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Abstract

Nano-encapsulation of membrane proteins using the archetypical polymer poly(styrene-
co-maleic acid) (SMA) is well established. In this study, fluorescence correlation spec-
troscopy (FCS) was employed to characterise binding at the G-protein-coupled recep-
tor (GPCR), adenosine 2A receptor, solubilised with SMA to form SMA lipid particles
(SMALPs). Optimal conditions were systematically ascertained and FCS was validated
for the biophysical study of GPCR-SMALPs. A novel fluorescent parathyroid hormone
1 receptor (PTH1R) agonist was characterised and is ready for use in fluorescent studies
with purified PTH1R-SMALP.

The rapid adoption of nanodisc technology has resulted in demand for a ‘polymer
tool kit’ to provide alternatives where SMA presents limitations. Emerging polymers,
poly(styrene-co-maleimide) (SMI) and poly(diisobutylene-alt-maleic acid) (DIBMA) were
used alongside SMA to solubilise rhodopsin from rod outer segments (ROS) and charac-
terised. SMA, SMI and DIBMA were efficient at extracting rhodopsin from ROS. Iso-
merisation of 11-cis-retinal was evident upon photobleaching, however SMA and SMI re-
strained rhodopsin in inactive meta I conformation, whereas DIBMA supported transition
to fully-active meta II.

Finally, the role of extracellular loop one (ECL1) of calcitonin receptor-like receptor
was probed via systematic residue deletion. A functional role was established for sev-
eral ECL1 residues and loop length, with differences between the calcitonin gene-related
peptide receptor and adrenomedullin 1 receptor. This study provides insight into GPCR

pharmacology and the utility of SMA-like polymers.
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Chapter 1: Introduction

1.1 G-protein-coupled receptors: An overview

G-protein-coupled receptors (GPCRs) are expressed at the cell surface and transmit
extracellular signals from a variety of ligands. GPCR ligands differ in respect to physical
class, size and property, they range from biogenic amines, to peptides and large glycopro-
teins (Hill, 2006). Their role is central to many biological processes such as hormonal and
nervous system homeostasis (Hanlon and Andrew, 2015). Their name derives from their
ability to signal via guanine nucleotide-binding proteins (G-proteins). Signalling ability
is highly complex, acting through numerous pathways, both G-protein dependent and
G-protein independent (Pavlos and Friedman, 2017).

Approximately 35 % of clinically-approved drugs target GPCRs or act through GPCR
mediated pathways (Sriram and Insel, 2018). Given this clinical significance, a detailed
understanding of GPCR structure and function is essential in driving forward pharmaco-
logical innovation. Coded for by approximately 4 % of the human genome, these seven-
transmembrane receptors have approximately 800 different subtypes, making them the
largest family of eukaryotic membrane proteins (Fredriksson et al., 2003; Matthews and
Sunde, 2012).

Advances in structural biology, molecular modelling, protein engineering and biophys-
ical techniques, mean there are many new pharmacological paradigms to explore with
regard to GPCRs including, but not limited to; anti-GPCR antibodies, allosteric modu-

lation, biased signalling and GPCR heterodimer-targeting (Jacobson, 2015).

1.2 GPCR classification

GPCRs share a common characteristic architecture of seven transmembrane helices

(TM 1-7) linked by intracellular loops (ICL) and extracellular loops (ECL); along with
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an extracellular amino (N-) terminus and intracellular carboxyl (C-) terminus (figure 1.1).
Despite this conserved overall structure, sequence conservation among the superfamily is
poor however, sequence analysis has revealed homology and conserved motifs that appear
throughout the family, meaning sub-classes are identifiable. There are two, overlapping
schemes of classification for GPCRs, the first classifies receptors into six subfamilies (A—
F) based on sequence homology (Kolakowski, 1994). These subfamilies are: family A
(rhodopsin/p2-adreno-like), family B (secretin/adhesion), family C (metabotropic gluta-
mate), family D (fungal mating pheromone receptors), family E (cyclic AMP receptors
in slime moulds) and family F (frizzled/smoothened). Of these, families A, B and C are
the most pharmacologically relevant, containing receptors found within vertebrates. The
second scheme of classification, known as GRAFS nomenclature, is based on phylogenetic
analysis and specifically divides vertebrate GPCRs into five sub-categories: glutamate
(C), rhodopsin-like (A), adhesion (B), frizzled /smoothened and secretin-like (B) (Schioth
and Fredriksson, 2005).
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N-terminus

Extracellular loops

i

|
|

!

Seass | |

Intracellular loops
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Figure 1.1: Schematic demonstrating overall GPCR structure. Seven transmem-
brane (TM) helices are represented as rainbow-coloured cylinders. Intracellular and ex-
tracellular loops connect the helices. An eighth helix (H8) is also present.

Family A represents the largest and most researched subfamily of GPCRs, accounting
for 719 of all known receptors (Alexander et al., 2017). As a whole, they have low sequence
homology however, there are conserved residues and motifs that have vital roles for re-
ceptor function and structural integrity (Rosenbaum et al., 2009) (figure 1.2). To permit
comparison amongst family A GPCRs, a common numbering system has been devised in
which the most highly conserved residue in each TM-helix is a reference point, denoted as
X5 (where X is TM number). Residues following X. are denoted as an increase from
50, and preceding residues as a decrease from 50 (Ballesteros and Weinstein, 1995). A

similar numbering system exists for family B GPCRs (Wootten et al., 2013).
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Figure 1.2: ‘Snake plot’ diagram of a family A GPCR, human rhodopsin. :
Ballesteros residues (x.°°), where ‘x is helix number, for example, Asn (N) in helix 1 is
denoted Asn%Y. Pink: Conserved cysteines for di-sulphide bonds, or palmitoylation at
the end of helix 8. Green: Conserved motifs within family A GPCRs.

Conserved motifs within family A include an Asp/Glu®% - Arg®5° - Tyr35! (D/ERY)
motif at the cytoplasmic face of TM3, which maintains the receptor in an inactive state.
Mutation at Asp/Glu**® commonly leads to receptor constitutive activation (Rovati et al.,
2007). Arg®?®® is almost totally conserved within family A receptors (Probst et al., 1992),

6.30

and has been functionally linked to the also highly conserved, Asp/Glu Together,

Arg®5% and Asp/Glu®3® form an ionic lock, stabilising inactive receptor state (Audet and
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Bouvier, 2012). Furthermore, two conserved cysteine residues form a disulphide bridge be-
tween the top of TM3 (Cys*?) and ECL2, essential for structural stability (Gether, 2000).
Another well-conserved motif is the Asn”* - Pro™ - X - X - Tyr™5 (NPXXY) in TMT.
Asn™ acts as an activation switch (Govaerts et al., 2001). Conserved proline residues
are also present throughout transmembrane helices 4, 5, 6, and 7 which are structurally
important for the correct folding of receptors by causing kinks in the transmembrane a-
helices (Wess et al., 1993). Many class A GPCRs also have conserved cysteine residues at
the C-terminus, which allow for palmitoylation and formation of an eighth, intracellular,
a-helix (Hawtin et al., 2001b). Palmitoylation of helix 8 is thought to anchor this region
into the membrane bilayer, and provide a target for partitioning into cholesterol-rich rafts
and caveolae (Oddi et al., 2012).

Similar to family A GPCRs, family B and family C GPCRs both share the conserved
cysteine residues at the top of TM3 and within ECL2, essential for structural stability
however, there are notable differences in homology. Family B GPCRs have an amino-
terminal signal peptide (Oddi et al., 2012), while family C GPCRs undergo mandatory
dimerisation, either as homo- or hetero- dimers (Chun et al., 2012). Family B and C
members also have a larger extracellular N-terminus, assisting in the recognition and
binding of their much larger peptide ligands (Hollenstein et al., 2014). Family B GPCRs
also have their own highly conserved motifs, including the YLH3*! motif in TM3. The
YLH?5! motif is considered functionally similar to the E/DRY motif found in class A
GPCRs (Vohra et al., 2013). Family B receptors also have a VS/AxxY motif located in
TMT7 (cf. NPXXY, family A) (Barwell et al., 2012).

Despite this extensive classification based on sequence homology, there are approxi-
mately 110 receptors that have orphan status, meaning their natural ligand is not known
(Pandy-Szekeres et al., 2018) (correct as of February 2021). Many orphan receptors are
associated with diseases such as diabetes, cancer, psychiatric disorders, inflammatory dis-

orders and obesity (Dorsam and Gutkind, 2007; Valtcheva et al., 2013; Komatsu, 2015).
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1.3 G-proteins and G-protein dependent signalling

G-proteins are heterotrimeric GTPases composed of three subunits, «, £ and v, which
functionally couple to specific GPCRs. There are 21 Ga, 6 GS and 12 G+ subunits that
have been identified in the human genome (Baltoumas et al., 2013). Ga is the largest
G-protein subunit and is typically divided into four main classes based on primary se-
quence similarity: Gag, Goy, Ga, and Gagy (Baltoumas et al., 2013). Ga, and Ge
function to stimulate and inhibit adenylyl cyclase activity respectively. Adenylyl cyclase
produces the second messenger, cyclic-adenosine 3’-5-monophosphate (cAMP). This ac-
tivates cAMP-dependent protein kinases (PKA) and some guanine nucleotide exchange
factors. Gay induces phospholipase Cf to cleave phosphatidylinositol 4,5-bisphosphate
(PIP2) to form inositol 1,4,5-trisphosphate (InsP3), stimulating calcium release from the
endoplasmic reticulum (ER), and diacylglycerol (DAG) which activates protein kinase C
(PKC) (Litosch, 2016). Gajs targets Rho-GEFs which can regulate a wide variety of

cellular functions from migration to transformation (Suzuki et al., 2009) (figure 1.3).
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Figure 1.3: G-protein dependent signalling. (a) Upon agonist binding, conformational changes occur within the GPCR. (b)
The Ga subunit exchanges GDP for GTP and the Ga and G+ subunits dissociate. (c¢) Hydrolysis of GTP to GDP is controlled by
regulator of G-protein signalling complexes (RGS), resulting in the reformation of the Ga3y complex. (di) Different Ga subtypes
activate different signalling pathways, resulting in a variety of second messengers and cellular responses. (dii) The Gy subunit
stays associated and is capable of regulating PLC, and ion channels.
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Solved crystal structures of the Ga subunit reveal that it comprises two sub-domains,
a conserved GTPase domain and a six a-helical domain, which forms a lid over the
nucleotide-binding pocket and differentiates the Ga proteins from the monomeric, small G-
proteins (small G-proteins belong to the RAS family of GTPases) (Lambright et al., 1996;
Sprang, 1997). The GTPase domain is responsible for hydrolysing guanosine triphosphate
(GTP) and binding the Gf~v dimer (Coleman et al., 1994). Ga binds guanosine diphos-
phate (GDP) in its inactive conformation; once the preceding GPCR has been activated,
conformational changes result in GDP exchange for GTP and dissociation of the trimeric
complex. The GTP-bound conformation and the G+ dimer can then activate downstream
effectors. The signal is terminated upon hydrolysis of GTP to GDP, by Ga GTPase do-
main which is regulated by several mechanisms including proteins such as regulator of G

protein signalling (RGS) (Oldham and Hamm, 2008).

1.4 G-protein independent signalling

GPCR signalling is incredibly complex; going far beyond simple agonism or antagonism,;
and beyond interactions with orthosteric binding sites (Milligan et al., 2017). Increasingly,
concepts of allosteric modulation, signalling bias, constitutive activity, and inverse agonism
are being explored and have potential for great pharmacological impact (Flordellis, 2012).
Further to this, it has been acknowledged that GPCRs are able to signal not only at the
plasma membrane, but within endosomes too (Irannejad et al., 2013).

Broadly speaking, signalling is categorised into G-protein-dependent, and G-protein-
independent pathways with the latter being identified and understood in the recent decade.
Upon GPCR stimulation, interactions occur not only with heterotrimeric G-proteins (dis-
cussed above), but also with GPCR kinases (GRKs), which phosphorylate C-terminal
serine/threonine residues, inducing the recruitment of beta-arrestin (Barr) (Pierce and
Lefkowitz, 2001; Moore et al., 2007). Barr is known to be involved in the desensitisa-
tion and internalisation of many membrane receptors (Goodman et al., 1996). Recently,

they have been appreciated as independent signalling units by virtue of their crucial role
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as both adaptors and scaffolds for an increasing number of signalling pathways, includ-
ing non-receptor tyrosine kinase ‘Src’ and mitogen-activated protein kinase (Pierce et al.,
2002; Shukla et al., 2011). The significance of these G-protein-independent signalling
pathways opens up extraordinary therapeutic potential for ‘biased agonists’ (figure 1.4).
Biased agonism is the phenomenon whereby different ligands acting at the same receptor,
can stabilise distinct receptor conformations. This leads to only a subset of signalling
pathways being activated. Examples of biased agonist research can be seen in the ongo-
ing investigations regarding the widely used drug morphine; which acts via the p-opioid
receptor (MOR, family A GPCR) (DeWire et al., 2013). The drug side-effects of consti-
pation, vomiting, respiratory suppression, and physical dependence were lessened in the
absence of arr3 in mice models, suggesting that MOR-Barr3 signalling may underpin
some of these physiological responses (Raehal et al., 2005). Subsequently, this has led to
the development of several drug-candidates, in which animal studies have shown analgesic
efficacy, with significantly reduced unwanted side effects. Many of these candidates are in
early clinical trials (Schmid et al., 2017; Conibear et al., 2020; Grim et al., 2020). Potent
biased agonists which signal through one pathway while antagonising others, have huge

potential to revolutionise drug specificity.
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Figure 1.4: The concept of biased agonism. A biased agonist preferentially signals
through one pathway over another by stabilising specific active receptor conformations
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1.5 Termination of receptor signalling and desensitisation

Regulation of GPCR signalling is essential, and receptor inactivation is mediated through
complex mechanisms. Desensitisation refers to a decrease in response to repeated or con-
tinuous stimulation, and is a phenomenon observed in GPCR signalling. Upon agonist
binding and activation, responses from second messengers peak anywhere from a few mil-
liseconds to a few minutes post agonist binding, depending on the specific GPCR-ligand
complex (Lefkowitz, 2013). The response then plateaus and declines rapidly, even in the
continued presence of agonist. Furthermore, repeated binding of agonist over minutes,
results in further decreased GPCR responses. This process is of great importance from a
pharmacological standpoint, in that a given dose of a drug may give rise to distinctly differ-
ent responses, depending on the prior sensitisation state of the system (Gainetdinov et al.,
2004). Once desensitised, the GPCR either remains at the cell surface, refractory to stim-
uli, or, is internalised and either degraded or recycled back up to the membrane at a later
time (figure 1.5) (Ferguson et al., 1996). Receptor desensitisation is initialised by a family
of GRKs which are comprised of three domains; an RGS homology domain at the amino-
terminus, a catalytic domain and a membrane-targeting domain at the carboxyl-terminus
(Magalhaes et al., 2012). Indeed, much of our understanding of desensitisation can be
attributed to experiments from the Lefkowitz group, whom observed that catecholamine-
induced desensitisation of adenylyl cyclase was associated with phosphorylation of the
betas-adrenoreceptor (f2AR) (Stadel et al., 1983). Once phosphorylated, the receptor
has increased affinity for scaffold proteins such as farr. Barr binding to the GPCR pre-
vents G-protein coupling, therefore inhibiting G-protein dependent signalling. Rarr also
interacts with clathrin and its adaptor AP2 to promote receptor endocytosis (Goodman

et al., 1996).
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Figure 1.5: Beta-arrestin (farr) mediated endocytosis.(A) Following receptor ac-
tivation (ligand in yellow), downstream signalling pathways are activated. (B) Ligand
activated GPCRs are phosphorylated by GRKs, which results in; (C) The recruitment of
[Barr. Barr recruits further proteins such as AP2 and clathrin to initiate endocytosis. The
encapsulated receptor and ligand can be degraded in the endosome.
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1.6 GPCR structural revolution

Structural studies of GPCRs have made tremendous progress over the last two decades.
The elucidation of structures has provided valuable insights into molecular mechanisms of
ligand recognition, receptor activation, and signalling transduction, while also providing
a structural basis for drug development. The understanding of the overall 7TM topology
of GPCRs was first solved in 1993, from two-dimensional crystals of rhodopsin (Schertler
et al., 1993). It wasn’t until the turn of the millennium when the first, high-resolution
GPCR structure, bovine rhodopsin (bRho), was solved at a 2.8 angstrom (A) (figure 1.6a)
(Palczewski et al., 2000). It would then take another seven years for the second GPCR
structure to be solved, B2AR at 2.4 A (Cherezov et al., 2007), which was the first GPCR
structure bound to a diffusible ligand. Since these milestone events, GPCR structural
information has seen enormous growth, to date, 90 unique receptor complexes have been
solved, 53 of these being published in the last 5 years (correct as of February 2021)
(Pandy-Szekeres et al., 2018). Many of the structures result from crystallographic studies,
however, it would be remiss not to mention the ‘resolution revolution’ of cryo-EM, which
is contributing to the growing number of GPCR structures being deposited in the Protein
Data Bank (PDB) (figure 1.6b) (Kuhlbrandt, 2014). In 2017, the first two unique cryo-EM
GPCR structures were solved for family B receptors, calcitonin receptor (CTR) (Liang
et al., 2017) and glucagon-like peptide 1 receptor (GLP1R) (Zhang et al., 2017). Since
then, 98 GPCR structures have been solved via cryo-EM and deposited into the Protein

Data Bank (correct as of February 2021).
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Figure 1.6: Twenty years of GPCR structural biology. (a) The first GPCR crys-
tal structure, bovine rhodopsin solved in 2000. The covalently bound ligand, 11-cis-
retinal is shown (purple) (PDB 1F88) (Schertler et al., 1993). (b) The human calcitonin
receptor-like receptor in complex with RAMP2 (black), adrenomedullinys 5o (purple) and
heterotrimeric Gy (pastel blue/grey). Solved via cryo-EM in 2020 (PDB 6UUN) (Liang

et al., 2017). Protein images modified in UCSF ChimeraX v0.91 from PDB files (Goddard
et al., 2018).
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These structural breakthroughs have contributed to the understanding of receptor acti-
vation. Of the 90 available unique structures, 42 of these are active-state, permitting direct
observational assessment of conformational changes that occur during receptor activation.
While family A and family B GPCRs show low sequence identity, the overall architectural
changes upon activation appear to be preserved throughout the GPCR superfamily (Ka-
tritch et al., 2013). Upon ligand binding, the orthosteric site contracts, even in the absence
of G-protein (Weis and Kobilka, 2018). Most prominently, a large outward movement of
TM6 (approximately 10-15 A) has been observed in active structures, as well as an ap-
proximate 2 A inward shift of TM7 in Gey, and Ga; -coupled structures (Cherezov et al.,
2007; Liu et al., 2012; Siu et al., 2013; Hausch, 2017). The degree of these movements
is receptor-specific and are a pre-requisite for the rotation and extension of the «b helix
of the Ga subunit, into the receptor core. The &5 helix can adopt a variety of tilt angles
relative to the G core, which again are receptor-specific (Glukhova et al., 2018; Weis and
Kobilka, 2018). An example of the valuable insights structural information has yielded
is of the potent, selective, and orally efficacious 1,2,4-triazine derivatives that have been
identified as antagonists of the adenosine 54 receptor (Congreve et al., 2012). The increas-
ing amounts of structural information available are due to advancements in expression,
stabilisation and solubilisation methods combined with advancements in crystallisation,

and cryo-EM techniques.
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1.7 GPCRs in drug discovery

Many of the therapeutics now known to act on GPCRs were developed long before actual
knowledge of their target, demonstrating the important physiological roles GPCRs play
and their inherent tractability as drug targets. Traditionally, GPCRs have been targeted
with small molecules or low-molecular-weight peptides that mimic a natural agonist. Ob-
taining suitable small molecules is a vastly challenging process, owing to the complex and
dynamic nature of GPCRs. Small molecules generally demonstrate poor selectivity owing
to their relatively high lipophilicity and low molecular weight, meaning in-vivo side-effects
can be difficult to regulate (Leeson and Springthorpe, 2007). These hurdles have meant
that up to 75 % of the ‘GPCRome’ remains ‘un-drugged’. Approximately 80 receptors
are targeted by small molecules and a further 30 by peptides (Santos et al., 2017). An
alternative and growing approach to developing GPCR-based drugs is with monoclonal
antibodies (mAbs), which demonstrate a number of key benefits over small molecules and

peptide mimetics.

1.8 Monoclonal antibodies (mAbs) in GPCR drug discovery

mAbs demonstrate significant therapeutic and commercial opportunity with growing
approvals and marketed therapies in recent years. Out of a total of approximately 150
approved mAb drugs (FDA, 2018), just two of these are anti-GPCR mAbs, both receiving
approval for use in the UK in 2019. Erenumab is a calcitonin gene-related peptide receptor
(CGRPR) antagonist used for the treatment of migraine (SMC, 2019). Mogamulizumab
is an anti-CCR4 mAb, approved for use in cases of T-cell lymphoma (NHS, 2019). The
apparent delay in the generation of anti-GPCR antibodies is due to inherent GPCR charac-
teristics that present hurdles to overcome with regards to understanding GPCR structure
and function. Inherent GPCR flexibility and multiple conformational states mean that
obtaining a homogenous, functional, and clinically-relevant sample of GPCR is difficult

(Ayoub et al., 2017). Further to this, a relatively small portion of the receptor is avail-
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able, the extracellular domains (N-terminus and ECLs), for antigen-epitope recognition.
Despite these hurdles, advances in expression systems, novel solubilisation methods and
innovative antibody generating platform technologies, mean it is now more accessible than
ever to generate anti-GPCR antibodies, and reap the benefits of mAb associated drugs,
as well as to aid further research.

Compared to small molecules, while still more expensive to produce, mAbs can demon-
strate a markedly improved specificity for receptors, being able to bind specifically to
a single receptor type, even if it has closely related subtypes. This is because small
molecules tend to target the receptor binding site, which, due to evolutionary selection
pressures, tends to remain conserved within sub-types. For example, the small molecule,
anti-psychotic drug clozapine has been shown to have activity at seven different recep-
tors (Bymaster et al., 1996). The markedly increased specificity of mAbs mean antibody
drugs generally demonstrate less inter-patient variability. Producing a uniquely specific
mADb is still challenging, as highly similar three-dimensional structures between subtypes
means cross-reactivity can still occur (Michel et al., 2009). mAb drug-conjugates can
be engineered to have limited central nervous system (CNS) penetration, giving signifi-
cant advantage for targeting peripheral receptors. Furthermore, antibodies demonstrate
a longer duration of action compared to small molecules or peptide mimetics, which can
mean preferential dosing regimens and improved patient compliance. Finally, the attrition
rate of biologics is less than small molecules, with ~25 % biologics being approved after
pre-clinical testing, compared with ~7 % for small molecules (Muller, 2013). mAbs gener-
ally interact with the extracellular domain (ECD) of the receptor, whereas small molecules
tend to act at the transmembrane domain (TMD), meaning mAbs may stabilise different
conformational states. Furthermore, the recent application of camelid nanobodies which
are small (12-15 kDa) antibody-like binding structures, allow for penetration deep into
the TM helical bundle and small TMD cavities (figure 1.7). Nanobody-based medicines
are beginning to make their way into the clinic. The first therapeutic nanobody, capla-

cizumab, was approved for use in the UK in February 2020 (NHS, 2020). Caplacizumab
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is a bivalent anti-von Willebrand Factor humanised nanobody, used in indications of ac-
quired thrombotic thrombocytopenic purpura. Whilst not a GPCR-targeting therapeutic,
many nanobodies are in clinical trials at present, including two chemokine receptor tar-
geting nanobodies (Jovcevska and Muyldermans, 2020). Their specific binding capability
represents a potential to influence GPCR signalling in a number of ways. The antibody
may block the binding site of the natural ligand, either by orthosteric modulation or by
causing a conformational change when binding to an allosteric site. The binding of the an-
tibody may stabilise an inactive state of the receptor, terminating all signalling pathways.
The antibody may stabilise an active form of the receptor, in the absence of the natural
ligand, and as it is recognised that there are multiple active conformations, an antibody
has the potential to influence any one of these, which could lead to biased signalling.
The antibody may stabilise the agonist-bound state, reducing dissociation of ligand to
the receptor. The antibody may induce internalisation, reduce cell-surface signalling, and
this could have implications for endosomal signalling. Finally, the antibody may promote
hetero or homo-dimerisation.

With such therapeutic potential for anti-GPCR antibodies, the delay in lead generation
is frustrating for researchers and the medical field alike. Next to be discussed will be
some of these hurdles and frustrations to GPCR research, and how recent advances are

overcoming such issues.
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Figure 1.7: Comparison of different types of antibody. (a) Human IgG, comprised of two heavy chains (H) and two light
chains (L). The Fab region contains constant (C) and variable (V) domains. (b) A camelid antibody, or heavy chain antibody,
consists of only heavy chains (H) and one variable domain (VHH). Disulphide bonds found in both antibody types stabilise chain
conformation (indicated by the double line). (c) The antigen-binding fragment (Fab) is the region that binds the antigens. It
contains both a heavy and variable light domain. (d) A single-chain Fv fragment, technically a fusion protein of both heavy and
light variable chains (e) Camelid nanobody, which consists of a single VHH domain.

o
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1.9 Challenges of GPCR study

The major hurdles to generating samples suitable for structural analysis include; (i)
Inherent flexibility of GPCRs, especially in loop regions and extracellular domains, which
make obtaining receptors in a homogenous conformation extremely challenging. Attempts
to overcome this have involved generating truncated receptors (Jaakola et al., 2008), fus-
ing them with T4 lysozymes (Cherezov et al., 2007), incorporating thermo-stabilising
mutations (Serrano-Vega et al., 2008), or more recently, camelid nanobodies are being
utilised to aid GPCR crystallography (Ayoub et al., 2017). (i) The fact they are mem-
brane proteins, therefore obtaining a solubilised sample without denaturing the receptor
is technically challenging, owing to the need for detergents. This is a problem which may
be overcome by the addition of lipids during purification and crystallisation (Congreve
and Marshall, 2010). More recently, detergent-free extraction using nanodiscs has been
achieved using amphipathic polymers (discussed in next section) (Jamshad et al., 2015a).
(77i) Most GPCRs are expressed at relatively low levels, requiring a suitable recombinant
expression system to yield adequate amounts of sample (Kesidis et al., 2020). Recent
advances in expression systems have enabled multiple improvements, allowing for many
milligrams of purified protein to be obtained (He et al., 2014). There has been success with
yeast expression systems, in particular Pichia pastoris (P. pastoris) and Saccharomyces
cerevisiae (S. cerevisiae). For example, the human adenosine A, receptor (Ao4R) is well
characterised for expression in yeast (Butz et al., 2003; Wedekind et al., 2006). Structures
of the histamine H; receptor have also been determined using P. pastoris (Shiroishi et al.,
2011). Yeast endogenously express accessory proteins such as receptor activity modifying
proteins (RAMPs) and heat-shock proteins which have been shown to promote folding of
rhodopsin (Chapple and Cheetham, 2003), as well as known to interact with other GPCRs
to influence expression and function (Hay et al., 2006). However, yeast cell membranes
are lacking in cholesterol which is essential for effective oxytocin receptor (OTR) function

(Gimpl and Farenholz, 2000). Furthermore, yeast performs high-mannose type N-linked
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glycosylation which is heterogeneous and causes ‘bottlenecks’ during crystallisation stud-
ies (Yurugi-Kobayashi et al., 2009) however, this is dependent on the exact GPCR in
question. This hurdle may also be overcome by using specific engineered strains that have
‘humanised’ glycosylation properties (Laukens et al., 2015). It is also worth noting that
yeasts have a cell wall which requires extra lysing steps which may hinder protein recovery,
or require additional equipment (Massotte, 2003).

Insect cells represent an alternative expression system that can be used for GPCR ex-
pression, capable of performing complex post-translation modifications such as phospho-
rylation, fatty-acid acylation and glycosylation (Massotte, 2003) however, N-glycosylation
is bound by similar limitations as with yeasts (Jarvis and Finn, 1995). The most widely
used cell lines derive from Spodoptera frugiperda ovarian tissue known as Sf9, or Sf21
cells. Many crystal structures have been solved utilising insect cells including, but not
limited to, several AssR, B2AR, chemokine, muscarinic and opioid receptors (Maeda and
Schertler, 2013; Zhang et al., 2015; Wang et al., 2018; Kumar et al., 2019; Liu et al.,
2019).

Mammalian cells represent an ideal expression environment for human GPCRs, owing
to the fact they are capable of performing the complex post-translation modifications and
protein processing required for correct receptor folding, trafficking and function. Mam-
malian cells also mimic the natural lipid environment, which can be essential for ensuring
correct function. The major limitation to mammalian cell expression appears to be gener-
ating adequate amounts of protein, often requiring stably-transfected, inducible cell lines
which are rarely commercially-available (Reeves et al., 2002; Chaudhary et al., 2012).
Other tactics to increase expression levels within mammalian cells include codon optimi-

sation (Babcock et al., 2001) and expression export tags (Krautwurst et al., 1998).
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1.10 Solubilisation of GPCRs

Understanding the structure, function and behaviour of a receptor and its ligand(s) is an
essential pre-requisite for rational drug design. Various biophysical, pharmacological and
molecular techniques exist that enable detailed information about protein interactions,
structure and dynamics to be obtained. However, almost all of these require a sample of
solubilised protein in aqueous solution. Traditionally, proteins are solubilised with deter-
gents, which are amphipathic molecules that possess hydrophobic and hydrophilic groups
(Seddon et al., 2004; Prive, 2007). In aqueous solution, they form micellar structures in
which the polar head groups confer solubility on the micelle, while the hydrophobic hydro-
carbon chains are shielded from solution (figure 1.8a). Membrane proteins are frequently
soluble in micelles formed by amphiphilic detergents however, denaturing may occur. This
denaturing is a result of the loss of the native lipid bilayer (de-lipidation) and subsequent
loss of the lateral pressure that normally exerts on the membrane protein, allowing it
to lose its native folded shape (Marsh, 2007; Harvey and Wysocki, 2015). Indeed, this
de-lipidation may be the most common cause of membrane protein inactivation during sol-
ubilisation (Popot, 2010). Much work has been done in attempting to optimise detergent
solubilisation of membrane proteins, for example, to reduce detergent contact time, the
application of non-conventional surfactants, such as amphipathic polymers (amphipols) or
fluorinated surfactants have been successfully applied (Nehme et al., 2010) (figure 1.8b).
Amphipol polymers associate with the TMD with high affinity, which confers stability on
the membrane protein. Amphipols have been proven to be efficient at stabilising GPCRs
and are well suited for NMR studies (Mary et al., 2014). Despite improved protein stabil-
ity, limitations remain with amphipol usage, perhaps most significant is the dependency
on initial detergent contact. The latter also holds for a bicelle (bilayered micelles) ap-
proach, whereby a substituted lipid-rich medium mimics the phospholipid bilayer and is
edge-stabilised by detergent (Vold et al., 1997) (figure 1.8¢). This dependency on de-

tergents despite the universal acknowledgement that receptor stability and functionality
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are compromised has resulted in significant research efforts in the hunt for other mem-
brane mimetic systems. Ideally, GPCR samples should be generated in a native-like state,
complete with annular lipid, without any exposure to detergent. One approach utilises
nanodiscs that provide a defined lipid bilayer, surrounded by a belt of apolipoproteins
(termed membrane scaffold proteins, MSPs) with resultant diameters between 10-20 nm
(Nath et al., 2007) (figure 1.8d). This approach has demonstrated success in the purifica-
tion of functional GPCRs, and detergent contact time is significantly reduced (Leitz et al.,
2006; Mitra et al., 2013; Dijkman and Watts, 2015). Despite the useful application of

MSP nanodiscs, the ultimate requirement for detergent contact means limitations remain.
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Figure 1.8: Schematic representation of GPCR environments following extrac-
tion from the native membrane environment.(a) Detergents; (b) Amphipol, or
fluorinated surfactants; (c) Bicelles; (d) Protein-stabilised nanodiscs (membrane scaffold
protein, MSPs)

Building on the nanodisc approach, the first solubilisation and purification of a func-
tional GPCR, the human A,4R, without the use of detergent at any stage, was reported
in 2015 (Jamshad et al., 2015a). This was achieved by exploiting spontaneous encap-
sulation of a GPCR direct from a membrane using poly(styrene-co-maleic acid) (SMA)
to form a styrene maleic acid lipid particle (SMALP). This generates a nano-section of
the native membrane excised and stabilised by a ring of SMA polymer (Knowles et al.,

2009) (figure 1.9). Proof of concept was initially demonstrated via efficient extraction of
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functionally intact proteins including PagP, a palmitoyl transferase and bacteriorhodopsin
(Knowles et al., 2009). SMA-solubilised membrane proteins have since been widely pub-
lished upon and utilised in biophysical analysis, structural studies and as a platform for
drug discovery (Sarkar et al., 2019; Su et al., 2019; Horsey et al., 2020; Routledge et al.,

2020) (http://smalp.net/publications.html).

Styrene maleic acid polymer

Native lipid annulus

Figure 1.9: Schematic of a styrene maleic acid lipid particle (SMALP). SMA
polymer ‘wraps’ around a membrane protein to generate an encapsulated SMALP, whereby
native lipids are retained.
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1.11 Styrene maleic acid

Styrene maleic acid is the hydrolysed form of commercially-available styrene maleic
anhydride (SMAnh) copolymer, which is synthesised from hydrophobic styrene and hy-
drophilic maleic acid moieties (figure 1.10). The ratio of styrene to maleic acid can be
varied, as can polymer chain length. These alterations result in polymers that provide dif-
ferent chemical properties such as, variation in disc size and solubilisation efficacy (Stroud
et al., 2018). Work reported in this thesis utilised a 2:1 (styrene/maleic anhydride) ratio.
As well its more recent use in detergent-free solubilisation of membrane proteins, SMAnh
has long-standing applications in the plastics industry, as it confers heat resistance and
increases impact strength. It also has uses in the production of glossed paper, as well
as paint emulsifiers. Away from this, SMA polymers have uses in the medical field, for
example in long-term male contraceptive investigations (Lohiya et al., 2014), as well as
ongoing investigations and applications for its use in oral drug delivery systems (Parayath

et al., 2015).

