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Abstract

GPCRs are implicated in a wide variety of diseases, making them particularly attractive drug
targets; critical developments in structural and functional techniques have led to breakthrough
discoveries, shifting paradigms of understanding with novel concepts. Select ligands are now
known to induce biased signalling in GPCRs, differentially activating intracellular signalling
pathways; conformational landscapes of GPCRs are heterogeneous, indicating diversity in the
activation transition and intermediate states which likely correlate with biased signalling.
Moreover, the majority of GPCRs signal via more than one G protein sub-type, preferentially
coupling with ranked selectivity, and are allosterically modulated by a range of factors. In order
to develop safe, effective and selective therapeutics against GPCRs, a holistic understanding
of these concepts necessitates comprehensive, multidisciplinary approaches, combining
enhanced biophysical and biochemical assays, determination and analyses of structure, and
complementary computational techniques. This thesis presents the successful establishment
of a FRET-based interaction assay for the calcitonin family of GPCRs and the RAMPs, with
an average FRET efficiency of 87.78%, average interaction distance of 3.42 nm, and cAMP
pEC50s in agreement with the literature. This promising assay will offer novel insights into
GPCR-RAMP dynamics, forming the basis of a high-throughput biophysical drug discovery
platform. Secondly, the structure-based signalling of GPCRs was explored with the novel
application of geometric morphometrics and principal component analysis to resolved
structures, consistently and reliably classifying GPCRs by their global shape morphology,
supported by PERMANOVA and ANOSIM multivariate statistics. Case study examples of the
B2-adrenergic, adenosine 2A, secretin-like and calcium-sensing receptors first proved this
concept effective, before exploration of thermostabilisation, fusion proteins, the structural
determinants of G protein coupling, and AlphaFold structures. Overall, this thesis provides
novel contributions to fully elucidating the structure/function relationship of GPCRs, building a
multidisciplinary model of understanding, which will enable the unprecedented discovery and
development of safe, effective therapeutics.

Keywords: G protein-coupled receptor (GPCR), receptor activity modifying protein (RAMP),
Forster resonant energy transfer (FRET), geometric morphometrics (GM), principal

component analysis (PCA).
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Chapter 1: General Introduction

1.1 — The Biological Cell and its Plasma Membrane
1.1.1 — The Fluid Mosaic Model

The Cell Theory was initially proposed in Micrographia by Robert Hooke in 1665, helping to
lay the preliminary foundations of microscopic biology (Gest, 2004; Hooke, 1665). As
technology advanced further into the 1890s, an update to the Cell Theory was published to
include the existence of a cell membrane composed of lipids, reviewed in Lombard, 2014. Its
importance was not immediately recognised but led to the lipid bilayer hypothesis in 1925, and
the subsequent fluid mosaic model in 1972 by Singer and Nicolson (Gorter and Grendel, 1925;
Singer and Nicolson, 1972). It is this fluid mosaic model which remains the principal
explanation of the cell membrane — contemporary discoveries continuously modernise this
theory, however, its basics remain relatively constant (Nicolson and Ferreira de Mattos, 2021,
2022).

According to the fluid mosaic model, illustrated in Figure 1.1.1, the cell membrane is composed
of lipid, protein, and carbohydrate macromolecules, forming the cell’s protective barrier (Singer
and Nicolson, 1972). The primary lipid components called phospholipids are composed of a
hydrophilic head and hydrophobic tail, spontaneously forming an amphipathic bilayer in water.
Additionally, cholesterol and other sterols can be interspersed between these phospholipids,
regulating the fluidity of the bilayer (Casares, Escriba and Rosselld, 2019; Ying Zhang et al.,
2020). As protein molecules are also amphipathic in nature, some can integrate with the
bilayer intrinsically, whereas others associate with the membrane peripherally. Furthermore,
carbohydrates can be linked to both lipids and proteins to form glycolipids and glycoproteins,
respectively (Moran et al., 2014). In summary, this lipid-protein mixture forms a ‘fluid’,
Brownian system whereby these molecules can disperse and concentrate by lateral diffusion,
expanding the functions of the cell membrane beyond being a mere barrier (Sonnleitner,
Schitz and Schmidt, 1999; Ramadurai et al., 2009).
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The Fluid Mosaic Membrane
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Figure 1.1.1. The Fluid Mosaic Model of the Plasma Membrane. The cell membrane consists of the
carbohydrate, lipid and protein macromolecules (approximately 50% lipid, 50% protein by mass) to

facilitate and enhance the many functions of the cell’s protective barrier. Created with BioRender.com.

The fluid mosaic model is not only widely accepted due to historical experiments, but because
the fluid mosaic nature of cell membranes is also supported by modern advancements in
fluorescence microscopy and structural biology; the fluid mosaic model therefore continues to
be the most widely accepted model as reviewed in Nicolson and Ferreira de Mattos, 2022
(Nicolson and Ferreira de Mattos, 2022). As such, the cell membrane is now understood to be
a complex, dynamic system with varied characteristics for consideration, including membrane
asymmetry (Scott et al., 2021), curvature (Has, Sivadas and Das, 2022), fluidity (Lipowsky,
2014), lipid rafts (Regen, 2020), and non-bilayer membranes (Verkleij et al., 1984), etc.

Through a combination of passive and active processes, the cell membrane provides selective
permeability to regulate the bidirectional transport of material between the cytoplasm and
extracellular environment (Yang and Hinner, 2015). For example, some small and uncharged
molecules, such as O,, CO-, H-O, and ethanol, can passively move across the membrane by
diffusion or osmosis, due to concentration gradients (Cooper, 2000). However, most other
molecules require movement facilitated by specific transport or channel proteins embedded
within the membrane. Alongside its role in material transport, the cell membrane is also
essential to a variety of other processes including the anchoring of the cytoskeleton,

interaction with the extracellular matrix, and cell signalling and communication (Nicolson and
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Ferreira de Mattos, 2022). Much of these are facilitated by the proteins found within the cell

membrane itself.
1.1.2 — The Role of Membrane Proteins

Membrane proteins account for approximately 30% of the human genome and act as a core
component of the cell’s regulatory and sensory recognition systems; this is achieved by the
maintenance of critical ion concentrations and the propagation of signals towards intracellular
cascades, for example (Kelly et al., 2009; Fagerberg et al., 2010). Consequently, due to their
great importance to the breadth of human health and disease, membrane proteins are the
target of over 50% of all drugs (Overington, Al-Lazikani and Hopkins, 2006; Martin and
Sawyer, 2019). Despite their importance however, their amphipathic nature and largely
hydrophobic transmembrane regions make membrane protein structures typically difficult to
elucidate. As such, considerable effort and technological advancement have enabled
improved sequence, structural and functional analyses of membrane proteins, furthering
fundamental knowledge and application to novel drug design (Kelly et al., 2009; Marinko et
al., 2019).

Broadly, there are two categories of membrane protein, as illustrated in Figure 1.1.2:
peripheral and integral. Peripheral membrane proteins transiently interact with the lipid bilayer
via hydrophobic, electrostatic, and other non-covalent methods (Sahin et al., 2020). As these
interactions are transient, temporally relevant proteins such as regulatory subunits and
metabolic enzymes are often classed as peripheral membrane proteins, as can G proteins
and protein kinases. The second category, integral membrane proteins, are permanently
associated with the membrane, either by partially or completely spanning the depth of the
bilayer (Bracey, Cravatt and Stevens, 2004). Monotopic proteins such as cyclooxygenases
only associate with one side of the membrane, bitopic proteins such as the tumour necrosis
factor receptor span the membrane only once, while polytopic proteins span the membrane
several times (Garavito and Mulichak, 2003; Tan, Tan and Chung, 2008). The bitopic and
polytopic integral proteins, or transmembrane proteins, comprise the majority of this group and

give the cell membrane many of its unique functions.
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Figure 1.1.2. Peripheral and Integral Membrane Proteins. Peripheral membrane proteins interact
with the lipid bilayer transiently, whereas integral membrane proteins associate permanently with the

bilayer, spanning some or all of its depth. Created with BioRender.com.

Human transmembrane proteins conform to an alpha-helical structure which contrasts with
the topology of the beta-barrel proteins mainly found in the outer membranes of Gram-
negative bacteria, chloroplasts, and mitochondria (Taylor et al., 2006). Alpha-helical
transmembrane proteins make use of the internal hydrogen bonding of the helical structure,
and their helices usually consist of 18 to 30 hydrophobic amino acids flanked by polar residues
(Engelman, Steitz and Goldman, 1986; Almén et al., 2009). This makes alpha-helices
particularly thermodynamically stable as polar residues interact with water molecules and lipid
head groups to stabilise the protein and prevent unfolding within the membrane (von Heijne,
1992). Note that much longer helices do exist, and they often tilt in order to keep the
hydrophobic core of the helix within the hydrocarbon region of the membrane (Gofman,
Haliloglu and Ben-Tal, 2012). Due to the energetic cost of topological rearrangement,
importantly, the stable state of most transmembrane proteins must be achieved alongside
translation with aid of the Sec translocon complex (Becker et al., 2009). Once inserted into the
bilayer, transmembrane proteins are then subject to the physicochemical properties of their
local microenvironment including direct contact with annular lipids, helical tilting and
modulation of the membrane thickness (Marinko et al., 2019). Ultimately, the ability of
hydrophobic polypeptides to form alpha-helices within lipid bilayers is thought to have been a
driving force behind the diverse evolution of transmembrane proteins (Popot and Engelman,
2000; Almén et al., 2009).

As mentioned, transmembrane proteins account for around 30% of the human genome, which
corresponds to 6 to 8 thousand members of the human transmembrane proteome (Dobson,

Reményi and Tusnady, 2015). Further analyses and deorphanisation of these proteins allow

23



D. N. Wiseman, PhD Thesis, Aston University 2024

for in-depth classification into the major membrane protein groups, many of which are
fundamentally essential to eukaryotic life, but also of great medical relevance. A few examples
of transmembrane proteins will be briefly summarised, highlighting their importance and the
need to resolve and study their structures. G protein-coupled receptors (GPCRs) constitute
around 15% of all human membrane proteins, are the targets of around 40% of all drugs, and

are covered in greater depth in sections 1.2 and 1.3 (von Heijne, 2007).
Aquaporins

Aquaporins are water channels which facilitate the bi-directional movement of water across
the cell membrane, down an osmotic gradient; in some cases, they are also able to move
other small molecules such as ammonia, CO,, glycerol, and urea, as well as water (Kruse,
Uehlein and Kaldenhoff, 2006; Bill and Hedfalk, 2021). Humans express thirteen aquaporins
which are involved in various fluid secretions including bile, cerebrospinal fluid, saliva, sweat,
tears and the concentration of urine (Ishibashi, Hara and Kondo, 2009). Consequently, the
human aquaporins play a role in equally diverse disease states such as Alzheimer’s, brain
oedema following traumatic injury or stroke, kidney disease, and Parkinson’s, amongst others
(Bill and Hedfalk, 2021). Following publication of high-resolution aquaporin structures, their
mechanism of action was revealed at the atomic level; they possess six transmembrane
helices which form an ‘hourglass’ model, and each aquaporin assembles as a homotetramer
retaining four individual water channels (Kreida and Toérnroth-Horsefield, 2015). Water
molecules are able to move rapidly through these channels, in such a way that the electrostatic
field within the channels does not allow leakage of protons or other ions across the membrane
(Fujiyoshi et al., 2002). Finally, as the influence of gene expression is too slow in the context
of rapid water flow, research into acute therapeutic mechanisms is focussed upon temporarily
modifying the number of available channels at the cell membrane by reversable blockage with
inhibitors, and targeting the dynamic translocation of aquaporins between sub-cellular

compartments and the cell surface as reviewed in Salman et al., 2022 (Salman et al., 2022).
lon Channels

lon channels are transmembrane proteins which regulate cell membrane potentials through
the movement of charged ions, such as calcium, chloride, potassium, and sodium, between
the cytosol and extracellular space (Rosendo-Pineda, Moreno and Vaca, 2020). They
additionally facilitate the movement of ions within intracellular compartments, such as the
release of Ca?* from the endoplasmic reticulum as second messengers to activate calmodulin
(Taylor and Laude, 2002). These ions move passively through the channel’s selective pore,

down an electrochemical gradient, which can be one thousand times the rate of other transport
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proteins (Kulbacka et al., 2017). Furthermore, the superfamily of ion channels has several
mechanisms of activation, including ligand and voltage gating, mechanical stress, and
temperature, amongst others, and play essential roles in action potentials, cellular
communication, muscle contraction, and cell proliferation to name a few (Kulbacka et al.,
2017).

One prominent ion channel is the bacterial potassium ion channel, KcsA; the upper region of
this transmembrane protein hosts a selectivity filter which, as the name suggests, imparts K*
ion selectivity, while the lower region of KcsA controls gating via sensor regions (Kuang,
Purhonen and Hebert, 2015). K* ions move through this channel due to the presence of
oxygen atoms in the selectivity filter which mimic the positions of water oxygens when K* is in
solution; while Na* ions are smaller than K* ions, only one in every thousand make it through
KcsA, maintaining a high degree of K* selectivity (von Heijne, 2007). Importantly, KcsA is
thought to function in a similar manner to the human Kv channels, confirmed by functional
chimeras between the two (Williamson et al.,, 2003). In contrast, another ion channel, the
nicotinic acetylcholine receptor, is composed of a large funnel which undergoes a
conformational change upon ligand binding, and is characteristically found at the post-synaptic
neuromuscular junction (Changeux, 2018). The rotation of helices which line the pore of this
channel allow cations to move through in a non-selective manner, with Na* generally moving
into the cell, and K* leaving the cell. Finally, as additional ion channel structures are resolved,
therapeutic-focussed research can target their relationships with human disease, such as the
recent association of the mechanosensitive PIEZO channels to various cancers and more (Yu
and Liao, 2021; Delmas, Parpaite and Coste, 2022).

ABC Transporters

Around 50 human ATP-binding cassette, or ABC transporters, have been identified thus far;
by utilising the energy from ATP hydrolysis, these transmembrane proteins export and
sometimes import small-molecule substrates across the cell membrane (Liu, 2019). Examples
include amino acids, peptides, sugars, and others including drugs; indeed, at least eleven
ABC transporters including the breast cancer resistance protein (BCRP/ABCG2), multidrug
resistance-associated proteins (MRPs/ABCCs), and P-glycoprotein (P-GP/ABCB1) are
involved in the development of multidrug resistance (Slot, Molinski and Cole, 2011; Schinkel
and Jonker, 2012). Of course, this is clinically important, especially as ABC transporters are
expressed in various tissues such as the brain, intestines, kidneys and liver, and mutations in
ABCs have been linked to cystic fibrosis, hepatic cholestasis, and retinal degradation, to name
a few conditions (Gadsby, Vergani and Csanady, 2006; Tarling, Vallim and Edwards, 2013;
Liu, 2019).
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Functional ABC transporters are generally composed of two nucleotide-binding domains
(NBDs), and two transmembrane domains (TMDs) consisting of six a-helices each (Liu, 2019).
While the NBDs seem to be highly conserved throughout the ABC transporters, the TMDs
provide substrate specificity. Two molecules of ATP bind to the NBDs, moving them close
together which completes the interface for ATP hydrolysis (George and Jones, 2012). This
induces a conformational change to switch the substrate binding cavity from facing the extra-
to the intracellular space, ready to accept its substrate from the inner bilayer leaflet or
cytoplasm, and then back again to release substrate from the cell. This mechanism is therefore
one of alternating access and release, though the intricate details of all ABC transporters are

not yet fully understood (von Heijne, 2007; Liu, 2019).

From these examples given, transmembrane proteins are governed by two overarching
principles which seem to be essential to their structure/function relationship; access to both
sides of the cell membrane, and the ability to undergo conformational changes upon activation.
In any case, in order to better understand human membrane proteins as individual molecules
and components of cellular mechanisms, they must be expressed, solubilised, purified and

have their structures resolved to acceptable resolution, which is no simple task.
1.1.3 — Expression and Purification Strategies for Membrane Proteins

The characterisation of membrane protein structural dynamics is of great importance, not only
to provide insight into mechanisms of action, but to additionally aid novel structure-based drug
design. Given the importance and prevalence of membrane proteins, it may be surprising to
realise that their experimentally resolved structures only account for 3.8% of total proteins in
the PDB (7,414 out of 197,848 as of November 2022); this number has doubled since 2016
but still pales in comparison to soluble protein structures (Pandey et al., 2016). For GPCRs
specifically, the GPCRdb lists 793 structures at the time of writing, of which 423 are human
receptors (Kooistra et al., 2021). Much of this challenge arises from the hydrophobicity of
GPCRs, and their relatively low levels of endogenous expression; indeed, recombinant
expression can be highly variable, even within the same expression system. Structures
resolved before the year 2000 often relied upon proteins found in natural abundance, limiting
the pool of feasible structural studies; early examples include bacteriorhodopsin (Henderson
and Unwin, 1975), aquaporin channels (Cheng et al., 1997), and the G protein-coupled
receptor rhodopsin (Palczewski et al., 2000). These experimental bottlenecks have thus
fuelled the structural biology field over the last two decades, driving advancements in the
methods and technologies used to express, solubilise and purify membrane proteins for

structure determination.
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Typically, milligram quantities of sample are required for structural studies, and thus
heterologous expression of recombinant proteins has become the dominant method,
accounting for the source of approximately 70% of resolved membrane protein structures (Bill
et al., 2011; Dilworth et al., 2018). A variety of expression hosts are also now available to
exploit, each with their advantages and disadvantages, as summarised in Table 1.1.3, which
is a qualitative representation of evidence-based opinion; several factors must be considered
including expense, toxicity of the target protein when overexpressed, and the ability for post-
translational modifications to occur, for example. As such, the choice of host remains to be
target protein specific, as there is no standardised approach which is deemed best for all
(Grisshammer, 2006; Bernaudat et al., 2011; Thomas and Tate, 2014; Wiseman et al., 2020).
Indeed, these experimental choices may impact on the likeness of the produced protein to its
wildtype, and care must therefore be taken during these steps to prevent or at least understand

any unwanted differences in structural similarity.

Table 1.1.3. A Comparison of Cellular Membrane Protein Expression Systems. Each consideration
linked to cellular recombinant expression systems is conveyed as a qualitative summary, linking
experimental evidence and personal opinion. Green = positive, amber = moderate, red = negative,
relatively. E. coli and yeast were historically favoured due to their ease of culture, genetic flexibility and
scalability, however, expression lines such as expiCHO, expi293 and S can now be grown in litre
volumes, producing milligram quantities of protein. Drosophila offer a promising compromise but are

currently underused in comparison.

Ease of Ease of Expense Membrane Post- Scalability
Culture Genetic Composition | translational
Manipulation Modification
E. coli
Yeast
Insect
Mammalian
Drosophila

Escherichia coli

Historically, the expression of membrane proteins in eukaryotes was typically difficult, and
thus Escherichia coli became a staple host for their expression and purification, for a number
of reasons (de Mendoza, Sebé-Pedrés and Ruiz-Trillo, 2014; Hattab et al., 2015; Z. Zhang et
al., 2015). E. coli is easily cultured, inexpensive, and decades of work have resulted in well-
characterised strains which grow rapidly, and are optimised for protein expression, including
membrane proteins specifically (Miroux and Walker, 1996; Depping et al., 2022).
Transformation of E. coli entails relatively simple protocols, and there is an abundance of

expression vectors to choose from with a variety of modifiable properties. Indeed, tuning
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protein expression can be of great importance in reducing rate-limiting steps such as
saturation of the translocon (Wagner et al., 2007, 2008). Additionally, T7 RNA polymerase
from the Enterobacteria phage A often drives recombinant expression, which gives a faster
and higher yield when compared to native E. coli RNA polymerase (Studier, 1991; lost,
Guillerez and Dreyfus, 1992).

Despite these attractive qualities however, there are also significant limitations; as a
prokaryotic organism, E. coli lacks features which can be essential for the production of high-
quality, functional GPCRs (Mathieu et al., 2019). Formation of disulphide bonds are inefficient
at best, proteins may not fold correctly, the lipid composition of the membrane differs from
eukaryotic cells, and there is a distinct lack of post-translational modification, including
glycosylation (Wheatley and Hawtin, 1999; Baneres et al., 2003; Wagner et al., 2007).
However, despite these clear limitations, several active GPCRs including cannabinoid,
neurotensin and serotonin receptors have been successfully expressed in E. coli (Bertin et al.,
1992; Grisshammer, Duckworth and Henderson, 1993; Krepkiy et al., 2006; Michalke et al.,
2010; Mallipeddi, Zvonok and Makriyannis, 2018). The genetic tractability of E. coli means key
modifications such as the use of fusion partners and stabilising mutations can be performed
with relative ease, and downstream applications such as isotopic labelling for NMR are also
relatively easy to conduct (Marley, Lu and Bracken, 2001; Attrill et al., 2009; Petrovskaya et
al., 2010; Tapaneeyakorn et al., 2011; Hattab et al., 2015; Mallipeddi, Zvonok and
Makriyannis, 2018). In the more recent years since 2010, the use of E. coli has dwindled, and

eukaryotic expression systems have become ever more favoured (Kesidis et al., 2020).
Yeasts

Next in popularity are yeasts which exhibit many of the advantages of E. coli, but with the
additional ability to perform some eukaryotic-like post-translational modifications (Carlesso et
al., 2022). Yeasts are similarly quick to grow to high density, relatively inexpensive, well
characterised, and amenable to genetic manipulation. In addition, yeasts can promote the
formation of disulphide bonds in proteins, process signal peptide sequences and perform O-
and N-linked glycosylation, all of which may be essential for the correct folding, trafficking and
activity of target membrane proteins (Bder et al., 2007). Note that while the early glycosylation
process is similar to that in mammalian cells, yeasts are prone to hypermannosylate proteins,
leading to potential misfolding (Choi et al., 2003; Vieira Gomes et al., 2018). Another further
consideration relates to the replacement of cholesterol with ergosterol in the yeast membrane
composition; cholesterol is required for the correct function of some GPCRs, and may also
contribute directly to their conformational changes or activity (Hanson et al., 2008; Goddard

and Watts, 2012; Goddard et al., 2013). One such example is the p-opioid receptor which is
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constrained to an inactive state in the presence of ergosterol, but active with cholesterol
(Lagane et al., 2000). That being said, yeast has been shown to produce humanised sterol
compositions, including the production of cholesterol instead of ergosterol, when

reprogrammed genetically (Hirz et al., 2013; Emmerstorfer-Augustin et al., 2019).

The baker’'s yeast Saccharomyces cerevisiae and methylotrophic yeast Pichia pastoris are
the most commonly used expression species; the fission yeast Schizosaccharomyces pombe
is used less frequently but can outperform other species under certain conditions (Takegawa
et al., 2009; Joubert et al., 2010; Byrne, 2015). Similar to E. coli, S. cerevisiae has a long
history of study as a model organism, with many strains available for genetic manipulation,
and several examples of its involvement in the production of membrane proteins for structural
and functional studies (Newstead et al., 2007; Li et al., 2009). However, despite these
successes, P. pastoris has become the most frequently and successfully utilised species of
yeast (Ramén and Marin, 2011; Ayub et al., 2022). This is undoubtedly due to the ease of
integrating stable expression vectors into P. pastoris, and its ability to consume methanol as
the sole source of carbon which enables high levels of expression under strict control of the
AOXT1 promoter (Hollenberg and Gellissen, 1997; Ahmad et al., 2014). P. pastoris strains have
since been engineered to perform human N-glycosylation, as well as the ability to synthesise
cholesterol, which may ultimately benefit GPCR expression (Jacobs et al., 2009; Hirz et al.,
2013). Overall, yeasts offer an advantageous expression system, spanning the gap between
prokaryotic and eukaryotic approaches, and have contributed significantly to structural and
functional studies of GPCRs thus far including the adenosine 2a, B-adrenergic and muscarinic
acetylcholine receptors (Weiss et al., 1998; Singh et al., 2008; Asada et al., 2011; Routledge
et al., 2016; Carlesso et al., 2022).

Insect Cells

The most commonly used method for GPCR expression, is the advantageous use of the
baculovirus system with insect cells (Saarenpaa, Jaakola and Goldman, 2015). This is not
only a very safe method (as the baculovirus does not infect mammalian cells) but also
generally allows proper folding of membrane proteins, due to post-translational modifications
which are often almost identical to those in mammalian cells (Mili¢ and Veprintsev, 2015;
Vaitsopoulou et al., 2022). The commonly used insect cell lines are SfQ and Sf21 from the
Spodoptera frugiperda moth, and the Hi5 line from the Trichoplusia ni moth (Saarenpaa,
Jaakola and Goldman, 2015). Expression is achieved by infection with a recombinant
Autographa californica multi-nucleopolyhedrovirus which drives target protein expression via
the polyhedrin promoter (McKenzie and Abbott, 2018). This system not only offers scalable

cultures able to grow in serum-free shakers, but can achieve milligram quantities of target
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protein following optimisation (Unger and Peleg, 2012; Chen et al., 2013). However, the use
of insect cells can be a relatively expensive approach when compared to E. coli and yeasts,
and there are notable differences between the lipid compositions of insect and mammalian
membranes (Mili¢ and Veprintsev, 2015). Insect cell membranes are low in cholesterol, high
in phosphatidylinositol, and contain no phosphatidylserine; as mentioned previously, lipid-
protein interactions are now known to be an important consideration in the structure and/or
function of membrane proteins (Dawaliby et al., 2016). Despite these disadvantages however,
the baculovirus/insect cell system remains to be a key overexpression approach for GPCRs,
particularly for their crystallisation, ranging from well-characterised to orphan receptors
(Boivineau, Haffke and Jaakola, 2020; Chen et al., 2022; Peng et al., 2022).

Mammalian Cells

As a consequence of the disadvantages of prokaryote and lesser eukaryote systems, in some
cases, itis simply necessary to use mammalian cell lines to produce functional, properly folded
mammalian membrane proteins (Tate, 2001). Though this may seem an obvious solution,
there are significant drawbacks which make mammalian cell lines one of the minor contributors
to the resolution of GPCR structures, and why E. coli, yeasts and insect cells have been so
widely favoured thus far. Mammalian cell lines exhibit relatively low expression levels, leading
to longer time-frames to reach appropriate protein yields, and an increased expense of culture
(Andréll and Tate, 2013). As vyields are typically low, constructs are often first optimised for
mammalian expression; examples include codon optimisation, and the inclusion of Kozak
consensus (GCCACCATGG) and signal peptide sequences which can enhance expression
and trafficking to the cell surface (Chakraborty et al., 2015; Zucchelli et al., 2016). However,
an increased yield does not necessarily correlate with an increased functional yield, and it is
similarly pragmatic to highlight that experimental conditions favourable for structural studies

may not also apply to functional studies.

Several cell lines are commonly used including CHO, COS-7 and HEK293 but the level and
quality of target protein expression can vary widely, often requiring individual optimisation
(Andréll and Tate, 2013). Additionally, expression is either transient or stable; transient
transfection can not only vary in the resulting expression level, but is also impermanent
(Geisse and Fux, 2009). In contrast, the creation of stably expressing lines can be costly and
time consuming, but benefits from reliably higher levels of heterologous protein expression;
as such, several cell lines have been engineered which may confer advantages depending on
the particular target protein. For example, the tetracycline-inducible HEK293S-TetR cell line
was used to crystalise a mutant rhodopsin which was otherwise toxic to constitutive expression
(Reeves, Kim and Khorana, 2002), and the HEK293-GnTI" line lacks N-acetyltransferase |

30



D. N. Wiseman, PhD Thesis, Aston University 2024

activity which reduces complex glycan formation, leading to better ordered crystal formation
for structure determination (Reeves et al., 2002; Xu et al., 2013; Mili¢ and Veprintsev, 2015).
Overall, despite the advantages of immortalised mammalian cell lines, their expense of culture
and lower yield have largely limited their involvement in GPCR structure determination but
may be more suited for functional analyses. In addition, the expression levels of mammalian

approaches can remain problematic, despite optimisation.
Drosophila melanogaster

Several other promising but underutilised expression systems are available, one of which
involves the eyes of the Drosophila melanogaster fruit fly. The unique architecture and
properties of the Drosophila eye mean the rhabdomere membrane stacks of its photoreceptor
cells can provide a large surface area for targeted overexpression and folding of membrane
proteins (Kumar and Ready, 1995; Panneels et al., 2011). This is facilitated by the well-
established GAL4-UAS system, whereby the yeast transcription factor GAL4 binds to an
Upstream Activation Sequence (UAS) to drive expression of a selected transgene (Phelps and
Brand, 1998; Panneels et al., 2011). By selecting strains which express the GAL4 transcription
factor in the eye, heterologous expression of GPCRs such as the metabotropic glutamate and
vasopressin receptors can be restricted to the photoreceptor cells without affecting
endogenous membrane protein expression (Panneels et al., 2011). This system has been
demonstrated to achieve 0.2 to 0.4 mg of pure target protein from just 1 g of Drosophila heads
(approximately 10 ml volume of flies), which is a relatively easy and affordable scale to
achieve, even in smaller laboratories (Eroglu et al., 2002; Panneels et al., 2011). Alongside
these attractive benefits however, Drosophila expression requires expertise in fly genetics,
transgenesis and culture facilities which may not be easily accessible. In addition, Drosophila
photoreceptor cells exhibit differences to mammalian cells, including less complex N-
glycosylation (Bernaudat et al., 2011; Schiller et al., 2012). Overall, this underused expression
system has the potential to rival the most popular systems over time but its limitations and lack
of use means only 10 membrane protein structures have been resolved using Drosophila thus
far, none of which are GPCRs (https://www.rcsb.org/). It is likely that failed attempts have not

been reported or published.
Cell Free Expression

Finally, an interesting alternative system is cell-free expression which uses cell lysate to
overcome the toxicity of overexpression and the sequestering of protein into inclusion bodies
(Klammt et al., 2006; Sobhanifar et al., 2009). In vitro translation of target proteins enables

careful construction of a folding environment, considering important factors including lipid
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composition and membrane curvature, elasticity and lateral pressure. In summary, cell-free
expression has been particularly useful for the inclusion of unnatural amino acids and isotopic
labelling for NMR, and has successfully expressed several GPCRs for structural and functional
studies (Muranaka et al., 2007).

Fusion Proteins

As discussed, expression and purification of membrane proteins is often difficult; one
improvement strategy involves the use of a fusion partner (Pandey et al., 2016). There are a
wide range of fusion partners available for use, and many examples of their application to
GPCR expression. These fusion partners range from relatively larger globular proteins such
as glutathione S-transferase, apocytochrome b562 (BRIL) and the HaloTag, to relatively
smaller tags including haemagglutinin (HA), FLAG, and polyhistidine sequences. Further
examples which typically yield a high degree of purity are the Strep-tag and Avi-tag which rely
upon the biotinylation of the target protein, and biotin’s high affinity for streptavidin resin
(Schmidt and Skerra, 2007; Fairhead and Howarth, 2015). Not only can these additions
improve yield through increased expression, some can also improve solubility and enhance
subsequent purification by affinity chromatography, for example (Hochuli et al., 1988;
Marblestone et al., 2006; Pandey et al., 2014). However, in contrast, larger fusion partners
tend to increase the metabolic burden on the cell, can sterically hinder the target protein itself,
and can impede the crystallisation process due to the flexibility of linker sequences;
importantly, many fusion partners can be designed to be removed by cleavage, eliminating
some of these inherent disadvantages (Pandey et al., 2016). As such, the use of fusion
partners adds extra steps and complication to the expression process, but the potential

benefits can be very significant.
Membrane Solubilisation

Following construct design and the choice of appropriate expression host, techniques for the
solubilisation and purification of the target GPCR must also be carefully considered.
Traditionally, surfactant detergents have been used to solubilise and extract proteins away
from the membrane, through disrupting intra- and intermolecular interactions and increasing
the protein’s aqueous solubility (Seddon, Curnow and Booth, 2004; Anandan and Vrielink,
2016; Stetsenko and Guskov, 2017). Many detergents are commercially available, and can
be screened by their physicochemical properties, critical micelle concentration, and
hydrophilic-lipophilic balance, etc. (Arachea et al., 2012). Overall however, the non-ionic alkyl
maltopyranoside detergents DM and DDM have been most favoured, and have contributed to

the resolution of nearly half of all membrane protein structures (Lyons et al., 2016). In addition,
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lauryl maltoside neopentyl glycol (LMNG) has proven particularly effective for the
crystallisation of GPCRs in the lipidic cubic phase (LCP), and for the stabilisation of membrane
proteins for cryogenic electron microscopy (cryo-EM) (Caffrey, 2015; Hauer et al., 2015).
Despite this overwhelming success however, detergents generally remove potentially
important annular lipids, can result in the loss of protein-protein interactions, and detergent
micelles do not exert the same lateral pressure as the native membrane. Therefore, to prevent
GPCR destabilisation or inactivation during solubilisation, alternative methods have been

developed to retain the native microenvironment around the membrane protein itself.

One of the popular alternatives uses the amphipathic co-polymer, styrene maleic acid (SMA)
which spontaneously forms a lipid particle, or SMALP, when added to lipids (Knowles et al.,
2009). On average, this results in a nanoparticle structure approximately 10 nm in diameter
which, when added to a biological membrane, has the ability to capture and solubilise
membrane proteins and their surrounding lipid environment (Lee et al., 2016; Pollock et al.,
2018). GPCRs are, on average, approximately 4 nm in diameter and are thus viable
candidates for the SMALP method, especially because of their potential sensitivity to
detergents and interactions with annular lipids (Wheatley et al., 2016). The adenosine-2A
receptor (A2AR) was one of the first reported successes of SMA solubilisation, producing
purified and functional A2AR from both HEK293T and Pichia overexpression, without the use
of detergent (Jamshad et al., 2015). Since then, several more GPCRs have been purified with
SMA such as the calcitonin, ghrelin and melatonin receptors, and SMA also contributed to the
high resolution structure of the Haloquadratum walsbyi bacteriorhodopsin (Charlton, 2016;
Logez et al., 2016; Broecker, Eger and Ernst, 2017).

Additionally, several co-polymers have also been developed including styrene maleimide
(SMI) which is acid compatible, and diisobutylene-maleic acid (DIBMA) which can overcome
SMA’s sensitivity to divalent cations (Oluwole et al., 2017; L. Hall et al., 2018). Overall,
receptors solubilised with co-polymers are often far more stable at room temperature, can
withstand freeze-thaw cycles, and retain ligand binding capacity when compared to detergent
solubilised receptor (Jamshad et al., 2015). This flexibility and utility has therefore made co-
polymers a greatly important development in GPCR solubilisation, especially as the co-
polymers are compatible with ligand binding and functional assays, in meso crystallisation and
cryo-EM as well. Indeed, there have been several more solubilisation systems developed to
overcome the problems associated with detergents, all of which solubilise membrane proteins
successfully, and have additionally proven effective for the cryo-EM format (Sgro and Costa,
2018; Birch et al., 2020).
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Bicelles, or bilayered micelles, were the first of these to attempt the incorporation of lipids into
a solubilised membrane protein system (Sanders and Prosser, 1998). Typically, phospholipids
such as dimyristoylphosphatidylcholine (DMPC) are used to form discoidal bilayers of varying
shapes and sizes, which are scaffolded by either detergent or short-chain lipids, such as
CHAPS or dihexanoylphosphatidylcholine (DHPC), respectively (Thoma and Burmann, 2021).
This incorporation of lipid into bicelles enables them to retain solubilised membrane proteins
in a functional state when compared to micelles, however, the lipid composition of bicelles can
also influence the molecular dynamics of membrane proteins significantly (Morrison and
Henzler-Wildman, 2012; Vestergaard et al., 2015). While the use of bicelles in NMR has
become popular, they have also been implemented in the lipidic cubic phase of crystallisation,
and were instrumental in the early study of both bacteriorhodopsin and the human [p2-
adrenergic receptor, for example (Faham and Bowie, 2002; Rasmussen et al., 2007; Thoma
and Burmann, 2021).

Since their inception, the bicelle fundamentals have been further developed, leading to the
collective nanodiscs, which are also scaffolded lipid bilayer particles. One such class of
amphipathic scaffold proteins was specifically engineered and optimised for the self-assembly
of bilayer nanodiscs, termed membrane scaffold proteins (MSPs) (Thoma and Burmann,
2021). It was hypothesised then, that the inclusion of a target membrane protein within the
self-assembly mechanism would enable its solubilisation into an environment more
reminiscent of the native membrane. While bacteriorhodopsin was again used as a model
target protein, MSP nanodiscs have been widely used for the structural, biochemical and
biophysical analyses of various membrane proteins, and the nanodiscs themselves (Bayburt
and Sligar, 2003; Sligar and Denisov, 2021). In addition, membrane proteins have also been
solubilised and reconstituted into saposin-lipoprotein (Salipro) nanoparticles, which offers a
detergent-free alternative for structural and functional studies (Frauenfeld et al., 2016). And
finally, detergents can also be substituted by the amphipols, or amphipathic polymers, which
are not only more stable than their detergent counterparts, but can also be chemically labelled

or functionalised, forming stable membrane protein complexes (Zoonens and Popot, 2014).

To conclude, why is this topic so important to address? Simply, the choice of expression host,
protein modifications and solubilisation/purification techniques may have an impact on the
resolved structure’s likeness to its natural, wildtype equivalent. It would therefore be logical,
pragmatic even, to hypothesise that structures significantly different to the wildtype receptor
should be treated with caution until these differences are understood. Researchers should
therefore be aware of and carefully consider their experimental methods, before drawing any

conclusions from structures or assay results obtained from GPCRs under varying
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experimental conditions. Chapters 4 and 5 examine this topic further, in which structural

differences between GPCRs have been analysed in depth with geometric morphometrics.
1.1.4 — Structural Techniques for Membrane Proteins

Following the successful expression, solubilisation, and purification of stable target membrane
protein, several techniques are available to gain structural information, and ideally elucidate
three-dimensional models of the protein itself. X-ray crystallography, cryogenic electron
microscopy (cryo-EM), and nuclear magnetic resonance spectroscopy (NMR) are the most
common, each with their benefits and drawbacks, and will be briefly reviewed in terms of

sample preparation and structure determination.
X-ray Crystallography

The leading method used to solve membrane protein structures is X-ray crystallography,
contributing to approximately 80% of structures thus far. It is considered notoriously difficult to
generate diffracting crystals for high-resolution analyses, further highlighting the importance
of the pre-analytical techniques discussed in section 1.1.3, as milligram quantities of protein
are often required for structure determination (Kermani, 2021). In addition, membrane protein
crystals are typically fragile and susceptible to damage by X-rays, requiring a pre-
crystallisation screening process to discover the best conditions for diffraction (Robert et al.,
2017).

Firstly, sample quality, in terms of aggregation and homogeneity, can be assessed by size
exclusion chromatography (SEC), though this requires a relatively large amount of protein, is
not considered high-throughput and can be quite time consuming (Kwan et al., 2019). An
alternative, therefore, is dynamic light scattering (DLS) which requires a smaller amount of
protein sample, and can detect small differences in the hydrodynamic radii of protein-detergent
complexes, for example (Meyer et al., 2015). In addition, a thermal denaturation assay is a
rapid, high-throughput method to assess the thermostability of the solubilised membrane
protein (Alexandrov et al., 2008). The thiol-specific dye, N-[4-(7-diethylamino-4-methyl-3-
coumarinyl)-phenyl] maleimide (CPM), fluoresces upon binding to cysteine residues which are
exposed to solvent due to membrane protein unfolding upon temperature increase. In any
case, once the target protein sample has been screened for quality, the next step is to create

the diffracting crystals themselves.

Vapor diffusion is most commonly used to crystallise membrane proteins, performed in either
the sitting- or hanging-drop format (Delmar et al., 2015; Kermani, 2021). Concentrated target

protein, buffer and precipitant within a droplet are allowed to gently equilibrate with a larger
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reservoir to gradually increase the protein and precipitant concentrations within the droplet.
This causes the growth of large, well-ordered crystals within the droplet that can be ideal for
diffraction; factors such as salt content, pH, temperature, and precipitant (most commonly
PEG) are usually further optimised to find the best conditions for vapor diffusion (Delmar et
al., 2015). This method of crystallisation is characterised, however, by inherent disadvantages
such as the loss of the protein’s lipid environment and lateral pressure, and their occasional
anisotropic orientation within the crystal (Wlodawer et al., 2013). Anisotropy causes the non-
uniform diffraction of X-rays favouring one direction which often resulted in unusable data,
however, subsequent developments in data processing have since reduced this negative

outcome (Kermani, 2021).

Consequently, to overcome these disadvantages, in meso crystallisation was developed to
provide a membrane mimetic environment which has enabled the crystallisation of particularly
difficult membrane proteins, including GPCRs (Landau and Rosenbusch, 1996; Ghosh et al.,
2015). The lipidic cubic phase does this by combining detergent-solubilised protein with
neutral lipids such as monoacylglycerols. Protein-detergent micelles are reconstituted into this
three-dimensional lipid bilayer of the mesophase, which then forms a lamellar phase upon
addition of the precipitant; crystal growth subsequently takes place within the lamellar phase,
under optimised conditions (Caffrey, 2015). Furthermore, an additional technique to further
aid the crystallisation process includes the optional use of a soluble protein chaperone such
as T4 lysozyme, Fab antibody fragments, or nanobodies to increase the surface area needed

for crystal contact and formation (Kermani, 2021).

Two types of crystal can form depending on the organisation of lipid and protein packing and
generally correlate with the technique used to create them; type | crystals, often from the lipidic
cubic phase, are composed of planar sheets stabilised by both hydrophobic and polar
interactions, while type Il crystals, frequently from vapor diffusion, rely mainly on polar
interactions as protein hydrophobic regions are covered by detergent micelles (Birch et al.,
2018). This generally makes type Il crystals more fragile, sensitive to radiation damage, and
even diffract to relatively low resolution, further highlighting the benefits of in meso
crystallisation (Carpenter et al., 2008). Once prepared, these crystals are then mounted on a
loop, flash frozen in liquid nitrogen, and exposed to a powerful X-ray beam; the angles and
intensities of diffracted X-rays are measured as the crystal rotates, gradually building a unique
diffraction pattern which can be refined into an electron density map. Both amplitude and
phase are required for this, however, X-ray diffraction only provides the former, presenting a
significant problem. The fastest method to obtain phase data is to calculate it from previously
solved homologous structures, novel structures however would require experimental phasing

which can be time-consuming and costly (Parker and Newstead, 2013; Huang et al., 2018).
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Finally, the electron density map is refined and fitted to produce the atomic model of the target
membrane protein’s crystal structure which would then be submitted to the Protein Data Bank
(PDB).

Overall, X-ray crystallography has proven to be an invaluable technique in solving the majority
of protein structures, despite the many difficulties involved in obtaining a well-diffracting crystal

for high resolution analyses.
Cryogenic Electron Microscopy

One potential rival to the resounding success of X-ray crystallography is cryogenic electron
microscopy (cryo-EM); EM has proven useful for the determination of membrane protein
structures in proteolipid crystals, however, its capability for single particle analysis has been
enabling high resolution structures to be determined without the need for well-ordered crystal
preparation (Raunser and Walz, 2009; Moraes et al., 2014). Cryo-EM has therefore received
much attention from the structural biology field, especially as membrane proteins are able to
be preserved in unrestrained states through rapid vitrification. Protein complexes can also be
observed in multiple conformations, meaning cryo-EM can be used to study proteins too
flexible or heterogeneous for the well-ordered crystals needed for X-ray diffraction. Indeed,
the number of structures resolved using cryo-EM has been rising exponentially, and

resolutions of 3 A or less are achieved routinely (Wu and Lander, 2020).

Cryo-EM typically requires less sample than X-ray crystallography, which is of particular use
with proteins which are considered relatively low-yield or unstable over time. Despite this, and
similarly to X-ray crystallography, the quality of pure protein sample is of utmost importance.
While sample purity can be determined through the use of size exclusion chromatography and
sodium-dodecyl-sulfate-polyacrylamide gels (SDS-PAGE), sample quality and homogeneity
can also be assessed by negative staining transmission electron microscopy. Protein samples
are negatively stained and dehydrated by the addition of heavy metals which provide contrast
against the target protein. This technique is rather limited in terms of the resolution and
information gathered from the sample, however, negative staining can provide a relatively
quick and meaningful assessment of the sample’s quality and purity, especially in a high-
throughput format (Renaud et al., 2018; Lyumkis, 2019).

Once a sufficiently optimised sample of the target protein has been acquired, it is then
cryogenically cooled in liquid ethane or liquid ethane-propane to form a frozen-hydrated
sample (Dubochet et al., 1988; Tivol, Briegel and Jensen, 2008). The target protein is
subsequently captured on an EM grid, with randomly distributed orientations, within the

thinnest-possible layer of vitrified ice, able to withstand the vacuum of the transmission
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electron microscope (Kim et al., 2018). Importantly, this can be a highly variable process,
involving factors such as buffer composition, grid substrate, humidity, ice thickness, protein
stability and temperature, each of which can impact upon the quality of vitrified sample (Wu
and Lander, 2020).

As the electron beam is fired at the sample-containing EM grid, thousands of electron
micrographs can be created which result in hundreds of thousands, even millions, of single
particle images. These images are then processed in an increasingly standardised
computational workflow, beginning with motion correction and dose-weighting. This corrects
any sample movement due to the electron beam itself, and filters image frames to account for
accumulative radiation damage (Wu and Lander, 2020). Biological specimens within the
corrected micrographs are then algorithmically identified and aligned by two-dimensions to
initially remove any irrelevant or low-quality particles. The remainder are then subjected to
three-dimensional alignment and classification, which can also separate any particle
heterogeneity; this is an iterative process which ultimately improves the resolution of the final
three-dimensional reconstruction (Penczek, 2010b). In the cases of particularly dynamic or
flexible protein complexes, a more focussed refinement may be needed as multiple structural
states make image reconstruction more challenging (Punjani and Fleet, 2021). Despite
technological advancements and the development of image processing software, significant
user input is still required to assess and advance each processing step, limiting the potential

for fully automated cryo-EM image reconstruction (Zivanov et al., 2018).

Where the maps and models of X-ray diffraction are iteratively refined within the same
process, cryo-EM differs in that the maps and atomic models are generated independently,
highlighting the need for robust structure validation, which is yet to be fully standardised (Wu
and Lander, 2020). Firstly, cryo-EM map quality is assessed by the Fourier shell correlation
(FSC) curve which analyses the agreement between two independently refined random
subsets of the map data; not only does the FSC value indicate the map’s nominal resolution,
the shape of the curve can also be indicative of issues such as sample heterogeneity and
duplicate particles (van Heel and Schatz, 2005; Penczek, 2010a). In addition, two-dimensional
FSC curves can be expanded to a three-dimensional curve which describes the anisotropy of
the reconstruction — a challenge also faced by X-ray diffraction, as mentioned (Naydenova
and Russo, 2017). Furthermore, the atomic models generated by cryo-EM reconstruction must
also undergo validation through several metrics, in a similar manner to those generated by X-
ray diffraction. In summary, this ensures that the cryo-EM maps and atomic models accurately
represent the data acquired from the protein sample, and the resulting image reconstruction
is a true reflection of that data (Herzik, Fraser and Lander, 2019; Wu and Lander, 2020).
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Overall, advancements in cryo-EM single particle analysis over the last decade have facilitated
a plethora of discoveries with regards to the structural and mechanical properties of membrane
proteins. As its use increases exponentially however, progress towards greater
standardisation and automation must be made, to further enhance this technique’s efficiency

and user accessibility.
Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy has thus far played a key role in
understanding the fundamental structural, chemical and dynamic properties of phospholipid
bilayers, and their various components. However, in addition, NMR has also been central to
the structural biology of membrane proteins, providing unique and complementary information
to those garnered by X-ray crystallography and cryo-EM (Cross et al.,, 2014; Opella and
Marassi, 2017). A range of sample types are compatible with NMR, including detergent
solubilised, detergent-free and native membrane, and NMR can even detect weak ligand
binding events to correlate with conformational changes, for example (Yao et al., 2015). As
NMR is compatible with detergent-free samples, membrane proteins can be analysed in states
relatively closer to their native microenvironment which contrasts with X-ray diffraction and
cryo-EM in which at least some detergent or amphiphilic polymer are typically required; this,
combined with their cryogenic temperatures, limits the dynamic plasticity of membrane
proteins in order to stabilise a single conformation, which does not need to be the case with
NMR. In fact, recent advances in NMR technology, methodology, and its combination with
computational techniques means membrane proteins can be effectively probed at single

atomic sites with ever increasing accuracy (Opella and Marassi, 2017).

Firstly, solution NMR has been used to determine the structure of membrane proteins within
both detergent- and detergent-lipid micelles, including the outer mitochondrial voltage-
dependent anion channel (VDAC-1) and the phototaxis receptor sensory rhodopsin Il (pSRII),
which forms a seven-transmembrane helix bundle in a similar manner to GPCRs (Hiller et al.,
2008; Gautier et al., 2010; Nietlispach and Gautier, 2011). Importantly, each of these NMR-
determined structures correlated with their X-ray diffraction counterparts, with no significant
conformational differences between crystal and micelle samples (Opella and Marassi, 2017).
In addition, the structures of several single-transmembrane helix membrane proteins, which
typically do not form interhelical contacts strong enough for crystal formation for diffraction,
have been determined by solution NMR which can overcome this limitation (Opella and
Marassi, 2017). Furthermore, detergent solubilisation can easily disrupt ligand-receptor

interactions, and thus solution NMR has been able to correlate the ligand binding of GPCRs
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to conformational states, and additionally probe the native activity of several other membrane
proteins (Chung et al., 2012; Zhou and Cross, 2013).

Solution NMR is also compatible with membrane proteins contained within lipid bilayer
systems including nanodiscs and SMALPs, eliminating the potential negative impacts of the
use of detergents (Hagn et al., 2013; Dorr et al., 2014). This has proven particularly effective
in determining the structures of several B-barrel bacterial outer membrane proteins, by
measurement of distances between the inter-strand hydrogen bonding network; this contrasts
with the intra-helical hydrogen bonding of a-helical proteins, which, though interesting, does
not reveal their three-dimensional folding patterns (Hagn et al., 2013; SuSac, Horst and
Wathrich, 2014; Dutta, Yao and Marassi, 2017). In addition, solution NMR in the absence of
detergent ensures that protein structures can be studied in functional states. The outer
membrane protein Ail shows great agreeability between NMR and crystal structures, however,
its analysis by solution NMR with detergent eliminates its ligand binding capability; this was
retained by instead performing detergent-free solution NMR in nanodiscs, suggesting the
detergent molecules were interacting with key residues for ligand binding and/or functionality
(Yamashita et al., 2011; Ding et al., 2015; Marassi et al., 2015).

Solid-state NMR is also compatible with detergent-free samples, and membrane protein
structures have been determined with both magic angle spinning (MAS) and orientated sample
(OS) methods, which use site-specific resonance and restraint measurement, often via *C
and N, for example (Tang, Knox and Nevzorov, 2012; Baker et al., 2015). MAS is able to
convert isotropic chemical shift and spin exchange into inter-atomic distances and torsion
angles, while OS uses anisotropic chemical shift and dipole coupling to give information on
the dynamics and conformation of uniaxially ordered protein samples (Tian, Song and Cross,
1998; Park et al., 2010). Importantly, solid-state NMR can also probe the mechanisms behind
the functionality of membrane proteins in near-native samples, including the conductivity of
ion channels such as KcsA, and the ligand binding and dynamics of GPCRs such as CXCR1
and rhodopsin (Bhate et al., 2010; Smith, 2010; Park et al., 2011; Tapaneeyakorn et al., 2011).
In addition, solid-state MAS NMR has proven useful for answering specific questions, using

stable isotope-labelled amino acids as specific probes.

Overall, both solution and solid-state NMR have proven valuable tools in the analyses and
determination of membrane protein structures, especially those with particularly challenging
dynamics such as GPCRs. NMR is not only able to provide unique information ab initio, but
also complements the rigid atomic models of crystallography in terms of ligand binding and

conformational detail.
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1.1.5 — Computational Techniques for Membrane Proteins

Despite the many developments in the expression, purification and technology available for
membrane proteins over the last fifty years, the determination of their structures remains
difficult due to their many inherent challenges, as discussed. Consequently, structure
determination is a typically laborious task which can take many years to complete; the
diacylglycerol kinase structure took thirteen years to elucidate by NMR, and a presenilin
aspartate protease required 160,000 crystallisation attempts before success, for example
(Van Horn et al., 2009; Li et al., 2013). As such, computational methods have been attempting
to predict and model membrane protein structures to alleviate the challenges of experimental
methods, in a complementary manner. This in itself poses significant challenges, though many
advancements have also been made in the computational biology field, summarised
effectively by Leman et al. 2015 and Almeida et al 2017.

Briefly, tools based upon sequence first aim to predict secondary structures of proteins,
including transmembrane span, overall topology, and motifs involved in helical interactions,
often aided by multiple sequence alignments and artificial intelligence. Subsequent to this,
techniques to predict three-dimensional tertiary structures then include de novo prediction,
homology modelling, fold recognition, and molecular dynamics simulations. Many
computational tools including databases, software, and web servers exist for these purposes,
and are discussed in the two mentioned reviews, but most are not relevant to this thesis
(Leman, Ulmschneider and Gray, 2015; Almeida et al., 2017).

The AlphaFold project is an artificial intelligence system able to predict a protein’s three-
dimensional structure from its amino acid sequence, created by a partnership between
Google’s DeepMind and the European Molecular Biology Laboratory’s European
Bioinformatics Institute (EMBL-EBI) (Jumper et al., 2021; Varadi et al., 2022). AlphaFold’s
latest release contains over 200 million entries from 48 key organisms, and has been ranked
as the best protein structure prediction tool by the Critical Assessment of Techniques for
Protein Structure Prediction (CASP14) initiative, by a wide margin. While many other
computational methods fall short in the atomic accuracy of their predictions, AlphaFold is
thought to be accurate and comparable to experimentally resolved structures in the majority
of cases; a median root mean square deviation (RMSD) value of 0.96 A is observed between
equivalent Ca atoms, compared to 2.83 A from the next best method (Kufareva and Abagyan,
2012; Jumper et al., 2021). The confidence of each residue is denoted by a pLDDT value
between 0 and 100, corresponding to a superimposition-free difference of distance (Mariani
et al., 2013). A pLDDT score greater than 90 is considered high accuracy and suitable for the

characterisation of binding sites, for example. Scores between 70 and 90 are generally
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modelled well with a reliable backbone, between 50 and 70 is considered low confidence, and
less than 50 pLDDT is a predictor of disordered regions or areas of complex formation
(Tunyasuvunakool et al., 2021). In addition, each AlphaFold structure has a Predicted Aligned
Error (PAE) output which assesses confidence in the domain packing and overall topology of
the protein, and is generated independently from the three-dimensional structure; a generally

low PAE score indicates well defined relative positions and oriented domains.

Despite the seemingly resounding success of the AlphaFold project, there exist several
limitations of its structure prediction capabilities, which remain to be active research areas.
Firstly, this version of AlphaFold is not able to use multiple-chain sequences, meaning it
cannot predict proteins in complex, and those residues which could be involved in complex
formation generally exhibit low confidence scoring; this may be useful for identifying such
regions, but cannot predict any likely conformation (Tunyasuvunakool et al., 2021). In addition,
AlphaFold has not been validated for use with mutations, in particular, the potential effects of
destabilising mutations on protein structure and folding. Furthermore, AlphaFold is usually
only able to produce one single conformation, even if the protein possesses multiple
conformations, and AlphaFold also cannot predict positions of non-protein components such
as co-factors or post-translational modifications which are often necessary for full functionality

of the protein in question (Jumper et al., 2021).

