peptides tested
bound the Y1 receptor without influencing the affinity of the
orthosteric peptide agonist NPY.

To directly determine Ga peptide binding, and assess affinities of
competing ligands at the intracellular modulator site, requires the
generation of a functional fluorescent peptide probe. As such,
Chapter 5 explored the utility of solution-based click-chemistry in
the synthesis of fluorescent peptide probes. The ability to synthesise
multiple derivatives using a single-step reaction would allow for
rapid synthesis of optimised fluorescent peptides designed
especially for particular experimental setups (e.g., far-red shifted
fluorescent tracers for fluorescence correlation spectroscopy vs
shorter wavelength tracers for BRET studies). Reactions undertaken
proved ineffective in producing usable yields of tagged product,
with variations in solvent system, temperature and collating ligand
having no effect on reaction efficiency. Due to the alpha-helical

structure of the peptide, it was hypothesised that the reacting group
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of the propargylglycine may be hidden within the secondary
structure. However, addition of trifluoroethanol, known to interrupt
hydrogen bonding within protein secondary structure, had no effect
on product yield. Subsequently, it was determined that in order to
reduce the limiting effect of peptide secondary structure it is
necessary to employ either an organic linker prior to fluorophore
coupling or solid-phase peptide synthesis techniques. Generation of
fluorescent TMR-Ga peptides were therefore carried out

commercially by solid-phase peptide synthesis.

Chapter 6 characterised the utility and characteristics of fluorescent
Ga C-terminus peptides within NanoBRET experiments. Again,
employing the B2-adrenoceptor and Y1 receptor as example Gs/Gi
coupled receptors, peptide tracer binding was explored to determine
respective affinities and binding mechanisms of fluorescent
peptides. Initial experiments supported SAR relationships put
forward in Chapter 4 and indicated that tracer binding relied on the
presence of receptor orthosteric agonists in both 2-AR and Y1
assays. However, Gai derived peptide binding at the Y1 receptor
appeared to display a lower affinity interaction than the Gas
counterpart. Further exploration of the agonist dependence
displayed in association experiments identified the ability of
labelled Ga peptides to directly characterise orthosteric agonist
efficacy as signalling biosensors, allowing clear distinction between
various full and partial agonists. Additionally, comparison of
various labelled and unlabelled Gas peptides, varying in length and
amino acid make-up, provided direct evidence supporting previous
TR-FRET data, indicating increased affinity as a result of increased
peptide length and hydrophobicity. Successive experiments
employing alternative Gs/Gi coupled receptors indicated that TMR-
Gas19chal8 in particular has the capacity to bind multiple Gs
coupled receptors, whereas TMR-Gail9chal8’s capability to bind
alternative Gi coupled receptors appears more limited. In part this

may reflect a reduced overall sensitivity of the assay due to the

248



reduced affinity of the Gi tracer compared to Gs. However, as
discussed in chapter 6, it is also clear that the smaller size and
nature of the Gi binding site in different GPCRs likely has a

negative impact on the universal binding of Ga C terminal peptides.

Competition-based screening of unlabelled peptides using
NanoBRET provided an initial indication that the fluorescent
peptide probes may be applicable to establishing high-throughput
screening at the intracellular binding site of multiple GPCRs.
Chapter 8 carried these findings forward, demonstrating the utility
of fluorescent G protein peptidomimetics in an initial small-
molecule screen at the GPCR intracellular binding site.
Optimisation of TMR-Gas19chal8 binding at the prostaglandin EP>
receptor identified tracer affinity to be lower than the previously
determined affinity for the B2-adrenoceptor, but with a sufficient
PGE>-dependent assay window to be exploited in competition-
based screening. Application of the known small molecule
modulator “compound 1" indicated successful small-molecule
competition able to provide measurements of compound 1 affinity
consistent with the literature, and provide experimental validation
of compound 1 intracellular binding(Jiang et al., 2020).
Subsequently, employment of TMR-Goas19chal8 within a small-
scale competition screen allowed identification of multiple novel
intracellular allosteric modulators of the EP2 receptor, with two,
CDO006 and CD064, displaying higher affinities for the intracellular

binding site than the model compound, compound 1.