Figure 1.10: Chemical structure of poly(styrene-co-maleic acid), SMA. SMA is
comprised of repeating units of styrene (m) and maleic acid (n). The ratio of styrene to
maleic acid can be altered, as well as chain length.
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In 2001, it was first published that SMA forms discoidal structures that are capable
of incorporating hydrophobic molecules upon interaction with phospholipids (Tonge and
Tighe, 2001). While the exact mechanism is still not fully understood, it is believed that
in the membrane, SMA chains undergo spontaneous polymerisation to form longer chains
(Tonge and Tighe, 2001). This spontaneous polymerisation allows discs of varying sizes to
form. SMA at a 2:1 (styrene/maleic acid) ratio consistently forms disc sizes approximately
10 nm in diameter. Once a disc has formed the styrene and maleic acid groups re-orientate
around the highly flexible, carbon-carbon single bond, backbone. This allows the lipophilic
styrene groups to interact with lipids and membrane proteins (Parmar et al., 2017), while
hydrophilic maleic acid groups orientate to the outside of the disc conferring a strong
negative charge, and solubility in aqueous solution (Dominguez-Pardo et al., 2017). The
fact that SMA is able to solubilise directly from the membrane presents a major advantage
over other approaches, as a detergent is not required at any stage. Hydrolysis of SMAnh
to form SMA is also inexpensive and the solubilisation method is technically very simple.
Post-solubilisation, there is no need to supplement buffers with additional SMA, and excess
polymer can be removed by dialysis or other size-exclusion techniques. Furthermore, when
compared to MSPs, due to SMA being non-proteinaceous, spectroscopic techniques (such

as circular dichroism) and fluorescence methods can be performed.
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1.12 Second-generation polymers

Detergent-free solubilisation has been dominated by SMALPs however, SMA is not
without limitations. The disc-scaffold of a membrane protein embedded in SMALP has
high UV absorption, which hinders UV-spectroscopic studies, meaning the quantification
of protein yield by SMA cannot be reliably determined using absorbance at 280 nm, espe-
cially in the presence of excess polymer. Furthermore, the SMALP structure is sensitive
to divalent cations (such as Mg?"), which above a certain concentration (~4 mM), will
cause the SMA to precipitate (Morrison et al., 2016). The negative charge surrounding the
SMALP could interact with positively charged ligands, which has been shown to increase
non-specific binding (Charlton, 2015), which limits the pharmacological characterisation
of certain SMALP-membrane proteins. SMALP nanodiscs also have a specific diameter
~10 nm, meaning large complexes, densely packed and highly ordered membranes do not
solubilise effectively in SMALPs (Swainsbury et al., 2017).

The described limitations have resulted in a small arsenal of emerging, alternative
copolymers with differing characteristics (‘polymer tool kit’), however many of these are
yet to be widely characterised, especially in a cell-based context. SMA-based derivatives
that maintain the ability to self-assemble into nanodiscs appear a logical progression in the
development of a ‘polymer tool kit’. To achieve customised functionality, SMAnh has been
modified to contain cysteamine maleic anhydride. This is cleaved to acid form under slight-
alkaline conditions to produce SMA containing solvent-exposed reactive sulfhydryl groups
(SMA-SH) (Lindhoud et al., 2016). These sulfhydryl groups allow a wide range of bio-
conjugation chemistries, such as the addition of functional groups including fluorophores
and biotin. Furthermore, this can allow for the immobilisation of SMALPs on surface
plasmon resonance (SPR) chips, as a drug discovery aid (Trahey et al., 2015).

In a similar strategy to SMA-SH, the carboxylic acid groups on each maleic acid
moiety have been substituted with N-(2-aminoethyl)amide to yield SMA-ED. SMA-ED
may be dehydrated, producing SMAd-A (dehydrated SMA-ED) which is positively charged
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at acidic pH. Both SMA-ED and SMAd-A are functional at acidic pH, as opposed to
‘standard” SMA which is functional at neutral to mildly alkaline pH (Ravula et al., 2017).

In another approach, the carboxyl acids of SMA were replaced with zwitterionic phos-
phatidylcholine (PC) groups to yield zwitterionic SMA’s (zSMA). zSMA’s present wider
buffer compatibility than SMA and do not precipitate at neutral to low pH, due to the
omission of carboxyl groups (Fiori et al., 2017). Finally, another example of an emerging
copolymer is poly(styrene-co-(N-(3-N’,N’-dimethylaminopropyl)maleimide)) (SMI), sim-
ilar to SMA, except the styrene maleimide lipid particle (SMILP) is positively charged
(figure 1.11) (table 1.1). SMI has been validated as capable of solubilising phospholipids
by self-assembling in the same way as seen for SMA (Hall et al., 2018). Furthermore, SMI
exhibits tolerance to divalent cations, which proves useful in the study of ATPases and
ion channels. SMI is also capable of solubilising biological membranes, with functional
encapsulation of membrane proteins from E. coli and HEK 293T cells (Hall et al., 2018).
Notably, two GPCRs have been shown to maintain ligand binding capability upon SMILP-
extraction (Charlton, 2015; Hall et al., 2018). SMI is an emergent, promising alternative
to SMA, functional at acidic to physiological pH, providing an alternative working range.

There are a number of other SMA-based derivative polymers, thoroughly reviewed in
(Stroud et al., 2018). Overall, the introduction of different hydrophobic groups emphasises
the robustness of the SMA solubilisation strategy. This has allowed a toolbox of polymers
to be developed where SMA reaches its limitations. Many of these SMA-like polymers
are yet to be extensively tested in biological membranes, therefore it will be some time
before larger-scale polymer-screening becomes routine, as is current with detergents. As
an alternative to modifying existing SMAnh to generate derivatives, a number of non-SMA
polymers have also been developed and shown to be functional in nanodisc generation.
One emergent example is poly(diisobutylene alt-maleic acid) (DIBMA) (figure 1.12). In
contrast to SMA, DIBMA contains aliphatic diisobutylene in place of aromatic styrene
groups. The omission of the styrene ring means DIBMA does not interfere with UV-

spectroscopic studies. DIBMA is also more tolerable of low millimolar concentrations
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of divalent cations than SMA. DIBMA-lipid particles (DIBMALPs) have a tunable size
range from approximately 20-50 nm, depending on the polymer to lipid ratio (table 1.1).
Therefore, DIBMA has the potential to encapsulate larger membrane complexes than SMA
(Oluwole et al., 2017b). Furthermore, from a thermodynamic perspective, DIBMA is less
perturbing than SMA. Calorimetry and Raman spectroscopy experiments demonstrated
that the inclusion of diisobutylene chains from DIBMA into the encapsulated lipid bilayer
led to less perturbation of the lipids than the phenyl ring from SMA (Oluwole et al.,
2017a).

Table 1.1: Summary of solubilisation polymers used within this thesis.

: - . . Polymer
Polymer HydroE)hoblc Hydro.phlllc Disc size solubility lon tolerance
name moiety moiety (nm)
(pH)
< 2*
SMA2000  Styrene  Maleic acid 10 >58 . 44mmMMC'\:§’+ "
. - > 100 mM Mg?*
SMA2000i Styrene Maleimide 10 <78 > 100 mM Ca2* @
DIBMA 24
(Sokalan  Diisobutylene  Maleic acid 20 >6.5 :zf,Om”,:,,MC"gi 3
CP9°®)

("Stroud et al. (2018) @Hall et al. (2018) ®’Oluwole et al. (2017)
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+ITZ

Figure 1.11: Chemical structure of poly(styrene-co-maleimide), SMI. The car-
boxyl groups of SMA are replaced with a maleimide moiety.
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Figure 1.12: Chemical structure of alternative solubilisation polymer,
poly(diisobutylene-alt-maleic acid), DIBMA. Aliphatic diisobutylene chains replace
the styrene ring from SMA.
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1.13 Aims and scope of thesis

This chapter has described and introduced GPCR structure, function, pharmacology
and relevance to medicine, furthermore, associated challenges with their study have been
discussed. The overall aim of this work was to elucidate novel insights into GPCR phar-
macology utilising a variety of techniques, as well as validate the application of SMA and
SMA-like polymers for the extraction of functionally active GPCRs.

The use of SMALPs has become well-established and widely validated however, there
is still relatively little published work with regards to GPCR-SMALPs, particularly in a
mammalian-cell context. Previous work from the Wheatley lab established optimal ex-
perimental procedures for SMALP-solubilising GPCRs from mammalian cell membranes,
in particular with AssR. This study builds on that work by probing other GPCR-targets
(family A and family B), and explores use of downstream biophysical techniques, such as
fluorescence correlation spectroscopy (FCS) to quantify ligand binding, alongside tradi-
tional methods such as radioligand binding. With the limitations of SMA in terms of pH
stability and sensitivity to divalent cations (discussed above), the demand for alternative,
biologically validated, commercially-available polymers is increasing. To this end, the
conformational dynamics of polymer-extracted rhodopsin were investigated using SMA,
SMI and DIBMA, and compared to the behaviour of rhodopsin in classically utilised de-
tergent, n-dodecyl -D-maltoside (DDM). The rhodopsin-lipid particles (rhodopsin-LPs)
were also biophysically characterised via stability assays, dynamic light scattering (DLS)
and analytical ultracentrifugation (AUC).

Finally, another relatively unexplored field of GPCR research is their interaction with
accessory proteins known as RAMPs. It is known that most family-B GPCRs form inter-
action with at least one RAMP and that RAMPs have the ability to dramatically alter
receptor phenotype. A recently discovered in-frame deletion of Val?® in the extracellular
loop of the calcitonin receptor-like receptor (CLR) has been implicated in a human disease

(Mackie et al., 2018). The CLR is known to interact with all known RAMPs, and this
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study probed the CLR-RAMP interaction at the WT, Val?*® deletion and other deletion
mutations generated along the extracellular loop. Deletions along the loop were generated
in order to investigate if Val?® is particularly important for receptor function, or if there

is a wider functional importance of ECLI.
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Chapter 2: Materials and Methods

2.1 Materials and Suppliers

2.1.1 AlphaScreenTM cAMP detection assay

AlphaScreenTM cAMP Detection Kit (cat. 6760635D) and 96-well, white, half-area
plates (cat. 6005560) were bought from Perkin Elmer (Beaconsfield, UK). Forskolin (cat.
1099) was purchased from Tocris (Abingdon, UK) and dissolved in di-methyl-sulphoxide
(DMSO) to form a 1 mM stock. 3-Isobutyl-1-methylxanthine (IBMX) (cat. 15879) was
purchased from Sigma-Aldrich (Dorset, UK) and dissolved in DMSO to form a 500 mM

stock.

2.1.2 Antibodies

Mouse monoclonal anti-haemagglutinin (HA) (cat. H9658) and mouse anti-FLAG mon-
oclonal M2 clone (cat. F1804) were purchased from Sigma-Aldrich. Monoclonal horse
anti-mouse horseradish peroxidase (HRP) linked-IgG (cat. 7076S) and mouse monoclonal

anti-His (cat. 27E8) were purchased from New England Biolabs (Hitchin, UK).

2.1.3 Cell tissue culture

Plastic-ware for cell tissue culture was purchased from Greiner Bio One (Gloucestershire,
UK). Dulbeccos Modified Eagle Medium (DMEM) with 4.5 g/L glucose and L-glutamine
(cat. LZBE12-604F) was obtained from Scientific Laboratory Supplies (Northumberland,
UK). DMEM F12 with HEPES (cat. 11559716) and G418 sulphate (cat. 15393671) were
purchased from Fisher Scientific Ltd (Leicestershire, UK). Foetal Bovine Serum (FBS)
(cat. F9665), trypsin solution (0.25 % w/v) (cat. T4424) and N,N-bis(2-hydroxyethyl)-2-

aminoethanesulfonic acid (BES) (cat. B9879) were purchased from Sigma-Aldrich.
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2.1.4 Inositol phosphates (InsP-InsP;) accumulation assay

Inositol-free DMEM was custom made and purchased from Thermo-Fisher Scientific
(New York, USA). UltimaFlo AF scintillation cocktail was procured from Perkin Elmer.

Resin AG1-X8 was purchased from Bio-Rad (Hemel Hempstead, UK).

2.1.5 Membrane harvesting and competition binding assays

Phosphate-buffered saline (PBS) tablets (137 mM NaCl, 2.7 mM KCI and 10 mM
phosphate buffer solution, pH 7.4) were obtained from Oxoid (Basingstoke, UK). Bovine
serum albumin (BSA), ethylene glycol-bis(2-aminoethylether)-N, N, N, N-tetraacetic acid
(EGTA), and magnesium acetate were purchased from Sigma-Aldrich. Bacitracin was
purchased from Acros Organics (Geel, Belgium). Soluene®-350 and OptiPhase HiSafe3

scintillant were purchased from Perkin Elmer.

2.1.6 Molecular biology reagents

Pfu Turbo DNA polymerase (2.5 U/ul) (cat. 600252) was purchased from Agilent
Technologies (Cheadle, UK). Deoxynucleotide mix (10 mM) (cat. D7295) was purchased
from Sigma-Aldrich. Dpnl (cat. R6231) was purchased from Promega (Southampton,
UK). Apyrase (cat. M0398S) was purchased from New England Biolabs.

2.1.7 Peptides

Human parathyroid hormone (1-34) (PTH;_34) was purchased from Generon (cat. A12790)
(Berkshire, UK). Oxytocin (cat. H-2510) and [Arg®]vasopressin (AVP) (cat. H1780)
were acquired from Cambridge Bioscience (Cambridge, UK). Human adrenomedullin 13-
52 (AMi3_52) (cat. J66619) and calcitonin gene-related peptide (CGRP) (cat. J65667)
were purchased from Alfa Aesar (Lancaster, UK). All peptide ligands were dissolved in
0.02% sterile acetic acid to form a stock of 1 mM.

Mini-G, was a kind gift from Dr. Christopher G. Tate (Medical Research Council
Laboratory of Molecular Biology, Francis Crick Avenue, Cambridge, UK). The peptide
analogue derived from the a-subunit of transducin, G -peptide, (VLEDLKSCGLF) (cat.
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S3605-1) was synthesised by Severn Biotech (Kidderminster, UK).
PTH;_34 conjugated to a BODIPY 630/650 fluorophore was custom synthesised by

Cambridge Research Biochemicals (quotation reference CP17210) (Cambridge, UK).

2.1.8 Plasmid preparation

The pCMV-tetR plasmid was a kind gift from Dr. Phillip J. Reeves (University of Essex,
UK). Parathyroid hormone receptor 1 and oxytocin receptor Avi—taggedTM constructs were
synthesised and cloned into pCMV-tetR by Genscript (New Jersey, USA). pcDNA3.1(+)
was purchased originally from Thermo Fisher Scientific (Loughborough, UK).

Plasmid DNA was isolated and purified using either QIAprep Spin Miniprep (cat.
12155) or Maxiprep (cat. 12163) kit from QIAGEN (Manchester, UK), or PureYieldTM

Plasmid Maxiprep System from Promega.

2.1.9 SDS-PAGE and Western blotting

NuPAGE "™ LDS Sample Buffer (4X) (cat. NP0007) and NuPAGE™ Sample Reducing
Agent (10X) (cat. NP0004) were from Novex®, Thermo Fisher Scientific. InstantBlue®

Protein Stain (cat. ISB1L) was purchased from Sigma-Aldrich.
2.1.10 Solubilisation reagents

Styrene maleic anhydride (SMAnh) (SMA2000P) was purchased from Cray Valley (Penn-
sylvania, U.S.A). Sokalan® CP9 was purchased from BASF (Maastricht, Netherlands).
2.1.11 Substrates

SIGMAFAST ™ O-phenyenediamine dihydrochloride (OPD) tablets (cat. P9187) were
purchased from Sigma-Aldrich.
2.1.12 Transfection reagents

Lipofectamine® 3000 kit (cat. L3000008) was purchased from Thermo Fisher Scientific.
Linear polyethyleneimine (PEI) (cat. 9002-98-6) was obtained from Polysciences Inc.

(Eppelheim, Germany).

37



CHAPTER 2. MATERIALS AND METHODS

2.2 Methods

2.2.1 QuikChange' " PCR

The QuikChangeTM method for mutagenesis (Stratgene, Cambridge, UK) was utilised
to engineer in specific point mutations into the wildtype (WT) calcitonin receptor-like
receptor (CLR) construct. Mutagenic primers were designed containing the desired mu-
tation along with flanking, complementary template DNA, WT CLR in pcDNA3.1(+).

Reaction mixtures: 1x Pfu buffer; 100-200 ng template DNA; 10 pmol sense and
antisense primer; 0.4 mM each of nucleotides dATP, dCTP, dGTP and dTTP; 0.5-2 units
Pfu DNA polymerase in a final reaction volume of 50 pl.

PCR was carried out in a Biometra T3000 Thermocycler with the following reaction
conditions: Initial 95 °C for 1 min; Followed by 11 cycles of 95 °C for 30 s (denaturation),
55 °C for 1 min (annealing), 68 °C for 14 min (elongation). Methylated template DNA
was digested with Dpnl at 37 °C for 90 min. (n.b.: Most commonly used annealing

temperature stated).

2.2.2 Agarose gel electrophoresis

DNA products were mixed with a 6x loading dye and separated on 1 % (w/v) TBE
agarose gels containing 0.5 pg/ml ethidium bromide. UVItec Cambridge Alliance System

(Cambridge, U.K.) was used to image the gels.

2.2.3 Transformation

Chemically competent XL10-Gold cells were transformed aseptically using heat-shock
methodology. 1 ul of QuikChangeTM product was mixed with 15 ul competent cells and
incubated on ice for 30 min. Heat-shock was carried out for 30-45 s at 42 °C, followed
by recovery on ice for 2 min. Incubation with 800 ul sterile LB for 1 h at 37 °C was then
performed. Cells were then centrifuged (9,500 g, 10 min). All but ~50 ul of the super-
natant was removed and cells were resuspended in the remaining volume. Transformants

were inoculated on LB plates containing 100 pg/ml ampicillin and incubated overnight at
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37 °C.

2.2.4 Plasmid cDNA purification

QIAGEN Plasmid Mini kit was used as per manufacturer’s instructions to isolate and
purify between 1-10 pg of cDNA from FE. coli culture. QIAGEN Plasmid Maxi kit was
used as per manufacturer’s instructions to isolate and purify between 0.5-2 mg cDNA
from E. coli culture. cDNA concentration was determined by absorbance at 260 nm using
a DeNovix DS-114 spectrophotometer. Sample purity was determined by measuring the

absorbance ratio at 260/280 nm.

2.2.5 Automated fluorescence DN A sequencing

All DNA sequences were confirmed by automated fluorescence DNA sequencing, carried

out by Sanger Sequencing Services at Source Biosciences (Nottingham, UK).

2.2.6 Cell culture

HEK 293T, HEK 293S-tetR and COS-7 cells were incubated at 37 °C, 5 % CO, in
a humidified incubator and passaged twice-weekly. HEK 293T and COS-7 cells were
maintained in DMEM supplemented with FBS (10 % v/v). HEK 293S-tetR cells were
maintained in DMEM-F12 with HEPES, supplemented with FBS (10 % v/v) and 2 mg/ml
G418 (selection media) as appropriate during stable cell generation and routine passage

of stable cell lines.

2.2.7 Calcium chloride (CaCl,) transfection

HEK 293S-tetR cells were stably-transfected exactly as described in (Reeves et al.,
2002). The transfection solution composed of DNA, CaCl, and BES buffer (2x BES
buffer: 50 mM BES, 250 mM NaCl, 1.5 mM NayHPOy, pH 7.02).

For each dish, 30 pg of relevant tetO-DNA was made up to a volume of 450 ul sterile-
distilled H,O and vortexed. Next, 50 ul of 2.5 M CaCl; was slowly added and vortexed for
30 s. Finally, 500 ul of 2x BES buffer was added drop-wise over 60 s and mixed by vortex.

The transfection solution was then added drop-wise to the cell medium and dishes gently
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swirled. The dish was then transferred to a humidified incubator set at 1 % (v/v) COs,

37 °C. 16 h post-transfection the medium was removed by aspiration and cells were gently

rinsed with un-supplemented DMEM-F12. Cells were fed with 10 ml of supplemented

DMEM-F12 and incubated at 37 °C, 5 % COy (v/v) for a further 24 h. After this, the

cells were split 1:2, 1:5, 1:10 and 1:20 into new dishes, and pairs of dishes were incubated

as above in DMEM-F12 for a further 24 h. After which, medium was removed and cells

were fed with selection media. Selection media was refreshed every 3-4 days. Cells that

had successfully incorporated the tetO-plasmid into their genome grew as colonies, visible

after 2-3 weeks.

2.2.8 Lipofectamine® transfection

Lipofectamine® transfection was carried out exactly as per manufacturer’s protocol.

2.2.9 PEI transfection

PEI transfection solutions composed of sterile 5 % (w/v) glucose solution, sterile 0.8

mg/ml PEI solution and relevant DNA samples (table 2.1). The solutions were incubated

for 30 min at room temperature before addition of fresh DMEM and applied to cells.

Table 2.1: Composition of PEI transfection solutions, according to plate-size.

per well
Plate type | Glucose solution PEI (ng) DNA (ng) DMEM

5 % (w/v) (1) (ml)
92 mm 1000 48 5-12 6
6-well 120 8 2 2
12-well 60 4 1 1
24-well 30 2 0.5 0.5
96-well 7.5 0.6 0.125 0.125
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2.2.10 Mammalian-cell membrane harvesting

The following buffers were used in mammalian-cell membrane harvesting and competi-
tion radioligand binding assays:
Harvest buffer: 20 mM HEPES, 10 mM magnesium acetate, ImM EGTA
Solution one: Harvest buffer, bacitracin 0.1 mg/ml, 250 mM sucrose
Solution two: Harvest buffer, bacitracin 0.1 mg/ml
Solution three: Harvest buffer, 250 mM sucrose

Binding buffer: Harvest buffer, BSA 0.1 % (w/v)

Cell membranes were harvested 48 h post-induction or post-transfection as described
previously (Wheatley et al., 1997). All steps are carried out at 4 °C. Cells were washed
with ice-cold PBS and scraped from dishes with 1 ml per plate of solution one. Cells were
centrifuged at 2700 g for 10 min. Supernatant was discarded and pellet was resuspended
in 1 ml per plate solution two, and incubated for 20 min, to allow lysis to occur. The
solution was centrifuged for 10 min and resuspended in 0.5 ml per plate solution three.

Extracts were stored at -20 °C.

2.2.11 Yeast-cell membrane harvesting

A de-glycosylated human adenosine 2A receptor construct was originally designed by
Dr. Niall J. Fraser (University of Glasgow, UK) and optimised for expression in Pichia
pastoris (P. pastoris) (appendix E; appendix F) (Fraser, 2006). Heterologous expression
of Ay4R in P. pastoris was achieved exactly as described previously (Singh et al., 2008).
Membranes were generated by suspension of induced culture in breaking buffer (50 mM
sodium phosphate buffer, 100 mM NaCl, 5 % glycerol, EDTA-free protease inhibitor, pH
7.5, 4 °C) and poured into an Avestin-C3 cell-disrupter and passage performed three-
to-five times, with ice kept around the cell to keep solutions cool. Unbroken cells and
debris were removed from the suspension by low-speed centrifugation (5000 g, 10 min, 4
°C). Membrane fraction was then collected via ultracentrifuge (100,000 g, 60 min, 4 °C)

and re-suspended to 80 mg/ml (wet-weight) in extraction buffer (300 mM NaCl, 20 mM
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HEPES, pH 7.5). Extracted membranes were stored at -80 °C.

2.2.12 Preparation of amphipathic copolymers

SMA, and SMI were prepared from SMAnh exactly as described previously (Lee et al.,
2016; Hall et al., 2018).

SMI was prepared from SMA2000I resin (purchased from Cray Valley, UK). Concen-
trated HCIl was added dropwise to 10 % (w/v) SMA2000I in ultra-pure water to yield a 1
M solution. The solution was heated under reflux at 125 °C for 2-4 h, until clarification.
Solubilised SMI was then precipitated by addition of 5 M NaOH to pH 9.0 and washed
three times in ultrapure water. The precipitated SMI was then re-dissolved in a minimal
volume of 0.6 M HCIl, and pH adjusted to pH 6.0 before lyophilisation.

For SMA preparation, a 10 % (w/v) solution of SMAnh was dissolved in 1 M NaOH,
and heated under reflux at 125 °C for 2-4 h, until the solution clarified. Solubilised SMA
was then precipitated by drop-wise addition of concentrated HCI, and washed three times
in ultrapure water. The SMA was then re-dissolved in 0.6 M NaOH and wash steps were
repeated. Finally, SMA was re-dissolved in 0.6 M NaOH, pH adjusted to pH 8.0 and
lyophilised.

DIBMA was prepared from Sokalan® CP9. Briefly, 10 ml of Sokalan was pipetted into
40 cm of dialysis tubing (1000 MWCO) and dialysed for 24 h in dH,O water, with a water
change at 12 h. A second dialysis stage was then performed, for a further 24 h (with water
change at 12 h), with 200 ml solution being placed into 80 cm fresh dialysis tubing (1000
MWCO). After 24 h, the solution was pH adjusted to pH 8.0, then frozen at -80 °C for

48 h and subsequently lyophilised.

2.2.13 Solubilisation of mammalian cell lines with SMA

The following buffers were used in during SMA-solubilisation:
SMA 1x buffer: 20 mM HEPES, 300 mM NaCl, 2.5 % (w/v) SMA, pH 7.5
SMA 2x buffer: 20 mM HEPES, 300 mM NaCl, 5 % (w/v) SMA, pH 7.5

Crude membranes preparations were thawed on ice and equal volumes of 2x solubilisa-
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tion buffer added. If buffer exchange was required, samples were centrifuged for 15 min at
5000 g, 4 °C and resuspended in 1x solubilisation buffer. Samples were incubated for 1-2
h, room temperature (RT), with gentle mixing. Centrifugation at 100,000 g was carried
out for 1 h, 4 °C. Supernatant was saved and insoluble pellet was re-suspended in equal
volume of storage buffer, for analysis purposes (20 mM HEPES, 300 mM NaCl, pH 7.5).

Samples were stored at 4 °C.

2.2.14 Solubilisation of rod outer segments with SMA, SMI or DIBMA

Bovine rod outer segment (ROS) membranes were prepared via sucrose-density gradient
centrifugation previously by Dr. Phillip J. Reeves (University of Essex, UK), exactly
as described in (Papermaster, 1982). ROS membrane preparations were thawed on ice
and approximately 100 pg protein was added to relevant extraction buffer. The DDM
extraction buffer consisted of 1 % (w/v) DDM in 1x PBS, pH 7.8. The SMA extraction
buffer consisted of 2.5 % (w/v) SMA in 1x PBS, pH 7.8. The SMI extraction buffer
consisted of 2.5 % (w/v) SMI in 1x PBS, pH 6.8. The DIBMA extraction buffer consisted
of 5 % (w/v) DIBMA in 1x PBS, pH 7.8. Samples were incubated on an end-over-end
rotator for 1 h, RT, before centrifugation at 100,000 g, 1 h, 4 °C. Supernatant containing
solubilised rhodopsin was collected and stored at 4 °C. Insoluble pellets were resuspended

in equal volume of 1x PBS, and stored at 4 °C.

2.2.15 Ni?*-NTA affinity purification

All purification steps were carried out at 4 °C. The supernatant fraction obtained from
SMA solubilisation was incubated with ~1 ml Ni?*-NTA resin, overnight on an end-over-
end rotator. The column was washed with 20 column volumes (cv) of wash buffer (300 mM
NaCl, 20 mM HEPES, 20 mM imidazole, EDTA-free protease inhibitor, pH 7.5). Elution
of GPCR-SMALP was achieved with 10 cv of elution buffer (A;4R and PTHIR: 300 mM
NaCl, 20 mM HEPES, 250 mM imidazole, EDTA-free protease inhibitor pH 7.5) (OTR:
300 mM NaCl, 20 mM HEPES, 300 mM imidazole, EDTA-free protease inhibitor pH 7.5).

Elution fractions were pooled, buffer-exchanged and concentrated using size-exclusion spin
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columns (10,000 MWCO) into assay buffer (300 mM NaCl, 20 mM HEPES, pH 7.5).

2.2.16 SDS-PAGE and Coomassie staining

Samples were incubated for 10 min, RT with NuPAGE™ LDS Sample Buffer, and
NuPAGE® sample reducing agent (1x). Samples were loaded into 12 % (w/v) polyacry-
lamide gel with a 4 % (w/v) polyacrylamide stacking gel. Gels were run at 100 V until
samples were beyond the stacking gel, and thereafter at 180 V until the dye-front reached
the bottom of the gel.

Coomassie visualisation of protein bands was performed using InstantBlue®, exactly

as per manufacturer’s instructions.

2.2.17 Western blotting

Gels were washed in transfer buffer (25 mM tris, 25 mM glycine, 10 % [v/v] methanol)
for 10 min, shaking at RT. Proteins were transferred to nitrocellulose membrane at 100
V for 1 h in pre-cooled transfer buffer. Nitrocellulose was blocked in 5 % (w/v) milk in
PBS (blocking buffer) for 1 h, RT. Primary antibody (1:5000) was added to fresh blocking
buffer and incubated overnight, shaking, 4 °C. Nitrocellulose was then washed thrice in
wash buffer (PBS, 0.1 % [v/v] TWEEN20) for 5 min, shaking at RT. HRP-linked secondary
antibody was then added (1:5000) to fresh blocking buffer and incubated at RT, shaking,
1 h. Nitrocellulose was washed thrice more, as before. Antibody was detected using EZ-
ECL detection kit (as per manufacturer’s instructions; purchased from Gene Flow, cat.

K1-0170). Image was captured using a Uvitec alliance chemiluminescent detection system.

2.2.18 Enzyme-linked-immunosorbent assay

48 h post-transfection cells for internalisation investigation were stimulated with 1076
M appropriate ligand for the time stated. After this, cells were fixed in 3.7 % (v/v)
formaldehyde for 15 min before washing three-times with PBS. Nonspecific binding was
blocked with 0.1 % (w/v) BSA in PBS for 45 min. Incubation with mouse monoclonal

anti-haemagglutinin (HA) (diluted 1:2500) in PBS with 0.1 % (w/v) BSA was carried
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out for 1 h at room temperature, shaking. Cells were then washed three-times with
PBS, before a repeat blocking step for 15 min. This was followed by incubation with the
secondary antibody, monoclonal horse anti-mouse horseradish peroxidase (HRP) linked
IgG, (diluted 1:2500) in PBS with 0.1 % (w/v) BSA incubation for 60 min at room
temperature, shaking. Cells were washed three times with PBS before addition of 250 pl
peroxidase substrate SIGMAFAST ™ o-phenylenediamine (0.4 mg/ml OPD, 0.4 mg/ml
urea hydrogen peroxide, and 0.05 M phosphate-citrate, pH 5.0). Reaction was developed
in the dark and 100 ul sample was added to 100 pl 1M sulphuric acid to halt the reaction.

Absorbance was read at 492 nm on an Anthos, Zenyth 340 rt plate reader.

2.2.19 Radioligand binding assay for membrane-bound receptors

Radioligand binding assays were performed on crude membranes, prepared as described
above. A 500 ul reaction mixture composed of tritiated ligand; competing ligand at final
stated concentration; membrane-bound protein sample containing (50-300 pg) in assay
buffer (20 mM HEPES, 1 mM EGTA, 10 mM magnesium acetate, pH 7.4), also containing:
0.1 % (w/v) BSA for peptide ligands, or 0.1 U of adenosine deaminase for Ay4R constructs.
Nonspecific binding was determined with a saturating concentration of unlabelled ligand.
Samples were incubated for 30-90 min at 30 °C, to establish equilibrium. Centrifugation
(5000 g, 10 min) separated bound and free ligand. Membrane pellet were superficially
washed twice in water and solubilised with 50 pl Soluene®-350. HiSafe3 liquid (1 ml)
scintillation cocktail was added to solubilised membrane pellets and samples counted using

Tri-carb® 2810 TR liquid scintillation analyser (Perkin Elmer) for 3 min.

2.2.20 Radioligand binding assay for solubilised receptors

Radioligand binding assays were performed on SMALP-solubilised receptors, prepared
as described above. A 100 pl reaction mixture composed of tritiated ligand; competing
ligand at final stated concentration; SMALP-solubilised membranes (50-100 pg) in assay
buffer (20 mM HEPES, 1 mM EGTA, 1 mM magnesium acetate, 0.1 % [w/v] BSA, pH

7.4). Samples were incubated for 30-90 min at 30 C, to establish equilibrium. Separation
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of bound from free ligand was achieved by centrifugation (1000 g, 4 min) of 50 ul reaction
mixture through Sephadex® G-25 or G-50 packed spin columns (purchased from Sigma-
Aldrich). Void volumes were collected and 1 ml of Hisafe3 liquid scintillation cocktail
was added to samples. Counting was performed on Tri-carb® 2810 TR liquid scintillation

analyser for 3 min.

2.2.21 cAMP detection assay

Performed as previously described (Simms et al., 2009). 48 h post-induction, or post-
transfection, medium was removed and cells incubated in DMEM (without phenol red),
containing 1 mM isobutyl methylxanthine (IBMX) and 0.1 % (w/v) BSA for 45 min.
Appropriate ligand was added in the range of 107 M to 1072 M and incubated for 30
min. Reaction was terminated by aspiration of stimulation buffer. Cells were then washed
once in PBS, and ice-cold 100 % ethanol was added and allowed to dry for ~1 h at 37
°C. Lysis buffer was then added and incubated for 10 min. Cell lysate was transferred to
a 96-well (half-area) plate and addition of acceptor beads (1.0 % AlphaScreen’ " cAMP
acceptor beads diluted in lysis buffer) and donor beads (0.3 % AlphaScreenTM cAMP
donor beads, 0.025 % AlphaScreen ' cAMP biotinylated cAMP [133 U/ul] diluted in
lysis buffer, and preincubated for a minimum of 30 min) in reduced light. Plates were
incubated in the dark, at room temperature for ~16 h. Fluorescence signal was read on a

Mithras LB 940 (excitation 680 nm, emission 520-620 nm).