Overall, despite these limitations, AlphaFold is considered to be a very powerful tool in the
prediction of protein structures from sequence, and has grown greatly in popularity when
compared to current alternative methods. This topic is examined further in Chapter 5, in which
GPCR structures predicted by the AlphaFold project have been compared to their

experimentally resolved counterparts with the use of geometric morphometrics.
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1.2 — The G Protein-Coupled Receptor (GPCR) Superfamily
1.2.1 - Classification and Taxonomy

Throughout the early 1900s, alongside discoveries of the cell membrane’s nature, the
discipline of pharmacology was tasked with explaining the physiological mechanisms which
underpin the cellular effects of endogenous and exogenous compounds (Maehle, 2009). By
observing the effects of curare and nicotine on skeletal muscle, the terms ‘receptive
substance’ and the ‘receptor concept’ were proposed to explain the effects of these drugs
(Langley, 1905; Maehle, 2004). These theories were confirmed and succinctly summarised by
the Hill-Langmuir law of mass action which links drug concentration to receptor occupancy,
forming the important foundation from which modern pharmacology was born (Poyner and
Wheatley, 2009). Since then, there has been a multidisciplinary approach to further studying
the receptor concept and analysis of the human genome highlights nearly eight thousand
proteins involved in cell reception; one of these important groups are called the G protein-
coupled receptors, or GPCRs (Kelly et al., 2009).

The GPCR superfamily is the largest group of transmembrane proteins in the human genome,
containing over 800 diverse receptors, though estimations suggest this could be closer to
1,300 (Kobilka, 2007; Tuteja, 2009). GPCRs are composed of seven stretches of 20 to 35
hydrophobic residues which equate to seven conserved transmembrane (TM) alpha helices,
formed in an anti-clockwise pattern when visualised from the extracellular space (Schwartz et
al.,, 2006). This feature led to the term ‘heptahelical, or 7TM receptors’ where the
transmembrane helix bundle is connected by three extra- and three intracellular loops, as
illustrated in Figure 1.2.1. Additionally, this largely conserved structure has an N-terminal
extracellular domain (ECD) which can vary in size, with the intracellular C-terminal end
following helix 8. By recognising a wide variety of endogenous ligands, GPCRs are able to
subsequently activate intracellular signalling pathways via heterotrimeric G proteins and are
therefore crucial to a wide variety of physiological processes (Bockaert and Pin, 1999; Jacoby
et al., 2006).
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Extracellular

Intracellular

Figure 1.2.1. The Defining Structural Features of G Protein-Coupled Receptors. The two-
dimensional illustration shows a GPCR with its extracellular N terminus (N), seven transmembrane
helices (TM1-7, multicoloured) held together by three extracellular loops (ECL1-3) and three
intracellular loops (ICL1-3), followed by helix 8 (H8) and the intracellular C terminus (C). The three-
dimensional illustration highlights how the transmembrane helices form a bundle within the membrane,

once the GPCR has been correctly folded. Created with BioRender.com.

As the GPCR superfamily is so large and diverse, a working model of their taxonomy was
needed to understand how receptor features could be meaningfully classified and studied in
more manageable group sizes (Kolakowski, 1994; Fredriksson and Schiéth, 2005). The most
commonly used A to F system groups GPCRs into six families based upon transmembrane
sequence homology, summarised in Table 1.2.1. While all of the metazoan GPCRs were
classified into families A, B or C, more recently discovered mammalian GPCRs are not always
as easily classified using the A to F system. Due to these limitations, the phylogenetic GRAFS
taxonomy was created which suggested the Glutamate-like, Rhodopsin-like, Adhesion-like,
Frizzled/Taste2-like and Secretin-like receptors would provide more useful or appropriate
grouping (Fredriksson et al., 2003). However, GPCR classification remains a point of
contention within the field, many receptors are still considered orphans, and both taxonomy
systems are used as often as each other. Orphan receptors are those whose cognate ligands
are yet unknown, but have been classified as GPCRs based upon sequence and/or structure.
For brevity, this thesis will consistently use the A to F system alongside naming the specific
receptor sub-group, for example, the family A neurotensin receptors. In addition, the
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Ballesteros-Weinstein numbering system will also be used; for example, P5.50 means proline
found on transmembrane helix five, residue number relative to the most conserved residue
(50) (Ballesteros and Weinstein, 1995; Isberg et al., 2015).

Table 1.2.1. The A to F Classification Summary of GPCRs. Families A to C encompass the majority
of the physiologically relevant receptors, while families D to F are often less well studied due to their
limited application to mammalian physiology. Understandably, structural and pharmacological studies

have largely prioritised mammalian receptors with application to human therapeutics.

Family Description Features Ligand Examples
A Rhodopsin-like Lack substantial ECD; native ligands Adrenaline,
bind directly to TM neurotensin, opioids,
photons, vasopressin
B Secretin-like Flexible, folded ECD with hormone Calcitonin, glucagon,
binding motif parathyroid hormone
C Metabotropic Dynamic ECD with venus flytrap Calcium, GABA,
glutamate receptors module glutamate
D Fungal mating Activates MAPK signalling to form Cell membrane
pheromone receptors diploid zygotes mating factors
E cAMP receptors Able to bind DNA Cyclic AMP
F Frizzled/Smoothened Mediates Wnt and Hedgehog Cholesterol,
receptors signalling pathways Smoothened agonist
(SAG), Wnt protein
ligands

1.2.2 — The Role of GPCRs in Health and Disease

The GPCR superfamily contains at least 800 members, likely more, of which half are not
considered a priority in terms of druggability due to their involvement in specific functions such
as sight, smell and taste (Lagerstrém and Schiéth, 2008; Heng, Aubel and Fussenegger,
2013). However, the remaining half may be involved in the pathophysiology of human
diseases and therefore have been subject to study for the eventual development of therapeutic
treatment to improve patient health and outcomes. Indeed, GPCRs have been implicated in
cardiovascular, cancer, endocrine, immune and neural diseases amongst others, and
approximately 40% of all approved drugs mediate their effects through GPCRs (Thompson,
Cole and Jose, 2008; Eglen and Reisine, 2009). These drugs are classified into four main
categories: orthosteric which interact with the main ligand binding domain of the receptor,
allosteric which bind to a site other than the orthosteric, drugs which modulate GRK and -
arrestin activity, and drugs which modulate receptor oligomerisation (Mason et al., 2012;
Heng, Aubel and Fussenegger, 2013). A brief review of diseases involving GPCRs and their
drugs will now be given, to provide context as to why these receptors have been, and will

always be of such importance.
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Cancer

Cancer is one of the major challenges in human health, with around twenty million diagnoses,
and ten million deaths per year globally; despite significant advances in treatment options and
technology, prognoses remain poor overall with relatively high rates of mortality (Chhikara and
Parang, 2023). While cancers can develop in many different forms and locations within the
human body, they are underpinned by one common factor — uncontrolled cell growth and
proliferation. Various GPCRs have been implicated in the development of cancers, not only
being attributed to uncontrolled cell growth and proliferation, but also to angiogenesis,
metastasis, cell differentiation, and aberrant apoptotic pathways (Heng, Aubel and

Fussenegger, 2013).

Cancer cells often constitutively overexpress various potent mitogens for which their cognate
receptors are GPCRs. The lysophosphatidic acid (LPA), prostaglandin, protease-activated
(PAR), and sphingosine-1-phosphate (S1PR1) receptors are a few of such examples which
mediate cancer cell growth, as well as various neuropeptide receptors (Pyne and Pyne, 2000;
Umezu-Goto et al., 2004; Wang and DuBois, 2006; Elste and Petersen, 2010). Ovarian cancer
cells secrete LPA into the ascitic fluid alongside overexpression of the LPA receptor; one
specific example of an autocrine-paracrine feedback loop which serves to amplify signalling
towards uncontrolled ovarian cell growth and proliferation (Mills and Moolenaar, 2003). In
other cases, GPCRs are known to interact with further growth-related pathways such as with
the tyrosine kinase receptors; the epidermal growth factor (EGFR), insulin (InsR), and insulin-
like growth factor-1 (IGF1R) receptors are all involved in the pathogenesis of various cancers
(Kisfalvi et al., 2007; Bhola and Grandis, 2008; Rozengurt, Sinnett-Smith and Kisfalvi, 2010).
The cross-talk between EGFR and GPCRs including the acetylcholine, bradykinin, LPA, and
prostaglandin E2 receptors have been implicated in squamous-cell carcinomas (Thomas et
al., 2006). Additionally, activation of the PAR and endothelin A receptors through EGF signals
the proliferation of breast carcinoma, for example (Arora et al., 2008; Fischgrabe et al., 2010).
Interestingly, the cross-talk between insulin and IGF1 receptors with G4-coupled GPCRs has
been disrupted by the anti-diabetic drug metformin in the context of preventing proliferation of

pancreatic cancer cells (Kisfalvi et al., 2007).

GPCRs which are involved in cancer cell growth can also exhibit other pleiotropic effects — the
CXCR2, CXCR4, endothelin, and protease-activated receptors are also involved in
angiogenesis via upregulating chemokines such as the vascular endothelial growth factor
(VEGF), IL-8 and CCL5, for example (Strieter et al., 2006; Martin, Galisteo and Gutkind, 2009;
Wheeler-Jones, Farrar and Garonna, 2009; Yang et al., 2010). These exert pro-angiogenic

effects by acting directly upon the endothelium, or by promoting endothelial cell migration into
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the tumour tissue itself; this process can also involve the amplifying effects of feedback loops
such as the VEGF-mediated translocation of S1PR1 receptors to the endothelial cell
membrane, which is itself a result of S1PR1 receptor activity (Pitson et al., 2004). In addition
to angiogenesis, chemokine networks and their associated GPCRs are also responsible for
cancer metastasis; one of the prominent combinations is the chemokine SDF1 and its cognate
GPCR CXCR4 which can metastasise many different cancer cell types into secondary
locations such as the bone marrow, liver, lungs and lymph nodes (Gelmini et al., 2008; de
Nigris et al., 2012). Furthermore, metastasis can also occur as a result of extracellular matrix
degradation — the prostaglandin E2 receptor can cause this via upregulated cyclooxygenase-
2 activity and secretion of metalloproteinase enzymes (Reich and Martin, 1996; Cao and
Prescott, 2002).

The stem cell origin theory of cancer suggests that the abnormal differentiation of adult stem
cells is the root cause of cancer; family F GPCRs which mediate Wnt/Hedgehog signalling
pathways are thought to be closely involved in this, as they maintain the stem cell population
for tissue regeneration and wound healing (Katoh and Katoh, 2007). Indeed, overactive Wnt
signalling leads to increased nuclear (B-catenin, which has been linked to cell differentiation
and various cancer types (Polakis, 2000; Hoppler and Kavanagh, 2007). Additionally, the
family F smoothened (SMO) receptor is a key mediator of Hedgehog signalling, and has been
linked to transcription factors which promote oncogenesis; cyclopamine is a promising anti-
cancer drug able to inhibit SMO receptors directly (Ayers and Thérond, 2010; Gould and
Missailidis, 2011). Finally, many cancer cells are resistant to apoptosis, leaving them unable
to be destroyed and cleared away without intervention. Approximately half of all cancers
exhibit mutations which inactivate the p53-mediated apoptotic pathway; even without these
mutations, abnormal GPCR activity can result in the same effect (Haupt and Haupt, 2006;
Murph et al., 2007). The LPA receptor which can be responsible for uncontrolled cancer cell
growth, also reduces cellular and nuclear levels of p53, inhibiting apoptosis in lung carcinoma
cells (Murph et al., 2007). Indeed, cancer cells can arise from both constitutively active GPCR
mutants, as well as aberrant expression which leads to autocrine-paracrine feedback loops,

amplifying the cellular characteristics discussed.
Infectious Disease

GPCRs have also been implicated in the binding and entry of exogenous pathogens, resulting
in GPCR roles in infectious disease (Suresh and Wanchu, 2006; Andrade et al., 2012). The
human immunodeficiency virus 1 (HIV-1) is one such example which, after recognition by the
glycoprotein CD4, requires a secondary interaction to gain entry to T lymphocytes; this is often

facilitated by a tyrosine-rich domain at the N terminus of chemokine GPCRs such as CCR5
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and CXCR4 (Shimizu et al., 2008; Pollakis and A Paxton, 2010). CCRS, being involved in the
early stage of new HIV-1 infections, is one of the focussed targets of research for HIV
treatment (Maeda et al., 2012; Weichseldorfer et al., 2022). Some pathogens are able to hijack
host signalling pathways to enhance their infection, such as with the protozoan parasite
Trypanosoma cruzi. This parasite secretes an enzyme to activate bradykinin, and can also
induce endothelin receptor signalling, both of which promote it's infection by inflammatory
oedema, causing Chagas disease (Andrade et al., 2012; Coura and Borges-Pereira, 2012).
Finally, some pathogens, such as herpes viruses, can also express their own GPCRs to
facilitate their infection and evasion of host defences (Vischer, Vink and Smit, 2006). The
Epstein-Barr virus, human cytomegalovirus, and Kaposi’s sarcoma virus all encode GPCRs
which share close sequence homology to human chemokine receptors, for example (Beisser
et al., 2008; Zuo et al., 2009; Slinger et al., 2011). These are able to influence viral replication,
the survival of infected host cells, and evasion of host defences, through molecular mimicry of
human GPCRs gained through co-evolution (Vischer, Vink and Smit, 2006).

Immunological Disorders

The human immune response is an incredibly complex system, but is commonly synonymous
with inflammation. This involves the movement of cells, vascular permeability, and occurs in
response to cellular stress, pathogens or other harmful stimuli. As expected, due to their wide
variety of functions, GPCRs are studied as the potential targets of anti-inflammatory drugs to
treat immune disorders (Sun and Ye, 2012). Chemokine, eicosanoid, and histamine receptors
are all GPCRs involved in the inflammatory process, promoting the movement of leukocytes
and pro-inflammatory cytokines to the site of inflammation (Olson and Ley, 2002; Khanapure
et al., 2007; O’'Mahony, Akdis and Akdis, 2011). In addition, S1PR1 and S1PR2 receptors are
expressed at the plasma membrane of mast cells, modulating migration and degranulation via
their autocrine mode of action (Rivera, Proia and Olivera, 2008). It is during this degranulation
process that antimicrobials and other inflammatory molecules such as histamine are released.
Adenosine and ATP can also be found at sites of inflammation, and their cognate
purinoceptors modulate both pro- and anti-inflammatory effects; the adenosine-2A receptor
(A2AR) is one such widely studied GPCR which, in the context of inflammation, downregulates
pro-inflammatory cytokines and inhibits T cell activation (Huang et al., 1997; Hasko et al.,
2000; Ferrero, 2011). Finally, several other GPCRs have been linked to inflammation including
several protease-activated receptors (PARs) which increase vascular permeability, the
neurokinin receptors which promote vasodilation through the release of histamine and nitric
oxide, and the anaphylatoxin receptors for C3a and C5a generated by the complement
cascade (Campos and Calixto, 2000; Bunnett, 2006; Zhou, 2012). Indeed, GPCRs seem to
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be an attractive target for the treatment of inflammatory diseases such as arthritis,
inflammatory bowel disease and multiple sclerosis, for example (Arévalo-Martin et al., 2008;
Wright, Duncan and Sharkey, 2008; Tsou et al., 2022).

Obesity

Obesity is a multi-faceted disease which has tripled globally since 1975, causing a major public
health challenge, along with its related metabolic disorders (Boutari and Mantzoros, 2022).
Obesity arises from a chronic imbalance between energy intake and expenditure, but often
involves underlying physiological mechanisms with several key GPCRs. The peptide ghrelin
is produced in the stomach and links the nervous systems via its cognate GPCR, the growth
hormone secretagogue (GHS) receptor in the hypothalamus and pituitary gland (De Ambrogi,
Volpe and Tamanini, 2003; Kojima and Kangawa, 2005). This ‘hunger hormone’ is secreted
in response to fasting, reduces satiety in human participants and, importantly, administration
of a ghrelin antagonist results in reduced body weight and fat mass in rodents (Laferrére, Hart
and Bowers, 2006; Maletinska et al., 2011). The melanin-concentrating hormone and
melanocortin receptors also regulate energy homeostasis through food intake, along with the
orexin/hypocretin system which are circadian specific examples (Saito and Nagasaki, 2008;
Mountjoy, 2010; Teske, Billington and Kotz, 2010). In contrast, the neuropeptide B and Y
system reduces food intake, boosting metabolic activity and energy expenditure over a long
term administration (Mondal et al., 2003; Aikawa et al., 2008; Hondo, Ishii and Sakurai, 2008).
Finally, the bile acid receptor, TGRS, is expressed in various tissues such as brown adipose
tissue and skeletal muscle (Chen et al.,, 2011). It's activation via cholesterol metabolism
induces the cAMP-dependant production of T3 thyroxine which in turn increases energy
expenditure and heat generation (Watanabe et al., 2006). These GPCRs then, several of
which were once considered orphans, are promising targets for the future treatment of obesity

and its complex underlying mechanisms.
Type 2 Diabetes

Type 2 diabetes is commonly one of obesity’s co-morbidities, found to affect approximately
6.3% of the global population, costing between three and nine times the average healthcare
expenditure per capita and is currently the ninth leading cause of mortality worldwide (Lam
and LeRoith, 2012; Khan et al., 2020). It is characterised by insulin resistance, abnormal
glucose homeostasis, and pancreatic dysfunction which can eventually lead to cardiovascular
disease, renal failure and retinopathy, for example (Deshpande, Harris-Hayes and
Schootman, 2008). The islet B-cells of the pancreas secrete insulin in response to the incretin

gastrointestinal peptides, glucagon-like peptide 1 (GLP1) and glucose-dependant
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insulinotropic polypeptide (GIP), upon food intake (Holst, Vilsbgll and Deacon, 2009).
Activation of the GLP-1 receptor stimulates the secretion of insulin, but also inhibits that of
glucagon; several synthetic analogues of GLP-1 agonists are used for the treatment of type 2
diabetes (Montanya, 2012). The GIP receptor also mediates glucose-dependant secretion of
insulin, but additionally plays a role in glucagon secretion as well (Fujimoto et al., 1978; Ehses
et al., 2001). The glucagon receptor itself, mainly expressed in the kidney and liver, often
displays abnormal function in the context of type 2 diabetes, increasing blood levels of glucose
from glycogen metabolism (Qureshi et al., 2004). There has been some success in treating
diabetes with glucagon receptor small molecule antagonists and monoclonal antibodies (Gu
et al., 2009; Mu et al., 2011; Xiong et al., 2012).

Likewise, free fatty acids (FFA), produced by colonic bacterial fermentation, are also involved
in glucose homeostasis via their cognate GPR receptors; these are less well understood
examples, but are thought to exert effects mainly upon islet B-cells, and stimulate secretion of
both insulin and glucagon (Rayasam et al., 2007; Feng et al., 2012). Neurotransmitter systems
also play an important role in type 2 diabetes, involving GPCRs such as the acetylcholine,
gastrin-releasing peptide (GRP), pituitary adenylate cyclase-activating peptide (PACAP), and
vasoactive intestinal peptide (VIP) receptors (Harmar et al., 2012). Interestingly, the main
transmitter within islet sensory innervation is the calcitonin gene-related peptide (CGRP)
which inhibits glucose-dependent insulin secretion, providing a further avenue for possible
therapeutics (Bretherton-Watt et al., 1992). Finally, the GPR54, purinergic, and vasopressin
receptors are also noteworthy, further demonstrating the complexity and wide variety of
GPCRs in glucose homeostasis, insulin secretion, and type 2 diabetes (Oshikawa et al., 2004;
Hauge-Evans et al., 2006).

Cardiovascular Disease

Another of obesity’s co-morbidities are the group of cardiovascular diseases, including heart
disease and stroke, which remain to be the leading cause of mortality worldwide
(approximately twenty million deaths per year, globally) (Mensah, Roth and Fuster, 2019).
While acute activation of GPCRs can often be cardio-protective, chronic activation of the
approximately two hundred cardiac-specific GPCRs can lead to diseased states in the
cardiomyocytes, endothelium, and fibroblasts, for example (Tang and Insel, 2004). Despite
this large number however, relatively few have been thoroughly characterised in the context
of cardiovascular disease and its treatment. The angiotensin 2 receptor is dysregulated in
various states of heart disease, causing hypertrophy, fibrosis, and reduced cardiac function
post-myocardial infarction; antagonists against this receptor, and angiotensin converting

enzyme (ACE) inhibitors, not only reduce cardiac hypertrophy but can reverse tissue
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remodelling and even delay heart failure post infarction as well (Paradis et al., 2000; Cohn
and Tognoni, 2001). The endothelin-1 receptor functions in a similar manner, and is targeted
antagonistically to treat pulmonary arterial hypertension (Liu et al., 2021). There are five
adrenergic receptor sub-types, of which the 1 and (32 are expressed most abundantly in
healthy cardiac tissue. During heart failure, B1AR is downregulated and B2AR loses efficacy,
resulting in cardiac hypertrophy, decreased contractility, and myocyte apoptosis (Xiang and
Kobilka, 2003; Tilley and Rockman, 2006).

To summarise, it is clear just how extensively GPCRs are involved in the dysregulation of
cellular processes, and the pathophysiology of disease states. It Is impossible to capture the
entirety of this topic, however, these examples highlight several points. Firstly, GPCRs are
widely involved in all of the leading causes of morbidity and mortality worldwide, and are
therefore regarded a high priority for research. Secondly, despite the sheer numbers of
GPCRs expressed in diseased tissue, and despite being the target of 40% of all drugs,
relatively few GPCRs have been well characterised in the context of these diseases, and
therapeutic treatment options largely remain poor overall. The most recent lines of
investigation look not only to the GPCRs themselves, but to their G proteins, GPCR receptor

kinases (GRKs), and B-arrestin for possible therapeutic interventions (Jiang et al., 2022).
1.2.3 — Ligand Binding and Models of Activation

From discovery of the wide variety of GPCRs to initial models of their resolved structures,
focus was next placed on exactly how these receptors are able to facilitate signal transduction
from the extracellular microenvironment to an intracellular cascade. Understanding the
complex mechanisms behind ligand binding and activation of GPCRs was largely hindered by
a lack of structural information under varying conditions (Tehan et al., 2014). Generally, crystal
structures fell into one of three categories of GPCR state: inactive when co-crystallised with
antagonist or inverse agonist, active with agonist bound, and fully active with crystallisation of
the agonist-receptor-G protein complex (Warne and Tate, 2013). Importantly, it is now
understood that these three states are linked by intermediate states, and the process of
activation is a dynamic transition between conformational states until a stable end point is
reached (Weis and Kobilka, 2018).

GPCRs do exhibit a basal activity made feasible by thermal energy in their local
microenvironment which can be enough to reach activation, even in the absence of ligand (the
apo state); subsequent addition of agonist or antagonist can therefore positively or negatively
modify basal activity (Tehan et al., 2014). To probe this characteristic of GPCRs, single
mutations have highlighted key residues and further mutants have been created which are

constitutively active to shift this basal activity and the energy required to reach activation. Not
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only are these key residues thought to be involved in the mechanisms of receptor activation,
but so are highly conserved residues as well; the importance of the transmembrane domain
was especially highlighted due to its key residues and conserved nature, indicating the
transmembrane domain could form part of a common mechanism of GPCR activation (Gether
and Kobilka, 1998). Another consideration relates to the wide variety of ligands that GPCRs

recognise, and exactly how these interactions are facilitated (Strader et al., 1994).

Initial models of activation were based upon the crystallisation of two key GPCRs in the active
state — rhodopsin and the B2-adrenergic receptor (32AR) (Standfuss et al., 2011; Seren G. F.
Rasmussen et al., 2011). The retinal induced activation of rhodopsin displayed significant
movement and outward rotation of transmembrane helix 6 (TM6) at the intracellular end, in
the range of approximately 10 A. It was hypothesised that this movement releases a
tryptophan residue (W6.48) which resets a hydrophobic region, allowing hydrogen bonds to
form and two tyrosine residues (Y5.58 and Y7.53) to occupy an intracellular cavity formed by
the rotation of TM6 (Standfuss et al., 2011). Meanwhile, agonist activated 2AR was observed
to involve a 2 A inward movement of TM5 around the proline kink (P5.50) which was thought
to disrupt a network of interactions retaining B2AR in the inactive state. This intramolecular
disruption was subsequently hypothesised to result in the rotation of TM6, and therefore its
outward movement at the intracellular face (Seren G. F. Rasmussen et al., 2011). In both
cases, the mechanical rotation and outward movement of TM6 was highlighted as an
important step in the stabilisation of active states in these receptors. Since then, the structural
differences between the inactive and active states of several more GPCRs have been studied,
including the muscarinic M2 and adenosine-2A (A2AR) receptors (Lebon et al., 2011; Kruse
et al., 2013), to form a common mechanism of activation. This is thought to be generally
applicable to family A GPCRs, but may remain at least somewhat consistent with the other
families, despite their differences. Indeed, the ligand-binding mechanisms to induce activation

are certainly different — more detail on family B receptors is covered in section 1.3.

This common mechanism of activation not only expands upon those proposed previously, but
also remains consistent with data obtained from mutants probing key residues and conserved
regions. Briefly, as summarised in Figure 1.2.3, the general mechanism of the activation of
GPCRs involves the inward movement of TM5, the upwards movement of TM3, the
mechanical rotation of TM6, and the inward movement of TM1 and TM7 (Tehan et al., 2014).
Each of these movements are thought to be mainly driven by TM3 and TM6 as these two
helices are in contact with each other helix, aside from TM1. This common activation
mechanism therefore, is thought to involve a ligand-mediated effect upon TM3 and TM6, by
interaction with the major and/or minor binding pockets, or extracellular loops (Rosenkilde et

al., 2010). Furthermore, it was believed that the breaking of the ‘ionic lock’ between the highly

52



D. N. Wiseman, PhD Thesis, Aston University 2024

conserved R3.50 and an acidic residue in TM6 may be involved (Ballesteros et al., 2001),
however, the rearrangement of the hydrophobic core (L3.43, F6.44, ILVM6.40) is now thought
to be more important (Tehan et al., 2014). The hydrophobicity of the receptor core not only
hinders activation, retaining the inactive state, but its rearrangement and hydration allows for
the upward movement of TM3, and outward rotation of TM6 seen in all active structures.
Precisely how these interactions influence each other and their exact mechanistic order is yet
to be fully understood, however, they ultimately result in the opening of a cytoplasmic cleft in
the GPCR, to facilitate binding of the G protein itself.

g

TWIST

®e

Figure 1.2.3. The Common Mechanism of GPCR Activation. TM5 moves inwards, TM3 moves up,

TM6 undergoes an outwards mechanical rotation, and TMs 1 and 7 move inwards. Taken from Tehan
et al., 2014. Not to scale.

While the importance of TM3, TM6, the ionic lock and the hydrophobic core have garnered
considerable evidence, the ligand binding events which initiate activation seem to differ
significantly between GPCR sub-families within family A. For example, the B2AR binding of
agonist between residues N7.39, D3.32, S5.42 and S5.46 triggers the inward movement of
TM5 and TM7. The movement of TM5 allows its proline kink P5.50 to sterically interact with
13.40 on TM3, moving it upwards along with L3.43. This, along with the rotation of F6.44 on
TM6, breaks the hydrophobic core of f2AR, allowing the active state to be stabilised (Saren
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G. F. Rasmussen et al., 2011; Tehan et al., 2014). Similarly, the photon-induced isomerisation
of retinal from the 11-cis to trans form in rhodopsin causes the B-ionone ring to move upwards.
This leaves a cavity which is subsequently filled by L3.40, P5.50 and W6.48; again, this
triggers TM5 to move inwards at the P5.50 kink, L3.43 on TM3 to move upwards, and L6.44
on TM6 to rotate, breaking the hydrophobic core (Standfuss et al., 2011; Tehan et al., 2014).
In the case of the muscarinic M2 receptor, binding of the ‘super-agonist’ iperoxo between
D3.32 and N6.52 induces an inward movement of TM6 at the extracellular face, and therefore
an outward movement at the intracellular face. This creates an additional hydrophobic region,
drawing TM5 inwards just above P5.50, once again triggering the mechanism towards
breaking the hydrophobic core (Haga et al., 2012; Kruse et al., 2013; Tehan et al., 2014).
Activation of A2AR differs in that the hydrogen bonding between residues T3.36, N6.55, H7.42
and S7.43 and agonist cause an inward movement of TM7, forcing Y7.49 over L2.46. This
causes movement of TM2, creating space for L3.43 to move and, again, break the
hydrophobic core (Jaakola et al., 2008; Doré et al., 2011; Lebon et al., 2011; Xu et al., 2011;
Tehan et al., 2014). Note that in this case, presence of a G protein is needed to achieve the
stable opening of the cytoplasmic binding cleft upon receptor activation. Overall then, GPCR
activation is predominantly achieved by the conformational changes of TM3 and TM6, and the
rearrangement and hydration of the hydrophobic core, removing the hindrance towards a

stable active state.

The concept of ligand binding, to receptor activation, to the binding of G protein gave rise to
the ‘ligand first’ paradigm in which ligand binding must occur first to allow the receptor’s
cytoplasmic cleft to open for the G protein, relying greatly on random collision (Mafi, Kim and
Goddard, 2022). However, an alternative ‘pre-coupled’ theory proposes that inactive G
proteins may already be coupled to the inactive GPCR prior to ligand binding, upon which both
GPCR and G protein are activated simultaneously. Long scale (approximately 20 us) and
meta-dynamic molecular simulations were recently used to demonstrate this theory with
fifteen, well-studied, family A GPCRs; inactive G proteins, including Gs, Gi, Go, and Gg/11, were
shown to interact with inactive receptors, exothermically forming this pre-coupled complex
(Barducci, Bussi and Parrinello, 2008; Mafi, Kim and Goddard, 2022). In concurrence with the
‘ligand first’ theory, the movements of TM3 and TM6, along with the ionic lock allow the G
protein’s a-5 helix to be partially inserted into the receptor at the conserved R3.50, without
activation, and in the absence of activating ligand. The binding event itself was therefore
shown to activate the pre-coupled GPCR-G protein complex, importantly opening the Ga
subunit, which exposes GDP for exchange. Additionally, further arguments for the ’pre-
coupled’ theory include the observations that agonist alone is often not enough to stabilise the

active state (Tehan et al., 2014; Hilger et al., 2020), and many GPCRs possess intrinsic basal
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activity without ligand — in fact serotonin receptors 5-HT2A and 5-HT2C have high constitutive

activity required for normal physiological function (Leurs et al., 1998; Berg et al., 2005).

In effect, there exists evidence for both the ‘ligand first’ and ‘pre-coupled’ theories, supporting
the possibility that within a given cell population, some GPCRs may be pre-coupled and ready
to signal with bias, leaving others to react to ligands more dynamically through the various G

proteins and subsequent signalling pathways.
1.2.4 — GPCRs and their Signalling Pathways

It is now well known that GPCRs mediate signal transduction by the intracellular recruitment
of G proteins, and subsequent propagation of downstream cascades via effector enzymes
such as adenylate cyclase (Syrovatkina et al., 2016). However, several other factors also
further increase the complexity of this cellular process, including interactions with GPCR
kinases (GRKs), B-arrestins, the concept of biased agonism towards certain pathways,
receptor trafficking and endocytosis, and re/desensitisation before lysosomal destruction
(Jiang et al., 2022).

In essence, G proteins are heterotrimeric complexes composed of an a, B and y subunit for
which the human genome encodes eighteen, five and twelve subunit versions, respectively
(Syrovatkina et al., 2016). The By subunits interact strongly, and are considered as one
functional unit which is anchored to the lipid membrane, whereas the a subunit dissociates
from the By complex upon activation. Crucially, G proteins are classified based upon their Ga
subunit type, which are further grouped into four main families, Gas, Gai, Gag11 and Gaiz13,
each of which regulate their downstream targets differently (Gilman, 1987; Jiang et al., 2022).
A summary of G protein subunit characteristics is provided in Table 1.2.3. The Ga subunit is
composed of three domains — an N-terminal helical domain, and the conserved a-helical and
Ras-like GTPase domains (Lambright et al., 1996; Chen and Manning, 2001). The N-terminus
facilitates the interaction with the By complex, while the GTPase domain possesses a
conformational plasticity — it is highly dynamic while bound to GDP, but rigid while bound to
GTP, correlating with the need to expose GDP by conformational change during activation
(Mazzoni, Malinski and Hamm, 1991; Goricanec et al., 2016). Furthermore, the a-helical
domain not only enhances Ga affinity for guanine nucleotides, but is also thought to increase
the rate of GTP hydrolysis (Markby, Onrust and Bourne, 1993; Warner et al., 1998).
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Family Members Expression Function

s s Ubiquitous Stimulates adenylate cyclase to
Qolf Olfactory neurons make cAMP from ATP

ai Qi1 Widely Generally inhibits the production of
Qi Widely cAMP from ATP
ai3 Ubiquitous
OoA Neurons Members may have different effector
OoB Neuroendocrine molecules (the target of Gt is cGMP
a1 Retinal rods, taste cells phosphodiesterase, for example)
a2 Retinal cones
g Brash and taste cells
Oz Neurons, platelets

Qq Qq Ubiquitous Stimulates phospholipase C-f8 to
a1 Ubiquitous make IP3 and DAG
a4 Kidney, liver, lung cells
ais Haematopoietic cells
a1e Haematopoietic cells

a2 a2 Ubiquitous Rho GTPase signalling
a3 Ubiquitous

By B4 Widely, retinal rods Negatively regulates Ga
B2 Widely Various diverse signalling effects
Ba Widely
B4 Widely
Bs Brain
Y1 Retinal rods, brain
Y2 Ubiquitous
Y3 Brain
Y4 Brain and other tissues
Ys Widely
Y7 Widely
ys Olfactory epithelium
Yo Olfactory epithelium
Y10 Widely
Y11 Widely
Y12 Widely
Y13 Brain, taste buds
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Figure 1.2.4.1. The Cycle of Heterotrimeric G Protein Activation. The ligand-induced activation of a
GPCR facilitates GDP-GTP exchange within the G protein’s Ga subunit, causing disassociation of the
heterotrimer. Both the Ga-GTP and Gy subunits can then signal independently through various
effector enzymes; greater signalling detail is shown in Figure 1.2.4.2. Finally, the Ga subunit’s inherent
hydrolytic activity converts its GTP back to GDP, releasing a free inorganic phosphate ion (Pi). This
allows for reassociation of the heterotrimer, G protein turnover, and the activation cycle may begin

again. Created with BioRender.com.

The mechanism of G protein activation, illustrated in Figure 1.2.4.1, first begins with ligand
binding at the receptor, where the GPCR itself then acts as a guanine nucleotide exchange
factor (GEF), making GDP available for exchange to GTP (Mahoney and Sunahara, 2016).
As discussed in 1.2.2, this is made possible by the cytoplasmic cavity formed by the movement
of receptor TM6, forming the location of interaction with the G protein a-5 helix. GDP-GTP
exchange occurs due to the allosteric interference of the GDP binding site during
conformational change, after which GTP associates with the Ga Ras-like domain due to GTP’s
naturally high cytoplasmic concentration (McKee et al., 1999). It is this GTP binding which
makes the heterotrimer unstable, causing dissociation between the now distinct Ga-GTP and
GBy complexes (McCudden et al., 2005).
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Once separated from each other, each of the Ga and GBy complexes activate different
downstream effector molecules, leading to different signalling profiles, especially with regards
to the various Ga sub-families (Figure 1.2.4.2). Gas and Gai both regulate the effector enzyme
adenylate cyclase which produces cyclic adenosine monophosphate (CAMP) from ATP; Gas
stimulates the enzyme which increases the intracellular concentration of cAMP, while Ga;
reduces levels of cAMP as it is inhibitory (Gilman, 1987). cAMP is an important second
messenger molecule which subsequently activates protein kinase A enzymes (PKA), affecting
various cellular processes. Gag11 activates the effector enzyme phospholipase C-B which
produces inositol trisphosphate (IP3) and diacylglycerol (DAG) from the hydrolysis of
phosphatidylinositol-4,5-bisphosphate (PIP;) (Simon, Strathmann and Gautam, 1991). DAG
is membrane-bound and activates protein kinase C enzymes (PKC), while IP3 is a soluble
second messenger, promoting the release of Ca?* from the lumen of the endoplasmic
reticulum (Berridge, 2016). Finally, Gai13 activate various targets including RhoGEF
molecules which regulate small GTPases in the Rho family, also affecting various cellular
processes via transcription factors (Chen et al., 2005). Certainly, the GBy complex provides
negative regulation of G protein signalling overall, as GDP-GTP exchange is prevented in the
heterotrimeric complex (Ford et al., 1998; Mahon et al., 2006). However, as well as this, GBy
also exerts effects on various downstream molecules, including GPCR kinases (GRKSs)
(Pitcher et al., 1992), ion channels (Wickman et al., 1994) and phospholipases (Exton, 1996),

for example.
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Figure 1.2.4.2. The Signalling Pathways of GPCRs. Upon GPCR, and subsequent G protein
activation, the Ga-GTP subunit acts upon various signalling pathways, depending on its family. Gas
activates adenylate cyclase, producing cAMP which results in the activation of protein kinase A (PKA)
towards CAEB and MEK/ERK cascades; conversely, Gai inhibits this process. Gog11 activates
phospholipase C-B (PLC ) which activates protein kinase C (PKC) through IP3 and DAG. Finally,
Ga12/13 activates the RhoA GTPase, through guanine nucleotide exchange, towards transcription
factors including SRF. In addition, the GBy subunit is also able to activate PLC (3, various ion channels,
and PI3K which propagates signalling through the AKT/PKB pathway towards NF-kB. Ultimately, each
of these pathways affect the regulation of gene expression for many cellular and physiological

processes. Created with BioRender.com.

Once signalling has occurred, the GTPase activity of Ga will convert the bound GTP back to
GDP, terminating Ga’s signalling capability, possibly with the aid of GTPase activating proteins
(GAPs) which are classed as regulators of G protein signalling (RGS) (Druey et al., 1996; Shi
et al., 2001). Simultaneously, GBy can reassociate with a Ga subunit, reforming the
heterotrimer and terminating their signalling capability as well. Furthermore, the inhibition of
GPCR and G protein signalling can also be the result of GPCR kinase (GRK) activity, and/or
by the association of B-arrestin (Jiang et al., 2022).
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GPCR receptor kinases (GRKs) are a group of serine/threonine kinases which phosphorylate
the third intracellular loop (ICL3) or C terminus of GPCRs to desensitise them, and ultimately
downregulate and terminate agonist-induced signalling (Pfleger, Gresham and Koch, 2019).
Each of the seven GRK isoforms are expressed in different tissue types, and unlike other
kinases, do not require autophosphorylation for their complete activity (Premont et al., 1999;
Pearce, Komander and Alessi, 2010). While each isoform possesses unique N- and C-terminal
characteristics, their overall structures are relatively conserved (Pitcher, Freedman and
Lefkowitz, 1998). Each has a catalytic kinase domain within an RGS homology domain which
can also interact with Gqq subunits, free Gg, subunits, and membrane lipids (Benovic et al.,
1989; Siderovski et al., 1996; Sallese et al., 2000; Homan and Tesmer, 2015). RGS stands
for regulator of G protein signalling which typically enhance the intrinsic GTPase activity of Ga
subunits (Stewart and Fisher, 2015). The GRK a-helical N-terminal domain contains an anti-
parallel B-sheet which is thought to stabilise the kinase by hydrophobic membrane
interactions. In contrast, the C-terminal domain, which is the primary binding site, is composed
of several a-helices (McClendon et al., 2014). It is also thought that interactions between the
N and C termini of the GRK form a binding site for activated GPCRs; mutations at these
locations result in the loss of full GRK phosphorylation activity, and similarly, mutation of
GPCR phosphorylation sites leads to delayed desensitisation (Bouvier et al., 1988; Palczewski
et al., 1993; Boguth et al., 2010; Huang et al., 2011).

As a consequence of GPCR C-terminal phosphorylation, the recruitment and association of
B-arrestin can occur which promotes the clathrin-mediated internalisation of the GPCR
signalling complex into the membrane of an endosome (Lefkowitz and Shenoy, 2005;
Gurevich and Gurevich, 2014). B-arrestin achieves this by forming a salt bridge between a
lysine/arginine motif on its N terminus and the phosphorylated sites on the GPCR C terminus;
this causes structural changes within $-arrestin, activating this adaptor protein (Shukla et al.,
2013; Chen et al., 2017; Ahn et al., 2020). The recruitment of B-arrestin typically uncouples
heterotrimeric G proteins from the receptor, due to its interaction with intracellular loop 3,
causing complete termination of signalling following GRK-mediated desensitisation (Lohse et
al., 1992; Heitzler et al., 2012). However, if B-arrestin interacts with the receptor C terminus
only, the GPCR-G protein complex can remain intact, enabling the GPCR to continue
signalling from the endosome itself, after internalisation; indeed, intracellular membranes such
as endosomes and the Golgi network have been shown to be rich in G proteins (Ferguson et
al., 1996; Thomsen et al., 2016; Nguyen et al., 2019; Crilly and Puthenveedu, 2021).
Interestingly, B-arrestin does not solely terminate GPCR signalling, but also has the potential

to switch signalling profiles in a receptor-dependent or -independent manner, activating
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pathways such as Src/EGFR and MEK/ERK which affect apoptosis, cell growth, and various
other cellular processes (Luttrell et al., 1999; Ahn et al., 2020; Jiang et al., 2022).

In essence, GPCRs are able to modulate a wide range of cellular processes in response to
endogenous and exogenous ligands, and their role in cell signalling and homeostasis leads to
their involvement in many human disease states. The continued study of the complex
molecular mechanisms behind GPCRs and their downstream effectors, illustrated in Figure
1.2.4.2, are of utmost importance, as greater understanding will undoubtedly influence the

design of novel drugs against dysregulation and pathophysiology.

1.3 — The Six GPCR Families

The differences between each of the six main GPCR families will now be discussed, with detail
on their structural and conformational changes during activation, as well as describing a few
key examples from each family. Overall, while two-thirds of human hormones and one-third of
all drugs target GPCRs in the A, B1, C and F families, relatively little is known about the

structural mechanisms of the non-family A receptors, in comparison to them.
1.3.1 - Family A

The family A GPCRs are by far the largest group, with 719 of these receptors in humans, and
are able to bind a wide range of ligands including lipids, peptides, proteins, photons and small
soluble molecules (Congreve et al., 2020; Sutkeviciute and Vilardaga, 2020). Despite this wide
range of agonism, family A GPCRs undergo a common mechanism of activation resulting in
the movement of TM helices, including the characteristic outward movement of TM6, as
described in section 1.2.3. This movement of TM helices links each of the conserved CWxP,
DRY, Na* pocket, NPxxY and PIF motifs to form a transmembrane network of interactions
between the ligand-binding and G protein-binding pockets, leading to G protein activation
(Zhou et al., 2019). As family A is so large, many of its members are still considered orphan
with no known ligand, and some of these receptors even lack soluble ligand as is the case
with the protease-activated receptors (PARs). Very interestingly, the orphan receptor GPR52
has been found to constitutively self-activate by folding ECL2 into its orthosteric binding site,
offering a possible explanation for why so many orphan receptors exist, with no apparent
ligand (Lin et al., 2020). Overall, the family A GPCRs contain many well-characterised drug

targets, and are split into the rhodopsin, and non-rhodopsin receptors.

Rhodopsin is a visual pigment of retinal photoreceptor cells, which converts photons into

chemical signals via the G; protein transducin, allowing organisms to detect and process light
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(Zhou, Melcher and Xu, 2012). The bovine rhodopsin was the first GPCR structure to be
resolved by Palczewski et al. in 2000, and has been used widely as a template for
understanding the activation and signalling of GPCRs in general, not solely limited to
rhodopsin or family A (Palczewski et al., 2000). Since then, many more bovine rhodopsin
structures, and four human rhodopsins, have been resolved in various conformational states
and co-crystallised with various ligands, further strengthening understanding of the ligand-
induced activation of GPCRs. Indeed, the characteristic movement of TM6 was first predicted
four years earlier by Farrens et al. 1996, with the use of electron paramagnetic resonance
(EPR) and site-directed spin-labelling of disulphide-linked cysteine residues (Farrens et al.,
1996). Subsequently, based upon the first rhodopsin structures, it was found that the highly
conserved Pro267 in TM6 causes it to bend upon activation, tilting the helix away from the TM
bundle, creating an intracellular G protein binding pocket approximately 14 A in diameter
(Scheerer et al., 2008; Choe et al., 2011; Standfuss et al., 2011). Though these opsins created
a paradigm for GPCRs in the early 2000s, the reliance on its structure has since diminished
over time as many more varied GPCR structures have been resolved, highlighting differences

which confine the opsins to their own unique sub-family within family A.

Following the resolution of the rhodopsin crystal structure, that of the (-adrenoceptor was
obtained next, leading to the sub-family of the 42 aminergic GPCRs of family A. The aminergic
receptors are further split into several more sub-families including the adrenergic,
dopaminergic, histaminergic, muscarinic and serotoninergic receptors, with over 50 crystal
structures resolved thus far (Strosberg, 1993; Missale et al., 1998; Parsons and Ganellin,
2006; Nichols and Nichols, 2008; Kruse et al., 2014). As several active, intermediate and
inactive conformational states were resolved, the aminergic receptors played a significant role
in the foundational investigations of GPCRs alongside rhodopsin, and translated successfully
into therapeutic research; the aminergic GPCRs are the targets of approximately 25% of all
current drugs (Lee, Basith and Choi, 2018). Notable examples include B-adrenoceptor
antagonists to treat anxiety and migraine (B-blockers), histamine H1 receptor antagonists to
treat allergic reactions (anti-histamines), the muscarinic acetylcholine receptors are targeted
for neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease, and finally the
serotonin receptors are important targets for psychiatric disorders including depression and
anxiety, for example. Overall, much of the molecular detail of GPCRs has been garnered from

this particularly important sub-family of aminergic receptors.

Family A also contains the nucleotide-like, or purinergic receptor sub-family, including the P1
and P2 receptors which are preferentially activated by adenosine and various other
nucleotides including ATP, di/triphosphates, purines and pyrimidines (Kaebisch et al., 2015).

The most well-studied purinergic receptors are the adenosine A1, A2A, A2B and A3 receptors,
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which regulate sleep and arousal in the central nervous system, in response to the
neuromodulator adenosine; while the A1 and A3 receptors couple predominately to Gais, both
A2A and A2B are preferentially biased towards Gas (Dunwiddie and Masino, 2001; Lee, Basith
and Choi, 2018). The adenosine A2A receptor (A2AR) is by far the most well-characterised
purinoceptor, with both active and inactive structures in complex with various ligands such as
the antagonist caffeine and numerous inverse agonists, revealing structural insights into A2AR
activation and modulation (Jaakola et al., 2008; Dor¢ et al., 2011; Lee, Basith and Choi, 2018).
Interestingly, it has been proposed that the active A2AR structures are not actually fully
activated and should be considered as active-intermediates; co-crystallisation with a high-
affinity ligand and G protein is thought to be required for complete activation with the
characteristic intracellular movement of TM6 14 A away from the TM bundle (Carpenter et al.,
2016).

While the ligands of many family A GPCRs are small soluble molecules, there are also
numerous examples which are activated by peptides, including the angiotensin I, chemokine,
endothelin, neurotensin, opioid, orexin, and protease-activated receptors (Rajagopalan and
Rajarathnam, 2006; White et al., 2012; Zhang et al., 2012; Pasternak, 2014; H. Zhang et al.,
2015; Shihoya et al., 2016; Yin et al., 2016). Many of the ligand binding and activation
mechanisms of these peptide binding family A GPCRs were poorly understood prior to the
resolution of their crystal structures, which have highlighted some key differences to the rest
of family A. Their activation mechanisms seem to correlate with those exemplified by
rhodopsin, however, the peptide-binding receptors tend to have larger, more open binding
pockets which do not penetrate as deeply towards the TM bundle, when compared to other
family A members (Manglik et al., 2012; Huang et al., 2015). In addition, some of these peptide
ligands have been observed to adopt a dual-binding mechanism between the receptor N
terminus and ECLs, and it's TM bundle, in a similar manner to the peptide hormones of family
B GPCRs (Lee, Basith and Choi, 2018). Interestingly, the more open binding pockets give a
conformational plasticity which in turn allows receptors such as CXCR4 and CCR5 to

accommodate various ligands of different classes, expanding their functional repertoire.

Finally, several members of family A are able to bind lipids as their cognate ligand, such as
the lysophospholipid, free fatty-acid and cannabinoid receptors (Hanson et al, 2012;
Srivastava et al., 2014; Chrencik et al., 2015; van Jaarsveld, Houthuijzen and Voest, 2016).
These receptors are thought to be of great therapeutic relevance due to their involvement in
diabetes, cancer and multiple sclerosis, and have therefore received considerable attention,
with several compounds reaching clinical trials. It is thought that these lipid-binding GPCRs
recognise their ligands in a highly selective manner, as even minor modifications to these

lipids often abolishes their activity completely (Houthuijzen et al., 2014). An interesting
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observation with these lipid-binding GPCRs highlights the spherical binding site of the
lysophosphatidic acid 1 receptor versus the more linear and rigid binding pocket of the
sphingosine 1-phosphate receptor, enabling the recognition of a more and less diverse range

of ligands, respectively (Lee, Basith and Choi, 2018).
1.3.2 — Family B

The family B GPCRs are split into three groups: the B1 secretin-like receptors, the B2
adhesion receptors, and the little-known B3 methuselah-like sub-family; they are found in all
vertebrates and some non-vertebrates such as Caenorhabtidis elegans and Drosophila
melanogaster, but family B GPCRs are not found in fungi, plants or prokaryotes (Harmar,
2001; Schwartz and Frimurer, 2017). The B1 sub-family bind a series of peptide hormones
including calcitonin, CGRP, CRF, glucagon, GLP, PTH and secretin, via their larger
extracellular domain, coupling preferentially to Gas which stimulates adenylate cyclase activity
(Couvineau and Laburthe, 2012; Poyner and Hay, 2012). Meanwhile, the 33 adhesion
receptors of sub-family B2 are characterised by a variety of ECD motifs needed for cell-cell
adhesion and cell-matrix interaction; examples include epidermal growth factor-like, laminin
and cadherin domains. In addition, most adhesion receptors also contain a conserved
autoproteolysis domain, creating N- and C-terminal fragments often needed for adhesion
receptor signalling (Rosa et al., 2021). Finally, the B3 sub-family is named after the Drosophila
gene methuselah which is involved in embryonic development, lifespan and stress responses
in Drosophila, though these GPCRs have no structures resolved as of yet (Ja et al., 2009; de
Mendoza, Jones and Friedrich, 2016). Consequently, focus is placed upon the sub-family B1

receptors in this thesis, the calcitonin family of receptors in particular.

The calcitonin peptide family include calcitonin (CT), amylin (AMY), calcitonin gene-related
peptide (CGRP), adrenomedullin (AM), and adrenomedullin 2/intermedin (AM2), which signal
through two family B GPCRs — the calcitonin receptor (CTR) and calcitonin receptor-like
receptor (CLR), as detailed in Table 1.3.2. In addition, a group of three accessory proteins
called the receptor activity modifying proteins (RAMPSs) are able to influence these receptors
in various ways, and are covered in greater detail in section 1.4. In essence, these three
RAMPs influence the calcitonin family of receptors via trafficking patterns, ligand selectivity
and direct allostery, acting as pharmacological switches (Kotliar et al., 2023). While this family
of peptides only share limited homology by sequence, they are structurally similar, and are
involved in a range of biological processes (Hay et al., 2018). The cognate ligand for CTR is
calcitonin, but switches over to amylin when CTR associates with a RAMP; calcitonin is
involved in calcium homeostasis between blood plasma and bone, while amylin is a satiety

hormone involved in nutrient uptake, two very different biological functions promoted simply
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by RAMP association (Findlay and Sexton, 2004; Hay et al., 2015). Conversely, RAMP
association with CLR produces three receptors for the potent vasodilators CGRP, AM and
AM2, with CLR alone having no currently known function — co-expression and association with
a RAMP is therefore required for CLR functionality (Hinson, Kapas and Smith, 2000; Russell
et al., 2014). Again, more detail on the calcitonin receptors and the RAMPs is given in section
1.4.

Table 1.3.2. The Calcitonin Family of GPCRs and their Peptides. Each of the receptor-RAMP
combinations alters ligand selectivity and extent of pharmacology, demonstrated by the pEC50 values
for aCGRP-stimulated cAMP production, as an average summary of 46 publications (Hay et al., 2018).
CLR alone has no currently known function without a RAMP association. CTR = calcitonin receptor;
CLR = calcitonin receptor-like receptor; CT = calcitonin; AMY1 = amylin 1; AMY2 = amylin 2; AMY3 =
amylin 3; CGRP = calcitonin gene-related peptide; AM = adrenomedullin; AM2 = adrenomedullin

2/intermedin.

Receptor Alone RAMP1 RAMP2 RAMP3
CTR Ligand CT AMY1 AMY2 AMY3
Function Ca?* homeostasis Nutrient intake | Nutrient intake | Nutrient intake
pEC50 7.33 9.28 7.52 8.10
CLR Ligand - CGRP AM AM2
Function - Vasodilation Vasodilation Vasodilation
pEC50 - 9.61 7.16 7.18

As the calcitonin family of peptides and their receptors have been well-characterised, much of
the binding mechanisms of family B GCPRs have also been elucidated from these receptors.
The unique structural characteristic of family B GPCRs is a two-step binding process for their
peptide hormone ligands, which contrasts with the majority of other GPCRs. This involves a
rapid interaction between the peptide C terminus, and receptor extracellular domain, followed
by a much slower and more complex interaction between the peptide N terminus and receptor
transmembrane domain, leading to receptor and subsequent G protein activation (Liang,
Belousoff, Zhao, et al., 2020). While the C termini of the peptide hormones can adopt either
an extended helical or unfolded conformation, the N termini penetrating into the receptor core
seems to be a conserved activation mechanism for family B receptors. Indeed, several
conserved motifs have been identified and attributed to this process, along with a larger
displacement of TM6, approximately 20 A, compared to the 6 to 14 A typical of family A
receptors; this is thought to be due to a significant kink in the middle of TM6, stabilised by the
conserved NPGQ motif (Yin et al., 2017; Zhao et al., 2019; Ma et al., 2020; Sutkeviciute and
Vilardaga, 2020). Importantly, much of this information was garnered from structures in
complex with agonists which are unbiased towards downstream signalling pathways,
however, GLP-1R and PTH1R structures have revealed possible mechanisms for biased

agonism via the mobility of the extracellular domain and interactions with the extracellular
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loops (Zhang et al., 2017; Lei et al., 2018; Liang, Khoshouei, Glukhova, et al., 2018; Sarkar et
al., 2019; Clark et al., 2020; Zhao et al., 2020). Suffice to say, the biased agonism of GPCRs

remains to be a crucial subject of research endeavours.
1.3.3 — Family C

The family C GPCRs, also known as the metabotropic glutamate receptor-like family, consist
of at least six sub-families including: the calcium-sensing receptor (CaSR), y-aminobutyric
acid type B receptors (GABA-B), metabotropic glutamate receptors (mGIluR1-8), vomeronasal
type 2 pheromone receptors (V2R), type 1 taste receptors (TAS1R), the promiscuous L-a-
amino acid receptor (GPRC6A), and several orphan receptors as well. The family C GPCRs
have a characteristically large extracellular domain housing a ‘Venus flytrap module’ which
contains the orthosteric binding site, and a cysteine-rich domain, with the exception of GABA-
B (Kunishima et al., 2000; Geng et al., 2013; Pin and Bettler, 2016). Uniquely, this family of
GPCRs exist as obligate homo- or heterodimers; GABA-B1 and GABA-B2 receptors form
heterodimers through interactions between their Venus flytrap modules and C-terminal coiled-
coils, while the CaSR and TAS1R heterodimers, and homodimeric mGIuR receptors form
through their Venus flytraps and disulphide bonds between their cysteine-rich domains (Muto
et al., 2007). Furthermore, as the family C GPCRs bind a variety of ligands, they are involved
in skeletal metabolism, calcium homeostasis, neurological synaptic transmission and the

sense of taste, to name a few.