Having established a number of experimental uses for fluorescent G
protein mimetics within plate-reader approaches, chapter 7 explored
an alternative role for these tracers within microscopy-based
experiments. Application of TMR-Gas19chal8 within fluorescence
correlation spectroscopy (FCS) established its capabilities for
determining receptor binding using diffusion co-efficient based
measurements. FCS auto-correlation analysis facilitated critical

analysis of two common methods of receptor solubilization,
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DIBMA particle formation or DDM micelle extraction, in the
context of tracer binding. Evidence was provided for the binding of
the probe to DIBMA B2-AR particles, while observations with
DDM solubilised B2-AR were less clearcut. In addition, orthosteric-
agonist dependent binding to solubilised receptors was not
observed, in contrast to NanoBRET. The inability for DIBMA
solubilized receptors, unlike membrane bound receptors, to display
increased binding under agonist conditions implied a negative
impact on native receptor conformation upon solubilization, either
through loss of structural integrity or conformational restriction at
the intracellular binding site. This ability to detect binding
interactions at such a small scale demonstrates the putative power
these probes have within FCS-based approaches for measuring
intricate receptor dynamics, and future studies could explore
whether the technique could be applied to native, unmodified

receptor preparations

The aim of this thesis was to develop a novel toolset for the
characterisation of intracellular allosteric modulators, applicable
across multiple GPCRs. Exploiting the semi-universal binding
mechanism displayed by G protein alpha subunits facilitated
development of multiple peptidomimetic tracers able to selectively
bind the GPCR intracellular binding site in a G protein, but not
receptor, specific manner. Exploration of these fluorescent tracers
has highlighted their capabilities within a range of different assay
systems and provides strong evidence for their utility within a
multitude of experimental scenarios. The nature of the G protein-
GPCR interaction, and subsequent peptide-GPCR interaction,
provided these novel tracers with the ability to not only act as a tool
for high-throughput competition screening, but also as a novel
sensor for detecting the GPCR active conformation. One future
direction employing this characteristic could be to explore a wider
range of agonists at candidate receptors, including not only

orthosteric but other classes of allosteric (non IAM) ligand. Given
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the fluorescent peptide probes are designed as G protein mimetics,
it would also be useful to observe how the quantitative measures of
agonist affinity and efficacy in this system relate to other measures
for proposed G protein / arrestin biased ligands. Increasingly,
structural data from receptor-arrestin and receptor-G protein
complexes supports differences in active conformations between
biased ligands that might be identified pharmacologically by a G
protein mimetic intracellular probe(Liao et al., 2023).

One limitation of these tracers is their membrane impermeability
and inability to be applied in whole cell experiments, which would
allow for greater exploration of translational pharmacology and
greater physiological relevance by maintaining the native receptor
and cellular environment. Particular examples include application
within primary cell assays and endogenous expression system,
providing more representative measurements of modulator affinity
and subsequent therapeutic effect at target tissues. Additionally, cell
permeability would facilitate wider utility of the microscopy
techniques employed in chapter 7, allowing for greater use of FCS
and confocal microscopy to increase understanding of receptor-
receptor interactions (e.g., dimerization). The large size of the
peptide tracer prevents passive transmission across cellular
membranes, however, there are potential solutions which could be

explored in future work.

Foremost amongst these can be seen in work exploring antibody
and nucleic acid (e.g., SIRNA) employment within intracellular
compartments. These are significantly larger than the peptide tracer
described, and require complex methodologies for bypassing the
cell membrane. There are a number of options available, the most
experimentally simple of which is the employment of weak,
reversable, detergent treatments, such as saponin(Medepalli et al.,
2013; Wassler et al., 1987). This allows for the formation of small
holes (roughly 100nm to 1um in diameter) within the plasma