2.2.22 Inositol phosphates (InsP-InsP;) accumulation assay

Inositol phosphates accumulation was assessed post agonist stimulation as previously
described (Hawtin et al., 2001b). 48 h post-transfection cells were radiolabelled with 1
1Ci/ml myo-[2-3H] inositol, prepared in inositol-free DMEM. After 24 h, cells were washed
twice with 500 ul PBS and 1 ml inositol-free DMEM with 10 mM LiCl was added to each
well, and incubated for 30 min. Appropriate ligand was then added to wells, and basal
signalling was determined in the absence of ligand. Ligand stimulation was 30 min, unless

stated otherwise. Post-stimulation, media was rapidly aspirated and 500 ul perchloric
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acid solution (5 % [v/v] HCIO4, 1 mM EDTA and 1 mg/ml phytic acid hydrolysate)
was applied to each well and left for 15 min at RT. Well contents were then transferred
to a microfuge tube and neutralised with the addition of KOH buffer (1.2 M KOH, 10
mM EDTA, 50 mM HEPES), pH was monitored with universal indicator. Samples were
frozen for at least 2 h (allowing for precipitation of KClO4). Samples were defrosted and
sedimented via centrifugation at 9,500 g for 10 min and loaded onto columns containing
10 ml dH50O and 1 ml AG1-X8 resin. Columns were washed with 10 ml 60 mM ammonium
formate and 0.1 M formic acid to elute free inositol and glycerolphosphoinositol. InsP-
InsP3; were eluted and collected in clean vials, using 10 ml 850 mM ammonium formate
and 0.1 M formic acid. UltimaFlo AF scintillation cocktail was added and solutions mixed
by vortex. Samples were counted using 3 min counts, performed in triplicate on the Tri-

Carb® 2810TR liquid scintillation analyser.

2.2.23 UV-visible absorption spectroscopy of rhodopsin, and photobleaching

UV-visible (UV-vis) absorption spectroscopy was performed using a Perkin-Elmer v35
UV-vis spectrophotometer equipped with water-jacketed cell holder. All scans were car-
ried out at 20 °C, unless otherwise stated and temperatures in the quartz cuvettes were
confirmed using a thermocouple probe. Temperature was regulated with a water bath. A

U min~! was set, as well as a data interval of 2 nm bandwidth, with

scan speed of 480 nm™
a response time of 1 s. All spectra obtained were subject to normalisation to correct for
baseline-drift, whereby absorbance at 650 nm (Agsg) was corrected to exactly zero.

For photobleaching, all samples were illuminated directly in the spectrophotometer
quartz cuvette using a fibre-optic light guide (SCHOTT KL1500 Compact) fitted with a
>495 nm long-pass filter. Full dark-state spectra were obtained before manually photo-
bleaching the samples for 30 s intervals, up to 150 s.

The molar extinction coefficient value used for WT-bRho at 500 nm was 40,600 M1
cm ™! (Wald and Brown, 1953). Rhodopsin yields were determined using the Beer-Lambert

Law (equation 2.1); where € is molar extinction coefficient (M~ em™); ¢ is concentration

(M); and 1 is the path length (cm). Molar concentration (c) was then converted to mass
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using (equation 2.2) (relative formula mass of bovine rhodopsin = 39010 Da).

c=— (2.1)

Mass = c¢- M, (2.2)

2.2.24 Thermal stability assay for solubilised rhodopsin

Thermal stability of the solubilised rhodopsin was determined by monitoring Asyy over
time, at a given temperature. Asgy was monitored via UV-vis absorption spectroscopy as
described above. The temperature regulating water bath was set to yield an in-cuvette
temperature of either 37 °C, or 55 °C. Cuvettes were pre-heated prior to addition of rho-
polymer sample, and then allowed to equilibrate in the spectrophotometer for 90 s, before
absorbance between 650 nm and 250 nm was recorded over time. For experiments at 37
°C, spectra were recorded every 30 min for a period of 960 min. Data were normalised to
allow for plotting of relative Aspy (%). Asgo at 0-min was corrected to 100 %, and 0 %

was set to the Asqy value of the buffer blank (circa exactly 0).

2.2.25 Thermal melt experiments for solubilised rhodopsin

Solubilised rhodopsin samples were incubated at a set temperature for 30 min and then

analysed by UV-vis absorption spectroscopy at 20 °C, as described above.

2.2.26 Addition of transducin G -peptide or mini-G, protein to solubilised

rhodopsin

Binding assays for both G-peptide (VLEDLKSCGLF) and mini-G, were performed
in buffer containing 20 mM HEPES, 10 mM MgCl,, 1 mM EGTA, pH 7.5. Solubilised

rhodopsin was incubated with mini-G, (final molar ratios of 1:1.2; 1:5 and 1:50) and

48



CHAPTER 2. MATERIALS AND METHODS

apyrase (25 mU/ml) for 30 min (Tsai et al., 2018). For the G;-peptide, rhodopsin sam-
ples were incubated with 500 pM G,-peptide for 30 min (Kisselev et al., 1999). The
complexed solutions were then analysed by UV-vis absorption spectroscopy and photo-

bleaching experiments, as described above.

2.2.27 Analytical ultracentrifugation (AUC)

Sedimentation velocity experiments were performed by Pooja Sridhar at the Birming-
ham Biophysical Characterisation Facility, University of Birmingham, UK. Experiments
were performed in a Beckman Coulter Proteome Lab XL-I Analytical Ultracentrifuge with
a Tib0 rotor at 20 °C, 40,000 rpm (129,000 g). Absorbance at 280 nm was monitored.
Data were analysed using SEDFIT (Schuck et al., 2014) applying the continuous c(s) dis-
tribution model. Buffer density and viscosity were calculated with SEDNTERP (Laue

et al., 1992). Frictional ratio was permitted to float.

2.2.28 Dynamic light scattering (DLS)

Dynamic light scattering (DLS) experiments were preformed using a DynaPro® Plate
Reader III and DYNAMICS software (Wyatt Technology, Haverhill, UK), using the laser
wavelength of 825.4 nm with a detector angle of 150°. Each sample (40 ul) was loaded
into a 384-well glass bottom SensoPlate’ (Greiner Bio-One, Germany) in triplicate.
Each measurement consisted of 5 scans of 5 s. Scans were carried out initially at 25 °C.
The attenuator position and laser power automatically optimised for size determination
(nm). For stability experiments, discrete 5 °C temperature increases, up to 60 °C were
carried out. Samples were subject to a 30 min incubation at the given temperature, before

scanning.

2.2.29 Fluorescence correlation spectroscopy (FCS)

Solution-based FCS was performed essentially as described in (Briddon et al., 2011).
FCS measurements were carried out on Nunc Lab-Tek 8-well chambered cover-glass, using

a ZEISS LSM510 Confocor3 using 633 nm excitation (0.5-1 kW/cm?), with emission
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collected through a long-pass 650 filter. The confocal volume was placed 200 um above
the surface of the coverslip. Confocal volume dimensions were calculated using 500 nM and
1 uM Cy-5 (D = 3.16x107'° m?/s) (Amersham Pharmacia Bioscience) prepared in high
performance liquid chromatography grade water. FCS measurements were performed in a
final 200 pl assay buffer. Ay4R-SMALPs were incubated with CA200645 (25 nM), in the
presence or absence of stated concentrations of ZM241385. Equilibrium was established
at 30 min and read times of 4 x 10 s were employed to record time-dependent fluctuations
in fluorescent intensity.

Autocorrelation analysis was performed and fitted using Zeiss AIM 4.2 software (equa-
tion 2.3). Data were fitted to an appropriate 1-component or 2-component 3-D diffusion
model, incorporating a triplet state component. Fit quality was assessed on residuals. The
concentrations of free and bound components were then calculated directly from the auto-
correlation amplitude. Specific binding was determined using equation 2.4. Total binding
was defined as N(Tp2) (nM) as calculated via autocorrelative analysis for Ap4R-SMALPs
in the absence of saturating competing ligand. Nonspecific binding was defined as N(Tps)
(nM) via autocorrelative analysis for in the presence of saturating competing ligand.

The Stokes-Einstein formula (equation 2.5) was utilised to probe the relationship be-
tween the hydrodynamic radii of the nanoparticle and its diffusion time. Where; D =
Diffusion coefficient (m?/s); KB is the Boltzmann constant (1.3806488¢ 2% J K!); T =

Temperature (K); n = dynamic viscosity (Pa*s); r = radius of spherical particle (m).

1 t\! T 1
=14+ —-0N . f. (1 e — )72 2.
G(7) + 5 iz fi ( +Tm) ( +52-Tm) (2.3)
Specific binding = Total binding — Nonspeci fic binding (2.4)

n.b.: Nonspecific binding is defined as N(tpa) (nM) calculated via autocorrelative analysis in

the presence of saturating competing ligand.
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2.2.30 Data analysis

Unless stated otherwise, data analysis was performed using GraphPad Prism 8 for ma-
cOS (GraphPad Software LLC, San Diego, CA).

For ELISA, cAMP and InsP-InsPj; assays mock-transfected cells (empty pcDNA3.1(+))
were used to determine background signal, and data were normalised to obtain a 0 % value.
For 100 % values, ELISA data were normalised to maximum expression of stated recep-
tor. cAMP data were normalised to maximal forskolin response (100 uM). InsP-InsP;
data were normalised to maximal signalling response of the stated ligand. For cAMP and
InsP-InsP3 assay, the non-linear regression one-site competition equation (equation 2.6)
was used to fit theoretical curves to the experimental data and derive E,,,, and ECs
values.

For radioligand binding experiments, specific binding was determined with equation 2.7,
where nonspecific binding is defined as radioactive counts detected in the presence of sat-
urating concentration of stated ligand. Total binding was normalised to 100 %, and non-
specific binding was normalised to 0 %. The non-linear regression one-site competition
equation (equation 2.8) was used to fit theoretical curves to the experimental data and
derive an 1Csq value. K; values were subsequently calculated using the Cheng and Prusoff
equation to correct for radioligand occupancy (equation 2.9) (Cheng and Prusoff, 1973).
All data presented are the mean 4 s.e.m of a minimum of three individual experiments

performed in triplicate, unless otherwise stated.

_ Bottom + (T'op — Bottom)
- (1+ 1O(X—LogEC’50))

Y (2.6)

n.b.: Bottom and top refer to the bottom and top of the dose response curve respectively.

Speci fic binding = Total binding — Nonspeci fic binding (2.7)

n.b.: Nonspecific binding is defined as radioactive counts detected in the presence of saturating

D2



CHAPTER 2. MATERIALS AND METHODS

concentration of stated ligand.

_ Bottom + (T'op — Bottom)

Y (1 + 10(X~LogICs0))

(2.8)

n.b.: Bottom and top refer to the bottom and top of the dose response curve respectively.

K; = _ 1G (2.9)

(1+ (&)
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Chapter 3: The use of fluorescence correlation spectroscopy (FCS)

to study binding at GPCR-SMALPs

The work presented within this chapter resulted in a first author publica-
tion (appendix A) and was awarded a ‘Flash Poster Prize’ at The British
Pharmacological Society’s flagship annual meeting; Pharmacology 2018,

London, UK (appendix B):

Grime, R. L et al. (2020) Single molecule binding of a ligand to a G-protein-coupled
receptor in real time using fluorescence correlation spectroscopy, rendered possible by
nano-encapsulation in styrene maleic acid lipid particles. Nanoscale, 12, 11518-11525,

DOI: https://doi.org/10.1039/DONRO1060.J

3.1 Introduction

Detergent-free membrane protein solubilisation and purification is becoming increas-
ingly well-established (Lee and Pollock, 2016). GPCR-SMALPs have potential down-
stream utility to support; biophysical and structural studies (Parmar et al., 2017); to be
used as a platform for discovery of GPCR-targeted therapeutic antibodies using phage
display libraries; and for high-throughput screening in drug discovery following immobili-
sation on surface plasmon resonance (SPR) chips (Wheatley et al., 2016). A pre-requisite
to all of these applications is establishing that ligand binding capability of the encapsu-
lated GPCR is preserved. Traditionally, radioligand binding experiments are the method
of choice for probing GPCR binding kinetics (Flanagan, 2016). In recent years however,
the number of commercially-available radioligands has depleted. Coinciding with this is
an increase in the design of fluorescently-labelled ligands which can be used to quantify

GPCR binding (Vernall et al., 2014; Stoddart et al., 2015a, 2016). The advances in
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fluorescent technologies and increase in fluorescent ligand technology has enabled fluores-
cence correlation spectroscopy (FCS) to be applied to GPCR research. FCS is a powerful
confocal-based approach that is based on monitoring temporal and spatial changes in flu-
orescence intensity as fluorescent molecules move through a defined, precisely positioned
detection volume (~0.25 fl). First conceptualised in the 1970s (Magde et al., 1974), com-
puting and optical advances led to its practical applications being realised in the late-90s
and early-00s (Elson, 2013). Further advances, such as the explosion in development of
fluorescent probes, mean FCS is now routinely used as a complementary method for in-
vestigating receptor dynamics, receptor-ligand interactions and oligomeric states (Ciruela
et al., 2014; Vernall et al., 2014; Wu et al., 2017).

FCS utilises basic confocal optics, a high numerical aperture objective and a confocal
pinhole to generate a small, defined illumination volume (~1 x 0.3 pm). When fluores-
cent species move through this detection volume, fluctuations in fluorescent intensity are
detected and temporally monitored. Autocorrelation analysis [G(T)] probes the time de-
pendency of these fluctuations to gleam quantitative information such as dwell time (tp)
of the fluorescent species and average number of particles within the detection volume dur-
ing the measurement (N). This enables calculation of concentration of fluorescent species
and diffusion coefficient (D).

FCS is able to detect a range of diffusion coefficients (0.02-200 pm?/s), meaning fluo-
rescent molecules with a large range of sizes, from small molecules to large proteins, can
be examined. FCS is able to exploit the fact that free ligand will move rapidly through
the detection volume (tp; ~40-60 us) and ligand-receptor complexes, being much larger,
diffuse slower through the detection volume (Tpy ~300-700 ps). This gives FCS sensitivity
that allows very low concentrations of receptor to be studied, sensitive enough to detect
endogenous, low-level expression. Indeed, FCS has been widely used to probe interactions
in live cells (Meissner and Haberlein, 2003; Briddon and Hill, 2007; Cordeaux et al., 2007;
Middleton et al., 2007; Kilpatrick et al., 2017). Working best at lower concentrations is

particularly useful for GPCR investigation, where obtaining sufficient quantity of purified
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protein for biophysical analysis remains a technical hurdle (Rawlings, 2018).

This chapter aimed to explore the first application of FCS to quantify ligand binding
to SMALP solubilised adenosine 2A receptor (As4R). The As4R is one of four receptor
subtypes belonging to family A GPCRs (A1, Aga, Agp, and Az, collectively ARs). All are
activated by endogenous ligand, adenosine, and have roles in angiogenesis, sleep regulation
and immune system regulation (Sheth et al., 2014). ARs are expressed in the central
nervous system, as well as peripherally in cardiovascular, respiratory and renal tissue.
Ligand affinity and G-protein selectivity is what largely separates this family of receptors,
with Ag4R being Gag-coupled. There are 57 solved Ag 4R structures (correct as of February
2021), and it is one of the most characterised, and inherently more stable GPCRs. Because
of this, a number of sub-type selective and non-selective ligands have been developed,
including fluorescent probes. Furthermore, the A;4R was the first documented GPCR
to be successfully extracted using SMA, without any detriment to ligand binding, as
determined by radioligand assay. It is for these reasons that the A;4R was chosen as
an archetypical GPCR, to explore if quantification of binding was possible with As4R-
SMALPs using FCS.

The successful application of FCS would validate a novel means by which SMALP-
solubilised GPCRs can be investigated. Furthermore, the clarity of signal achieved using
purified GPCR-SMALPs in solution, as opposed to live-cells, can provide a useful and rapid
method for characterising novel fluorescent ligands, especially with the ability to perform
high-throughput solution-based FCS (Koltermann et al., 1998; Wachsmuth et al., 2015;
Fu et al., 2020). Furthermore, solution-based FCS studies may be useful in characterising

novel antibodies generated against GPCR-targets.
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3.2 Results

3.2.1 Generation of A, R-SMALPs

Human As4R was expressed in P. pastoris, the construct used is described in (Fraser,
2006; Jamshad et al., 2015a) (sequence in appendix E; receptor ‘snake plot’ in appendix
F). Membrane preparations were generated as described in section 2.2.11. A;sR-SMALPs
were generated using SMA (2.5 % w/v) to extract receptors, followed by Ni*'-NTA
purification as described in section 2.2.15. Prior to solubilisation, ZM241385 binding
affinity of membrane-bound receptors was assessed with radioligand binding assay using
[PH]ZM241385 as tracer, and confirmed pK; = 8.8 £+ 0.2 (n = 4) (figure 3.1a). Post-
purification, the ability to bind ZM241385 was confirmed again, however full competition
binding curves were not generated due to limited sample volume (figure 3.1b). Previous
work had already established no loss in affinity post-SMALP solubilisation and immo-
bilised metal affinity chromatography (IMAC) purification (Jamshad et al., 2015a). SDS-
PAGE revealed the presence of a discrete protein band at a molecular mass consistent

with the predicted size of AgsR, 45 kDa (figure 3.2).
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Figure 3.1: Binding of ZM241385 to A;4R using [*H|ZM241385 as tracer. (a)
Competition binding curve for membrane-bound As4R. (b) As4R-SMALPs were incu-
bated with radioactive tracer, in the absence (-) or presence (+) of unlabelled ZM241385
(107¢ M). Data represent mean = s.e.m for four independent experiments.
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Figure 3.2: Purification of A;4R by immobilised metal affinity chromatography,
following SMALP solubilisation. The eluted fraction was concentrated by centrifu-
gation and resolved on 12 % SDS-PAGE.

3.2.2 FCS experiments

The fluorescent ligand chosen in this study was CA200645, which comprises the AR
antagonist xanthine amine congener (XAC) linked to a red BODIPY 630/650 fluorophore
via a fB-alanine linker (Stoddart et al., 2012). CA200645 has been utilised previously
in FCS studies exploring dimerisation and allostery of A3R in live-cells (Stoddart et al.,
2012). Pharmacological characterisation has demonstrated that CA200645 binds to AgsR
with high affinity (Vernall et al., 2013).

It was initially important to determine optimal concentration of CA200645 for solution-
based FCS, to ensure that specific binding to the A;4R was high, relative to non-specific
binding. CA200645 concentration was varied between 5-300 nM, and non-specific bind-
ing was determined via the addition of a saturating concentration of unlabelled ligand,
ZM241385 (1 uM). Specific binding varied between 20 + 11 % and 70 £+ 12 % (figure 3.3),

with 25 nM subsequently being used in all future experiments. During these experiments,
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a scanning time of 10 s was deemed to provide ample fluorescent fluctuation data for

analysis and so was routinely employed.
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Figure 3.3: Optimisation of tracer ligand concentration for solution-based FCS
with A, R-SMALPs. Total binding of CA200645 was determined at the stated concen-
trations. Non-specific binding was determined by addition of a saturating concentration
of non-fluorescent, competing ligand ZM241385 (1 uM). Data are mean + s.e.m of three
independent experiments.
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Initial FCS experiments observed CA200645 (25 nM) alone in assay buffer, in order
to determine characteristics of free ligand. Fluctuations in fluorescent intensity for free
ligand are shown in figure 3.4a. Autocorrelation analysis revealed a monophasic auto-
correlation curve, with an average dwell time (Tp) of the fluorescent moiety within the
detection volume of 68 + 2 ps, representing a diffusion coefficient (D) of 287 + 15 pm?
s~1 (figure 3.4b). Residual plot confirmed there was no systematic deviation to the fitted
curve (figure 3.4c). FCS experiments were then repeated, with the additional presence of
As4R-SMALP, and fluctuations in fluorescent intensity are shown in figure 3.4d. Auto-
correlation analysis revealed an altered autocorrelation curve, showing a biphasic curve,
exhibiting fast- and slow- diffusing components (tp; and Tpg, respectively) (figure 3.4e).
The fast-diffusing component demonstrated a dwell time (Tp) consistent with free ligand.
The slow-diffusing component demonstrated a dwell time (Tps) of 625 £+ 23 us, resulting
in D =30 + 4 um? s (figure 3.4e). Residual plot confirmed no systematic deviation to
the fit (figure 3.4f). A;4R-SMALPs were also observed in assay buffer (alone, with no lig-
and) to check for autofluorescence, of which no significant autofluorescence was observed
(figure 3.4g and 3.4h).

The diffusion coefficient of the CA200645: Ay 4R-SMALP complex (D =30 £+ 4 um? s™')
was used to estimate the hydrodynamic radius of the A;4,R-SMALP, calculated with the
Stokes-Einstein equation (equation 2.5), with the caveat that SMALPs are disc-shaped,
as opposed to spherical. Calculated values obtained ranged between ~7-8 nm, consistent

with the established diameter of a SMALP (Lee et al., 2016).
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Figure 3.4: FCS analysis of CA200645 binding to purified A;yR-SMALP. (a) Fluctuations in fluorescent intensity for
CA200645 alone in assay buffer. (b) Autocorrelation curve of free ligand fitted to a one-component three-dimensional diffusion
model. (c) Residual plot for autocorrelation fit model of CA200645 in assay buffer. (d) Fluctuations in fluorescent intensity
for CA200645 + As4R-SMALP. (e) Autocorrelation curve whereby a two-component three-dimensional diffusion model was used
to fit the data. (f) Residual plot for autocorrelation fit model of CA200645 + As4R-SMALP. (g) Fluorescent fluctuations for
A5 4R-SMALPs alone in assay buffer. (h) Autocorrelation curve for Ay4R-SMALPs in assay buffer.
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3.2.3 Characterisation of the slow-diffusing component (Tps)

The logical explanation for the emergence of the slower diffusing component (Tps) upon
addition of A;4R-SMALP to the system is the binding of CA200645 to As4R, and that
both free and bound ligand were being detected by FCS simultaneously (figure 3.4e).
In order to establish whether the binding observed is specific to As4R, or simply non-
specific interaction, the pharmacological properties of As4R were exploited. Competition
binding experiments were performed with CA200645 as fluorescent tracer, and a saturating
concentration of ZM241385 (1uM) (unlabelled competitive ligand). In the presence of
saturating ZM241385 the Tps component particle number (N) decreased by an average
of 62 % (figure 3.5). In contrast, control experiments demonstrated there was no effect
of ZM241385 (1 uM) when using a different SMALP-solubilised membrane protein, ZipA
(derived from E. coli). Furthermore, ZipA-SMALP showed lower Tps particle number than
Ay AR-SMALP, this was expected because ZipA does not bind CA200645 (figure 3.5).
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Figure 3.5: Specific binding of CA200645 to A,4R-SMALP. Particle number (aver-
age number of fluorescent particles in the detection volume at point of measurement) of the
slower diffusing component (Tps) from the autocorrelation curves is shown for CA200645
(25 nM), in the absence (-) or presence (+) of ZM241385 (1 uM). Significance determined
by paired t-test, ** p <0.01, NS = not significant. Data are mean =+ s.e.m of three
independent experiments.
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Following demonstration that FCS detectable binding at A; 4 R-SMALP is displaceable
with unlabelled competitive antagonist, a competition binding curve was constructed using
ZM241385 concentrations from 107-107!2 M (figure 3.6). From these data affinity (pK;)

of ZM241385 for the A;4R-SMALP was calculated at 8.2 + 0.5 (n=3).

100 =
o
= A
_-g'(_‘u\ 75 =
Q 35
9
E X 50 =
ov
)
o
»n 25 =
O-

12 11 10 -9 -8 -7 -6
Log{[ZM241385] (M)}

Figure 3.6: Competition binding curve derived from FCS with A;,R-SMALP
utilising CA200645 as fluorescent tracer. 7ZM241385 was used at concentrations
indicated. Data are mean 4 s.e.m of three independent experiments.
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3.3 Discussion

3.3.1 Overview

Established here was the first reported use of solution-based FCS to characterise binding
to a purified GPCR, solubilised in the absence of detergent, using styrene malic acid de-
rived nanodiscs. FCS binding studies require a soluble, fluorescently labelled ligand, with
high photostability. The CA200645 ligand consists of the non-selective adenosine receptor
antagonist, XAC, linked to the red BODIPY 630/650 fluorophore via a (-alanine linker.
CA200645 has been extensively pharmacologically characterised (Stoddart et al., 2012;
Vernall et al., 2013), and used previously in FCS experiments with live cells, demonstrat-
ing an affinity to AgaR of 42 nM (pK; = 7.4 £ 0.2) (Corriden et al., 2014). Therefore,
rationalising the decision to utilise CA200645 as the choice of ligand to ascertain if GPCR-

SMALPs were amenable to FCS-based investigations.

3.3.2 Preparation of A,,R-SMALP

It was necessary to establish affinity of A;4R for ZM241385 prior to solubilisation and
FCS studies in order to confirm receptor integrity. Competition radioligand binding studies
on membrane-bound receptors derived a pK; of 8.8 £ 0.2 for ZM241385 (figure 3.1a). This
aligned with previous data that established pK; = 8.8-9.1 (Ongini et al., 1999; Charlton,
2015). Following SMALP-solubilisation and Ni**-NTA purification, the ability of AssR
to bind ZM241385, in a competitive manner, was confirmed once again via radioligand
binding assay. Exact affinity was not established in order to retain sample for FCS studies.
Ay 4R-SMALPs retained ability to bind ZM241385 in a displaceable manner (figure 3.1b).
It is established that purified A;sR-SMALP retains WT-like affinity (Charlton, 2015;
Jamshad et al., 2015a), therefore, it was concluded that the generated A;4R-SMALPs

would be suitable for examining with FCS.
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3.3.3 FCS to detect specific binding at As4R

Initial FCS experiments optimised the concentration of fluorescent ligand (found to
be 25 nM) and focused on characterising the diffusion of free ligand in assay buffer (fig-
ure 3.4a—c), as well as confirming that Ay 4R-SMALPs do not demonstrate autofluorescence
(figure 3.4g-h). These controls were necessary to calculate free ligand diffusion time, as
well as ensure optimal signal to background levels. It was then investigated whether FCS
could be used to observe and quantify binding to A;4R-SMALP. Autocorrelation analy-
sis of CA200645 + Ay4R-SMALP was best fit using a two-component three-dimensional
diffusion model, which indicated the presence of fast and slow diffusing components (fig-
ure 3.4d-f). Logical deduction reasoned that FCS was detecting both free and bound
ligand simultaneously. Indeed, the simultaneous determination of free ligand concentra-
tion precisely where the binding event is occurring is a particular advantage of FCS for
characterising ligand:receptor complexes. It was necessary to confirm whether the bind-
ing being observed was specific binding to As4R. Non-specific interaction may have arisen
from partitioning of ligand into the lipid bilayer of the SMALP, or via interaction of the
ligand to the surrounding polymer. To explore this, a competition binding experiment
was performed with CA200645 as fluorescent tracer and ZM241385 as competing unla-
belled ligand. Saturating ZM241385 would occupy all specific binding sites, displacing
CA200645. This was observed for Ay4R, where a 62 % reduction in particle number was
observed in the slow-diffusing component upon saturation with ZM241385 (figure 3.5).
The same experiment was performed with a non-receptor, SMALP-solubilised control.
Purified ZipA-SMALP (kindly gifted by Dr. Zoe Stroud, University of Birmingham, UK)
demonstrated overall very low binding of CA200645 and subsequently no competition
with addition of ZM241385 was detected. This is indicative that the binding observed
at Ao 4 R-SMALP is specific to the A;4R, and not the SMALP, as it was expected that
CA200645 would not bind to ZipA. Finally, a competition binding curve derived a pK; of
8.2 + 0.5, which is consistent with ZM241385 affinity measured at original membranes, 8.8

+ 0.2 (figure 3.1a). These data conclusively established that FCS can be used to quantify
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specific binding to a SMALP-encapsulated GPCR.

3.3.4 Summary and future work

There are many applications of FCS with GPCR-SMALPs that could be envisaged.
Allosteric modulation, whereby a modulator binds to a site distinct from the endogenous
ligand binding site (orthosteric site), is of great pharmaceutical interest and can be in-
vestigated with FCS. One property of FCS is that the dwell time (Tp) is proportional to
the cube-root of its molecular mass, so a doubling of mass increases Tp by 1.3-fold. Two
fluorescent species can only be resolved if the mass difference is great enough to yield a
1.6-fold change in tp (Ruttinger et al., 2010). The size-differential that FCS permits be-
tween fluorescent species means allosteric modulators can be investigated. A wide range of
allosteric modulators could be examined, from small molecules to therapeutic antibodies.

FCS can be applied to other nano-encapsulation strategies. Apolipoprotein-stabilised
nanodiscs have been used to quantify binding in membrane proteins previously (Ly et al.,
2014). It stands to reason that other SMA-like polymers would also be compatible with
FCS. The applications of SMALPs to study membrane proteins has been expanding
rapidly. Recently, SMALPs have been used to obtain high-resolution structures from
both crystallographic, and cryo-EM studies. Notably, the proton pump bacteriorhodopsin
was transferred from SMALPs into lipidic-cubic phase in meso-crystallisation (Broecker
et al., 2017), and the cryo-EM structure of alternative complex III in a super-complex with
cytochrome oxidase encapsulated in a SMALP has been resolved (Sun et al., 2018). A
combination of fluorescence imaging and SMALP-solubilisation is becoming increasingly
versatile. Site-specific substitution by unnatural amino acids has been utilised to fluores-
cently label SMA-solubilised proteins, and FCS has directly been applied to confirm the
presence of dimers in multidrug transporter ABCG2 (Horsey et al., 2020; Swiecicki et al.,
2020). Demonstration of the expanding down-stream compatibility of SMALPs has been
a driver in the development of novel amphipathic co-polymers that retain the ability of
SMA to directly excise proteins from a membrane bilayer, but exhibit different physico-

chemical properties to SMA. Second generation polymers generate lipid nanoparticles in
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the absence of detergents, preserving native lipids in close association with membrane pro-
teins. This is particularly important for GPCRs which have been shown to be regulated
by the juxtaposition of specific membrane lipids. Cholesterols have been demonstrated
to modulate receptor conformation (Muth et al., 2011) and function (Gimpl et al., 1997,
Pang et al., 1999). Phosphatidylethanolamine and phosphatidylglycerol have both shown
to favour inactive and active states of 2-adrenoreceptors (Dawaliby et al., 2016). Fur-
thermore, a specific cholesterol binding site which incorporates a ‘cholesterol consensus
motif’ has been proposed for many GPCRs, following the identification of cholesterols in
crystal structures (Hanson et al., 2008). Moreover, the selectivity of f1-adrenoreceptors
for Gay signalling in preference to other G-proteins is enhanced by membrane lipid PIP2,
but not by structural homologues (Yen et al., 2018). There are of course differences in
plasma membrane composition of P. pastoris from that of mammalian cell membranes,
notably the substitution of cholesterol by ergosterol, however the major classes of phos-
pholipids are similar, and As4R is shown to be fully pharmacologically active, both here
and previously (Jamshad et al., 2015a; Routledge et al., 2020).

Overall this work establishes a platform for investigating ligand: GPCR-SMALP inter-
actions, demonstrating the first published application of solution-based FCS to quantify
ligand binding to a GPCR-SMALP. The versatility of FCS, combined with detergent-free
nano-encapsulation strategies should provide a versatile technique capable of characteris-
ing ligands, investigating effects of allosteric modulators, such as therapeutic antibodies
and nanobodies, as well as being capable of investigating oligomeric states of encapsulated

membrane proteins.
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Chapter 4: Conformational dynamics exhibited by rhodopsin in

lipid nano-particles

4.1 Introduction

The preparation of homogenous and functional samples for membrane protein investiga-
tion remains a technical hurdle. The use of detergents to solubilise and extract membrane
proteins from the bilayer is still widely adopted. This approach, which generates proteina-
ceous samples surrounded by detergent-micelles, strips away native lipids, which perturbs
protein conformation. For particularly dynamic membrane proteins, such as GPCRs, this
is problematic due to resultant protein instability in the detergent-micelle. The biologi-
cal significance of GPCRs and other membrane proteins has resulted in the development
of membrane-mimetics (discussed in detail; chapter 1). One such approach stabilises a
protein-lipid core with a surrounding amphipathic protein belt, forming nanodiscs known
as nano-lipoprotein particles (Bayburt and Sligar, 2010; Hernandez-Rocamora et al.,
2014). An alternative approach, and the focus of this thesis, utilises amphipathic poly-
mers which form a stabilising ring around the membrane protein and retains native lipids,
the best characterised being SMA (Jamshad et al., 2015a). The utility of SMALPs is
wide-ranging. They have supported biophysical studies (Grime et al., 2020; Bassard and
Laursen, 2019), structural studies (Reading, 2019; Su et al., 2019; Yokogawa et al., 2019)
and are being utilised as a platform for drug discovery (Dalela et al., 2015; Deak et al.,
2019). Beyond SMA is an emerging toolbox of amphipathic polymers, each with their own
distinct chemical structure, resulting in polymers with ranging chemical and biophysical
properties (reviewed in full; (Stroud et al., 2018)). These include derivatised versions of
SMA, such as the addition of sulphydryl functional groups (SMA-SH), which permits ap-
plication of numerous bioconjugation chemistries (Lindhoud et al., 2016). Further to this,

the acid-compatible poly(styrene-co-maleimide) (SMI) has been shown to form similar

70



CHAPTER 4. CONFORMATIONAL DYNAMICS EXHIBITED BY RHODOPSIN IN LIPID NANO-PARTICLES

nanoparticles to SMA, with comparable efficiency (Hall et al., 2018). SMI and its resul-
tant nanodiscs; SMI-lipid particles (SMILPs), are not only soluble in acidic conditions,
but are more tolerant of higher concentrations of divalent cations than their counterpart,
SMA. While SMI results from an alteration of the hydrophilic monomer unit, alteration
of the hydrophobic monomer unit also yields polymers with similar nano-encapsulation
properties. Poly(diisobutylene-alt-maleic-acid) (DIBMA) is capable of extracting mem-
brane proteins, and the absence of a styrene ring permits UV-spectroscopic studies of the
nano-encapsulated membrane proteins (Oluwole et al., 2017a). Calorimetry and Raman
spectroscopy experiments have demonstrated that intercalation of the diisobutylene chains
into the lipid bilayer leads to less perturbation of phospholipid bilayer dynamics than com-
pared with the phenyl rings from SMA (Oluwole et al., 2017b). This intercalation of the
phenyl-ring component of SMA and SMI has been shown to occur in a similar manner to
cholesterol (Jamshad et al., 2015b). It is hypothesised that this interaction will reduce
dynamic motion of nearby lipids, and has potential to disrupt overall structure or function
of the encapsulated membrane protein. Site-directed spin labelling, time-resolved optical
spectroscopy and EPR spectroscopy have been used to characterise bacterial photorecep-
tors, and demonstrated that, in a SMALP, conformational freedom is restricted (Mosslehy
et al., 2019). However, beyond this, there is little characterisation of the conformational
transition capabilities of nano-encapsulated membrane proteins, especially in mammalian
systems. This chapter aimed to address such a question and characterised conformational
dynamics of the archetypical GPCR, rhodopsin, solubilised with SMA, SMI and DIBMA.