The structures of family C extracellular domains have revealed that agonist binding causes
the Venus flytrap module to close which rearranges the interface between the two monomers,
bringing them closer in proximity, considered to be a defining characteristic of family C GPCR
activation (Kunishima et al., 2000). In addition to this, full-length structures also show agonist-
induced movement within the dimer TM helices, with TM6 forming an interface, and a rigid
ECL2 relaying the conformational change from the ECD to the TM (Xue et al., 2015; Koehl et
al., 2019). However, despite these helical rearrangements, agonist-induced mGIuR structures
do not display the characteristic outward movement of TM6 which may suggest that resolution
of family C GPCRs in complex with G proteins is required to fully understand their

conformational changes upon activation (Doré et al., 2014; Christopher et al., 2015, 2019).
1.3.4 — Family D

The family D GPCRs are fungal mating pheromone receptors, consisting of the Ste2 and Ste3
sub-families. These receptors are activated by the peptide mating pheromones, alpha-factor
and a-factor, which activate the mitogen-activated protein kinase (MAPK) signalling cascade

to induce fungal cell-cell fusion and the formation of a diploid zygote (Brown et al., 2018;
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Velazhahan et al., 2021). While these GPCRs do indeed share the common feature of seven
transmembrane helices, and share common GPCR signalling pathways, family D does not
share any significant similarity of sequence with the vertebrate GPCR families. For brevity,

and due to a lack of resolved structures, family D GPCRs are not considered in this thesis.
1.3.5 — Family E

The family E GPCRs consist of cAMP receptors found in ‘slime mold’ amoebas which live in
soil, such as the Dictyostelium discoideum and Polysphondylium pallidum. These cAMP
receptors are involved in the chemotactic movement of these cells, and their subsequent
aggregation into a multicellular organism (Manahan et al., 2004; Kawabe and Schaap, 2022).
Similarly, the family E GPCRs also do not share significant sequence similarity with the
vertebrate GPCR families, which, along with the lack of resolved structures means family E

are also not considered in this thesis.
1.3.6 — Family F

The family F GPCRs are composed of the 10 frizzled isoforms (FZD), and the closely related
smoothened receptors (SMO). The frizzled receptors are activated by the wingless/int-1
(WNT) lipoglycoproteins, and are preferentially biased towards Gas, but can signal through
Ga; and Gaqg as well. Meanwhile, the smoothened receptors transduce the hedgehog (HH)
signalling pathway to induce the transcription of genes such as PTCH, Gli1 and Bcl-2, etc.
Both the WNT and HH pathways are intrinsically involved in many developmental processes
including embryogenesis, cell proliferation, stem cell renewal and tumorigenesis, mediated via
the family F GPCRs (Kozielewicz, Turku and Schulte, 2020).

Structural insights into these receptors are mainly based upon the SMO receptors, with only
three FZD structures resolved thus far. Their activation seems to be largely similar to those of
family A, with the outward movement of TM6 disrupting a conserved R/K6.32 interaction with
TM7 which retains the inactive state of family F GPCRs (Deshpande et al., 2019; Qi et al.,
2019; Sutkeviciute and Vilardaga, 2020). In contrast to family A however, their coupling to Gai
differs; the a-5 helix of Gaijinserts into the core of SMO, parallel to the transmembrane bundle,

and is tilted by 5 degrees when compared to family A coupling to Gai (Wright et al., 2019).
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1.4 — The Receptor Activity Modifying Proteins (RAMPSs)
1.4.1 — The Discovery of the RAMP Accessory Proteins

The gene encoding the family B calcitonin receptor (CTR) was first isolated and cloned from
porcine renal epithelial cells, eventually leading to the discovery of a close homologue called
the calcitonin receptor-like receptor (CLR), sharing 55% sequence homology between their
human counterparts (Lin et al., 1991; Flihmann et al., 1995). As a result, the CLR receptor
was ultimately proposed to be a potential cognate receptor for the calcitonin gene-related
peptide (CGRP) (Aiyar et al., 1996). While CTR was observed to bind salmon calcitonin with
high affinity, stimulating adenylate cyclase activity, the CLR receptor’s response to CGRP was
unpredictable and seemed to be cell line dependent (Flihmann et al., 1997). Several cell lines,
including HEK293 and the Xenopus oocytes, were therefore hypothesised to contain an

unknown factor required for CGRP-mediated signalling via the CLR receptor.

Consequently, cDNA was subsequently isolated from SK-N-MC neuroblastoma cells which
led to the discovery of a 148 amino acid, single-transmembrane protein termed receptor
activity modifying protein 1 (RAMP1) (McLatchie et al., 1998). The CLR receptor was indeed
proposed to be the cognate receptor for CGRP, with the RAMP1 accessory protein required
for CLR’s trafficking to the cell membrane; the apparent lack of signalling in certain cell lines
was therefore attributed to a potential lack of RAMP1 expression. This was considered a
revolutionary discovery, as it suggested that GPCRs did not solely function as independent
molecules but could be included in multifaceted signalling complexes, a notion now widely
accepted. In time, homology searches additionally identified two more human receptor activity
modifying proteins, RAMP2 and RAMP3; in fact, RAMPs have been identified in 53 species
thus far, most of which possess three distinct RAMP genes, some species of fish possess five

(McLatchie et al., 1998; Parameswaran and Spielman, 2006; Klein, Matson and Caron, 2016).
1.4.2 — What are RAMPs?

The receptor activity modifying proteins are bitopic, single transmembrane accessory proteins,
unique to vertebrate organisms, and are expressed ubiquitously in all human tissue types
(Kotliar et al., 2023). While each of the three RAMPs share the same overall topology, with a
structured extracellular domain, single transmembrane a-helix, and cytoplasmic tail consisting
of just nine residues, the RAMPs share only 30% homology between their primary structures
(Parameswaran and Spielman, 2006). The RAMP extracellular domain is composed of a
bundle of three a-helices, approximately 90 to 100 residues in length; the ECD structure of
RAMP1 and RAMP3 are more similar, with that of RAMP2 being 26 residues longer (Kotliar

et al., 2023). This further correlates with the higher sequence similarity shared between
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RAMP1 and RAMP3, revealed by bioinformatic analysis; it is thought that RAMP1 and RAMP3
co-evolved with a subset of GPCRs distinct to that of RAMP2, offering possible explanation
for this difference (Barbash et al., 2017).

Another notable feature of RAMP extracellular domains are their post-translational
modifications, which are thought to influence trafficking to the cell surface. RAMP2 and
RAMP3 have one and four glycosylation sites, respectively, while RAMP1 has none. These
differences are highlighted by the CLR-independent expression of RAMP2 and RAMP3 at the
cell surface in COS-7 cells; mutations to introduce or remove these sites enabled or disabled
trafficking activity, respectively (Flahaut, Rossier and Firsov, 2002; Husmann et al., 2003).
The ECD of RAMP1 instead contains a C-linked mannosylation motif at tryptophan 56 which
regulates and/or enhances the stability of RAMP1 (Crine and Acharya, 2022; Mizuta et al.,
2023).

Despite their relatively short length, the RAMP C-terminal tails contain particularly important
motifs. Firstly, RAMP1 possesses the QSKRT endoplasmic reticulum retention signal;
interestingly, this is overridden with RAMP1’s interaction with CLR, thereby promoting
movement of the heterodimer to the cell surface (Steiner et al., 2002). In addition, the serine-
lysine (SK) motif within this signal is conserved across all three RAMPs, though its purpose
has not yet been defined completely. Through mutation and truncation, the SK motif has been
further attributed to cell surface expression, and the negative regulation of receptor
internalisation as well (Kuwasako et al., 2006). Uniquely, the C-terminal tail of RAMP3
contains a PDZ recognition motif which mediates the internalisation of CLR; PDZ domains are
common scaffolding structures found in the signalling proteins of many organisms
(Bomberger, Parameswaran, et al., 2005; Bomberger, Spielman, et al., 2005; Cottrell et al.,
2007; Klein, Matson and Caron, 2016). Overall, while the RAMP C-terminal tails possess
important functions, they are not thought to be directly involved in GPCR-RAMP signalling,
but may exert indirect effects via their interactions with intracellular components such as G

proteins and their coupling events (Udawela et al., 2006, 2008).
1.4.3 — The Effects of RAMPs on GPCR Behaviour

Thus far, up to 46 GPCRs are thought to interact with one or more RAMPs, exhibiting both
long-lasting, stable complex formation as well as relatively transient interactions (Kotliar et al.,
2023). As discussed, the RAMP accessory proteins play the role of chaperone, promoting the
trafficking of certain GPCRs to the cell surface; the initial example being the CLR receptor,
which is poorly expressed at the cell surface, and has no known function, without the
interaction of a RAMP (McLatchie et al., 1998). Since 1998, RAMPs have been shown to

promote the trafficking of several more GPCRs to the cell surface, including the family C
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calcium-sensing receptor (CaSR), family B corticotropin-releasing hormone receptor 1
(CRH1R) and the family A G protein-coupled oestrogen receptor 1 (GPR30), to name a few
(Bouschet and Henley, 2005; Bouschet, Martin and Henley, 2008; Lenhart et al., 2013;
Wootten et al., 2013). Many GPCRs other than CLR can be expressed and may be functional
without an interacting RAMP, leading to populations of both RAMP-free and RAMP-complexed
GPCRs at the cell surface, as is the case with chemokine and glucagon (GCGR) receptors
(Mackie et al., 2019; McGlone et al., 2021).

Furthermore, RAMPs also influence trafficking away from the cell surface, as with the
internalisation and desensitisation of GPCRs following signalling. CLR is the most well-studied
receptor in this regard; CLR and RAMP1, and CLR and RAMP2 (the CGRP and AM receptors,
respectively) both internalise in a B-arrestin dependent manner, however, CLR and RAMP3
(the AM2 receptor) internalises due to RAMP3’s PDZ motif interacting with the Na*/H*
exchanger regulatory factor (NHERF) or N-ethylmaleimide-sensitive factor (NSF) (Hilairet et
al., 2001; Bomberger, Parameswaran, et al., 2005; Bomberger, Spielman, et al., 2005).
RAMP3’s PDZ motif is also responsible for the rapid recycling of the AM2 and atypical
chemokine receptor 3 (ACKR3) back to the cell surface, following internalisation (Mackie et
al., 2019). Interestingly, as GPCRs can continue to signal from internal membranes such as
endosomes, the CGRP receptor demonstrated that this can also include RAMP-complexed
receptors, with evidence suggesting that these complexes may be able to remain intact during
the internalisation or recycling processes (Kuwasako et al., 2000; Calebiro et al., 2010;
Yarwood et al., 2017).

In addition to their chaperone and trafficking roles, the RAMPs can also influence the ligand
selectivity and downstream signalling of several key GPCRs. Again, this is only well
documented with regards to the calcitonin family of receptors thus far (McLatchie et al., 1998;
Husmann et al., 2003; Morfis et al., 2008). As discussed in section 1.3.2, the calcitonin
receptor in complex with a RAMP becomes the receptor for amylin, switching the receptor’s
phenotype; the three amylin receptors (AMY1 to 3) bind amylin and calcitonin with high and
low affinity, respectively, which is the opposite of when the calcitonin receptor is RAMP-free.
Similarly, the CLR receptor in complex with RAMP1 becomes the CGRP receptor, but
switches phenotype to bind adrenomedullin when complexed with RAMP2 or RAMP3.
However, these receptor-RAMP complexes can also share ligand affinity between the
phenotypes mentioned; the adrenomedullin 2 receptor can bind CGRP with moderate affinity,
and the amylin 1 receptor binds CGRP with high affinity as well as amylin. This leads to a quite
complex picture of ligand selectivity and affinity between these two receptors, three RAMPs

and four peptide ligands, as discussed in section 1.3.2.
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Aside from the calcitonin family, the extent of ligand selectivity via RAMPs is not as clear with
other receptors. The effect of RAMP2 on the glucagon receptor is currently disputed, with
evidence for both enhancing its activation, or not at all, and some receptors such as the
vasoactive intestinal polypeptide receptor 1 (VIPR1) have never demonstrated RAMP-
dependent ligand selectivity (Christopoulos et al., 2003; Weston et al., 2015; Cegla et al.,
2017; Shao et al., 2022). The evidence thus far therefore suggests that the calcitonin family
may be a special case in the context of ligand selectivity; a possible explanation for this may
be due to an N-terminal a-helical motif maintained in the selective ligands prior to ligand
binding, which is not found in the non-selective ligands until ligand binding has occurred
(Liang, Belousoff, Zhao, et al., 2020; Deganutti et al., 2021). Therefore, this difference in the
calcitonin family peptide secondary structure may be the reason why RAMP-dependent ligand
selectivity has only been well documented with the calcitonin and CLR receptors, and not

others.

Following ligand binding, RAMPs are also able to influence the downstream signalling profiles
of GPCRs, often pleiotropically. The vasoactive intestinal polypeptide receptor 1 (VIPR1) is
able to couple to multiple G proteins, stimulating both adenylate cyclase and phospholipase
C activity. Phosphoinositide hydrolysis is enhanced by RAMP2 without any changes in cAMP
accumulation, suggesting that RAMP2 could modulate the G protein coupling of the VIPR1
receptor (Christopoulos et al., 2003). In addition, the calcitonin receptor in complex with
RAMP1 or RAMP3 gives a 20 to 30 fold increase in amylin-stimulated cAMP production as
opposed to receptor alone, as well as a 2 to 5 fold increase in intracellular Ca?* (Morfis et al.,
2008). These data suggests that the AMY1 and AMY3 receptors preferentially couple to Gas
rather than Gaq compared to the calcitonin receptor alone, indicating that RAMPs do indeed
influence the coupling of G proteins to GPCRs. Interestingly, RAMPs may also promote the
uncoupling of G proteins as well. RAMP2 has been shown to enhance the glucagon-mediated
activation of the glucagon receptor (GCGR), however, instead of increasing ligand affinity or
the rate of trafficking to the cell surface, RAMP2 uncouples Gaifrom GCGR, permitting Gas
signalling instead. This is not only RAMP-dependent but ligand-dependent as well; Gaj
coupling to GCGR is unaffected by the glucagon-like peptide oxyntomodulin (Weston et al.,
2015). Finally, RAMPs may also enable the coupling of a wider range of G protein subunits to
GPCRs; both the VIPR2 and CRF1R receptors show a RAMP-dependent enhancement of
basal Gaion, coupling when compared to receptor alone, promoting a unique signalling profile
(Wootten et al., 2013).

Overall, for such a small group of single-transmembrane accessory proteins, the RAMPs play
quite a significant role in modulating the behaviour of select GPCRs through their trafficking

patterns, glycosylation states and direct allostery, although many of these interactions have
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not been fully elucidated as of yet. Ultimately, greater structural information of the RAMPs and
their interactions with GPCRs would undoubtedly provide a platform to further understand and

explain their varied biological roles.
1.4.4 — Structural and Dynamic Insights

Numerous structures of RAMPs have now been resolved, with and without a complexed
GPCR, although many of these are only partial structures such as the RAMP extracellular
domain or those which lack detail in certain areas such as the C-terminal tail. Despite these
incomplete structures, some understanding of RAMP mechanisms of action has been
garnered, and any resolved structures can also aid further analyses by computational
methods. Overall, the RAMPs seem to only exert relatively subtle effects on the GPCR
structure itself, making minimal contacts with ligands and mainly influencing the GPCR'’s

conformation allosterically (Kotliar et al., 2023).

The active human CLR and RAMP1, or CGRP receptor, structure was resolved to 3.3 A by
cryo-EM in complex with CGRP itself and Gas in 2018, confirming findings based upon the
previously resolved extracellular domains (Liang, Khoshouei, Deganutti, et al., 2018). The TM
helix of RAMP1 makes contact with TM helices 3, 4 and 5 of CLR, and the ECD of RAMP1
interacts with the ECD and ECL2 of CLR; unfortunately, the C-terminal tails of both were not
resolved. As the contact between the RAMP1 ECD and CGRP is minimal, it was suggested
that RAMP1 stabilises the ECD and ECL2 of CLR to promote ligand binding (Liang,
Khoshouei, Deganutti, et al., 2018). The full-length structures of CLR with RAMP2 and RAMP3
also displayed a similarly minimal contact with ligands, further strengthening the argument of
RAMP allostery (Liang, Belousoff, Fletcher, et al., 2020; Pioszak and Hay, 2020). Interestingly,
the RAMPs also conveyed several other subtle conformational effects to CLR including the
orientation of the ECD, the kink in CLR’s TM6, the conformation of ICL2, and position of ECL3.
Following further analysis of these data, it was suggested that the linker region between the
RAMP ECD and TM actually confers its stabilising ability, and the dynamic C-terminal tail of
RAMP3 makes transient contacts with the G protein itself (Kotliar et al., 2023). In particular,
the RAMP1 linker region interacts quite strongly with the CLR ECL2 when CGRP-bound, likely

stabilising the active conformation (Josephs et al., 2021).

As well as the CGRP and AM receptors, each of the three amylin receptors have also been
resolved in complex with Gas and several ligands, seemingly activated via distinct
mechanisms which may involve RAMP allostery (Cao et al., 2022). Despite similar overall
interactions at TM helices 3, 4 and 5, and ECL2, the RAMPs again had little effect on the
calcitonin receptor structure, only displaying subtle differences in the conformation of ICL2,

and varying contact with Gas, although the linker region was found to be even more stabilising
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with the calcitonin receptor than with CLR (Cao et al., 2022). These results again highlight the
subtle allosteric nature of the RAMPs, only forming minimal hydrophobic contact with the C-

termini of these peptide ligands.

Overall, while the CLR receptor structure is now available, including those complexed with a
RAMP, current data is lacking especially with regards to the unresolved C-terminal tails of both
receptor and RAMP. In addition, structural information of interactions with p-arrestin and G
proteins other than Gas are also lacking. Furthermore, as the RAMPs are thought to interact
with all 15 members of the family B GPCRs, it would be interesting to focus on these other
combinations all well as the calcitonin family, especially as the structures of all 15 have now
been resolved (Cong et al., 2022). Similarly, any structural effects of RAMPs with family A and

C GPCRs should also be of interest due to their differences with family B.

Several computational techniques, including molecular dynamics simulations, have been able
to take advantage of these resolved RAMP structures in order to propose theories as to any
potential RAMP effects on GPCR dynamics. The original cryo-EM structure of the CGRP
receptor was used as a basis for several simulations (Liang, Khoshouei, Deganultti, et al.,
2018). RAMP1 was observed to stabilise the CLR ECD, which in turn stabilises the C-terminus
of the CGRP peptide with solely transient interactions between CGRP and RAMP1; the same
experiment without RAMP1 caused greater dynamics of the CLR ECD, and fewer
conformational changes associated with signalling. In addition, the C-terminal tail of RAMP1,
which was not resolved by cryo-EM, was modelled to also interact transiently with the CLR
ICL2 and one of the a-helices of Gas. These simulation results not only correlate well with the
experimentally resolved structural information, but also suggest that RAMP interactions do
contribute to GPCR dynamics and stability; this is especially the case with the particularly
flexible regions which were not resolved by cryo-EM (Kotliar et al., 2023). In a similar manner,
the interaction between RAMP1 and the C-terminus of amylin was also modelled with a full-
length AMY1 receptor. These simulations did indeed show a similar stabilising effect from
transient RAMP interactions, the ligand-binding residues of the calcitonin receptor were also
RAMP1-dependent and showed a good overall level of agreement between the simulation and

experimentally resolved AMY1 receptor (Bower et al., 2018).

In addition to these experiments, molecular dynamics simulations have also shown that the
N-terminal tail and ECD loops of the calcitonin receptor have greater flexibility when
complexed with RAMP1, which is thought to allow for peptide binding due to this reduction in
rigidity (Gingell et al., 2016). These findings agree with the computational assessment of the
two-step binding mechanism of CGRP, whereby loop 4 of the CLR ECD was shown to be of

importance to peptide binding, which in turn may be another RAMP-dependent allosteric
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mechanism via the state of loop 4 (Deganutti et al., 2021). Furthermore, these studies also
displayed minimal contact between RAMP1 and CGRP, in agreement with other
computational experiments. Indeed, RAMPs have also been found to bias GPCRs towards
certain G proteins via modelling and simulations, correlating with experimental results and
further emphasising their importance to CGRP pharmacology and general receptor bias
(Weston et al., 2016). Modelling of mutants has also been employed to study the activation of
the CGRP receptor complex; it was found that mutated residues at the extracellular face of
the CLR TM bundle affected its signalling capability, which is made potent by TM helix packing,
and the ECLs being of importance to ligand binding (Woolley et al., 2017). Finally, the
modelled CGRP receptor structure was compared to the experimentally resolved calcitonin
receptor, and found that RAMP1 reorganised TMs 1, 6 and 7 of CLR, restricting the movement
of TM6 and therefore ECL3, when compared to the RAMP-free calcitonin receptor (Woolley
et al., 2017).

Overall, modelling has therefore shown that the dynamics of CLR are indeed RAMP-
dependent, with particular focus on ECL2, ECL3 and loop 4 of the ECD (Pham et al., 2019;
Kotliar et al., 2023). While molecular dynamics have proven useful in probing GPCR-RAMP
dynamics, its full potential has not yet been unlocked; homology modelling could detect further
RAMP interactions, MD simulations could be used to design novel drugs based upon specific
structural motifs, and eventually course-grain simulations will be able to give detail on the
physical aspects of GPCR-RAMP complex formation, complementary to experimentally

resolved structures.
1.4.5 — RAMPs as Potential Drug Targets

In summary, RAMPs have been found to interact with up to 46 GPCRs, modulating their
behaviour through trafficking patterns, ligand selectivity, bias towards G protein coupling, and
the dynamics of GPCR activation. As such, considering that GPCRs are widely implicated in
human health and disease, RAMPs are also proposed to be associated with disease states

and are therefore attractive and novel drug targets (Jacob, Wu and Wang, 2012).

CGRP and its receptor are known to be a key mechanism in the development of migraines,
and thus several inhibitors have been developed to interfere with the CGRP-CLR-RAMP1
complex. Erenumab, eptinezumab, fremanzumab and galcanezumab are all therapeutic
monoclonal antibodies which have been approved by the Food and Drug Administration
(FDA), and are delivered either by subcutaneous injection or intravenous infusion (Reuter et
al., 2018; Tepper, 2018; Wattiez, Sowers and Russo, 2020). In addition to these, several small
molecule inhibitors have also been approved including ubrogepant, rimegepant and atogepant

(Edvinsson et al., 2018; Scuteri et al., 2022). Olcegepant and telcagepant are also CGRP
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antagonists which bind to both CLR and RAMP1 directly, although the latter was discontinued
due to its side effects, as was also the case with the orally delivered antagonist MK-3207 (Bell
et al., 2010; Hewitt et al., 2011). However, several more therapeutics for the treatment of
migraine are in development; the intranasal small molecule antagonist, zavegepant, is
currently in clinical trials, while in silico drug repurposing has potentially identified two more
CGRP receptor antagonists which are already FDA approved (Croop et al., 2021; Aksoydan
and Durdagi, 2022). CLR also forms receptors for adrenomedullin when complexed with
RAMP2 or RAMP3, and has been implicated in the progression of tumour growth;
adrenomedullin antagonists have been developed for their anti-cancer potential but remain in

pre-clinical stages (Avgoustou et al., 2020; Jailani et al., 2022).

In terms of the calcitonin receptor, the amylin analogs pramlintide and cagrilintide have been
effective in the treatment of diabetes mellitus and obesity, respectively, although the latter is
not yet FDA approved (Ratner et al., 2004; Ryan, Jobe and Martin, 2005). Cagrilintide is
unique as it is a ‘dual amylin and calcitonin receptor agonist’ (DACRA), as is salmon calcitonin
which was in clinical trials for the treatment of post-menopausal osteoporosis (Binkley et al.,
2012; Kruse et al., 2021; Lau et al., 2021). In addition, the DACRA KPB-088 was found to be
promising in pre-clinical stage weight-loss trials, and the amylin peptide antagonist AC253
may be protective against the progression of Alzheimer’s disease (Soudy et al., 2019; Larsen
et al., 2020). The calcitonin receptor therefore has several promising therapeutic options via

both its agonism and antagonism.

While these are relatively clear examples of the involvement of RAMPs in disease states, with
available therapeutic options, several more potential examples exist which have not yet been
fully confirmed or addressed. The upregulation of CLR has been reported to hinder the
treatment of acute myeloid leukaemia, a non-coding RNA within the RAMP2 gene may be
involved in cancer-related angiogenesis, and AM2 is thought to promote the migration and
invasion of endothelial cells, for example (Grandits and Wieser, 2021; Lai et al., 2021; Nagar
et al., 2021). In addition, CLR is a potential biomarker for the prognosis of low-grade glioma,
a malignant tumour of the central nervous system, and adrenomedullin has been a focal point
in the treatment of COVID-19 due to its anti-inflammatory properties (Han et al., 2021; Kita
and Kitamura, 2022). More specifically in terms of RAMPs, select single nucleotide
polymorphisms (SNPs) in RAMP2 correlate with the extent of headache post-concussion, and
SNPs in RAMP3 may be involved in the age-related risk of fracture and body composition
(Prakash et al., 2019; La Fountaine et al., 2022).

Overall, despite these associations, the exact role that RAMPs play in human or mammalian

disease is yet to be fully determined. Given the success of therapeutically targeting the CLR-
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RAMP1 with antibodies, robust drug screening assays are required to increase the success
of additional therapeutics, including small molecule inhibitors, at clinical trial. Chapter 3 details
the creation of a FRET-based interaction assay between the calcitonin family of receptors and

the three RAMPs, as a platform for drug screening.

1.5 — Aims and Objectives

Currently, the druggability of GPCRs which interact with RAMPs remains poor, leaving many
diseases without specific, effective treatment options. Similarly, drug screening methods
which include both GPCRs and RAMPs also remain underutilised. As such, one of the two
aims of this thesis is to develop a FRET-based interaction assay between the calcitonin family
of GPCRs and the RAMPs, for its application to high-throughput drug screening. This will be
achieved by in silico construct design, molecular cloning and subsequent expression in
mammalian cells. Furthermore, each construct’s functionality will be confirmed through their
ability to induce cAMP production, before optimisation of the FRET assay itself. In addition to
its potential involvement in drug screening, this interaction assay will also be used to gain
further insights into the dynamics of RAMPs, and their ability to out-compete each other when
interacting with a GPCR. The final objective of this project is to trial the use of Drosophila
melanogaster to express the constructs for this FRET assay, as an alternative expression
system to mammalian cells. This is a currently underutilised system, but has promising

advantages over traditional approaches, as discussed.

As technology advances, the number of resolved GPCR structures increases each year
(https://gpcrdb.org), and while structure determination is of great importance, structures alone
do not translate to druggable GPCRs and treatable diseases. Further analyses and
comparisons of experimentally resolved GPCR structures under varying conditions are
needed to further build fundamental knowledge and understanding of them. As such, the
second aim of this thesis is to adapt the mathematical techniques geometric morphometrics
and principal component analysis for use with GPCR structures, and is introduced in Chapter
4. The main objective is to create and optimise a robust process compatible with resolved
GPCR structures, and to establish its usefulness for structural analyses, via a series of case
studies based on activation states and bound ligands. The subsequent objective of this project
is its application to further understanding GPCR structures, including the potential impacts of
thermostabilising mutations and the use of fusion proteins, an appraisal of de novo structures
resolved by the AlphaFold project, and whether geometric morphometrics can help to

elucidate the structural determinants of G protein coupling.
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Chapter 2: General Methods

2.1 — Creation of Fluorescent Receptor and RAMP Constructs
2.1.1 — Materials

Unless specified, general reagents and consumables were obtained from ThermoFisher
Scientific, U.K or Sigma Aldrich, U.K. Restriction enzymes, PCR reagents and molecular
biology kits were from New England Biolabs, U.S. KOD polymerase was from Merck Millipore,
Germany, and primers were obtained from Eurofins, Germany. The molecular weight DNA
ladder used in all agarose gels was the Quick-Load® 1 kb DNA ladder from New England

Biolabs, U.S. Agarose gels were visualised using a G:Box gel imager from Syngene, U.K.
2.1.2 - Complementary DNA Acquisition

All cDNA was kindly provided by the Prof. D. R. Poyner lab, including constructs for human
calcitonin receptor-like receptor (CLR), calcitonin receptor (CTR) and receptor activity
modifying proteins 1, 2 and 3 (RAMP1, RAMP2 and RAMP3), all of which were obtained within
the mammalian expression vector pcDNA3.1- (Invitrogen, U.K). Both CLR and CTR receptors
include an N-terminal T8 signal peptide and haemagglutinin (HA) epitope, as previously
described (McLatchie et al., 1998). Similarly, all three RAMPs have their putative signal
peptide removed, and an N-terminal FLAG epitope inserted (Barwell, 2010). Note, these
peptide insertions or deletions do not significantly affect their pharmacology (Wootten et al.,
2013).

2.1.3 — Construct Design

The provided receptor and RAMP cDNA sequences were used in silico to design the
constructs needed to produce fluorescently tagged receptors and RAMPs. Each receptor
would be cloned in-frame with yellow fluorescent protein (YFP) at the C-terminus, separated
by a flexible serine/glycine linker sequence. Similarly, each RAMP would be cloned in-frame
with cyan fluorescent protein (CFP) in the same manner. Note that the template sequences
described were not further modified, only tagged with the fluorescent protein. Restriction sites
were selected based on the absence of any internal restriction sites, and the ability to ligate
into the desired vector's multiple cloning site. The final constructs created are shown below.
The construction of CLR-YFP in both pcDNA3.1- and pUAST-attB was ultimately outsourced

to DC Biosciences Ltd, Scotland.
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gaattcATGGCCTTACCAGTGACCGCCTTGCTCCTGCCGCTAGCCTTGCTGCTCCACGCCGCCAGGCCGGATTAC
GCGTCT TCGCTGGGAGGCCCTTCACTCGAGGGATCCGCAGAATTAGAA
GAGAGTCCTGAGGACTCAATTCAGTTGGGAGTTACTAGAAATAAAATCATGACAGCTCAATATGAATGTTACCAA
AAGATTATGCAAGACCCCATTCAACAAGCAGAAGGCGTTTACTGCAACAGAACCTGGGATGGATGGCTCTGCTGG
AACGATGTTGCAGCAGGAACTGAATCAATGCAGCTCTGCCCTGATTACTTTCAGGACTTTGATCCATCAGAAAAA
GTTACAAAGATCTGTGACCAAGATGGAAACTGGTTTAGACATCCAGCAAGCAACAGAACATGGACAAATTATACC
CAGTGTAATGTTAACACCCACGAGAAAGTGAAGACTGCACTAAATTTGTTTTACCTGACCATAATTGGACACGGA
TTGTCTATTGCATCACTGCTTATCTCGCTTGGCATATTCTTTTATTTCAAGAGCCTAAGTTGCCAAAGGATTACC
TTACACAAAAATCTGTTCTTCTCATTTGTTTGTAACTCTGTTGTAACAATCATTCACCTCACTGCAGTGGCCAAC
AACCAGGCCTTAGTAGCCACAAATCCTGTTAGTTGCAAAGTGTCCCAGTTCATTCATCTTTACCTGATGGGCTGT
AATTACTTTTGGATGCTCTGTGAAGGCATTTACCTACACACACTCATTGTGGTGGCCGTGTTTGCAGAGAAGCAA
CATTTAATGTGGTATTATTTTCTTGGCTGGGGATTTCCACTGATTCCTGCTTGTATACATGCCATTGCTAGAAGC
TTATATTACAATGACAATTGCTGGATCAGTTCTGATACCCATCTCCTCTACATTATCCATGGCCCAATTTGTGCT
GCTTTACTGGTGAATCTTTTTTTCTTGTTAAATATTGTACGCGTTCTCATCACCAAGTTAAAAGTTACACACCAA
GCGGAATCCAATCTGTACATGAAAGCTGTGAGAGCTACTCTTATCTTGGTGCCATTGCTTGGCATTGAATTTGTG
CTGATTCCATGGCGACCTGAAGGAAAGATTGCAGAGGAGGTATATGACTACATCATGCACATCCTTATGCACTTC
CAGGGTCTTTTGGTCTCTACCATTTTCTGCTTCTTTAATGGAGAGGTTCAAGCAATTCTGAGAAGAAACTGGAAT
CAATACAAAATCCAATTTGGAAACAGCTTTTCCAACTCAGAAGCTCTTCGTAGTGCGTCTTACACAGTGTCAACA
ATCAGTGATGGTCCAGGTTATAGTCATGACTGTCCTAGTGAACACTTAAATGGAAAAAGCATCCATGATATTGAA
AATGTTCTCTTAAAACCAGAAAATTTATATAAT cccgggGTGAGCAAGGGCGAGGAG

CTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGC

GAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCC

TGGCCCACCCTCGTGACCACCTTCGGCTACGGCCTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCAC

GACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTAC

AAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAG

GAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAG

CAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCAC

TACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCTACCAGTCCGCC

CTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTC

GGCATGGACGAGCTGTACAAGTAAaagCtL L

Figure 2.1.3.1. cDNA sequence of human calcitonin receptor-like receptor tagged with yellow
fluorescent protein (CLR-YFP). The start (ATG) and stop (TAA) codons are red. DNA encoding the
cleavable signal peptide is blue, the HA epitope is orange and the flexible linker is purple. YFP is
underlined. Restriction sites for EcoRI, Xmal, and Hindlll are green. This construct was synthesised by
DC Biosciences Ltd, Scotland.
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ggtaccATGGCCTTACCAGTGACCGCCTTGCTCCTGCCGCTAGCCTTGCTGCTCCACGCCGCCAGGCCGGATTAC
GCGTCT GAATTTTCAAATCAAACCTATCCAACAATAGAGCCCAAGCCA
TTTCTTTACGTCGTAGGACGAAAGAAGATGATGGATGCACAGTACAAATGCTATGACCGAATGCAGCAGTTACCC
GCATACCAAGGAGAAGGTCCATATTGCAATCGCACCTGGGATGGATGGCTGTGCTGGGATGACACACCGGCTGGA
GTATTGTCCTATCAGTTCTGCCCAGATTATTTTCCGGATTTTGATCCATCAGAAAAGGTTACAAAATACTGTGAT
GAAAAAGGTGTTTGGTTTAAACATCCTGAAAACAATCGAACCTGGTCCAACTATACTATGTGCAATGCTTTCACT
CCTGAGAAACTGAAGAATGCATATGTTCTGTACTATTTGGCTATTGTGGGTCATTCTTTGTCAATTTTCACCCTA
GTGATTTCCCTGGGGATTTTCGTGTTTTTCAGAAAATTGACAACTATTTTTCCTTTGAATTGGAAATATAGGAAG
GCATTGAGCCTTGGCTGCCAAAGGGTAACCCTGCACAAGAACATGTTTCTTACTTACATTCTGAATTCTATGATT
ATCATCATCCACCTGGTTGAAGTAGTACCCAATGGAGAGCTCGTGCGAAGGGACCCGGTGAGCTGCAAGATTTTG
CATTTTTTCCACCAGTACATGATGGCCTGCAACTATTTCTGGATGCTCTGTGAAGGGATCTATCTTCATACACTC
ATTGTCGTGGCTGTGTTTACTGAGAAGCAACGCTTGCGGTGGTATTATCTCTTGGGCTGGGGGTTCCCGCTGGTG
CCAACCACTATCCATGCTATTACCAGGGCCGTGTACTTCAATGACAACTGCTGGCTGAGTGTGGAAACCCATTTG
CTTTACATAATCCATGGACCTGTCATGGCGGCACTTGTGGTCAATTTCTTCTTTTTGCTCAACATTGTCCGGGTG
CTTGTGACCAAAATGAGGGAAACCCATGAGGCGGAATCCCACATGTACCTGAAGGCTGTGAAGGCCACCATGATC
CTTGTGCCCCTGCTGGGAATCCAGTTTGTCGTCTTTCCCTGGAGACCTTCCAACAAGATGCTTGGGAAGATATAT
GATTACGTGATGCACTCTCTGATTCATTTCCAGGGCTTCTTTGTTGCGACCATCTACTGCTTCTGCAACAATGAG
GTCCAAACCACCGTGAAGCGCCAATGGGCCCAATTCAAAATTCAGTGGAACCAGCGTTGGGGGAGGCGCCCCTCC
AACCGCTCTGCTCGCGCTGCAGCCGCTGCTGCGGAGGCTGGCGACATCCCAATTTACATCTGCCATCAGGAGCCG
AGGAATGAACCAGCCAACAACCAAGGCGAGGAGAGTGCTGAGATCATCCCTTTGAATATCATAGAGCAAGAGTCA
TCTGCT 99atccGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTG

GTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGC

AAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTCGGL

TACGGCCTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAA

GGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAG

GGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAG

CTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTC

AAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGALC

GGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCTACCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGC

GATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAaY

ctt

Figure 2.1.3.2. cDNA sequence of human calcitonin receptor tagged with yellow fluorescent
protein (CTR-YFP). The start (ATG) and stop (TAA) codons are red. DNA encoding the cleavable
signal peptide is blue, the HA epitope is orange and the flexible linker is purple. YFP is underlined.
Restriction sites for Kpnl, BamHI, and Hindlll are green. Sequencing data can be found in Appendix
A1,
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gaattcATG ACTGCCTGCCAGGAGGCTAACTACGGTGCCCTCCTCCGG
GAGCTCTGCCTCACCCAGTTCCAGGTAGACATGGAGGCCGTCGGGGAGACGCTGTGGTGTGACTGGGGCAGGACC
ATCAGGAGCTACAGGGAGCTGGCCGACTGCACCTGGCACATGGCGGAGAAGCTGGGCTGCTTCTGGCCCAATGCA
GAGGTGGACAGGTTCTTCCTGGCAGTGCATGGCCGCTACTTCAGGAGCTGCCCCATCTCAGGCAGGGCCGTGCGG
GACCCGCCCGGCAGCATCCTCTACCCCTTCATCGTGGTCCCCATCACGGTGACCCTGCTGGTGACGGCACTGGTG
GTCTGGCAGAGCAAGCGCACTGAGGGCATTGTG ggatccGTGAGCAAGGGCGAGGAG

CTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGC

GAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCC

TGGCCCACCCTCGTGACCACCCTGACCTGGGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCAC

GACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTAC

AAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAG

GAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACATCAGCCACAACGTCTATATCACCGCCGACAAG

CAGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCAC

TACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCC

CTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTC

GGCATGGACGAGCTGTACAAGTAAA

Figure 2.1.3.3. cDNA sequence of human receptor activity modifying protein 1 tagged with cyan
fluorescent protein (RAMP1-CFP). The start (ATG) and stop (TAA) codons are red. DNA encoding
the FLAG epitope is orange and the flexible linker is purple. CFP is underlined. Restriction sites for

EcoRI, BamHI, and Hindlll are green. Sequencing data can be found in Appendix A2.
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gaattcATG CAGCCTCTTCCCACCACAGGCACACCAGGGTCAGAAGGG
GGGACGGTGAAGAACTATGAGACAGCTGTCCAATTTTGCTGGAATCATTATAAGGATCAAATGGATCCTATCGAA
AAGGATTGGTGCGACTGGGCCATGATTAGCAGGCCTTATAGCACCCTGCGAGATTGCCTGGAGCACTTTGCAGAG
TTGTTTGACCTGGGCTTCCCCAATCCCTTGGCAGAGAGGATCATCTTTGAGACTCACCAGATCCACTTTGCCAAC
TGCTCCCTGGTGCAGCCCACCTTCTCTGACCCCCCAGAGGATGTACTCCTGGCCATGATCATAGCCCCCATCTGC
CTCATCCCCTTCCTCATCACTCTTGTAGTATGGAGGAGTAAAGACAGTGAGGCCCAGGCC
ggatccGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTA

AACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATC

TGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGGGGCGTGCAGTGCTTCAGC

CGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACC

ATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGC

ATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACATCAGC

CACAACGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACATCGAG

GACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGAC

AACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAG

TTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAzagCLE

Figure 2.1.3.4. cDNA sequence of human receptor activity modifying protein 2 tagged with cyan
fluorescent protein (RAMP2-CFP). The start (ATG) and stop (TAA) codons are red. DNA encoding
the FLAG epitope is orange and the flexible linker is purple. CFP is underlined. Restriction sites for

EcoRI, BamHlI, and Hindlll are green. Sequencing data can be found in Appendix A3.
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ATG GGCGGCTGCAACGAGACAGGCATGTTGGAGAGGCTGCCC
CTGTGTGGGAAGGCTTTCGCAGACATGATGGGCAAGGTGGACGTCTGGAAGTGGTGCAACCTGTCCGAGTTCATC
GTGTACTATGAGAGTTTCACCAACTGCACCGAGATGGAGGCCAATGTCGTGGGCTGCTACTGGCCCAACCCCCTG
GCCCAGGGCTTCATCACCGGCATCCACAGGCAGTTCTTCTCCAACTGCACCGTGGACAGGGTCCACTTGGAGGAC
CCCCCAGACGAGGTTCTCATCCCGCTGATCGTTATACCCGTCGTTCTGACTGTCGCCATGGCTGGCCTGGTGGTG
TGGCGCAGCAAACGCACCGACACGCTGCTG GTGAGCAAGGGCGAGGAGCTG

TTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAG

GGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGG

CCCACCCTCGTGACCACCCTGACCTGGGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGAC

TTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAG

ACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAG

GACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACATCAGCCACAACGTCTATATCACCGCCGACAAGCAG

AAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTAC

CAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTG

AGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGL

ATGGACGAGCTGTACAAGTAA

Figure 2.1.3.5. cDNA sequence of human receptor activity modifying protein 3 tagged with cyan
fluorescent protein (RAMP3-CFP). The start (ATG) and stop (TAA) codons are red. DNA encoding
the FLAG epitope is orange and the flexible linker is purple. CFP is underlined. Restriction sites for

EcoRI, BamHI, and Hindlll are green. Sequencing data can be found in Appendix A4.
2.1.4 Primer Design

To achieve this cloning strategy, oligonucleotide PCR primers (Table 2.1.4) were designed to
amplify each sequence and include restriction sites to allow complementary fragments to
combine in the cloning vector pTZ19R and further sub-cloning into the expression vector
pcDNAS3.1". All primers were initially designed to be between 18 and 24 base pairs where
possible, have a GC content of 50 to 65%, a melting point temperature (Tm) close to 58°C,
and to finish the 3" ends on a G or C to aid with hydrogen bonding to the template. Antisense
primers were reverse complemented using

https://www.bioinformatics.org/sms/rev._comp.html.
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Table 2.1.4. Sense and antisense oligonucleotide primers for mammalian expression. Restriction

sites are green, start and stop codons are red. YFP has two sense primers, one for sub-cloning with
CLR (Sense1), and the other for sub-cloning with CTR (Sense2).

Sequence | Direction Oligonucleotide Primer Restriction
Site
CFP Sense 9999 GTGAGCAAGGGCGAGGAGCTGTTC BamH|
Antisense cccc TTACTTGTACAGCTCGTCCATGCCGAG Hindlll
CLR Sense 9999 ATGGCCTTACCAGTGACCGCC EcoRl
Antisense | cccc GCTGCCGCCGCTGCCGCCATTATATAAATTT Xmal
TCTGG
CTR Sense 9999 ATGGCCTTACCAGTGACCGCC Kpnl
Antisense | cccc GCTGCCGCCGCTGCCGCCAGCAGATGACTCT BamHl|
TGCTC
RAMP1 Sense 9999 ATGGACTACAAGGACGACGACGACAAGACTA EcoRl
C
Antisense | cccc GCTGCCGCCGCTGCCGCCCACAATGCCCTCA BamH|
GTGCGCTTGCTC
RAMP2 Sense 9999 ATGGACTACAAGGACGACGACGACAAGACTC EcoRl
A
Antisense | cccc GCTGCCGCCGCTGCCGCCCAGCAGCGTGTCG BamHl
GTGCGTTTGC
RAMP3 Sense gggg ATGGACTACAAGGACGACGACGACAAGACTG EcoRl
G
Antisense | cccc GCTGCCGCCGCTGCCGCCCAGCAGCGTGTCG BamHl
GTGCGTTTGC
YFP Sense1 gggyg GTGAGCAAGGGCGAGGAGCTGTTC Xmal
Sense?2 gggyg GTGAGCAAGGGCGAGGAGCTGTTC BamH|
Antisense cccc TTACTTGTACAGCTCGTCCATGCCGAG Hindlll

2.1.5 Molecular Biology

Using the appropriate primers from Table 2.1.4, each cDNA sequence for CFP, CLR, CTR,
RAMP1, RAMP2, RAMP3 and YFP was first amplified by polymerase chain reaction
(optimised reaction conditions are shown in Table 2.1.5). The resulting PCR products were
then purified with the Monarch PCR and DNA Cleanup Kit (NEB, U.S.) according to
manufacturer’s instructions. These PCR products and vector (pTZ19R) then underwent a
double digestion with the appropriate restriction enzymes (Table 2.1.4), which were incubated
at 37°C for 1 hour. Digested DNA fragments were then separated in a 1% agarose gel
containing 0.5 pg/ml ethidium bromide by electrophoresis at 120 V, and extracted with the
Monarch Gel Extraction Kit (NEB, U.S.) according to manufacturer’s instructions. Target gene
fragments were then combined with the complementary digested pTZ19R vector and ligated
with T7 DNA ligase at 4°C for 20 minutes, followed by 20°C for either 2 hours, or overnight.
Finally, 1 pl of the ligation reaction was transformed into chemically competent DHS5a E. coli
cells by resting on ice for 20 minutes, heat shock at 42°C for 30 seconds, a return to ice for 2

minutes, and recovery in 500 ul Luria-Bertani (LB) medium.
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The transformed cells were allowed to recover for one hour at 37°C, 180 rpm in LB medium
before plating onto 100 pg/ml ampicillin agar plates, incubated overnight at 37°C; several
colonies were screened for the relevant DNA fragment by miniprep and restriction digest, and
successful colonies were then confirmed by Sanger sequencing (Source Bioscience, U.K.).
Using the same method, YFP was subsequently sub-cloned in-frame with the C terminal end
of each receptor, and CFP was sub-cloned in-frame with the C terminal end of each RAMP,
within pTZ19R (refer to Table 2.1.4 for the relevant enzymes). Ultimately, each complete sub-
cloned construct was then digested with the appropriate restriction enzymes (Table 2.1.4) and
ligated into empty pcDNAS3.1, achieving the construct design of 2.1.3. All cloned constructs
were then confirmed by diagnostic digest, further Sanger sequencing, and expanded to
concentrations between 0.5 and 1 mg/ml with the Qiagen HiSpeed Plasmid Maxiprep Kit

(Qiagen, U.K.) according to manufacturer’s instructions.

Table 2.1.5. Optimised PCR reaction conditions. Template DNA, primer concentration and

annealing/extension temperatures were optimised for each of the seven cDNA sequences used.

Component Volume Final Concentration
KOD Buffer (10x) 5yl 1X
25 mM MgSO4 3ul 1.5 mM
2 mM dNTP Mix 5yl 0.2 mM
10 yM Primers 1 yl each 0.2 uM
Template DNA 2yl 1-20 ng
KOD Polymerase 0.5 pl 1.25U
ddH20 32.5 pl -
Step Temperature Time
Initial Denaturation 94°C 2 min
94°C 30 sec
34 Cycles 45-65°C 1 min
72°C 1 min/kb
Final Extension 72°C 7 min
Hold 4°C 0

2.1.6 Cell Culture and Transfection

COS-7 mammalian cells (fibroblast-like kidney cells from the African green monkey) were
cultured in Dulbecco’s Modified Eagles Medium with L-glutamine, 10% (v/v) foetal bovine
serum (FBS) and 5% (v/v) penicillin/streptomycin supplementation. Cells were grown in a
humidified 95% air and 5% CO: incubator at 37°C. For transfection, cells were grown to
approximately 80% confluency in 6, 24 or 96 well plates, and two transfection methods were

used — by polyethylenimine (PEI) and Lipofectamine 2000 (Invitrogen, U.K.).

The PEI used was the branched polymer version from Sigma (408727), with an average
molecular weight of approximately 25 kDa. This was mixed thoroughly with distilled water to a

working concentration of 1mg/ml, before ensuring a pH of 7.4 with concentrated HCI and filter
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sterilising at 0.22 ym before use. As shown in Table 2.1.6.1, DNA was mixed with serum free
(SF) media, PEI added and vortexed immediately for 1 second, 15 times. Note, when co-
transfecting with both a receptor and RAMP, 0.125 ug of each were used to the total of 0.25
Mg DNA. This solution was incubated at room temperature for 10 minutes before
supplementation with full media, mixing thoroughly. The growth media was then removed from
the cell culture, and this transfection mixture added dropwise onto the cells. Media was topped
up to the usual working volume after 2 hours, and these cells were then incubated at 37°C for

48 hours before use.

Table 2.1.6.1. Optimised PEI Transfection Mixtures. Note, several DNA:PEI ratios were tested, and

1:3 was broadly found to be best in terms of successful, efficient transfections.

96-Well 24-Well 6-Well
Cell Density/Well 20k 50k 300k
SF Media (ul) 10 50 100
DNA (ug) 0.25 1 3
PEI (ug) 1 4 12
Full Media (pl) 10 200 500
Top-up Media (pl) 180 1000 2000

Lipofectamine 2000 transfections were performed according to manufacturer’s protocols
(ThermoFisher Scientific, U.K.). Briefly, as summarised in Table 2.1.6.2, DNA and
Lipofectamine 2000 reagent were mixed to a 1:1 ratio in Opti-Mem medium, incubated for 5
minutes at room temperature and added to 80% confluent cells. These cells were also

subsequently incubated for 48 hours at 37°C before use.

Table 2.1.6.2. Optimised Lipofectamine 2000 Transfection Mixtures. Transfections were performed

according to manufacturer instructions.

96-Well 24-Well 6-Well

Cell Density/Well 20k 50k 300k
Opti-Mem Medium (pl) 125 250 700
DNA (ug) 2.5 5 14
Lipofectamine 2000 (pl) 2.5 5 15

2.1.7 Assessing Construct Pharmacology by cAMP Assay

Before their use in further assays, each fluorescent construct’s functionality was first confirmed
by AlphaScreen cyclic AMP assay (Perkin Elmer, U.K.), to ensure the cloning strategy had not

significantly affected the construct’s ligand binding and signalling capabilities.

96-well plates were seeded with 20k COS-7 cells/well in complete DMEM to be co-transfected
with a receptor and RAMP, as described in 2.1.6. 48 hours post transfection, growth media

was removed from the cells and replaced with 90 ul of stimulation buffer (50 ml Hank’s
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Buffered Salt Solution (HBSS), 50 mg bovine serum albumin (BSA), 100 ul 500 mM 3-isobutyl-
1-methylxanthine (IBMX), pH 7.4, prewarmed to 37°C). Cells were incubated in this stimulation
buffer for 1 hour while ligands were prepared separately in a range between 1 pM and 100
nM. The internal control, forskolin, was prepared to 50 mM in 100% ethanol; forskolin
increases intracellular cAMP levels by activating adenylate cyclase (Awad et al., 1983). 10 pl
of the appropriate ligand was added to each well and incubated at 37°C for 30 minutes. All
media was removed, and cells washed once with 1x phosphate buffered saline (PBS) which
was removed immediately. To stop cellular activity, 100 ul of ice-cold 100% ethanol was added

to each well and allowed to evaporate overnight at room temperature.

The following day, the dried cell film was dissolved in 75 pl lysis buffer (38 ml dHO, 1.2 ml
10% Tween20, 0.2 ml 1 M HEPES, 40 mg BSA, pH 7.4), incubating at room temperature for
10 minutes on an orbital shaker. Next, the acceptor bead mixture (5 ul acceptor beads, 495 pl
stimulation buffer) and donor bead mixture (5 ul donor beads, 1494.6 pl stimulation buffer,
0.375 ul biotinylated cAMP, incubated for 30 minutes before use) were made in reduced
lighting, followed by the preparation of a cAMP standard curve between 10 pM and 1 uM. 10
Ml of each standard and of each cell lysate were transferred into a 384-well white, opaque
Optiplate, briefly centrifuged to draw contents to the bottom of the wells. In reduced lighting, 5
Ml acceptor bead mix and 15 pl preincubated donor bead mix were added to each well, the
plate was sealed, wrapped in foil, briefly centrifuged again, and incubated overnight at room
temperature in reduced lighting. Finally, luminescence was measured the following day with a
Mithras LB 940 Multimode Microplate Reader: excitation at 680 nm, emission at 520 to 620

nm.
2.1.8 cAMP Data Analysis

GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA) was used to generate sigmoidal
non-linear regression dose-response curves based on the raw cAMP data produced in 2.1.7.
A standard curve was generated using the AlphaScreen competitive immunoassay (an
example is shown in Figure 2.1.8) and used to interpolate raw cAMP data from the cell lysate
samples, and determine their agonist-stimulated cAMP levels in pmol/mg. This type of
inhibitory dose-response curve is based on a model with a four-parameter variable slope,

including the top and bottom of the curve, logIC50 and HillSlope, according to Equation 2.1.8.
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Figure 2.1.8. AlphaScreen cAMP Standard Curve Example. It is suggested that the most accurate
and reliable range of the assay lies on its linear portion, between IC10 and 1Cg. Taken from the

AlphaScreen cAMP user manual (Perkin Elmer, U.K.).

(Top — Bottom)
(1+ 10~((LogIC50 — X) * HillSlope))

Y = Bottom +

Equation 2.1.8. The Variable Slope Equation for Logarithms of Agonist Concentrations. Y is the
response which follows a sigmoidal curve, and X is the logarithm of dose concentration. Bottom and
top refer to the lowest and highest plateaus of the Y axis (response). For best fit analysis, HillSlope is
assumed to be shared, meaning, dose treatment is assumed to shift IC50 but not basal response,

maximal response, or the HillSlope variable itself.

2.2 Design and Development of FRET-Based Interaction Assay
2.2.1 Materials

Unless specified, general reagents and consumables were obtained from ThermoFisher
Scientific, U.K. or Sigma Aldrich, U.K. FRET assays were performed in a black opaque 96-
well format, using a Mithras LB 940 Multimode Multiplate Reader. Excitation filters 430/10 nm
and 485/14 nm were used alongside emission filters 480/20 nm and 530/25 nm (Berthold

Technologies, Germany).
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2.2.2 Assay Procedure

The FRET assay method developed was based upon the gold-standard method created by
Berthold Technologies themselves (Haase, Kamann and Briix, 2011). 1 x 106 COS-7 cells per
well were seeded into 6-well culture plates, and co-transfected with both a receptor-YFP and
RAMP-CFP constructin a 1:1 ratio (to a total of 3 ug DNA per well). 48 hours after transfection,
growth media was removed, cells washed in prewarmed PBS, and subsequently cells were
detached into 300 pl PBS. 100 pl of cell suspension was transferred into a black opaque 96-
well plate, in triplicate, and analysed in the LB 940 Mithras instrument. The fluorescence
emission outputs for each of the donor, acceptor and FRET channels were measured
sequentially for each well, using the round fluorescence scanning method. Data were collected
in the MikroWin2000 software using the average of 10x10 scanned points in each well due to
potential cell clustering. CFP fluorescence was measured at 480/20 nm after excitation at
430/10 nm; this is the donor channel, D. YFP fluorescence was measured at 530/25 nm after
excitation at 485/14 nm; this is the acceptor channel, A. Finally, FRET signals were measured
at 530/25 nm after excitation at 430/10 nm; this is the FRET channel, F. Note that any
background or signal bleed through were measured for correction using non-transfected cells,

and those transfected with solely donor or acceptor.
2.2.3 FRET Data Analysis

There are two main methods of processing FRET signal data; the first compares the ratio
between donor-acceptor (/pa) and donor (/p) fluorescence intensity as an expression of FRET

efficiency (E) as shown in Equation 2.2.3.1 (Sun et al., 2011).