membrane which allow for the translocation of proteins into and out
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of the cytoplasm. However, the employment of saponin is known to
have potential detrimental effects on the cellular environment and
therefore may affect subsequent functional
experimentation(Wassler et al., 1987). Alternative approaches make
use of membrane permeable particles able to act as transporters of
impermeable species, such as lipid or polymer-based nanoparticles.
The exploitation of lipid nanoparticles in particular has become the
gold standard in cell transfection (as described in section 3.3) by
facilitating efficient transfer of DNA samples into test cell lines.
Polymer-based nanoparticles function in a similar capacity, with
initial systems designed to encase the desired cargo molecules for
transport. However, unlike lipid particles which fuse with the cell
membrane and release their contents intracellularly, polymer-based
particles are designed to remain intact while crossing the cell
surface before exploiting the intracellular machinery (e.g.,
proteases) to break down the transporter polymer and release the
cargo(Yan et al., 2010). Alternatively, employment of cell
penetrating peptides (such as the HIV-1 TAT protein) my provide a
route across the membrane by applying these sequences as N-
terminal modifications to Ga C terminal peptides, however,
extensive peptide modification may have a negative impact on
probe function(Zou et al., 2017). Exploration of these techniques
and application of Ga peptides within whole cell assays would
facilitate wider exploration of their role and applicability as tracers,
particularly within primary cell assays and employment of allosteric

operational models.

An alternative method for exploring this intracellular site,
particularly within whole cell assays, is the use of miniG proteins or
nanobodies. Such technologies would allow for DNA encoded
luciferase/fluorescent protein-labelled binders able to target the
intracellular binding site, however, these are not without their
limitations, particularly in the context of high-throughput drug

discovery. Foremost amongst these is the inability to easily
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determine their intracellular concentration upon expression,
meaning such probes can identify competition with unlabelled
ligands, however, lack the required information for accurate
derivation of ligand binding affinities(Carpenter et al., 2016;
Garcia-Nafria et al., 2018; Gilchrist et al., 2002; Robertson et al.,
2022; Soave et al., 2020d; Wan et al., 2018). Additionally, when
employing these alternative tracers within membrane-based
approaches, the generation of purified nanobodies or miniG
proteins requires time consuming and expensive experimental
processes (namely generation of tracers through bacterial culture
and subsequent purification steps) compared with short-chain
peptide synthesis, which has the additional benefit of allowing
incorporation of non-native amino acids and side-chain
modifications. Together, presented findings utilising Ga C-terminus
peptide tracers indicate similar limitations in cell permeability as
does the use of miniG protein or nanobody technology, however,
demonstrates a more accessible and highly modifiable system for

the screening of intracellular binders.

Tackling these limitations represents one route to carry this research
forward, providing greater utility of these peptidomimetics.
Similarly, application of the key principles presented in this thesis
would allow further exploration of similar peptide probes with
wider employability. A related example would include similar
characterisation of further G protein derived peptides, such as Gag
or Gau/13 for exploration of intracellular ligands able to interact
with respectively coupled GPCRs. Furthermore, these principles are
not exclusively applicable to GPCR ligand discovery and
application of the core principles behind peptide selection can
facilitate novel ligand discovery across all areas of protein research.
By exploration of protein-protein interactions and identification of
subsequent interacting region, it is possible to design putative

peptide probes for a plethora of target proteins. This is particularly
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promising for targeting structurally complex binding sites which

remain elusive within small-molecule research.
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9.2. Final Conclusions

Sponsored by the AJ Clark Scholarship (British Pharmacological
Society), this thesis gives a stepwise account of the development
and experimental validation of novel G protein peptidomimetic
tracers for the intracellular binding site of Gs and Gi coupled G

protein-coupled receptors.

The first three results chapters describe the initial identification and
selection of lead peptides able to bind to a range of receptor
subtypes. Initial assays identified peptides able to act as allosteric
modulators of GPCR agonist binding, providing them with the
putative ability to preferentially couple the receptor active
conformation before exploration of their binding mechanisms
directly via NanoBRET binding studies. These experiments
highlighted the ability of these peptides to act not only as probes for
the intracellular binding site, but also as activation sensors of
GPCRs.

The final two results chapters provide contextual validation of the
utility of described fluorescent probes across different experimental
disciplines. Application of these probes within high-throughput
screening was exemplified by the characterisation and identification
of novel EP> receptor small-molecule modulators. In contrast,
employment of these peptides within highly sensitive, microscopy-
based, techniques was established through application within
fluorescence correlation spectroscopy. Together, these chapters and
this thesis provide a basis for the employment of G protein mimetic
peptides within a range of pharmacological experiments for the

characterisation of intracellular and extracellular ligands of GPCRs.
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