Rhodopsin is perhaps the most widely characterised GPCR. It is the visual pigment
found in rod photoreceptor cells in the retina, and controls scotopic vision (Zhou et al.,
2012). Rhodopsin (bovine) comprises a 39.1 kDa apoprotein (opsin) containing 348 amino
acid residues in a single polypeptide chain, and a covalently bound ligand chromophore,
11-cis-retinal (a derivative of vitamin A) (receptor ‘snake plot’; appendix F'). Rhodopsin
undergoes a series of post-translational modifications including palmitoylation at the C-

terminus; acetylation at its N-terminal methionine; phosphorylation at three C-terminal
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sites; N-linked glycosylation at its extracellular N-terminus; and ubiquitinylation at a
number of cytoplasmic lysine residues (Murray et al., 2009). The binding site for 11-
cis-retinal is located within the helical bundle, where it forms a protonated Schiff base
(PSB) at Lys?*® (figure 4.1). The PSB linkage creates a positive charge within the interior
TMD of the receptor, for which the negatively-charged carboxylate group of Glu!'? (E328)
provides a counter-ion (Meng and Bourne, 2001). This resultant salt-bridge between TM3
and TMT partly contributes to receptor stability. Upon activation by a photon, the retinal
undergoes isomerisation from 11-cis to all-trans (Meyer et al., 2000). The photon-induced
cis—trans transition of the retinal leads to a sterically strained excited-state rhodopsin that
thermally decays through a series of photo-intermediates, each with its own distinctive
maximal spectrophotometric absorbance peak (Yq.). Inactive (dark-state) rhodopsin
presents with a distinct v,,q4 500 nm. Upon photo-bleaching rhodopsin transitions rapidly
through the following conformational intermediates, each with their own distinctive V,,4z;
photorhodopsin (570 nm), bathorhodopsin (543 nm), blue-shifted intermediate (470 nm),
lumirhodopsin (497 nm), metarhodopsin I (meta I/MI) (478 nm), and finally, the active-
state metarhodopsin II (meta I1/MII) (382 nm) (figure 4.2). MI formation is characterised
by the formation of all-trans retinal, with the Schiff base remaining protonated. In MII, the
Schiff base linkage between the all-trans-retinal and Lys?% is still intact but deprotonated,
this represents active rhodopsin (Zhou et al., 2012). During this thermal relaxation,
conformational changes lead to the opening of the cytoplasmic side of the 7TM bundle,

permitting G coupling (figure 4.1).
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Inactive

Open state

Closed state

Figure 4.1: Inactive and active structures of bovine rhodopsin. Structures of
bovine rhodopsin (rainbow) solved via X-Ray crystallography. Retinal is shown (purple)
and Lys** is highlighted by ball and stick model. (a) Inactive thodopsin (PDB 30AX)
(Makino et al., 2010) and (b) active rhodopsin bound to mini-G, (white) where the &5
helix of mini-G, is highlighted (black) (PDB 6FUF) (Tsai et al., 2018). Upon activation,
conformational changes occur whereby the cytoplasmic side of rhodopsin opens up to
permit G-protein coupling (indicated by the white dashed arrows).
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Figure 4.2: Light-induced activation states of rhodopsin. The chromophore (11-cis-
retinal) undergoes cis to trans isomerisation upon photo-activation. Each rhodopsin state

has its own distinctive maximal spectrophotometric absorbance (Vq.). Metarhodopsin
IT (Meta II) represents activated rhodopsin.
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4.2 Results

4.2.1 Solubilisation of rhodopsin from rod outer segments (ROS)

It was initially important to establish if the polymers (SMA, SMI and DIBMA) were
capable of solubilising rhodopsin to comparable levels of those achieved with detergents,
such as N-dodecyl-p-D-maltoside (DDM). Spectrophotometric analysis (absorbance at
500 nm) of the solubilised fractions permitted quantification of solubilisation efficiency.
It was demonstrated that SMA (2.5 %), SMI (2.5 %) and DIBMA (5 %) were able to
consistently solubilise to levels >90 % that of DDM (1 %) (figure 4.3; table 4.1). DIBMA
concentration was optimised systematically after initial attempts at 2.5 % yielded less

consistent solubilisation efficacies than did 5 % (table 4.2).

Extraction solution

Mw
(kDa) DDM 1% SMA 2.5% SMI 2.5% DIBMA 5%

170 P SN P SN P SN P SN
130
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2 .y 1‘
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Figure 4.3: Solubilisation of rhodopsin from rod outer segments (ROS) with
conventional detergent (DDM 1 %), or polymers (SMA 2.5 %, SMI 2.5 %, or
DIBMA 5 %). SDS-PAGE (12 %) image showing the ROS extracts after solubilisation.
The insoluble pellet (P) fraction, and the soluble supernatant (SN) fraction is shown.
Bovine rhodopsin has a predicted molecular mass of ~43 kDa.
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Table 4.1: Solubilisation efficiencies of rhodopsin from rod outer segments
(ROS) with different solubilisation agents. Efficiency was determined by UV-
visible absorption spectroscopy. Absorbance at 500 nm was determined for each

solubilised sample, and normalised relative to extraction achieved with DDM 1 %.

Extraction efficiency (% DDM)

Solubilisation

condition 1 2 3 Mean (%) SD
DDM (1 %) 100 100 100 100 0
SMA (2.5 %) 94 105 99 99 55
SMI (2.5 %) 95 100 96 97 2.6
DIBMA (5 %) 87 94 91 91 3.5

Table 4.2: Optimisation of DIBMA solubilisation. Stated concentrations of
DIBMA were used to solubilise rod outer segments. Solubilised material was

analysed by UV-vis spectroscopy (absorbance at 500 nm) to determine rhodopsin
solubilisation efficiency against that of DDM 1 %.

Extraction efficiency (% DDM)

Solubilisation

condition 1 2 3 Mean (%) SD
DDM 100 100 100 100 0.0
DIBMA (1 %) 80 18 49 49 31.0
DIBMA (2.5 %) 104 32 86 74 375
DIBMA (5 %) 108 93 94 98 8.4
DIBMA (10 %) 119 104 98 107 10.8
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4.2.2 Photoactivation of rhodopsin in SMA, SMI and DIBMA

Having determined that bovine rhodopsin could be successfully solubilised, to high effi-
ciency with SMA, SMI and DIBMA, it was next important to characterise their conforma-
tional profiles upon light-activation. All samples demonstrated a dark-state absorbance
peak at 500 nm, consistent with successful extraction of inactive rhodopsin (figure 4.4).
In the DDM-extraction, rhodopsin demonstrated full conversion to MII immediately after
photoactivation (30 s photobleach), as determined by characteristic loss of the peak at
500 nm and appearance of an absorbance peak at 382 nm, consistent with published data
for WT rhodopsin (figure 4.4a) (Resek et al., 1993). In both SMA- and SMI- solubilised
rhodopsin, photoconversion did not appear to go beyond MI, even after an extended
photobleaching period (150 s), as demonstrated by the absorbance peak shown at 478
nm. SMA and SMI both contain a styrene moiety, which accounted for the interference
seen in the UV-region (~ <300 nm) of the UV-visible absorption spectra (figure 4.4b
and 4.4c). In contrast to this, rhodopsin-DIBMALPs achieved photoconversion to MII
upon photo-activation (figure 4.4d). The upward slope (~430-550 nm) on the photo-
bleached UV-visible absorption spectra for rhodopsin-DIBMALP may indicate the pres-
ence of photo-intermediates, or represent scatter resultant from the polymer itself (figure

4.4d).
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Figure 4.4: UV-visible absorption spectroscopy of solubilised ROS samples in
either (a) DDM (1 %), (b) SMA (2.5 %), (c) SMI (2.5 %) or (d) DIBMA (5
%). Blue line indicates absorbance spectra in dark-state, and red line shows absorbance
spectra after photobleaching period (150 s). Data are representative spectra obtained
from at least three independent experiments.
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4.2.3 The effect of G(-peptide or mini-G, protein on photoactivation of rhodopsin

Following the discovery that SMA-, and SMI-, solubilised rhodopsin are unable to tran-
sition from MI to fully active MII, approaches were taken in an attempt to stabilise the
active receptor conformation, and establish whether MII could form. These approaches
were also attempted on rhodopsin-DIBMALP to investigate if there was any shift in the
spectrum, possibly related to the presence of photo-intermediates. Excess polymer was
removed from the samples by gel-filtration, which resulted in subsequent negative ab-
sorbance seen on the UV-vis spectra (~ <350 nm) (figure 4.5). Following the removal of
free-polymer, no change was seen in relative Asgg levels, or light-induced conformational
changes (figure 4.5). Rhodopsin -SMALPs, -SMILPs, and -DIBMALPs (herein collectively
referred to as rhodopsin-LPs), were then incubated with either a transducin G-peptide
(VLEDLKSCGLF), or an engineered mini-G, protein (Nehme et al., 2017). Both the
Gy-peptide and mini-G, have been shown to be fully capable of stabilising active recep-
tor state, driving formation of MII conformation. They are capable of recapitulating the
increase in agonist affinity observed upon coupling of a native heterotrimeric G-protein in
GPCRs with diffusible ligands (Kisselev et al., 1999; Carpenter and Tate, 2016; Nehme
et al., 2017; Tsai et al., 2018). For the mini-G, assay, rhodopsin-LPs were incubated with
varying molar ratios of rhodopsin-LP to mini-G, (1:1.2, 1:5 and 1:50). For the G;-peptide
assay, 500 M final concentration of peptide was used. Following incubation with either
the mini-G, or G-peptide, no change in either dark-state, or light-activated conforma-
tional changes were seen (figure 4.6). Together, these data suggest that the restricted MI
to MII transition observed in light-activated rhodopsin -SMALPs and -SMILPs is due to
major conformational restriction placed on either lipids or protein. Restrictions may arise
due to interaction from polymer itself, possibly interactions arising from the styrene-ring

that both SMA and SMI share.
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Figure 4.5: UV-visible absorption spectroscopy of gel-filtered, solubilised ROS.
Solubilised fractions were passed through Sephadex® G-25 columns to remove excess free-
polymer. (a) Rhodopsin-SMALPs; (b) Rhodopsin-SMILPs; (c) Rhodopsin-DIBMALPs.
Dark-state spectra (blue line) and photobleached (150 s) spectra (red line) are shown.
Data are representative spectra obtained from at least 3 independent experiments.
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Figure 4.6: UV-vis spectra of rhodopsin-LPs when incubated with either G-peptide
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4.2.4 Particle size analysis by dynamic light scattering (DLS)

Particle sizes of the rhodopsin-LPs were analysed using DLS. This is important to de-
termine in order to ascertain the degree of conformational change possible within a given
nanoparticle, based on available diameter. Thermal stability of the particles was exam-
ined by DLS combined with discrete temperature ramping, with a 30 min incubation at
stated temperature, before taking DLS reads. Particle sizes observed were consistent with
literature values (Stroud et al., 2018), where -SMALPs and -SMILPs formed nanopar-
ticles of ~10 nm in diameter (9.9 £ 0.2 nm, and 8.7 + 0.3 nm, respectively) (mean +
s.e.m, n = 3). Rhodopsin-DIBMALPs formed nanoparticles of ~20 nm in diameter (18.9
+ 2.9 nm) (mean + s.em, n = 3) (figure 4.7; table 4.3). In terms of thermal stability,
rhodopsin-SMALPs appeared to degrade beyond 40 °C, where particle size could no longer
be determined due to loss of autocorrelation (figure 4.8). This is suggestive of full disc-
breakdown. In contrast to this, rhodopsin-SMILPs and rhodopsin-DIBMALPs displayed
marked stability up to 60 °C. In particular, rhodopsin-SMILPs maintained stability up to
50 °C with an average diameter of 8.7 + 0.3 nm, above this a slight increase in diameter

is observed to 15.0 £ 0.9 nm (mean + s.e.m, n = 3) (figure 4.8).
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Figure 4.7: Diameter (nm) of rhodopsin-LP nanodiscs as determined by DLS
(a) SMALPs (blue); (b) SMILPs (red); (c) DIBMALPs (green). Data displayed are

representative traces obtained from a single DLS experiment (n = 3).
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Table 4.3: Mean particle diameter observed for the solubilisation of ROS
with SMA, SMI and DIBMA. Data are mean + s.e.m, n = 3.

Rhodopsin-LP Mean diameter (nm) s.e.m
SMALP 9.9 0.2
SMILP 8.7 0.3

DIBMALP 18.9 29
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Figure 4.8: Particle thermal stability as determined by DLS. Shown are rhodopsin-
SMALPs (blue circles), rhodopsin-SMILPs (red squares), rhodopsin-DIBMALPs (green
triangles). The temperature of the DLS sample-holder was discretely ramped to stated
temperature, and allowed to equilibrate for 30 min before DLS readings were taken and
particle diameter recorded. Data are mean =+ s.e.m, n = 3.
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4.2.5 Thermal stability of rhodopsin-LPs

Stability of rhodopsin-LPs at 37 °C

Rhodopsin-LP samples were incubated (dark-state) in a spectrophotometer pre-heated
to 37 °C. Aspp was then monitored over a period of 16 h. A t,,, value was calculated
which represents the time at which 50 % of rhodopsin had decayed, as determined by
Aspo. Rhodopsin-SMALPs displayed markedly reduced stability (ti1/ = 183 £ 5 min)
(mean £ s.e.m, n = 3) compared to rhodopsin-SMILPs, or rhodopsin-DIBMALPs, which

did not decay over the assayed time (figure 4.9).
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Figure 4.9: Thermal stability of rhodopsin at 37 °C. (a) Graph; Thermal stability
curves for rhodopsin-SMALPs (blue circles), which was fitted to non-linear one-phase de-
cay model. Rhodopsin-SMILPs (red squares) and rhodopsin-DIBMALPs (green triangles)
were fitted with simple linear regression. (b) Data table; Calculated half-life (t/2).
Data are mean 4 s.e.m, n = 3.
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Overall thermal stability of rhodopsin-LPs

Thermal stability of the rhodopsin-LPs was determined over a range of fixed temper-
atures. The integrity of rhodopsin was assessed by monitoring absorbance at 500 nm,
from which a T value was calculated; the temperature at which 50 % of rhodopsin had
decayed, as assessed by Aspp. Rhodopsin-SMALPs displayed the lowest decay temperature
(Tso = 45.7 & 0.5 °C) compared to rhodopsin-DIBMALPs (T5y = 51.4 + 0.8 °C), and
rhodopsin-SMILPs (mean + s.e.m, n = 3). Ty was not determined for rhodopsin-SMILPs
as when heated above 55 °C, the sample appeared to phase-shift and spectra could not be
analysed. This change in observation of SMI above 55 °C, may account for the apparent
increase in diameter seen in the DLS experiments (figure 4.10). Overall, the thermal decay
data shown here align with that of the DLS thermal stability data (figure 4.8), which is
indicative that the lessened thermal stability exhibited by rhodopsin-SMALPs is due to
denaturing of the polymer, rather than unfolding of the protein.

As a final test of rigour, the rhodopsin-LPs and rhodopsin-DDM were subject to
lyophilisation and subsequent resuspension in buffer. It was shown that rhodopsin-SMALPs
retained 54 + 3 % folded rhodopsin, rhodopsin-SMILPs retained 106 £ 2 %, rhodopsin-
DIBMALPs retained 48 + 7 %, and rhodopsin-DDM retained 55 4+ 19 % as determined

by monitoring Asg pre- and post- lyophilisation (mean + s.e.m, n = 3) (figure 4.11).
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Figure 4.10: Thermal stability of rhodopsin-LPs. Samples were incubated at stated
temperature for 30 min before recording absorbance at 500 nm. (a) Graph; Rhodopsin-
SMALPs (blue circles), rhodopsin-SMILPs (red squares) and rhodopsin-DIBMALPs
(green triangles) were fitted to a five-parameter logistic equation to calculate the point
at which 50 % folded rhodopsin had decayed (Ts), determined by monitoring Asg. (b)
Data table; Calculated T5, values (°C). Data are mean + s.e.m, n = 3.
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Figure 4.11: Recovery of rhodopsin after lyophilisation. Samples were frozen at
-80 °C for 24 h, lyophilised (48 h), then placed in -80 °C for 24 h, before resuspension in
original volume of buffer. Asgy was recorded before and after the lyophilisation process.
Data are mean 4 s.e.m, n = 3.
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4.2.6 Analytical ultracentrifugation (AUC) of rhodopsin-LPs

AUC of the rhodopsin-LPs was performed to gain insight into the oligomeric state
of the solubilised material. SEDNTERP was utilised to calculate the partial specific
volume of rhodopsin (v) and yielded a value of 0.75. Analysis with SEDFIT utilised
the in-built continuous distribution (C(g)) model. Subsequent RMSD values for all the
presented rhodopsin-LP samples were less than 0.01, indicating appropriate fit to the
C(s) model. The distribution of residuals were observed to be normal, which indicated
appropriate fitting limits of the sample meniscus and bottom. Following model fitting, the
distributions of the resultant sedimentation peaks were integrated and molecular weight
analyses provided the calculated molecular weights (figure 4.12 and figure 4.13). Two
distinct peaks were identified on the sedimentation traces for each polymer (figure 4.12).
The first peak (S = 1.34, 1.65 and 2.95 for rhodopsin -SMALP, -SMILP and -DIBMALP,
respectively) likely corresponds to the presence of residual free-polymer and ill-defined
aggregates, or buffer mismatch between the sample and reference solution. The second
peak (S = 4.6, 4.1 and 5.2 for rhodopsin -SMALP, -SMILP and -DIBMALP, respectively)
likely corresponds to encapsulated rhodopsin, with additional mass contribution from
surrounding polymer and lipids (figure 4.12). Predicted molar masses were 89 kDa, 87
kDa and 117 kDa for rhodopsin -SMALP, -SMILP and -DIBMALP, respectively.

In order to aid resolution of the presence of either monomers or dimers, AUC was per-
formed with ‘empty’ nanodiscs, comprising 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC). DMPC-SMILP generated a sedimentation coefficient of S = 2.5 and predicted
molecular mass of 56 kDa. DMPC-DIBMALP generated a peak at S = 3.35, with a pre-
dicted molecular mass of 65 kDa (figure 4.13), overall consistent with DIBMA forming
nanodiscs capable of encapsulating greater lipid mass than the smaller SMILP nanodiscs

(table 4.3).

89



CHAPTER 4. CONFORMATIONAL DYNAMICS EXHIBITED BY RHODOPSIN IN LIPID NANO-PARTICLES

a Rho-SMALP b Rho-SMILP C Rho-DIBMALP

0.104

0.50+ 0.50

e @ @
(3] (5] o

0.054 0.25+ 0.25+

0.00 T T T T T T p— 0.00 T T T T T 0.00+

12 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
Sedimentation coefficient (S) Sedimentation coefficient (S) Sedimentation coefficient (S)

Figure 4.12: Sedimentation velocity AUC profiles of rhodopsin-LPs. For
each profile, two distinct peaks were identified. The first peak likely represents free-
polymer/aggregates/impurities. The second peak indicates monomeric rhodopsin, with
additional mass contributed by polymer and lipids. (a) Rhodopsin-SMALPs (blue), peak
S = 4.6 predicted molecular mass of 89 kDa. (b) Rhodopsin-SMILPs (red), peak S = 4.1
predicted molecular mass of 87 kDa. (c) Rhodopsin-DIBMALPs (green), peak S = 5.2
predicted molecular mass of 117 kDa.
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Figure 4.13: Sedimentation velocity AUC profiles ‘empty’-discs. (a) DMPC-
SMILPs, S = 2.5 with predicted molecular mass of 56 kDa and (b) DMPC-DIBMALPs,

S = 3.35 with predicted molecular mass of 65 kDa.
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In order to resolve the oligomeric state of the rhodopsin-LPs, the predicted rhodopsin-
LP mass was subtracted from the predicted mass of the ‘empty’ nanodisc. For rhodopsin
-SMILP and -DIBMALP, this generated a polymer and lipid contribution of 31 kDa and
52 kDa, respectively. These values are consistent with the previously determined polymer
and lipid contribution of SMALPs, 35 kDa (Lee et al., 2016). The calculated polymer
and lipid contribution mass was then subtracted from the original predicted mass of the
rhodopsin-LP, to determine the mass attributed to rhodopsin protein. It was concluded

that for all rhodopsin-LPs, only monomeric rhodopsin was encapsulated (table 4.4).

Table 4.4: Determination of the oligomeric state of rhodopsin-LPs. AUC
was used to estimate the molecular mass of the stated rhodopsin-LP and ‘empty’-
LP (DMPC-nanodisc). The estimated mass contribution by polymer and lipid was
calculated via the difference between rho-LP and ‘empty’-LP. For SMALP,
literature value was used; ®Lee et al. (2016). ‘Remainder’ represents the remaining
mass after polymer/lipid contribution and rhodopsin mass (43 kDa) was subtracted

from the original rho-LP mass.

Molecular mass (kDa)

AUC-predicted Calculated
. , Polymer/lipid .
Rho-LP Empty’-LP contribution Remainder
Rho-SMALP 89 - 350l 11
Rho-SMILP 87 56 3 13
Rho-DIBMALP 117 65 52 22
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4.3 Discussion

4.3.1 Overview

Nanodisc technology is becoming a widely adopted strategy for membrane protein sol-
ubilisation, due to benefits provided by polymer-based technologies over their detergent
counterparts. Proteins are solubilised directly with preservation of the lipid annulus, main-
taining a native environment for the membrane protein. The majority of polymer-based
solubilisation strategy has, thus far, focused largely on SMA. There is sparse literature
available about the behaviour of membrane proteins in emergent, second-generation poly-
mers such as SMI or DIBMA. This chapter aimed to address such question, characterising
the solubility, stability and conformational changes of rhodopsin in three commercially-
available polymers, SMA, SMI and DIBMA. It was demonstrated that all three polymers
were capable of solubilising ROS to high efficiencies (>91 % recovery compared to DDM,
table 4.1). The ability to quantify the solubilisation efficiency of properly folded rhodopsin
(demonstrated the by absorbance at 500 nm) represents one advantage presented by this
light-activated protein compared with other GPCR counterparts. Densitometric analysis
of an SDS-PAGE against samples of known protein concentration presents an alterna-
tive method for calculating solubilisation efficiency, however does not provide insight into
the folded-state of the protein. Results presented in table 4.1 highlight that despite the
changes in functional groups, the polymers do not lose their ability to generate mem-
brane protein lipid-discs containing correctly folded rhodopsin. However, conformational

changes of the protein can vary depending on extraction method.

4.3.2 Conformational restriction of rho-SMALP and rho-SMILP

Rhodopsin is an extremely well characterised GPCR and several spectroscopic and EPR
studies have elucidated light-induced conformational changes of rhodopsin (Kusnetzow
et al., 2006), bacteriorhodopsin (Steinhoff et al., 1994; Klare et al., 2004) and other early-
photoreceptors (Wegener et al., 2000, 2001) in a variety of contexts including detergent mi-

celles and artificial bilayers. Upon photo-activation, rhodopsin’s covalently-bound ligand,
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11-cis-retinal, undergoes isomerisation to all-trans. Several short-lived photo-intermediate
states occur, notably, the penultimate state prior to full activation is MI formation. MI is
characterised by V,nae 478 nm. In MI, retinal has undergone full isomerisation, however
the protonated Schiff base remains present. The final stage of rhodopsin activation is
formation of MII, characterised by Ve 382 nm and de-protonation of the Schiff base
(accompanied by a large outward movement of TM6). Here, these conformational transi-
tions have been followed using UV-visible absorption spectroscopy to study the potential
influence of nano-encapsulation within SMALPs, SMILPs and DIBMALPs. It is readily
apparent that light-induced conformational changes of rhodopsin are restricted in SMALPs
and SMILPs. Both rhodopsin -SMALPs and -SMILPs are able to transition from dark-
state to MI, however, are unable to transition from MI to MII (figure 4.4). This indicates
both SMALPs and SMILPs provide less flexibility, reducing the dynamic conformational
range adopted by the protein. This finding is consistent with a recent study that iden-
tified significant side-chain immobility in the SMALP-solubilised bacterial photoreceptor
sensory rhodopsin II of Natronomonas pharaonis (NpSRII) (Mosslehy et al., 2019). In
marked contrast to this, DIBMALPs were able to reach full MII (figure 4.4). SMA and
SMI have commonality of a styrene moiety, with differing secondary moieties (maleic acid
in SMA, and maleic imide in SMI). The hydrophobic styrene group has been shown to
intercalate perpendicularly to the lipid acyl chains (Jamshad et al., 2015b). This interca-
lation may reduce dynamism of either local lipid or protein groups, which may account
for the reduced activation capability seen in this study. In particular, GPCR activation
requires a large outward movement of TM6 to enable accommodation of G-proteins (De-
upi and Standfuss, 2011). If the polymer is resulting in a freezing effect, then such helical
movements would be unable to occur. This, in part, led to the rationale for the stabilis-
ing experiments performed with either G, -peptide, or the mini-G,. The G-peptide is a
high-affinity peptide, derived from transducin «-5 helix, which docks into the receptor core
and shifts MI/MII equilibrium toward MII in a dose-dependent manner (Kisselev et al.,

1999). The mini-G, is a modified subunit of G and recapitulates G-protein specificity.
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Mini-G, comprises the guanosine triphosphatase (GTPase) domain of the o subunit of
heterotrimeric G-proteins. Mini-G, has previously been shown to couple effectively to
rhodopsin solubilised in detergent, creating a stabilised active receptor complex (Tsai
et al., 2018). Addition of either of these components did not alter the rhodopsin acti-
vation spectrum in SMALP, SMILP, or DIBMALP (figure 4.6). Given the high-affinity
nature of the G;-peptide and mini-G,, and the excess concentrations used in this study,
it is unlikely the lack of receptor MII formation is due to depletion or non-specific binding
to the polymer. It is possible the polymers cause an accessibility issue, masking all, or
some, of the G docking site. Another possibility is the inability of the TM helices to
rearrange such that they can accommodate the G)-peptide or mini-G,. Given that the
rhodopsin -SMALPs and -SMILPs result in MI formation, and -DIBMALPs result in MII
formation, it is logical to pinpoint conformational restriction to the presence of the styrene
ring. DIBMA consists of aliphatic diisobutylene and maleic acid units. Data have shown
that DIBMA causes less perturbation to lipid bilayers than SMALPs, which may have
significant implications on local fluidity (Cuevas Arenas et al., 2017). DIBMA has also
been shown to form larger nanodiscs than SMA or SMI (Oluwole et al., 2017a), consistent
with the sizes reported here by DLS experiments (table 4.3). It is possible that a larger
nanodisc would allow for greater conformational range, allowing receptor activation to
occur, however given the distance of the helical movement required for agonist-induced
receptor activation (~10-18 A) and the diameter of an SMA/SMI nanodisc (~100 A),

size is unlikely to be a limiting factor.

4.3.3 Oligomeric state of rhodopsin-LPs

The oligomeric state of a GPCR can affect receptor activation, and remains a point of
contention that is technically difficult to assess, especially in native environments (Carroll
et al., 2012). The quaternary structures isolated from solubilised rhodopsin appear to
vary greatly depending on type and concentration of detergent used (Jastrzebska et al.,
2006). There is evidence that indicates rhodopsin in ROS forms rows of organised dimers,

as visualised directly by transmission electron microscopy (Suda et al., 2004). However,

95



CHAPTER 4. CONFORMATIONAL DYNAMICS EXHIBITED BY RHODOPSIN IN LIPID NANO-PARTICLES

monomeric rhodopsin is able to fully activate G and reach MII conformation (Bayburt
et al., 2011). There is evidence that activation of rhodopsin occurs faster in dimeric
and higher-order oligomeric states, as opposed to monomerically isolated rhodopsin (Jas-
trzebska et al., 2006). Of course, previous studies have utilised detergents which perturb
native lipids, which unsurprisingly, appears to perturb receptor organisation. Given how
polymer-based solubilisation strategies excise segments of the membrane in a less dis-
ruptive way, useful insight may be gained from oligomeric-state analysis in these kinds
of nanodisc. Here, AUC was used to assess the sedimentation velocity of rhodopsin in
SMALPs, SMILPs and DIBMALPs. The amino acid sequence of rhodopsin was input into
SEDNTERP to calculate the partial specific volume of rhodopsin, and yielded a value of
0.75. Determination of an accurate partial specific volume is important for the determina-
tion of sedimentation rate and subsequently particle size. Given that the rhodopsin-LPs
contain a mixture of polymer, lipid and protein the partial specific volume generate a level
of inaccuracy. The use of differential sedimentation (whereby samples are sedimented in
either water or deuterium) can improve the accuracy of the calculation of partial spe-
cific volume, and has been demonstrated once previously with bacterial divisome proteins
ZipA and FtsBL (Stroud, 2019). Differential sedimentation of ZipA-SMALP and FtsBL-
SMALP generated a v of 0.73 and 0.74, respectively (Stroud, 2019). Future work should
employ differential sedimentation to rhodopsin-LPs, which was beyond the scope of this
thesis. Given the lack of available data for SMA-, SMI- or DIBMA- solubilised proteins
AUC data was analysed using the SEDNTERP-calculated partial specific volume.

All three sample types showed similar looking traces, giving sedimentation coefficients
(S) between 4.1-5.2 (figure 4.12). The exact interpretation however, remains challenging
due to the added mass from polymer and lipid. The predicted molecular masses (Mw)
for the rhodopsin -SMALPs, -SMILPs and -DIBMALPs were 89, 87 and 117 kDa, respec-
tively (figure 4.12). Given the predicted Mw of rhodopsin is 43 kDa, this would indicate
either the presence of monomers, or dimers, depending on how much mass is attributed

to polymer and lipid. Previous work with SMALP-solubilised membrane proteins has
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demonstrated that ~35 kDa is contributed by polymer and lipid (Lee et al., 2016). In-
depth work has been performed using differential sedimentation of a well-characterised
protein (BSA), DMPC-SMALPs and a SMALP-solubilised E.coli protein, Zip-A. Samples
were sedimented in either water or deuterium, and the resultant change in sedimentation
coefficient was used to calculate an accurate partial specific volume of the particle (v).
Ultimately, it was found that the SMA and lipids contributed between 35.5-62 kDa in
mass (Stroud, 2019). AUC performed in this study on ‘empty’-SMILPs and -DIBMALPs
resulted in polymer and lipid mass contributions of 31 kDa and 52 kDa being estimated
for SMILP and DIBMALP, respectively (figure 4.13). Upon subtraction of the estimated
polymer and lipid contribution and the mass of rhodopsin from the AUC calculated masses
of the rhodopsin-LPs, it was concluded that monomeric rhodopsin was encapsulated in
all three polymers (table 4.4). Of course, further work could fully characterise the sedi-
mentation behaviour of SMILPs and DIBMALPSs, ideally with differential sedimentation

approaches, similar to those performed previously with SMALPs (Stroud, 2019).

4.3.4 Thermal stability of rhodopsin-LPs

This study highlights how important the development of novel nanodisc-based polymer
agents will be. Any solubilisation agent is not without limitations, and it is likely strategies
in the future will involve ‘polymer screens’, in a very similar manner as used with deter-
gents currently. Besides from the difference in conformational dynamics seen between
polymer, further differences became apparent when thermal stability was investigated.
Rhodopsin-SMALPs were the least thermo-stable of the three polymers, demonstrating
a Tyo of 45.7 £ 0.5 °C. This Ty is still well above physiological temperature, indicating
suitable levels of stability for in vitro study. The SMALP thermal stability data shown
here also corroborate with previous experimental work performed on another family A
GPCR, Ay4R. With AyyR-SMALPs, a t;/ at 37 °C was found to be 148 £ 13 min, com-
pared with 183 £ 5 min for rhodopsin-SMALP in this study (figure 4.9) (Jamshad et al.,
2015a). Combined with the DLS data obtained here which showed the SMALP-sized

nanoparticles being undetectable at >40 °C, this is suggestive that the thermal stability
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is less protein-specific and more of a generic property of SMA.

4.3.5 Summary and future work

This work highlights, for the first time, in-depth characterisation of a GPCR, solubilised
with three, commercially-available polymers, SMA, SMI and DIBMA. Marked differences
in receptor activation are demonstrated, with SMA and SMI constraining rhodopsin in
the intermediate MI state. Full activation (MII formation) was observed with the use
of DIBMA. The ability to isolate usually short-lived intermediate activation states may
provide a useful tool for drug discovery. There is growing interest in the development
of anti-GPCR antibodies, not just as research tools, but also as therapeutics. The de-
velopment of conformational specific antibodies can help map activation domains, and
has the potential to be used in native tissues and on endogenous receptors. Furthermore,
conformation-specific antibodies can be used in drug screens, particularly identifying com-
pounds that act as allosteric modulators, which is of therapeutic interest. Resolving an
intermediately-active structure could also provide valuable insights into the mechanisms
of receptor activation, that is potentially applicable to all family A GPCRs. Intermedi-
ate structures would have great value in structure-based drug design. Overall, this work
highlights the ability of SMA and SMA-like polymers to be used as useful research tools.
The differing conformational capabilities and biochemical properties seen in this study,
demonstrate the importance of continuing with the development of a ‘polymer tool kit” to

facilitate in the continued study of membrane proteins.
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Chapter 5: Generation, pharmacological characterisation and SMALP-
solubilisation of inducible cell lines for oxytocin recep-

tor and parathyroid hormone 1 receptor.