I
E=1-(2
Ip

Equation 2.2.3.1. FRET Efficiency (E) Expressed As Donor Dequenching in the Presence of
Acceptor. Ipa = FRET channel emission, cells expressing donor and acceptor. Ip = FRET channel

emission, cells expressing donor only.

The second method described by Berthold Technologies (Haase, Kamann and Brix, 2011)
involves several stages of calculation, but benefits from taking background and signal bleed
through into consideration (Equations 2.2.3.2 — 2.2.3.5). Firstly, signal bleed through for both
donor and acceptor were first determined by assessing fluorescence intensity ratios (d and a)
shown in Equations 2.2.3.2 and 2.2.3.3. These two factors d and a were then used to calculate
the FRET signal corrected for bleed through (Fc) shown in Equation 2.2.3.4. F; was then

normalised for background correction, and to take differences in total expression levels into
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account. This final process in Equation 2.2.3.5 gives the FRET efficiency, E, which also

considers the quantum yields of each fluorophore.
d =Fp/Dp

Equation 2.2.3.2. Fluorescence Intensity Ratio for Donor Bleed Through (d). Fp = FRET channel

emission, cells expressing donor only. Dp = Donor channel emission, cells expressing donor only.
a= FA/AA

Equation 2.2.3.3. Fluorescence Intensity Ratio for Acceptor Bleed Through (a). F4 = FRET channel
emission, cells expressing acceptor only. Aa = Acceptor channel emission, cells expressing acceptor

only.
Fc = Fpp— (Dpgp*d) — (Apa * a)

Equation 2.2.3.4. Bleed Through Corrected FRET Signal (Fc). Fpa = FRET channel emission, cells
expressing both donor and acceptor. Dpa = Donor channel emission, cells expressing both donor and

acceptor. Apa = Acceptor channel emission, cells expressing both donor and acceptor.
Qq
E=1—-[Dpg— (Dpa+F *Q_)]
a

Equation 2.2.3.5. Normalised FRET Efficiency (E). Dpa = background corrected fluorescence
intensity through the donor channel. Q4 and Q; refer to the quantum yields of the donor and acceptor,
respectively (Qq = 0.4, Q, = 0.61).

Ultimately, the two methods described both result in the FRET efficiency, E, which depends
on the distance between donor and acceptor (r) due to the inverse 6" power law shown in
Equation 2.2.3.6. Rearranging this enables the use of the experimentally derived FRET
efficiency (E) and known Fdorster distance (Ro) of the fluorophore pair to find the distance (r)
between them in nanometers (Sun et al.,, 2011). The Forster distance is defined as the
distance between donor and acceptor dipoles at 50% FRET efficiency, which is 4.751 nm for
CFP and YFP (Patterson, Piston and Barisas, 2000; Bajar et al., 2016).

Equation 2.2.3.6. Donor-Acceptor Separation Distance (r). Rearranged equation to find r. Eis FRET

efficiency. ris distance between donor and acceptor. Ry is the Forster distance of the fluorophore pair.
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Both methods of determining FRET efficiency were performed and compared, with preference
given to the more involved method as previously described (Periasamy et al., 2008; Haase,
Kamann and Brux, 2011; Youvan et al., 1997). All data was first processed in Microsoft Excel

before transfer into GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA).

2.3 Generating a Transgenic Drosophila Expression System
2.3.1 Materials

Unless specified, general reagents and consumables were obtained from ThermoFisher
Scientific, U.K. or Sigma Aldrich, U.K. Enzymes were obtained from New England Biolabs,
U.S. Primers were from Eurofins, Germany. Host Drosophila were obtained and cultured in
the Dr C. Slack lab at 25°C, 60% humidity with a standard food pellet of 1.5% agar, 10%
brewer’s yeast and 5% sucrose. For increased scaling, continuous cultures were maintained
and tipped to greater capacity. Flies were anesthetised with a CO; injection needle and
observed under a 10x objective stereomicroscope. The molecular weight DNA ladder used in
all agarose gels was the Quick-Load® 1 kb DNA ladder from New England Biolabs, U.S.

Agarose gels were visualised using a G:Box gel imager from Syngene, U.K.
2.3.2 Cloning Strategy

In order to express a fluorescently tagged CGRP receptor in Drosophila melanogaster
photoreceptor cells (PRC), the CLR-YFP and RAMP1-CFP constructs produced in section 2.1
were individually sub-cloned into the Drosophila expression vector pUAST-attB. This required
amplification by PCR (following protocols outlined in 2.1), changing restriction sites for
insertion into the pUAST-attB multiple cloning site; the Hindlll site in CLR-YFP was changed
to Kpnl, and Hindlll in RAMP1-CFP was changed to Eagl. The primers used are listed in Table
2.3.2. Successful clones were again confirmed by diagnostic digest, sequencing and

expanded to concentrations between 0.5 and 1 mg/ml before use.

Table 2.3.2 Sense and antisense oligonucleotide primers for Drosophila expression. Restriction

sites are green, start and stop codons are red.

Sequence | Direction Oligonucleotide Primer Restriction
Site
CLR-YFP Sense gg9gg ATGGCCTTACCAGTGACCGCC EcoRl
Antisense cccc TTACTTGTACAGCTCGTCCATGCCGAG Kpnl
RAMP1- Sense 9999 ATGGACTACAAGGACGACGACGACAAGACTA EcoRl
CFP c
Antisense cccce TTACTTGTACAGCTCGTCCATGCCGAG Eagl
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2.3.3 Generating Transgenic Drosophila

The two constructs cloned into the pUAST-attB vector were used for P-element mediated
transformation of Drosophila embryos, where the plasmid is permanently inserted into the
Drosophila genome by ®C31 integrase. 500 ng/ul DNA samples were sent to the Fly Facility,
Department of Genetics, University of Cambridge for microinjection and integration. RAMP1-
CFP was inserted into the stock 13-20: vas-int; attp40 line of embryos (chromosome 2, 25C6)
while CLR-YFP was inserted into the stock 13-18: nos-int; attP2 line of embryos (chromosome
3, 68A4). These embryos were received, cultured, and first crossed with white-eyed female
virgins of a host line (W), to transfer the transgene from the germline to the somatic cell line.
This reintroduces the red eye phenotype to easily track movement of the transgene through
subsequent crosses. The resulting adult males with red eyes were again crossed with white-

eyed female virgins a second time, to select for successful crosses and to boost stocks.

Next, adult males containing the transgene were crossed with the Curly derivative of Oster
balancer line (Cy*") which introduces an irradiated X chromosome to create a stable
transgenic stock, meaning transgenic Drosophila would now exhibit the red eye, curly wing
phenotype. Finally, these adult males were crossed with the GMR-GAL4 driver line for PRC-
specific expression using the glass-binding enhancer element (GMR). At this final stage,
transgenic Drosophila expressing the target construct will exhibit the red eye, straight wing

phenotype, and are ready for use in experiments.
2.3.4 Confirming Transgenesis by Fluorescence

To determine whether the transgene was indeed incorporated successfully, PRC expression
of the fluorescent target constructs was assessed by a rapid fluorescence assay, prior to more
involved techniques such as SDS-PAGE and Western blotting. 20 Drosophila heads were
manually dissected under a 10x objective and homogenised into 50 pl lysis buffer consisting
of 25 mM Tris-Cl, 1% SDS. Samples were heated at 60°C for five minutes, centrifuged at 300
rcf and the supernatant harvested. Fluorescence of the supernatant was assessed against
buffer only in a Mithras LB 940 Multimode Microplate Reader; excitation at 405 nm, emission
at 485 nm. In addition, a single head of the RAMP1-CFP/GMR-GAL4 strain was visualised
with a Leica TCS SP8 confocal microscope at 10x, 40x and 60x magnification, set to detect
CFP fluorescence. A wide-field baseline was performed first, with checks for background auto-
fluorescence. Note, only Drosophila expressing the RAMP1-CFP construct could be used to

gather preliminary data.
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2.4 The Application of Geometric Morphometrics to GPCR Structure
2.4.1 Software and Websites Used

Note that all of these are freely available online.

AlphaFold Protein Structure Database - https://alphafold.com/

GPCR Database (GPCRdb) - https://gpcrdb.org/structure/

Membrane Proteins of Known Structure (mpstruc) - https://blanco.biomol.uci.edu/mpstruc/

Morphod v1.07 - https://morphometrics.uk/Morphod page.html

PAST Data Analyser v4.03 - hitps://past.en.lo4d.com/windows

Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB) -

https://rcsb.org/

Swiss-PdbViewer (DeepView) v4.10 - http://expasy.org/spdbv/

2.4.2 Ildentification and Retrieval of Structural Models

In order to identify the GPCR structures available for inclusion into the sample selection, the
GPCRdb (https://gpcrdb.org/structure/ (accessed 22/10/2021) (Kooistra et al., 2021)) was first

used to obtain a database of all currently known GPCR structures, which were subsequently

cross-referenced to the mpstruc database (https://blanco.biomol.uci.edu/mpstruc/ (accessed

22/10/2021) (Shimizu et al., 2018)) to ensure a comprehensive list was obtained. These
databases were first downloaded, along with a plethora of information related to each
structure’s characteristics including resolution, activation state, bound ligands, mutations, etc.
Next, the .pdb file of each selected structure was downloaded from the Research
Collaboratory for Structural Bioinformatics Protein Data Bank (https://rcsb.org/ (accessed
22/10/2021)), by use of their corresponding PDB codes. At this point, no GPCR structures

were filtered or excluded from the sample selection in order to begin with a large, varied and

unbiased selection; this of course included resolved structures representing as many of the
sub-families within the A-F classifications of GPCRs as possible, if available at the point of
sample selection. Additionally, selected GPCR structures predicted by the AlphaFold project
(Jumper et al., 2021) were also downloaded as .pdb files.

2.4.3 Visualisation and Manipulation of GPCR Models

Initially, the Swiss-PdbViewer software v4.10 (Guex and Peitsch, 1997) was used to visualise

and manipulate each structure prior to data collection. Firstly, the entire receptor chain was
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displayed as a ribbon format, and each transmembrane helix was assigned a colour for ease
of identification. Note that any model manipulation was merely superficial and would not
introduce any differences or bias into the data collection process. Next, the amino acid
residues located at the very end of each transmembrane helix were identified manually, and
the name and sequence number recorded. As GPCRs have seven transmembrane helices,
this results in fourteen selected residues for each structure: seven at the extracellular face,

and seven at the intracellular face.
2.4.4 Collection of Landmark Coordinate Data

The geometric morphometric analyses were performed on both the extra- and intracellular
ends of GPCR transmembrane domains, to encompass the overall morphology of structures
resolved under various conditions. Figure 2.4.4 shows a simplified schematic of a GPCR, and
how the selection of residues marked by the fourteen stars, encompasses the morphology of
both ends of the transmembrane bundle. Each .pdb file was opened as text in Microsoft Excel
and the X, Y and Z coordinates located and recorded for each of the fourteen residues, as
identified for each structure in 2.4.3. Specifically, these were the coordinates for the alpha-
carbon (Ca) for each residue, which were then divided into two groups (extra- and intracellular)
and finally exported as .txt files. This manual process of coordinate collection was repeated
exactly for every structure analysed due to the differences between and quality of the .pdb file
annotation; future semi-automation of this data collection could feasibly be achieved with the
use of Python script programming. Finally, the XYZ coordinate data was exported as text files,

compatible with their import into Morphod.
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Extracellular

Intracellular

Figure 2.4.4. Simplified Landmark Selection Schematic. Both ends of each of the seven
transmembrane helices were selected as discrete landmarks for morphometric analyses, depicted by
the fourteen stars. This selection enabled an approximate encompassing of receptor morphology at

both the extra- and intracellular face of the transmembrane bundle. Created with BioRender.com.
2.4.5 Geometric Morphometric Analysis

After importing the XYZ coordinate data collected from the defined landmarks into MorphoJ
(Klingenberg, 2011), all analyses first began with a generalised procrustean superimposition;
note that the extra- and intracellular data were processed separately each time. The figures
shown in section 2.4.5 are representative examples of each step in the geometric
morphometric analytical process, using coordinate data from the intracellular face of the beta-
2 adrenergic receptor sub-family structures. As further discussed in section 4.2, this is an
orthogonal transformation in which the shapes formed by the coordinate data are aligned and
rescaled into standardised Procrustese shape coordinates. By doing so, the sum of squares
between landmarks is minimised, and the cumulative effects of size and orientation are
eliminated to ensure that the transformed shape coordinates are purely reflective of shape
morphology. For clarity, the ‘shapes formed by coordinate data’ represent the positions of the
approximate ends of each transmembrane helix, for either the extra- or intracellular face, and
therefore capture the morphology of the resolved structures in the dataset. Figure 2.4.5.1
shows an example comparison of the three axes of the Procrustese shape coordinates as a
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result of this orthogonal transformation, which were subsequently used to produce the

covariance matrix needed for principal component analysis.
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(a) Axes 1v2

(b) Axes 1v3

(c) Axes 2v3

Figure 2.4.5.1. An Example of Procrustese Shape Coordinates. The XYZ coordinate data for the
intracellular face of the beta-2 adrenergic receptor structures after procrustean superimposition. This is
an orthogonal transformation which aligns and rescales raw coordinates, to eliminate the cumulative
effects of size and orientation, ensuring the transformed Procrustese shape coordinates are reflective
of pure shape morphology. Procrustean superimposition is required to generate covariance matrices

which are in turn needed for principal component analysis. (a)is X vs Y, (b) is X vs Z, and (c) is Y vs Z.
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Similarly to procrustean superimposition, principal component analysis is also an orthogonal
transformation multivariate technique which seeks to determine the shortest distances
between points. The use of a covariance matrix therefore enables this analysis to be two-
dimensional, and thus landmark coordinates can be compared relative to one another. In
addition, the covariance matrix generated from the Procrustese shape coordinates also
provides the basis for eigenvector and eigenvalue calculations within the principal component
analysis itself. As discussed, an eigenvector is the direction of the line representing the
greatest variation in the shape coordinates, and its eigenvalue therefore, is the variance of the
data in that same direction. As principal component analysis reduces the dimensionality of the
coordinates without losing the original information, the principal components themselves are
therefore linear combinations of the original variables, and capture the greatest variation within
the data. As each principal component is orthogonal to each other principal component, they
each capture a different aspect of the coordinate data; they are also ranked in order of greatest
variation, beginning with PC1, then PC2 and so on. Figure 2.4.5.2 shows example principal
components of the intracellular beta-2 adrenergic receptor dataset, with PC1 accounting for

42.071% of the variance and PC2 accounting for 14.602%, for example.

% Variance

Principal components

Figure 2.4.5.2. An Example of Variance Explained by Principal Components. The covariance
matrix for the intracellular beta-2 adrenergic receptor structures was used for principal component
analysis, producing principal components based on eigenvector and eigenvalue calculations. PC1
comprises the greatest variation in the data, with PC2 the next greatest, etc. PC1=42.071%,
PC2=14.602%, PC3=12.142%, PC4=10.423%, PC5=5.202%, PC6=3.611%, PC7=3.211%,
PC8=2.688%, PC9=2.039%, PC10=1.609%, PC11=1.432%, PC12=0.473%, PC13=0.333%, and
PC14=0.164%.
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As PC1 and PC2 represent the two greatest aspects of variation in the dataset, they are often
focussed upon, at least initially. Generally, if the cumulative variance of PC1 and PC2 is
greater than 50%, their comparison is often considered sufficient; if less than 50%, PC3 might
also then be explored. This can be quite a restrictive approach to the interpretation of principal
component data, and it may well be that subtle but interesting causes of variation are
represented by relatively lowly ranked components. In any case, given that PC1 and PC2 do
account for the greatest variance in the dataset, their initial interpretation was facilitated by
Scree plots; Figure 2.4.5.3 shows example Scree plots for the intracellular beta-2 adrenergic
receptor structures PC1 (a) and PC2 (b). Scree plots show a central point for each landmark
called a centroid, and is an average position of all structures in the dataset. The line emerging
from the centroid represents both the direction and proportional magnitude of the change for
that particular principal component. Crucially, once these two principal components are
compared directly, as shown in Figure 2.4.5.4, the further along the principal component axis
a particular structure is, the further down the Scree plot line it is, moving away from the
centroid. For example, in Figure 2.4.5.4, 3SNG is the most positively shifted structure for PC1,
and 7BZ2 is most positively shifted for PC2.
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Figure 2.4.5.3. An Example of Principal Component Scree Plots. Each point represents the average

centroid of each landmark, with the ‘stick’ moving in the direction of the principal component with

magnitude.
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Principal component 1

Figure 2.4.5.4. An Example of PC Score Comparison. The morphospace generated to compare
principal component 1 and 2. Each receptor is represented by a blue circle, and are labelled by their
PDB codes.

It is then from this final comparison of principle components that each structure can be labelled
with a particular characteristic such as active, inactive, thermostabilised, etc., and patterns,

groupings or outliers may be observed within the principal component data.
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2.4.6 Statistical Analysis

In order to observe these potential groupings, and test their statistical significance, the
principal component scores from the principal component analysis were exported as text files,
and subsequently imported into PAST v4.03 data analyser (Hammer, Harper and Ryan, 2001).
The PC scores were then subjected to an analysis of similarity, or ANOSIM, and a one-way
permutational multivariate analysis of variance, or PERMANOVA, both with 9999
permutations and pairwise comparisons using Euclidean distances. One-way permutational
multivariate analysis of variance (PERMANOVA) tests the distance between the centroids of
each data group, while one-way analysis of similarity (ANOSIM) tests group dissimilarity. Both
multivariate tests involve 9999 permutations as standard, and pairwise comparisons were
performed using Euclidean distances. PERMANOVA gives p and F values, testing for
differences between groups by distance; a larger F value indicates a more pronounced group
separation. ANOSIM gives p and R values, using the mean rank of distances between and

within groups; an R value of 1 indicates complete dissimilarity.
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Chapter 3: Establishing A FRET-Based Interaction Assay for the Calcitonin Family of
GPCRs and the RAMPs

3.1 — Introduction

As discussed in sections 1.3.2 and 1.4, the calcitonin family of GPCRs are modulated by a
group of three accessory proteins called the receptor activity modifying proteins, or RAMPs,
which lead to distinct receptor phenotypes and pharmacological profiles. As such, the
capabilities of both the calcitonin receptor (CTR), and the calcitonin receptor-like receptor
(CLR) expand to include binding affinity for calcitonin, amylin, and the potent vasodilators
CGRP and adrenomedullin. As this was such a unique mechanism of action for GPCRs, the
interactions between these receptors and RAMPs have been a significant focal point over the
last thirty years, particularly in terms of pharmacological characterisation and the elucidation
of their structural details. Currently, as highlighted by Kotliar et al. 2023, there is now a need
to develop drug screening assays which include both receptors and RAMPSs, in order to
discover effective therapeutics which have a greater chance of success at clinical trial (Kotliar
et al., 2023).

As opposed to therapeutically targeting the orthosteric sites of GPCRSs, it is hypothesised that
the receptor-RAMP interface itself may prove to be a druggable allosteric site. Pragmatic drug
screening approaches might therefore take drug-induced changes in receptor-RAMP
interactions into account, in addition to the well-characterised pharmacology of these
receptors. Consequently, this chapter details the creation of an interaction assay between the
calcitonin family of GPCRs and the RAMPs, which is able to detect changes in distance
between these membrane proteins, and is applicable to high-throughput drug screening
approaches. This assay would be first implemented in a mammalian cell expression system,
however, due to the variable and often unpredictable nature of transient transfections, a stable
alternative would be attempted within a Drosophila expression system; the interaction assay

itself, is one based upon fluorescence and FRET.

Forster resonance energy transfer, or FRET, is a mechanism which describes the non-
radiative transfer of energy between the chromophores of donor and acceptor fluorescent
molecules, and forms the basis of this GPCR-RAMP interaction assay (Figure 3.1) (Forster,
1946; Hussain, 2009). An excited donor chromophore is able to transfer energy to, and excite,
an acceptor chromophore via dipole-dipole coupling, for which the efficiency of this energy
transfer can be quantified, and is inversely proportional to the sixth power of the distance

between donor and acceptor. This makes FRET very sensitive to small changes in distance,
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and the quantification of FRET efficiencies can be used to determine if donor and acceptor
molecules are within a certain distance of each other, typically to the scale of <10 nm. FRET
is therefore widely used to study the interactions between macromolecules within cells, and is
most often achieved via the fusion of compatible GFP variants onto target macromolecules,
the most common of which are the CFP (donor, Ex430 nm, Em480 nm) and YFP (acceptor,
Ex485 nm, Em530 nm) FRET pair (Bajar et al., 2016).

a) b)
RAMP GPCR

485nm

Spectral
Overlap

Intensity

e

Wavelength

\ 4

FRET

Figure 3.1. The CFP-YFP FRET Pair. The spectra of CFP (donor) emission (Em, 480 nm) overlaps
with the spectra of YFP (acceptor) excitation (Ex, 485 nm), enabling non-radiative energy transfer by
FRET, over distances less than 10 nm. By tagging each receptor and RAMP with YFP and CFP
respectively, the quantification of FRET efficiency enables detection of the GPCR-RAMP complex

formation, and determination of the distance between them. Created with BioRender.com.

The aim of this body of work was therefore to tag each of the calcitonin, and calcitonin
receptor-like receptors with YFP, and each of the three RAMPs with CFP, creating this
interaction assay’s FRET pair by molecular biology techniques. These tagged constructs
would then be transfected into COS-7 mammalian cells with an optimised protocol, followed
by a confirmation of their functionality via cAMP production, before the establishment and
optimisation of the FRET-based GPCR-RAMP interaction assay itself. In addition, a
preliminary proof of concept experiment was carried out to determine whether Drosophila
melanogaster could be used as an alternative expression system for this FRET assay, detailed
in section 3.5. Please note that this body of work was affected by COVID-19 restrictions.
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3.2 — Creation of Fluorescently Tagged Receptors and RAMPs
3.2.1 - Cloning Strategy for Mammalian Expression

In order to achieve the initial objective of producing fluorescently tagged receptors and
RAMPs, DNA constructs were first designed in silico according to the plan detailed in Methods
section 2.1. The overall aim of the cloning strategy was to insert a fluorescent protein (either
CFP or YFP) at the C terminus of each protein to be studied (either a RAMP or GPCR),
separated by a flexible linker sequence. Both CTR and CLR would be tagged with YFP,
whereas each of the three RAMPs would be tagged with CFP. Firstly, sense and anti-sense
oligonucleotide primers were designed against each receptor, RAMP, and fluorescent protein,
listed in section 2.1.4. Each construct would first have its DNA components created by PCR,
adding appropriate restriction sites, allowing for subsequent assembly within the small cloning
vector pTZ19R, as illustrated in Figure 3.2.1.1. Using the RAMP1-CFP construct as an
example, the RAMP1 fragment of DNA would be first created by PCR and ligated into pTZ19R
following the digestion of both with the appropriate restriction enzymes. Next, the C terminus
of RAMP1 within pTZ19R would be digested by restriction enzyme, allowing the PCR-created
CFP fragment to be ligated into the plasmid at the RAMP1 C terminus. This process would
then be repeated for each of the five constructs to be assembled. Finally, each tagged
construct would then be digested out of pTZ19R, and ligated into a new vector, pcDNA3.1,
as illustrated in Figure 3.2.1.2. This would enable the expression of the fluorescently tagged
constructs in mammalian cell culture, fully achieving the aim of the cloning strategy, as

evidenced by sections 3.2.2 to 3.2.4.
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Figure 3.2.1.1. Cloning Strategy to Create Fluorescently Tagged Receptors and RAMPs. Each
receptor would be tagged with YFP, and each RAMP would be tagged with CFP. All of the necessary
DNA fragments were created and amplified by PCR, with a two-step assembly in the small cloning
vector pTZ19R by restriction digest and subsequent ligation. Refer to section 2.1.3 for construct design

and restriction enzyme names. Created with BioRender.com.
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Figure 3.2.1.2. Sub-Cloning Strategy to Insert Fluorescently Tagged Receptors and RAMPs into
the Mammalian Expression Vector, pcDNA3.1". Each of the receptor-YFP and RAMP-CFP
constructs would be restriction digested out of the cloning vector pTZ19R, and subsequently ligated
into the mammalian expression vector pcDNA3.1-. Refer to section 2.1.3 for construct design and

restriction enzyme names. Created with BioRender.com.
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3.2.2 - Creation of Construct Fragments by PCR

Initially, the conditions for polymerase chain reaction (PCR) were extensively optimised for
each construct fragment in terms of template DNA and oligonucleotide primer concentration,
annealing temperatures and extension time, as outlined in Methods section 2.1.5. Ultimately,
each of the individually optimised PCR conditions produced a strong, pure PCR product, each
of which was ideal for subsequent cloning attempts. As shown in Figure 3.2.2.1, each of
RAMP1 (lanes 1 and 2), RAMP2 (lanes 3 and 4) and RAMP3 (lanes 5 and 6) gave a band of
approximately 0.4 kb, and each of CFP (lanes 7 and 8) and YFP (lanes 9 and 10) gave a band
of approximately 0.8 kb. In addition, as shown in Figure 3.2.2.2, each of CTR (lanes 1 and 2)
and CLR (lanes 3 and 4) gave a band of approximately 1.5 kb. Lanes 5 to 8 of this figure are
explained in Figure 3.2.3.2. The PCR product for RAMP1 was expected to be 432 bp, RAMP2
was 459 bp, RAMP3 was 429 bp, CFP and YFP were 729 bp, CTR was 1530 bp, and CLR
was 1482 bp. Each of these PCR products, demarcated by the red boxes, had therefore been
amplified to the fragment sizes expected, based upon the initial cDNA sequences, and could

be carried forward into cloning attempts.

kb MW 1 2 3 4 5 6 7 8 9 10

Figure 3.2.2.1. Receptor Activity Modifying Protein (RAMP) and Fluorescent Protein (CFP/YFP)
PCR Products. When amplified using KOD polymerase and oligonucleotide primers listed in section
2.1.4, RAMP1 (lanes 1 and 2), RAMP2 (lanes 3 and 4) and RAMP3 (lanes 5 and 6) each resulted in an
approximate band at 0.4 kb. In addition, CFP (lanes 7 and 8) and YFP (lanes 9 and 10) each resulted
in an approximate band at 0.8 kb. MW is the NEB 1 kb DNA ladder.
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Figure 3.2.2.2. Calcitonin Receptor (CTR) and Calcitonin Receptor-Like Receptor (CLR) PCR
Products. When amplified using KOD polymerase and oligonucleotide primers listed in section 2.1.4,
CTR (lanes 1 and 2) and CLR (lanes 3 and 4) each resulted in approximate bands at 1.5 kb. MW is the
NEB 1 kb DNA ladder. The red box demarcates the lanes relevant to this experiment; lanes 5 to 8 are

not relevant to this figure, but are explained in Figure 3.2.3.2.
3.2.3 — Construct Assembly In pTZ19R

Prior to cloning attempts, each of the PCR products created in section 3.2.2 were first purified
through a PCR cleanup kit, digested with the appropriate restriction enzymes detailed in
section 2.1.4, run on an agarose gel, and purified a second time with a gel extraction kit. In
tandem, the cloning vector pTZ19R was also digested with the corresponding restriction
enzymes for each fragment, run on an agarose gel, and purified with the gel extraction kit.
Each of the purified PCR products and linearised plasmid were then combined into several
ligation reactions with T7 DNA ligase, and subsequently transformed into DHS5a E. coli cells.
These were then grown on agar plates at 37°C, and colonies were selected to be screened

for successful clones by diagnostic digest and Sanger sequencing.

As shown in Figure 3.2.3.1, each of the three RAMPs, and both CFP and YFP were
successfully digested out of the cloning vector pTZ19R, resulting in two bands being present
within each lane. RAMP1 (lanes 1-3), RAMP2 (lane 4) and RAMP3 (lanes 7-9) each gave a
band of approximately 0.4 kb, CFP (lanes 10-12) and YFP (lanes 13-15) each gave a band of
approximately 0.8 kb, as demarcated by the red boxes, and finally, the linearised pTZ19R

plasmid gave a band of approximately 2.9 kb with each digest (lanes 1-15). In addition, Figure
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3.2.3.2 shows the diagnostic digest of both CTR (lane 6) and CLR (lane 8), both giving a band
of approximately 1.5 kb when digested from pTZ19R (lanes 6 and 8), as demarcated by the
red boxes, with pTZ19R giving a band of 2.9 kb each time. Lanes 1 to 4 are explained in Figure
3.2.2.2. Note that the upper band in lanes 1, 2, 3, 5 and 6 presented as a double-band which
is explained by an incomplete digestion of the plasmid. Overall, these results mean each
construct fragment had been successfully cloned into the pTZ19R plasmid, the sequences of

which were then confirmed to be as expected by Sanger sequencing.

kb MW 1 2 3 4 5 6 7 8 9 10 1M 12 13 14 15

Figure 3.2.3.1. Restriction Digestion of Cloning Vector pTZ19R Containing RAMPs1-3, CFP and
YFP. Following their ligation into pTZ19R with T7 DNA ligase, RAMP1 (lanes 1-3), RAMP2 (lane 4) and
RAMP3 (lanes 7-9) each result in an approximate band at 0.4 kb when digested with the appropriate
restriction enzymes listed in section 2.1.4. In addition, CFP (lanes 10-12) and YFP (lanes 13-15) each
result in an approximate band at 0.8 kb, while the linearised host vector pTZ19R results in a band at
2.9 kb. MW is the NEB 1 kb DNA ladder. The red box demarcates the lanes relevant to this experiment.
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Figure 3.2.3.2. Restriction Digestion of Cloning Vector pTZ19R Containing CTR and CLR.
Following their ligation into pTZ19R with T7 DNA ligase, CTR (lane 6) and CLR (lane 8) each result in
an approximate band at 1.5 kb when digested with the appropriate restriction enzymes listed in section
2.1.4. In addition, the linearised host vector pTZ19R results in an approximate band at 2.9 kb. MW is
the NEB 1 kb DNA ladder. The red box demarcates the lanes relevant to this experiment; lanes 1 to 5

and lane 7 are not relevant to this figure, and lanes 1 to 4 are explained in Figure 3.2.2.2.

Following this initial insertion of each construct fragment into pTZ19R, the second step of
assembly first involved the restriction digest of each receptor and RAMP at their C termini in
order to ligate either YFP or CFP, respectively, to form the tagged constructs in pTZ19R.
Following restriction digestion, each sample was again run on an agarose gel and purified with
a gel extraction kit prior to ligation. These were also transformed into DH5a E. coli cells, and
colonies screened for successful clones. As shown in Figure 3.2.3.3, each of RAMP1-CFP
(lane 2), RAMP2-CFP (lanes 4-6), and RAMP3-CFP (lanes 7-9) gave a band of approximately
1.2 kb when digested from pTZ19R (lanes 1-9) which gave bands of approximately 2.9 kb
each time. Lanes 1 and 3 were unsuccessful cloning attempts. In addition, CTR-YFP (lane 2)
gave a band of approximately 2.3 kb when digested from pTZ19R (lane 2) which gave a band
of approximately 2.9 kb, as shown in Figure 3.2.3.4. Lane 1 is explain in Figure 3.2.4.2, and
lanes 3 to 6 are irrelevant to this experiment. These results mean that the fluorescently tagged
constructs of the three RAMPs and CTR had been successfully assembled within pTZ19R,
and were again confirmed to be of the expected sequence via Sanger sequencing.
Unfortunately, after several unsuccessful attempts to assemble the CLR-YFP construct, the

decision was ultimately made to outsource its synthesis, so as not to further waste time. It was
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unclear as to exactly why this construct could not be cloned; it was proposed that the Xmal
restriction site or enzyme may have been responsible, as it was unique to this construct. In

any case, the four successful clones were progressed into the final step of the cloning strategy.

kb MW 1 2 3 4 5 6 7 8 9

Figure 3.2.3.3. Restriction Digestion of RAMP-CFP Constructs Assembled in pTZ19R. Following
their assembly in pTZ19R, RAMP1-CFP (lane 2), RAMP2-CFP (lanes 4-6) and RAMP3-CFP (lanes 7-
9) each result in an approximate band at 1.2 kb when digested with the appropriate restriction enzymes
listed in section 2.1.4. The linearised host vector pTZ19R results in an approximate band at 2.9 kb. MW
is the NEB 1 kb DNA ladder. The red box demarcates the lanes relevant to this experiment; lanes 1 and

3 were unsuccessful cloning attempts.
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Figure 3.2.3.4. Restriction Digestion of the CTR-YFP Construct Assembled in pTZ19R. Following
their assembly in pTZ19R, CTR-YFP (lane 2) results in an approximate band at 2.3 kb when digested
with the appropriate restriction enzymes listed in section 2.1.4. The linearised host vector pTZ19R
results in an approximate band at 2.9 kb. MW is the NEB 1 kb DNA ladder. The red box demarcates
the lanes relevant to this experiment; lane 1 is explained in Figure 3.2.4.2, and lanes 3 to 6 are

irrelevant.
3.2.4 — Subcloning Into pcDNA3.1-

While the small cloning vector pTZ19R is suited to construct assembly and plasmid
amplification within E. coli cells, a separate vector is needed for construct expression in
mammalian cells; pcDNA3.1- was selected for this task. Simply, each of the three RAMP-CFP
and CTR-YFP constructs were digested out of pTZ19R, and ligated into the complementary
restriction sites in the similarly digested pcDNA3.1" plasmid. Once again, these ligation
reactions were transformed into DH5a E. coli cells, and colonies screened for successful sub-
clones. As shown in Figure 3.2.4.1, RAMP1-CFP (lanes 1 and 2), RAMP2-CFP (lanes 3 and
4) and RAMP3-CFP (lanes 5 and 6) each gave a band of 1.2 kb when digested from
pcDNAS3.1" (lanes 1-6) which gave bands of 5.5 kb each time. Note that the upper bands
presented as double-banded which is explained by incomplete restriction digestion. In
addition, as shown in Figure 3.2.4.2, CTR-YFP (lane 1) gave a band of 2.3 kb when digested
from the 5.5 kb pcDNA3.1" plasmid (lane 1). Lane 2 is explained by Figure 3.2.3.4, and lanes

3 to 6 are irrelevant to this experiment. Again, it should be noted that the CLR-YFP construct
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synthesis had been outsourced. Overall, these results mean the RAMP-CFP and CTR-YFP
constructs had been successfully ligated into pcDNA3.1°, confirmed by Sanger sequencing.
The cloning strategy of section 3.2.1 was therefore achieved, and the constructs were thus

ready for transfection and expression within mammalian cell cultures.

kb MW 1 2 3 4 5 6

Figure 3.2.4.1. Restriction Digestion of RAMP-CFP Constructs Sub-Cloned into pcDNA3.1-.
Following sub-cloning into pcDNA3.1-, RAMP1-CFP (lanes 1 and 2), RAMP2-CFP (lanes 3 and 4) and
RAMP3-CFP (lanes 5 and 6) each result in an approximate band at 1.2 kb when digested with the
appropriate restriction enzymes listed in 2.1.4. The linearised host vector pcDNA3.1- results in an
approximate band at 5.5 kb. MW is the NEB 1 kb DNA ladder.
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Figure 3.2.4.2. Restriction Digestion of the CTR-YFP Construct Sub-Cloned into pcDNA3.1-.
Following sub-cloning into pcDNA3.1-, CTR-YFP (lane 1) results in an approximate band at 2.3 kb when
digested with the appropriate restriction enzymes listed in section 2.1.4. The linearised host vector
pcDNA3.1- results in an approximate band at 5.5 kb. MW is the NEB 1 kb DNA ladder. The red box
demarcates the lanes relevant to this experiment; lane 2 is explained in Figure 3.2.3.4, and lanes 3 to

6 are irrelevant.

3.3 — Confirmation of Construct Expression and Functionality in Mammalian Cells
3.3.1 — Optimisation of Transfection Protocols

Given that experiments involving the expression or functionality of membrane proteins rely on
efficient and effective transfections, a screening was next performed to identify the optimal
transfection reagent and experimental conditions for the expression of the created constructs
in mammalian cells. Receptor-YFP constructs were transfected alone, as well as conditions
including a RAMP-CFP construct, as outlined in Methods section 2.1.6. COS-7 cells were
seeded in complete DMEM medium at 20,000 cells per well in a 96-well format and transiently
transfected with 0.25 g total DNA, 24 hours after seeding; when co-transfecting both receptor
and RAMP, this equates to 0.125 ug of each. Two established transfection methods were
trialled, using either polyethylenimine (PEI) or the Lipofectamine 2000 reagent. Transfected

cells were incubated at 37°C for both 24 and 48 hours post-transfection before measurement
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at 480-530 nm in a fluorescent microplate reader. All values have been corrected to the
background signal produced by untransfected cells, and are presented as relative light units
(RLU), as shown in Figure 3.3.1.

Firstly, contrary to some established protocols, a 24 hour transfection incubation (data not
shown) simply did not work, failing to produce fluorescence significantly higher than
untransfected cells. However, a transfection incubation of 48 hours was found to be broadly
successful (Figure 3.3.1), with the expression of the tagged constructs fluorescing significantly
higher than untransfected cells. As shown in Figure 3.3.1a, several DNA:PEI ratios were
screened, with 1:3 performing the best overall, giving an RLU range of 90 to 184, with an
average of 133. Despite these successful transfections however, PE| was found to be a less
expensive but more unreliable reagent and thus Lipofectamine 2000 was screened as an
alternative option. As shown in Figure 3.3.1b, Lipofectamine 2000 gave lower RLU
measurements overall, a range of 33 to 101, with an average of 70, but was found to be much
more reliable across separate transfections and experiments. As such, the decision was made
to solely use Lipofectamine 2000 with 48 hour incubations before cell harvesting, with this

reagent being utilised in all further experiments involving the transfection of COS-7 cells.

(a) PEI (b) Lipofectamine 2000
250 150+
12
200 = 1:3
1 # = 1:4 100}
3 "7 ifl 3
- -
x x
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Figure 3.3.1. A Screening of Transfection Reagents. COS-7 cells were transiently transfected for 48
hours with fluorescently tagged constructs in a 96-well format, with 20,000 cells and 0.25 ug total DNA
per well. 1 mg/ml PEI was trialled in a range of DNA:PEI ratios (a) as well as Lipofectamine 2000 which
used a 1:1 ratio according to manufacturer instructions (b). Refer to Table 1.3.2 for details on these
receptor-RAMP abbreviations; CTR is calcitonin receptor alone, AMY1 is CTR and RAMP1, AMY2 is
CTR and RAMP2, AMY3 is CTR and RAMP3, CLR is calcitonin receptor-like receptor alone, CGRP is
CLR and RAMP1, AM1 is CLR and RAMP2, and AM2 is CLR and RAMP3. Data is presented as relative
light units (RLU), with overall fluorescence measured at ex 480 nm, em 530 nm from at least three

independent experiments. Error bars represent the standard error of the mean (SEM).
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3.3.2 — Production of cAMP in Response to CGRP

Consequently, after the target constructs had been created successfully and their
transfections confirmed to be effective in COS-7 cells, it was next necessary to determine
whether the modifications to the stock constructs had affected their ability to function
pharmacologically, as receptor-RAMP complexes should. Given that the calcitonin family of
receptors can be stimulated to produce cAMP with several calcitonin-related peptide ligands,
both the untagged and fluorescently-tagged constructs were transfected into COS-7 cells and
their cAMP production quantified after stimulation with the calcitonin gene-related peptide
(CGRP). Note that the untagged constructs were the equivalent receptors and RAMPs within
pcDNA3.1- without CFP or YFP, utilised as non-fluorescent or unmodified controls. CGRP
itself was chosen as all of the selected receptor-RAMP combinations (CTR, AMY1-3, CGRP,
AM1 and AM2 receptors) respond to this peptide ligand, albeit to varying extents. Cells were
transfected and stimulated as outlined in Methods section 2.17 and subsequently assayed for

cAMP production with the AlphaScreen kit manufactured by Perkin Elmer, Inc.

Firstly, a series of cAMP standards were prepared in duplicate, between 10 pM and 1 uyM as
shown in Figure 3.3.2.1a; as the immunoassay itself is competitive, an increase in cAMP
results in a reduction in the luminescent AlphaScreen assay signal. Non-linear regression was
performed on this log(agonist) vs response curve which determined its top and bottom values
to be 10586 and 1010, its Hill slope to be -0.7298, its logIC50 to be -9.53, and an R? value of
0.9965. Now importantly, the AlphaScreen signals detected from the transfected cell lysates
would not fit onto this standard curve, thus it was therefore interpolated and transformed to
produce a simulated standard curve as shown in Figure 3.3.2.1b. This process expands the
standard curve, but importantly maintains the parameters of the original curve’s non-linear
regression, such that the top and bottom values became 111362 and 4815, but the Hill slope
and logIC50 values remained to be -0.7298 and -9.53, with an R? value of 1. Essentially, as
opposed to trying to fit assay data onto a standard curve, this process expands the standard
curve to fit the assay data obtained; the curve’s regression remains the same ‘shape’, but its

range is extended, and can therefore estimate the amount of cAMP produced by cell samples.
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Figure 3.3.2.1. AlphaScreen cAMP Assay Standard Curves. (a) Standards of cAMP were prepared
in duplicate between 10 pM and 1 pM and their AlphaScreen signals determined by competitive
immunoassay, giving a loglC50 value of -9.53. This standard curve was then interpolated to simulate a
second curve (b) appropriate for estimating the amount of cAMP produced by cell samples. Importantly,
this extends the range of the standards to fit the AlphaScreen data obtained, but maintains the
parameters of the original regression. Data plotted as four-parameter non-linear regression, as an

average of n=3.

Next, the AlphaScreen signal values for cells transfected with the untagged and fluorescently-
tagged constructs were similarly processed. These values were interpolated onto the
simulated standard curve to give an estimation of the sample’s cAMP production, transformed
to the inversed log format (X=107X), and represented as the amount of cAMP produced in
pmol/mg compared to the concentration of CGRP that sample was stimulated by (log[CGRP]
M). The dose-response curves of each receptor-RAMP combination are shown in Figures
3.3.2.2 and 3.3.2.3, with comparison between the untagged (black) and tagged (pink) versions
of the constructs, the parameters of which are summarised in Table 3.3.2. In addition, the
differences between the untagged and tagged construct dose-responses were each tested for
significance by a two-tailed, unpaired t-test of which none were found to be significantly
different (p values listed in Table 3.3.2). Overall, these results therefore mean that
fluorescently tagging the receptor and RAMP constructs with either YFP or CFP did not

significantly alter their ability to increase levels of cAMP in response to CGRP.
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Figure 3.3.2.2. CGRP-Stimulated Production of cAMP in Cells Expressing the Calcitonin or
Amylin Receptors. COS-7 cells were transfected with untagged (black) and fluorescently-tagged (pink)
constructs corresponding to the calcitonin (CTR) and amylin (AMY1 to 3) receptors; refer to Table 1.3.2
for detail on these receptor-RAMP phenotypes. After stimulation with CGRP agonist, the cellular
production of cCAMP was determined by AlphaScreen immunoassay, interpolating from the cAMP
standards run in-parallel (Figure 3.3.2.1). The parameters of each curve are summarised in Table 3.3.2,
along with the results of any significant differences between untagged and tagged curves. Data is an

average of n=3, and error bars represent the standard error of the mean.
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Figure 3.3.2.3. CGRP-Stimulated Production of cAMP in Cells Expressing the CGRP or
Adrenomedullin Receptors. COS-7 cells were transfected with untagged (black) and fluorescently-
tagged (pink) constructs corresponding to the calcitonin receptor-like receptor (CLR), CGRP and
adrenomedullin (AM1 and AM2) receptors; refer to Table 1.3.2 for detail on these receptor-RAMP
phenotypes. After stimulation with CGRP agonist, the cellular production of cAMP was determined by
AlphaScreen immunoassay, interpolating from the cAMP standards run in-parallel (Figure 3.3.2.1). The
parameters of each curve are summarised in Table 3.3.2, along with the results of any significant
differences between untagged and tagged curves. Data is an average of n=3, and error bars represent

the standard error of the mean.
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Table 3.3.2. A Summary of Dose-Response Parameters from AlphaScreen cAMP Immunoassays.
The parameters for the top, bottom, Hill slope, logEC50 and R2 values are summarised for each curve
in Figures 3.3.2.2 and 3.3.2.3, with comparison between the untagged and fluorescently-tagged
versions of each receptor-RAMP combination. logeEC50 values for CLR and CLR-YFP were not
determined (ND) due to their lack of signalling in the absence of a RAMP. In addition, the results of two-
tailed, unpaired t-tests are shown along with p values, indicating there were no significant differences
between cells transfected with either untagged or tagged receptor-RAMP constructs, in terms of their

cAMP production. Data is as an average of n=3 with both biological and technical replicates.
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Finally, after proving that the receptor and RAMP constructs were able to increase cAMP in
COS-7 cells after stimulation with CGRP, and that fluorescently tagging them with either YFP
or CFP did not cause any significant difference to that increase in cAMP, how do these results
compare to those reported in the literature? Figure 3.3.2.4 shows a comparison of the pEC50
values determined in this body of work (untagged = black and tagged = pink) against those
detailed in an update to the pharmacology of the calcitonin/CGRP family of peptides (grey)

(Hay et al., 2018). These grey data are a collection of pEC50 values reported in the literature,
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originating from several research groups, with perhaps slightly different constructs, derived

from a variety of cell lines including HEK293 and COS-7. To summarise, the pEC50 values

for the various receptor-RAMP combinations in this body of work lie well within the reported

ranges for the calcitonin family receptors stimulated specifically with CGRP.
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Figure 3.3.2.4. A Comparison of pEC50 Values for the Calcitonin Receptor Family when

Stimulated with CGRP. pEC50 values reported in an update to the pharmacology of the

calcitonin/CGRP peptide family (grey) (Hay et al., 2018) compared to those determined in this body of

work (black = untagged and pink = fluorescently tagged). Mean pEC50 values displayed at the bottom

of each dataset and bars show the mean and standard error of the mean.
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Overall, these results indicate that the receptor and RAMP constructs designed for the
application to a FRET-based interaction assay were not only created successfully, but were
able to be effectively transfected into the mammalian COS-7 cell line with the use of
Lipofectamine 2000. Crucially, the constructs also demonstrated the expected
pharmacological responses to CGRP, including when tagged with the fluorescent proteins
needed for FRET itself, and thus were deemed appropriate for use in FRET experiments,

especially in the context of drug screening.

3.4 — Detection of Receptor-RAMP Interactions by FRET

After successfully creating the fluorescently-tagged constructs by PCR and molecular cloning,
optimising their transfection into COS-7 cells, and gaining an indication of receptor-RAMP
functionality in terms of stimulated cAMP production, the constructs were deemed to be fit for
purpose, and were therefore utilised in establishing and testing the FRET assay itself. As
discovered by the transfection optimisation in section 3.3, COS-7 cells were again transfected
for 48 hours in a 96-well format, to a total of 0.25 ug DNA per well, and analysed with a Mithras
LB 940 microplate reader; this is based upon a ‘gold-standard’ method produced by Berthold
Technologies to detect GPCR dimerization by FRET (Haase, Kamann and Brtix, 2011).

Cells were transfected with various combinations of either receptor or RAMP alone, both
receptor and RAMP, and indeed both tagged and untagged versions of them; these
transfection conditions not only act as controls for the various fluorescence measurements,
but are also involved in the calculations associated with FRET, FRET efficiency and ultimately,
the calculated distance between donor and acceptor. In addition to these 22 different
transfection conditions, each of these had three different analyses performed, corresponding
to the donor, acceptor and FRET channel wavelengths. The donor channel used CFP specific
filters which excite samples at 430/10 nm and detect emission at 480/20 nm. The acceptor
channel used YFP specific filters which excite samples at 485/14 nm and detect emission at
530/25 nm. And finally, the FRET channel used a combination of the CFP and YFP filters, to
excite samples at 430/10 nm, and detect emission at 530/25 nm. These raw measurements
of fluorescence were performed in duplicate, according to the Berthold method, background
corrected against untransfected cells, and finally combined as an average of three

independent experiments for each condition.

Once these average fluorescence values were obtained for each transfection condition, they
were used in the following equations which calculate FRET efficiency (E%), and is detailed in

section 2.2.3 and equations 2.2.3.2 to 2.2.3.5. Briefly, d calculates the fluorescence intensity
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ratio for donor (CFP) bleed through, and a calculates the equivalent for acceptor (YFP) bleed
through. These bleed through ratios are then used to calculate F-.which is the detected FRET
signal, corrected for both donor and acceptor bleed through. Finally, the F. value is then used
along with the fluorophore quantum yields, Qs and Qa, to calculate the FRET efficiency
between donor and acceptor, E%, which is the efficiency of energy transfer between CFP and
YFP when in close proximity, which occurs due to the receptor-RAMP interaction. As shown
in Table 3.4, the amylin 1 receptor (CTR-YFP and RAMP1-CFP) gave an average FRET
efficiency of 88.32%, amylin 2 (CTR-YFP and RAMP2-CFP) gave 87.26% and amylin 3 (CTR-
YFP and RAMP3-CFP) gave 86.91%. In addition, the CGRP receptor (CLR-YFP and RAMP1-
CFP) gave an average FRET efficiency of 89.65%, adrenomedullin 1 (CLR-YFP and RAMP2-
CFP) gave 86.74%, and adrenomedullin 2 (CLR-YFP and RAMP3-CFP) gave 87.78%. These
results not only show that the tagged receptor and RAMP constructs were indeed well-
expressed compared to background, but were also interacting with each other in the proximity

needed to facilitate FRET events.
d - FD/DD
a= FA/AA

Fc = Fpy— (Dpa*d) — (Aps * a)

E=1_[DDA_(DDA+FC*%)]

Equation 3.4.1. Calculating FRET Efficiency, E. These equations are repeated for ease of reading,

please see section 2.2.3 and equations 2.2.3.2 to 2.2.3.5 for detail and explanation.

As FRET efficiency is relative to the inverse 6" power of distance (r) between donor and
acceptor, this distance was then calculated using the equation below for each transfection
condition, as an estimation of the average distance between the tagged receptor and RAMP.
While the FRET efficiency values are obtained from the above calculation, the Forster
distance, Ry, is 4.751 nm for the CFP-YFP pair, and thus rearrangement of this equation gives
distance, r. Also shown in Table 3.4, the receptor and RAMP for the amylin 1 condition were
estimated to be 3.391 nm in proximity, amylin 2 were 3.448 nm and amylin 3 were 3.466 nm.
In addition, the receptor and RAMP for the CGRP condition were estimated to be 3.315 nm in
proximity, adrenomedullin 1 were 3.523 nm and adrenomedullin 2 were 3.420 nm. These
results therefore indicate that the FRET signals detected between the tagged receptors and
RAMPs did not only occur, but did so on an appropriate scale of distance for these membrane

proteins, approximately 3.4 nm on average.
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Equation 3.4.2. Calculating Donor-Acceptor Separation Distance, r. These equations are repeated

for ease of reading, please see section 2.2.3 and equation 2.2.3.6 for detail and explanation.

Table 3.4. Detection of FRET as a Result of Receptor-RAMP Interactions. When the tagged
constructs were co-transfected together into COS-7 cells, as described, CFP and YFP gave detectable
FRET events, indicative of interactions between the calcitonin family of GPCRs and the RAMPs, on a
scale of <10 nm. The efficiency of energy transfer during these FRET events were calculated (E%),
giving an overall average of 87.78% which equates to an overall average distance (r) of 3.42 nm
between CFP and YFP. Individual results are shown below, are averages of three independent

experiments, and were first background corrected against untransfected cells.

Transfection Combination Receptor FRET Efficiency (E%) Distance r (nm)
Phenotype
CTR-YFP + RAMP1-CFP AMY'1 88.32 3.391
CTR-YFP + RAMP2-CFP AMY2 87.26 3.448
CTR-YFP + RAMP3-CFP AMY3 86.91 3.466
CLR-YFP + RAMP1-CFP CGRP 89.65 3.315
CLR-YFP + RAMP2-CFP AM1 86.74 3.5623
CLR-YFP + RAMP3-CFP AM2 87.78 3.420

Overall, the aim of creating a FRET-based assay to detect interactions between the calcitonin
family of GPCRs, and the RAMPs was met with success, and the results obtained were of a
proximity expected of these membrane proteins. This novel assay was therefore deemed
ready for use in screening existing or potential drugs which may affect the receptor-RAMP
interaction interface in an allosteric manner. Importantly, this assay was also confirmed to be
appropriate for use in high-throughput approaches, as well as low-throughput methods such
as confocal imaging. These results therefore suggest a promising FRET-based platform from

which future experiments and projects may originate.
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3.5 — Drosophila melanogaster: An Alternative Expression System for Mammalian

Membrane Proteins?

The overall aim of this strategy was to express both CLR-YFP and RAMP1-CFP, making a
fluorescently-tagged CGRP receptor, using Drosophila melanogaster as the expression
system, and determine whether this receptor-RAMP complex could be extracted from the
Drosophila intact, and retain applicability to the above FRET assay. As discussed in section
1.1.3, the rhabdomere membrane stacks of Drosophila photoreceptor cells offer ample surface
area for targeted overexpression of membrane proteins, utilising the well-established GAL4-
UAS system (Phelps and Brand, 1998; Duffy, 2002). If this were possible, this may prove to
be an efficient and cost-effective stable expression line, overcoming the downsides of transient

mammalian expression, and retaining strong applicability to high-throughput drug screening.

The GAL4-UAS system makes use of a yeast transcription factor (GAL4) which binds to an
upstream activation sequence (UAS), and drives expression of target genes in a tissue specific
manner (Busson and Pret, 2007). In order to achieve this, as shown in Figure 3.5a, two
Drosophila strains are mated together: the driver strain which expresses GAL4 under a tissue-
specific promoter or enhancer such as the glass multiple reporter (GMR), and the UAS strain
in which the target gene has been cloned downstream of the GAL4 UAS. The resulting F1
offspring will therefore express the target gene in those cells which specifically express GAL4,
and thus, a driver strain which expresses GAL4 in the Drosophila eye (GMR-GAL4) will restrict
expression of the target membrane proteins to the photoreceptor cells. It should be noted here
that firstly, the cloning and expression of the target gene makes these Drosophila transgenic,
and secondly, this system has been used to effectively express a number of functional GPCRs

alongside endogenous Drosophila opsins (Eroglu et al., 2002; Panneels et al., 2011).
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Figure 3.5a. The GAL4-UAS System for Targeted Transgene Expression in Drosophila. In order
to express target transgenes in a tissue-specific manner, two different Drosophila strains are mated
together in the parental cross. The driver strain expresses the yeast transcription factor GAL4, under
the control of a tissue-specific enhancer or promoter, such as the glass multiple reporter (GMR). In
addition, the UAS strain contains the target transgene, such as a GPCR or RAMP, downstream of the
GAL4 upstream activating sequence (UAS). The resulting F1 offspring from this cross will therefore
express GAL4 in a tissue-specific manner, driving expression of the target transgene within that tissue.
As such, a driver strain which specifically expresses GAL4 within the eyes, such as GMR-GAL4,
restricts heterologous expression of target transgenes to the photoreceptor cells. Created with

Biorender.com.