5.1 Introduction

The previous chapters explored how polymer-solubilised GPCRs can be pharmacolog-
ically and biophysically characterised, using two prototypical receptors as experimental
models (rhodopsin and As4R). This chapter explores how two inherently less-stable, and
less well-characterised GPCRs behave within a SMALP context, beginning with the design
of novel receptor constructs and generation of inducible cell lines to enable their study.
Increasingly, existing methods are being validated for use with SMALPs and SMALP-like
polymers. It is important to be able to expand this beyond prototypical membrane pro-
teins and into a wider range of drug targets. The oxytocin receptor (OTR) is a family A
GPCR which has a stringent, functional requirement for cholesterol for high-affinity ag-
onist binding (Gimpl and Farenholz, 2000). Peripherally, OTR regulates parturition and
lactation. Oxytocin (OT), the endogenous ligand, and OT-derived analogues are used
clinically to induce labour (Hidalgo-Lopezosa et al., 2016). OTRs are also present in the
central nervous system where they modulate behaviours such as social-bonding, aggres-
sion, stress and anxiety responses, social memory and recognition (Hawtin et al., 2001a).
The parathyroid hormone 1 receptor (PTHIR) is a family B GPCR that regulates cal-
cium homeostasis, and is of high pharmaceutical interest (Zhao et al., 2019). Currently,
two PTHI1R-targeting therapeutics exist for the treatment of osteoporosis (teriparatide
and abaloparatide), which are analogues of the endogenous ligands parathyroid hormone
(PTH) and parathyroid hormone-related protein (PTHrP). While effective, the treatment
is costly, and requires daily injections. At present, there are no orally efficacious drugs

for the treatment of osteoporosis, despite significant research efforts. Like many other
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GPCRs, this difficulty in drug design is, in part, due to lack of structural and functional
understanding of the receptor, which is partly due to technical difficulties in the produc-
tion of suitable quantity and quality of membrane proteins in general (Kesidis et al., 2020).
Although the recent structures of OTR (Waltenspuhl et al., 2020) and PTHIR (Ehren-
mann et al., 2018; Zhao et al., 2019) do provide structural insights, further mechanistic
insights, using biophysical techniques still requires the generation of a suitable quantity
and quality of human membrane proteins. Retention of the native lipid environment is
technically challenging when extracting membrane proteins. Therefore, commonly em-
ployed expression methods such as Sf9 (insect), or E. coli (bacteria) may be sub-optimal
(Kesidis et al., 2020). The demand for mammalian over-expression systems is increasing,
due to near-native translocation machinery, post-translation modifications and lipid en-
vironment (Chaudhary et al., 2012). Particularly, OTR has N-linked glycosylation sites,
which may be inappropriately processed in non-mammalian systems. Stably-transfected,
inducible mammalian cell lines are of increasing use. Tetracycline-induced mammalian cell
systems are becoming increasingly utilised due to their consistent ability to express the
desired protein uniformly, compared with transiently transfected cells. Inducible systems
allow for relatively large quantities of protein to be generated, as high-density cultures
can be obtained pre-induction. Theoretically, upon induction, every cell would be produc-
ing protein, which provides consistency against varying transient transfection efficiencies.
Furthermore, inducible-expression systems can circumvent challenges associated with cy-
totoxicity (Waltenspuhl et al., 2020). With regards to tetracycline-induced systems, a
tetracycline-operator sequence (tetO) is incorporated into a plasmid, containing the gene
of interest. The tetO sequence is subsequently recognised by a tetracycline-repressor (tetR)
gene, which is incorporated into mammalian cells of choice. In the absence of tetracycline,
the tetR protein binds to the tetO sequence that is generally incorporated into the pro-
moter region of the plasmid, rendering expression inactive. The addition of tetracycline
results in the tetR protein competitively binding the tetracycline, enabling transcription

to be activated. Commonly, induction medium is supplemented with low-millimolar levels
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of sodium butyrate, which acts as a histone-deacetylase inhibitor, increasing expression.
Recombinant technology has undoubtedly aided in fundamental understanding of receptor
pharmacology, however, it is still just one part of a larger process. Experimental tools such
as fluorescent ligands permit the monitoring and quantification of binding events. This
chapter aimed to establish the tools required for the study of pharmacologically-relevant
receptors OTR and PTHIR (receptor ‘snake plots’; appendix F). Beginning with recep-
tor construct design, to establishment of stable cell lines, purification and the design and

characterisation of a novel PTHIR fluorescent ligand.
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5.2 Results

5.2.1 Design of receptor constructs

To enable the study of OTR and PTH1R, new receptor constructs were designed with
affinity tags to permit downstream purification, detection and immobilisation of the re-
ceptors. A deca-His tag and an HA-tag were incorporated onto the N-terminus of the
OTR and PTHIR. At the C-terminus, an Avidity AvitagTM (GLNDIFEAQKIEWHE)
was incorporated (figure 5.1). Denotation of the OTR, or PTHIR containing the Avitag
sequence will be herein referred to as OTR 4,; and PTH1R 4,4, respectively (construct se-
quences; appendix E). Receptor constructs were manufactured into a custom-made plas-
mid (pACMV _tetO) designed and kindly donated by Dr. Philip J. Reeves (University
of Essex, UK) (figure 5.1). The pACMV _tetO plasmid was engineered for tetracycline-
regulated gene expression, and has been successfully utilised previously to express mil-
ligram quantities of inherently cytotoxic rhodopsin mutants (Waltenspuhl et al., 2020).
HEK 293S cells incorporating a tetR gene (denoted HEK 239S_tetR cells) were stably-
transfected with either OTR 4,; or PTH1R 4,; constructs exactly as described in 2.2.7.
OTR 4y and PTHI1R4,; were also cloned into pcDNA3.1(+) for transient expression in
HEK 293T or COS-7 cells, to permit comparable pharmacological characterisation with

existing lab constructs.
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(a) PACMV-tetO:OTR, ,
(8996 bp)

(b) PACMV-tetO:PTH1R,,
(9640 bp)

Figure 5.1: Schematic of how OTR,,; and PTH1R,,; constructs were cloned

into the pACMYV _tetO plasmid. (a) OTR4,;, (b) PTHIR4,; sequence is cloned just
down-stream of a CMV promotor and tetracycline-operator sequence (tetO). KOZAK
sequence (GCCACC), and TEV-cleavage site (GAGAATCTTTACTTTCAATCT) was

incorporated. The plasmid contains resistance genes for ampicillin (AmpR) and G418

(NeoR/KanR).
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5.2.2 Pharmacological characterisation of OTR 4,;

Cell-surface expression and internalisation within vector pcDNA3.1(+), in

transiently transfected HEK 293T cells

Cell-surface expression and OT-induced internalisation in HEK 293T cells of OTR 4.;
was determined by ELISA, exploiting the HA-tag, and compared with the WT OTR. Both
constructs were in vector pcDNA3.1(+). This enabled direct comparison of the Avi-tagged
receptor construct, to the WT, to establish if the affinity tags altered receptor phenotype.
The results demonstrated that the OTR4,; construct is able to express at 80 &= 9 % of
the WT receptor (p = 0.04). Internalisation of OTRy,,; is also similar to WT. OTR 4,
internalised by 43 + 12 % (p = 0.02), compared to unstimulated. WT OTR internalised

by 38 + 4 % after OT-stimulation (p = 0.002), data are mean + s.e.m, n = 4 (figure 5.2).
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Figure 5.2: Cell-surface expression and internalisation of WT OTR and OTR 4.
(a) Graph; (b) table showing cell-surface expression of WT OTR and OTRy,; in
pcDNA3.1(+), in transiently transfected HEK 293T cells. Expression is shown in the
absence (-) or presence (+) of 107 M OT, stimulated for 30 min, detected via ELISA, ex-
ploiting an HA-tag on the receptor. Data are mean + s.e.m from 4 separate experiments,
each performed in triplicate. Significance determined by paired t-tests (*, p < 0.05; **, p
= 0.002).
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Inducible cell-surface expression and internalisation of OTR,,; within vector

pACMYV _tetO, in stably-transfected HEK 293S_tetR cells

Inducible expression was investigated for stably-transfected cells that successfully grew
in selection media (stable cell generation described; section 2.2.7). The colonies that
demonstrated the highest level of inducible expression were expanded into viable cell
lines. High levels of inducible expression were observed for stably-transfected OTR 4,;
cells, with an average 4.1-fold increase in cell-surface expression upon induction, compared
with non-induced cells (figure 5.3). Upon agonist challenge, OTR 4,; demonstrated 31 +
8 % internalisation (p = 0.03; mean + s.e.m, n = 3). To determine the optimal receptor-
expression levels, cells were plated out and induced at different time points, including a
non-induced control (figure 5.4). Cell viability was qualitatively assessed at each time
point, with notable cell-death after 70 h. Membranes were harvested via osmotic shock,
resolved on SDS-PAGE and subsequent Western-blot performed. Optimal cell-expression
was deemed to be approximately 44 h. The predicted molecular mass of OTR4,; is 49

kDa. A band is visible on the Western blot at approximately 50 kDa (figure 5.4).
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Figure 5.3: (a) Graph; (b) table showing cell-surface expression of OTR 4., expression
is shown normalised to induced-self, determined by ELISA. Induction is indicated by the
presence (+) of tetracycline (2 pg/ml) and sodium butyrate (5 mM). Internalisation was
assessed in the presence (+) of oxytocin (OT, 107% M). Absence of either compounds is
denoted by minus symbol (-). Data are mean + s.e.m from 3 separate experiments, each
performed in triplicate. Significance determined by paired t-test (*, p = 0.03).
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e — Mw ~50 kDa

Figure 5.4: Expression time-course of OTR,,; HEK 293S_tetR cells. Stably-
transfected OTR,,; HEK 293S_tetR cells were induced at different time points with
tetracycline (2 pg/ml) and sodium butyrate (5 mM). At each time point, cells were pho-
tographed (phase-contrast, 10X objective) immediately before membrane harvest, resolved
by SDS-PAGE and subsequent Western-blot performed using anti-HA antibody.
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Radioligand binding of OTR 4,

Self-competition binding assay demonstrated no significant difference in OT affinity
between WT OTR and OTR4,; constructs in either pcDNA3.1(+) (OTR4,; HEK 293T;
p = 0.93) or pACMV_tetO (OTR,; HEK 203S_tetR; p = 0.54). In HEK 203T cells,
WT OTR and OTR4,; derived a pICsq of 9.4 £ 0.2 (figure 5.5). In HEK 293S _tetR cells,
OTR 4,; derived a pICsg of 9.0 + 0.2 (figure 5.5).

109



CHAPTER 5. GENERATION OF STABLE, INDUCIBLE CELL LINES FOR OXYTOCIN RECEPTOR AND
PARATHYROID HORMONE 1 RECEPTOR

a
100+
O WTOTR (HEK 293T)
o & OTR,, (HEK 293T)
c ~
= 757 O OTR,,; (HEK 293S_tetR)
50
[T
=
8% 50
n- S
]
25+
0 L} L | L] L} L
-12 -1 -10 -9 -8 -7 -6
Log{[OT] (M)}
b
Receptor (cellular context) OT binding
(pICso)
WT OTR (HEK 293T) 94+0.2
OTRavi (HEK 293T) 94+0.2
OTRavi (HEK 293S_tetR) 9.0+0.2

Figure 5.5: Competition radioligand binding. (a) Binding curves; (b) data table
showing competition radioligand binding with oxytocin (OT). Membranes were harvested
from HEK 293T cells transiently-transfected with either WT OTR or OTR 4,;, or induced
HEK 293S_tetR cells stably-transfected with OTR4,;. Data are mean + s.e.m from at
least 3 separate experiments, each performed in triplicate. Paired ANOVA determined
no significant differences compared to WT OTR (OTR4,; HEK 293T, p = 0.93; OTR 4.4

HEK 293S_tetR, p = 0.54).
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Agonist-induced inositol phosphates accumulation

Inositol phosphates accumulation assay on the OTR constructs showed that OTR 4.
retained WT-like potency and E,,., capability in both HEK 293T and HEK 293S_tetR
contexts. WT OTR demonstrated a pECsqg of 8.6 & 0.1. OTR,,; in HEK 293T derived
a pECsq of 8.5 £ 0.1, and an E,,,, of 99 + 0.01 % (p = 0.53, compared to WT OTR).
OTR 4, in HEK 293S _tetR derived a pECsg of 8.4 + 0.3, and an E,,,, of 99 £ 1 % (p =
0.66, compared to WT OTR).
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Figure 5.6: InsP-InsP3 accumulation for OTR ;. (a) Curve; (b) data table show-
ing inositol phosphates accumulation assay with OT for transiently transfected HEK
293T cells for either WT OTR or OTR4,;, or, induced stably-transfected OTR 4,; HEK
293S_tetR cells. Data are mean + s.e.m from 3 separate experiments each performed in
triplicate. Paired ANOVA determined no significant differences compared to WT OTR
(OTR 4, HEK 293T, p = 0.53; OTR 4,; HEK 293S_tetR, p = 0.66).
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OTR,,; in a SMALP

To assess whether OTR 4,; SMALP-solubilised in a binding competent state, radioligand
binding experiments were performed. Previous work demonstrated high-levels of non-
specific binding of [PH]OT tracer to an ‘empty’ SMALP, which meant a competition-
style binding assay performed post-SMALP solubilisation was unsuitable (Charlton, 2015).
To overcome this, cells were pre-labelled with [*PH]OT tracer ligand, prior to SMALP-
solubilisation. Dishes of whole HEK 293S _tetR cells expressing OTR 4,; were pre-labelled
with 1 nm [*H]OT (tracer) in the presence or absence of 1 uM OT (unlabelled competitor).
Unbound ligand was removed by aspiration, before samples were SMALP solubilised (as
outlined; section 2.2.20). Post-centrifugation (150,000 g, 1 h), aliquots were taken for
liquid scintillation counting, to determine specific binding for each sample. Where, total
binding was determined by counts derived from dishes incubated with [PH]JOT only. Non-
specific binding was determined by counts derived from dishes incubated with both [*H]OT
and 1 uM OT. High levels of specific binding (93 %) were observed, indicating that
SMALP-solubilisation was not detrimental to ligand binding capability (figure 5.7). As
a control, HEK 293S cells expressing PTH1R 4,; were utilised and the exact process as
described above was carried out alongside (mock). [*H]OT tracer did not bind, therefore

no specific binding was determined.
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Figure 5.7: Pre-labelled radioligand binding observed in OTR-SMALPs. Specific
binding was determined for OTR4,; expressed in HEK 293S _tetR cells utilising 1 nM
radioligand ([*H]OT), in the presence or absence of 1 uM OT. Mock represents the same
experiment repeated with PTHIR 4,; expressing HEK 293S _tetR cells. Data are mean +
s.d from 3 separate experiments, each performed in triplicate.
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Purification of OTR 4,,~-SMALP

OTR sy from HEK 293S_tetR cells was SMALP solubilised and purified exactly as
described in 2.2.13. Elution from the Ni**-NTA column was achieved with 300 mM
imidazole. The eluted fractions were pooled, concentrated and buffer-exchanged via size-
exclusion before resolving all obtained fractions on an SDS-PAGE for Western blot analysis
utilising anti-HA primary antibody. Discrete bands are visible in the elution fraction

(figure 5.8).
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Figure 5.8: Western-blot analysis of OTR,,; Ni?*-NTA purification. HEK
293S _tetR cells expressing OTR 4,; (total protein) were SMALP-solubilised and super-
natant containing OTR 4,-~SMALPs (soluble) were incubated with Ni*T-NTA resin. Un-
bound material was collected in the flow through (FT). Column was washed with 15
column volumes of low imidazole (20 mM) buffer (washes). Elution was achieved with
300 mM imidazole and the fraction was concentrated and buffer-exchanged. A sample of
Ni?T-NTA resin was taken for analysis on SDS-PAGE post-imidazole elution (beads).

114



CHAPTER 5. GENERATION OF STABLE, INDUCIBLE CELL LINES FOR OXYTOCIN RECEPTOR AND
PARATHYROID HORMONE 1 RECEPTOR

5.2.3 Pharmacological characterisation of PTH1R 4,;

Cell-surface expression and internalisation of PTH1R 4,; within vector pcDNA3.1(+),

in transiently transfected COS-7 cells

It was important to initially establish when maximum internalisation of PTH1R 4,; oc-
curred after agonist challenge at a saturating concentration of PTH; 34 (107% M; carried
out at 37 °C). This established maximum internalisation at 30 min (figure 5.9). Cell-
surface expression levels and internalisation response were determined by ELISA, exploit-
ing the HA-tag on the receptor. The results demonstrated that PTH1R4,; is able to
express at the cell surface of COS-7 cells and internalise by 48 + 9 % after 30 min of

agonist stimulation (p = 0.021; mean + s.e.m, n = 4) (figure 5.10).
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Figure 5.9: Time-course of PTH; 3, stimulated PTHI1R,, internalisation.
PTHIR 4,; was stimulated with 1076 M PTH;_s, and cell-surface expression determined by

ELISA, using the anti-HA antibody. Data are mean =+ s.e.m from 3 separate experiments
each performed in triplicate.
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Figure 5.10: Cell-surface expression and internalisation of PTH1R ,,; in tran-
siently transfected COS-7 cells. (a) Graph (b) table showing cell-surface expression
of PTH1R 4,; in pcDNA3.1(+) in transiently transfected COS-7 cells. Expression is shown
in the absence (-) and presence (+) of 107 M PTH; _3,4, stimulated for 30 min, determined
by ELISA, exploiting the HA-tag. Data are mean + s.e.m from 4 separate experiments,
each performed in triplicate. Paired t-test determined significance (*, p = 0.021).
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Due to the known interactions between family B GPCRs and receptor activity modify-
ing proteins (RAMPs), cell-surface expression was assessed following co-transfection with
either RAMP 1, 2 or 3. To ensure functionality of the co-transfection with one of the three
RAMPs, CLR was used as a positive control. RAMP 1, 2 and 3 all assisted in trafficking of
CLR to the plasma membrane, consistent with known receptor pharmacology (Hay et al.,
2019). At the CLR, co-transfection with RAMP 1, 2 or 3 resulted in a 265 %, 207 % and
324 % increase in cell-surface expression, respectively (figure 5.11). In contrast, change in
receptor cell-surface trafficking was not observed when PTHI1R 4,; was co-transfected with
either RAMP 1, 2 or 3. Cell-surface expression of the PTH1R 4,; construct was sufficient
enough for continued pharmacological characterisation without requiring co-transfection

(figure 5.11).
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Figure 5.11: Cell-surface expression of CLR and PTH1R,,, in pcDNA3.1(+)
in transiently transfected COS-7 cells. (a) Graph (b) table showing cell-surface
expression of CLR and PTH1R4,; when transfected either alone, or co-transfected (1:1)
with either RAMP 1, 2 or 3. Expression is normalised to PTH1R 4,; only. Data are mean +
s.e.m from 3 separate experiments, each performed in triplicate. Significance determined
by paired ANOVA with Sidak multiple comparisons (ns, not significant; *, p = 0.01; ***
p = 0.0001; **** 1 < 0.0001).
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Inducible cell-surface expression and internalisation of PTH1R 4,; within vector

pACMYV _tetO, in stably-transfected HEK 293S_tetR cells

Stable cell lines were generated described in section 2.2.7. Inducible expression was in-
vestigated for cells that successfully grew in selection media. Colonies that demonstrated
the highest level of inducible expression were expanded into viable cell lines. High lev-
els of inducible expression were observed for stably-transfected PTHIR 4,; (figure 5.12).
To determine the optimal receptor-expression levels, PTHIR 4,; cells were plated out and
induced at different time points, including a non-induced control (figure 5.13). Cell via-
bility was qualitatively assessed at each time point, with notable cell-death apparent after
70 h. Membranes were harvested via osmotic shock, resolved on SDS-PAGE and subse-
quent Western-blot performed. The predicted molecular mass of PTH1R 4,; is 72 kDa,
with a band visible at this approximate size on the Western blot (figure 5.13). Optimal

cell-expression was deemed to be approximately 44 h.
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Figure 5.12: Inducible expression of PTH1R,, in stably-transfected HEK
293S_tetR cells. (a) Graph (b) table showing cell-surface expression of PTHIR 4.,
as determined by ELISA exploiting the HA-tag on the receptor. Data are mean + s.e.m
from 3 separate experiments, each performed in triplicate. Significance determined by

paired t-test (p = 0.04).
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Figure 5.13: Expression time-course of PTHI1R 4,; HEK 293S _tetR cells. Stably-
transfected PTH1R 4,; HEK 293S_tetR cells were induced at different time points with
tetracycline (2 pg/ml) and sodium butyrate (5 mM). Cells were photographed (phase-
contrast, 10X objective) immediately before membrane harvest, resolved on SDS-PAGE
and subsequent Western-blot performed using anti-HA primary antibody.

121



CHAPTER 5. GENERATION OF STABLE, INDUCIBLE CELL LINES FOR OXYTOCIN RECEPTOR AND
PARATHYROID HORMONE 1 RECEPTOR

Agonist-induced cAMP accumulation of PTH1R 4,;

The signalling capability of PTH1R 4,; upon PTH;_3, (1075 to 107'2 M) stimulation
was assessed via cAMP assay for PTHIR 4,; within vector pcDNA3.1(+) (COS-7 cells)
and vector pACMV _tetO (HEK 293S_tetR cells). PTH;_34 stimulated cAMP production
pECso value for transiently transfected COS-7 cells was 9.6 £+ 0.1 (figure 5.14). This was
not significantly different from the pECsq derived with induced HEK 293S tetR cells of
9.3 £0.2 (p =0.5). Epgp of PTHIR 4; was 95 + 3 % and 93 + 5 % for COS-7 and HEK

293S_tetR cells, respectively (data given are mean + s.e.m, n = 5).
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Figure 5.14: cAMP dose-response curve for PTH1R,,, in COS-7 and HEK
293S_tetR cells. (a) Graph (b) table. Agonist-induced cAMP accumulation was deter-
mined in a dose-response manner after stimulation with PTH;_34, at stated concentrations.
Data are mean =+ s.e.m from 5 separate experiments, each performed in triplicate. Paired
t-test determined no significant difference between derived pEC5y values (p = 0.5).
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Purification of PTH1R 4,; in pACMYV _tetO

PTHIR 4,; was SMALP-solubilised exactly as described in 2.2.13. HEK 293S-tetR cells
stably expressing PTH1R 4,; were induced and crude-membranes harvested 44-48 h later,
via osmotic shock. Crude preparations were then SMALP-solubilised, and non-solubilised
material was sedimented via ultracentrifugation (150,000 g, 1 h). Supernatant containing
the SMALP-solubilised PTH1R 4,; was collected, and incubated with Ni?*-NTA resin,
overnight at 4 °C. The resin-protein mix was placed into a gravity-flow column and washed
with 20 mM imidazole. PTHI1R 4,; was eluted with 250 mM imidazole. Eluted fractions
were pooled, concentrated and buffer-exchanged to get rid of imidazole, before silver stain
and Western-blot performed. A clear, distinct band can be seen between 50-80 kDa on
the silver stain gel in the eluted fraction (figure 5.15a). A discrete band can also be seen
on the Western-blot, detected with anti-HA antibody between 50-80 kDa (figure 5.15b).

The predicted molecular mass of PTH1R 4,; is 72 kDa.
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Figure 5.15: Silver stain and Western-blot, demonstrating SMALP solubilisa-
tion and Ni?**-NTA purification of PTH1R 4,; from stably-transfected, induced
HEK 293S_tetR cells. (a) Molecular mass marker is shown in the first lane and with
marker key on the left-hand side showing masses (kDa). Key: P: Insoluble pellet from
SMALP solubilisation. SN: Supernatant fraction containing PTHIR 4,,-SMALPs. FT:
Flow-through collected after overnight, batch bind onto Ni?*-NTA resin. W1-10: Col-
umn washes (20 mM imidazole). E: Pooled and concentrated elution. Eluted fractions
(250 mM imidazole) were collected and pooled and concentrated to ~0.5 ml using a Vi-
vaspin concentrator (MWCO 10 kDa) and buffer-exchanged to get rid of imidazole. (b)
Pooled and concentrated elution fractions, detected via Western-blot, with anti-HA. Rep-
resentative gels from three experiments.
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5.2.4 Design and characterisation of novel PTH, 3,:BODIPY ligand

A novel PTHIR fluorescent ligand was designed and pharmacologically characterised
with regards to cAMP accumulation. At present, no radiolabelled, or fluorescently la-
belled PTHI1R ligand is commercially-available. Chapter 3 demonstrated the successful
application of FCS to quantify ligand binding to a GPCR-SMALP, utilising a BODIPY
630/650 labelled ligand (Grime et al., 2020). BODIPY 630/650 has also been successfully
used in GPCR-based bioluminescence resonance energy transfer (BRET) and Forster reso-
nance energy transfer (FRET) experiments (Stoddart et al., 2015b). Consequently, it was
deemed the label of choice for PTHIR fluorescent ligand design. In previous studies, Lys'?
has been used successfully to conjugate a fluorescent moiety (Guo et al., 2012). Further-
more, analysis of the PTHIR crystal structure (Ehrenmann et al., 2018) revealed Lys'3
of the bound PTH ligand projected into space and did not form any local interactions
with peptide or receptor. Therefore, PTH; 3, was designed with a BODIPY 630/650 flu-
orophore conjugated to Lys'3, herein referred to as PTH;_34;:BODIPY, which was custom

synthesised by Cambridge Research Biochemicals, UK (figure 5.16).

BODIPY® 650/630 > Lys'®

Figure 5.16: Schematic of the PTH,; 3,:BODIPY peptide. PTH;_3; was conjugated
to a BODIPY 630/650 moiety (red) on Lys'® (blue).
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It was important to determine if the custom-synthesised PTH; 3,:BODIPY retained
agonism. PTH;_3,:BODIPY was pharmacologically characterised via cAMP accumulation
assay on live COS-7 cells expressing PTH1R 4,;. Stimulation with unlabelled PTH;_34
was carried out alongside to enable direct comparison of derived ECs5q and E, ., values.
PTH;_34,:BODIPY retained WT-like signalling capability, demonstrating a pECs, of 10.1
+ 0.4, compared with 10.1 £ 0.2 observed with PTH;_34 (p = 0.8; mean + s.e.m, n = 3).
E, ..z was unaffected by addition of the fluorescent moiety, with E,,,, values of 92 + 4 %
and 96 + 3 % being achieved for PTH;_34 and PTH;_3,:BODIPY respectively, compared

to forskolin response (100 uM) (figure 5.17).
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Figure 5.17: cAMP dose-response curve of PTH1R 4,; in response to PTH; 3,
or PTH, 3;:BODIPY. (a) Graph (b) table. cAMP accumulation was determined with
stated ligand at indicated concentrations (107! to 1075 M). Data are mean + s.e.m from
3 separate experiments, each performed in triplicate.
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5.3 Discussion

5.3.1 Cell line characterisation

Presented in this chapter is the generation and pharmacological characterisation of two
novel receptor constructs and inducible cell lines for expressing OTR ,; or PTHI1R 4,;,
plus subsequent SMALP-solubilisation and Ni?*-NTA purification. Generation of stably-
transfected, inducible cell lines was required, as one of the major technical hurdles to
GPCR study is obtaining sufficient quantity of receptor for downstream analysis. Be-
ing integral membrane proteins, interaction with membrane lipids is an important fac-
tor for receptor functionality (Sengupta et al., 2018). Specifically, membrane cholesterol
is required for high-affinity ligand binding at the OTR. Depletion of cholesterol with a
quenching agent (methyl-f-cyclodextrin) resulted in almost 100-fold loss of OT affinity
in mammalian myometrial membranes which was reversible upon replenishment (Klein
et al., 1995). The cholesterol-dependence of the physiological function and thermal stabil-
ity of OTR is well documented (Gimpl and Farenholz, 2000; Gimpl and Fahrenholz, 2002).
More recently, the inaugural structure of the oxytocin receptor elucidated a distinct choles-
terol binding site at an extrahelical groove amongst helices TM4 and TM5 (Waltenspuhl
et al., 2020). Cholesterol is known to modulate many GPCRs, therefore a mammalian
cell membrane represents the ideal receptor environment (Pucadyil and Chattopadhyay,
2006). Successful extraction of a receptor, whilst maintaining the native lipid annulus
would provide a valuable foundation for drug discovery platforms. Receptor constructs
were designed with affinity tags to facilitate detection, immobilisation and purification.
A deca-His tag and an HA-tag were incorporated onto the N-terminus of the OTR and
PTHIR (figure 5.1). At the C-terminus, an Avidity Avitag ' (GLNDIFEAQKIEWHE)
was incorporated. The AvitagTM allows an enzymatic conjugation of a single biotin on
a unique 15-residue peptide tag which can be biotinylated by the E. coli enzyme, biotin
ligase (BirA) (Beckett et al., 1999). Whilst not exploited in this study, the AvitagTM may

assist in receptor immobilisation for future studies, particularly in anti-GPCR antibody
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generation. It was important to establish that the addition of these tags did not impair
native receptor folding, trafficking or function (Lichty et al., 2011). For instance, fusion
of a hexa-His tag to the human p-opioid receptor N-terminus diminished cell-surface ex-
pression 10-fold, while it had no influence when fused to the C-terminus of the receptor
(Massotte, 2003). Both OTR 4,; and PTHIR 4,; were pharmacologically characterised in
both a stable-cell context (HEK 293S_tetR), and in transiently transfected, HEK 293T
cells. In particular, this allowed for direct comparison between OTR 4,; and a WT-OTR
that was engineered previously (Hawtin et al., 2001b). OTR4,; expressed at 80 % of
WT OTR (figure 5.2) which, while a small decrease, was acceptable. The lower OTR
expression observed could be due to the addition of the deca-His and AvitagTM, result-
ing in less efficient receptor trafficking. Alternatively, it may be possible that the close
proximity of the deca-His and HA sequences resulted in reduced anti-HA antibody detec-
tion. With regards to PTH1R 4,;, interaction with receptor activity modifying proteins
(RAMPs) was investigated. RAMPs are single-pass transmembrane proteins that form
complexes with some family B GPCRs, and are known to alter receptor phenotype and
trafficking. Three RAMPs have been identified (Hay et al., 2006). PTH1R has been shown
to be regulated by RAMP2 (Kadmiel et al., 2017), however beyond this, the interaction is
poorly understood. The interactions between CLR (a family B GPCR) and RAMPs are
well characterised, with CLR alone expressing poorly at the cell surface (Poyner et al.,
2002). CLR was used as a positive control alongside PTH1R 4,; in cell-surface expression
ELISA in order to determine if RAMPs altered PTHI1R 4,; expression. It was shown that
co-transfection with RAMPs 1-3 significantly increased CLR trafficking (figure 5.11). No
significant changes in PTH1R 4,; expression were observed with co-transfection with any
of the RAMPs, therefore co-transfection was not continued. Overall, both OTR4,; and
PTHI1R 4,; demonstrated acceptable cell-surface expression. Both receptors internalised
upon agonist challenge to levels consistent with W'T, and those determined previously
(Syme et al., 2005). Previous work in the Wheatley laboratory established maximum OTR

internalisation at 30 min (Bailey, 2017). Altogether these data establish the engineered
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receptor constructs are pharmacologically WT-like with regards to receptor trafficking and
internalisation. Ligand binding assays for OTR 4,; and inositol phosphates accumulation
assay further supported the conclusion that OTR4,; behaves like a WT-receptor (figure
5.5; figure 5.6). The same was observed for PTHI1R 4,; where derived ECsy values were
consistent with literature (figure 5.14) (Bisello et al., 2019).

Characterisation of the novel PTH;_3,:BODIPY ligand demonstrated that addition of
the BODIPY 630/650 fluorophore to the peptide did not alter receptor signalling efficacy,
achieving exactly WT-like responses when measured via cAMP accumulation assay (figure
5.17). This is a significant finding as the availability of a high-affinity fluorescent ligand
provides a valuable tool to understanding receptor pharmacology. This novel labelled
agonist could have many downstream applications, such as FRET/BRET, FCS, super-
resolution microscopy, labelling of endogenous tissues and internalisation studies, all of
which could be used to enhance knowledge of receptor pharmacology, or aid characteri-
sation of drug-like molecule or antibodies which may allosterically modulate the receptor

(Stoddart et al., 2015a).

5.3.2 GPCR extraction and purification

This chapter also demonstrated the first-documented detergent-free solubilisation and
purification of PTH1R and OTR, providing a foundation for future down-stream appli-
cations. At present, there are two solved PTHIR structures, both utilised insect cells
for receptor expression and detergents for solubilisation (Ehrenmann et al., 2018; Zhao
et al., 2019). Specifically, (Zhao et al., 2019) reported on a discernable lipid belt in the
detergent micelle, and hypothesised how structural lipids may have contributed to the
stability of the complex in its active conformation. It would be of interest to examine
the lipid-PTHI1R interactions in a more native state, and probe how native mammalian
lipids affect conformational stability, or G-protein coupling. Future work should aim to
assess the functional state of the receptor in a SMALP. This could be achieved utilising
the PTH;_3,:BODIPY ligand combined with FCS, as examined in chapter 3. Confirm-

ing the retention of high-affinity ligand binding post-solubilisation is a crucial step. The
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application of drug discovery platforms, such as the use of phage-display to generate
nanobodies, or immobilisation of a GPCR-SMALP on an SPR chip, requires correctly
folded receptor. With regards to the OTR, pre-labelling studies demonstrated that the
OTR SMALP-solubilised in a binding-competent state which is suggestive that SMALP-
solubilised OTR retains native folding (figure 5.7). Future studies should aim to derive
an affinity value for OT binding to the OTR post-solubilisation, however due to the pep-
tide nature of the ligand, overcoming high-levels of non-specific binding to the SMALP
remains a technical issue. The recent crystal structure of the human oxytocin receptor
utilised small-molecule antagonist retosiban as ligand of choice to stabilise inactive re-
ceptor conformation, and affinities were derived using fluorescently labelled OT (HiLyte
Fluor 488-Orn8 OT) (Waltenspuhl et al., 2020). The use of fluorescent techniques may
provide alternative avenues from radioligand experiments and should be explored with
SMA and SMA-like polymers. It is worth noting that high-affinity agonist binding sites
are not always preserved due to the absence of G-protein, which stabilises active receptor
state. Whether GPCR-lipid particles extract with a G-protein bound remains to be clar-
ified. Western-blot analysis of SMALP-solubilised, purified of OTR 4,; revealed discrete
bands at multiple molecular masses at and above that of the predicted molecular mass of
OTR 4vi, 49 kDa. Future work could define these bands, mass spectrometry could provide
insight into whether these are oligomers of OTR, or if G-protein is present in the nanodisc.
Despite the potential benefits of SMA and SMA-like polymers in protein biochemistry,
there remain limitations. SMA may mask orthosteric and allosteric binding sites making
purified receptors technically challenging to pharmacologically characterise. Analysis of
the cryo-EM structure of the alternative complex III supercomplex revealed SMA con-
tributed to a very thin layer of density, which followed the contours of the entire protein,
with slightly more SMA-density present in a disc-like shape around the transmembrane
regions (Sun et al., 2018). The SMA-solubilised cryo-EM structure of the A. bauman-
nit AdeB multidrug efflux pump revealed SMA only contributing to a belt surrounding

the transmembrane region. Polymer-protein interactions are likely to have a degree of
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protein-specificity to them. The location of orthosteric and allosteric binding sites may
determine how a polymer-encapsulated GPCR can be pharmacologically assessed. In the
OTR crystal structure, an allosteric divalent cation binding site was proposed at the top
of TM1 and TM2 and was experimentally validated (Waltenspuhl et al., 2020). Divalent
cations have been shown to positively modulate OTRs, permitting high-affinity binding
(Antoni and Chadio, 1989). The use of polymer-screens should be encouraged, whereby
multiple amphipathic SMA-like polymers are characterised to determine the most appro-
priate extraction agent for the desired application. Future work should examine SMI- and
DIBMA- solubilisation of PTH1R and OTR, in a systematic and similar manner to work

presented in chapter 4.