Importantly, in order to make this GAL4-UAS system possible with transgenic Drosophila, the
target gene must be cloned downstream of the UAS and inserted into one of the Drosophila’s
chromosomes, thereby requiring a method to permanently incorporate the cloned target gene
into the Drosophila genome. This can be achieved by the use of a UAST plasmid and
manipulation of P elements, whereby the target gene is first cloned into the multiple cloning
site of the plasmid, which itself is then incorporated into the genome via an endogenous germ-
line-specific ®C31 integrase (Bischof et al., 2007). P elements are Drosophila transposons,
or ‘jumping genes’, able to excise and insert themselves into various locations within the
genome, and can be hijacked for the purpose of transgenesis. The plasmid pUAST-attB, along
with its multiple cloning site cassette, contains the 285 bp attB fragment which is
complementary to a specific attP landing site located on the Drosophila chromosome. Quite
simply, as shown in Figure 3.5b, ®C31 integrase catalyses the recombination of these attB
and attP sites, incorporating the entire plasmid into that particular chromosome, resulting in
the hybrid sites attR and attL. These new sites are refractory to the integrase enzyme and

thus this P element system allows insertion, but not excision, and thus the target gene or
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construct within pUAST-attB’s multiple cloning site is permanently integrated into the
Drosophila genome (Bischof et al., 2007). Consequently, the target gene’s expression can
now be driven by the binding of GAL4 to the UAS sequence, as discussed. It should also be
noted that the presence of the loxP sites eliminates any interference from sequences
preceding or succeeding the integrated plasmid. Overall, the expression of target membrane
proteins within the GAL4-UAS system requires the cloning of target construct sequences into
the pUAST-attB plasmid, as evidenced by sections 3.5.1 to 3.5.3.
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Figure 3.5b. ®C31 Integrase-Mediated Integration of pUAST-attB into the Drosophila Genome.
The attB fragment within the pUAST plasmid is able to recombine with a specific attP landing site on a
Drosophila chromosome, with the use of an endogenous ®C31 integrase, creating the hybrid sites attR
and attL. The target gene or construct within the multiple cloning site (MCS) of the plasmid is thereby
permanently integrated into the Drosophila genome, and can be driven to expression by the GAL4
transcription factor as shown in Figure 3.5a. The presence of loxP sites eliminates any interference by

sequences either side of the integrated plasmid. Created with Biorender.com.
3.5.1 — Cloning Strategy for Drosophila Expression

In order to achieve the objective of this project, and express a fluorescently-tagged GPCR-
RAMP system within the photoreceptor cells of Drosophila melanogaster, the DNA constructs
designed in section 2.1 were modified in terms of their restriction sites, ensuring they would
be complementary with this new plasmid, pUAST-attB. A new set of sense and anti-sense
oligonucleotide primers were designed to achieve this strategy, listed in section 2.3.2. These
new constructs were created by PCR, adding the necessary restriction sites, and enabling

subsequent sub-cloning within the Drosophila vector, pUAST-attB, as illustrated by Figure
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3.5.1. After considering the calcitonin family of GPCRs and the three RAMPs for inclusion in
this trial experiment, the decision was made to focus solely upon expression of the CLR-
RAMP1, or CGRP receptor, to provide proof of concept. As such, the RAMP1-CFP construct
would be prepared by PCR and cloned into pUAST-attB, as evidenced by sections 3.5.2 and
3.5.3. In addition, due to the previous difficulties of cloning the CLR-YFP construct in section
3.2.3, its synthesis within pUAST-attB was again outsourced so as not to waste further time.
Finally then, these two constructs, after confirmation by Sanger sequencing, would be ready
for microinjection into Drosophila larvae, incorporation into their genome, and eventual

expression trials.
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Figure 3.5.1. Cloning Strategy to Insert RAMP1-CFP into the Drosophila Expression Vector,
pUAST-attB. The RAMP1-CFP construct cloned within pTZ19R would have its restriction sites modified
by PCR, and subsequently ligated into the Drosophila expression vector pUAST-attB. Created with

BioRender.com.
3.5.2 — Expansion of RAMP1-CFP by PCR

Taking the optimised PCR conditions initially performed in section 3.2.2 as a starting point,
PCR conditions were then further optimised for expansion of the entire RAMP1-CFP construct.
After many attempts, a pure PCR product was obtained as shown in Figure 3.5.2; the RAMP1-
CFP construct (lanes 1-9) gave a band of approximately 1.2 kb, as expected, and was
therefore selected for cloning attempts. This PCR step was ultimately required in order to

modify the construct’s restriction sites to be compatible with the pUAST-attB vector.
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Figure 3.5.2. RAMP1-CFP PCR Products. When amplified using KOD polymerase and oligonucleotide
primers listed in section 2.3.2, the RAMP1-CFP construct (lanes 1-9) resulted in an approximate band
at 1.2 kb. MW is the NEB 1kb DNA ladder.

3.5.3 — Cloning RAMP1-CFP Into pUAST-attB

Prior to cloning attempts, the RAMP1-CFP PCR product was first purified through a PCR
cleanup kit, digested with the appropriate restriction enzymes, run on an agarose gel, and
purified a second time with a gel extraction kit. In tandem, the vector pUAST-attB was also
digested with the corresponding restriction enzymes, run on an agarose gel, and purified with
the gel extraction kit. Each of the purified PCR product and linearised plasmid were then
combined into several ligation reactions with T7 DNA ligase, and subsequently transformed
into DH5a E. coli cells. These were then grown overnight on agar plates at 37°C, and colonies
were selected to be screened for successful clones by diagnostic digest and Sanger

sequencing.

As shown in Figure 3.5.3, the RAMP1-CFP construct was successfully digested out of the
vector pUAST-attB, resulting in two bands being present within each lane. RAMP1-CFP (lanes
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3-6) gave a band of 1.2 kb, and the linearised pUAST-attB plasmid gave a band of 8.5 kb with
each digest (lanes 3-6). Note that the upper band in lanes 2, 5 and 6 presented as a double-
band which is explained by an incomplete digestion of the plasmid. Overall, these results mean
the RAMP1-CFP construct fragment had been successfully cloned into the pUAST-attB
plasmid, the sequence of which was then confirmed to be as expected by Sanger sequencing.
This particular clone was then expanded to 0.5 mg/ml of recombinant plasmid DNA, in
preparation for the incorporation into the Drosophila genome, along with the outsourced CLR-

YFP construct.
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Figure 3.5.3. Restriction Digestion of the RAMP1-CFP Construct Assembled in pUAST-attB.
Following its assembly in pUAST-attB, RAMP1-CFP (lanes 3-6) resulted in an approximate band at 1.2
kb when digested with the appropriate restriction enzymes listed in section 2.3.2. The linearised host
vector pUAST-attB resulted in a band at 8.5 kb. MW is the NEB 1kb DNA ladder. The red box

demarcates the lanes relevant to this experiment; lanes 1 and 2 are unsuccessful cloning attempts.
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3.5.4 — From Transgenesis to Expression

Reiterating the aim of this project, to express the fluorescently-tagged CGRP receptor, both
the CLR-YFP and RAMP1-CFP constructs must be incorporated into the same Drosophila
strain, and be compatible with the transgenesis and GAL4-UAS systems described in section
3.5. Firstly, in terms of the P element-mediated transgenesis protocol, and combination of the
attB and attP sites, the Drosophila genome possesses numerous P element landing sites
across four different chromosomes. For simplicity, both constructs would be incorporated into
two different strains, on two different chromosomes, which could then be crossed together at
a later stage to produce a strain with both. The RAMP1-CFP construct within pUAST-attB
would be incorporated into the attP40 site on chromosome 2, position 25C6, with a yellow+
marker, and the CLR-YFP construct within pUAST-attB would be incorporated into the attP2
site on chromosome 3, position 68A4, also with a yellow+ marker. In both cases, the
endogenous PC31 integrase, needed for the recombination of the attB and attP sites, would
be found on the X chromosome. Overall, this process of transgenesis was outsourced to a
specialist Drosophila lab, the University of Cambridge Department of Genetics Fly Facility,
whereby the constructs within pUAST-attB would be microinjected into Drosophila embryos
along with a ®C31 helper plasmid. Finally, separate tubes of these microinjected Drosophila
larvae would be received, a proportion of which would have either CLR-YFP or RAMP1-CFP

successfully incorporated into their genome.

Once this transgenesis protocol had been completed, and the resulting Drosophila received,
they were initially cultured to adulthood, and subsequently used in a series of mating crosses,
as shown in Figure 3.5.4, to achieve certain outcomes. Each of these crosses would take 10
days to complete, and thus the crossing schedule to attempt expression would be on a scale
of approximately 8 to 10 weeks in total. Briefly, step 1 involves separately mating adult males
of the transgenic strains received from the Fly Facility with white-eyed female virgins (WFV)
of a w*" host strain, moving the transgene construct from the germline to the somatic cell line,
and reintroducing a red-eyed phenotype. The adult males of these red-eyed progeny were
then mated with the WFV strain a second time, shown in step 2, to select for successful
crosses, and boost stocks of them. In step 3, the transgenic adult males of these crosses were
mated with a balancer strain called Curly derivative of Oster, or CyO (Miller et al., 2018); this
introduces an irradiated X chromosome to create a stable stock of Drosophila containing each
transgene construct, both CLR-YFP/CyO and RAMP1-CFP/CyO. Their resulting phenotype is

now red-eyed and curly wings.

At this point, these stable strains could be mated with GMR-GAL4 to individually drive
expression of either CLR-YFP or RAMP1-CFP, however, in order to express both, the two
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stable strains are first mated together as shown in step 4. This results in progeny which
possess both transgene constructs, on chromosomes 2 and 3 (CLR-YFP/RAMP1-CFP/CyQO),
and can then be crossed with the GMR-GAL4 driver strain, as in step 5. Ultimately, the final
progeny shown in step 6 would be expressing both target constructs (the fluorescently-tagged
CGRP receptor) in the photoreceptor cells of the eyes, and can then be extracted for
subsequent experiments. This final cross is characterised by a red-eyed and straight wing
phenotype. Although this project could only be partially progressed towards expression in a
RAMP1-CFP/GMR-GAL4 strain, with preliminary results shown in section 3.5.5, this offers a
promising glimpse in the use of Drosophila as an alternate membrane protein expression

system for biophysical and biochemical assay.
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Figure 3.5.4. Crossing Schedule for Transgene Expression. Steps 1 to 6 show the process of
creating stable Drosophila strains which will express the target constructs, CLR-YFP and RAMP1-CFP.
The first two steps cross the transgenic strains with white-eyed female virgins (WFV) of a host w*- strain
to move the transgene, from the germline to the somatic cell line. This is repeated to select for
successfully crossed progeny, and also reintroduces the red-eyed phenotype. Subsequent crossing
with the CyO balancer strain makes this strain stable, rather than transient, and introduces a curly wing
phenotype. Finally, crossing with the GMR-GAL4 strain drives expression of the target transgene
constructs within the photoreceptor cells of the eyes, and is recognised by a red-eyed, straight wing

phenotype. Created with Biorender.com.
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3.5.5 — Preliminary Expression of RAMP1-CFP in Drosophila Photoreceptor Cells

Once the RAMP1-CFP/GMR-GAL4 strain had been obtained from the crossing schedule
detailed in section 3.5.4, the expression of RAMP1-CFP should be under control of the GAL4-
UAS system within the photoreceptor cells, and thus the next steps involved the detection or
observation of this expression. As mentioned, the culture of Drosophila is easily scalable, and
the number of flies to be used depends on the particular experiments of choice. Prior to more
labour-intensive and time consuming techniques such as genome sequencing, SDS-PAGE,
and Western blotting, two quicker and readily available methods were first performed to detect
the expression of RAMP1-CFP.

The first was an extraction of RAMP1-CFP from Drosophila eyes, measuring the fluorescence
of the sample given at the CFP emission wavelength (excitation 405 nm, emission 485 nm).
The heads of 20 RAMP1-CFP/GMR-GAL4 Drosophila were collected and homogenised in a
25 mM Tris-Cl, 1% SDS lysis buffer, heated at 60°C for five minutes, centrifuged at 300 rcf,
and the subsequent supernatant was harvested. This same process was also performed on
the heads of 20 RAMP1-CFP/CyO Drosophila, as a non-expressing control; while this
particular strain does contain the RAMP1-CFP transgene construct, it is not driven to express
due to the lack of the GAL4 transcription factor. As shown in Figure 3.5.5.1, the non-
expressing negative control, RAMP1-CFP/CyO gave a mean value for CFP fluorescence of
3389 relative light units (RLU) +/-936 standard error of the mean (SEM). Meanwhile, the
expressing RAMP1-CFP/GMR-GAL4 strain gave a significantly greater mean value of 17040
RLU +/-1436 SEM; an unpaired two-tailed t-test between the two conditions gave a P value of
0.0013. Of course, the most specific method to detect membrane protein expression would be
Western blotting, however, these preliminary fluorescence results suggest that RAMP1-CFP
was indeed being driven to expression in the photoreceptor cells, within the RAMP1-
CFP/GMR-GALA4 strain, as expected.
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Figure 3.5.5.1. RAMP1-CFP Is Driven to Expression by GAL4. 20 heads of both the non-expressing
RAMP1-CFP/CyO and the expressing RAMP1-CFP/GMR-GAL4 strains were harvested, homogenised
and had their fluorescence measured, using the wavelengths appropriate for CFP (excitation 405 nm,
emission 485 nm). The raw data was first background-corrected to a blank value of lysis buffer only.
The non-expressing RAMP1-CFP/CyO strain gave a mean fluorescence value of 3389 RLU +/- 936
SEM, while the expressing RAMP1-CFP/GMR-GAL4 strain gave a mean of 17040 RLU +/- 1436 SEM.
This was found to be a statistically significant difference with an unpaired two-tailed t-test giving a P

value of 0.0013. Data is an average of n=3 with both biological and technical replicates.

The second available, and relatively quick, method to potentially detect CFP fluorescence
within the eyes of the expressing strain was by fluorescent confocal microscopy. One single
head of the RAMP1-CFP/GMR-GAL4 strain was dissected away from the body, mounted onto
a slide and subsequently visualised with a Leica TCS SP8 confocal microscope. Following a
wide-field baseline and checks for background auto-fluorescence, the confocal was calibrated
to detect CFP fluorescence (excitation 405 nm, emission 485 nm) and was subsequently used
at 10X, 40X and 60X magnification. As shown in Figure 3.5.5.2, image A shows the entire
Drosophila head at 10X magnification, with CFP fluorescence detected within the eyes, as
expected; scale bar represents 300 um. As Drosophila eyes are an example of compound
structures, being comprised of many cone-like ommatidia, much of the RAMP1-CFP
expression in the photoreceptor cells would not be found at the apical surface of the eye.
Instead, the photoreceptor cells are found underneath the apical cornea, deeper within the 3D

structure of the ommatidia. As such, and shown in image B, a Z stack was created which
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combines many optical slices of the sample, along the depth of the Z axis, detecting strong
CFP fluorescence throughout the 3D structure of the ommatidia; this was performed at 40X
magnification and the scale bar represents 50 pym. Finally, image C was taken at 60X
magnification, and focusses on the junction between four ommatidia, showing a clear

distinction between CFP fluorescence (cyan) and cellular auto-fluorescence (red) indicating a

separate and therefore genuine presence of CFP; scale bar represents 2.5 um.

#

Figure 3.5.5.2. RAMP1-CFP Fluorescence Visualised in the Eyes of RAMP1-CFP/GMR-GAL4
Drosophila. A single head of the expressing strain, RAMP1-CFP/GMR-GAL4, was prepared for, and
visualised under fluorescent confocal microscopy. The confocal microscope was calibrated for CFP
fluorescence (excitation 405 nm and emission 485 nm) and assessed for any effects of cellular auto-
fluorescence, ensuring any CFP fluorescence detected was genuine. Image A shows the entire
Drosophila head with CFP fluorescence detected within the eyes; 10X, scale bar is 300 ym. Image B
focusses upon one eye to create a Z stack, detecting strong CFP fluorescence throughout the
compound ommatidia; 40X, scale bar is 50 um. Image C focusses on four ommatidia, showing a clear

distinction between CFP fluorescence (cyan) and auto-fluorescence (red); 60X, scale bar is 2.5 um.

Overall, these two sets of fluorescence results give a strong indication that RAMP1-CFP was
indeed being driven to expression by GAL4, suggesting that the expression of fluorescently-
tagged membrane proteins within the photoreceptors of Drosophila melanogaster can indeed

be useful for studying protein-protein interactions.

3.6 — Discussion

To reiterate, the modulation of the calcitonin family of GPCRs by the RAMP accessory proteins
has been a well-characterised focal point over the last thirty years, but there remains a
significant lack of effective, specific and comprehensive treatment options for many of the
conditions involving these membrane proteins. Typically, therapeutic drugs for GPCRs largely

target their orthosteric binding sites, but given that only 1% of drugs successfully pass through
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clinical trials, alternative approaches must be discovered and adopted to strive towards greater
chances of success (Hauser et al., 2017). Given that the RAMPs themselves affect the
pharmacology of GPCRs via allosteric modulation, an alternative approach to drugging
GPCRs might involve targeting the receptor-RAMP binding interface itself, allosterically. Such
drugs may act as inhibitors, by weakening or preventing receptor-RAMP interactions, but
conversely may instead act as a bivalent ‘adhesive’ to strengthen or promote receptor-RAMP
interactions (Kotliar et al., 2023). In any case, there are also a lack of appropriate drug
screening assays which would be able to detect these changes in protein-protein interactions;

this body of work therefore sought to address this issue.

In selecting the platform able to detect protein-protein interactions, several techniques are
highlighted as viable choices, however, their potential can often be opposed by their
limitations. In vitro and in vivo options such as yeast-2-hybrid, co-immunoprecipitation, tandem
affinity purification and crosslinking, for example, can indeed detect protein-protein
interactions. However, aside from time and cost, their limitations often include ‘noisy’ datasets
with unwanted background signals, a significant number of false positives, and a lack of direct
applicability to drug screening approaches (Rao et al., 2014). In addition, several in silico
methods are also able to detect protein-protein interactions through a series of sequence-
based or structure-based approaches; while these computational techniques have proven
invaluable in further understanding the structure/function relationship of proteins, their
applicability to drug screening in cellular or in vivo models may be limited or inappropriate, in

some cases (Zhang, 2009).

In terms of the detection or analyses of specific receptor-RAMP interactions (summarised
concisely in (Kotliar et al., 2023)), many of the published interactions were initially detected in
vitro, via immunofluorescent co-localisation at the cell surface (Christopoulos et al., 2003;
Bouschet, Martin and Henley, 2005). These experiments typically involved fluorescently
tagging various GPCRs and the three RAMPs, with visualisation via fluorescent confocal
microscopy, usually alongside a form of functional characterisation. More recent approaches
to receptor-RAMP interactions seem to favour alternative fluorescent approaches including
fluorescent activated cell sorting (FACS) and bioluminescence resonance energy transfer
(BRET) (Bailey et al., 2019; Mackie et al., 2019; Shao et al., 2022). In any case, these provide
a prior basis of fluorescently tagging GPCRs and RAMPs to detect their interactions, offering

justification for the methods selected in this body of work.

Given the importance of the structure/function relationship of membrane proteins, the
conformational changes exhibited by GPCRs upon their activation, and the subtle ways in

which this activation can be modulated allosterically by the RAMPs, drugs or otherwise, the
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sensitivity of the techniques able to detect protein-protein interactions must be considered.
Consequently, as the average diameter of a receptor-RAMP complex might be approximated
to 5 nm (Gurevich and Gurevich, 2008; Padmanabha Das et al., 2020), it was necessary to
select a technique appropriate for drug screening, and also possesses the sensitivity
necessary for such a scale. Despite the involvement of the confocal microscope in the initial
detection of receptor-RAMP interactions, the typical resolution of a confocal lies in the range
of 180-250 nm, and thus co-localised fluorescence indicates that these membrane proteins
are within approximately 200 nm of each other; even the more specialised total internal
reflection fluorescence (TIRF) microscopy only reaches a resolution of 60 to 100 nm (St. Croix,
Shand and Watkins, 2005; Martin-Fernandez, Tynan and Webb, 2013). As a result of these
limitations, FRET is commonly used to detect putative interactions between molecules on a
scale of less than 10 nm (Shashkova and Leake, 2017); not only is this more appropriate for
receptor-RAMP interactions, but can be performed with in vitro cell line models, is compatible
with  both fluorescent confocal microscopy and high-throughput fluorescence
spectrophotometry, takes background fluorescence into account, and is very sensitive to
subtle changes in distance between the interacting molecules. For all of these reasons, FRET

was therefore deemed to be the best available option for this body of work.

Thus, after the initial in silico construct design, CFP-YFP became the selected FRET pair due
to their popularity in overcoming the limitations of the BFP-GFP pair, their respectably high
quantum yield, and previous use in the detection of GPCR oligomerisation (Haase, Kamann
and Brix, 2011; Bajar et al., 2016). Although this body of work did not encounter them, the
CFP-YFP pair does of course possess its own limitations, and therefore many different FRET
pairs are available, depending on the context of their use. The fluorescently-tagged constructs
were then created by optimised PCR and molecular cloning techniques, as described, before
transfection and expression in mammalian cells, specifically the African green monkey kidney
fibroblast-like COS-7 cells. These were selected not only because it is a commonly used
immortalised cell line, but has been commonly utilised in the field of the calcitonin receptor
family as these cells seemingly do not express significant levels of endogenous RAMPs
(Bailey and Hay, 2006). In comparison, HEK293 cells and SK-NM-C neuroblastoma cells have
been found to express RAMPs endogenously, for example (Aiyar et al., 2002; Choksi et al.,
2002); by eliminating these endogenous proteins, their potential interactions with transfected

constructs are minimised.

In any case, the receptor and RAMP constructs were transfected into COS-7 cells, and
subsequently assessed for their ability to induce the production of cAMP in response to the
agonist CGRP, as an indication of pharmacological functionality. Importantly, also ensuring

that fluorescently-tagging the constructs did not significantly affect their signalling capabilities,
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and thus remain applicable to drug screening approaches. This was indeed found to be the
case, with no significant differences in the cAMP responses of the untagged and tagged
receptor-RAMP complexes in response to CGRP, and in addition, the pEC50 values of the
cAMP responses were also found to be comparable to those reported in the literature (Hay et
al., 2018). While this was reassuring overall, it should be noted that cAMP production in
response to stimulation is not only agonist-, receptor- and RAMP-dependent, but can also be
very cell-line dependent; the reported pEC50 values for the CGRP receptor for example, range
from 8.18 to 10.44, and were determined in COS-7, HEK293/S/T, and CHO-K1 cell lines, after
stimulation with CGRP. Interestingly, while the cAMP assays in this body of work did not
significantly differ between the untagged and tagged constructs, the fluorescently-tagged
receptor-RAMP complexes, across both CTR and CLR receptors and the three RAMPs, all
gave dose-responses with a slightly higher efficacy than their untagged counterparts. One
possible explanation for this may be due to a stabilising effect of the interaction between CFP
and YFP, as this FRET pair is characteristically able to form weak dimers between themselves
(Bajar et al., 2016). Lastly, while cAMP production in response to CGRP was the focus here,
the biased agonism of the constructs could be probed with several more calcitonin family
ligands and various alternative signalling pathways, to further strengthen their

pharmacological characterisation (Zhang and Xie, 2012).

Finally, after the target constructs demonstrated this expected functionality, they were used to
establish the high-throughput FRET assay itself. Based upon the ‘gold standard’ method
developed by Berthold Technologies to detect GPCR oligomerisation (Haase, Kamann and
Brux, 2011), FRET events were indeed detected between the fluorescently-tagged receptors
and RAMPs, confirming their interactions, and giving an overall average distance of 3.2 nm
between each fluorophore. While these results were within the hypothesised range for
receptor-RAMP interactions, this method of experimentally determining FRET efficiency
between fluorophores is subject to variation by its very nature. As the fluorophores are tagged
to the receptor or RAMP with a flexible serine/glycine linker sequence, they are afforded a
degree of mobility at the intracellular face of the protein complex, contributing to a very small
amount of variation between each complex at the point of assay measurement. This particular
method of determining FRET efficiency uses an ensemble average of all cells in the sample,
taking all variation into account, however, this may result in unwanted background noise

compared to single-cell or single-molecule techniques (Leavesley and Rich, 2016).

As discussed, FRET measurements are certainly compatible with fluorescent confocal
microscopy, enabling focus on one particular cell or a portion of its cell membrane, but
generally lack high-throughput capability. Likewise, FRET is also compatible with specialist

single-molecule fluorescence techniques, which eliminate the background noise of working in
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cells, but then lose cellular responses to drugs which may be an essential component of the
desired screening approach. These single-molecule techniques are perhaps more suited to
solely detecting changes in FRET efficiency, rather than coupling these molecular changes to
pharmacology. On reflection, an alternative technique which bridges the gap between these
requirements and limitations might be found in flow cytometry with fluorescence-activated cell
sorting (FACS), often abbreviated to FACS-FRET (Lim et al., 2022). This particular technique
has major advantages compared to others; it is relatively high-throughput, is able to measure
FRET in all cellular compartments, is not limited to mammalian cells (FACS-FRET has been
successfully demonstrated in E. coli and the Trypanosoma brucei parasite, for example), and
is suitable for the study of both inter- and intra-molecular interactions. While FACS-FRET is
also subject to the limitations often attributed to FRET itself, such as the overexpression of
transfected constructs leading to subcellular localisation and cytotoxicity, it has nevertheless
become a very promising medium between spectrophotometry and confocal microscopy. It
may be that a future evolution of the FRET-based receptor-RAMP interaction assay developed

in this body of work would be well suited to a FACS-FRET approach.

Ultimately, following the optimisation and establishment of the receptor-RAMP interaction
assay through the experimental work outlined in this chapter, it unfortunately could not be
utilised for its intended purpose, due to the COVID-19 pandemic. It was planned to use this
FRET assay as a basis for the discovery of experimental conditions or compounds which
promote or inhibit the interaction between the calcitonin family of receptors and the RAMP's,
influencing subtle changes in the distance between them, as detectable via FRET efficiency.
Such compounds would have likely included known orthosteric ligands of the calcitonin family,
therapeutics in current clinical use, and potential allosteric modulators (Hay et al., 2018; Kotliar
et al., 2023). One of the main possibilities in drug discovery for receptor-RAMP complexes
involves targeting not their orthosteric sites, but their known interactions between
transmembrane helices as allosteric sites (Kotliar et al., 2023). Given that the RAMPs
modulate the pharmacological profiles of GPCRs, discovering inhibitors or promotors of their
interactions may yield fruitful, and indeed blocking the interaction may significantly reduce or

even eliminate detectable FRET events altogether, given the scale of <10 nm.

One additional point of contention within the field relates to the precise dynamics and
stoichiometry of receptor-RAMP complex formation (Hilairet et al., 2001; Udawela, Hay and
Sexton, 2004; Héroux et al., 2007; Harikumar et al., 2009; Kotliar et al., 2023). While
interactions in a 1:1 ratio are a known paradigm, there exists conflicting evidence to suggest
that RAMPs and even select receptors may be able to homodimerise, the purpose of which is
as of yet unknown. In addition to this, investigation into the permanence of receptor-RAMP

interactions has also garnered conflicting evidence. In theory, the interaction should be
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relatively weak, however, in practice this is not observed to be the case. Receptor-RAMP
complexes, as with the CGRP receptor in particular, have consistently produced experimental
evidence to suggest that the complex remains associated together, throughout its journey from
the endoplasmic reticulum, to the cell surface membrane, during internalisation and recycling,
and finally internalisation to endosomes and eventual degradation. This is certainly considered
strange for such supposed weakly interacting proteins; some hypotheses argue there is a
stabilising effect from the RAMP itself, or perhaps from receptor component protein (RCP)
(Routledge et al., 2020), while some suggest the techniques used thus far have not been able
to detect changes in complex dynamics. For example, if the CGRP receptor complex appears
to remain associated during its lifetime, it is not to say that the original proteins are those being
detected at each stage. Perhaps the RAMPs are able to associate and dissociate with
receptors under varying conditions, and indeed even out-compete each other for opportunities
to form complexes (Buhlmann et al., 1999; Hay and Pioszak, 2016). In any case, this FRET
assay forms a basis from which the dynamics of receptor-RAMP complex formation can be

further probed, particularly in terms of the RAMP competition hypothesis.

As discussed in section 1.1.3, the varied systems available for the expression of membrane
proteins are each characterised by both their advantages and disadvantages (Wiseman et al.,
2020); the eyes of Drosophila melanogaster offer a promising and balanced system, being
relatively inexpensive, scalable, and offering a cellular environment more similar to
mammalian cells, than perhaps E. coli or yeast, for example. While several GPCRs have been
successfully expressed in Drosophila thus far, a novel extension of this existing work could
involve the heterologous co-expression and analyses of both a receptor and RAMP within the
same strain. This was one of the intended goals of this thesis, but was significantly impacted
by the COVID-19 pandemic restrictions, and thus ended prematurely. The preliminary results
obtained suggest that RAMP1-CFP was successfully expressed in the eyes of the GMR-GAL4
driver strain, but require further testing with additional controls to fully confirm that this was
indeed the case. In addition, though the CLR-YFP construct had been prepared and used to
generate transgenic Drosophila, they ultimately could not be mated with the RAMP1-CFP

strain to create a strain expressing the fluorescently-tagged CGRP receptor.

Aside from the expression of receptor-RAMP complexes in Drosophila, which is a novel
concept in and of itself, this approach also has direct applications to the use of FRET in the
discovery of compounds which may promote or inhibit protein-protein interactions, as
discussed previously. It is hypothesised that the expressed protein complexes are likely
compatible with extraction and solubilisation into SMALPs for example, from which their FRET
events would be detectable after purification (Dirnberger et al., 2023). As mammalian

expression systems tend to be relatively expensive, difficult to increase scale, and give a lower
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yield, the initial expression of receptor-RAMP complexes in Drosophila, followed by this
extraction may prove useful in providing a better yield of membrane proteins expressed in
mammalian-like conditions. Furthermore, it is also feasible for such proteins within SMALPs
to be subsequently reconstituted into appropriately composed synthetic membranes such as

proteoliposomes, if such experimental conditions are favoured (Goers et al., 2018).

To conclude then, the structural and pharmacological characterisation of GPCRs and RAMPs
has progressed well over the last few decades, but there still remains a strong need to discover
or develop effective treatment options for the plethora of conditions they are involved in. There
is therefore a current need to develop drug screening assays which not only include both
GPCRs and RAMPs, but are able to detect their interactions, and indeed detect drug-induced
changes in these interactions. This body of work has therefore established a novel platform
for such an assay, which satisfies these requirements, is compatible with a variety of low- and
high-throughput techniques, and will additionally facilitate further probing of the dynamics of
receptor-RAMP complex formation. Furthermore, preliminary results indicated that the novel
expression of RAMP1 in transgenic Drosophila melanogaster was a success, and the
heterologous expression of receptor-RAMP complexes in the eyes of Drosophila are more
than likely possible using this methodology. Although these experiments were impacted by
COVID-19 pandemic restrictions, the work detailed in this chapter did reach an advanced

stage with a promising scope for future development.
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Chapter 4: Elucidating the Structure-Based Signalling of GPCRs with the Novel use of

Geometric Morphometrics

4.1 — Introduction

G protein-coupled receptors (GPCRs) form the largest ‘superfamily’ of membrane proteins in
the human genome, and mediate cellular responses to a diverse array of signalling molecules
including hormones, neurotransmitters, ions, odorants, and light (Bockaert and Pin, 1999;
Weis and Kobilka, 2018). GPCRs are therefore key regulators of virtually every physiological,
and consequently pathophysiological, process, making them highly attractive drug targets;
over 30% of currently marketed therapeutics modulate GPCR activity (Santos et al., 2017,
Congreve et al., 2020). However, developing safe and effective drugs which selectively
modulate specific GPCR signalling pathways remains to be a formidable challenge.
Addressing this particular challenge necessitates a comprehensive understanding of GPCR

structure, and how this ultimately relates to intracellular signalling.

Over the last few decades, the field of GPCR structural biology has advanced dramatically
through pivotal breakthroughs in X-ray crystallography (Congreve et al., 2020), nuclear
magnetic resonance (NMR) spectroscopy (Tapaneeyakorn et al., 2011), and cryo-electron
microscopy (cryo-EM) (Danev et al., 2021). These techniques have yielded high-resolution
snapshots of GPCR architecture, providing molecular insight into their ligand recognition sites
(Lee, Booe and Pioszak, 2015), dynamic regions (Hilger, Masureel and Kobilka, 2018), and
receptor-protein interfaces (Liang, Khoshouei, Deganutti, et al., 2018; Liang, Belousoff,
Fletcher, et al., 2020; Liang, Belousoff, Zhao, et al., 2020) such as the GPCR-RAMP
interactions explored in Chapter 3. However, each of these methods have inherent strengths
and limitations in capturing the nuanced intricacies of GPCR signalling mechanisms; the major
limitation being the inability of current methods to ‘see’ the complete picture, and how this
underpins the concept of structure-based signalling. This complex task necessitates a
multidisciplinary approach that integrates structural data across techniques, in addition to
biophysical assays and computational analyses, to construct a dynamic and holistic

understanding of receptor function.

Against the increasing library of structural information, the emerging field of geometric
morphometrics (Mitteroecker and Gunz, 2009; Wiseman et al., 2021) has offered a
transformative approach to GPCR structural biology. By enabling quantitative shape analyses,
this approach facilitates the dissection of subtle yet functionally relevant conformational

changes that underpin receptor activation and signalling bias.
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4.1.1 — The Structural Study of GPCRs

The advent of X-ray crystallography has allowed for new insights into GPCR structural biology,
providing the first high-resolution snapshots of receptor architecture. Seminal studies on
bovine rhodopsin offered the earliest glimpses into GPCR organisation, revealing the
characteristic seven-transmembrane helical bundle which is connected by flexible loops and
stabilised by disulfide bridges (Palczewski et al., 2000). These foundational insights
highlighted common structural motifs among Family A GPCRs, providing a template for
homology modelling of related receptors, and the start of pragmatic structural analyses.
However, the inherent challenges in crystallising dynamic membrane proteins while
preserving functional conformations continued to hamper the structural elucidation of ligand-
activated states. A major breakthrough came with the stabilisation of the adrenergic receptor
sub-family of GPCRs, either using additional fusion proteins for crystallisation efforts
(Cherezov et al., 2007), or thermostabilising methods (Vaidehi, Grisshammer and Tate, 2016),
for example, which enabled their structure determination in complex with the partial inverse
agonist carazolol (PDB 2RH1; (Cherezov et al., 2007)). This landmark achievement
highlighted key molecular details of the ligand binding pocket and intracellular regions involved
in G protein coupling to the adrenergic receptors. Further optimisation of the crystallisation
constructs subsequently culminated in the first structures of a GPCR bound to a fully activating
agonist, providing snapshots of active-like receptor conformations critical for elucidating
activation mechanisms (PDB 3SNG6; (Sgren G.F. Rasmussen et al., 2011)).

Parallel advances in NMR spectroscopy offered complementary dynamic perspectives on
GPCRs, overcoming key limitations in size and stability. Early NMR studies focussed on
soluble protein domains, providing insights into microswitch conformational changes that
enable receptor activation (Hu and Jin, 2022; Yang, Liu and Wuthrich, 2022). Recent
advances have enabled NMR analyses of full-length receptor samples in synthetic liposomes,
the key findings of which include the characterisation of ligand-specific conformational states
of the B2-adrenergic receptor, revealing distinct structural signatures that could underlie

biased signalling (Prosser and Alonzi, 2023).

While crystallography laid a strong initial foundation, the emergence of single-particle cryo-EM
has revolutionised GPCR structural biology by enabling receptor characterisation in
phospholipid nanodiscs. Cryo-EM has unlocked the ability to capture GPCR conformational
ensembles, transitions between states, and complexes with binding partners, overcoming the
limitations of requiring crystal contacts (Gusach, Garcia-Nafria and Tate, 2023). Seminal cryo-
EM studies visualised both active and inactive state transitions of the f2-adrenergic receptor,

identifying precise structural rearrangements between states (Yanan Zhang et al., 2020).
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High-resolution analyses have also revealed unexpected ligand binding and dimerization
interfaces, with implications for structure-based drug design (Gusach, Garcia-Nafria and Tate,
2023). Moreover, cryo-EM facilitated the capture of transient GPCR-G protein complexes,
offering unprecedented views of receptor-mediated nucleotide exchange and G protein state
transitions critical for signalling (Zhang et al., 2021). Most recently, innovative drug discovery
platforms leverage cryo-EM to structurally characterise receptors bound to novel ligands,
facilitating structure-guided design. Studies have also captured distinct ligand-specified states
that likely represent structural intermediates underlying biased signalling phenomena (Yang
et al., 2021).

4.1.2 — The Limitations of Structural Techniques

While foundational techniques for structure determination have advanced understanding of
static GPCR architecture, each method carries inherent limitations. A significant challenge is
the multifaceted conformational heterogeneity of GPCRs, which is difficult to capture through
traditional structural snapshots. Crystallography necessitates the stabilisation of receptors in
specific ligand-bound states that likely misrepresent dynamically sampled conformations in
native membranes (Garcia-Nafria and Tate, 2021). In addition, NMR spectroscopy struggles
to resolve complete structures of large, membrane-embedded receptors, and although
powerful, even cryo-EM approaches still face technical hurdles in resolving heterogeneous

structural states in receptor samples.

Critically, these techniques characterise receptors removed from cellular environments, often
utilising stabilising mutations that fail to recapitulate native conformational ensembles.
Capturing physiologically relevant receptor dynamics therefore requires emerging integrated
approaches, combining structural data with computational simulations and functional assays
to construct dynamic models. However, connecting high-resolution architecture with functional
mechanisms remains non-trivial which underscores the need for quantitative analytical

frameworks to decode conformational transitions.
4.1.3 — Elucidating the Link Between Structural Conformation and Signalling Bias

GPCR signalling bias, also termed ligand-directed stimulus trafficking, or functional selectivity,
refers to the ability of structurally distinct ligands to preferentially activate specific downstream
signalling pathways through the same receptor (Wootten et al., 2018; Gurevich and Gurevich,
2020). This phenomenon enables the fine-tuning of physiological responses, and holds
therapeutic promise by facilitating the development of pathway-specific pharmacological
agents. However, traditional structural biology techniques face inherent barriers in capturing

this conformational heterogeneity. Here, the emerging field of geometric morphometrics offers
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a transformative analytical paradigm. By enabling the quantitative mapping of ligand-specific
shapes, geometric morphometrics can elucidate the conformational determinants and

dynamic structural transitions underlying the biased modulation of signalling pathways.

Further exploration of the biased signalling phenomenon will not only further contribute to
understanding the structural basis of GPCR function, but also has clear application to
biomedical therapeutics. Traditional opioid painkillers such as morphine act upon the y-opioid
receptor, to effectively relieve pain, however, they also activate the B-arrestin pathway, leading
to adverse effects like respiratory depression and constipation (Kelly, Conibear and
Henderson, 2023). Biased y-opioid agonists, such as oliceridine (TRV130) and PZM21, were
discovered to preferentially activate G protein signalling over [-arrestin recruitment,
demonstrating potent analgesia with reduced side effects in pre-clinical models, offering
promise for safer pain management options (Che et al., 2021). Likewise, the angiotensin Il
type 1 receptor (AT1R) is a key regulator of blood pressure, and a target for treating
hypertension and heart failure; traditional AT1R antagonists (ARBs) block all downstream
signalling (Fatima, Patel and Hussain, 2021). However, recent studies have identified biased
agonists that selectively activate beneficial signalling pathways, while avoiding those which
contribute to disease progression (Delaitre et al., 2021; Nivedha, Lee and Vaidehi, 2023). For
example, TRV027 and TRV120027 are B-arrestin-biased AT1R ligands which promote
cardiomyocyte contractility, and improve cardiac function in animal models of heart failure.
Structural analyses have revealed distinct conformations of AT1R stabilised by these biased
ligands, offering insights into the mechanistic basis of selective signalling (Wingler et al.,
2020).

One particularly salient example to highlight is that of the B2-adrenergic receptor and its
inverse agonist, carazolol, which has been shown to exhibit biased signalling properties.
Carazolol stabilises an inactive conformation of the 32-adrenergic receptor, decreasing basal
signalling activity for cAMP production, however, carazolol preferentially activates the ERK1/2
pathway over the canonical Gs-cCAMP-PKA pathway (van der Westhuizen et al., 2014). This
bias is mediated by B-arrestin recruitment, and is distinct from the effects of other inverse
agonists like ICL-118, 551. In addition to this, further structural analyses reveal that carazolol
stabilises a unique conformation of the f2-adrenergic receptor, which differs from the inactive

states stabilised by other inverse agonists.
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4.1.4 - Aims and Objectives

The aim of this body work was therefore to establish and implement a robust method for the
novel application of geometric morphometric analyses to resolved GPCR structures. This
would involve the selection of salient GPCRs to analyse, the definition of landmarks, a
standardised data collection protocol, the geometric morphometric analysis itself, with
subsequent principal component analysis, followed by rigorous statistical testing, all of which
were successfully achieved. In order to quantitatively decode the conformational
heterogeneity of GPCRs, and further elucidate their structure-based signalling, several
receptors were selected for analysis, complementing their existing structural analyses
published in the literature. Receptors selected from each of the three major families in humans
(A, B, and C) included the B2-adrenergic, adenosine A2A, secretin-like and calcium-sensing
receptors, which additionally emphasised the multifaceted nature of geometric morphometrics.
Their analyses included individual receptor sub-families, a combination of several sub-
families, analyses of monomeric and homodimeric structures, and are detailed in the case
study results presented in this chapter; these form the foundational geometric morphometric
analyses of GPCR structures, focussed on mapping global structural rearrangements between
inactive- and active-state receptor crystals. As these analyses were proven to be effective and
consistent, additional uses and applications of geometric morphometrics for GPCR structures

were further explored, as detailed in Chapter 5.

4.2 — Geometric Morphometric Analyses of Shape

The computational framework of geometric morphometrics facilitates sophisticated analyses
of shape variation, and transformations between geometrical configurations of objects. This
analytical approach captures the spatial relationships between anatomical landmarks across
structures, offering a comprehensive perspective of shape differences (Mitteroecker and
Gunz, 2009; Polly et al., 2016). In addition, statistical analysis tools allow for the robust
quantitative analyses of these spatial arrangements; Procrustese superimposition enables
alignment of shapes while retaining geometric information by using least squares methods to
superimpose landmarks, and principal component analysis of coordinate data then identifies
major patterns within sampled shape space, highlighting subtle yet functionally relevant
features (Mitteroecker and Gunz, 2009; Polly et al., 2016). These tools facilitate detailed
visualisation of the structural dynamics enabling functional transitions, and when applied to

GPCRs, these techniques can map activated state conformational changes, while higher
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dimensional analysis may capture complex energy landscapes populated during signalling

events (Wiseman et al., 2021).
4.2.1 — What is geometric morphometrics?

Geometric morphometrics, abbreviated to GM, is a mathematical method of comparing
shapes, and is most often found to be used in the disciplines of anthropology, palaeontology
and vertebrate zoology (Mitteroecker and Gunz, 2009). Its initial conception began in the late
1800s with the mathematician Sir Francis Galton, leading to the description of correlation
coefficients and multivariate statistics, and eventually the geometric morphometric techniques
invented in the 1980s (O’higgins, 2000; Adams, Rohlf and Slice, 2004; Slice, 2005). Put
simply, GM uses a shape’s coordinate data, or Cartesian landmarks, to capture its morphology
and enable comparisons between shapes (Webster and Sheets, 2010). GM is so named as
the target shape’s geometry is preserved throughout analyses, allowing results of statistical
tests to represent the shape’s morphology; the size, position and orientation of each shape
are standardised during analysis, meaning any observations are solely based upon
differences in shape morphology (Mitteroecker and Gunz, 2009). Overall, there are several
approaches to GM analyses of which the Procrustese method is most popular and well-
understood when compared to the Euclidean or Fourier methods, for example (Dryden and
Mardia, 2016).

4.2.2 — Geometric Morphometrics in Practice

Each step of the geometric morphometric process will now be detailed, however, GM has
been comprehensively summarised by Polly et al. in 2016, and a useful book was additionally
written specifically for biologists by Zelditch et al. in 2004 (Zelditch et al., 2004; Polly et al.,
2016).

Firstly, appropriate data for GM analysis must be gathered such as Cartesian coordinates,
sometimes termed ‘landmarks’, to define the target shape; importantly, each shape must
possess the exact same landmarks, otherwise comparison between them is not possible
(Mitteroecker and Gunz, 2009). For example, the three vertices of a triangle and four vertices
of a square means these two shapes cannot be compared. As GM is commonly used in
anthropology, palaeontology and vertebrate zoology, the shapes of animals and skeletons can
be defined by landmarks for comparison; Figure 4.2.2.1 demonstrates this principle with a
Eurasian perch (Perca fluviatilis), in which its body is reduced into common landmarks from
which coordinate data can be obtained (Bartels et al., 2012). Furthermore, GM is compatible
with both two-dimensional and three-dimensional data, as with XY and XYZ coordinates,

respectively (Zhang and Schepartz, 2021). But how can this be applied to the molecular level?
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As GPCRs all possess seven transmembrane domains, the ends of each helix can be
considered as common landmarks as they are the defining structural characteristic of these
serpentine receptors, and remain relatively conserved between them. As such, the amino acid
coordinates at each end of the transmembrane helices were therefore selected to analyse the
morphology of both the extra- and intracellular faces of the GPCR transmembrane bundle, as

detailed in methods section 2.4.

11

Figure 4.2.2.1. An Example of Selected Landmarks to Morphologically Analyse the Eurasian
Perch. Importantly, all sixteen of these landmarks are shared commonly between fish of this species,

enabling comparison by geometric morphometric techniques. Taken from Bartels et al., 2012.

In any case, once the Cartesian coordinate data has been obtained from the appropriate
shape landmarks, it must be standardised prior to analyses as raw coordinates are affected
by size, position and orientation in space (Polly et al., 2016). Most commonly, a generalised

Procrustese superimposition is first performed as an orthogonal transformation to
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superimpose, rescale, centre and rotate each set of landmarks, as demonstrated in Figure
4.2.2.2 (Mitteroecker and Gunz, 2009). This transformation results in Procrustese shape
coordinates in which their average consensus gives a minimal sum of squared distances in
order to estimate mean values needed for statistical analyses (Dryden and Mardia, 2016).
Furthermore, the Euclidean distance between sets of Procrustese shape coordinates is called
the Procrustese distance, and represents the dissimilarity between the sets of transformed
landmark data. Essentially, the cumulative effects of size and orientation are eliminated during
this process, and the Procrustese shape coordinates are therefore reflective of pure
differences between shape morphology (Mitteroecker and Gunz, 2009).
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Figure 4.2.2.2. The Steps of Procrustese Superimposition. Raw landmark data are transformed into

standardised Procrustese shape coordinates by superimposing, rescaling, centring and rotating each
set of shapes. Taken from Mitteroecker and Gunz, 2009.

Finally, a covariance matrix can then be generated which displays the variance within
datasets, and the covariance between pairs of datasets; variance measures the dispersion of
data, and can be defined as the spread of data away from the mean of the dataset (Jolliffe,
2002). In other words, variance is the spread of individual shapes, or Procrustese residuals,
from the calculated average of the Procrustese shape coordinates. Importantly, covariance
matrices allow for the decorrelation of data, which optimises the basis from which complex

data can be represented in a compact manner — one such method is a further technique called
principal component analysis (Jolliffe, 2002).

4.2.3 - Principal Component Analysis

Principal component analysis, abbreviated to PCA, is a popular method of analysing very large
datasets with many dimensions or variables, and reducing this data into a more compact,
manageable package. By doing so, the data becomes much easier to interpret and enables
the visualisation of multidimensional data, whilst importantly retaining the maximum amount

of information from the original dataset (Mitteroecker and Gunz, 2009). This is achieved by a
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linear or ‘whitening’ transformation, which transforms data into a new coordinate system with
fewer dimensions, preserving the majority of the original variation within the dataset.
Ultimately, PCA is a statistical method for dimensionality reduction, allowing complex data to

be projected onto low-dimensional space, such as an XY graph, via its principal components.

The principal components themselves, when pertaining to coordinate data, are a sequence of
p unit vectors, but can also be expressed as eigenvectors of the data’s covariance matrix,
derived by eigendecomposition (Polly et al., 2016). Eigenvectors are vectors which do not
change direction after a linear transformation, and as such preserve this key information whilst
reducing dimensionality, and are a key component to the PCA method. While the eigenvectors
of a covariance matrix correspond to the principal components of the dataset, their
eigenvalues represent the variance within the data (Dryden and Mardia, 2016). As such, the
principal component scores are therefore projections of the Procrustese shape coordinates
onto the low-dimensional space spanned by the eigenvectors, and can be represented in two-
or three-dimensions such as an XY or XYZ scatter graph (Mitteroecker and Gunz, 2009). By
doing so, the various sets of morphological data can be assessed for any differences,
similarities or outliers of groups, based only upon shape morphology and not prior group
affiliation. In the context of GPCRs then, any structural differences or similarities would be
based upon their objective shape morphology, rather than affiliation to a particular family or

receptor characteristic.

Finally, the principal component scores can be subjected to multivariate statistical analyses
such as regression or analysis of variance, however, as shape variance rarely meets the
requirements to assume normality, non-parametric tests based upon permutation are
preferred (Polly et al., 2016). Consequently, the permutational multivariate analysis of
variance (PERMANOVA) and the analysis of similarities (ANOSIM) were selected as
appropriate, non-parametric tests, and each assess the variation and dissimilarity of shapes

within the dataset, respectively (Penrice and Deeming, 2020).

4.3 — Case Study Results

The foundational geometric morphometric analyses of GPCRs have focussed on mapping
global structural rearrangements between inactive- and active-state receptor crystals; these
studies utilised coordinate landmarks on transmembrane and intracellular loop regions that
undergo key conformational changes during signalling. Statistical analyses reliably distinguish
between functional states, while principal component analysis reveals shifts along specific

structural modes that contribute to activation transitions (Wiseman et al., 2021).
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These quantitative architectures of activation uncover subtle conformational signatures within
receptors that drive transitions into active states (Vogel et al., 2008; Zhou et al., 2019).
Extending this framework across multiple receptor conformations, as well as different
members of the GPCR superfamily, captures the breadth of diverse activated states adopted
during signalling (Wiseman et al, 2021). Comparative analysis of geometric shapes
corresponding to different G protein-bound states will reveal divergent structural transitions
that likely direct the engagement of specific downstream effector coupling (Mafi, Kim and
Goddard, 2022). Identifying the impact of ligands in stabilising specific geometric phenotypes
within this activation landscape will unravel key conformational determinants governing

signalling bias (Wingler and Lefkowitz, 2020).

Detailed here are several case study examples, demonstrating these foundational analyses
as a result of the novel application of geometric morphometrics to GPCR structures. Each of
the receptors were selected to gain unique insights into the major GPCR families in humans,
to build a more complete landscape of their structure/function relationship, to help in further

understanding the diseases they are involved in as well as drug discovery efforts.
4.3.1 — Case Study 1: The Family A B2-Adrenergic Receptor

The B-adrenergic receptors elicit responses to natural catecholamines secreted by the adrenal
glands, and are categorised into three sub-groups; the 32 receptors are predominantly found
in airway smooth muscle, but are additionally found in other muscle tissues, epithelial cells,
and various immune cells (Wallukat, 2002). The effects of the catecholamines are generally
non-specific, however do display differing affinities to different adrenergic receptor sub-
groups; adrenaline is the most effective agonist of the P2-adrenergic receptors, and
noradrenaline less so, each leading to smooth muscle relaxation, for example (Abosamak and
Shahin, 2024). As such, therapeutic agonists targeting the B2 receptors mainly treat the
bronchospastic respiratory disorders linked to chronic obstructive pulmonary disease (COPD)
and asthma (Barisione et al., 2010). In terms of antagonistic options, the ‘beta blockers’ act
generally on the B-adrenergic receptors to lower heart rate and reduce the physiological
symptoms of anxiety, however, there are currently no p2-selective ‘blockers’ approved for

therapeutic use (Cuesta et al., 2019).

The B2-adrenergic receptor sub-group was selected to be the initial test case for geometric
morphometric analysis for various reasons. As discussed, the B2-adrenergic receptor was one
of the seminal structures which led to the elucidation of key molecular details of the ligand
binding and G protein binding domains of the adrenergic receptors (Cherezov et al., 2007);
this was not only a landmark achievement in the structural biology of GPCRs, but has also

significantly informed modelling efforts to date. Furthermore, the ligands of the 32-adrenergic
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receptor have been demonstrated to show signalling bias, enabling an exploration of the
structural basis of this phenomenon (Ippolito and Benovic, 2021). Moreover, the 32-adrenergic
receptor sub-group also remains an effective therapeutic target, with clinically approved
agonists and non-selective antagonists; there remains potential to develop safe and effective

B2-selective ligands which are biased to preferentially activate beneficial pathways.

As such, at the time of sample selection, 36 human B2-adrenergic receptor structures were
included in the dataset, with 23 described as inactive, 7 as active, and 6 as active bound to
Gs. These structures were not filtered initially so as not to bias or limit the analysis, however,
PDB 5JQH was not included due to heavily skewing the data; it was hypothesised that this
was possibly due to 5JQH being allosterically nanobody stabilised (Staus et al., 2016). Refer
to Appendix B1 for a full list of structures, including PDB codes and reference to their
publication. Overall, given the mixture of activation states in the dataset, and given that
conformational changes are dominated by activation, it was hypothesised that activation state
would be revealed to be the dominant source of variation in this dataset, represented by

principal component 1.
PC Variance

The first two principal components accounted for 46% and 57%, of the variation in the
extracellular and intracellular landmark coordinates, respectively, of the 36 [32-adrenergic
receptor structures, as shown in Table 4.3.1.1. The first principal component (PC1) accounted

for 29% (extracellular) and 42% (intracellular) of the variation.
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Table 4.3.1.1. Principal Component Variance of the B2-Adrenergic Receptor Structures. The
variance explained by the 14 principal components of 36 32-adrenergic receptor structures, based on
both the extra- and intracellular landmark coordinates. Variance is expressed as a percentage,

alongside the total cumulative variance.

Extracellular Intracellular
%Variance %Cumulative %Variance %Cumulative

PC1 28.487 28.487 42.071 42.071
PC2 17.554 46.041 14.602 56.673
PC3 13.333 59.373 12.142 68.815
PC4 9.039 68.412 10.423 79.238
PC5 7.02 75.433 5.202 84.44
PC6 6.473 81.906 3.611 88.051
PC7 5.22 87.125 3.211 91.263
PC8 4.366 91.491 2.688 93.95
PC9 3.267 94.758 2.039 95.99
PC10 2.091 96.85 1.609 97.599
PC11 1.835 98.685 1.432 99.031
PC12 0.554 99.239 0.473 99.504
PC13 0.512 99.751 0.333 99.836
PC14 0.249 100 0.164 100

PC1 and PC2 Scree Plots

Scree plots for the first two principal components, showing the location, direction and
magnitude of variations are shown in Figures 4.3.1.1 and 4.3.1.2. For the extracellular
landmarks, PC1 showed the greatest variation in the positions of transmembrane helices 1
and 6, with some variation in helices 3 and 4. PC2 showed the greatest variation in helices 1
and 5, and some variation in helices 3 and 7. For the intracellular landmarks, PC1 showed the
greatest variation in helices 6 and 3, with some variation in helix 7. PC2 showed the greatest

variation in helix 6, and some variation in helices 1, 2, 4, 5and 7.