5.3.3 Summary and future work

The generation of sufficient quantity and quality of GPCRs remains a technical hurdle
for biophysical and structural analysis. The successful design, generation, pharmacological
characterisation and proof-of-concept purification of OTR and PTHIR presented here
provides essential tools required for future pharmacological study. It is feasible these cell
lines generated could be used alongside techniques such as FCS to investigate the effects
of allosteric modulators, such as therapeutic antibodies and nanobodies. Furthermore,
they may provide a useful platform for structural studies which would aid drug discovery

efforts.

133



Chapter 6: Ligand-specific interactions identified at the first ex-

tracellular loop of calcitonin receptor-like receptor

The work presented within this chapter was awarded a ‘Flash Poster Prize’
after presentation at The British Pharmacological Society’s flagship annual

meeting; Pharmacology 2019, Edinburgh, UK (appendix C)

6.1 Introduction

The previous chapters within this thesis focused on validating the use of, and exploring
down-stream applications for polymer-based nano-encapsulation strategies. SMALPs and
emerging second-generation polymers are useful tools for the study of membrane-bound
proteins, and ultimately drug discovery. GPCRs demonstrate incredibly complex pharma-
cology, and thus require multiple approaches to study them. This final chapter explores
a phenomenon observed within family B GPCRs; their interaction with receptor activity
modifying proteins (RAMPs). Specifically, the functional importance of loop length of
ECLI of calcitonin receptor-like receptor (CLR) is investigated with respect to RAMP
association and signalling efficacy via site-directed mutagenesis. Family B GPCRs re-
spond to peptide hormones and regulate vital physiological responses. They are tractable
drug-targets, with a range of therapeutic peptides and peptide-mimetics being used to
treat diseases such as osteoporosis, diabetes mellitus, migraine and obesity (Karageorgos
et al., 2018). Understanding their structure and function is therefore essential for the
development of novel therapeutics. Family B GPCR pharmacology is made more complex
by their association with one of three RAMPs. RAMPs are single-pass transmembrane
proteins that form functional heterodimers with GPCRs, capable of significantly alter-
ing receptor phenotype. More recently, evidence of RAMPs interacting with a broader

subset of GPCRs has emerged however, they are best characterised for their interaction
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with calcitonin receptor (CTR) and CLR (Conner et al., 2004). CLR interacts with the
different RAMPs to yield distinct receptor phenotypes. When associating with RAMP1
it acts as the calcitonin gene-related peptide (CGRP) receptor (CGRPR). CGRP is a
neuropeptide that has roles in metabolism, blood-pressure regulation, inflammation and
auditory-nerve development (Wimalawansa, 1996). CGRPR is implicated in migraine
and several clinically-approved antibody-based therapeutics exist to treat the pathology
(Stoker and Baker, 2018; Hussar and Moyer, 2019; Friedman and Cohen, 2020). When
CLR associates with RAMP 2 or 3, it forms the adrenomedullin receptor 1 (AM;R) and 2
(AM3R), respectively (Poyner et al., 2002). Adrenomedullin (AM) is a potent vasodilatory
hormone, essential for angiogenesis, as well as vascular and lymphatic development. More
recently, AM and its receptors have been implicated in fertility. Inter-uterine delivery of
AM prior to blastocyst transfer resulted in improved embryo implantation rate in AM
deficient mice models (Kadmiel et al., 2017). A recent human study uncovered a reces-

sive in-frame deletion of Val?%

of CLR resulting in nonimmune hydrops fetalis (NIHF),
where homozygosity results in foetal loss due to NIHF, and heterozygosity results in sub-
fertility (Mackie et al., 2018). Val?*® resides within ECL1 of CLR. It remains unclear if

the phenotype observed is specifically due to the loss of Val?®

or from the shortening of
ECL1. ECLs are known to contribute to receptor structure and function. Indeed, loss or
mutation of residues within the ECLs is associated with altered ligand selectivity, varied
binding and signalling profiles, and is implicated in disease. The extracellular loop regions
of the parathyroid hormone (PTH) 2 receptor (family B) determine signalling selectivity
for PTH and PTH-related peptide (Bergwitz et al., 1997). Furthermore, A?**E mutation
(ECL2) of the ghrelin receptor (family A) results in loss of constitutive activity causing
growth failure in humans (Pantel et al., 2006). In the vasopressin receptor (family A),
Arg''6 and Arg!?® (ECL1) are required for agonist binding, where loss of a positive charge
at either residue results in ablated agonist binding and subsequent loss of signalling activ-

ity (Hawtin et al., 2006). ECL1 of family B GPCRs is the most varied in length, compared

with other family B ECLs (figure 6.1). ECLI is particularly elongated in the parathyroid
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receptors (~26 residues in humans). In human CLR, ECL1 is ~10 residues in length,
making it one of the shortest within family B GPCRs, alongside corticotropin-releasing
factor receptors (CLR receptor ‘snake plot’; appendix F). ECL1 demonstrates almost no
homology within family B receptors making it difficult to draw transferable insights from
one receptor to another. Despite lack of homology, there is marked conservation within
ECL1 of CLR across species (figure 6.2). Asn? Asn?! GIn?2, Leu?* and Val?® all

demonstrate >99 % conservation.

Family B

GPCR Extracellular Loop One

hCLRV A
hCTRVVPEIGE - - - - - -------------=----

hPTHIR LYSIGAT L ‘IiIALPPPPA AAAGYAGC
hPTH2R VIllA
E

Figure 6.1: Alignment of ECL1 within family B GPCRs. Human sequences of
the receptors were aligned with ClustalO version 1.2.2 (http://www.clustal.org/omega/).
Residues are colour coded using the ‘Taylor’ system (Taylor, 1997).
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Extracellular Loop One

Consensus Sequence

Human v ANINIGA LV ATH
Chimpanzee v ANIN@A LV ATN
Equine VANINGIA LV ATHN
Canine VANNGA LVATN
Feline VANINIGIA LVATHN
Rodent VANINIGA LVATHN
Amphibian VANNGALVATHN
Whale v ANINNGIP LVATHN
Reptile VANNGELVATH
Bird VANINIQEILVATN

Zebra Fish VANNGELvGON

Figure 6.2: Consensus alignment of ECL1 in calcitonin receptor-like recep-
tors (CLRs) across species. A total of 247 species were analysed and consensus se-
quences generated. Aligned with ClustalO version 1.2.2 (http://www.clustal.org/omega/).
Residues are colour coded using the ‘Taylor’ system (Taylor, 1997).
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Of the 90 unique GPCR structures that have been solved, 11 of these are full-length,
high-resolution structures of family B GPCRs, which has provided valuable mechanistic
insight into this therapeutically important class of receptors (correct as of February 2021).
The 3.3 A cryo-EM structure of the calcitonin receptor (CTR) elucidated how the peptide
agonist engaged the receptor by binding to an extended hydrophobic pocket, facilitated
by a large outward movement of the extracellular ends of transmembrane TM6 and TM7
(Liang et al., 2017). Alongside this, mutagenesis identified that the stalk of TM1 and
ECL1 are involved in bias between cAMP versus pERK signalling (Dal Maso et al., 2019).
The 3.3 A cryo-EM structure of an active, Ga,-coupled, CGRPR confirmed that RAMP1
stabilises ECL2 (Liang et al., 2018). Finally, in March 2020, full-length structures of AM;R
and AMsR were solved, providing yet more insight into GPCR-RAMP interaction (Liang
et al., 2020). The orientations of the ECD (relative to the receptor core) between CGRPR,
AM;R and AM,R were identified to be receptor-specific, highlighting further, the impor-
tance of ECDs. Molecular dynamic simulations also suggested that ECD dynamics could
influence G-protein interactions. These cryo-EM structures provide great understanding
into the allosteric modulation of GPCRs by RAMPs. With the clinical significance of

129 emerging, elucidating the roles of other residues within ECL1 may

residues such as Va
provide novel insights into receptor structure and function. This study particularly aimed
to identify if deletion of other residues within ECL1 resulted in perturbation of receptor
function, or whether this is a feature unique to Val?®>. At CGRPR (CLR + RAMP1),
previous alanine scanning showed relatively few effects on receptor pharmacology, with
Ala?®Leu and Ala?®Leu found to influence the ability of CGRP to stimulate cAMP, with
a minor increase in the pECsy (Barwell et al., 2011). Investigated in this chapter was the
effect of deletion mutations along ECL1. Subsequent, single-, double- and triple- residue

deletions were carried out and mutants were characterised with respect to receptor-RAMP

trafficking and agonist activity via cAMP signalling.
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6.2 Results

6.2.1 Design of mutant receptor constructs

A WT CLR construct which contained an N-terminal HA-tag was used in this study
(construct sequence; appendix E). Each residue within ECL1 of CLR was sequentially
deleted from Asn?® to Asn?*® to probe the role of individual amino acids (figure 6.3).
A double deletion of both Asn? and Asn?"! was included, as well as an insertion of
Asn between residues 200 and 201, to probe the consequence of loop shortening and
lengthening, respectively (table 6.1). Furthermore, two triple-deletion constructs where
engineered to generate a CLR construct with an ECL1 shorter than any found within
family B GPCRs (table 6.1). Mutagenic primers were designed for use with QuikChangeTM
site-directed mutagenesis; sequences were confirmed by Sanger Sequencing Services in

sense, and antisense direction (appendix D) (methods described in 2.2.1).

Figure 6.3: Extracellular loop one (ECL1) of calcitonin receptor-like receptor
(CLR). (a) Schematic of ECL1 highlighting individual residues mutated in this study
(grey), as well as clinically identified Val?®> (blue). (b) Extracellular loop one (white) of
adrenomedullin 1 receptor (dark-red) bound to adrenomedullin (green), with Val?®> shown
in blue. Image generated in UCSF ChimeraX v0.091 (Goddard et al., 2018). Adapted
from PDB file 6GUUN (Liang et al., 2020).
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Table 6.1: Oligonucleotide sequences utilised to generate mutant calcitonin
receptor-like receptor (CLR) constructs. Bases shown in dark red denote the
region either side of deleted codon(s). Bases shown underlined in blue denote codon

insertion. (s) sense; (as) antisense.

Receptor mutation Primer sequence

5'- CT-GCA-GTG-GCC-AAC-CAG-GCC-TTA-GTA-GC
-3

5'- GT-GGC-TAC-TAA-GGC-CTG-GTT-GGC-CAC-TG
-3

(s)
[N2'AJCLR

(@s)

5'- GCA-GTG-GCC-AAC-AAC-GCC-TTA-GTA-GCC-
ACA -3

5'- TGT-GGC-TAC-TAA-GGC-GTT-GTT-GGC-CAC-
TGC -3'

(s)
[Q292A]CLR

(@s)

5'- CA-GTG-GCC-AAC-AAC-CAG-TTA-GTA-GCC-ACA-
AAT-CC -3'
5'- C-AGG-ATT-TGT-GGC-TAC-TAA-CTG-GTT-GTT-
GGC-CAC -3

(s)
[A23A]CLR

(as)

5'- GCC-AAC-AAC-CAG-GCC-GTA-GCC-ACA-AAT-
CCT -3'

5'- AGG-ATT-TGT-GGC-TAC-GGC-CTG-GTT-GTT-
GGC -3'

(s)
[L24A]CLR

(as)

5'- G-GCC-AAC-AAC-CAG-GCC-TTA-GCC-ACA-AAT-
CC -3'
(@s) 5'- GG-ATT-TGT-GGC-TAA-GGC-CTG-GTT-GTT-GGC-
Cc-3

(s)
[V295A]CLR

5'- GCC-AAC-AAC-CAG-GCC-TTA-GTA-ACA-AAT-
CCT-GTT-AGT-T -3'
5'- A-ACT-AAC-AGG-ATT-TGT-TAC-TAA-GGC-CTG-
GTT-GTT-GGC -3'

(s)
[A206A]CLR
(as)

5 AC-CAG-GCC-TTA-GTA-GCC-AAT-CCT-GTT-AGT-
TGC-AA —3'

5'_ TT-GCA-ACT-AAC-AGG-ATT-GGC-TAC-TAA-GGC-
(as) CTG-GT -3'

(s)
[T207A]CLR
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Receptor mutation

Primer sequence

(s)
[N2SAJCLR

(as)

5'- C-CAG-GCC-TTA-GTA-GCC-ACA-CCT-GTT-AGT-
TGC-A -3'

5'- T-GCA-ACT-AAC-AGG-TGT-GGC-TAC-TAA-GGC-
CTG-G -3'

(s)
[N 200,201&]CLR
(as)

5'- TC-ACT-GCA-GTG-GCC-CAG-GCC-TTA-GTA-GC
-3

5'- GC-TAC-TAA-GGC-CTG-GGC-CAC-TGC-AGT-GA
-3

(s)
[A1 QQA, N200,201A]CLR

(as)

5'- CC-TTA-GTA-GCC-ACA-CCT-GTT-AG -3
5'- CT-AAC-AGG-TGT-GGC-TAC-TAA-GG -3'

(s)
[N200,201 '208ﬁ]CLR

(as)

5'- CTC-ACT-GCA-GTG-CAG-GCC-TTA-GTA-G -3'
5'- C-TAC-TAA-GGC-CTG-CAC-TGC-AGT-GAG -3'

(s)
[N2°NN]CLR
(as)

5'- C-ACT-GCA-GTG-GCC-AAC-AAT-AAC-CAG-GCC-
TTA-GTA-G -3'

5'- C-TAC-TAA-GGC-CTG-GTT-ATT-GTT-GGC-CAC-
TGC-AGT-G -3
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6.2.2 AM;R cell-surface expression

Cell-surface expression levels for WT AM;R (CLR + RAMP2) and each of the con-
structs was determined via ELISA, exploiting the HA-tag on the N-terminus of the re-
ceptor (the RAMP2 construct had no affinity tags). WT CLR alone (without RAMP2)
demonstrated poor cell-surface expression, achieving 34 + 3 % relative to WT AM;R (p
= 0.0005; mean + s.e.m, n = 3), consistent with published values (Hay et al., 2006). All
mutant constructs were assayed following co-transfection with RAMP2, to form AM;R.
Results showed that all constructs expressed at WT-like levels, varying between 83-129
% relative to WT AM;R (figure 6.4; table 6.2). The clinically identified [V?AJAM;R
demonstrated cell-surface expression at 103 + 9 % that of WT (mean 4+ s.em, n = 3)
(figure 6.4; table 6.2).
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Figure 6.4: Cell-surface expression of CLR + RAMP2 (AM;R) ECL1 deletion
scan mutants. Cell-surface expression was assayed utilising anti-HA primary antibody.
HA-tagged receptors were co-transfected (1:1) with untagged-RAMP2 in COS-7 cells.
Data are mean =+ s.e.m from three independent experiments, performed in triplicate,
values relative to WT AM;R. Significance determined by paired ANOVA with Dunnett’s
multiple comparisons (ns, not significant; *** p = 0.0005).
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Table 6.2: Cell-surface expression of CLR + RAMP2 (AM;R) ECL1 deletion
scan. WT sequence and region of deleted or inserted codons is shown for clarity. Cell-
surface expression is relative to WT AM;R. Data are mean + s.e.m from three

independent experiments, performed in triplicate.

Relative
Receptor construct Sequence (5'-3’) expression
(% + s.e.m)
WT CLR 34+3
WT AM1R GCC-AAC-AAC-CAG-GCC-TTA-GTA-GCC-ACA-AAT-CCT 100 £ 0
VTN TY Y 7Y = S — AAA== === = e 83+ 19
[Q22A)AMiR oo AAA- - oo 112+8
[A203A]JAM{R~ —mmmemeeee AAA-=== o mmmmmmmm oo 85 £12
[L2%AJAM{R e AAA == mm e 129+ 14
[VOSAJAMIR e AAA==—mmmmmmm 103 £9
[AZ6AJAM{R  mmmmmmmmmmmmeoo AAA=———mm e 106 £ 17
[T27AJAMIR  mmmmmm e AAA-————- 115+ 21
[N208AJAMIR AAA--- 1M1 +1
[N200.201AJAMR T V. V.Y.V.V. VTR S 83+8
[A19°A, N200.201AJAM 4R AAAAAAAAA= === === === = mmm e e o 9413
[N200.201.208ATAM;R V.Y,V Y —— AAA--- 77+3
[N2°NNJAM:R == -AAT-----=mmmmmeomeooooo 9517
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6.2.3 RAMP2 cell-surface trafficking at WT AM;R and [VZ2"A]JAM;R

Following the deletion scan, cell-surface expression of the clinically identified V2% A-
RAMP2 heterodimer was probed in more detail. Both receptor and RAMP?2 trafficking
were assessed independently via ELISA in COS-7 and HEK 293T cell lines. Receptor
trafficking was assessed exploiting the HA-tag on the N-terminus of the receptor. RAMP2
trafficking was assessed exploiting a FLAG-tag at the RAMP2 N-terminus (RAMP se-
quence; appendix E).

In both cell lines, [V*®AJAM;R expression was enhanced by co-transfection with
RAMP2, to a WT-like level (figure 6.5). In COS-7 cells, [V2%AJAM;R expression went
from (relative to WT) 57 £ 10 % to 135 £ 25 % after RAMP2 co-transfection (figure
6.5a). In HEK 293T cells, [VZ*® A]JAM; R expression went from a relative 36 + 5 % to 147
+ 28 % after RAMP2 co-transfection (figure 6.5¢) (data are mean £ s.e.m, n = 3).

RAMP?2 trafficking appeared unaffected by deletion of Val?®®, retaining WT properties
in both COS-7 and HEK 293T cell lines (figure 6.5). In COS-7 cells, RAMP2 expressed
at 107 + 4 % when co-transfected with [V2A]CLR, relative to RAMP2 expression with
WT CLR (figure 6.5b). In HEK 293T cells, RAMP2 expressed at 97 + 14 % when co-
transfected with [V2%A]CLR, relative to RAMP2 expression with WT CLR (figure 6.5d)

(data are mean £ s.e.m, n = 3).
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Figure 6.5: Probing the trafficking of the clinically apparent [V2®A]JAM,R.
Receptor cell-surface expression was monitored in (a) COS-7 cells and (c¢) HEK 293T
cells. HA-tagged receptors were co-transfected (1:1) with untagged-RAMP2. RAMP2
cell-surface expression was monitored in (b) COS-7 cells and (d) HEK 293T cells. FLAG-
tagged RAMP2 was co-transfected (1:1) with receptor constructs. Data are mean + s.e.m

from three separate experiments, performed in triplicate.
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6.2.4 Agonist-induced cAMP production

Having established that all receptor constructs retain WT-like cell-surface expression
(when co-transfected with RAMP2), agonist-induced cAMP production was assessed for
WT and mutant constructs for AM;R (CLR + RAMP2), AM;R (CLR + RAMP3) and
CGRPR (CLR + RAMP1).

The effect of V?%A on agonist-induced cAMP production

COS-7 cells were transfected with either WT CLR or [V A]CLR, along with the ap-
propriate RAMP to generate either CGRPR, AM;R or AM,R. Cells were then challenged
with either CGRP (for CGRPR), or AM;3_5 (for CGRPR, AM;R and AM,R) and cAMP
response was measured. AM;3_5o is a high-affinity agonist at adrenomedullin receptors
and routinely employed for the study of CLR (Garelja et al., 2020).

At [V2%A]JCGRPR, a significant 200-fold loss of CGRP potency was observed from
9.9 +£ 0.3 (WT) to 7.9 + 0.4 (p = 0.002) (figure 6.6a; table 6.3). A 3-fold loss of AM3_59
potency was seen at [V2 AJCGRPR, from 8.1 4 0.2 (WT) to 7.7 + 0.2 (p = 0.04) (figure
6.6b; table 6.3). At the clinically identified [V2*AJAM;R, a 13-fold loss of AMi3_ 59
potency was observed, from 9.6 &+ 0.3 (WT) to 8.4 & 0.4 (not significant, p = 0.06) (figure
6.6c; table 6.3). At [VZ®AJAM,R, a 5-fold reduction in potency seen which did not reach
significance (9.7 & 0.4 at [V***A]JAM,R, compared with 10.4 + 0.1 at WT, p = 0.4) (figure
6.6d; table 6.3) (data are mean + s.e.m, n = 3). At all receptors, E,,,, responses appeared

unaffected by deletion of V2% (table 6.3).
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Figure 6.6: Effect of deletion of CLR residue V2% on agonist-induced cAMP
production. Agonist-induced dose-response curves at (a), (b) CGRPR; (c¢) AM;R; or
(d) AM3R. Data are mean + s.e.m from three separate experiments, each performed in

triplicate.
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Table 6.3: Effect of deletion of CLR residue Val?% on agonist-induced cAMP
production. Agonist-induced cAMP accumulation at stated ligand/receptor
constructs. Values are mean + s.e.m for three independent experiments, performed in

triplicate. Significance determined by paired t-test (*, p = 0.04; **, p = 0.002).

cAMP accumulation

Receptor Ligand PECso % forsksl?;:x 100 uM)
WT CGRPR CGRP 9.9+0.3 85+5
[V°AICGRPR — cgRrp 7.9+0.4* 87 + 2
WT CGRPR AM13-52 8.1+£0.2 89+3
[VEPAICGRPR — AMtyss; 77+02* 91+4
WT AM1R AM13.52 9.6+0.3 92+2
[VEEAJAMIR AM13.52 8.4+0.5 88 + 4
WT AM2R AM13.52 10.4 +£0.1 96+ 3
[VEAJAMZR AM13.52 9.7 + 0.4 106 + 4
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Effect of deletion mutations at AM;R

Following on from investigating the cAMP-response in the clinically apparent V2% dele-
tion, the other mutant constructs were assessed via cAMP assay. COS-7 cells were co-
transfected with the appropriate CLR construct and RAMP2, to form the AM;R. Cells
were then stimulated with AMi3_50 and cAMP response measured in a dose-dependent
manner.

In response to AMi3_52, WT AM;R generated a pECsq of 9.6 + 0.3, consistent with
literature (Hay et al., 2019). The following mutations; N?'A Q22A A2BA L2MA,
AP6A and T?7A all showed significantly reduced potencies for AM3 5, (p = <0.033;
mean + s.e.m, n > 3) (figure 6.7; table 6.4). Both L?°*A and A?A also demonstrated
a significant reduction in maximum response (68 + 10 % and 65 + 12 %, respectively),
as well as a ~20-fold loss in potency. All other constructs demonstrated WT-like potency

and maximum response (table 6.4).
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Figure 6.7: Adrenomedullin;;3_5» stimulated dose-response curves for AM;R
transfected COS-7 cells. Constructs which demonstrated significant losses in potency
are shown. (a) [N*"AJAM;R and [Q??AJAM;R; (b) [A*AJAM;R and [L2**AJAM;R;
(c) [A?AJAM;R and [T*7A]JAM;R. WT receptor; open circles. Mutant receptors; open
squares or open triangles. Data are mean + s.e.m for at least three independent experi-
ments.
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Table 6.4: Ability of mutant AM;Rs to stimulate cAMP production.
Values are mean = s.e.m for given number of experiments. Significance determined
by ANOVA with Dunnett’s multiple comparisons to WT AMiR (*, p <0.033; **,

p <0.002; *** p <0.0002).

Receptor Ligand pPECso Emax
WT AM{R AM13.52 9.6+0.3 92 +3
[N2°TAJAM4R AM13.52 7.7+£0.04 ** 100+ 2
[Q292A]AM1R AMy3.52 7.31£0.1 % 78+3
[AZ03AJAM4R AM13.52 7.7+01* 100 £1
[L24AJAMIR AM13.52 83+x04" 68+ 10 *
[V20SA]JAM4R AM13.52 3 84+05 88 +4
[AZ05AJAM4R AM13.52 5 82+0.1* 65+12*
[T?°7A]JAM4R AM13.52 3 7.7+£01* 100 £ 4
[N2°8AJAM4R AM13.52 4 8.8+0.3 98 +2
[N200.201AJAM 4R AM13.52 3 9.5+0.05 96 +3
[A199A,N20020TAJAM4R AM13.52 3 9.0+0.02 88+6
[N200.201.208 A]JAM 4R AM13.52 3 9.3+04 808
[N2°NN]JAM1R AM13.52 3 9.6+0.5 98 +7
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Effect of mutations at CGRPR

Constructs were further assessed via cAMP assay with co-transfection with RAMP1 to
form the CGRPR, and stimulated with either AM;3_5, or CGRP.

Of all constructs, only [Q?">?A]JCGRPR demonstrated a statistically significant loss of
AM;3_59 potency and accurate pECsy was not determinable at concentrations of AMi3_50
tested (~100 nM). [Q**?A]CGRPR E, .4 recorded at 107 M AMi3_ 5, was 27 + 11 %
that of WT (p = <0.0001) (figure 6.8; table 6.5). All other constructs retained WT-like
efficacy and E,,,.., or demonstrated minor losses in potency following AM;3_5s stimulation
(table 6.5).

In response to CGRP, WT CGRPR generated pECsq of 10.2 + 0.1, consistent with
the literature (Hay et al., 2019). Mutations N2 A, Q292A, L24A, AZ06A ) T20TA N20BA |
N200.201A = AT9A - N200.201 A - N200,20L208 A apnd N20ONN, all showed significantly reduced

potencies for CGRP (p = <0.033; mean + s.e.m, n > 3) (figure 6.9; table 6.6).
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Figure 6.8: Effect of deletion of CLR residue Q?°* on agonist-induced cAMP
production. cAMP dose-response curve of [Q**?A]CGRPR in response to AM;j3_s,.
Data are mean =+ s.e.m for at least three independent experiments.

154



CHAPTER 6. THE FIRST EXTRACELLULAR LOOP OF CALCITONIN RECEPTOR-LIKE RECEPTOR

Table 6.5: Ability of mutant CGRPRs to stimulate cAMP production after
AMaiss: stimulation. Values are mean £ s.e.mn for stated number of independent
experiments. Significance determined by paired ANOVA with Dunnett’s multiple
comparisons to the WT CGRPR (****, p = <0.0001; £ = response too small for an

accurate determination).

Receptor Ligand n PECso Emax
WT CGRPR AM13.52 14 79+02 89+2
[N2TA]CGRPR AM13.52 3 73 £0.2 8310
[Q22A]CGRPR AMi3.57 3 ~70° 27 £ 11 *+=
[A203A]CGRPR AM13.52 3 73 £0.3 796
[L2%4A]JCGRPR AM13.52 3 7.7 £0.2 77
[V?°5A]CGRPR AM13.52 3 7.7+£02* 91 £ 4 ****
[A298A]CGRPR AM13.52 3 72 £0.6 875
[T27A]CGRPR AM13.52 3 7.3+04 74 £ 17
[N298A]CGRPR AM13.52 3 79 £0.1 98 + 1
[N200.201AJCGRPR AM13.52 3 7.0+£0.3 91+6
[A19°A,N200.201A]CGRPR AM13.52 2 52+18 76 £12
[N200.201.208 A | CGRPR AM13.52 4 6.9+0.9 82+7
[N29°NN]CGRPR AM13.52 3 7407 9 +6
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Figure 6.9: CGRP stimulated dose-response curves for CGRPR (CLR +
RAMP1) mutants. Activity curves demonstrating significant loss of CGRP potency.
(a) N2TA Q¥2A; (b) LA and A2%A; (c) T?7A and N2%A; (d) N2°ONN and N200.20L A
(e) AMIA N20020IA and N200201.208 A\ WT receptors; open circles. Mutant receptors;
open squares or open triangles. Data are mean + s.e.m for at least three independent
experiments.
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Table 6.6: Ability of mutant CGRPRs to stimulate cAMP production after

CGRP stimulation. Values are mean + s.e.m for stated number of independent

experiments. Significance determined by paired ANOVA with Dunnett’s multiple

comparisons to the WT CGRPR (*, p <0.033; **, p <0.002).

Receptor Ligand n PECso Emax

WT CGRPR CGRP 12 10.2+0.1 92+4
[N2TA]JCGRPR CGRP 3 83+02* 92+3
[Q%°2A]CGRPR CGRP 3 76+02* 88+5
[A%°*A]CGRPR CGRP 3 8.7+0.7 97 +3
[L24A]CGRPR CGRP 3 86+05* 90 4
[V2SAJCGRPR CGRP 3 79104 * 87+2
[A26A]CGRPR CGRP 3 84+04* 84+5
[T?°’A]CGRPR CGRP 3 88+02* 99+5
[N298A]CGRPR CGRP 3 88+02* 93 + 11
[N200.201A]CGRPR CGRP 4 8.1+05* 93+5
[AT9°A N20020TA]CGRPR  CGRP 3 73+03* 80+8
[N200:201.208 A|CGRPR CGRP 3 74 +0.04* 0+7
[N2°°NN]JCGRPR CGRP 3 89+04* 105+ 2
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6.2.5 Summary of agonist-induced cAMP data

In order to simplify comparison between ligand-efficacy changes as a consequence of
residue mutation within ECL1, fold-loss compared with WT was calculated (table 6.7).
CGRP-mediated signalling at CGRPR appeared most sensitive to changes in the ECL1
loop-length, displaying potency losses with all constructs. However, AM;3_s>-mediated
CGRPR signalling appeared much more tolerant of single residue deletion or insertion,
with the majority of constructs signalling at WT-like levels. AM;3_so-mediated-AM;R
signalling was moderately affected by deletion mutations, with seven of the twelve con-
structs displaying at least a 13-fold loss in AM;3_ 55 potency. Residue [Q?°?A]JCLR was
the only construct which resulted in significant losses in agonist potency in all contexts.

To further compare effects of mutations, the difference in relative selectivity (RS) was
plotted in two ways. The first, relative CGRPR selectivity was assessed to give a global
overview of the relative losses observed between CGRP and AM;3_ 55 potency at CGRPR
mutants (same RAMP; different ligand). The second, AMi3_ 52 ligand selectivity was
assessed to give a global overview of the relative losses in potency at either CGRPR or
AM;R (same ligand; different RAMP). Log(RS) was calculated following normalisation of
mutant pECso values to their respective WT. Alog(RS) calculated as log[aECs,/bECs],

where ‘a’ and ‘b’ represent the compared variables.
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Table 6.7: Fold-losses in EC5 for CLR mutants. Fold-loss in ligand potency with
stated receptor/ligand combination was calculated relative to WT. Potency loss >500-
fold is coloured red; Potency loss >50-fold is coloured orange; Potency loss is

coloured yellow; ‘Em’-dash (—) indicates uncollected data.

Fold-loss in ligand potency from WT

Receptor/ligand

Construct AM:R/AMi352 CGRPR/ICGRP CGRPR/AMi3s2  AM:R/AMizs2

WT CLR 1 1 1 1
[N20'AJCLR
[Q22A]CLR
[AZ%3A]CLR
[L24A]CLR
[V2SAICLR
[AZ%A]CLR
[T27A]CLR
[N208A]CLR

[NZOO,Z(HA]CL R
[A199A N200.201AICLR

[N200.201,208A]CLR

[N200ONN]JCLR
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Figure 6.10: Selectivity profiles for ECL1 mutations. Relative selectivity (RS) was
calculated as Alog(RS). (a) AMj3_52 potency was assessed at CGRPR and AM;R (same
ligand; different RAMP). (b) Ligand selectivity at CGRPR was assessed with CGRP and
AM;3 55 (same RAMP; different ligand).
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6.3 Discussion

6.3.1 Rationale and importance of extracellular loops

Carried out here was a deletion scan of the first extracellular loop of CLR. The rationale
of the work was to not only probe the role of ECL1 and loop length in general, but to also
examine the clinically apparent [V2® A]JCLR mutation which results in sub-fertility and
miscarriage. [V2®AJCLR is not unique in being important functionally for the receptor.
In fact, several ECL1 residues effected function upon deletion. Furthermore, the effect of
deletion of a residue within ECL1 is dictated by the RAMP subtype present in the dimer,
as well as the ligand. ECL1 of CLR is one of the shortest in all family B members. Loop
length was interrogated via generation of single-, double- and triple- deletion mutants, plus
a single residue insertion. The double-deletion construct, [N*%201A]CLR, placed ECL1
at joint-shortest within family B, alongside corticotropin releasing hormone receptor 1.
The two triple-deletion constructs resulted in a loop length shorter than that found in
any family B GPCR. An insertion of Asn between Asn?* and Asn?"! was generated to
probe the consequence of loop-lengthening. Despite the vast range of roles GPCRs play in
physiology, as well as their diversity in protein sequence, they display remarkably similar
topology. Seven transmembrane helices are linked by intracellular and extracellular loops.
In family A GPCRs the binding pocket for small molecules, or small amines is located
deep within the TM bundle (Rosenbaum et al., 2009). G-proteins, beta-arrestins and other
scaffold proteins interact with the intracellular face of the receptor. Extracellular domains
and ECLs demonstrate remarkable diversity in sequence and length, even within sub-
families. As a result, historically, ECLs were thought to serve as simply linkers between
the TMs, and play few roles in receptor trafficking and signalling, however this is not
the case (Wheatley et al., 2012). For example, rhodopsin ECL2 comprises two {3-sheets
which forms a twisted B-hairpin (3, f4). This hairpin interacts with another B-hairpin
(B1, B2) within the N-terminus of rhodopsin, and forms a ‘lid” over the receptor. This

contributes significantly to rhodopsin stability. Further to this, point mutations within
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all three ECLs have been identified in thyroid-stimulating hormone receptor, and result
in receptor constitutive activity (Kleinau et al., 2013). Indeed, there are many examples
demonstrating the important role of ECLs (reviewed in (Wheatley et al., 2012); discussed
in section 6.1). Results from this study provide new insight into the specific ligand-receptor

and RAMP-CLR interactions that occur at ECL1 for CGRPR and AM receptors.