Overall, PC1 for both the extra- and intracellular landmarks highlighted variation in
transmembrane helices 3 and 6, which likely corresponds to the conformational changes
associated with the activation of GPCRs; as discussed in section 1.2.3, the upwards shift of
TM3, and the outward rotation of TM6 form key components of the common mechanism of
GPCR activation. Moreover, the variation displayed in both PC1 Scree plots for TM6 is
directed away from the transmembrane helix bundle, which again reflects the outward rotation
of TM6 during activation, and indicates principal component analysis determined this to be the
greatest source of variation in the dataset. In addition to this, the inward movements of TM1,
TM5 and TM7 were also demonstrated which further suggests the variation in this dataset is
dominated by receptor activation, and therefore the conformational differences between

structures resolved in active or inactive snapshots.
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Figure 4.3.1.1. Scree Plots for both PC1 and PC2 of the Extracellular 32-Adrenergic Receptor
Landmarks. Scree plots for PC1 (a) and PC2 (b) are shown for the 7 extracellular landmarks of the 36

B2-adrenergic receptor structures.
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Figure 4.3.1.2. Scree Plots for both PC1 and PC2 of the Intracellular 32-Adrenergic Receptor
Landmarks. Scree plots for PC1 (a) and PC2 (b) are shown for the 7 intracellular landmarks of the 36

B2-adrenergic receptor structures.
PC1 vs PC2 Morphospace

Scatterplots comparing PC1 and PC2 show a spread of data across both the extracellular
(Figure 4.3.1.3a) and intracellular (Figure 4.3.1.3b) principal components, with evidence of

both clustering and outliers. The intracellular landmark coordinates (b) revealed a relatively

155



D. N. Wiseman, PhD Thesis, Aston University 2024

compact cluster of points around the -0.10 PC1, -0.00 PC2 morphospace, with the majority of
outliers varying towards the positive range of PC1. In contrast, the extracellular landmarks (a)
revealed a reasonable cluster of points around the 0.05 PC1, 0.03 PC2 morphospace, but the
data were more generally distributed between PC1 and PC2. Importantly, it should be noted
that the PC axes for the extracellular data (a) were half the range of the intracellular PC axes
(b), reflecting a greater degree of variance in the intracellular landmarks, additionally

highlighted by the greater cumulative percentage variation in Table 4.3.1.1.
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Figure 4.3.1.3. Morphospace of the B2-Adrenergic Receptor Structures. Position in morphospace
of 36 B2-adrenergic receptor structures along PC1 and PC2, based on the 7 extracellular landmarks

(a) and 7 intracellular landmarks (b). Each structure is labelled with its PDB code.

Categorisation by Activation State

For the B2-adrenergic receptor structures then, PC1 represents the dominant source of
variation in the dataset, and is likely caused by the differences in structural conformations
adopted by these receptors resolved in varying states of activation. If this is indeed the case,
one would expect to see active structures aligned to the more positive (righthand) scale of
PC1, and the inactive structures aligned to the more negative (lefthand) scale of PC1. Thus,
upon categorisation and assignment of group affiliation, this is shown to be the case in Figure
4.3.1.4. Structures described to be inactive are red, active are green, and active with Gs are
blue, based on information gathered from the GPCRdb. While there is general overlap
between these three categories for the extracellular morphospace (Figure 4.3.1.4a), the
intracellular morphospace (Figure 4.3.1.4b) reveals a clear distinction between the structures

affiliated to the inactive or active groups.
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Figure 4.3.1.4. Morphospace of the B2-Adrenergic Receptor Structures, Categorised by
Activation State. Position in morphospace of 36 2-adrenergic receptor structures, based on the 7
extracellular landmarks (a) and 7 intracellular landmarks (b). Convex hulls delimit the structures as

categorised, indicating group affiliation. Inactive is red, active is green, active with Gs is blue.

PERMANOVA (extracellular F = 6.237, p = 0.0005; intracellular F = 30.84, p = 0.0001) and
ANOSIM (extracellular R = 0.2784, p = 0.0069; intracellular R = 0.8904, p = 0.0001) showed
that there were significant differences between the categorised groups, summarised in Table
4.3.1.2. For the extracellular morphospace, both PERMANOVA and ANOSIM showed
statistically significant differences between the inactive and active groups, and between the
active and active with Gs groups. In contrast, the inactive and active with Gs groups were not
found to be significantly different, highlighted by the overlap between the two in Figure
4.3.1.4a. For the intracellular morphospace, PERMANOVA showed that the inactive group
varies significantly from both the active and active with Gs groups, while ANOSIM showed that
all three groups were significantly dissimilar from each other. PERMANOVA did not find the
active and active with Gs groups to significantly vary from each other, highlighted by their
overlap in Figure 4.3.1.4b. Finally, the greater F and R values for the intracellular
morphospace indicate greater shape variation and less dissimilarity, respectively, which
suggests a greater degree of variance in the intracellular morphospace compared to the

extracellular.
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Table 4.3.1.2. Statistical Analyses of the Activation States of the B2-Adrenergic Receptor
Structures. Pairwise comparisons of PC1 and PC2 scores of both the extra- and intracellular landmarks
of the P2-adrenergic receptor structures, in terms of defined activation states. Structures were
categorised as either inactive, active, or active with Gs based on information gained from the GPCRdb.
PERMANOVA p values are above the diagonal, and ANOSIM p values are below the diagonal. The

Bonferroni sequential corrected significant p values are indicated in bold.

Extracellular Intracellular
. . Active . . Active
Inactive Active with G, Inactive Active with Ge
Inactive 0.0004 0.396 Inactive 0.0001 0.0001
Active 0.0011 0.0056 Active 0.0002 0.8714
Active Active
with Ge 0.3839 0.0055 with Ge 0.0001 0.0081

Categorisation by Bound Ligand

Upon categorisation by bound ligand, the p2-adrenergic receptor structures morphospaces
reveal significant differences between the agonist (green), antagonist (blue), inverse agonist
(red), and unbound structures (gold), despite their overlap in places. This is more apparent in
the intracellular morphospace, with more distinct clustering between the agonist-bound
structures, and the antagonist- and inverse agonist-bound structures which are not
significantly different from each other. Moreover, these morphospaces reveal general variation
in the B2-adrenergic receptor structures, including both PC1 and PC2, which may be
consistent with subtle differences in their conformational changes when resolved in complex

with these classes of ligand.
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Figure 4.3.1.5. Morphospace of the B2-Adrenergic Receptor Structures, Categorised by Bound
Ligand. Position in morphospace of 36 32-adrenergic receptor structures, based on the 7 extracellular
landmarks (a) and 7 intracellular landmarks (b). Convex hulls delimit the structures as categorised,
indicating group affiliation. Inverse agonist is red, agonist is green, antagonist is blue, and unbound is

gold.

PERMANOVA (extracellular F = 6.862, p = 0.0001; intracellular F = 22.1, p = 0.0001) and
ANOSIM (extracellular R = 0.2312, p = 0.0019; intracellular R = 0.5096, p = 0.0001) showed
that there were significant differences between the categorised groups, summarised in Table
4.3.1.3. For the extracellular morphospace, PERMANOVA showed all bound ligand groups to
be significantly different from each other, aside from inverse agonist- compared to antagonist-
bound structures. ANOSIM showed the unbound structures to be significantly different from
the inverse agonist- and antagonist-bound structures, but not agonist-bound, which were
significantly different to the antagonist-bound structures. For the intracellular morphospace,
both PERMANOVA and ANOSIM revealed significant differences between all groups aside
from the inverse agonist- compared to antagonist-bound groups. Finally, the greater F and R
values for the intracellular morphospace also indicate greater shape variation and less

dissimilarity, respectively.
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Table 4.3.1.3. Statistical Analyses of the Bound Ligands of the B2-Adrenergic Receptor
Structures. Pairwise comparisons of PC1 and PC2 scores of both the extra- and intracellular landmarks
of the B2-adrenergic receptor structures, in terms of their bound ligand. Structures were categorised as
being unbound or agonist-, inverse agonist-, or antagonist-bound, based on information gained from
the GPCRdb. PERMANOVA p values are above the diagonal, and ANOSIM p values are below the

diagonal. The Bonferroni sequential corrected significant p values are indicated in bold.

Extracellular Intracellular
Inverse . . Inverse . .
Unbound Agonist Antagonist | Agonist Unbound Agonist Antagonist | Agonist
Unbound 0.0073 0.0029 0.0232 Unbound 0.0073 0.0029 0.0057
Inverse 0.0058 0.9627 | 0.0071 Inverse 0.0058 0.9033 | 0.0001
Agonist Agonist
Antagonist 0.0027 0.8512 0.0008 | Antagonist 0.0027 0.6482 0.0001
Agonist 0.0267 0.0658 0.0077 Agonist 0.0182 0.0001 0.0001

4.3.2 - Case Study 2: The Family A Adenosine A2A Receptor

The adenosine receptors elicit responses to extracellular adenosine, and mediate many
physiological processes, including the regulation of pain, cerebral blood flow, respiration and
sleep (Jaakola et al., 2008). Each of the four adenosine receptor sub-groups primarily couple
to the cAMP pathway, but are characterised by unique pharmacological profiles. The
adenosine A2A receptor preferentially signals through both Gas and Gaer, increasing cAMP
production, and is antagonised by methylxanthine molecules such as caffeine, with moderate
affinity (Jacobson et al., 2022). Interestingly, there is strong epidemiological evidence to link
the consumption of coffee to a reduced risk of Parkinson’s disease, attributed to caffeine’s
antagonism of the adenosine A2A receptor (Hernan et al., 2002). The development of
selective therapeutic compounds which preferentially activate specific adenosine receptor
sub-groups would therefore find application in the treatment of pain, asthma, Huntington
disease, Parkinson’s disease, seizure, and various other neurological disorders, for example
(Franco et al., 2022; Mori et al., 2022).

The A2A receptor is one of the most well-crystallised receptors in the GPCR superfamily
(Araya et al., 2024), providing structures in various conformational states for exploration with
geometric morphometrics. Seminal studies of the A2A receptor closely followed those of
rhodopsin and the 32-adrenergic receptor, being crystallised in complex with the high affinity
selective antagonist ZM241385 (Jaakola et al., 2008). Not only did this enable comparison to
other Family A GPCR structures, but reiterated the concept of ligand selectivity and the
associated mechanisms of structure based signalling. Interestingly, the crystal structure of the
adenosine A2A receptor in complex with ZM241385 revealed several key differences to
previously reported GPCR structures. Firstly, the extracellular loop organisation was observed

to be quite different to those of the adrenergic receptors and bovine/squid rhodopsin
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(Palczewski et al., 2000; Rasmussen et al., 2007; Rosenbaum et al., 2007; Murakami and
Kouyama, 2008; Warne et al., 2008). In addition, the binding of antagonist ZM241385 was
observed to be extended perpendicular to the membrane, and co-linear with transmembrane
helix 7, which differed from the initial homology modelling based on rhodopsin and the (p2-
adrenergic receptor structures (Martinelli and Tuccinardi, 2008; Yuzlenko and Kie¢-
Kononowicz, 2009). Finally, a subtle difference in helical orientation was observed in the A2A
receptor when compared to rhodopsin and the B2 receptor, redefining A2A’s antagonist
binding domain to be closer to TMs 6 and 7, and more limited interaction with TMs 3 and 5
(Jaakola et al., 2008).

As such, the adenosine A2A receptor makes for an interesting comparison to the [(2-
adrenergic receptor with geometric morphometrics, building on previously reported structural
analyses of these Family A GPCRs. At the time of sample selection, 58 human adenosine
A2A receptor structures were included in the dataset, with 49 described as inactive, and 9 as
active, 2 of which were coupled to Gs but were included in the active category for statistical
analyses. No structures were filtered or removed to capture a wide landscape of
conformational heterogeneity, and no structures were observed to disproportionately skew the
morphospaces of this dataset. Refer to Appendix B2 for a full list of structures, including PDB
codes and reference to their publication. Given that more traditional structural analyses have
revealed key differences between the A2A receptor and other Family A receptors, it was
hypothesised that differences may also be revealed by geometric morphometrics. In addition
to this, it was also hypothesised that shape variation would likely remain dominated by the

conformational differences between activation states.
PC Variance

The first two principal components accounted for 63% and 81%, of the variation in the
extracellular and intracellular landmark coordinates, respectively, of the 58 adenosine A2A
receptor structures, as shown in Table 4.3.2.1. The first principal component (PC1) accounted

for 47% (extracellular) and 58% (intracellular) of the variation.
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Table 4.3.2.1. Principal Component Variance of the Adenosine A2A Receptor Structures. The
variance explained by the 14 principal components of 58 adenosine A2A receptor structures, based on
both the extra- and intracellular landmark coordinates. Variance is expressed as a percentage,

alongside the total cumulative variance.

Extracellular Intracellular
%Variance %Cumulative %Variance %Cumulative

PC1 47 .425 47 .425 57.686 57.686
PC2 15.05 62.475 23.614 81.3

PC3 12.222 74.697 8.307 89.607
PC4 9.912 84.61 3.036 92.643
PC5 6.072 90.682 2.473 95.116
PC6 3.508 94.19 2.069 97.184
PC7 2.121 96.311 1.084 08.268
PC8 1.345 97.656 0.951 99.219
PC9 0.986 98.642 0.326 99.545
PC10 0.682 99.324 0.167 99.712
PC11 0.317 99.641 0.148 99.859
PC12 0.251 99.892 0.07 99.929
PC13 0.065 99.957 0.064 99.993
PC14 0.043 100 0.007 100

PC1 and PC2 Scree Plots

Scree plots for the first two principal components, showing the location, direction and
magnitude of variations are shown in Figures 4.3.2.1 and 4.3.2.2. For the extracellular
landmarks, PC1 showed the greatest variation in the positions of transmembrane helices 1, 5
and 2, with some variation in helices 6 and 7. PC2 showed the greatest variation in helices 1,
2 and 3, and some variation in helices 4 and 7. For the intracellular landmarks, PC1 showed
the greatest variation in helix 6, with some variation in helices 1, 3, 5 and 7. PC2 showed the

greatest variation in helices 5 and 6, and some variation in helices 1, 2, 3 and 7.

Overall, PC1 for both the extra- and intracellular landmarks again highlighted variation in
transmembrane helices 5 and 6, likely corresponding to the common GPCR activation
mechanism, and further supporting the results of the B2-adrenergic receptor case study.
These results therefore also suggest the structural variation in the adenosine A2A receptor

snapshots are dominated by their activation state.
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Figure 4.3.2.1. Scree Plots for both PC1 and PC2 of the Extracellular Adenosine A2A Receptor
Landmarks. Scree plots for PC1 (a) and PC2 (b) are shown for the 7 extracellular landmarks of the 58

adenosine A2A receptor structures.
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Figure 4.3.2.2. Scree Plots for both PC1 and PC2 of the Intracellular Adenosine A2A Receptor
Landmarks. Scree plots for PC1 (a) and PC2 (b) are shown for the 7 intracellular landmarks of the 58

adenosine A2A receptor structures.
PC1 vs PC2 Morphospace

Scatterplots comparing PC1 and PC2 show a spread of data across both the extracellular
(Figure 4.3.2.3a) and intracellular (Figure 4.3.2.3b) principal components, with evidence of
very strong clustering and outliers. The intracellular landmark coordinates (b) revealed a
distinct cluster of points around the -0.15 PC1, -0.00 PC2 morphospace, and several smaller
compact clusters towards the positive range of PC1. In contrast, the extracellular landmarks
(a) revealed a very strong cluster of points around the 0.05 PC1, 0.00 PC2 morphospace, with
data points distributing mainly towards the negative range of PC1 and the positive range of
PC2. Similarly to the 32-adrenergic receptor structures, the PC1 axis for the extracellular data
(a) was half the range of the intracellular PC1 axis (b), again reflecting a greater degree of
variance in the intracellular landmarks, and again highlighted by the greater cumulative

percentage variation in Table 4.3.2.1.
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Figure 4.3.2.3. Morphospace of the Adenosine A2A Receptor Structures. Position in morphospace
of 58 adenosine A2A receptor structures along PC1 and PC2, based on the 7 extracellular landmarks

(a) and 7 intracellular landmarks (b). Each structure is labelled with its PDB code.

Categorisation by Activation State

For the adenosine A2A receptor structures then, PC1 also likely represents the differences in
structural conformations adopted by these receptors resolved in varying states of activation.
Thus, upon categorisation and assignment of group affiliation, this is shown to be the case in
Figure 4.3.2.4. Structures described to be inactive are red and active are green, based on
information gathered from the GPCRdb. While there is a general overlap between these two
categories for both the extracellular morphospace (Figure 4.3.2.4a), and the intracellular
morphospace (Figure 4.3.2.4b), statistical analyses reveal significant differences between the
structures affiliated to the inactive or active groups. Similarly to the B2-adrenergic receptor
structures, the adenosine A2A intracellular landmarks of the active structures are also shown
to skew towards the positive range of PC1. However, in contrast, the intracellular landmarks
of the inactive structures cluster strongly to the negative range of PC1, but also display outliers
to the positive range, which differs from the pattern displayed by the B2-adrenergic receptor

structures.
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Figure 4.3.2.4. Morphospace of the Adenosine A2A Receptor Structures, Categorised by
Activation State. Position in morphospace of 58 adenosine A2A receptor structures, based on the 7
extracellular landmarks (a) and 7 intracellular landmarks (b). Convex hulls delimit the structures as

categorised, indicating group affiliation. Inactive is red and active is green.

PERMANOVA (extracellular F = 5.768, p = 0.0116; intracellular F = 13.59, p = 0.0003) and
ANOSIM (extracellular R = 0.4012, p = 0.0029; intracellular R = 0.3791, p = 0.0001) showed
that there were significant differences between the categorised groups, summarised in Table
4.3.2.2. For both the extracellular and intracellular morphospaces, both PERMANOVA and
ANOSIM showed statistically significant differences between the inactive and active groups,
however, as these groups overlapped, both the F and R values indicated less variation and
less dissimilarity across the adenosine A2A receptor structures in general, despite significant

pairwise differences.

Table 4.3.2.2. Statistical Analyses of the Activation States of the Adenosine A2A Receptor
Structures. Pairwise comparisons of PC1 and PC2 scores of both the extra- and intracellular landmarks
of the adenosine A2A receptor structures, in terms of defined activation states. Structures were
categorised as either inactive or active based on information gained from the GPCRdb. PERMANOVA
p values are above the diagonal, and ANOSIM p values are below the diagonal. The Bonferroni

sequential corrected significant p values are indicated in bold.

Extracellular Intracellular
Inactive Active Inactive Active
Inactive 0.0101 Inactive 0.0002
Active 0.0018 Active 0.0001
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Categorisation by Bound Ligand

When categorising the adenosine A2A receptor structures by bound ligand, both the
extracellular and intracellular morphospaces reveal significant differences between the
agonist- (green) and antagonist-bound (blue) structures, despite their overlap. In this dataset,
there is a spread of datapoints and lack of clear clustering, especially for the antagonist-bound
A2AR structures, which likely indicates a variety of subtle conformational differences which
could be further associated with specific antagonist ligands. It would be interesting to probe
whether these are true ‘antagonists’, or are actually inducing biased signalling through
alternative pathways; geometric morphometrics may therefore be revealing differences here,

consistent with the concept of structure-based biased signalling.
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Figure 4.3.2.5. Morphospace of the Adenosine A2A Receptor Structures, Categorised by Bound
Ligand. Position in morphospace of 58 adenosine A2A receptor structures, based on the 7 extracellular
landmarks (a) and 7 intracellular landmarks (b). Convex hulls delimit the structures as categorised,

indicating group affiliation. Agonist is green and antagonist is blue.

PERMANOVA (extracellular F = 4.337, p = 0.0234; intracellular F = 12.53, p = 0.0004) and
ANOSIM (extracellular R = 0.3182, p = 0.0079; intracellular R = 0.351, p = 0.0005) showed
that there were significant differences between the categorised groups, summarised in Table
4.3.2.3. For both the extracellular and intracellular morphospaces, both PERMANOVA and
ANOSIM revealed significant differences between the agonist- and antagonist-bound
structures, the intracellular morphospace more so. Again, these results were significant,

despite the overlap of groups.
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Table 4.3.2.3. Statistical Analyses of the Bound Ligands of the Adenosine A2A Receptor
Structures. Pairwise comparisons of PC1 and PC2 scores of both the extra- and intracellular landmarks
of the adenosine A2A receptor structures, in terms of their bound ligand. Structures were categorised
as being either agonist-, or antagonist-bound, based on information gained from the GPCRadb.
PERMANOVA p values are above the diagonal, and ANOSIM p values are below the diagonal. The

Bonferroni sequential corrected significant p values are indicated in bold.

Extracellular Intracellular
Agonist Antagonist Agonist Antagonist
Agonist 0.0191 Agonist 0.0003
Antagonist 0.0073 Antagonist 0.0003

4.3.3 — Case Study 3: The Family B1 Secretin-Like Receptors

The relatively small B1, or secretin-like, family of GPCRs is composed of 15 members in
humans, and are characterised by a relatively large extracellular domain and activation by
peptide hormones; there are no orphan receptors in family B1 as each receptor has had at
least one endogenous agonist identified (Cary et al., 2023). As well as the calcitonin family of
receptors discussed in this thesis, family B1 also contains receptors for corticotropin,
glucagon, parathyroid hormone, pituitary adenylate cyclase-activating polypeptide (PACAP)
and vasoactive intestinal peptide (VIP), to name a few. As family B1 mediates such a variety
of peptide hormones, they are also targeted clinically for a wide range of diseases including
diabetes, obesity, migraine, hypoglycaemia and osteoporosis, for example (Bortolato et al.,
2014). While some effective therapeutics are in use, the broad physiological and clinical
relevance of family B1 makes their structural mechanisms of ligand binding and activation a

salient topic of interest to the field.

Similarly to both the B2-adrenergic and adenosine A2A receptors, the secretin-like receptors
of family B1 preferentially couple to Gs to increase the production of cAMP, however,
numerous biased agonists have been identified (Wootten et al., 2017). Despite this, insight
into the physiological effects and therapeutic application of the biased agonism of secretin-like
receptors is limited (Cary et al., 2023). For example, an engineered biased agonist of the
parathyroid receptor, PTH®, with an increased preference for the cAMP pathway compared
to B-arrestin recruitment relative to PTH, did not show an increase in bone tissue growth in
mice (White et al., 2021). In contrast, the PTH analogue [D-Trp', Tyr** — PTH(7-34)] was
found to preferentially activate the ERK1/2 pathway via B-arrestin recruitment, stimulating
bone growth and decreasing bone degradation in mice (Gesty-Palmer et al., 2006, 2009).
These results indicate that the treatment of osteoporosis for example, may be facilitated by

these B-arrestin-biased agonists of the PTH receptor, although some results were notably cell-
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line dependent (van der Lee et al., 2013). Perhaps the most well-studied receptor of family
B1, the glucagon-like peptide 1 receptor (GLP-1R) is pleiotropically activated by several
ligands, and is therefore thought to be more disposed to biased agonism. Structures of GLP-
1R resolved in complex with biased agonists including semaglutide, oxyntomodulin and
exendin 4, for example, have collectively provided insight into the structural mechanisms of
GLP-1R, and could lead to the rational structure-based design of biased agonists for these

receptors, and the wider B1 family in general (Cary et al., 2023).

As such, the family B1 secretin-like receptors make for an interesting comparison to the family
A B2-adrenergic and adenosine A2A receptors, highlighting the multifaceted capabilities of
geometric morphometrics across GPCR families. At the time of sample selection, 61 human
secretin-like receptors were included in the dataset, with 16 described as inactive, and 45
described as active. No structures were filtered or removed to capture a wide landscape of
conformational heterogeneity, and no structures were observed to disproportionately skew the
morphospaces of this dataset. Refer to Appendix B3 for a full list of structures, including PDB
codes and reference to their publication. It was hypothesised that activation state would again
underlie the greatest source of variation in the secretin-like receptors. In addition, observations
may also reveal an effect of including several sub-families in this analysis, which was not the

case for the f2-adrenergic or adenosine A2A receptor structures.
PC Variance

The first two principal components accounted for 54% and 64%, of the variation in the
extracellular and intracellular landmark coordinates, respectively, of the 61 secretin-like
receptor structures, as shown in Table 4.3.3.1. The first principal component (PC1) accounted

for 35% (extracellular) and 50% (intracellular) of the variation.
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Table 4.3.3.1. Principal Component Variance of the Secretin-Like Receptor Structures. The
variance explained by the 14 principal components of 61 secretin-like receptor structures, based on
both the extra- and intracellular landmark coordinates. Variance is expressed as a percentage,

alongside the total cumulative variance.

Extracellular Intracellular
%Variance %Cumulative %Variance %Cumulative

PC1 34.934 34.934 49.489 49.489
PC2 18.577 53.511 14.178 63.667
PC3 10.953 64.464 10.06 73.727
PC4 8.062 72.526 5.072 78.799
PC5 5.793 78.319 4.053 82.852
PC6 4.364 82.683 3.76 86.612
PC7 3.929 86.612 3.363 89.974
PC8 3.151 89.763 2.695 92.669
PC9 2.632 92.395 2.307 94.977
PC10 2172 94.568 1.653 96.629
PC11 2.031 96.599 1.311 97.94
PC12 1.498 98.097 1.107 99.047
PC13 1.207 99.304 0.574 99.621
PC14 0.696 100 0.379 100

PC1 and PC2 Scree Plots

Scree plots for the first two principal components, showing the location, direction and
magnitude of variations are shown in Figures 4.3.3.1 and 4.3.3.2. For the extracellular
landmarks, PC1 showed the greatest variation in the positions of transmembrane helix 6, with
some variation in helices 1, 2, 5 and 7. PC2 showed the greatest variation in helix 1, and some
variation in helices 2, 4, 5, 6 and 7. For the intracellular landmarks, PC1 showed the greatest
variation in helix 6, with some variation in helices 3 and 5. PC2 showed the greatest variation

in helices 3, 4 and 6, and some variation in helix 2.

Overall, PC1 for both the extra- and intracellular landmarks again highlighted variation in
transmembrane helices 5 and 6, with greater variation observed in the other TM helices, likely
due to the inclusion of several receptor sub-types in this dataset. In any case, it is reassuring
to consistently observe the greatest magnitudes of variation being attributed to underlying

conformational changes between the activation states of crystal snapshots.
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Figure 4.3.3.1. Scree Plots for both PC1 and PC2 of the Extracellular Secretin-Like Receptor
Landmarks. Scree plots for PC1 (a) and PC2 (b) are shown for the 7 extracellular landmarks of the 61

secretin-like receptor structures.
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(b)

PC2

Figure 4.3.3.2. Scree Plots for both PC1 and PC2 of the Intracellular Secretin-Like Receptor
Landmarks. Scree plots for PC1 (a) and PC2 (b) are shown for the 7 intracellular landmarks of the 61

secretin-like receptor structures.
PC1 vs PC2 Morphospace

Scatterplots comparing PC1 and PC2 show a spread of data across both the extracellular
(Figure 4.3.3.3a) and intracellular (Figure 4.3.3.3b) principal components, with evidence of
both clustering and outliers. The intracellular landmark coordinates (b) revealed a general
clustering of points between the -0.10 PC1, -0.10 to 0.10 PC2 morphospace, and a more
distinct cluster towards the positive range of PC1 (0.30, -0.00). In contrast, the extracellular
landmarks (a) revealed a small cluster of points around the -0.05 PC1, -0.00 PC2
morphospace, with data points distributing more generally between both PC1 and PC2.
Similarly to both the B2-adrenergic receptor and adenosine A2A receptor structures, the PC1
axis for the extracellular data (a) were less positive than the intracellular PC1 axis (b),

highlighted by the greater cumulative percentage variation in Table 4.3.3.1.
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Figure 4.3.3.3. Morphospace of the Secretin-Like Receptor Structures. Position in morphospace of
61 secretin-like receptor structures along PC1 and PC2, based on the 7 extracellular landmarks (a) and

7 intracellular landmarks (b). Each structure is labelled with its PDB code.

Categorisation by Activation State

For the secretin-like receptor structures then, PC1 also likely represents the differences in
structural conformations adopted by these receptors resolved in varying states of activation.
Thus, upon categorisation and assignment of group affiliation, this is shown to be the case in
Figure 4.3.3.4. Structures described to be inactive are red and active are green, based on
information gathered from the GPCRdb. While there is some overlap between these two
categories for the extracellular morphospace (Figure 4.3.3.4a), the intracellular morphospace
forms two distinct groups with the active structures falling in the negative range of PC1, and
the inactive structures to the positive range of PC1 (Figure 4.3.3.4b). This contrasts to the 2-
adrenergic and adenosine A2A receptors in which their active structures were skewed to the
positive range of PC1. This possibly suggests that while PC1, and therefore activation state,
is the dominant source of variation in these datasets, perhaps the positivity or negativity of the
groupings along the principal components differs for Family B1 receptors when compared to

Family A. Nonetheless, these groupings were also significantly different from each other.
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Figure 4.3.3.4. Morphospace of the Secretin-Like Receptor Structures, Categorised by Activation
State. Position in morphospace of 61 secretin-like receptor structures, based on the 7 extracellular
landmarks (a) and 7 intracellular landmarks (b). Convex hulls delimit the structures as categorised,

indicating group affiliation. Inactive is red and active is green.

PERMANOVA (extracellular F = 14.48, p = 0.0001; intracellular F = 139.7, p = 0.0001) and
ANOSIM (extracellular R = 0.13, p = 0.0232; intracellular R = 0.9696, p = 0.0001) showed that
there were significant differences between the categorised groups, summarised in Table
4.3.3.2. For the extracellular morphospace, PERMANOVA showed statistically significant
differences between the inactive and active groups while ANOSIM did not; this indicates
significant variation but a lack of clustering. The F and R values were both low, indicating
lesser variation and dissimilarity between groups. However, for the intracellular morphospace,
both PERMANOVA and ANOSIM showed very statistically significant differences between the
inactive and active groups, with very high F and R values indicating a great degree of variation
and dissimilarity between the active and inactive structures due to their clear distinction from

each other.
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Table 4.3.3.2. Statistical Analyses of the Activation States of the Secretin-Like Receptor
Structures. Pairwise comparisons of PC1 and PC2 scores of both the extra- and intracellular landmarks
of the secretin-like receptor structures, in terms of defined activation states. Structures were categorised
as either inactive or active based on information gained from the GPCRdb. PERMANOVA p values are
above the diagonal, and ANOSIM p values are below the diagonal. The Bonferroni sequential corrected

significant p values are indicated in bold.

Extracellular Intracellular
Inactive Active Inactive Active
Inactive 0.0001 Inactive 0.0001
Active 0.0235 Active 0.0001

Categorisation by Bound Ligand

Upon categorising the secretin-like receptors by their bound ligand, the extracellular
morphospace reveals a general spread of data points across both PC1 and PC2, with overlap
of groups, and a lack of significant clustering aside from a difference between the agonist-
(green) and antagonist-bound (blue) structures. It was hypothesised that perhaps the inclusion
of several sub-families in this dataset might have overpowered the effects of bound ligand,
and categorisation by sub-family may therefore reveal greater differences. This was not the
case, with sub-family categorisation also giving no significant differences for both
morphospaces (data not shown). The intracellular morphospace however, not only showed
clearer groupings of bound ligand, but PC1 also revealed a gradient from most active (green)
through to antagonised (blue), and then least active being negatively allosterically modulated
(fuschia), with unbound structures falling in between (gold). These differences could also
reflect the conformational heterogeneity of the family B1 receptors when resolved in complex

with these different classes of ligand.
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Figure 4.3.3.5. Morphospace of the Secretin-Like Receptor Structures, Categorised by Bound
Ligand. Position in morphospace of 61 secretin-like receptor structures, based on the 7 extracellular
landmarks (a) and 7 intracellular landmarks (b). Convex hulls delimit the structures as categorised,
indicating group affiliation. Agonist is green, antagonist is blue, fuschia is negative allosteric modulator
(NAM) and unbound is gold.

PERMANOVA (extracellular F = 3.428, p = 0.05; intracellular F = 28.75, p = 0.0001) and
ANOSIM (extracellular R = 0.01417, p = 0.5494; intracellular R = 0.8005, p = 0.0001) showed
that there were significant differences between the categorised groups, summarised in Table
4.3.3.3. For the extracellular morphospace, PERMANOVA showed a significant difference
between the agonist- and antagonist-bound structures only, and ANOSIM did not show any
significant differences. For the intracellular morphospace, both PERMANOVA and ANOSIM
revealed significant differences between the agonist- and unbound, antagonist-, and NAM-
bound structures. Defined groups in the intracellular morphospace therefore varied more and

formed more distinct clusters, as indicated by the greater F and R values.
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Table 4.3.3.3. Statistical Analyses of the Bound Ligands of the Secretin-Like Receptor
Structures. Pairwise comparisons of PC1 and PC2 scores of both the extra- and intracellular landmarks
of the secretin-like receptor structures, in terms of their bound ligand. Structures were categorised as
being unbound or agonist-, antagonist-, or negative allosteric modulator (NAM)-bound, based on
information gained from the GPCRdb. PERMANOVA p values are above the diagonal, and ANOSIM p
values are below the diagonal. The Bonferroni sequential corrected significant p values are indicated in
bold.

Extracellular Intracellular
Unbound | Agonist | Antagonist NAM Unbound | Agonist | Antagonist NAM
Unbound 0.3557 0.3944 0.7537 Unbound 0.009 0.4989 0.0174
Agonist 0.5748 0.0048 0.0123 Agonist 0.0038 0.0004 0.0001
Antagonist 0.4964 0.0287 0.137 Antagonist 0.5958 0.0007 0.0401
NAM 0.0978 0.7707 0.0648 NAM 0.1041 0.0001 0.1119

4.3.4 — Case Study 4: The Family C Calcium-Sensing Receptor

The family C calcium-sensing receptor detects the fluctuating levels of calcium ions in the
blood, maintaining their homeostasis in conjunction with the reabsorption of Ca?* in the
kidneys, and the secretion of PTH from parathyroid cells (Brown, 2013). These receptors
belong to the family C group of GPCRs, along with the GABAg and metabotropic glutamate
receptors, functioning as disulphide-linked obligate homodimers. They possess a much larger
extracellular domain, with a Venus flytrap module (VFT), a cysteine-rich domain, and the 7TM
bundle which relays activation signals from the VFT to the intracellular G proteins (Geng et
al., 2016; Zhang et al., 2016). Dysfunction of the calcium-sensing receptor are therefore
involved in Ca?* homeostasis disorders such as autosomal dominant hypocalcaemia and
familial hypocalciuric hypercalcaemia, for example (Ward et al., 2012). Current therapeutics
include calcium mimetics such as cinacalcet, etelcalcetide, and evocalcet, which are positive

allosteric modulators, utilised during dialysis for kidney disease (Leach et al., 2016).

The recent resolution of several full-length family C receptor structures has provided an
invaluable framework to further elucidate their activation mechanisms. It is proposed that both
Ca?" and L-Trp co-activate the calcium-sensing receptor, causing closure of the VFT module
and subsequent conformational change of the 7TM bundle which leads to signalling (Ling et
al., 2021). The hallmark characteristic of calcium-sensing receptor activation mechanisms is
a rearrangement of a TM5-TM5 dimer interface in the inactive state, to a TM6-TM6 interface
in the active state (Chen et al., 2021). In terms of their biased agonism, well-known orthosteric
agonists have been explored across several signalling pathways, revealing a bias in the
potency of barium, spermine, neomycin, and tobramycin via Gq11, Gio and ERK1/2 signalling
pathways (Thomsen, Hvidtfeldt and Brauner-Osborne, 2012). Moreover, the polyamine and

aminoglycoside agonists were also found to preferentially signal via ERK1/2, indicating that
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the calcium-sensing receptor displays ligand-dependent conformational heterogeneity, which

may lead to clinically effective biased therapeutics for the calcium-sensing receptor.

In any case, this receptor makes for an interesting comparison to the other case studies due
to its structural nature as an obligate homodimer, which again reinforces the multifaceted
nature of geometric morphometrics, as well as completing the analyses of all three major
GPCR families for humans - families A, B and C. At the time of sample selection, 11 human
calcium-sensing receptor structures were included in the dataset, with 7 described as inactive,
and 4 described as active. No structures were filtered or removed to capture a wide landscape
of conformational heterogeneity, and no structures were observed to disproportionately skew
the morphospaces of this dataset. Refer to Appendix B4 for a full list of structures, including
PDB codes and reference to their publication. It was again hypothesised that the greatest
source of variation in these structures would be underpinned by their activation state, however,
as this was a completely novel use of this technique with dimeric structures, it was unclear if
any significant variation would be detected in a similar manner to the previous three case

studies.
PC Variance

As the calcium-sensing receptor is an obligate homodimer, each analysis was performed on
14 landmarks instead of the usual 7; as a result, the dimensionality of the data was 35 which
is greater than the sample size, resulting in 10 principal components instead of the usual 14.
The first two principal components accounted for 73% and 80%, of the variation in the
extracellular and intracellular landmark coordinates, respectively, of the 11 calcium-sensing
receptor structures, as shown in Table 4.3.4.1. The first principal component (PC1) accounted
for 57% (extracellular) and 52% (intracellular) of the variation, whereas PC2 accounted for
16% and 28%, indicating that the variance represented by PC2 is much more prevalent in the

intracellular landmarks.
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Table 4.3.4.1. Principal Component Variance of the Calcium-Sensing Receptor Structures. The
variance explained by the 10 principal components of 11 calcium-sensing receptor structures, based
on both the extra- and intracellular landmark coordinates. Variance is expressed as a percentage,

alongside the total cumulative variance.

Extracellular Intracellular
%Variance %Cumulative %Variance %Cumulative

PC1 56.824 56.824 51.536 51.536
PC2 16.219 73.043 28.305 79.841
PC3 10.845 83.888 6.175 86.016
PC4 5.513 89.401 4.459 90.475
PC5 3.027 92.428 3.525 94

PC6 2.675 95.103 2.2 96.199
PC7 2.169 97.272 1.674 97.873
PC8 1.439 98.711 0.959 98.832
PC9 0.915 99.627 0.865 99.697
PC10 0.373 100 0.303 100

PC1 and PC2 Scree Plots

Scree plots for the first two principal components, showing the location, direction and
magnitude of variations are shown in Figures 4.3.4.1 and 4.3.4.2. Within the dimeric structure,
the chain A monomer is landmarks 1 to 7, and the chain B monomer is landmarks 8 to 14. For
the extracellular landmarks, PC1 showed the greatest variation in the positions of
transmembrane helices 1, 5, 6, 8, and 13, with some variation in helices 4, 7, 11, 12, and 14.
PC2 showed the greatest variation in helices 5, 11, and 12, and some variation in helices 3,
6, 7, 10, 13, and 14. For the intracellular landmarks, PC1 showed the greatest variation in
helices 3, 5, 6, 12, 13, and 14, with some variation in helices 1, 4, 7, 8, 10, and 11. PC2
showed the greatest variation in helices 5 and 12, and some variation in helices 3, 4, 6, 7, 9,
10, 11, 13, and 14.

Overall, PC1 for both the extra- and intracellular landmarks again highlighted some of the
greatest variation in transmembrane helix 6 for both monomers of the dimer which is a
recurring observation in the morphometric analyses of GPCR structures. Compared to the
other case study data, the calcium-sensing receptor structures did reveal variance in most of
the 14 landmarks, for which there may be several explanations. Firstly, this case study is the
first example of the use of geometric morphometrics with an obligate homodimer, and the
inclusion of the 14 landmarks instead of the usual 7 may contribute to this variation. Secondly,
this analysis was performed on a smaller sample size of 11 structures; subtle variations are
amplified in these smaller datasets, making them appear greater than they perhaps would in
a larger dataset. Finally, the complete activation mechanism of the calcium-sensing receptor

is yet to be fully elucidated but the presence of the Venus fly trap module, the concept of
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transactivation, and the conformational heterogeneity observed in their structures may all

contribute to the structural changes underlying this variation in shape morphology.
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Figure 4.3.4.1. Scree Plots for both PC1 and PC2 of the Extracellular Calcium-Sensing Receptor
Landmarks. Scree plots for PC1 (a) and PC2 (b) are shown for the 14 extracellular landmarks of the

11 calcium-sensing receptor structures. Chain A of the dimeris 1 to 7, chain B is 8 to 14.
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PC1

PC2

Figure 4.3.4.2. Scree Plots for both PC1 and PC2 of the Intracellular Calcium-Sensing Receptor
Landmarks. Scree plots for PC1 (a) and PC2 (b) are shown for the 14 intracellular landmarks of the 11

calcium-sensing receptor structures. Chain A of the dimeris 1 to 7, chain B is 8 to 14.
PC1 vs PC2 Morphospace

Scatterplots comparing PC1 and PC2 show a general spread of data across both the
extracellular (Figure 4.3.4.3a) and intracellular (Figure 4.3.4.3b) principal components, with
some indication of clustering, albeit less obvious than the other case study morphospaces.
The data points are fairly distributed across both PC1 and PC2, although one particular cluster
is observed for the intracellular landmarks (b) at the 0.10 PC1, -0.05 PC2 morphospace. In
contrast to the other three case studies, the axes for the extracellular data (a) were more
positive than the intracellular axes (b), indicating a greater range of variation at the

extracellular face of the calcium-sensing receptor.
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Figure 4.3.4.3. Morphospace of the Calcium-Sensing Receptor Structures. Position in
morphospace of 11 calcium-sensing receptor structures along PC1 and PC2, based on the 14
extracellular landmarks (a) and 14 intracellular landmarks (b). Each structure is labelled with its PDB
code.

Categorisation by Activation State

For the calcium-sensing receptor structures then, both PC1 and PC2 play a role in
representing the differences in structural conformations adopted by these receptors resolved
in varying states of activation. Upon categorisation and assignment of group affiliation, Figure
4.3.3.4 shows complete separation between the groups of inactive and active structures, for
both extra- and intracellular morphospaces. Structures described to be inactive are red and
active are green, based on information gathered from the GPCRdb. While the active structures
were observed to cluster relatively closer together, the inactive structures occupied a larger
morphospace which may underly the conformational heterogeneity in these receptors; indeed,
the calcium-sensing receptors are known to adopt intermediate conformations between
activation states. In addition to this observation, the groupings revealed along PC1 were
mirrored between the extra- and intracellular morphospaces; active structures in the
extracellular morphospace (Figure 4.3.4.4a) fell in the negative range of PC1, but then fell in
the positive range in the intracellular morphospace (Figure 4.3.4.4b), for example. In any case,
the calcium-sensing receptor groupings were shown to be significantly different from each
other.
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Figure 4.3.4.4. Morphospace of the Calcium-Sensing Receptor Structures, Categorised by
Activation State. Position in morphospace of 11 calcium-sensing receptor structures, based on the 14
extracellular landmarks (a) and 14 intracellular landmarks (b). Convex hulls delimit the structures as

categorised, indicating group affiliation. Inactive is red and active is green.

PERMANOVA (extracellular F = 4.464, p = 0.0368; intracellular F = 6.922, p = 0.0084) and
ANOSIM (extracellular R = 0.2513, p = 0.0498; intracellular R = 0.4709, p = 0.0166) showed
that there were significant differences between the categorised groups, summarised in Table
4.3.4.2. For the extracellular morphospace, PERMANOVA showed statistically significant
differences between the inactive and active groups while ANOSIM did not; this indicates
significant variation but a lack of clustering, similar to the secretin-like receptors. The F and R
values were both relatively low, indicating lesser variation and dissimilarity between groups.
However, for the intracellular morphospace, both PERMANOVA and ANOSIM showed
statistically significant differences between the inactive and active groups, with higher F and
R values indicating greater variation and dissimilarity between the active and inactive

structures due to their clear distinction from each other, again, similar to the secretin-like

receptors.
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Table 4.3.4.2. Statistical Analyses of the Activation States of the Calcium-Sensing Receptor
Structures. Pairwise comparisons of PC1 and PC2 scores of both the extra- and intracellular landmarks
of the calcium-sensing receptor structures, in terms of defined activation states. Structures were
categorised as either inactive or active based on information gained from the GPCRdb. PERMANOVA
p values are above the diagonal, and ANOSIM p values are below the diagonal. The Bonferroni

sequential corrected significant p values are indicated in bold.

Extracellular Intracellular
Inactive Active Inactive Active
Inactive 0.0364 Inactive 0.0084
Active 0.0525 Active 0.0171

Categorisation by Bound Ligand

Due to the lower sample size of this dataset, statistical testing could not be performed in terms
of grouping by bound ligand, however, untested observations reveal some differences. The
most active and most inactive calcium-sensing receptor structures were found to be at the two
extreme opposites of PC1, with agonist-PAM-PAM-bound structures first (bright green),
followed by agonist-PAM-bound (bright blue) and agonist-bound (dark green). On the other
extreme of PC1 are the apo- (silver), PAM- (orange), and NAM-bound structures (red), with
an absence of agonist. Agonist-NAM-PAM-bound structures (dark blue) fell in between the
two. Overall, these results are indicative of a gradient of activation across PC1, depending on
the presence or absence of agonist and allosteric modulators in the resolved structures. In
addition, there also appears to be a spread of data across PC2, even between the active
structures which may correspond to subtle differences in the conformational states of the
calcium-sensing receptor. As discussed, this variation may appear to be more prevalent due
to the lower sample size, and would need more calcium-sensing receptor structures to be
resolved to enable statistical testing, and determine if these observations remain consistent in

a larger sample size.
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Figure 4.3.4.5. Morphospace of the Calcium-Sensing Receptor Structures, Categorised by
Bound Ligand. Position in morphospace of 11 calcium-sensing receptor structures, based on the 14
extracellular landmarks (a) and 14 intracellular landmarks (b). Convex hulls delimit the structures as
categorised, indicating group affiliation. Agonist is dark green, ago-PAM-PAM is bright green, ago-PAM
is bright blue, ago-NAM-PAM is dark blue, PAM is orange, NAM is red, and apo is silver.

4.4 — Discussion

To reiterate, the wide involvement of GPCRs in physiological processes makes them very
attractive drug targets, though the development of safe and effective drugs is often hindered
by the challenging nature of these membrane proteins. This is particularly true when
considering the possibility of therapeutic agents able to selectively modulate specific GPCR
signalling pathways, in which a robust understanding of the structure-function relationship of
GPCRs is essential. While the techniques available for structure determination and analysis
have produced high-resolution snapshots of GPCR architecture, providing invaluable
molecular insights, their inherent limitations prevent visualisation of the complete landscape
of the nuanced intricacies of GPCR signalling. Moreover, the elucidation of structure-based
biased signalling remains a formidable challenge, and requires a multidisciplinary approach of
biophysical, computational and analytical techniques to holistically resolve. This body of work
therefore sought to quantitatively decode the conformational heterogeneity in GPCR signalling
via the novel application of geometric morphometric and principal component analyses to

resolved GPCR structures.

Historically, the most commonly used quantitative method to compare protein structures is

root mean square deviation, or RMSD, which gives a similarity metric based on the
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superimposition of atomic coordinates (Carugo and Pongor, 2001; Kufareva and Abagyan,
2012). Despite its popularity, RMSD has several inherent limitations. Firstly, RMSD
calculations are sensitive to initial structural alignment, and thus differences in superimposition
can lead to significantly different RMSD values. The calculation itself also requires a reference
structure, which if poorly chosen or unrepresentative of the comparison, may give RMSD
values which do not accurately reflect the structural differences observed. As RMSD measures
global structural similarity and all atoms are treated equally, more local differences may not
be captured accurately; this is particularly relevant when considering the subtle conformational
heterogeneity of GPCRs. Importantly, RMSD is unable to distinguish between functionally or
biologically relevant structural differences, as opposed to trivial or irrelevant artifacts, and can
also be influenced by the resolution of structures, even for similar conformations (Kufareva
and Abagyan, 2012). To address these limitations, additional metrics are often employed in
tandem, including global distance testing, template modelling and sequence-based

comparisons.

A superimposition-independent method of comparing protein structures is Quality scoring, or
the Q score, and has been suggested to be an alternative to the global distance test, or GDT
(Krissinel and Henrick, 2004). The Q score estimates the similarity between protein structures,
based on their internal residue distances but similarly to RMSD, also has inherent limitations
(McGuffin and Roche, 2010). Q score relies on the definition of residue contacts derived from
the native structure, and therefore if incorrect, may not provide a reliable score of structural
similarity. Q score is also sensitive to small changes in the definition of contacts, leading to
significant changes in score, in response to the resolution of techniques used to define
contacts. In contrast to RMSD, Q score primarily focusses on local interactions and therefore
may not capture global structures effectively, including those exhibited by conformational
changes. Furthermore, and similarly to RMSD, Q score cannot distinguish between different
types of structural rearrangements, regardless of their functional or biological relevance
(Kufareva and Abagyan, 2012). Finally, as Q score is primarily applicable to the evaluation of
models determined through simulations or de novo prediction, it is perhaps less suitable for

the comparison of experimentally resolved protein structures.

Based on these two examples then, RMSD may struggle to accurately capture local, and
perhaps subtle, differences in protein structures, while Q score cannot capture global
differences such as conformational changes between activation states. Moreover, both of
these techniques are unable to distinguish between functionally or biologically relevant
structural differences, making them particularly unsuitable for this body of work. Geometric
morphometrics was therefore selected for its advantages in analysing shape variation

between biological structures.
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First of all, geometric morphometrics is a quantitative method of shape analysis, allowing
precise, reproducible and comparable measurements of structures; the method is grounded
in robust statistical principles which enables rigorous analyses between shape differences and
patterns of variation (Bookstein, 1984, 1997). GM can simultaneously analyse both shape and
size variation, offering powerful visual tools to represent such variation including deformation
grids and the principal component plots used in this body of work. As discussed, GM
techniques often use procrustean superimposition to remove differences in position,
orientation and scale, making comparisons between structures independent of these factors
(Mitteroecker and Gunz, 2009). GM can not only handle complex shapes with irregular or non-
linear structures, such as proteins, but is also able to provide insights into functionally or
biologically relevant shape differences. Whilst this is certainly true for the anthropological study
of bones, teeth and skulls, the novel application of GM to GPCRs in this body of work provides
evidence that is consistent with functionally relevant conformational landscapes (Wiseman et
al., 2021). Finally, GM also allows for both multivariate and comparative analyses, facilitating
the exploration of complex patterns of shape variation and covariation across multiple
dimensions, as well as comparative analyses of shape across different receptor families. The
justification for the novel use of geometric morphometrics to help elucidate the conformational
landscapes of GPCRs was therefore evidence-based, enabling robust testing of hypotheses
and rigorous statistical analyses, as detailed in section 4.3, and was concluded to be a

successful application of this technique to GPCR structural biology.

The foundational geometric morphometric analyses presented in each of the case studies
demonstrated consistent quantitative mapping of global structural rearrangements between
inactive- and active-state receptor crystals, in addition to revealing ligand-stabilised
conformational heterogeneity which is consistent with the breadth of diverse activated states
adopted during signalling. Extending this framework across multiple receptor conformations,
as well as different members of the GPCR superfamily, highlights the power of this
multifaceted, transformative structural tool, and its ability to contribute towards the ‘complete
picture’ of structure-based signalling. Ultimately, a holistic understanding of the biased ligand-
receptor conformational landscape will lead to dynamic structure/function models from which

safe, effective and selective therapeutics can be developed.

However, despite its usefulness, geometric morphometrics does of course possess its own
challenges and limitations which require consideration going forwards. This technique heavily
relies upon landmark selection to define the shapes to be analysed, which can be a subjective
and time-consuming process, especially for more complex or three-dimensional structures
such as membrane proteins. In addition, alignment of coordinate data by Procrustese

superimposition may not always vyield biologically meaningful alignments, and the
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interpretation of shape variation can be challenging, especially when the underlying biological
factors driving those variations are not well understood. Moreover, the high-dimensional
datasets produced by geometric morphometrics can also be challenging to visualise and
interpret, and their analyses rely on certain statistical assumptions which may not always be

appropriate, violations of which may impact the accuracy and reliability of the results.

One particularly important aspect to highlight in the use of geometric morphometrics with
GPCR structures, is that of landmark selection. Landmarks are specifically defined to be
standardised positions which are located exactly in all shapes to be compared (Webster and
Sheets, 2010). In this body of work, the selection of residues at the ends of each
transmembrane helix are relatively standardised and reasonably well conserved between
receptors, but do require consideration. Firstly, given that GPCRs exhibit variability in the
sequence and length of helices between different families, the selection of the ends of helices
enables the capture of global conformational changes, despite these differences between
family members. In this context, the definition of landmarks by residue name or sequence
number may have been too restrictive, and thus the ends of helices were deemed more
appropriate. The selection of GPCR landmarks is of course dependent on the quality and
completeness of crystal structures, and thus selecting these landmarks also accommodates
the variability of maintained helices, especially when problematic crystal contacts or loop
interactions are encountered. Furthermore, the selection of end of helix landmarks additionally
allowed for the robustness of the geometric morphometric method to be tested, and was
shown to be resilient against this helical variability between the GPCR families. Indeed, the
comparison of GPCR structures by the ends of their transmembrane helices is a proven
concept, linking conformational heterogeneity across GPCR sub-families to structure-based
G protein coupling selectivity (Kruse et al., 2012); this concept is further explored with

geometric morphometrics in Chapter 5.

In any case, the manual selection and definition of landmarks remains non-trivial, open to
subjectivity, and has the potential to miss more subtle shape variations in receptor
conformation; the refinement of the landmark selection strategy will help to alleviate these
challenges, and further enhance the precision, efficiency and scope of landmarks which are
biologically meaningful and reproducible. It may well be that the use of artificial intelligence
and machine learning in landmark selection will prove to be advantageous; machine learning
involves computers ‘learning’ from experience, whereby a series of rules map example data
to expected outcomes, and a subsequent application of those rules to unseen data provides
probable answers (Chen and Siu, 2020). Machine learning has already been implemented in
the prediction of protein structures, and the assessment of their quality, with applications to

predictive structure-based drug discovery, for example (Jianlin Cheng, Tegge and Baldi, 2008;
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Chen and Siu, 2020; Schauperl and Denny, 2022). It likely makes sense to use machine
learning to refine the mapping of receptor landmarks to the conformational landscape, and link
structure to functional outcomes, in other words, elucidating the structure-based signalling of
GPCRs. Crucially, this refinement of landmark selection also relies upon high-quality, high-
resolution structure determination from X-ray crystallography and cryo-EM, each of which

necessitate their own continual refinement, as discussed (Danev et al., 2021).

In order to truly bridge the divide between structure and function, it will be critical to directly
link morphological states identified through geometric morphometrics to specific signalling
outputs. The enhancement of the resolution and accuracy of the geometric morphometric
analyses of GPCR structures will enable the consistent capture of subtle conformational
differences, crucial to understanding their pharmacology. This is especially the case in terms
of structure-based signalling bias, by which the morphological heterogeneity observed in these
foundational case studies is consistent with the diversity of conformations adopted by GPCRs
in their various states of activation. The link between ligand binding, conformation and distinct
signalling profiles can therefore be decoded by geometric morphometrics and correlated with
biochemical and cellular assays, to ensure that the structural groupings are functionally

relevant.

As the case study results in this body of work indicate that the principal components
representing the greatest variation in each dataset are dominated by global structural
rearrangements between inactive- and active-state receptor crystals, further investigation of
the lower eigenvalues may be needed to probe the more subtle structural variations. Referring
back to the example of the 2-adrenergic receptor and carazolol (Cherezov et al., 2007; van
der Westhuizen et al., 2014), principal components 1 and 2 might be dominated by carazolol’s
effects on major signalling pathways as a partial inverse agonist, however, the lower ranked
principal components may reveal its biased agonism of more minor pathways such as ERK1/2.
Again, bridging the gap between these more subtle conformational landscapes and their
biased signalling outcomes necessitates the implementation of sophisticated, temporally
relevant assays, in combination with quantitative morphological analyses. Ultimately, the
detailed mapping of GPCR conformational landscapes can inform the design of novel,
selective therapeutics which target specific receptor states for improved efficacy and reduced
side effects. Indeed, this method is not solely limited to GPCRs, but has the potential for broad
applicability to other clinically relevant targets such as kinases, ion channels and transcription

factors, for example (Wang et al., 2020).

Importantly, in its current iteration, the use of the geometric morphometrics method with

principal component analysis and multivariate statistics with GPCR structures is certainly
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effective and reproducible, however, there are several improvements which could be made to
enhance its user-friendliness. As discussed, the landmark selection process can be enhanced
by sequence alignments, and the use of artificial intelligence and machine learning, and the
collection of coordinate data from these landmarks would also benefit from some level of
automation. Currently, data collection remains a manual process, requiring each PDB file to
be opened as text, each residue located, and their XYZ coordinates recorded; the automated
extraction of this data using Python script, for example, would be a significant improvement to
the user experience. This would enable analyses of much larger datasets, without the onerous
task of manual data collection, but would rely on the quality of PDB annotations, which do

vary, especially for older submissions.

Similarly, the analyses of coordinate data and the statistical testing process require the import
and export of various data across several software programs; the development of one
coherent software package which integrates all of these aspects seamlessly would no doubt
significantly improve the user experience. Aside from the utility of this, if subtle morphological
differences are to be explored in the lower ranked principal components, their comparisons,
morphospace groupings and statistical testing should also be easily accessible in one
coherent package. In the current method, this is not the case, and therefore means the
morphological analyses of more subtle structural differences can be missed if they are not
specifically focussed upon. Finally, the integration of the geometric morphometric analyses of
GPCRs with commonly used bioinformatic and structural services such as the GPCRdb,
mpstruc and PDB depositories would link receptor morphology and structure-based signalling
to the existing information provided, and more widely share this technique with the structural

biology community.
Conclusion

While highly promising, challenges remain in comprehensively mapping relationships between
dynamic structure and function. The accuracy of comparisons relies on precise, three-
dimensional models, requiring continuously improving high-resolution experimental structures
to enable capturing the nuanced features within activation landscapes. Improvements in cryo-
EM will expand high-fidelity structural catalogues of physiologically relevant receptor states
for precise analyses. The number and selection of geometric landmarks also requires careful
consideration regarding biological relevance over perceived signal, to avoid overinterpreting
tangential shape changes lacking functional correlates. Statistical rigor in testing observed
associations is necessary to avoid sculpting models overfitted to a narrow landscape that fail
to represent results observed in the laboratory. Interpreting multidimensional structural

landscapes also benefits from visualisation approaches that intuitively communicate complex
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morphological relationships. Finally, comprehensively integrating structure with functional
outcomes remains limited by challenges in correlating dynamic shapes captured through in
silico simulations, with relevant signalling measurements. Improving cellular assays with
higher dimensionality and temporal precision promises more robust mapping of structure-
function relationships by enabling precise quantification of signalling phenotypes for exact

morphological states identified through modelling.

In summary, geometric morphometric methodologies enable the quantitative decoding of
structural mechanisms directing functional plasticity in GPCR signalling. Comparative
analyses of biased ligand-receptor shape spaces links conformational heterogeneity with
downstream signalling effects, delivering dynamic models of biased signalling modulation.
Integrating robust analyses of members of the GPCR superfamily, along with improved
experimental biophysical techniques such as those detailed in Chapter 3, promises

unprecedented structure-function resolution.
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Chapter 5: Progress to date in the Further Exploration of Geometric Morphometrics
and GPCR Structure

5.1 — Introduction

The novel application of geometric morphometrics to experimentally resolved GPCR
structures, as detailed in Chapter 4, was met with success. These foundational analyses
focussed upon global structural differences between inactive- and active-state receptor
crystals, reliably mapping these functional states to receptor morphology. In addition, the
subtle conformational heterogeneity which underpins the breadth of diverse activated states
during signalling was also revealed, along with receptor morphologies stabilised by various
classes of ligand during structure determination. Principal component analyses revealed shifts
along specific structural modes which are consistent with activation transitions, and rigorous
statistical analyses reliably determined significant differences between defined categories.
Overall, the case study results presented in Chapter 4 provided consistent evidence for proof
of concept, and suggest that the use of geometric morphometrics provides unique insight into
the structural landscape of GPCRs. Consequently, while activation states are certainly a
dominant aspect of variation in GPCR conformation, it was hypothesised that geometric
morphometrics could be further applied to several other structural aspects of GPCR biology.
By doing so, the morphological relationship between structure and function can be further
explored, and its architecture quantitatively decoded, and in addition, further test the

usefulness and multifaceted nature of geometric morphometrics.

The aim of this chapter therefore, was to explore the further applicability of geometric
morphometrics to GPCRs, and determine whether any significant or interesting observations
could be revealed from their structures, in terms of the determinants of G protein coupling, the
possible consequences of thermostabilisation and the use of fusion proteins, and finally
whether geometric morphometrics is useful in the comparison of AlphaFold models to
experimentally resolved structures. Each of these concepts are introduced in more detail in

sections 5.2 to 5.5.
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5.2 — The Structural Determinants of G Protein Coupling Specificity

Historically, it was thought that each GPCR could couple to only one sub-type of G protein,
eliciting a single cellular response, however, it is now known that this relationship is pleiotropic,
and thus the selectivity or specificity of G protein coupling to GPCRs is now a key concept in
the structure/function relationship of these receptor complexes (Masuho et al., 2023). Just as
GPCRs respond to a wide variety of ligands, transducing their signals across the cell
membrane and into the cell, so do they subsequently couple to a variety of heterotrimeric G
proteins, ultimately activating a variety of effector molecules and signalling pathways. The G
proteins themselves are composed of three subunits, alpha, beta, and gamma, and the sixteen
alpha subunits in the human genome can be classified into four sub-types — Gas, Gain, Gag11,
and Gaizqz (Kamato et al.,, 2015). Each of the G proteins initiate signalling cascades
differently, resulting in unique pharmacological profiles, possibly even over different
timescales (Masuho et al., 2015; Klein Herenbrink et al., 2016); this necessitates both a
pharmacological and temporal understanding of G protein activity, alongside physiological

outcomes, which is currently not well understood overall.

The muscarinic acetylcholine receptor sub-family was one of the first explorations into
preferential G protein coupling; each of the five members showed a similar degree of
homology, but differed in their coupling preferences, and subsequent physiological responses
(Caulfield and Birdsall, 1998). Eventually, the structures of both Gis-coupled M2 and Gg11-
coupled M3 muscarinic receptors offered insight into the structural basis of G protein coupling
preference, and enabled a novel comparison between receptors coupled to these G proteins
(Kruse et al., 2012). Interestingly, it was found that the most significant difference was found
at the intracellular end of transmembrane helix 5 and ICL2, in which a conserved tyrosine
points towards the M2 receptor, but away from the M3 receptor. In support of this, mutagenesis
approaches discovered a motif in both receptors at the intracellular end of transmembrane
helix 6 which directly interacts with TM5, and is critical in determining G protein selectivity
(Blin, Yun and Wess, 1995; Liu et al., 1995). Even more interestingly, the equivalent motif in
the B2AR-Gs complex makes direct contact with the terminal helix of Gas (Seren G.F.
Rasmussen et al., 2011). These findings therefore reveal that the intracellular ends of TM5

and TM®6 are particularly involved in the structural determination of G protein coupling.

Following on from these findings, Kruse et al., 2012 discovered that by mapping the interhelical
distances at the intracellular ends of the transmembrane helices, unique inactive GPCR
structures formed distinct groupings which correlated with their G protein coupling specificity
(Kruse et al., 2012). As shown in Figure 5.2, measurements of distance in Angstroms between
the Ca atoms of TM3 residue 3.54 and TM5 residue 5.62, and between TM5 residue 5.62 and
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TM6 residue 6.37, reveal these groupings for 10 unique GPCR sub-families. The exception to
these distinct groupings was an overlap, and therefore similarity, between Gjo-coupled
receptors (yellow) and Gtcoupled bovine rhodopsin (red). Consequently, aside from these
interesting results which give insight into the structural determinants of G protein coupling
specificity, several key concepts are here proven to be effective and translate directly into the
geometric morphometrics method in this thesis. For example, although there is a difference
between measuring interhelical distances, and the geometric landmarks for morphometric
analyses, both are facilitated by the Ca atom of selected residues. In addition, focus was
placed on the intracellular ends of the transmembrane helices, revealing groupings through
differences between TMs 3, 5, and 6, which are also generally consistent sites of variation

observed through geometric morphometrics.
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Figure 5.2. Interhelical Distances Reveal G Protein Coupling Specificity. Angstrom measurements
between the Ca atoms of TM3 residue 3.54 and TM5 residue 5.62, and between TM5 residue 5.62 and
TM6 residue 6.37 reveal groupings at the intracellular face of 10 GPCR sub-families. A2AR is blue
circle, B1AR is blue square, B2AR is blue triangle, bovine rhodopsin is red circle, CXCR4 is yellow circle,
D3R is yellow square, H1 is green triangle, M2 is yellow diamond, M3 is green circle, and squid
rhodopsin is green square. In addition, receptors coupled to Gs are blue, Gg11 are green, Gio are yellow,

and Gt are red. Taken from Kruse et al., 2012.

However, despite the interesting link between structure and G protein coupling specificity
revealed by Kruse et al., 2012, their method did not take into account the effects of
transmembrane helices 1, 2, 4, and 7 on groupings, and did not explore the extracellular face
of the TM bundle at all. While TMs 3, 5 and 6 certainly represent dominant conformational
changes associated with the receptor activation mechanism, there may well be more subtle
conformational effects conferred by the other helices which result in functionally unique, or
biased, states. Geometric morphometrics was therefore used in this body of work to explore
this missing information, and to complement and advance the understanding of the structural
determinants of G protein coupling specificity. Two experiments were performed; the first used

the exact same structures explored by Kruse et al., 2012 to determine whether geometric
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morphometrics could replicate their observations and reveal statistically significant differences
between groups, taking all helices into account, at both extra- and intracellular ends. Secondly,
this experiment was subsequently repeated to include more recently solved structures, for the
10 GPCR sub-families to determine whether these observations remained consistent or varied

over time.

As such, the first experiment included 59 pre-2013 receptor-G protein structures from the
A2AR, B1AR, B2AR, bovine rhodopsin, CXCR4, D3R, H1, M2, M3 and squid rhodopsin GPCR
sub-families; 31 were Gs-coupled, 6 were Gg11-, 7 were Gio-, and 15 were Gi-coupled. The
second experiment included more recently determined structures from the same receptor sub-
families, with 92 Gs-coupled, 11 Gg11-, 13 G-, and 17 Gi-coupled. These structures were not
filtered so as not to bias or limit the analysis in any way, and to capture the complete landscape
of structure determined G protein coupling specificity across these 10 sub-families. Refer to
Appendix B5 for a full list of structures, including PDB codes and reference to their publication.
Of course additional receptors have been resolved in complex with G proteins not included in

this body work, and could be further explored in future analyses.
PC Variance

The first two principal components accounted for 45% and 61%, of the variation in the
extracellular and intracellular landmark coordinates, respectively, of the 59 receptors resolved
in complex with a G protein, as shown in Table 5.2.1. The first principal component (PC1)

accounted for 26% (extracellular) and 43% (intracellular) of the variation.
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Table 5.2.1. Principal Component Variance of the Structures of Receptor-G Protein Complexes.
The variance explained by the 14 principal components of 59 receptor-G protein structures, based on
both the extra- and intracellular landmark coordinates. Variance is expressed as a percentage,

alongside the total cumulative variance.

Extracellular Intracellular
%Variance %Cumulative %Variance %Cumulative

PC1 25.843 25.843 43.427 43.427
PC2 19.101 44 944 17.179 60.606
PC3 17.496 62.44 10.376 70.981
PC4 9.236 71.676 7.704 78.685
PC5 6.533 78.209 4.98 83.666
PC6 4.487 82.696 3.833 87.499
PC7 4.015 86.711 2.992 90.49
PC8 3.603 90.314 2.384 92.875
PC9 2.654 92.968 1.894 94.768
PC10 2.271 95.24 1.665 96.434
PC11 1.843 97.083 1.263 97.697
PC12 1.291 98.374 1.013 98.71
PC13 0.873 99.246 0.744 99.455
PC14 0.754 100 0.545 100

PC1 and PC2 Scree Plots

Scree plots for the first two principal components, showing the location, direction and
magnitude of variations are shown in Figures 5.2.1 and 5.2.2. For the extracellular landmarks,
PC1 showed the greatest variation in the positions of transmembrane helices 1, 2, and 5, with
some variation in the other helices. PC2 showed the greatest variation in helices 1, 3, and 7,
and some variation in helices 4 and 5. For the intracellular landmarks, PC1 showed the
greatest variation in helices 3, 5 and 6, with some variation in helix 1, 2, and 7. PC2 showed

the greatest variation in helices 5 and 6, and some variation in helix 7.

Overall, these Scree plots have again highlighted variation in transmembrane helices 5 and 6,
and is especially strong in the intracellular morphospace. Given that these helices form an
essential mechanism in the classical activation of GPCRs, opening an intracellular cleft by
conformational change which facilitates G protein coupling, these results are therefore
consistent with this paradigm. In addition, variation was also highlighted in helices 1, 3, and 7
in particular, which likely represents the conformational diversity between these receptor-G
protein complexes. Indeed, just as the structural heterogeneity was shown to be significantly
affected by the class of ligand bound to receptor, as explored in Chapter 4, it may well be that
this principle remains consistent with the link between receptor structures and their specificity

of G protein coupling.
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Figure 5.2.1. Scree Plots for both PC1 and PC2 of the Extracellular Receptor-G Protein Complex
Landmarks. Scree plots for PC1 (a) and PC2 (b) are shown for the 7 extracellular landmarks of the 59

receptor structures in complex with a G protein.
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Figure 5.2.2. Scree Plots for both PC1 and PC2 of the Intracellular Receptor-G Protein Complex
Landmarks. Scree plots for PC1 (a) and PC2 (b) are shown for the 7 intracellular landmarks of the 59

receptor structures in complex with a G protein.
PC1 vs PC2 Morphospace

Scatterplots comparing PC1 and PC2 show a spread of data across both the extracellular
(Figure 5.2.3a) and intracellular (Figure 5.2.3b) principal components, with evidence of some
clustering and general variation between both PC1 and PC2. The intracellular landmark
coordinates (b) revealed several smaller clusters around the 0.1-0.2 PC1, -0.00 PC2
morphospace, but no obviously distinct clusters were observed. The extracellular landmarks
(a) revealed a cluster of points around the -0.10-0.15 PC1, -0.05 -0.1 PC2 morphospace, and
the remaining data generally distributed between PC1 and PC2. Importantly, it should be noted

that the PC axes for the intracellular data (b) were greater than the range of the extracellular
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PC axes (a), reflecting a greater degree of variance in the intracellular landmarks, additionally

highlighted by the greater cumulative percentage variation in Table 5.2.1.
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Figure 5.2.3. Morphospace of the Structures of Receptor-G Protein Complexes. Position in
morphospace of 59 receptor-G protein complexes along PC1 and PC2, based on the 7 extracellular

landmarks (a) and 7 intracellular landmarks (b). Each structure is labelled with its PDB code.

For the receptors resolved in complex with a G protein then, it was hypothesised that the
structural determinants of G protein coupling specificity might be detected with geometric
morphometric analyses. As was suggested in Chapter 4, within the conformational landscape
captured by shape morphology, the mapping of significant structural variation to ligand bound
or activation states is consistent with the concept of the structure-based signalling of GPCRs.
These results indicate that geometric morphometrics is also able to map these subtle
conformational differences to G protein-bound states, linking the structural determination of
biologically relevant states between both the extracellular and intracellular side of the cell

membrane, from ligand binding to conformational change to G protein coupling.

As shown in Figure 5.2.4, both the extra- and intracellular morphospaces reveal fairly distinct
clusters of categorised structures, with some overlap, though statistical testing revealed these
differences to be very significant. By categorisation of receptor sub-family, the adenosine A2A
receptor structures are blue circle, B1-adrenergic are blue square, B2-adrenergic are blue
triangle, bovine rhodopsin are red circle, the CXCR4 receptor are yellow circle, the dopamine
receptor D3 are yellow square, histamine H1 receptor are green triangle, M2 muscarinic are
yellow diamond, M3 muscarinic are green circle, and squid rhodopsin are green square. In
addition to this, by categorisation of the G protein sub-types these structures were resolved in

complex with, Gs is blue, Gq11 is green, Gio is yellow, and G is red.
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Figure 5.2.4. Morphospace of the Structures of Receptor-G Protein Complexes (Pre-2013).
Position in morphospace of 59 receptor-G protein complexes, based on the 7 extracellular landmarks
(a) and 7 intracellular landmarks (b). Convex hulls delimit the structures as categorised, indicating group
affiliation. A2AR is blue circle, B1AR is blue square, B2AR is blue triangle, bovine rhodopsin is red circle,
CXCR4 is yellow circle, D3R is yellow square, H1 is green triangle, M2 is yellow diamond, M3 is green
circle, and squid rhodopsin is green square. In addition, receptors coupled to Gs are blue, Gq11 are
green, Gio are yellow, and Gt are red. These are the same structures explored by Kruse et al., 2012,

shown in Figure 5.2.

PERMANOVA (extracellular F = 20.64, p = 0.0001; intracellular F = 11.16, p = 0.0001) and
ANOSIM (extracellular R = 0.529, p = 0.0001; intracellular R = 0.4649, p = 0.0001) showed
that there were very significant differences between most categorised groups, summarised in
Table 5.2.2. For the extracellular morphospace, both PERMANOVA and ANOSIM showed
significant differences between all but one comparison of G protein-coupled structures;
PERMANOVA did not find a significant difference between Gg11- and G coupled receptors.
For the intracellular morphospace, PERMANOVA revealed significant variance between Gs-
compared to Gio-, and Gs- compared to G coupled structures. Gq11- compared to both Gs-
and Gio- were not significant. In contrast, ANOSIM showed all comparisons were significant,
indicating a strong degree of clustering between receptors in complex with each sub-type of
G protein. Overall, both PERMANOVA and ANOSIM for both the extra- and intracellular

morphospaces were considered very significant with p values of 0.0001 across the dataset.
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Table 5.2.2. Statistical Analyses of the Structures of Receptor-G Protein Complexes (Pre-2013).
Pairwise comparisons of PC1 and PC2 scores of both the extra- and intracellular landmarks of the
receptor-G protein complexes, in terms of their structure determination in complex with a particular G
protein sub-type. Structures were categorised as either being in complex with Gs, Gino, Gq/11 or Gt, based
on information gained from the GPCRdb. PERMANOVA p values are above the diagonal, and ANOSIM
p values are below the diagonal. The Bonferroni sequential corrected significant p values are indicated
in bold.

Extracellular Intracellular
Gs Gi/o Gq/11 Gt Gs Gi/o Gq/11 Gt
Gs 0.0001 | 0.0001 | 0.0001 Gs 0.0001 | 0.5406 | 0.0001
Gio 0.0027 0.0045 | 0.0001 Gio 0.0001 0.0271 | 0.0007
Gy11 0.001 | 0.0041 0.5565 | Ggu1 0.0087 | 0.0045 0.0138
Gt 0.0001 | 0.0001 | 0.0027 Gi 0.0001 | 0.0036 | 0.0002

This geometric morphometric analysis of receptor-G protein complex structure was
subsequently repeated, to build upon Figure 5.2.4, and the work of Kruse et al., 2012,
encompassing more recently resolved structures in addition to those solved pre-2013. This
expanded the analysed dataset from 59 samples to 133, taken from the exact same receptor
sub-families to maintain consistency across experiments. It was therefore hypothesised that
either a greater degree of variation would be observed, reflecting an even more diverse
conformational landscape across G protein-bound states, or, the observations revealed in this
experiment might remain consistent with the pre-2013 data, highlighting the strength and
reliability of geometric morphometrics. As shown in Figure 5.2.5 and Table 5.2.3, the latter
hypothesis was supported, indicating a general consistency across experiments despite more

than doubling the dataset, further highlighting the multifaceted nature of this approach.

Just as before, the structures categorised in Figure 5.2.5 are as follows: by categorisation of
receptor sub-family, the adenosine A2A receptor structures are blue circle, 31-adrenergic are
blue square, B2-adrenergic are blue triangle, bovine rhodopsin are red circle, the CXCR4
receptor are yellow circle, the dopamine receptor D3 are yellow square, histamine H1 receptor
are green triangle, M2 muscarinic are yellow diamond, M3 muscarinic are green circle, and
squid rhodopsin are green square. In addition to this, by categorisation of the G protein sub-
types these structures were resolved in complex with, Gs is blue, Gq/11 is green, Gio is yellow,

and Gt is red.
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Figure 5.2.5. Morphospace of the Structures of Receptor-G Protein Complexes (Updated).
Position in morphospace of 133 receptor-G protein complexes, based on the 7 extracellular landmarks
(a) and 7 intracellular landmarks (b). Convex hulls delimit the structures as categorised, indicating group
affiliation. A2AR is blue circle, B1AR is blue square, B2AR is blue triangle, bovine rhodopsin is red circle,
CXCR4 is yellow circle, D3R is yellow square, H1 is green triangle, M2 is yellow diamond, M3 is green
circle, and squid rhodopsin is green square. In addition, receptors coupled to Gs are blue, Gq11 are
green, Gio are yellow, and Gt are red. This encompasses more recently solved structures, building on
Figure 5.2.4 and the work of Kruse et al., 2012.

PERMANOVA (extracellular F = 17.03, p = 0.0001; intracellular F = 15.38, p = 0.0001) and
ANOSIM (extracellular R = 0.2549, p = 0.0001; intracellular R = 0.1347, p = 0.0005) showed
that there were very significant differences between most categorised groups, summarised in
Table 5.2.3. For the extracellular morphospace, PERMANOVA showed significant differences
between all but two comparisons of G protein-coupled structures; PERMANOVA did not find
a significant difference between Gg11- compared to G, and Gyo-coupled receptors, which
remains partially consistent with the pre-2013 structures in Table 5.2.2. ANOSIM revealed
significant differences between comparisons aside from Gg11- and Gio-coupled structures
which differs from the pre-2013 analysis. For the intracellular morphospace, both
PERMANOVA and ANOSIM revealed significant differences between all groups, aside from
Gs- compared to Ggi1-. Overall, both PERMANOVA and ANOSIM for both the extra- and
intracellular morphospaces were again considered very significant across the dataset,
remaining consistent with the pre-2013 analysis, despite using over twice as many G protein-

coupled structures.
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Table 5.2.3. Statistical Analyses of the Structures of Receptor-G Protein Complexes (Updated).
Pairwise comparisons of PC1 and PC2 scores of both the extra- and intracellular landmarks of the
receptor-G protein complexes, in terms of their structure determination in complex with a particular G
protein sub-type. Structures were categorised as either being in complex with Gs, Gino, Gq/11 or Gt, based
on information gained from the GPCRdb. PERMANOVA p values are above the diagonal, and ANOSIM
p values are below the diagonal. The Bonferroni sequential corrected significant p values are indicated
in bold.

Extracellular Intracellular
Gs Gi/o Gq/11 Gt Gs Gi/o Gq/11 Gt
Gs 0.0004 | 0.0001 | 0.0001 Gs 0.0001 | 0.0536 | 0.0001
Gio 0.0004 0.4603 | 0.0158 Gio 0.0001 0.0021 | 0.0001
Gy11 0.0002 | 0.1152 0.0636 | Gg11 0.5793 | 0.0005 0.0018
Gt 0.0001 | 0.0001 | 0.0002 Gi 0.0001 | 0.0001 | 0.0015

5.3 — The Structural Consequences of Thermostabilising Mutations

One of the major challenges of working with membrane proteins is their lack of stability,
especially when solubilised away from the native membrane (Errasti-Murugarren, Bartoccioni
and Palacin, 2021); it is common practice to retain protein samples on ice to prevent their
degradation during expression, purification, and experimentation (Wiseman et al., 2020). This
can be particularly problematic for GPCRs during the processes required to determine their
structure and pharmacological characterisation, and thus strategies to overcome this limiting
step can be employed. One such example is thermostabilisation by systematic or random
mutagenesis approaches to improve receptor solubility and stability at higher temperatures,
for example (Vaidehi, Grisshammer and Tate, 2016). The compromise of this benefit is that
the target protein becomes more rigid, exhibits a global decrease in mobility, but results in a
more stable enthalpy. Despite these potential drawbacks, thermostabilisation has been shown
to not affect receptor pharmacology in some cases, and has even been instrumental in the
creation of stabilised receptor (StaR®) constructs by Sosei Heptares, which have directly led

to 25 pre-clinical and 10 clinical candidates (Robertson et al., 2011).

However, despite these successes, thermostabilising mutagenesis may indeed affect the
conformational dynamics of a GPCR, leading to an altered pharmacological profile or loss of
signalling capabilities, as demonstrated with the neurotensin 1 receptor (Shibata et al., 2009).
Four point mutations were used to successfully increase the stability of the neurotensin 1
receptor which is notoriously less stable than the A2AR, B1AR and B2AR receptors, though
two of the locations were found to be essential for ligand binding and activation. It was found
that agonist affinity was comparable to wild-type, antagonist affinity was reduced, but

importantly the thermostabilised neurotensin 1 receptor activated G proteins poorly (Shibata
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et al.,, 2009). Suffice to say, it is imperative that thermostabilising mutations are fully
understood and considered, whether significant structural changes occur and as a result,
altered GPCR pharmacology; it may well be that the thermostabilisation of membrane proteins

can be ‘safe’ to conduct, and its assessment is necessitated on a case-by-case basis.

Here, geometric morphometrics was used to broadly compare the differences between
thermostabilised receptors and non-thermostabilised equivalents from the same sub-family. It
was hypothesised that the receptors thermostabilised by systematic mutagenesis might differ
in their global receptor morphology, when compared to non-mutated equivalents; this was not
shown to be the case. At the time of sample selection, 124 receptor structures were included
in the dataset, with 60 thermostabilised and 64 non-thermostabilised, from the adenosine A2A,
B1-adrenergic and p2-adrenergic receptor sub-families of the family A GPCRs. These groups
of receptors were selected as they have historically been well-studied, were involved in the
foundational geometric morphometric analyses detailed in Chapter 4, and included ample
numbers of both thermostabilised and non-thermostabilised receptors for comparison. These
structures were not filtered so as not to bias or limit the analysis in any way, and to capture
the complete landscape of structural variation between thermostabilised and non-
thermostabilised GPCRs. Refer to Appendix B6 for a full list of structures, including PDB codes

and reference to their publication.
PC Variance

The first two principal components accounted for 57% and 73%, of the variation in the
extracellular and intracellular landmark coordinates, respectively, of the 124 thermostabilised
and non-thermostabilised receptor structures, as shown in Table 5.3.1. The first principal

component (PC1) accounted for 39% (extracellular) and 59% (intracellular) of the variation.
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Table 5.3.1. Principal Component Variance of Thermostabilised and Non-Thermostabilised
Receptor Structures. The variance explained by the 14 principal components of 124 thermostabilised
and non-thermostabilised receptor structures, based on both the extra- and intracellular landmark

coordinates. Variance is expressed as a percentage, alongside the total cumulative variance.

Extracellular Intracellular
%Variance %Cumulative %Variance %Cumulative

PC1 38.727 38.727 58.746 58.746
PC2 17.735 56.462 13.816 72.562
PC3 10.156 66.618 10.511 83.072
PC4 9.564 76.182 3.284 86.357
PC5 4.378 80.56 3.269 89.625
PC6 3.804 84.364 2.498 92.124
PC7 3.631 87.996 1.756 93.88
PC8 3.045 91.041 1.661 95.541
PC9 2.193 93.234 1.195 96.736
PC10 2.135 95.37 1.038 97.774
PC11 1.662 97.032 0.883 98.657
PC12 1.462 98.494 0.533 99.19
PC13 0.929 99.422 0.48 99.67
PC14 0.578 100 0.33 100

PC1 and PC2 Scree Plots

Scree plots for the first two principal components, showing the location, direction and
magnitude of variations are shown in Figures 5.3.1 and 5.3.2. For the extracellular landmarks,
PC1 showed the greatest variation in the positions of transmembrane helices 4, 6 and 7, with
some variation in helices 1 and 2. PC2 showed the some variation in helices 1 and 7, and very
little variation otherwise. For the intracellular landmarks, PC1 showed the greatest variation in
helices 3 and 6, with some variation in helix 1, 5, and 7. PC2 showed the greatest variation in

helices 5 and 6, and some variation in helices 4 and 7.

Overall, PC1 for both the extra- and intracellular landmarks again highlighted variation in
transmembrane helix 6, and some variation in most other helices across both PC1 and PC2.
These therefore suggest that there is a general degree of variation which is not helix specific,
when making comparisons between receptor structures which either have or have not been
thermostabilised by mutagenesis approaches. Given that the morphological and statistical
analyses for this comparison did not find any significant differences, it is likely that the variation
observed here is a collective effect of being a relatively larger dataset with receptors from
several sub-families, with a mixture of activation states and stabilisation with different classes
of ligand. Even though this particular comparison is focussed upon thermostabilising
mutations, it may well be that the highlighted variation in TM6 is underpinned by differences

between inactive- and active-state structures. This observation could therefore be further
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refined to focus on one or the other, limiting the effect of activation state on this analysis, for
example. These results are also therefore consistent with the findings of Chapter 4, where
activation state was found to be the most dominant aspect of variation, and more subtle
conformational differences may be found in lower ranked principal components. In terms of
thermostabilisation, the lower principal components were analysed but did not reveal any

significant differences.
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Figure 5.3.1. Scree Plots for both PC1 and PC2 of the Extracellular Thermostabilised and Non-
Thermostabilised Receptor Landmarks. Scree plots for PC1 (a) and PC2 (b) are shown for the 7

extracellular landmarks of the 124 thermostabilised and non-thermostabilised receptor structures.
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Figure 5.3.2. Scree Plots for both PC1 and PC2 of the Intracellular Thermostabilised and Non-
Thermostabilised Receptor Landmarks. Scree plots for PC1 (a) and PC2 (b) are shown for the 7

intracellular landmarks of the 124 thermostabilised and non-thermostabilised receptor structures.
PC1 vs PC2 Morphospace

Scatterplots comparing PC1 and PC2 show a spread of data across both the extracellular
(Figure 5.3.3a) and intracellular (Figure 5.3.3b) principal components, with evidence of some
strong clustering and general variation. The intracellular landmark coordinates (b) revealed a
main cluster of points around the -0.30 PC1, -0.00 PC2 morphospace, and the remainder of
points varying generally towards the positive range of PC1, with a few more smaller clusters.
The extracellular landmarks (a) revealed a main cluster of points around the 0.10-0.15 PC1,
0.05 PC2 morphospace, and the remaining data generally distributed between PC1 and PC2.
Importantly, it should be noted that the PC axes for the extracellular data (a) were half the

range of the intracellular PC axes (b), reflecting a greater degree of variance in the intracellular

209



D. N. Wiseman, PhD Thesis, Aston University 2024

landmarks, additionally highlighted by the greater cumulative percentage variation in Table
5.3.1.
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Figure 5.3.3. Morphospace of the Thermostabilised and Non-Thermostabilised Receptor
Structures. Position in morphospace of 124 thermostabilised and non-thermostabilised receptor
structures along PC1 and PC2, based on the 7 extracellular landmarks (a) and 7 intracellular landmarks
(b). Each structure is labelled with its PDB code.

For the thermostabilised and non-thermostabilised GPCR structures then, it was hypothesised
that the presence of these mutations may contribute to a significant difference to global
receptor morphology when compared to non-mutated equivalents. As shown in Figure 5.3.4,
this was not the case, with both the extra- and intracellular morphospaces revealing a general
overlap between categorised structures, and no significant differences between groups. The
thermostabilised structures are red, and non-thermostabilised are blue, based on information
gathered from the GPCRdb. In essence, while this analysis was not shown to be significant in
terms of global morphology, mutations may well subtly affect the chemical compatibility
needed for efficacious ligand binding and G protein coupling, especially with regards to the
more subtle conformational landscapes in biased signalling. It is recommended that
researchers should not become ignorant of the potential effects of thermostabilising mutations,
and make these considerations during experimental design stages. Given that
thermostabilising mutations are known to affect the pharmacology of certain receptors, it would
be sensible to investigate their effects on a case-by-case basis in combination with other

comparative techniques such as RMSD, Q score and functional assays, for example.
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Figure 5.3.4. Categorised Morphospace of the Thermostabilised and Non-Thermostabilised
Receptor Structures. Position in morphospace of 124 thermostabilised and non-thermostabilised
receptor structures, based on the 7 extracellular landmarks (a) and 7 intracellular landmarks (b). Convex
hulls delimit the structures as categorised, indicating group affiliation. Thermostabilised is red, non-

thermostabilised is blue.

PERMANOVA (extracellular F = 1.628, p = 0.1961; intracellular F = 2.591, p = 0.085) and
ANOSIM (extracellular R = 0.02502, p = 0.0439; intracellular R = 0.03367, p = 0.0271) showed
that there were no significant differences between the categorised groups, summarised in
Table 5.3.2. For the extracellular morphospace, both PERMANOVA and ANOSIM showed no
significant differences between the thermostabilised and non-thermostabilised receptor
structures, with an extremely low R value indicating almost complete similarity between
groups. For the intracellular morphospace, PERMANOVA was not significant, however, due
to the groupings observed in Figure 5.3.4b, ANOSIM did indicate that this clustering was
significant. Despite this, the extremely low R value again indicates almost complete similarity
between the thermostabilised and non-thermostabilised receptor structures overall. The
PERMANOVA F values for both morphospaces were both low, indicating a lack of variation

between groups.
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Table 5.3.2. Statistical Analyses of the Thermostabilised and Non-Thermostabilised Receptor
Structures. Pairwise comparisons of PC1 and PC2 scores of both the extra- and intracellular landmarks
of the thermostabilised and non-thermostabilised receptor structures, in terms of reported stabilising
mutations. Structures were categorised as either thermostabilised (thermo) or non-thermostabilised
(non-thermo), based on information gained from the GPCRdb. PERMANOVA p values are above the
diagonal, and ANOSIM p values are below the diagonal. The Bonferroni sequential corrected significant

p values are indicated in bold.

Extracellular Intracellular
Thermo Non-thermo Thermo Non-thermo
Thermo 0.1964 Thermo 0.0921
Non-thermo 0.0458 Non-thermo 0.025

5.4 — The Structural Consequences of Fusion Proteins

In a similar manner to thermostabilising mutations, the use of fusion proteins can enhance the
expression and purification of membrane proteins; fusion proteins can also aid in
crystallisation and structure determination efforts, although not as frequently. Several
strategies exist including fusion at either the N or C terminus, insertion into a helix or loop, or
by terminal restraint, ultimately using this soluble fusion protein to form relatively large and
stable scaffold for crystal contact (Liu and Li, 2022). The most commonly adopted method
would be by terminal fusion, which was used in the seminal studies of the B2AR structure
(Zou, Weis and Kobilka, 2012), and further refinement of the construct led to the determination
of the B2AR-Gs complex (Rasmussen et al., 2007), and the identification of carazolol which,
as discussed in Chapter 4, highlights the concept of biased signalling (Cherezov et al., 2007).
In addition to terminal fusion, the insertion of the scaffold between helices has also been used
in the crystallisation of GPCRs. T4 lysozyme was first inserted in between transmembrane
helices 5 and 6 of B2AR, essentially replacing ICL3 — it was hypothesised that as ICL3 is highly
flexible, this insertion would not significantly disturb the rest of the structure (Cherezov et al.,
2007). This approach was not only successful in its application to structure determination, but

has been widely adopted to the resolution of many other GPCRs (Liu and Li, 2022).

One interesting example is the fusion insertion of a glycogen synthase from Pyrococcus abysii
into ICL3 of the orexin receptors, as T4 lysozyme had failed (Yin et al., 2015). The orexin, or
hypocretin, receptors are responsive to cerebral neuropeptides which regulate sleep and are
involved in dysregulation such as cataplexy and narcolepsy; indeed, the inhibition of the orexin
receptors with the antagonist suvorexant, is an effective therapeutic for insomnia (Yin et al.,
2015). The use of fusion proteins then has been instrumental in the determination of GPCR

structure, enhancing the solubility and stability required for these techniques. However, as
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with the thermostabilising mutations, the inclusion of a fusion scaffold may have an impact on
receptor structure or pharmacology. Although historically it has been argued that insertion into
ICL3 shouldn’t cause a significant effect, the recent understanding of structure-based biased
signalling may prove otherwise; it may be that any structural effects of fusion insertion may be
subtle enough that they do not impact major pathways, but instead may affect the more minor
pathways involved in bias. If this is the case, the link between determined structures and the

development of novel therapeutics should be carefully monitored.

As such, it was hypothesised that the insertion of GST into ICL3 of the orexin receptors,
between transmembrane helices 5 and 6, might cause a subtle yet significant difference, given
the involvement of these helices in conformational changes. Indeed, geometric morphometrics
has thus far reliably revealed conformational heterogeneity under a variety of categorisations,
consistently detecting variation in TM5 and TM6. At the time of sample selection, 22 orexin
receptor structures were included in the dataset, with 9 GST-tagged and 13 untagged; the
orexin receptors were selected as they were represented by a mixture of both tagged and
untagged structures, and to gain further insight into their applications to structure-based drug
discovery (Hellmann et al., 2020). These structures were not filtered so as not to bias or limit
the analysis in any way, and to capture any conformational differences between orexin
receptors which contained the GST fusion protein, and those that did not. Refer to Appendix

B7 for a full list of structures, including PDB codes and reference to their publication.
PC Variance

The first two principal components accounted for 74% and 88%, of the variation in the
extracellular and intracellular landmark coordinates, respectively, of the 22 GST-tagged and
untagged orexin receptor structures, as shown in Table 5.4.1. The first principal component

(PC1) accounted for 57% (extracellular) and 67% (intracellular) of the variation.
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Table 5.4.1. Principal Component Variance of GST-Tagged and Untagged Orexin Receptor
Structures. The variance explained by the 14 principal components of 22 GST-tagged and untagged
orexin receptor structures, based on both the extra- and intracellular landmark coordinates. Variance is

expressed as a percentage, alongside the total cumulative variance.

Extracellular Intracellular
%Variance %Cumulative %Variance %Cumulative

PC1 56.52 56.52 67.311 67.311
PC2 17.746 74.266 21.1 88.411
PC3 6.84 81.106 4.008 92.419
PC4 5.822 86.928 2.303 94.721
PC5 4.015 90.944 1.889 96.611
PC6 2.935 93.879 1.358 97.969
PC7 2.72 96.599 0.874 98.843
PC8 1.821 98.42 0.667 99.51

PC9 0.635 99.056 0.287 99.798
PC10 0.412 99.467 0.084 99.882
PC11 0.29 99.757 0.066 99.948
PC12 0.19 99.947 0.03 99.977
PC13 0.042 99.989 0.015 99.992
PC14 0.011 100 0.008 100

PC1 and PC2 Scree Plots

Scree plots for the first two principal components, showing the location, direction and
magnitude of variations are shown in Figures 5.4.1 and 5.4.2. For the extracellular landmarks,
PC1 showed the greatest variation in the positions of transmembrane helix 1, with some
variation in helices 2, 4, 5, and 7. PC2 showed the greatest variation in helices 1 and 5, and
some variation in helices 2, 3, 6, and 7. For the intracellular landmarks, PC1 showed the
greatest variation in helix 6, with some variation in helices 1, 3, 5, and 7. PC2 showed the

greatest variation in helix 6, and some variation in the remaining helices.

Overall, while the extracellular Scree plots did exhibit landmark variation, mainly in TM1, the
intracellular results shown in Figure 5.4.2 are more interesting. Given that the GST fusion
protein is inserted into ICL3 between the intracellular ends of transmembrane helices 5 and 6,
one might expect any significant variation to be focussed at this location, and this is exactly
shown to be the case when comparing the orexin receptors both with and without this GST

fusion protein.
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Figure 5.4.1. Scree Plots for both PC1 and PC2 of the Extracellular GST-Tagged and Untagged
Orexin Receptor Landmarks. Scree plots for PC1 (a) and PC2 (b) are shown for the 7 extracellular

landmarks of the 22 GST-tagged and untagged orexin receptor structures.
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Figure 5.4.2. Scree Plots for both PC1 and PC2 of the Intracellular GST-Tagged and Untagged
Orexin Receptor Landmarks. Scree plots for PC1 (a) and PC2 (b) are shown for the 7 intracellular

landmarks of the 22 GST-tagged and untagged orexin receptor structures.
PC1 vs PC2 Morphospace

Scatterplots comparing PC1 and PC2 show a spread of data across both the extracellular
(Figure 5.4.3a) and intracellular (Figure 5.4.3b) principal components, with evidence of both

clustering and outliers. The intracellular landmark coordinates (b) revealed a distinct cluster of
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points around the 0.25 PC1, -0.05 PC2 morphospace, with the majority of outliers varying
generally between PC1 and PC2. Similarly, the extracellular landmarks (a) revealed a
reasonable cluster of points around the -0.25 PC1, 0.00 PC2 morphospace, and remaining
data also generally distributed between PC1 and PC2. Importantly, it should be noted that the
PC1 axis for the intracellular data (b) was slightly more extended than the extracellular axis
(a), reflecting a greater degree of variance for the intracellular cluster at 0.25, -0.05. This is
also further supported by the greater cumulative percentage variation for intracellular
landmarks, shown in Table 5.4.1.
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Figure 5.4.3. Morphospace of the GST-Tagged and Untagged Orexin Receptor Structures.
Position in morphospace of 22 GST-tagged and untagged orexin receptor structures along PC1 and
PC2, based on the 7 extracellular landmarks (a) and 7 intracellular landmarks (b). Each structure is
labelled with its PDB code.

For the orexin receptor structures then, it was hypothesised that the presence of the GST
fusion protein inserted into ICL3 may contribute to a significant difference to the intracellular
morphospace, when compared to the untagged orexin receptor structures. As shown in Figure
5.4.4, this was shown to be the case, with the extracellular morphospace (a) revealing a
general overlap between categorised structures, and the intracellular morphospace (b)
revealing a distinct cluster of orexin receptors with the GST fusion protein (red), at the positive
terminus of PC1. PC1 therefore, as the dominant aspect of variation in this dataset, likely
represents the structural effect of GST insertion into ICL3. The GST-fused structures are red,
and untagged are blue, based on information gathered from the GPCRdb. Interestingly, Figure
5.4.4b reveals that one of the GST-fused orexin receptors does not cluster with the rest of its
categorised group, and instead lies at the -0.225 PC1 area of the morphospace, within the

untagged group (blue). This particular structure, 6V9S, was unique in this dataset as it was
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resolved in complex with a new, subtype-selective orexin receptor antagonist called JH112,
which differs from the other receptors resolved in complex with the typical non-selective orexin
receptor antagonist, suvorexant (Hellmann et al., 2020). One explanation for 6V9S’s deviation
from its expected cluster may be a difference in conformation stabilised by JH112, however,
any other structural factors cannot be ruled out; further structural analyses of the effects of
this selective antagonist should be explored. Either way, the inclusion of the GST fusion
protein in ICL3 of these receptors does correlate with a significant difference to the untagged
receptors in all but one structures, which differs from the previous understanding that ICL3

insertion should not impact on the rest of the structure.
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Figure 5.4.4. Categorised Morphospace of the GST-Tagged and Untagged Orexin Receptor
Structures. Position in morphospace of 22 GST-tagged and untagged orexin receptor structures,
based on the 7 extracellular landmarks (a) and 7 intracellular landmarks (b). Convex hulls delimit the

structures as categorised, indicating group affiliation. GST-tagged is red, untagged is blue.

PERMANOVA (extracellular F = 5.505, p = 0.0132; intracellular F = 19.36, p = 0.0001) and
ANOSIM (extracellular R = 0.1054, p = 0.0852; intracellular R = 0.6166, p = 0.0001) showed
that there were significant differences between the categorised groups, summarised in Table
5.4.2. For the extracellular morphospace, PERMANOVA showed a significant difference in
variation between the GST-tagged and untagged orexin receptors, while ANOSIM was not
significant. The lower F and R values for the extracellular morphospace are therefore
consistent with the overlap between groups shown in Figure 5.4.4a. For the intracellular
morphospace, both PERMANOVA and ANOSIM revealed significant differences between the
GST-tagged and untagged orexin receptor structures. Relatively greater F and R values
indicate a greater degree of variation, and greater dissimilarity between groups, as shown in
Figure 5.4.4b.
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Table 5.4.2. Statistical Analyses of the GST-Tagged and Untagged Orexin Receptor Structures.
Pairwise comparisons of PC1 and PC2 scores of both the extra- and intracellular landmarks of the GST-
tagged and untagged orexin receptor structures, in terms of reported inclusion of a GST fusion protein.
Structures were categorised as either GST-tagged or untagged, based on information gained from the
GPCRdb. PERMANOVA p values are above the diagonal, and ANOSIM p values are below the

diagonal. The Bonferroni sequential corrected significant p values are indicated in bold.

Extracellular Intracellular
GST Untagged GST Untagged
GST 0.0119 GST 0.0002
Untagged 0.0781 Untagged 0.0001

5.5 — Preliminary Comparison of AlphaFold and Experimentally Resolved Structures

As discussed throughout this thesis, proteins are essential for the processes underpinning
biological life itself, and understanding of their structure/function relationships are key to
elucidating the mechanisms involved in health, disease, and efficacious therapeutics. As such,
a great deal of effort has led to the experimental determination of over 100,000 unique protein
structures (wwPDB consortium, 2019). Despite this resounding success, this is only a fraction
of known protein sequences, and experimental methods can take months to years of effort for
each structure resolved. In order to overcome these limitations, and complement experimental
efforts, computational techniques are needed to aid sequence-based structure prediction;
many of these methods do not yield atomic accuracy, and are hampered by the difficulty of

folding proteins realistically, in silico (Dill et al., 2008).

The AlphaFold project, from Google’s DeepMind Al, was hailed as a revolutionary
advancement in the accurate prediction of protein structures, even in the absence of homology
models (Jumper et al., 2021). At its core, AlphaFold is a novel, machine learning technique
which incorporates both protein sequence and biophysical data, enabling the prediction of
near-experimental structures, and significantly outperforming alternative approaches in the
Critical Assessment of Protein Structure Prediction (CASP14) network. In recent comparisons
to RoseTTAFold and Modeller, AlphaFold and RoseTTAFold (the non-homology methods)
both outperformed the homology-based Modeller program in predicting GPCR structures with
no template, scored by RMSD (Lee, Su and Tseng, 2022).

Despite its resounding success in solving the ‘protein folding problem’, the AlphaFold models
usually represent one single state, lacking the conformational heterogeneity observed in
experimental structures. As highlighted in this thesis, this heterogeneity underpins the link
between subtle conformational differences, and functional states; if the future of drug

discovery necessitates biased or sub-type selective therapeutics, models which represent the
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holistic dynamics of proteins are required. As such, several advancements have been
proposed to expand the ensemble of AlphaFold’s structural states, or to enable predictions
which encompass bias towards the various states of activation transitions (Sala et al., 2023).
While these ‘Fold’ variants have great potential in overcoming this limitation in time, it has
been highlighted that a current challenge exists in whether these predictive tools can
accurately model conformational differences as a result of external factors such as mutations,
lipid contacts and post-translational modifications, etc. (Nussinov et al., 2022; Pak et al.,
2023).

While the progress made in predicting and folding protein structure is undeniable, models do
not yet represent the conformational heterogeneity associated with experimentally resolved
structures. The GPCR structures predicted by AlphaFold have been recently compared to their
experimentally resolved equivalents, whereby it was revealed that the overall backbone was
predicted fairly accurately (He et al., 2023). However, several other aspects of GPCR structure
were found to differ between the AlphaFold and experimentally resolved models including the
transmembrane domain assembly, ligand binding domains, and the conformations of G
protein binding domains (He et al., 2023). Overall, the predicted models of GPCRs do not
currently possess the resolution of structural information needed for functional mapping and

application to structure-based novel drug discovery.

To complement these findings, a comparison between the experimentally resolved 2AR
structures and the B2AR AlphaFold model using the geometric morphometric technique is
shown in Figure 5.5. Refer to Appendix B8 for a full list of structures, including PDB codes and
reference to their publication. While this is just a preliminary investigation, and no statistical
testing could be performed against just one AlphaFold model, there are clear observable
differences. The B2AR AlphaFold model (which is in an inactive conformation) shown in pink
and indicated by the black arrows, clearly does not group with the inactive experimental
structures shown in red. While the extracellular face (a) does exhibit general overlap between
groups, the intracellular face (b) reveals a significant separation between the inactive (red)
and active (green) or active with Gs (blue) groups; the AlphaFold model clearly does not share

morphological similarity with the experimental groups, falling at the very negative end of PC2.
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Figure 5.5. Morphospace of the AlphaFold and Experimentally Resolved Structures of the B2-
Adrenergic Receptor. Position in morphospace of 37 B2-adrenergic receptor structures, based on the
7 extracellular landmarks (a) and 7 intracellular landmarks (b). Convex hulls delimit the structures as
categorised, indicating group affiliation. Inactive is red, active is green, active with Gs is blue, the inactive

AlphaFold structure is pink, indicated by the black arrow.

It is likely that with continuous enhancement over time, the predictive models folded in silico
will improve in resolution and structural realism, and will become more and more comparable
to those determined by experimental methods. In any case, these preliminary results suggest
that geometric morphometrics and its rigorous statistical testing could also find use in

predictive versus experimental comparisons of structure.

5.6 — Discussion

To reiterate, the foundational geometric morphometric analyses of GPCR structures
presented in Chapter 4 were consistent in mapping statistically significant patterns in the
conformational landscape to functionally relevant states. The aim of Chapter 5 therefore, was
to further explore the multifaceted applicability of geometric morphometrics to various aspects
of GPCR structure, and determine its usefulness beyond the scope of mapping activation state
transitions. These novel experiments were also met with success, revealing both significant
and non-significant morphological patterns in global structure, suggesting that this geometric
morphometric technique has the potential for use across the wider membrane protein

structural biology field.
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It was reassuring to find that the concept of grouping receptors and their G protein coupling
specificity by interhelical distances was also reflected in the principal component
morphospaces, supported by statistically significant testing. These results therefore filled in
some of the gaps left by previous research (Kruse et al., 2012), and also expanded the
analyses to the extracellular helical ends, as well as the existing focus on intracellular ends.
Of course, the intracellular face of receptors makes direct contact with the heterotrimeric G
proteins via the binding cleft opened as a result of ligand-activated conformational change, for
example. However, G protein binding itself has also been shown to allosterically influence the
receptor’s orthosteric site of ligand binding (DeVree et al., 2016), highlighting the importance
of additionally analysing the extracellular receptor morphology; the results shown in section
5.2 revealed very significant differences between receptors coupled to different G proteins, for
both the extra- and intracellular morphospace. Interestingly, this observation was also
maintained with the addition of more recently determined structures, and a consequently larger
dataset, reinforcing the capability of geometric morphometrics to reveal patterns in complex

shape data.

Now, if the structure-based signalling of GPCRs is to be utilised in the development or
discovery of novel therapeutics, the morphological groupings revealed by geometric
morphometrics must be linked to functional outcomes, combining enhanced biophysical and
biochemical assays with various G protein sub-types, and a consideration of biased signalling.
Whilst this is still a work in progress, a recent study by Masuho et al.,, 2023 undertook a
systematic approach to quantitatively analyse the GEF activity of 124 GPCRs in an attempt to
evaluate their G protein coupling specificity and promiscuity (Masuho et al., 2023). They were
able to establish an ordered classification of receptors, ranking each by their coupling
preferences to the Gs, Gg11, Gio and Giz13 sub-types. It was found that 73% of the 124
analysed GPCRs were able to activate more than one Ga sub-type, which suggests that the
majority have both primary and secondary coupling specificities (Masuho et al., 2023), which

is consistent with the concept of the major and minor pathways of biased signalling.

In addition to this, Masuho et al. utilised a machine learning approach to accurately predict
this coupling specificity, based on the amplitude and activation-rate of the GEF enzymatic
activity of the receptors, highlighting the usefulness of machine learning in elucidating the
structure/function relationship of proteins. In an attempt to determine the structural
underpinnings of these observations, it was found that, at least for family A receptors, select
residues from all seven transmembrane helices and all three intracellular loops contribute to
G protein binding. TMs 5 and 6, and ICLs 2 and 3 contribute the majority of these residues,
and it was theorised overall, that receptor Ga selectivity depends on the 3-dimensional space

determined by the differential organisation of these residues (Masuho et al., 2023). Overall,
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this study is an excellent example of the functional investigations that geometric
morphometrics should be paired with, and is a strong step towards building a holistic and

multidisciplinary model of GPCR structure and function.

Next, in addition to elucidating the structural aspects underpinning G protein coupling
specificity, another aim of Chapter 5 was to explore the structural consequences of protein
modifications, with thermostabilising mutagenesis and the use of fusion insertions as
examples. Of course, given the challenges of the expression and purification of membrane
proteins in general, strategies to improve the solubility or stability of protein samples are
sometimes a necessary compromise (Wiseman et al., 2020). A particularly salient topic in drug
discovery is that of more realistic experimental conditions, and the rise of organ on a chip
technology (Singh et al., 2022). The more realistic cell culture and pharmacology become,
reflecting a more realistic human physiology, the greater the chances therapeutics have at
clinical trial. Suffice to say, though protein modifications have been instrumental in their
experimentation, the more modifications made to human proteins, the less realistic they
become compared to wild-type. Itis therefore recommended that researchers should be aware
of the structural and functional effects of these modifications, and indeed embed these
decisions into early experimental design stages. There are two obvious examples of how

geometric morphometrics could aid in this endeavour, as a comparative sense-checking tool.

Firstly, upon determination of protein structure by X-ray crystallography or cryo-EM for
example, the resulting model’'s quality is examined. While there are several quantitative factors
which correlate with model quality such as resolution and Ramachandran distribution, there is
no single measure which sufficiently describes a model’s quality, and the determining factors
of high or low limits (Domagalski et al., 2014). While models do have the potential to be further
refined by constantly evolving software, the PDB depository itself varies quite considerably in
the quality and validation of its structures (Brzezinski et al, 2020). The geometric
morphometric method could be used as a sense-checking tool as one component of an
enhanced quality and validation process for submitted structures. For example, if a particular
receptor has been resolved in an inactive state, does it morphologically group with the other
inactive state crystals of its sub-family? If a receptor has its structure determined with a novel
structure-based biased agonist, does it group morphologically as expected? Again, if a
receptor is resolved in complex with a particular G protein sub-type, does it group sensibly
with the other experimentally resolved receptor-G protein complexes? If the answers are yes,
there is an added credibility in observing receptor morphology which is consistent with its
structural characteristics, however, if the answer is no, further exploration and explanation

might be required.
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Secondly, as well as sense-checking models at the end stages of structure determination,
geometric morphometrics could find use in the very beginning stages of experimental design.
For example, if the determination of a receptor’s structure necessitates modification, such as
thermostabilisation or the use of a fusion protein, the potential structural or functional effects
of modifications could be modelled in silico prior to in vitro experiments. This might entail a
sequence-based folding step, followed by geometric morphometric analysis of the modified
receptor, and comparisons of morphology against non-modified equivalents. The technology
to achieve this approach is not yet advanced enough (He et al., 2023), requiring high-
resolution, accurate sequence-based folding which can incorporate realistic, 3-dimensional
effects of mutagenesis, as well as a refined process of landmark selection and morphometric
analysis. Inevitably, as computational technology advances, the results of these in silico

predictive comparisons might be of benefit prior to in vitro efforts.

To conclude then, GPCRs are highly attractive drugs targets due to their wide involvement in
pathophysiological disease states, however, only approximately 1% of drugs successfully
progress through clinical trials (Santos et al., 2017). In order to develop safe, efficacious, novel
therapeutics which act on these receptors, a comprehensive understanding of their
structure/function relationship is needed to form a multidisciplinary framework from which drug
discovery will have a greater chance of success. It is crucial to explore the pleiotropic
relationship between ligand, receptor, and heterotrimeric G protein, as it is now clear that
ligands are able to selectively bias receptors towards certain signalling pathways, and
receptors themselves exhibit preference in their G protein coupling specificity. The diverse
heterogeneity of conformational states observed in GPCR crystal structure snapshots
correlates with their pleiotropic mechanisms of action, and an integration of structure with
function must therefore encompass the complete dynamic range of these proteins. Geometric
morphometrics is a highly promising technique which facilitates the quantitative decoding of
the structural aspects of GPCRs which contribute to their functional plasticity. With ongoing
refinement, and combination with enhanced functional assays such as those detailed in
Chapter 3, geometric morphometrics has the potential to significantly contribute to the
multidisciplinary elucidation of structure-based signalling, within the GPCR superfamily and
indeed membrane proteins in general. This body of work therefore gives a reliable indication
that analyses of global receptor morphology reveal both dominant and more subtle
conformational variations in structure, and is widely applicable to the range of structural

aspects which underpin functional outcomes.