6.3.2 Cell-surface trafficking

In this study, deletion mutation at any single residue within ECL1 of CLR, including
double- and triple- residue deletion, did not significantly alter receptor cell-surface ex-
pression of the AM;R (CLR + RAMP2) (table 6.2). Further to this, it was shown that
RAMP2 trafficking was unaffected by deletion at Val®*® (figure 6.5). These results sug-
gest that ECL1 plays little involvement in trafficking of the receptor to the cell-surface.
This contrasts to results that reported deletion at Val?®® resulted in reduced cell-surface
expression by approximately 40 % (Mackie et al., 2018). However, plasmid and cellu-
lar context may present influencing factors, for example, different cell lines have varying
endogenous levels of RAMPs. It is of note that in all three CLR cryo-EM structures,
RAMPs are primarily located in the ECD, upper half of TM5 and base of TM3 and TM4,
away from ECL1 (Liang et al., 2018). It is well established that RAMPs are required for
CLR trafficking to the cell-surface (McLatchie et al., 1998), the data in this study support
a conclusion that no individual residue within ECL1 is required for AM;R cell-surface

expression. Future work could investigate the effects of deletion mutants on cell-surface

trafficking of CLR and RAMP1/3.

6.3.3 Effect of Val?**® deletion on agonist-induced cAMP accumulation

Despite cell-surface expression of all receptors being WT-like, marked differences in
ability to stimulate cAMP production upon agonist challenge were observed. Firstly, the
deletion at [V2* AJAM; R (which in humans has been shown to cause NIHF), demonstrated
a 13-fold loss in AM;3_52 potency. This is consistent with previous work that derived an

11-fold loss in potency at [VZ®AJAM;R (Mackie et al., 2018). When examining the other
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(V29 AJCLR-RAMP heterodimers, the most notable change was an 100-fold loss in CGRP
potency at [V2®A|JCGRPR (figure 6.6). In the cryo-EM structure of active CGRPR,
serine!” of CGRP is angled towards ECL1, and is in proximity with Val?*®, which itself,
is angled towards the ligand (~5-6 A between Ser'” and Val?®®). In contrast to this, the
cryo-EM structure of active AM R, shows that while AM is in the proximity of ECLI,
there is a greater distance between the peptide and ECL (~9-10 A), and that no peptide
residues project directly toward Val?®>. This provides a feasible mechanism for data found
here, highlighting ligand-specific interactions of CGRPR and Val?*® at CGRPR.

AM;3_5; stimulation at [V2®AJCGRPR and [V AJAM;,R resulted in just 3- and 5-
fold losses in AM;3_s52 potency, respectively (figure 6.6). Upon examination of the cryo-EM
structure of AM,R in complex with AM (Liang et al., 2020), Val?*® points slightly down
towards the receptor core with the ligand angled away from Val?®>. This may explain the
relatively mild impact of residue deletion.

The severity of phenotype observed in individuals with homozygous in-frame deletion
of Val?® in the CLR, combined with the remarkable sequence conservation across evo-
lutionary species, highlights how ECL1 is a functionally critical structure (Mackie et al.,
2018) (figure 6.2). Data presented here address the contribution of Val??®| highlighting

functionally significant ligand-specific interactions.

6.3.4 Effect of ECL1 deletions on agonist-induced cAMP accumulation

Effect of loop length of CGRPR

It is clear from table 6.7, that ECL1 plays a functionally important role, and that
ligand-receptor-RAMP interactions are highly specific. A previous alanine scan of CGRPR
ECL1 found that [A?®L]JCGRPR and [A?°°L]JCGRPR slightly increased CGRP potency
(Barwell et al., 2011), however deletion of any single residue within ECLI resulted in ~25-
400 -fold losses in CGRP potency. This is suggestive that loop length itself is an integral
factor of CGRP-CGRPR signalling. Lengthening ECL1 by a single residue ([N?**°NN]CLR)
resulted in a 20-fold loss of CGRP potency at CGRPR, however was WT-like for AMj3_5o-
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stimulated receptors. This sensitivity of CGRP-CGRPR to changes in loop length was
further highlighted by the double and triple deletions. Double deletion resulted in a 126-
fold loss of CGRP potency, while triple deletion constructs resulted in ~600-700 -fold
losses (figure 6.9). These results suggest CGRP-mediated CGRPR signalling relies on
specific organisation of ECL1 and perturbation leads of loss of receptor functionality.
Despite the sensitivity of CGRPR ECL1 loop length on CGRP signalling, AM;j3_s5o-
mediated CGRPR signalling was remarkably robust to changes in loop length. [Q**?A]CGRPR
resulted in almost ablated cAMP accumulation (>1000-fold loss of AM;3_55 potency), how-
ever, beyond this only the triple deletion constructs resulted in >10-fold losses in ligand
potency. [A1A N20020 AJCGRPR demonstrated a 500-fold loss in AMi3_ 5, which is con-
trasting to the 10-fold loss observed at the other triple-deletion construct [N2°%:201:208 A| CGRPR.
The loss of three consecutive residues at the start of the loop is expected to perturb con-
formation to a greater extent than loosing residues at either end of the loop. This may
provide insight into areas of ligand-specific interaction. The contrasting differences of
CGRPR to tolerate changes in ECL1 loop length for CGRP or AM3_55 activity provides

useful insight into how the two ligands might bind the receptor differently.

Effect of loop length of AM; ;R

Significant losses in AM13_s52 potency were observed for 6 out of 10 AM; R constructs (figure
6.7). The most notable was [GIn?*? A]JAM; R, which resulted in a 200-fold potency loss. In-
deed [GIn?**?A]CLR demonstrated severe perturbation of signalling for all ligand-receptor
combinations examined (table 6.7). Examination of the available CLR structures revealed
that at CGRPR, GIn?*? forms H-bonds with Ser'” of CGRP. At AM;R, GIn?"? is angled
directly toward AM, and is within proximity (3-5 A) of Tyr®! of AM. Evidently, Gln?®?
forms important interactions for either ligand binding, or receptor activation. Mutation
of this residue to Ala did not result in a statistically significant loss CGRP potency, again
indicating that loop length is a determining factor, and loss of the amino acid backbone

results in structural shifts that drastically alter receptor phenotype.
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Both Leu?® and Ala?"® are within a short helix within ECL1. This small, structural
component could provide a stabilising network, which could explain the loss in potency
and E,,., observed at AM;R (table 6.4), and loss of potency observed at CGRPR.

Indeed, it appears that deletion at Val?®> actually represents one of the least-disrupted
phenotypes, compared with other residue deletions within ECL1. The clinical presentation
of [V2% A]JAM; R shows that homozygosity results in fetal loss due to NIHF, and heterozy-
gosity results in sub-fertility and miscarriage (Mackie et al., 2018). Deletion of other
residues may not be clinically identified due to the catastrophic nature of the phenotype

(not compatible with life).

6.3.5 Summary and future work

Work performed here revealed key residues within ECL1 that are important for CLR
receptor activation. Due to the diversity of ECLs in family B GPCRs, they could serve as
useful drug targets, so understanding their function is of great importance. Loop length
is an important factor for receptor function, as previous alanine scanning yielded little al-
terations to agonist-induced cAMP production (Barwell et al., 2011). Overall, this study
is consistent with the latest cryo-EM structures of CGRPR, AM;R and AM,R, which
place the peptide ligands in proximity to ECL1. Important insight into the ligand-specific
nature of the ligand-receptor interactions is gained here, observed by the contrasting func-
tional changes seen at CGRPR agonist-induced cAMP responses. Given the sensitivity
of the CGRP-CGRPR complex to loop length, follow-up (radioligand) binding assay may
provide further discernment into the nature of these ligand-specific interactions. Further-
more, binding experiments at all mutants that demonstrated large losses in potency would
provide useful insights. Given the availability of high-resolution CLR structures, molec-
ular modelling of specific mutants and molecular dynamics simulations may prove useful

in elucidating key ligand-specific interactions of this pharmacologically relevant receptor.
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“One of the symptoms of an approaching nervous breakdown is the belief that ones

work 1s terribly important.” - Bertrand Russell, The Conquest of Happiness

GPCRs are of great interest to the pharmaceutical industry. Understanding of receptor
pharmacology has been hindered due to their inherent hydrophobicity, flexibility, dynamic
nature and instability when extracted from the membrane. This thesis explored the use
of novel nano-encapsulation strategies to solubilise GPCRs and validate, or apply, down-
stream techniques in order to gain insight into receptor pharmacology and mechanisms.
Alongside this, traditional mutagenic approaches were used to address the contribution of
individual amino acids within ECL1 of CLR and gain insight into the complex nature of
family-B receptor pharmacology.

Presented in chapter 3 was the first documented application of FCS to characterise
binding at a GPCR-SMALP. There are increasing barriers to the use of radioligands for
characterising ligand binding. The development of fluorescent ligands has made tremen-
dous progress over the last few years, meaning existing technologies, such as FCS, can have
their potential realised. It was demonstrated that FCS could be successfully used with
purified A;4R-SMALP to observe binding events and derive accurate affinity values. One
advantage of FCS is that the free ligand concentration and bound ligand can be determined
in the same place at the same time. The use of FCS combined with nano-encapsulated
GPCRs presents many potential avenues for further study. In particular, investigations
relating to allosteric modulation and the effect of nanobodies on receptor binding would
be of great pharmaceutical interest. Modulator proteins, such as RAMP interaction, could
be probed using FCS, which would be highly useful as many receptor-RAMP interactions

are poorly characterised. Given the increasing availability of fluorescent ligands (includ-
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ing the design of PTH;_3,:BODIPY presented in chapter 5), the validation of FCS with
GPCR-SMALPs will have positive applications in the future.

Chapter 4 explored the development of a polymer tool kit, aiming to gain insight into
how different solubilisation polymers behave within the same context. SMA, SMI and
DIBMA were used to solubilise rhodopsin, which was characterised with regards to light-
induced receptor activation, thermal stability, oligomeric state and particle size. This was
the first documented use of DIBMA and SMI to extract rhodopsin from bovine retina.
The conformational range adopted by rhodopsin was different with each polymer. SMA
and SMI prevented transition to fully-active receptor states (transitioning to meta I, but
not to meta IT), whereas DIBMA permitted transition to fully-active meta II. In a similar
manner that detergent-screens are currently performed, one can envisage polymer-screens
being used in order to ascertain the most appropriate polymer for receptor extraction.
The differing capabilities of the polymers to support conformational changes could prove
extremely useful from a structural perspective. The resolution of intermediate-state struc-
tures could provide useful insight into the dynamics of receptor activation. This, as well
as the application of biophysical techniques, hinges on the successful purification of nano-
encapsulated GPCR and future work should aim to explore and optimise purification of
rhodopsin. In particular, the ability to purify recombinant rhodopsin from HEK 293 cells
would permit valuable insight into pathologically relevant mutants that cause diseases
such as retinitis pigmentosa and may open new opportunities to study cone-opsins. Struc-
tural knowledge of the cone-opsins which provide colour vision (red, green and blue) lags
far behind that of rhodopsin currently, with no high resolution structures. Purification
of conformation-specific GPCRs could also aid the development of conformation-specific
nanobodies, which may allosterically modulate receptor function in a pharmacologically
useful way.

Chapter 5 presented the development and validation of novel GPCR receptor con-
structs, inducible cell lines and the validation of a novel fluorescent PTH1R agonist. This

chapter established the tools required to widen the application of nano-encapsulation

167



CHAPTER 7. SUMMARY AND FUTURE WORK

strategies to pharmacologically-important GPCR targets, OTR and PTH1R. Further work
should investigate the functional state of the receptors within a SMALP. At the OTR,
overcoming high levels of non-specific OT-binding to the polymer remains an issue. Future
work could examine the extraction and purification of the receptors using alternative poly-
mers, such as work carried out in chapter 4. The fluorescent agonist, PTH; _3,:BODIPY,
could be used alongside FCS studies to ascertain PTH1R-SMALP binding capability. The
ligand may also have wider application, providing a useful tool in the characterisation of
anti-PTHIR antibodies or nanobodies.

In chapter 6, a directed mutagenic approach identified the functional importance of
specific individual residues in ECL1 and loop length on agonist-induced cAMP signalling
at the CLR. Specifically, this was dependent upon which RAMP was in association with
CLR, and which ligand was examined. CGRPR-CGRP mediated cAMP signalling was
particularly sensitive to alterations in loop length, with CGRP affinity losses observed at
all deletion constructs (both single residue deletion and multiple residue deletion). Fur-
thermore, CGRPR-CGRP signalling was perturbed by lengthening the loop by a single
residue. However, at the same receptor, with a different ligand (AMi3_55), few changes in
potency were observed, with only the triple residue deletion and [Q*?A]CLR displaying
losses. Varied losses (>10 to 200-fold) in AM;3_52 potency were observed at seven of the
single residue deletions at the AM;R. These findings provide insight into how the ligands
engage with each receptor in subtly different ways and highlight how RAMPs alter re-
ceptor pharmacology. A previous alanine scan of CGRPR ECLI yielded little changes in
CGRP potency (Barwell et al., 2011), reinforcing the conclusion that loop length (loss
of the amino acid backbone) is a detrimental factor. Given the recent availability of
high-resolution cryo-EM structures of CLR, molecular modelling and molecular dynamics
simulations may provide insight into the dynamics of receptor activation for WT and mu-
tant constructs. This pharmacological insight is relevant as deletion at Val?*® within ECL1
of CLR has been identified clinically. Dissecting the contribution of individual amino acids

on receptor function is important for aiding rational drug design. Further characterisations

168



CHAPTER 7. SUMMARY AND FUTURE WORK

such as cell-surface expression and ligand binding assays should be performed on deletion
mutants that resulted in lost or ablated signalling, notably [Q?*?A]CLR and the clinically-
relevant [V2%AJCLR. An ECL1 alanine scan of AM;R may also provide further insight
into the contribution of individual amino acids. Characterisation of constructs at different
signalling pathways, such as MAPK/ERK1/2 pathway and by extension, characterisation
with respect to their ability to interact with beta-arrestin, may also provide further insight
into the apparent biased nature of these mutants ability to influence receptor signalling.
Overall, this thesis contributes towards the understanding of GPCR pharmacology, and
provides answers for key questions regarding the utility of SMA and SMA-like polymers,
whilst opening up further avenues of research which will benefit from polymer-based nano-

encapsulation.
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Introduction

Single molecule binding of a ligand to a
G-protein-coupled receptor in real time using
fluorescence correlation spectroscopy, rendered
possible by nano-encapsulation in styrene maleic
acid lipid particlest

Rachael L. Grime, ©2° Joelle Goulding,  ®< Romez Uddin, ¢
Leigh A. Stoddart, °< Stephen J. Hill, © < David R. Poyner, ¢
Stephen J. Briddon (2 °< and Mark Wheatley (& *°-¢

The fundamental importance of membrane proteins in cellular processes has driven a marked increase in
the use of membrane mimetic approaches for studying and exploiting these proteins. Nano-encapsula-
tion strategies which preserve the native lipid bilayer environment are particularly attractive. Consequently,
the use of poly(styrene co-maleic acid) (SMA) has been widely adopted to solubilise proteins directly from
cell membranes by spontaneously forming “SMA Lipid Particles” (SMALPs). G-protein-coupled receptors
(GPCRs) are ubiquitous “chemical switches”, are central to cell signalling throughout the evolutionary
tree, form the largest family of membrane proteins in humans and are a major drug discovery target.
GPCR-SMALPs that retain binding capability would be a versatile platform for a wide range of down-
stream applications. Here, using the adenosine A,a receptor (AaR) as an archetypical GPCR, we show for
the first time the utility of fluorescence correlation spectroscopy (FCS) to characterise the binding capa-
bility of GPCRs following nano-encapsulation. Unbound fluorescent ligand CA200645 exhibited a mono-
phasic autocorrelation curve (dwell time, 75 = 68 + 2 ps; diffusion coefficient, D = 287 + 15 pmz sH. In
the presence of A,xR-SMALP, bound ligand was also evident (rp = 625 + 23 ps; D = 30 + 4 pm? s7%).
Using a non-receptor control (ZipA-SMALP) plus competition binding confirmed that this slower com-
ponent represented binding to the encapsulated A;aR. Consequently, the combination of GPCR-SMALP
and FCS is an effective platform for the quantitative real-time characterisation of nano-encapsulated
receptors, with single molecule sensitivity, that will have widespread utility for future exploitation of
GPCR-SMALPs in general.

lateral pressure. Extracting membrane proteins from this
bilayer for purification and characterisation has, until recently,

Membrane proteins have evolved to function within the
unique environment of the hydrated membrane bilayer, which
locates proteins in close association with lipids and provides
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universally required detergents. This detergent solubilisation
strips away closely-associated lipids, removes lateral pressure
and perturbs the protein conformation, resulting in protein
instability in the detergent micelle."”* This is particularly pro-
blematic for highly dynamic membrane proteins such as
G-protein-coupled receptors (GPCRs).> GPCRs all share a
common protein architecture of a bundle of seven transmem-
brane helices and adopt a wide spectrum of conformational
states in executing their cell signalling role.” They are found in
organisms throughout the phylogenetic tree including
humans, fish, insects, plants, slime-moulds and viruses (but
not bacteria) and form the largest class of ‘chemical switches’
in biology. They transduce signals from chemical messengers
acting on a cell, such as hormones and neurotransmitters,

This journal is © The Royal Society of Chemistry 2020
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into biochemical changes within the cell via activation of intra-
cellular signalling cascades.” As a result, they regulate almost
every physiological process. Consequently, GPCRs are the
largest class of membrane proteins in the human genome
(with >800 receptors). Furthermore, they are very important to
the pharmaceutical industry as they are the therapeutic target
of 30-40% of clinically-prescribed drugs.®’

In recent years, a detergent-free method has been devel-
oped for solubilising membrane proteins using poly(styrene
co-maleic acid) (SMA). SMA spontaneously incorporates into
membranes to generate nanoscale sections of the lipid bilayer
as discs (~10 nm in diameter) containing encapsulated mem-
brane protein, referred to as styrene maleic acid lipid particles
(SMALPs).>'* Nanoscale encapsulation of GPCRs in SMALPs
(GPCR-SMALPs) has potential utility for facilitating a wide
range of downstream approaches such as; supporting
biophysical’®'* and structural studies,"*'* a platform for dis-
covery of GPCR-targeted therapeutic antibodies using phage
display libraries, and for high-throughput screening in drug
discovery following immobilisation of GPCR-SMALPs on
surface plasmon resonance (SPR) chips.® In addition, there is
potential for harnessing the exquisite ligand-recognition capa-
bility of GPCR-SMALPs into bespoke molecular detection
devices using synthetic biology. A pre-requisite to all of these
applications is establishing that the ligand-binding capability
of the encapsulated GPCR is preserved in the GPCR-SMALP.

It is noteworthy that in recent years there has been a rapid
increase in the design of fluorescent ligands for quantitative
characterisation of binding to GPCRs."”™"” This development
has enabled fluorescence correlation spectroscopy (FCS) to be
applied to studying GPCRs in cells.'® FCS is a quantitative
technique with single molecule sensitivity which uses confocal
optics and a high numerical aperture objective lens to generate
a small, defined illumination volume (~0.25 fL). As a fluo-
rescent species moves through the detection volume, fluctu-
ations in fluorescent intensity are recorded in real time.
Statistical analysis of the time-dependency of these fluctu-
ations using autocorrelation analysis allows the average dwell
time of the fluorescent moiety within the detection volume to
be determined.'® Additionally, the amplitude of the autocorre-
lation curve is inversely proportional to the average concen-
tration of fluorescent particles in the detection volume. This
makes FCS particularly sensitive for investigating low concen-
trations of particles, a definite advantage for studying low-
abundance targets such as GPCRs. A property of FCS is that
the dwell time (zp) is proportional to the cube root of the mole-
cular mass, so a doubling of mass only increases 7, by 1.3-
fold. When two fluorescent species are present in the detection
volume simultaneously, they can only be resolved by FCS if the
difference in their masses is large enough to yield a difference
in 7, values of at least 1.6-fold.”® Consequently, this combi-
nation of fluorescent probes and FCS has proven to be highly
effective for studying GPCRs embedded in the surface of live
cells.?*?* In this study we establish that nano-encapsulation of
a GPCR within a SMALP provides the required size differential
to make this a versatile strategy for quantitative analysis of

This journal is © The Royal Society of Chemistry 2020
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ligand : GPCR complex formation by FCS. In addition, it is likely
that the utility of FCS is not restricted to SMALPs but could
apply more widely to GPCRs embedded in nanoscale discs of
membrane irrespective of the method of encapsulation.

The adenosine A,, receptor (A;,R) is a typical GPCR with a
well-defined pharmacology. It belongs to a family of four
GPCRs (AR, A;5R, AR, A3R) that mediate the actions of ade-
nosine and are attractive drug targets.”” The A,,R regulates the
release of the neurotransmitters dopamine and glutamate in
the brain, regulates blood flow to cardiac muscle and is the
target for the most widely used psychoactive drug - caffeine,
which blocks this receptor.”® In this study, utilising the
human A,,R as the GPCR, we demonstrate for the first time,
the application of FCS to provide quantitative data on the
binding characteristics of a GPCR that has been purified
embedded within the nanoscale bilayer of the SMALP. This
SMALP strategy ensures that the native lipid in close-associ-
ation with the receptor protein has never been disrupted by
detergent at any stage. Our study not only establishes the
utility of employing FCS for characterising GPCR-SMALPs, but
opens up the possibility of exploiting high-throughput solu-
tion-based FCS,”” and highlights the potential for identifying
novel fluorescent ligands targeted to specific GPCRs. In recent
years, SMA has been widely used to solubilise structurally-
diverse membrane proteins from a wide range of species
(including bacteria, yeast, plants, insect cells and mammalian
cells). The application of SMA for studying GPCRs and other
membrane proteins is increasing rapidly as the utility of
SMALPs becomes ever more apparent. Furthermore, ‘second-
generation’ SMA-like polymers have already been reported that
possess different properties to SMA, so the field is still
expanding.”*>° The application of FCS as a quantitative, real-
time technique, with single molecule sensitivity will have wide-
spread utility for the development of down-stream applications
of SMALPs as an investigation platform in this growing field.

Experimental

Materials

CA200645 was supplied by HelloBio (Bristol, UK). SMA2000
anhydride was from Cray Valley (UK). ZM241385 {4-(2-[7-
amino-2-(2-furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-5y] ~ amino]
ethyl)phenol} was purchased from Tocris.

Human A,,R expression

Human A,,R was expressed in Pichia pastoris as described pre-
viously."* Prior to SMA-extraction, cells were disrupted follow-
ing suspension in breaking buffer (50 mM sodium-phosphate
buffer, 100 mM NacCl, 5% glycerol, EDTA-free protease inhibi-
tor, pH 7.5, 4 °C) by 3-5 passes using an Avestin-C3 cell-disrup-
ter. Unbroken cells and debris were removed by centrifugation
(5000g, 10 min, 4 °C). The A,sR-expressing membrane fraction
was then sedimented (100000g, 60 min, 4 °C) and re-sus-
pended to 80 mg mL™' (wet weight) in extraction buffer

Nanoscale, 2020, 12, T1518-11525 | 11519
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(300 mM NaCl, 20 mM HEPES, pH 7.5). Membranes were
stored at —80 °C until needed.

Generation of A,,R-SMALPs

SMA was prepared from SMA anhydride and used to solubilise
A,sR from membranes as described previously.""'* Briefly,
AjsR-expressing membrane preparations were thawed on ice,
and an equal volume of 2x SMA buffer (5% w/v SMA, 300 mM
NaCl, 20 mM HEPES, EDTA-free protease inhibitor, pH 7.5)
added to yield a final concentration of 40 mg mL™" (wet
weight) in 2.5% (w/v) SMA. Following gentle agitation for 1 h
at room temperature, non-solubilised material was removed by
centrifugation (100 000g, 60 min, 4 °C) to yield a supernatant
containing A,\R-SMALPs.

Purification of A,,R-SMALPs

All purification steps were carried out at 4 °C. The A,,R-SMALP
supernatant was incubated with ~1 mL Ni*'-NTA resin, over-
night on an end-over-end rotator. The column was washed
with 20 column volumes (cv) of wash buffer (300 mM NacCl,
20 mM HEPES, 25 mM imidazole, EDTA-free protease inhibitor
pH 7.5). Elution of A;uR-SMALP was achieved with 10 cv of
elution buffer (300 mM NaCl, 20 mM HEPES, 250 mM imid-
azole, EDTA-free protease inhibitor pH 7.5). Elution fractions
were pooled, buffer-exchanged into assay buffer (300 mM
NaCl, 20 mM HEPES, pH 7.5) and concentrated using spin-
concentrators (10 kDa cut-off). Concentrations of purified
A,sR-SMALP were determined using SDS-PAGE and densio-
metric analysis against protein standards in Image].*’ Final
concentrations ranged between 0.2-1 mg mL ™.

FCS protocols

Solution-based FCS was performed essentially as described
previously."”” FCS measurements were carried out on Nunc
Lab-Tek 8-well chambered #1.0 cover-glasses (Thermo
Scientific, UK), using a ZEISS LSM510 Confocor3 using
633 nm excitation (0.5-1 kW em™?), with emission collected
through an LP650 filter. The confocal volume was placed
200 pm above the surface of the coverslip. Cy5 NHS ester
(Amersham Pharmacia Bioscience) was prepared in high per-
formance liquid chromatography grade water (Chromasolv,
Sigma-Aldrich, UK). As Cy5 has a known diffusion coefficient
(D=3.16 x 107*° m* s7"), it was employed as the standard fluo-
rescent dye (10 nM and 500 nM) to calculate the confocal
volume dimensions using eqn (1), where V = volume (mL), %",
is the radius of the confocal volume, determined from %", =
(4-D-tpy)¥%2, where D and tp,; are the diffusion coefficient and
dwell time of Cy5, respectively. %", represents half the height
of the confocal volume and is calculated by multiplying #"; by
the structural parameter (S). Calibration readings were taken
on each day’s experiments. FCS measurements were performed
in a final assay volume of 200 pL. A,AR-SMALPs were incubated
with CA200645 (25 nM), in the presence or absence of varying
concentrations of ZM241385 as stated. Equilibrium was estab-
lished at 30 min and four read-times, each of 10 s, were
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employed to record time-dependent fluctuations in fluorescent
intensity.

Data analysis

Autocorrelation analysis was performed using Zeiss AIM 4.2
software. Cy5 calibration data were used to calibrate the detec-
tion volume as previously described."® Experimental data were
fitted to eqn (2), where N = particle number, f; is fraction of /™
component, 7p; is dwell time of i™ component, S = structure
parameter (ratio of diameter to height of volume). A 1-com-
ponent or 2-component 3-D diffusion model was used incor-
porating a triplet state component fitted using a pre-exponen-
tial. Fit quality was assessed on residuals to the fit. For 2-com-
ponent fits, the first component (tp,), representing free
ligand, was fixed during the fitting process to the value deter-
mined for CA200645 alone, and the second component (zp,)
represented bound ligand. The concentrations of free and
bound components were then calculated directly from their
relative contributions to the amplitude of the autocorrelation
function. Specific binding was determined using eqn (3). Total
binding was defined as N(zp,) (nM) as calculated from the
autocorrelation analysis curve for A;,R-SMALPs in the absence
of competing ligand. Non-specific binding was defined as
N(zp2) (nM) calculated from the autocorrelation analysis curve
for A;,R-SMALPs in the presence of saturating competing
ligand. The affinity (pkK;) of ZM241385 binding to the
A;AR-SMALP was determined from the ICs, value of the
ZM241385 competition binding curve following correction for
occupancy by the tracer ligand CA200645.>> The Stokes-
Einstein equation (eqn (4)) was utilised to probe the relation-
ship between the diffusion time of the SMALP nanoparticle
and its’ hydrodynamic radius; where D = diffusion coefficient,
kg is Boltzmann’s constant, T = temperature (K), n = dynamic
viscosity and r = radius of the particle. Pooled data are pre-
sented as the mean + s.e.m. for 3, or 4, independent prep-
arations of A,,R-SMALP. Significance (p < 0.05) was deter-
mined by Student’s paired ¢test.

v=m-()" (1)

G(r)=1+%~§;ﬁ' (1+%m>_1.(1+ﬁ>_1 @)

Specific binding = Total binding — Nonspecific binding (3)

ki
p- el
6mnr

(4)

Results and discussion
A, AR-SMALPs provides a platform for FCS

The A;,R-SMALPs were generated using SMA (2.5% w/v) to
extract the receptors from A, R-expressing membranes into
SMALPs, followed by purification of the A,,R-SMALPs as pre-
viously described (Fig. S11)."* The current studies utilized the

This journal is © The Royal Society of Chemistry 2020
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fluorescent ligand CA200645, which comprises the adenosine
receptor antagonist xanthine amine congener (XAC) linked to a
red BODIPY630/650 fluorophore via a p-alanine linker.*
CA200645 is a high affinity ligand for both the A;R and A;R
subtypes® ™ and was used previously as the tracer ligand to
investigate dimerization and allostery of A;R in whole live cells
using FCS.>° Given that CA200645 is derived from the non-
selective adenosine receptor antagonist XAC, it was hypoth-
esized that CA200645 would not be A;R/A;R-selective and
would also bind to the A;,R. Subsequent pharmacological
characterization established that CA200645 bound to the A,,R
with high affinity (42 nM; pA, = 7.37 + 0.17, n = 3; Fig. S27).

The initial stage of the investigation was to optimize the
concentration of CA200645 for solution-based FCS, to ensure
that specific binding to the A,5R encapsulated in the SMALP
was high compared to non-specific binding. The CA200645
concentration was varied between 5-300 nM and non-specific
binding determined in each case by adding a saturating con-
centration of a non-fluorescent competing A,,R ligand
(ZM241385,>° 1 uM). Specific binding varied between 20 + 11%
and 70 + 12% of total binding (Fig. 1), with 25 nM CA200645
being used in all subsequent experiments. A data-collection
time of 10 s was routinely employed which provided ample
fluorescent fluctuation data for autocorrelation analysis.

The initial FCS experiments were performed with CA200645
alone in assay buffer to determine the characteristics of the
free ligand. Fluctuations intensity for
CA200645 over time are shown in Fig. 2a. Autocorrelation ana-
lysis of these fluctuations revealed a monophasic autocorrela-
tion curve (Fig. 2b) with an average dwell time (zp) of the fluo-
rescent moiety within the detection volume of 68 + 2 s and a
diffusion coefficient D = 287 + 15 pm?> s™', (mean + s.e.m., n =
4) with residuals (Fig. 2¢) confirming that there was no sys-

in fluorescence
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Fig. 1 Optimisation of tracer ligand concentration for solution-based
FCS with A;aR-SMALPs. The specific binding of CA200645 to AR
encapsulated in a SMALP was determined at the stated concentrations.
Non-specific binding was defined by a saturating concentration of
ZM241385 (1 pM). Data are mean + s.e.m. (n = 3).
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tematic deviation in the fitted curve. The experiments were
then repeated using CA200645 in the presence of A,yR-SMALP.
The fluorescence intensity fluctuations for CA200645 +
A;sR-SMALP are shown in Fig. 2d. Analysis of these fluctu-
ations revealed that the autocorrelation curve for CA200645
was significantly altered by the addition of A,sR-SMALP. In
contrast to the monophasic curve observed for ligand alone
(Fig. 2b), the autocorrelation curve for CA200645 +
A, R-SMALP was clearly biphasic (Fig. 2e) exhibiting fast and
slow diffusing components (rp; and tp,, respectively) with the
residuals (Fig. 2f) confirming that there was no systematic
deviation in the fitted curve. The faster diffusing component
exhibited a dwell-time (rp;) consistent with the free ligand
(Fig. 2b). The slower component had an average dwell-time
(7p2) for CA200645 of 625 + 23 ps and a diffusion coefficient
D =30 + 4 pm* s' (mean + s.e.m., n = 4). As a control,
A,,R-SMALPs alone were shown to have no detectable auto-
fluorescence (Fig. S37).

Characterization of the slower diffusing component (zp,)

The logical explanation for the emergence of the slower
diffusing component in the presence of A;,R-SMALP is that
the ligand was binding to the receptor in the A,yR-SMALP and
that both free and bound CA200645 were being detected by
FCS simultaneously as 7p; and 7p, respectively (Fig. 2e).
Indeed, the simultaneous determination of the free ligand
concentration precisely where the binding event is occurring is
a particular benefit of FCS for characterising ligand : GPCR
complexes. The binding of CA200645 to the A, R-SMALP could
have been specific binding to the encapsulated GPCR or could
possibly have been non-specific binding caused by partitioning
of CA200645 into the lipid bilayer of the SMALP or interaction
of the ligand with the SMA polymer surrounding the SMALP.
The pharmacological properties of the receptor were exploited
to establish the nature of the binding. A competing A,,R-selec-
tive ligand ZM241385 was used at a saturating concentration.
This would fully occupy the available A,,R binding sites and
prevent binding of CA200645 but would not prevent any non-
specific binding. The 7, component of the autocorrelation
curve for CA200645 + A,,R-SMALP in the absence, and pres-
ence, of ZM241385 (1 uM) is shown in Fig. 3. In the presence
of ZM241385, the p, component particle number (N)
decreased by 62%, as the ZM241385 competed for the ligand
binding site of the receptor and prevented CA200645 binding.
In contrast, there was no effect of ZM241385 (1 uM) in control
experiments performed using a different membrane protein
encapsulated in a SMALP (ZipA, derived from Escherichia coli).
ZipA-SMALP showed a lower particle number than
A;sR-SMALP consistent with low CA200645 binding expected
in the absence of receptor (Fig. 3).

A range of ZM241385 concentrations between 10> M-10"°
M was used to construct a competition curve for ZM241385
binding to the nano-encapsulated A, R using FCS with
CA200645 as tracer ligand (Fig. 4). From these data, the affinity
(pK;) of ZM241385 for the A,,R-SMALP was calculated as 8.2 +
0.5 (mean * s.e.m., n = 3). This is not significantly different to

Nanoscale, 2020, 12, TI518-11525 | 11521
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Fig. 2 FCS analysis of CA200645 binding to purified A;AR-SMALP. (a) Fluctuations in fluorescent intensity with CA200645 alone. (b) Autocorrelation
curve for CA200645 alone, fitted to a single-component diffusion model. (c) Deviation of data for CA200645 alone from the fitted curve. (d)
Fluctuations in fluorescent intensity with CA200645 + A;aR-SMALP. (e) Autocorrelation curve for CA200645 + A,sR-SMALP fitted to a two-com-
ponent diffusion model, in which the first component (zp,) was fixed to a three-dimensional diffusion rate of the free-ligand in solution. (f) Deviation

of data for CA200645 + A;sR-SMALP from the fitted curve.

the reported affinity of ZM241385 binding to A,,R in the orig-
inal membranes (pK; = 7.95 + 0.45)."

The diffusion coefficient of the CA200645:A,,R-SMALP
complex (D = 30 + 4 pm” s™') was used to estimate the hydro-
dynamic radius of the A,sR-SMALP as calculated by the
Stokes-Einstein equation (eqn (4)), with the caveat that
SMALPs are disc-shaped rather than spherical. The resulting
values of 7-9 nm were consistent with the published values for
the SMALP diameter of ¢.10 nm determined by a wide range of
biophysical techniques, including small angle neutron scatter-

1522 | Nanoscale, 2020, 12, 11518-11525

ing (SANS), electron microscopy (EM), attenuated total reflec-
tion Fourier transform infrared spectroscopy (ATR-FTIR),
differential scanning calorimetry (DSC) and nuclear magnetic
resonance spectroscopy (NMR).'**”

Numerous applications of FCS with GPCR-SMALPs can be
envisaged. For example, allosteric modulators of GPCRs bind
to sites on the receptor discrete from the ‘classical’ ligand
binding site and are of current interest to the pharmaceutical
industry as they have therapeutic potential for ‘tuning’ recep-
tor signalling (up or down).*® The size differential between

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Competition binding curve derived using FCS with A;sR-SMALP.
CA200645 (25 nM) was used as fluorescent tracer ligand in FCS experi-
ments with A;aR-SMALP in the presence of ZM421385 at the concen-
trations indicated. Data are mean + s.em. (n = 3).

GPCR-SMALPs and fluorescent ligands is sufficiently large that
FCS will be a useful tool in the future for investigating poten-
tial allosteric modulators as it is compatible with a very wide
range of modulator sizes from small molecules to therapeutic
antibodies. Of course other approaches for nano-encapsulation
of GPCRs, such as reconstituted lipid nanodiscs stabilised by
an annulus of membrane scaffolding proteins® or the use of
recently-reported SMA-like polymers,**~° may also be compati-
ble with characterisation using FCS.

This journal is © The Royal Society of Chemistry 2020
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The application of SMALPs to studying membrane proteins
is expanding rapidly*® and recently SMALPs have been used to
obtain high resolution structures of membrane proteins;
including crystallisation of the proton pump bacteriorhodop-
sin transferred from SMALPs into lipidic cubic phase for in
meso crystalisation’® and the cryo-EM structure of bacterial
alternative complex III in a super-complex with cytochrome
oxidase encapsulated in a SMALP.'* Combining the techno-
logies of fluorescence imaging and SMALP-solubilisation for
studying membrane proteins is becoming increasingly versa-
tile. For example, using proteins fluorescently labelled via
introduced unnatural amino acids to enable single-molecule
fluorescence studies and using FCS to confirm the existence of
dimers of the transporter protein ABCG2 and its interaction
with substrate.*>** This expanding utility of SMALPs has been
the driver for developing new amphipathic co-polymers that
retain the ability of SMA to solubilise membrane proteins but
exhibit different physico-chemical characteristics to SMA. For
example, styrene-co-maleimide (SMI) is positively-charged and
retains functionality at acidic pH, in contrast to the negative
charge and alkaline working range of SMA;*® styrene male-
imide quarternary ammonium (SMA-QA) forms relatively large
nanodiscs (~30 nm diameter) that remain stable between pH
2.5-pH 10;*° diisobutylene-co-maleic acid (DIBMA) in which
the styrene aromatic ring of SMA is replaced by the aliphatic
diisobutylene thereby changing how the polymer interacts
with the lipid in the nanoparticles®® and thiolated SMA
(SMA-SH) which can be derivatised or immobilised via the
introduced thiol.** All of these ‘second generation’ polymers
generate lipid nanoparticles in the complete absence of deter-
gent so preserve the native lipid in close association with the
membrane protein. This is particularly important for GPCRs,
as it has been shown that they can be regulated by the juxtapo-
sition of specific membrane lipids. For example, phosphatidy-
lethanolamine and phosphatidylglycerol favour inactive and
active conformational states of the p,-adrenergic receptor (B,-
AR), respectively.*! Likewise, cholesterol can modulate receptor
conformation®” and function.*®*” Indeed a specific cholesterol
binding site incorporating a ‘cholesterol consensus motif’ has
been proposed for some GPCRs following the identification of
cholesterol in GPCR crystal structures.*® In addition, the
selectivity of the p;-AR for signalling via the G-protein Gs, in
preference to other G-proteins, is enhanced by the membrane
lipid phosphatidylinositol 4,5 bisphosphate (PIP,) but not by
structural homologues. Using engineered ‘mini-Go’ constructs,
formation of P;-AR:mini-Gs complex was stabilised by two
molecules of PIP, whereas PIP, did not stabilise coupling
between f;-AR and other mini-Ga subunits.*” Although the
plasma membrane of P. pastoris differs from that of mamma-
lian cells, notably in substitution of cholesterol by ergosterol,
the major classes of phospholipids are similar and the A,,R
was pharmacologically active.’® Furthermore, phospholipids in
SMALPS can also be exchanged,” which offers opportunities
in the future for modifying the lipid composition following
isolation of GPCRs in SMALPs. Overall, the preservation of
native lipid encapsulated in GPCR-SMALPs combined with the
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advantages of FCS described above, establishes a versatile plat-
form for investigating ligand : GPCR interactions specifically,
and membrane protein interactions in general, in the future.

Conclusions

Nanodisc technology is becoming widely adopted as a mem-
brane protein solubilisation strategy due to the benefits pro-
vided by SMALPs over other solubilisation approaches.
Proteins are directly solubilised from membranes with preser-
vation of the annular lipids thereby maintaining the native
environment of the encapsulated protein. This is a notable
advantage for research focusing on the large GPCR family of
membrane proteins which constitute the primary therapeutic
target for drug discovery.®

Nano-encapsulation of one of these GPCRs (the A,5R) into
SMALPs allowed us to report the first use of solution-based
FCS to investigate the ligand binding capability of the receptor
within the nanodisc particle in real time. Our study estab-
lished that GPCR-SMALP used in combination with FCS is a
powerful approach for characterising ligand :receptor com-
plexes in a nano-scale native environment. It is anticipated
that given the versatility and general utility of our strategy, it
can be applied to the quantitative investigation of a wide range
of target receptors plus their cognate ligands, modulators and
interacting protein partners in the future.
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Appendix D: DNA sequencing chromatograms from CLR muta-

genesis

Performed at Source Bioscience, UK (orders #443766401; #443735101; #4564490; #456957001)

1=[N*"A]CLR
100% sequence coverage + match

859 bp by T7F and 1123 bp by BGHR|

TETTGTAACAAT CATTCACCTCACTGCAGTGGCC AACCAGGCCT TAGTAGCCACAAATCCTGEGTTAGTTGCAAAGT

0ttt

5’-CTGCAGTGGCCAACCAGGCCTTAGTAGC-3’

GACACT TTGCAACTAACAGOBATTTETBGCTACTAAGOGCCTOOTTEECCACTOACAGTOAGGBT GAATGATTEBTTACAAC

5’-GTGGCTACTAAGGCCTGGTTGGCCACTGC-3’

2=[Q*A]CLR
100% sequence coverage + match
1007 bp by T7F and 1116 bp by BGHR

TTOTAACAA CATTCACCTCACTOCAGBTOOCCAACAACOCCT TAOTAOBOECCACAAATCCTOTTAGTTOACAAADTETC

oot

5’-GCAGTGGCCAACAACGCCTTAGTAGCCACA-3’

ACTTTGCAAC TAACAGGATTTET GECTACTAAGGBCOETTOET TEGCCACTRECAGT GAGGT GAAT GATTGT

C&/\j Iluﬂl ||,| ,-.ll /‘j\ IU"I
J',U AL

5-TGTGGCTACTAAGGCGTTGTTGGCCACTGC-3’
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3 =[A™A]CLR
100% sequence coverage + match

1021 bp by T7F and 1123 by BGHR

CAATCATTCACCTCACTGCAGTGGCCAACAACCAGTTAGTAGCCACAAATCCTGTTAGTTGCAAAGTGTCCCAGTT

) |

5’-CAGTGGCCAACAACCAGTTAGTAGCCACAAATCC-3’

ACTGGGACACTTTGCAACTAACAGGATTTGTGGCTACTAACTGGTTGTTGGCCACTGCAGTGAGGTGAATGATTGTT

00 e

5’-CAGGATTTGTGGCTACTAACTGGTTGTTGGCCAC-3’

790

4 =[L*™A]CLR
100% sequence coverage + match
1014 bp by T7F and 1168 bp by BGHR

"CACCTCACTGCAGTGGCCAACAACCAGGCCGTAGCCACAAATCCTGTTAGTTGCAAAGTGTCCCA

710 720 730 740 750 760 770

5’-GCCAACAACCAGGCCGTAGCCACAAATCCT-3

iACACTTTGCAACTAACAGGATTTGTGGCTACGGCCTGGTTGTTGGCCACTGCAGT GAGGT GAATG.

\

800 810 820 830 840 850 8

5’-AGGATTTGTGGCTACGGCCTGGTTGTTGGC-3’
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5 =[V**A]CLR
100% sequence coverage & match

1010 bp by T7F and 1126 bp by BGHR

ACAATCATTCACCTCACTGCAGTGGCCAACAACCAGGCCTTAGCCACAAATCCTGTTAGTTGCAAAGTGTCCCAGT

5’-GGCCAACAACCAGGCCTTAGCCACAAATCC-3’

ACTGGGACACTTTGCAACTAACAGGATTTGTGGCTAAGGCCTGGTTGTTGGCCACTGCAGTGAGGTGAATGATTGT

| et )

800 810 820 830 840 850 860

5’-GGATTTGTGGCTAAGGCCTGGTTGTTGGCC-3’

6 = [A*™A]CLR
100% sequence coverage & match

1017 bp by T7F and 1159 bp by BGHR

CATTCACCTCACTGCAGTGGCCAACAACCAGGCCTTAGTAACAAATCCTGTTAGTTGCAAAGTGTCCCAGTTCAT

5’-GCCAACAACCAGGCCTTAGTAACAAATCCTGTTAGTT-3’

TGAACTGGGACACTTTGCAACTAACAGGAT T TTGTTACTAAGGCCTGGTTGTTGGCCACTGCAGTGAGGTGAATGAT

0 Mg e o

790 800 810 820 830 840 850 860

5’-AACTAACAGGATTTGTTACTAAGGCCTGGTTGTTGGC-3”
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7=[T*"A]CLR
100% sequence coverage & match

862bp by T7F and 1126bp by BHGR

ACCTCACTGCAGTGGCCAACAACCAGGCCTTAGTAGCCAATCCTGTTAGTTGCAAAGTGTCCCAGTTCATTCATCT

t

5’-ACCAGGCCTTAGTAGCCAATCCTGTTAGTTGCAA-3’

AGATGAAT GAACTGGGACACTTTGCAACTAACAGGATTGGCTACTAAGGCCTGGTTGTTGGCCACTGCAGTGAGGT

| b A

5’-TTGCAACTAACAGGATTGGCTACTAAGGCCTGGT-3’

8 = [N*®A]CLR
100% sequence coverage & match

1010 bp by T7F and 1168 bp by BGHR

ACCTCACTGCAGTGGCCAACAACCAGGCCTTAGTAGCCACACCTGTTAGTTGCAAAGTGTCCCAGTTCATTCATCT

|

5’-CCAGGCCTTAGTAGCCACACCTGTTAGTTGCA-3’

AGATGAATGAACTGGGACACTTTGCAACTAACAGGTGTGGCTACTAAGGCCTGGTTGTTGGCCACTGCAGTGAGGT

) Mt c |
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9 = [N*"A]CLR, [N*"'A]CLR
100% sequence coverage & match
1101 bp by T7F and 1168 bp by BGHR

ACTCTGTTGTAACAATCATTCACCTCACTGCAGTGGCCCAGGCCTTAGTAGCCACAAATCCTGTTAGTTGCAAAGT

5’-TCACTGCAGTGGCCCAGGCCTTAGTAGC-3’

ACTTTGCAACTAACAGGATTTGTGGCTACTAAGGCCTGGGCCACTGCAGTGAGGTGAATGATTGTTACAACAGAGT

i P | t

30 840 850 860 870

5’-GCTACTAAGGCCTGGGCCACTGCAGTGA-3’

10 = Insertion [N?"’NN]
100% sequence coverage & match
1010 bp by T7F and 1126 bp by BGHR

GTTGTAACAATCATTCACCTCACTGCAGTGGCCAACAATAACCAGGCCTTAGTAGCCACAAATCCTGTTAGTTGCA

{

5’-CACTGCAGTGGCCAACAATAACCAGGCCTTAGTAG-3’

TGCAACTAACAGGATTTGTGGCTACTAAGGCCTGGTTATTGTTGGCCACTGCAGTGAGGTGAATGATTGTTACAACA!

N A w &lum.l@MAMAM

5’-CTACTAAGGCCTGGTTATTGTTGGCCACTGCAGTG-3’
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11 = Triple deletion I: [N*’A]CLR, [N**'A]CLR and [N**A]CLR
100 % sequence coverage & match
1246 bp by T7F and 1286 bp by BGHR

AATCATTCACCTCACTGCAGTGGCCCAGGCCTTAGTAGCCACACCTGTTAGTTG

710 720 730 740 750

5’ — AATCATTCACCTCACTGCAGTGGCCCAGGCCTTAGTAGCCACACCTGTTAGTTG -3’

CAACTAACAGGTGTGGCTACTAAGGCCTGGGCCACTGCAGTGAGGTGAATGATT

i

810 820 830 840 850

3’ - CAACTAACAGGTGTGGCTACTAAGGCCTGGGCCACTGCAGTGAGGTGAATGATT - 5°

12 = Triple deletion II: [A"A]CLR, [N**A]CLR and [N*"’A]CLR
100 % sequence coverage & match
1196 bp by T7F and 1138 bp by BGHR

GTAACAATCATTCACCTCACTGCAGTGCAGGCCTTAGTAGCCACAAATCCTGTTA

700 710 720 730 740 75

5’ - GTAACAATCATTCACCTCACTGCAGTGCAGGCCTTAGTAGCCACAAATCCTGTT -3’

AACTAACAGGATTTGTGGCTACTAAGGCCTGCACTGCAGTGAGGTGAATGAT

{ ()

810 820 830 840 850

3> — AACTAACAGGATTTGTGGCTACTAAGGCCTGCACTGCAGTGAGGTGAATGAT -5’
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Appendix E: Receptor constructs used in this study

Adenosine 2A receptor (A:sR)

The de-glycosylated human adenosine 2A receptor construct was originally designed by Dr. Niall
J. Fraser (University of Glasgow, UK) (Fraser, 2006). DNA sequencing was confirmed in sense and
antisense direction by Dr. Sarah J. Routledge (Aston University, UK).

Key

EcoRI-BEARE-His-10 TAG-2A;;R-STOP-Notl

Protein sequence
lHHHHHHHHHHPIMGSSVYITVELAIAVLAILGNVLVCWAVWLNSNLQNVTNYFVVSLAAADIAVGVLAIP
FATITISTGFCAACHGCLFIACEFVLVLTOQSSIFSLLATIATDRY IATRIPLRYNGLVTGTRAKGIIAICWV LS
FATIGLTPMLGWNNCGQPKEGKQH SQGC GEGQVACLFE DVV PMN YMVY FNF FACVLVPLLLMLGVYLRIFLA
ARROLKQOME SOPLPGERARSTLOKEVHAAKSLATIVGLFATLCWLPLHIINCFTFFCPDCSHAPLWILMYT AT
VLSHTNSVVNPF IYAYRIREFROTFRKITIRSHVLRQQEPFKAAGT SARV LAAHGS DGEQVSLRLNGHPP GV
WANGSAPHPERRPNGYALGLVSGGSAQESQGNTGL PDVE LLSHELKGVC PEPPGLDDPLAQDGAGV S
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Oxytocin receptor (OTRaw)

Key
Kpn1-HinDI11-KOMRR-SFARG-His-10 TAG-EN-BNEINe-OTR-Linker —[ENEBAE - STOP- ECORI-

Protein sequence

lHHHHHHHHHH DA ERIARINY [ GATLAANWSAEAANASAAPPGAEGNRTAGPPRRNEALARVEVAVL
CLILLLALSGNACVLLALRTTROQKHSRLFFFMKHLSIADLVVAVFQVLPOQLLWDITFRFYGPDLLCRLVKYL
QVVGMFASTYLLLLMSLDRCLAICQPLRSLRRRTDRLAVLATWLGCLVASAPQVHIFSLREVADGVEFDCWAV
FIQPWGPKAYITWITLAVYIVPVIVLATCYGLISFKIWONLRLKTAAAAAAEAPEGAAAGDGGRVALARVSS
VKLISKAKIRTVKMTFIIVLAFIVCWTPFFEVOMWSVWDANAPKEASAFITIVMLLASLNSCCNPWIYMLETG
HLFHELVQRFLCCSASYLKGRRLGETSASKKSNSSSFVLSHRSSSQRSCSQPSTAGGGGSGGGGSGGGGS.

DNA sequence
soraccanceTTESBREEATECAccaTcATCACCATCACCATCACCATCACHEEEEEE
N eSS Seee® - /. CCCCCCCCTCCCAGCCAACTGGAGCGCCGAGGCAGCCARCGCC
AGCGCCGCGCCGCCGGGGGCCGAGGGCAACCGCACCGCCGGACCCCCGCGGCGCARCGAGGCCCTGGCGCGE
GTGGAGGTGGCGGTGCTGTGTCTCATCCTGCTCCTGGCGCTGAGCGGGAACGCGTGTGTGCTGCTGGCGCTG
CGCACCACACGCCAGAAGCACTCGCGCCTCTTCTTCTTCATGAAGCACCTAAGCATCGCCGACCTGGTGGTG
GCAGTGTTTCAGGTGCTGCCGCAGTTGCTGTGGGACATCACCTTCCGCTTCTACGGGCCCGACCTGCTGTGC
CGCCTGGTCAAGTACTTGCAGGTGGTGGGCATGTTCGCCTCCACCTACCTGCTGCTGCTCATGTCCCTGGAC
CGCTGCCTGGCCATCTGCCAGCCGCTGCGCTCGCTGCGCCGCCGCACCGACCGCCTGGCAGTGCTCGCCACG
TGGCTCGGCTGCCTGGTGGCCAGCGCGCCGCAGGTGCACATCTTCTCTCTGCGCGAGGTGGCTGACGGCGTC
TTCGACTGCTGGGCCGTCTTCATCCAGCCCTGGGGACCCAAGGCCTACATCACATGGATCACGCTAGCTGTC
TACATCGTGCCGGTCATCGTGCTCGCTACCTGCTACGGCCTTATCAGCTTCAAGATCTGGCAGAACTTGCGG
CTCAAGACCGCTGCAGCGGCGGCGGCCGAGGCGCCAGAGGGCGCGGCGGCTGGCGATGGGGGGCGCGTGGCC
CTGGCGCGTGTCAGCAGCGTCAAGCTCATCTCCAAGGCCAAGATCCGCACGGTCAAGATGACTTTCATCATC
GTGCTGGCCTTCATCGTGTGCTGGACGCCTTTCTTCTTCGTGCAGATGTGGAGCGTCTGGGATGCCAACGCG
CCCAAGGAAGCCTCGGCCTTCATCATCGTCATGCTCCTGGCCAGCCTCAACAGCTGCTGCAACCCCTGGATC
TACATGCTGTTCACGGGCCACCTCTTCCACGAACTCGTGCAGCGCTTCCTGTGCTGCTCCGCCAGCTACCTG
AAGGGCAGACGCCTGGGAGAGACGAGTGCCAGCAAAAAGAGCAACTCGTCCTCCTTTGTCCTGAGCCATCGC
AGCTCCAGCCAGAGGAGCTGCTCCCAGCCATCCACGGCGEEACEEEECEECTCEEETCEEEETGECAGCEEE
GGTGGEGGCTCTGGTCTTAACGATATCTTCGAGGCTCAGAAAATTGAGTGGCATGAGTAGGAATTC
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Parathyroid hormone 1 receptor (PTH1RA.:)

Key
KPNT-HINDII I -FOMRR-START-H15-10 TAG- Nl -EENEENe

-pTH1R-Linker - ENIMJE - STOP- ECORI -

Protein sequence

MHEHHEEHHEY VOGN TARTAPGLALLLCCPVLSSAYALVDADDVMTKEEQTFLLHRAQAQCE
KRLKEVLQRPASIMESDKGWTSASTSGKPRKDKASGKLYPESEEDKEAPTGSRYRGRPCLPEWDHILCWPLGAPG
EVVAVPCPDYIYDFNHKGHAYRRCDRNGSWELVPGHNRTWANYSECVKFLTNETREREVEDRLGMIYTVGYSVSL
ASLTVAVLILAYFRRLHCTRNYIHMHLFLSFMLRAVSIFVKDAVLYSGATLDEAERLTEEELRATAQAPPPPATA
AAGYAGCRVAVTFFLYFLATNYYWILVEGLYLHSLIFMAFFSEKKYLWGFTVEGWGLPAVEVAVWVSVRATLANT
GCWDLSSGNKKWIIQVPILASIVLNFILFINIVRVLATKLRETNAGRCDTRQQYRKLLKSTLVLMPLFGVHY IVF
MATPYTEVSGTLWQVOMHYEMLENSFQGFEFVAITIYCEFCNGEVQAETIKKSWSRWTLALDFKRKARSGSSSYSYGPM
VSHTSVTNVGPRVGLGLPLSPRLLPTATTNGHPQLPGHAKPGTPALETLETTPPAMAAPKDDGFLNGSCSGLDEE

AsGPERPPALLOEEWETVMGGGGSGGGGSGCCGSIEEGGEEEEEE

DNA sequence

CGTACCAAGCT TEBBREBATECACCATCATCACCATCACCATCACCATCACH e
TACCCCTACGACGTCCCCGACTACGC CleeloNelslelsleitelerNislclslelelelelclclslehiclclelolouielehiclouNeulelehicle
CCCGTGCTGAGCAGCGCCTACGCCCTGGTGGACGCCGACGACGTGATGACCAAGGAGGAGCAGATCTTCCTG
CTGCACAGGGCCCAGGCCCAGTGCGAGAAGAGGCTGAAGGAGGTGCTGCAGAGGCCCGCCAGCATCATGGAG
AGCGACAAGGGCTGGACCAGCGCCAGCACCAGCGGCAAGCCCAGGAAGGACAAGGCCAGCGGCAAGCTGTAC
CCCGAGAGCGAGGAGGACAAGGAGGCCCCCACCGGCAGCAGGTACAGGGGCAGGCCCTGCCTGCCCGAGTGG
GACCACATCCTGTGCTGGCCCCTGGGCGCCCCCGGCGAGGTGGTGGCCGTGCCCTGCCCCGACTACATCTAC
GACTTCAACCACAAGGGCCACGCCTACAGGAGGTGCGACAGGAACGGCAGCTGGGAGCTGGTGCCCGGCCAC
AACAGGACCTGGGCCAACTACAGCGAGTGCGTGAAGTTCCTGACCAACGAGACCAGGGAGAGGGAGGTGTTC
GACAGGCTGGGCATGATCTACACCGTGGGCTACAGCGTGAGCCTGGCCAGCCTGACCGTGGCCGTGCTGATC
CTGGCCTACTTCAGGAGGCTGCACTGCACCAGGAACTACATCCACATGCACCTGTTCCTGAGCTTCATGCTG
AGGGCCGTGAGCATCTTCGTGAAGGACGCCGTGCTGTACAGCGGCGCCACCCTGGACGAGGCCGAGAGGCTG
ACCGAGGAGGAGCTGAGGGCCATCGCCCAGGCCCCCCCCCCCCCCGCCACCGCCGCCGCCGGCTACGCCGGE
TGCAGGGTGGCCGTGACCTTCTTCCTGTACTTCCTGGCCACCAACTACTACTGGATCCTGGTGGAGGGCCTG
TACCTGCACAGCCTGATCTTCATGGCCTTCTTCAGCGAGARGAAGTACCTGTGGGGCTTCACCGTGTTCGGC
TGGGGCCTGCCCGCCGTGTTCGTGGCCGTGTGGGTGAGCGTGAGGGCCACCCTGGCCARCACCGGCTGCTGG
GACCTGAGCAGCGGCAACAAGAAGTGGATCATCCAGGTGCCCATCCTGGCCAGCATCGTGCTGAACTTCATC
CTGTTCATCAACATCGTGAGGGTGCTGGCCACCAAGCTGAGGGAGACCAACGCCGGCAGGTGCGACACCAGG
CAGCAGTACAGGAAGCTGCTGAAGAGCACCCTGGTGCTGATGCCCCTGTTCGGCGTGCACTACATCGTGTTC
ATGGCCACCCCCTACACCGAGGTGAGCGGCACCCTGTGGCAGGTGCAGATGCACTACGAGATGCTGTTCAAC
AGCTTCCAGGGCTTCTTCGTGGCCATCATCTACTGCTTCTGCAACGGCGAGGTGCAGGCCGAGATCAAGRAG
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AGCTGGAGCAGGTGGACCCTGGCCCTGGACTTCAAGAGGAAGGCCAGGAGCGGCAGCAGCAGCTACAGCTAC
GGCCCCATGGTGAGCCACACCAGCGTGACCAACGTGGGCCCCAGGGTGGGCCTGGGCCTGCCCCTGAGCCCC
AGGCTGCTGCCCACCGCCACCACCAACGGCCACCCCCAGCTGCCCGGCCACGCCAAGCCCGGCACCCCCGCC
CTGGAGACCCTGGAGACCACCCCCCCCGCCATGGCCGCCCCCAAGGACGACGGCTTCCTGAACGGCAGCTGC
AGCGGCCTGGACGAGGAGGCCAGCGGCCCCGAGAGGCCCCCCGCCCTGCTGCAGGAGGAGTGGGAGACCGTG
ATGGGAGGGGGCGGCTCGGGTGGGGGTGGCAGCGGCGGTGGGGGCTCT

N 1 - G2 TTCGCGGCCGE
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Calcitonin receptor-like receptor (CLR)

Key
Af111-SEARE-CD8A signal peptide-linker-[iNJX€-1inker-CLR-STOP-ECORI

Protein sequence

MALPVTALLLPLALLLHAARPDYASE SR ENIININS LGGPSLEGSAELEESPEDS IQLGVTRNKIMTAQYECY
QKIMQDPIQQAEGVYCNRTWDGWLCWNDVAAGTESMOLCPDYFQDFDPSEKVTKICDQDGNWFRHPASNRTW
TNYTQCNVNTHEKVKTALNLFYLTIIGHGLSIASLLISLGIFFYFKSLSCQRITLHKNLFFSFVCNSVVTII
HLTAVANNQALVATNPVSCKVSQFTHLYLMGCNYFWMLCEGIYLHTLIVVAVFAEKQHLMAYYFLGWGFPLI
PACTHAIARSLYYNDNCWISSDTHLLYIIHGPICAALLVNLFFLLNIVRVLITKLKVTHQAESNLYMKAVRA
TLILVPLLGIEFVLIPWRPEGKIAEEVYDYIMHILMHFQGLLVSTIFCFFNGEVQAILRRNWNQYKIQFGNS
FSNSEALRSASYTVSTISDGPGYSHDCPSEHLNGKSIHDIENVLLKPENLYN

DNA sequence
TTAAGCTTCTT-GCCTTACCAGTGACCGCCTTGCTCCTGCCGCTAGCCTTGCTGCTCCACGCCGCCAGGC
CGGATTACGCGTCTivNciseleivNECI NS EUNSSIONETNUNYEI®N T CCCTGGCGAGGCCCTTCACTCGAGGGATCCG
CAGAATTAGAAGAGAGTCCTGAGGACTCAATTCAGTTGGGAGTTACTAGAAATAAAATCATGACAGCTCAAT
ATGAATGTTACCAAAAGATTATGCAAGACCCCATTCAACAAGCAGAAGGCGTTTACTGCAACAGAACCTGGG
ATGGATGGCTCTGCTGGAACGATGTTGCAGCAGGAACTGAATCAATGCAGCTCTGCCCTGATTACTTTCAGG
ACTTTGATCCATCAGAAAAAGTTACAAAGATCTGTGACCAAGATGGAAACTGGTTTAGACATCCAGCAAGCA
ACAGAACATGGACAAATTATACCCAGTGTAATGTTAACACCCACGAGAAAGTGAAGACTGCACTAAATTTGT
TTTACCTGACCATAATTGGACACGGATTGTCTATTGCATCACTGCTTATCTCGCTTGGCATATTCTTTTATT
TCAAGAGCCTAAGTTGCCAAAGGATTACCTTACACAAAAATCTGTTCTTCTCATTTGTTTGTAACTCTGTTG
TAACAATCATTCACCTCACTGCAGTGGCCAACAACCAGGCCTTAGTAGCCACAAATCCTGTTAGTTGCAAAG
TGTCCCAGTTCATTCATCTTTACCTGATGGGCTGTAATTACTTTTGGATGCTCTGTGAAGGCATTTACCTAC
ACACACTCATTGTGGTGGCCGTGTTTGCAGAGAAGCAACATTTAATGTGGTATTATTTTCTTGGCTGGGGAT
TTCCACTGATTCCTGCTTGTATACATGCCATTGCTAGAAGCTTATATTACAATGACAATTGCTGGATCAGTT
CTGATACCCATCTCCTCTACATTATCCATGGCCCAATTTGTGCTGCTTTACTGGTGAATCTTTTTTTCTTGT
TAAATATTGTACGCGTTCTCATCACCAAGTTAAAAGTTACACACCAAGCGGAATCCAATCTGTACATGAAAG
CTGTGAGAGCTACTCTTATCTTGGTGCCATTGCTTGGCATTGAATTTGTGCTGATTCCATGGCGACCTGAAG
GAAAGATTGCAGAGGAGGTATATGACTACATCATGCACATCCTTATGCACTTCCAGGGTCTTTTGGTCTCTA
CCATTTTCTGCTTCTTTAATGGAGAGGTTCAAGCAATTCTGAGAAGAAACTGGAATCAATACAAAATCCAAT
TTGGAAACAGCTTTTCCAACTCAGAAGCTCTTCGTAGTGCGTCTTACACAGTGTCAACAATCAGTGATGGTC
CAGGTTATAGTCATGACTGTCCTAGTGAACACTTAAATGGAAAAAGCATCCATGATATTGAAAATGTTCTCT
TAAAACCAGAAAATTTATATAATTGAGGAATTC
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Receptor Activity Modifying Proteins (RAMPs)

Key: Untagged RAMP

Xhol - KBBR8 FART-Signal peptide-RAMP-STOP-NotI

RAMP1

MARALCRLPRRGLWLLLAHHLFMTTACQEANYGALLRELCLTQFQVDMEAVGETLWCDWGRTIRSYRELADC
TWHMAEKLGCFWPNAEVDRFFLAVHGRYFRSCPISGRAVRDPPGSILYPFIVVPITVTLLVTALVVWQSKRT
EGIV

RAMP2

MASLRVERAGGPRLPRTRVGRPAALRLLLLLGAVLNPHEALAQPLPTTGTPGSEGGTVKNYETAVOEFCWNHY
KDOMDPIEKDWCDWAMISRPYSTLRDCLEHFAELFDLGEFPNPLAERITIFETHQIHFANCSLVQPTEFSDPPED
VLLAMIIAPICLIPFLITLVVWRSKDSEAQA

RAMP3

METGALRRPQLLPLLLLLCGGCPRAGGCNETGMLERLPLCGKAFADMMGKVDVWKWCNLSEFIVYYESEFTNC
TEMEANVVGCYWPNPLAQGFITGIHRQFEFSNCTVDRVHLEDPPDEVLIPLIVIPVVLTVAMAGLVVWRSKRT
DTLL

Key: FLAG-tagged RAMP

xhol - R -STARE-Signal peptide-[FHNCEREYRAMP-STOP-NotI

FLAG-RAMP2

MASLRVERAGGPRLPRTRVGRPAALRLLLLLGAVLNPHEALA|DNSRBNOPL.PTTGTPGSEGGCGTVKNYETAV
QFCWNHYKDOQMDPIEKDWCDWAMISRPYSTLRDCLEHFAELFDLGFPNPLAERITIFETHQIHFANCSLVQPT
FSDPPEDVLLAMIIAPICLIPFLITLVVWRSKDSEAQA
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Appendix F: ‘Snake plot’ diagrams of receptors in this study

human adenosine A2 receptor (A:aR)
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bovine rhodopsin
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human oxytocin receptor (OTR)
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human parathyroid hormone 1 receptor (PTH1R)
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human calcitonin receptor-like receptor (CLR)
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