224



D. N. Wiseman, PhD Thesis, Aston University 2024

Chapter 6: Future Directions and Conclusions

Research undertaken with GPCRs has faced significant challenges due to the dynamic nature
of this superfamily of membrane proteins, and while a technological boom over the last few
decades has certainly translated into an exponential growth in the capabilities to study
GPCRs, significant challenges remain. While the structure/function relationship of proteins is
a well-known paradigm, it is now clear that that of GPCRs is much more nuanced than
originally thought. Some ligands are able to induce signalling in which receptors are selectively
biased towards specific pathways or functional outcomes, which correlates with a diverse
heterogeneous conformational landscape of activation transition and intermediate states.
Moreover, the majority of GPCRs are now thought to signal through more than one G protein
sub-type, preferentially coupling with ranked selectivity, and can additionally be allosterically
modulated by a range of interactions, including those with the RAMPs. Given that the ultimate
application of GPCR research is to discover and develop safe, effective, and specific
therapeutic options for the plethora of diseases in which they are implicated, a holistic
understanding of GPCRs is needed which encompasses all of these discussed points. This
will be achieved with a comprehensive, multidisciplinary combination of biophysical and
biochemical functional assays, determination and analyses of structure, and complementary

computational approaches.

The first aim of this thesis was to develop a FRET-based biophysical assay for the calcitonin
family of GPCRs and the RAMPs, to further elucidate their interaction dynamics, and to serve
as a novel drug screening platform for these family B1 GPCRs. The understanding of the
structural and pharmacological consequences of RAMP interactions have been well-
characterised since their discovery in the 1990s, and as Kotliar et al., 2023 have highlighted,
there is now a necessity for novel assays which include both receptors and RAMPs. As the
inception of this FRET assay began in 2017, the fact that there is still a call for novel assays
in 2023 further reinforces the need for and justification of this work. The results of Chapter 3
show that this FRET assay for the calcitonin receptors and RAMPs was indeed successfully
established, using CFP and YFP as a FRET pair, along with the additional determination that
the constructs retained their expected pharmacology in terms of cCAMP responses to CGRP
(Hay et al., 2018).

Unfortunately, this project was significantly affected by the COVID-19 pandemic, and the
established assay could not be used for its intended purposes, though it does form a novel
basis from which future work will build. In the short term, the future directions of this project
likely involve an investigation into the dynamics of the expression and interactions of receptors

and RAMPs, and if receptor-associated RAMPs are able to outcompete each other,
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contributing to an allosteric modulation of the functional plasticity of select GPCRs. In addition
to this, the established FRET assay can be tested and implemented as a biophysical drug
screening assay, specifically for the identification of compounds or therapeutics which
promote or prevent receptor-RAMP interactions, and consequently link this to their functional
outcomes. Furthermore, the expression and purification of mammalian membrane proteins
from the photoreceptor cells of Drosophila melanogaster is a promising but underutilised tool,
providing several advantages over more traditional approaches. The preliminary results for
the expression of a fluorescently-tagged CGRP receptor shown in Chapter 3 are certainly
favourable, however, this project was also ended prematurely by the COVID-19 pandemic.
Future work would include generating the Drosophila strain which can be driven to express
both receptor and RAMP, and a subsequent exploration of techniques to extract and purify
these complexes, for direct application to the aforementioned biophysical and biochemical

analyses, to gain insight into their structural and functional dynamics.

The second aim of this thesis was to gain further insight into the structure-based signalling of
GPCRs, through the novel use of geometric morphometrics and principal component analysis,
and contribute to the elucidation of their complete dynamic plasticity of structure and function.
Technological advancements in X-ray crystallography and cryo-EM have led to breakthroughs
in the determination of protein structure, offering valuable insights into their mechanisms of
action, and structural characteristics when resolved in different states. The traditional methods
of comparing resolved structures are certainly useful but do possess inherent limitations, for
example, RMSD fails to capture more subtle conformational differences and Q score fails to
capture larger global differences; geometric morphometrics can overcome these limitations,
and facilitate a more nuanced approach. The case study results of Chapter 4 consistently and
reliably demonstrate that the classification of GPCR structures is possible, by their global
differences in shape morphology, and rigorous statistical testing for variation and dissimilarity
between categorised groups. In addition, the results of Chapter 5 suggest that the geometric
morphometric technique is able to reveal differences in receptor morphology caused by a
variety of structural aspects, and likely has wide applicability to membrane proteins in general.
Overall, this novel use of geometric morphometrics with GPCRs has been a resounding

success, with much future potential.

With regards to the future work for this project, the refinement of intelligent landmark selection
with machine learning and sequence alignment would enable a comprehensive investigation
into landmark selection, and how best to represent protein shape morphology. As the
geometric morphometric method is currently manually laborious, it would also massively
benefit from some degree of automation for both coordinate collection from PDBs, and the

morphometric analysis itself. It is currently challenging to quickly compare all principal
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components and their morphospaces, and thus user friendliness should be a focal point of
future work, to entice the wider structural biology community to engage with this approach. It
would be ideal to develop a complete, user friendly software package which facilitates the
whole process in one easy to use program, from choice of receptors and PDBs, intelligent
landmark selection, the geometric morphometric and principal component analyses,
visualisation of morphospaces, to group categorisation and statistical testing. This is
particularly important for the comprehensive comparisons of lower ranked principal
components which may represent the more subtle shape variations associated with biased
signalling, for example. Furthermore, additional future work may also involve the application
of geometric morphometrics to other relevant targets such as gated ion channels, non-GPCR
receptors, and enzymes, which all form the majority of druggable proteins (Tiefenauer and
Demarche, 2012).

Overall then, towards longer-term future directions, the geometric morphometric technique will
be well-placed for use as a sense- and quality-checking tool for determined structures, and
might even find involvement in the Protein Data Bank itself during their structure quality
assessment, as well as services such as the GPCRdb and mpstruc databases. This links back
to the need for an automated, user friendly experience where every component of this
technique is found in an integrated package. In addition to this, the morphospace patterns
revealed by morphometric analyses will need to be combined with functional assay data to
definitively correlate structural underpinnings with functional outcomes. Using the receptor-
RAMP interactions discussed in this thesis as an example, the biophysical FRET assay may
be used to assess receptor complex dynamics or effects of drugs in live cells, and
subsequently combine with a morphological analysis of receptor-RAMP shape changes, to
link structure and function. This of course depends upon enhanced, temporally relevant
assays and accurate, high-resolution structure determination which, as discussed, still face
inherent limitations. It may well be that the computational sequence-based folding algorithms
such as AlphaFold could supplement this approach when their predictive capabilities reach a

consistent, near-experimental quality.

In summary, the novel application of geometric morphometrics to GPCR structures has
enabled a quantitative analysis of their conformational landscape, revealing structural
groupings and common shape morphologies which correlate with functional states.
Importantly, the statistically affirmed results presented in this thesis indicate that the geometric
morphometric method is effective in the exploration of states of bound ligand, states of
activation transitions, and states of coupled G proteins. Taken in combination with the diverse
conformational heterogeneity observed in structures, these results build towards a

comprehensive understanding of the structure-based signalling of GPCRs. To truly correlate
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this with signalling pathways, pharmacological profiles, and physiological responses in both
healthy and disease states, the structural data from geometric morphometrics must be
combined with enhanced biophysical and biochemical assays, such as the FRET assay
established in Chapter 3, to build a holistic model of the complete dynamic range of GPCR
function, and their structural determinants. Ultimately, building this multidisciplinary model of
understanding will inform the drug discovery process for GPCRs, enabling unprecedented
discovery and development of safe, effective therapeutics, for which in part, this thesis makes

a contribution.
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Appendix A — Comparisons Between Designed Constructs and Sanger Sequencing

Appendix A1: Sequencing Data for CTR-YFP

A comparison of the amino acid sequences of the designed CTR-YFP construct in pcDNA3.1"
(Query) and Sanger sequencing data (Sbjct). Dots indicate identical residues, red indicates a
mismatch or blank, and sequencing was 97% identical.

Score

1496 bits(3873) 0.0

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

7
4

67
64

127
124

187
184

247
228

3e7
288

367
348

427
408

487
468

547
528

607
588

667
648

727

Expect Method Identities Positives Gaps

VTALLLPLALLLHAARPDYASYPYDVPDYAEFSNQTYPTIEPKPFLYVVGRKKMMDAQYK

HMVLLEFVTAAGITLGMDELYKK 749
..................... X. 730

66
63

126
123

186
183

246
227

3e6
287

366
347

426
407

486
467

546
527

606
587

666
e47

726
707

Compositional matrix adjust. 719/743(97%) 720/743(96%) 16/743(2%)
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Appendix A2: Sequencing Data for RAMP1-CFP

A comparison of the amino acid sequences of the designed RAMP1-CFP construct in
pcDNA3.1" (Query) and Sanger sequencing data (Sbjct). Dots indicate identical residues, red
indicates a mismatch or blank, and sequencing was 99% identical.

Score

783 bits(2022) 0.0

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

1
61
71

121
131

181
191

241
251

3e1
311

361
371

Expect Method Identities Positives Gaps

EFMDYKDDDDKTTACQEANYGALLRELCLTQFQVDMEAVGETLWCDWGRTIRSYRELADC

HMVLLEFVTAAGITLG 376
........... X.... 386

Appendix A3: Sequencing Data for RAMP2-CFP

60
70

120
130

180
190

240
250

300
310

360

Compositional matrix adjust. 375/376(99%) 375/376(99%) 0/376(0%)

A comparison of the amino acid sequences of the designed RAMP2-CFP construct in
pcDNAS3.1" (Query) and Sanger sequencing data (Sbjct). Dots indicate identical residues, red
indicates a mismatch or blank, and sequencing was 100% identical.

Score

819 bits(2116) 0.0
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Sbjct
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Sbjct
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Sbjct
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Sbjct

Query
Sbjct

Query
Sbjct
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Sbjct

1
61
61

121
121

181
181

241
241

301
301

361
361

Expect Method Identities Positives Gaps

EFMDYKDDDDKTQPLPTTGTPGSEGGTVKNYETAVQFCWNHYKDQMDPIEKDWCDWAMIS

60
60

120
120

180
180

240
240

300
300

360

Compositional matrix adjust. 393/393(100%) 393/393(100%) 0/393(0%)
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Appendix A4: Sequencing Data for RAMP3-CFP

A comparison of the amino acid sequences of the designed RAMP3-CFP construct in
pcDNA3.1" (Query) and Sanger sequencing data (Sbjct). Dots indicate identical residues, red
indicates a mismatch or blank, and sequencing was 99% identical.

Score

754 bits(1947) 0.0

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

Query
Sbjct

1
61
68

121
128

181
188

241
248

301
308

361
368

Expect Method Identities Positives Gaps

EFMDYKDDDDKTGGCNETGMLERLPLCGKAFADMMGKVDVIWKWCNLSEFIVYYESFTNCT

MVLL 364
371

60
67

120
127

180
187

240
247

300
307

360
367

Compositional matrix adjust. 362/364(99%) 362/364(99%) 0/364(0%)

290



D. N. Wiseman, PhD Thesis, Aston University 2024

Appendix B - Lists of Structures Included in Geometric Morphometric Analyses
Appendix B details a list of all structures used in the geometric morphometric analyses of
Chapters 4 and 5, including their PDB code, method of structure determination, resolution in

Angstroms, activation state, class of bound ligand, and reference to their publication. All of
these details were obtained from the GPCRdb.

Appendix B1: The Family A B2-Adrenergic Receptors Analysed in Section 4.3.1

5JQH was removed from analyses due to its extreme skewing of data.

PDB Method Res?&‘;tlon State Ligand Reference

JR4R | Xeray 3.4 Inactive | nverse ;
agonist

2R4S | X-ray 3.4 Inactive | nverse 10.1038/NATURE06325
agonist

2RH1 X-ray 2.4 Inactive | nverse 10.1126/SCIENCE.1150577
agonist

3D4S X-ray 2.8 Inactive | nverse 10.1016/J.STR.2008.05.001
agonist

3KJ6 X-ray 3.4 Inactive | Inverse 10.1038/NATURE08650
agonist

3NY8 | Xeray 238 Inactive | nverse ;
agonist

3NY9 X-ray 2.8 Inactive | nverse 10.1021/JA105108Q
agonist

3NYA X-ray 3.2 Inactive | Antagonist -

3P0G | Xray 35 Active | Agonist 10.1038/NATURE09648

3PDS X-ray 3.5 Inactive Agonist 10.1038/NATUREQ09665

3SN6 X-ray 3.2 Active Agonist 10.1038/NATURE10361

4GBR | X-ray 4 Inactive ;”g;’:rzls; 10.1371/JOURNAL.PONE.0046039

4LDE | Xray 2.8 Active | Agonist 10.1038/NATURE 12572

4LDL X-ray 3.1 Active Agonist 10.1038/NATURE12572

4LDO X-ray 3.2 Active Agonist 10.1038/NATURE12572

4QKX | X-ray 3.3 Active | Agonist 10.1073/PNAS. 1410415111

5D5A | X-ray 2.5 Inactive | nverse 10.1107/S2059798315021683
agonist

5D5B X-ray 3.8 Inactive | nverse 10.1107/S2059798315021683
agonist

5D6L X-ray 3.2 Inactive | nverse 10.1038/NPROT.2017.057
agonist

5JQH | X-ray 3.2 Inactive | nverse 10.1038/NATURE 18636
agonist

5X7D X-ray 2.7 Inactive | Antagonist 10.1038/NATURE23652

BE67 X-ray 3.7 Active | Agonist 10.1016/J.CELL.2019.04.021

6MXT X-ray 3 Active Agonist 10.1038/s41589-018-0145-x

6N48 X-ray 3.2 Active Agg\rl'\;ls" 10.1126/SCIENCE.AAW8981

6NI3 | Cryo-EM 3.8 Active | Agonist 10.1038/S41594-019-0330-Y
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60BA | X-ray 3.1 inactive | AMA9OMSt | 10,1038/541580-020-0549-2
6PRZ X-ray 2.8 Inactive | Antagonist 10.1107/52052252519013137
6PS0 X-ray 3.4 Inactive | Antagonist 10.1107/52052252519013137
6PS1 X-ray 3.2 Inactive | Antagonist 10.1107/S2052252519013137
6PS2 X-ray 24 Inactive | Antagonist 10.1107/52052252519013137
6PS3 X-ray 25 Inactive | Antagonist 10.1107/52052252519013137
6PS4 X-ray 2.6 Inactive | Antagonist 10.1107/S2052252519013137
6PS5 X-ray 29 Inactive | Antagonist 10.1107/52052252519013137
6PS6 X-ray 2.7 Inactive | Antagonist 10.1107/52052252519013137
7BZ2 | Cryo-EM 3.8 Active Agonist 10.1038/S41421-020-0176-9
7DHI Cryo-EM 3.3 Active Agonist 10.1093/NSR/NWAA284
7DHR | Cryo-EM 3.8 Active Agonist 10.1093/NSR/NWAA284

Appendix B2: The Family A Adenosine A2A Receptors Analysed in Section 4.3.2

PDB Method Resc()k;tion State Ligand Reference
2YDO X-ray 3 Active Agonist 10.1038/NATURE10136
2YDV X-ray 2.6 Active Agonist -
3EML X-ray 2.6 Inactive Antagonist 10.1126/SCIENCE.1164772
3PWH X-ray 3.3 Inactive Antagonist 10.1016/J.STR.2011.06.014
3QAK X-ray 27 Active Agonist 10.1126/SCIENCE.1202793
3REY X-ray 3.3 Inactive Antagonist -
3RFM X-ray 3.6 Inactive Antagonist -
3UZA X-ray 3.3 Inactive Antagonist 10.1021/jm201376w
3UzC X-ray 3.3 Inactive Antagonist 10.1021/jm201376w
3VG9 X-ray 2.7 Inactive Antagonist 10.1038/NATURE10750
3VGA X-ray 3.1 Inactive Antagonist 10.1038/NATURE10750
4ElY X-ray 1.8 Inactive Antagonist 10.1126/SCIENCE.1219218
4UG2 X-ray 2.6 Active Agonist 10.1124/mol.114.097360
4UHR X-ray 26 Active Agonist 10.1124/mol.114.097360
5G53 X-ray 3.4 Active Agonist 10.1038/NATURE18966
51U4 X-ray 1.7 Inactive Antagonist 10.1021/acs.jmedchem.6b00653
51U7 X-ray 1.9 Inactive Antagonist 10.1021/acs.jmedchem.6b00653
51U8 X-ray 2 Inactive Antagonist 10.1021/acs.jmedchem.6b00653
5IUA X-ray 2.2 Inactive Antagonist 10.1021/acs.jmedchem.6b00653
51UB X-ray 21 Inactive Antagonist 10.1021/acs.jmedchem.6b00653
5JTB X-ray 2.8 Inactive Antagonist 10.1126/SCIADV.1602952
5K2A X-ray 2.5 Inactive Antagonist 10.1126/SCIADV.1600292
5K2B X-ray 25 Inactive Antagonist 10.1126/SCIADV.1600292
5K2C X-ray 1.9 Inactive Antagonist 10.1126/SCIADV.1600292
5K2D X-ray 1.9 Inactive Antagonist 10.1126/SCIADV.1600292
5MZJ X-ray 2 Inactive Antagonist 10.1016/j.str.2017.06.012
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5MZP X-ray 2.1 Inactive Antagonist 10.1016/j.str.2017.06.012
5N2R X-ray 2.8 Inactive Antagonist 10.1016/j.str.2017.06.012
5NLX X-ray 2.1 Inactive Antagonist -
5NM2 X-ray 2 Inactive Antagonist 10.1038/S41467-017-00630-4
5NM4 X-ray 1.7 Inactive Antagonist -
50LG X-ray 1.9 Inactive Antagonist 10.1038/S41598-017-18570-W
50LH X-ray 2.6 Inactive Antagonist -
50L0 X-ray 3.1 Inactive Antagonist 10.1038/S41598-017-18570-W
50LV X-ray 2 Inactive Antagonist 10.1038/S41598-017-18570-W
50LZ X-ray 1.9 Inactive Antagonist 10.1038/S41598-017-18570-W
50M1 X-ray 21 Inactive Antagonist 10.1038/S41598-017-18570-W
50M4 X-ray 2 Inactive Antagonist 10.1038/S41598-017-18570-W
5UIG X-ray 3.5 Inactive Antagonist 10.1073/PNAS.1621423114
5UVI X-ray 3.2 Inactive Antagonist 10.1107/S205225251700570X
5VRA X-ray 24 Inactive Antagonist 10.1038/NPROT.2017.135
5WF5 X-ray 2.6 Active Agonist 10.1016/J.STR.2017.12.013
5WF6 X-ray 29 Active Agonist 10.1016/J.STR.2017.12.013
6AQF X-ray 25 Inactive Antagonist 10.1016/J.CELL.2017.12.004
6GDG | Cryo-EM 4.1 Active Agonist 10.7554/ELIFE.35946
6GT3 X-ray 2 Inactive Antagonist -
6JZH X-ray 2.3 Inactive Antagonist 10.1107/S1600576719012846
6LPJ X-ray 1.8 Inactive Antagonist 10.1038/S41598-020-76277-X
6LPK X-ray 1.8 Inactive Antagonist 10.1038/S41598-020-76277-X
6LPL X-ray 2 Inactive Antagonist 10.1038/S41598-020-76277-X
6MH8 X-ray 4.2 Inactive Antagonist 10.1107/5205225251900263X
6PS7 X-ray 1.9 Inactive Antagonist 10.1107/S2052252519013137
6S0L X-ray 2.7 Inactive Antagonist 10.1107/52052252520011379
6S0Q X-ray 2.7 Inactive Antagonist 10.1107/52052252520011379
6WQA X-ray 2 Inactive Antagonist 10.1107/S2052252520012701
6ZDR X-ray 1.9 Inactive Antagonist 10.1002/ANIE.202003788
6ZDV X-ray 21 Inactive Antagonist 10.1002/ANIE.202003788
7ARO X-ray 3.1 Inactive | Agonist (partial) | 10.1021/acs.jmedchem.0c01856

Appendix B3: The Family B1 Secretin-Like Receptors Analysed in Section 4.3.3

PDB | Method Res?kl;tlon State Ligand Reference

4K5Y X-ray 3 Inactive | Antagonist 10.1038/NATURE 12357

4L6R X-ray 3.3 Inactive Agonist 10.1038/nature12393

429G | Xray 32 inactive | Antagonist | 1021741 8744673 ; 06661701101147
5EE7 | X-ray 25 Inactive A”ﬁg\&”'“ 10.1038/NATURE17414

5UZ7 CEF}(;I’ 4.1 Active | Agonist 10.1038/NATURE22327
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5VEW | X-ray 2.7 Inactive NAM 10.1038/NATURE22378
5VEX | X-ray 3 Inactive NAM 10.1038/NATURE22378
5XEZ | X-ray 3 Inactive NAM 10.1038/NATURE22363
5XF1 | X-ray 3.2 Inactive NAM 10.1038/NATURE22363
5YQZ | X-ray 3 Inactive | ~\gonist 10.1038/NATURE25153
(partial)
6B3J CErK;I’ 3.3 Active | Agonist 10.1038/NATURE25773
BE3Y CEr{/‘I’ 3.3 Active | Agonist 10.1038/S41586-018-0535-Y
6FJ3 | X-ray 2.5 Inactive | Agonist 10.1038/S41594-018-0151-4
(partial)
6KJV | X-ray 2.8 Inactive NAM 10.1107/S2052252519013496
6KK1 | X-ray 2.8 Inactive NAM 10.1107/S2052252519013496
6KK7 | X-ray 3.1 Inactive NAM 10.1107/S2052252519013496
6LMK CEFK;I’ 3.7 Active | Agonist 10.1126/SCIENCE.AAZ5346
6LML CEFK;I’ 3.9 Active | Agonist 10.1126/SCIENCE.AAZ5346
6LN2 | X-ray 3.2 Inactive NAM 10.1038/S41467-020-14934-5
6LPB CErKjI’ 3.9 Active | Agonist 10.1038/S41594-020-0386-8
6M1H CErKjI’ 3.6 Active | Agonist 10.1038/S41422-020-0280-2
BM1I CEFK;I) 3.5 Active | Agonist 10.1038/S41422-020-0280-2
6NBF CEFK;I’ 3 Active | Agonist 10.1126/SCIENCE.AAV7942
6NBH CEFK/? 3.5 Active | Agonist 10.1126/SCIENCE.AAV7942
6NBI CEFK/? 4 Active | Agonist 10.1126/SCIENCE.AAV7942
BNIY CErK/? 3.3 Active | Agonist 10.1021/ACSPTSCI.8B00056
60RV CEr}(jI’ 3 Active | Agonist 10.1038/541586-019-1902-z
6P9X CQ,(;I’ 2.9 Active | Agonist 10.1016/J.MOLCEL.2020.01.012
6P9Y CQ,(;I’ 3 Active | Agonist 10.1016/J.MOLCEL.2020.01.012
6PBO CQ,(;I’ 3 Active | Agonist 10.1016/J.MOLCEL.2020.01.013
6PB1 CQ,(;I’ 2.8 Active | Agonist 10.1016/J.MOLCEL.2020.01.013
6UUN CE“,(;’ 3 Active | Agonist 10.1021/ACSPTSCI.9B00080
6UUS Cé}(/cl’ 2.4 Active | Agonist 10.1021/ACSPTSCI.9B00080
6UVA CQ,(/? 2.3 Active | Agonist 10.1021/ACSPTSCI.9800080
Cryo- . Agonist
6VCB | o) 3.3 Active SAM 10.1038/S41589-020-0589-7
BVN7 CQ,(/? 3.2 Active | Agonist 10.1038/S41467-020-17933-8
BWHC CI?I(/(I) 3.4 Active | Agonist 10.1074/JBC.RA120.013793
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BWIQ CErK;I’ 4.3 Active | Agonist 10.1038/S41467-020-17791-4
on | e 3.1 Active | Agonist 10.1126/SCIENCE.ABA3373
BWZG CEr{/‘I’ 2.3 Active | Agonist 10.1038/S41467-020-17791-4
6X18 CE%’ 2.1 Active | Agonist 10.1016/J.MOLCEL.2020.09.020
6X19 CE%’ 2.1 Active | Agonist 10.1016/J.MOLCEL.2020.09.020
6X1A CE%’ 2.5 Active | Agonist 10.1016/J.MOLCEL.2020.09.020
BXOX CE%’ 3.1 Active | Agonist 10.1073/PNAS.2014879117
7C2E CE%’ 4.2 Active | Agonist 10.1038/S41422-020-0384-8
7CZ5 CEFK;I) 26 Active | Agonist 10.1038/S41467-020-18945-0
7D3S CErK;I’ 2.9 Active | Agonist 10.1016/J.BBRC.2020.08.042
7D68 CEFK;I’ 3 Active | Agonist 10.1038/S41422-020-00442-0
7DTY CEFK;I’ 3 Active | Agonist 10.7554/ELIFE.68719
oua | SO 25 Active Ag;’(')zi’;'t\" 10.1038/S41467-021-24058-Z
7DUR Cé{/? 33 Active | Ago-PAM 10.1038/S41467-021-24058-Z
7E14 | CDYO- 2.9 Active | A90-PAM 10.1038/S41467-021-24058-Z
EM Agonist
7EVM CEr{jl’ 25 Active | Ago-PAM 10.1038/S41467-021-24058-Z
7F16 CQ,(;I’ 2.8 Active | Agonist 10.1073/PNAS.2101279118
7KI0 CQ,(;I’ 25 Active | Agonist 10.1016/J.CELREP.2021.109374
ki | SO 25 Active | Agonist ;
7KNT CEr}(/‘I’ 3.2 Inactive Apo 10.1126/SCIENCE.ABF7258
7KNU CEFK/? 3.5 Inactive |  Agonist 10.1126/SCIENCE.ABF7258
7LCI CEFK/? 2.9 Active | Agonist 10.1016/J.STR.2021.04.008
7LCJ CEFK/? 2.8 Active | Agonist 10.1016/J.STR.2021.04.008
7LCK CErK;I’ 3.2 Active | Agonist 10.1016/J.STR.2021.04.008
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Appendix B4: The Family C Calcium-Sensing Receptors Analysed in Section 4.3.4

PDB Method | Resolution (A) State Ligand Reference
Agonist

7DD5 | Cryo-EM 3.2 Inactive NAM | 10.1126/SCIADV.ABG1483
PAM

7DD6 | Cryo-EM 3.2 Active Ag%‘\ft 10.1126/SCIADV.ABG 1483
Agonist

7DD7 | Cryo-EM 3.2 Active PAM | 10.1126/SCIADV.ABG1483
PAM

7DTT | Cryo-EM 3.8 Active Agonist | 10.1038/S41422-021-00474-0

7DTU | Cryo-EM 4.4 Intermediate | PAM | 10.1038/S41422-021-00474-0

7DTV | Cryo-EM 3.5 Active Agg’l‘\ft 10.1038/S41422-021-00474-0

7DTW | Cryo-EM 45 Inactive Apo | 10.1038/S41422-021-00474-0
Agonist

7M3E | Cryo-EM 3.2 Inactive NAM | 10.1038/S41586-021-03691-0
PAM
Agonist

7M3F | Cryo-EM 2.8 Active PAM | 10.1038/S41586-021-03691-0
PAM
Agonist

7M3G | Cryo-EM 25 Active PAM | 10.1038/S41586-021-03691-0
PAM

7M3J | Cryo-EM 4.1 Inactive NAM | 10.1038/S41586-021-03691-0

Appendix B5: The G Protein-Coupled Structures Analysed in Section 5.2

PDB | Method Resz&t;tlon State Ligand Reference

1F88 | X-ray 2.8 Inactive Inverse 10.1126/SCIENCE.289.5480.739
agonist

1GZM | X-ray 27 Inactive Inverse 10.1016/J.JMB.2004.08.090
agonist

1HZX | X-ray 2.8 Inactive Inverse 10.1021/B10155091
agonist

1L9H | X-ray 26 Inactive Inverse 10.1073/PNAS.082666399
agonist

1U19 | X-ray 2.2 Inactive Inverse 10.1016/J.JMB.2004.07.044
agonist

2G87 X-ray 2.6 Inactive Agonist 10.1002/ANIE.200600595

2HPY | X-ray 2.8 Inactive Agonist 10.1073/PNAS.0601765103

2135 | X-ray 3.8 Inactive Inverse 10.1073/PNAS.0608022103
agonist

2136 X-ray 4.1 Inactive Apo 10.1073/PNAS.0608022103

2137 | X-ray 4.2 Inactive Apo 10.1073/PNAS.0608022103

2J4Y | X-ray 3.4 Inactive Inverse 10.1016/J.JMB.2007.03.007
agonist

2PED | X-ray 3 Inactive Inverse 10.1529/BIOPHYSJ.107.108225
agonist

2R4R | X-ray 3.4 Inactive - 10.1038/NATURE06325

2R4S X-ray 3.4 Inactive - -

296



D. N. Wiseman, PhD Thesis, Aston University 2024

2RH1 | X-ray 2.4 Inactive Inverse 10.1126/SCIENCE.1150577
agonist
2VT4 X-ray 2.7 Inactive Antagonist 10.1038/NATUREO07101
2Y00 | X-ray 2.5 Inactive é)%?t’:;ﬁ; 10.1038/NATURE09746
2Y01 | Xeray 2.6 Inactive é%ort’:fi; 10.1038/NATURE09746
2Y02 X-ray 2.6 Inactive Agonist 10.1038/NATUREQ9746
2Y03 X-ray 2.9 Inactive Agonist 10.1038/NATUREQ09746
2Y04 | X-ray 3.1 Inactive (Ap%or[::l; 10.1038/NATURE09746
2YCW | X-ray 3 Inactive Antagonist 10.1073/PNAS.1100185108
2YCX | X-ray 3.3 Inactive Antagonist 10.1073/PNAS.1100185108
2YCY X-ray 3.2 Inactive Antagonist 10.1073/PNAS.1100185108
2YCZ X-ray 3.7 Inactive Antagonist 10.1073/PNAS.1100185108
2773 | Xray 2.5 Inactive Inverse 10.1038/NATURE06925
agonist
2ZIY | X-ray 3.7 Inactive Inverse 10.1074/JBC.C800040200
agonist
3AYM X-ray 2.8 Inactive Agonist 10.1016/J.JMB.2011.08.044
3AYN | X-ray 2.7 Inactive L”g;’:r:fs‘i 10.1016/J.JMB.2011.08.044
3COL | X-ray 2.7 Inactive Inverse 10.1107/S0907444908017162
agonist
3COM | X-ray 3.4 Inactive L”g;’;:lss‘i 10.1107/S0907444908017162
3D4S | X-ray 2.8 Inactive Inverse 10.1016/J.STR.2008.05.001
agonist
3EML X-ray 2.6 Inactive Antagonist 10.1126/SCIENCE.1164772
3KJ6 X-ray 34 Inactive - 10.1038/NATURE08650
3NY8 | X-ray 238 Inactive Inverse 10.1021/JA105108Q
agonist
3NY9 | X-ray 238 Inactive Inverse 10.1021/JA105108Q
agonist
3NYA | X-ray 3.2 Inactive Antagonist 10.1021/JA105108Q
30AX | X-ray 2.6 Inactive L”g;’:r:f’s‘i 10.1016/J.BPJ.2010.08.003
30DU X-ray 25 Inactive Antagonist 10.1126/SCIENCE.1194396
30E0 X-ray 29 Inactive Antagonist 10.1126/SCIENCE.1194396
30E6 X-ray 3.2 Inactive Antagonist 10.1126/SCIENCE.1194396
30ES8 X-ray 3.1 Inactive Antagonist 10.1126/SCIENCE.1194396
30E9 X-ray 3.1 Inactive Antagonist 10.1126/SCIENCE.1194396
3PBL X-ray 29 Inactive Antagonist 10.1126/SCIENCE.1197410
3PDS X-ray 3.5 Inactive Agonist 10.1038/NATURE09665
3PWH X-ray 3.3 Inactive Antagonist 10.1016/J.STR.2011.06.014
3REY X-ray 3.3 Inactive Antagonist 10.1016/J.STR.2011.06.014
3RFM X-ray 3.6 Inactive Antagonist 10.1016/J.STR.2011.06.014
3RZE X-ray 3.1 Inactive Antagonist 10.1038/NATURE10236
3UON X-ray 3 Inactive Antagonist 10.1038/NATURE10753
3UZA X-ray 3.3 Inactive Antagonist 10.1021/jm201376w
3UzC X-ray 3.3 Inactive Antagonist 10.1021/jm201376w
3VG9 X-ray 2.7 Inactive Antagonist 10.1038/NATURE10750
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3VGA X-ray 3.1 Inactive Antagonist 10.1038/NATURE10750
3ZPQ X-ray 2.8 Inactive Antagonist 10.1021/jm400140q
3ZPR X-ray 2.7 Inactive Antagonist 10.1021/jm400140q
4AMI X-ray 3.2 Inactive Agonist 10.1016/J.STR.2012.03.014
4AMJ | X-ray 2.3 Inactive Inverse 10.1016/J.STR.2012.03.014
agonist
4BVN X-ray 2.1 Inactive Antagonist 10.1371/JOURNAL.PONE.0092727
4DAJ X-ray 3.4 Inactive Antagonist 10.1038/NATURE10867
4ElY X-ray 1.8 Inactive Antagonist 10.1126/SCIENCE.1219218
4GBR | X-ray 4 Inactive L”g;’c‘fr:fs‘i 10.1371/JOURNAL.PONE.0046039
4GPO | X-ray 3.5 Inactive Apo 10.1038/NSMB.2504
4RWS | X-ray 3.1 Inactive Antagonist 10.1126/SCIENCE.1261064
4U14 X-ray 3.6 Inactive Antagonist 10.1016/J.STR.2014.08.022
4U15 X-ray 2.8 Inactive Antagonist 10.1016/J.STR.2014.08.022
4U16 X-ray 3.7 Inactive Antagonist 10.1016/J.STR.2014.08.022
W Xeray 238 Inactive |  Agonist | 10.1371/JOURNAL.PONE.0126970
5A8E | X-ray 2.4 Inactive L”g;’:r:fs‘i 10.1124/MOL.115.101030
5D5A | X-ray 2.5 Inactive L”g;’:r:fs‘i 10.1107/S2059798315021683
5D5B | X-ray 3.8 Inactive L”g;’:r:fs‘i 10.1107/S2059798315021683
5D6L | X-ray 3.2 Inactive L”g;’:r:fs‘i 10.1038/NPROT.2017.057
5F8U X-ray 3.4 Inactive Antagonist 10.1038/NSMB.3130
51U4 X-ray 1.7 Inactive Antagonist 10.1021/acs.jmedchem.6b00653
51U7 X-ray 1.9 Inactive Antagonist 10.1021/acs.jmedchem.6b00653
51U8 X-ray 2 Inactive Antagonist 10.1021/acs.jmedchem.6b00653
51UA X-ray 22 Inactive Antagonist 10.1021/acs.jmedchem.6b00653
51UB X-ray 2.1 Inactive Antagonist 10.1021/acs.jmedchem.6b00653
5JQH | X-ray 3.2 Inactive L”g;’:r:f’s‘i 10.1038/NATURE 18636
5JTB X-ray 2.8 Inactive Antagonist 10.1126/SCIADV.1602952
5K2A X-ray 25 Inactive Antagonist 10.1126/SCIADV.1600292
5K2B X-ray 25 Inactive Antagonist 10.1126/SCIADV.1600292
5K2C X-ray 1.9 Inactive Antagonist 10.1126/SCIADV.1600292
5K2D X-ray 1.9 Inactive Antagonist 10.1126/SCIADV.1600292
5MZJ X-ray 2 Inactive Antagonist 10.1016/j.str.2017.06.012
5MZP X-ray 21 Inactive Antagonist 10.1016/j.str.2017.06.012
5N2R X-ray 2.8 Inactive Antagonist 10.1016/j.str.2017.06.012
5NLX X-ray 21 Inactive Antagonist 10.1038/S41467-017-00630-4
5NM2 X-ray 2 Inactive Antagonist 10.1038/S41467-017-00630-4
5NM4 X-ray 1.7 Inactive Antagonist 10.1038/S41467-017-00630-4
50LG X-ray 1.9 Inactive Antagonist 10.1038/S41598-017-18570-W
50LH X-ray 26 Inactive Antagonist 10.1038/S41598-017-18570-W
50L0 X-ray 3.1 Inactive Antagonist 10.1038/S41598-017-18570-W
50LV X-ray 2 Inactive Antagonist 10.1038/S41598-017-18570-W
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50LZ X-ray 1.9 Inactive Antagonist 10.1038/S41598-017-18570-W
50M1 X-ray 2.1 Inactive Antagonist 10.1038/S41598-017-18570-W
50M4 | X-ray 2 Inactive Antagonist 10.1038/S41598-017-18570-W
5TES X-ray 4 Inactive Agonist 10.1073/PNAS.1617446114
5UIG X-ray 3.5 Inactive Antagonist 10.1073/PNAS.1621423114
5UVI X-ray 3.2 Inactive Antagonist 10.1107/S205225251700570X
5VRA X-ray 24 Inactive Antagonist 10.1038/NPROT.2017.135
5X7D | X-ray 2.7 Inactive aﬁ'{ggfg:gt 10.1038/NATURE23652
5YC8 X-ray 2.5 Inactive Antagonist 10.1038/S41589-018-0152-Y
5ZHP X-ray 3.1 Inactive Antagonist 10.1073/PNAS.1813988115
5ZK3 X-ray 2.6 Inactive Antagonist 10.1038/S41589-018-0152-Y
5ZK8 X-ray 3 Inactive Antagonist 10.1038/S41589-018-0152-Y
5ZKB X-ray 3 Inactive Antagonist 10.1038/S41589-018-0152-Y
5ZKC X-ray 2.3 Inactive Antagonist 10.1038/S41589-018-0152-Y
6AQF X-ray 25 Inactive Antagonist 10.1016/J.CELL.2017.12.004
6GT3 X-ray 2 Inactive Antagonist -
6JZH X-ray 2.3 Inactive Antagonist 10.1107/S1600576719012846
6LPJ X-ray 1.8 Inactive Antagonist 10.1038/S41598-020-76277-X
6LPK X-ray 1.8 Inactive Antagonist 10.1038/S41598-020-76277-X
6LPL X-ray 2 Inactive Antagonist 10.1038/S41598-020-76277-X
6MH8 X-ray 4.2 Inactive Antagonist 10.1107/S205225251900263X
60BA | X-ray 3.1 Inactive Antagonist 10.1038/S41589-020-0549-2
60FJ | Thy 45 Inactive Apo 10.1074/JBC.RA119.010089
6PRZ X-ray 2.8 Inactive Antagonist 10.1107/52052252519013137
6PS0 X-ray 3.4 Inactive Antagonist 10.1107/S2052252519013137
6PS1 X-ray 3.2 Inactive Antagonist 10.1107/52052252519013137
6PS2 X-ray 24 Inactive Antagonist 10.1107/S2052252519013137
6PS3 X-ray 25 Inactive Antagonist 10.1107/52052252519013137
6PS4 X-ray 2.6 Inactive Antagonist 10.1107/S2052252519013137
6PS5 X-ray 29 Inactive Antagonist 10.1107/52052252519013137
6PS6 X-ray 2.7 Inactive Antagonist 10.1107/S2052252519013137
6PS7 X-ray 1.9 Inactive Antagonist 10.1107/52052252519013137
6S0L X-ray 2.7 Inactive Antagonist 10.1107/S2052252520011379
6S0Q X-ray 2.7 Inactive Antagonist -
6WQA | X-ray 2 Inactive Antagonist 10.1107/S2052252520012701
6ZDR X-ray 1.9 Inactive Antagonist 10.1002/ANIE.202003788
6ZDV X-ray 2.1 Inactive Antagonist 10.1002/ANIE.202003788
7ARO | X-ray 31 Inactive ?;)%?t?;si; 10.1 021/ACS.JMEDCHEM.OCO185
7BVQ | X-ray 2.5 Inactive 'a”s;’;:fs‘i 10.1038/S41422-020-00424-2
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PDB | Method | Resolution (A) State Reference
2R4R X-ray 3.4 Non-Thermo -
2R4S X-ray 3.4 Non-Thermo 10.1038/NATUREO06325
2RH1 X-ray 24 Non-Thermo 10.1126/SCIENCE.1150577
2VT4 X-ray 27 Thermo 10.1038/NATUREOQ07101
2Y00 X-ray 25 Thermo 10.1038/NATUREQ9746
2Y01 X-ray 26 Thermo 10.1038/NATUREQ9746
2Y02 X-ray 26 Thermo 10.1038/NATUREQ9746
2Y03 X-ray 29 Thermo 10.1038/NATUREQ9746
2Y04 X-ray 3.1 Thermo 10.1038/NATUREQ9746
2YCW X-ray 3 Thermo 10.1073/PNAS.1100185108
2YCX X-ray 3.3 Thermo -
2YCY X-ray 3.2 Thermo 10.1073/PNAS.1100185108
2YCz X-ray 3.7 Thermo 10.1073/PNAS.1100185108
2YDO X-ray 3 Thermo 10.1038/NATURE10136
2YDV X-ray 2.6 Thermo -
3D4S X-ray 28 Thermo 10.1016/J.STR.2008.05.001
3EML X-ray 26 Non-Thermo 10.1126/SCIENCE.1164772
3KJ6 X-ray 3.4 Non-Thermo 10.1038/NATUREO08650
3NY8 X-ray 2.8 Thermo -
3NY9 X-ray 28 Thermo 10.1021/JA105108Q
3NYA X-ray 3.2 Thermo -
3P0G X-ray 3.5 Non-Thermo 10.1038/NATUREQ09648
3PDS X-ray 3.5 Thermo 10.1038/NATURE09665
3PWH X-ray 3.3 Thermo 10.1016/J.STR.2011.06.014
3QAK X-ray 27 Non-Thermo 10.1126/SCIENCE.1202793
3REY X-ray 3.3 Thermo -
3RFM X-ray 3.6 Thermo -
3SN6 X-ray 3.2 Non-Thermo 10.1038/NATURE10361
3UZA X-ray 3.3 Thermo 10.1021/jm201376w
3UzC X-ray 3.3 Thermo 10.1021/jm201376w
3VG9 X-ray 27 Non-Thermo 10.1038/NATURE10750
3VGA X-ray 3.1 Non-Thermo 10.1038/NATURE10750
3ZPQ X-ray 2.8 Thermo 10.1021/jm400140q
3ZPR X-ray 2.7 Thermo 10.1021/jm400140q
4AMI X-ray 3.2 Thermo 10.1016/J.STR.2012.03.014
4AMJ X-ray 2.3 Thermo 10.1016/J.STR.2012.03.014
4BVN X-ray 21 Thermo 10.1371/JOURNAL.PONE.0092727
4ElY X-ray 1.8 Non-Thermo 10.1126/SCIENCE.1219218
4GBR X-ray 4 Non-Thermo 10.1371/JOURNAL.PONE.0046039
4GPO X-ray 3.5 Thermo 10.1038/NSMB.2504
4LDE X-ray 28 Non-Thermo 10.1038/NATURE12572
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4LDL X-ray 3.1 Non-Thermo 10.1038/NATURE12572
4L.DO X-ray 3.2 Non-Thermo 10.1038/NATURE12572
4QKX X-ray 3.3 Thermo 10.1073/PNAS.1410415111
4UG2 X-ray 2.6 Thermo 10.1124/mol.114.097360
4UHR X-ray 26 Thermo 10.1124/mol.114.097360
5A8E X-ray 2.4 Thermo 10.1124/MOL.115.101030
5D5A X-ray 25 Non-Thermo 10.1107/S2059798315021683
5D5B X-ray 3.8 Non-Thermo 10.1107/S2059798315021683
5D6L X-ray 3.2 Non-Thermo 10.1038/NPROT.2017.057
5F8U X-ray 3.4 Thermo 10.1038/NSMB.3130
5G53 X-ray 3.4 Non-Thermo 10.1038/NATURE18966
51U4 X-ray 1.7 Thermo 10.1021/acs.jmedchem.6b00653
51U7 X-ray 1.9 Thermo 10.1021/acs.jmedchem.6b00653
51U8 X-ray 2 Thermo 10.1021/acs.jmedchem.6b00653
5IUA X-ray 2.2 Thermo 10.1021/acs.jmedchem.6b00653
51UB X-ray 2.1 Thermo 10.1021/acs.jmedchem.6b00653
5JTB X-ray 2.8 Non-Thermo 10.1126/SCIADV.1602952
5K2A X-ray 2.5 Non-Thermo 10.1126/SCIADV.1600292
5K2B X-ray 2.5 Non-Thermo 10.1126/SCIADV.1600292
5K2C X-ray 1.9 Non-Thermo 10.1126/SCIADV.1600292
5K2D X-ray 1.9 Non-Thermo 10.1126/SCIADV.1600292
5MZJ X-ray 2 Thermo 10.1016/j.str.2017.06.012
5MZP X-ray 21 Thermo 10.1016/j.str.2017.06.012
5N2R X-ray 2.8 Thermo 10.1016/j.str.2017.06.012
5NLX X-ray 21 Thermo -
5NM2 X-ray 2 Thermo 10.1038/S41467-017-00630-4
5NM4 X-ray 1.7 Thermo -
50LG X-ray 1.9 Thermo 10.1038/S41598-017-18570-W
50LH X-ray 2.6 Thermo -
50L0 X-ray 3.1 Thermo 10.1038/S41598-017-18570-W
50LV X-ray 2 Thermo 10.1038/S41598-017-18570-W
50LZ X-ray 1.9 Thermo 10.1038/S41598-017-18570-W
50M1 X-ray 21 Thermo 10.1038/S41598-017-18570-W
50M4 X-ray 2 Thermo 10.1038/S41598-017-18570-W
5UIG X-ray 3.5 Non-Thermo 10.1073/PNAS.1621423114
5UVI X-ray 3.2 Non-Thermo 10.1107/S205225251700570X
5VRA X-ray 2.4 Non-Thermo 10.1038/NPROT.2017.135
5WF5 X-ray 2.6 Thermo 10.1016/J.STR.2017.12.013
5WF6 X-ray 29 Thermo 10.1016/J.STR.2017.12.013
5X7D X-ray 2.7 Non-Thermo 10.1038/NATURE23652
6AQF X-ray 25 Non-Thermo 10.1016/J.CELL.2017.12.004
6E67 X-ray 3.7 Non-Thermo 10.1016/J.CELL.2019.04.021
6GDG | Cryo-EM 4.1 Non-Thermo 10.7554/ELIFE.35946
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6GT3 X-ray 2 Non-Thermo -
6H7J X-ray 2.8 Thermo 10.1126/SCIENCE.AAU5595
6H7L X-ray 2.7 Thermo 10.1126/SCIENCE.AAU5595
6H7M X-ray 2.8 Thermo 10.1126/SCIENCE.AAU5595
6H7N X-ray 25 Thermo 10.1101/436212
6H70 X-ray 2.8 Thermo 10.1126/SCIENCE.AAU5595
6I1BL X-ray 2.7 Thermo 10.1038/S41586-020-2419-1
6JZH X-ray 23 Non-Thermo 10.1107/S1600576719012846
6LPJ X-ray 1.8 Non-Thermo 10.1038/S41598-020-76277-X
6LPK X-ray 1.8 Non-Thermo 10.1038/S41598-020-76277-X
6LPL X-ray 2 Non-Thermo 10.1038/S41598-020-76277-X
6MH8 X-ray 4.2 Non-Thermo 10.1107/S205225251900263X
6MXT X-ray 3 Non-Thermo 10.1038/s41589-018-0145-x
6N48 X-ray 3.2 Non-Thermo 10.1126/SCIENCE.AAW8981
6NI3 | Cryo-EM 3.8 Non-Thermo 10.1038/S41594-019-0330-Y
60BA X-ray 3.1 Non-Thermo 10.1038/S41589-020-0549-2
6PRZ X-ray 2.8 Non-Thermo 10.1107/S2052252519013137
6PS0 X-ray 3.4 Non-Thermo 10.1107/S2052252519013137
6PS1 X-ray 3.2 Non-Thermo 10.1107/S2052252519013137
6PS2 X-ray 24 Non-Thermo 10.1107/S2052252519013137
6PS3 X-ray 2.5 Non-Thermo 10.1107/S2052252519013137
6PS4 X-ray 2.6 Non-Thermo 10.1107/S2052252519013137
6PS5 X-ray 29 Non-Thermo 10.1107/S2052252519013137
6PS6 X-ray 2.7 Non-Thermo 10.1107/S2052252519013137
6PS7 X-ray 1.9 Non-Thermo 10.1107/S2052252519013137
6S0L X-ray 2.7 Non-Thermo 10.1107/S2052252520011379
6S0Q X-ray 2.7 Non-Thermo 10.1107/S2052252520011379
6TKO | Cryo-EM 3.3 Thermo 10.1038/S41586-020-2419-1
6WQA X-ray 2 Non-Thermo 10.1107/S2052252520012701
6ZDR X-ray 1.9 Non-Thermo 10.1002/ANIE.202003788
6ZDV X-ray 21 Non-Thermo 10.1002/ANIE.202003788
7ARO X-ray 3.1 Non-Thermo 10.1021/acs.jmedchem.0c01856
7BTS X-ray 3.1 Non-Thermo 10.1038/S41422-020-00424-2
7BU6 X-ray 2.7 Non-Thermo 10.1038/S41422-020-00424-2
7BU7 X-ray 2.6 Non-Thermo 10.1038/S41422-020-00424-2
7BVQ X-ray 2.5 Non-Thermo 10.1038/S41422-020-00424-2
7BZ2 | Cryo-EM 3.8 Non-Thermo 10.1038/S41421-020-0176-9
7DHI | Cryo-EM 3.3 Non-Thermo 10.1093/NSR/NWAA284
7DHR | Cryo-EM 3.8 Non-Thermo 10.1093/NSR/NWAA284
7JJO | Cryo-EM 2.6 Non-Thermo 10.1016/J.MOLCEL.2020.08.001
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Appendix B7: The Non-/Fused Orexin Receptor Structures Analysed in Section 5.4

PDB | Method | Resolution (A) Fusion Reference

47J8 X-ray 2.8 GIgA glycogen synthase 10.1038/NSMB.3183
4S0V X-ray 2.5 Glycogen synthase 10.1038/NATURE14035
47ZJC X-ray 2.8 GIgA glycogen synthase 10.1038/NSMB.3183
5WQC X-ray 2 Glycogen synthase 10.1016/J.STR.2017.11.005
5WS3 X-ray 23 Glycogen synthase 10.1016/J.STR.2017.11.005
6TO7 X-ray 2.3 - 10.1021/acs.jmedchem.9b01787
6TOD X-ray 2.1 - 10.1021/acs.jmedchem.9b01787
6TOS X-ray 2.1 - 10.1021/acs.jmedchem.9b01787
6TOT X-ray 2.2 - 10.1021/acs.jmedchem.9b01787
6TP3 X-ray 3 - 10.1021/acs.jmedchem.9b01787
6TP4 X-ray 3 - 10.1021/acs.jmedchem.9b01787
6TP6 X-ray 2.3 - 10.1021/acs.jmedchem.9b01787
6TPG X-ray 2.7 GIgA glycogen synthase | 10.1021/acs.jmedchem.9b01787
6TPJ X-ray 2.7 GIgA glycogen synthase | 10.1021/acs.jmedchem.9b01787
6TPN X-ray 2.6 GIgA glycogen synthase | 10.1021/acs.jmedchem.9b01787
6TQ4 X-ray 23 - 10.1021/acs.jmedchem.9b01787
6TQ6 X-ray 2.6 - 10.1021/acs.jmedchem.9b01787
6TQ7 X-ray 2.7 - 10.1021/acs.jmedchem.9b01787
6TQ9 X-ray 2.7 - 10.1021/acs.jmedchem.9b01787
6V9S X-ray 3.5 GIgA glycogen synthase 10.1073/PNAS.2002704117
7L1U | Cryo-EM 3.2 - 10.1038/S41467-021-21087-6
7L1V | Cryo-EM 3 - 10.1038/S41467-021-21087-6

Appendix B8: The AlphaFold and Experimentally Resolved Structures Analysed in

Section 5.5

Code Method Res?it;tlon State Ligand Reference

oR4R | Xeray 3.4 Inactive | nverse ;
agonist

2R4S | X-ray 3.4 Inactive | nverse 10.1038/NATURE06325
agonist

2RH1 X-ray 2.4 Inactive | nverse 10.1126/SCIENCE.1150577
agonist

3D4S | Xray 2.8 Inactive | nverse 10.1016/J.STR.2008.05.001
agonist

3KJ6 X-ray 3.4 Inactive | nverse 10.1038/NATURE08650
agonist

3NY8 | Xeray 2.8 Inactive | nverse ;
agonist

3NY9 | X-ray 2.8 Inactive | Inverse 10.1021/JA105108Q
agonist

3NYA X-ray 3.2 Inactive | Antagonist -

3P0G | Xray 3.5 Active Agonist 10.1038/NATURE09648

3PDS | Xray 35 Inactive |  Agonist 10.1038/NATURE09665

3SN6 | X-ray 3.2 Active Agonist 10.1038/NATURE 10361
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4GBR | X-ray 4 Inactive L”S;’;:fs‘i 10.1371/JOURNAL.PONE.0046039
ALDE | X-ray 2.8 Active Agonist 10.1038/NATURE 12572
4LDL X-ray 3.1 Active Agonist 10.1038/NATURE12572
4LDO | X-ray 3.2 Active Agonist 10.1038/NATURE 12572
4QKX | X-ray 3.3 Active Agonist 10.1073/PNAS. 1410415111
5D5A | X-ray 2.5 Inactive | NVerse 10.1107/S2059798315021683
agonist
5D5B | X-ray 3.8 Inactive | NVerse 10.1107/S2059798315021683
agonist
5D6L X-ray 3.2 Inactive | nverse 10.1038/NPROT.2017.057
agonist
5JQH X-ray 3.2 Inactive | nverse 10.1038/NATURE 18636
agonist
5X7D X-ray 2.7 Inactive | Antagonist 10.1038/NATURE23652
BE67 X-ray 3.7 Active Agonist 10.1016/J.CELL.2019.04.021
BMXT | X-ray 3 Active Agonist 10.1038/s41589-018-0145-x
6N48 | X-ray 3.2 Active AgoAr,‘\;ISt 10.1126/SCIENCE.AAW8981
6NI3 Cg/‘l’ 3.8 Active Agonist 10.1038/S41594-019-0330-Y
60BA | X-ray 3.1 inactive | Antagonist 10.1038/S41589-020-0549-2
6PRZ X-ray 2.8 Inactive | Antagonist 10.1107/52052252519013137
6PS0 X-ray 3.4 Inactive | Antagonist 10.1107/S2052252519013137
6PS1 X-ray 3.2 Inactive | Antagonist 10.1107/52052252519013137
6PS2 X-ray 2.4 Inactive | Antagonist 10.1107/S2052252519013137
6PS3 X-ray 25 Inactive | Antagonist 10.1107/52052252519013137
6PS4 X-ray 26 Inactive | Antagonist 10.1107/52052252519013137
6PS5 X-ray 29 Inactive | Antagonist 10.1107/S2052252519013137
6PS6 X-ray 2.7 Inactive | Antagonist 10.1107/52052252519013137
7BZ2 Cg/‘l’ 3.8 Active Agonist 10.1038/S41421-020-0176-9
7DHI Cém’ 3.3 Active Agonist 10.1093/NSR/NWAA284
7DHR Cém’ 3.8 Active Agonist 10.1093/NSR/NWAA284
Alpha ) ) ) https://alphafold.ebi.ac.uk/entry/P07
PO7530 | "ol 550
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