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Abstract

Increasing evidence has revealed the role of G protein-coupled receptors
(GPCRs) in the regulation of signalling responses via complex cross-talk
mechanisms with the receptor tyrosine kinase (RTK) family of transmembrane
receptors. Vascular endothelial growth factor-a (VEGFa) mediates cancer
angiogenesis via binding to its cognate VEGF receptor 2 (VEGFR2). The two class
A GPCRs, adenosine Axa receptors and Pi-adrenoceptors, have also been
intimately involved in cancer angiogenesis, and their activation can contribute
to cancer progression and invasion. However, the molecular mechanisms
involved in the cross-talk between these receptor families are not well

understood.

Using a NanolLuc-based bioluminescence resonance energy transfer
(NanoBRET) methodology, we reveal a novel mechanism in which VEGFR2 can
associate with either of these Gs-coupled GPCRs to form oligomeric complexes
in living cells. We also demonstrated that VEGF-stimulated VEGFR2 can induce
a switch from a transient to a more stable interaction between B,AR and the
adaptor protein B-arrestin-2, which may have an impact in endosomal

signalling.

The pharmacological inhibition of B;-adrenoceptor (B:AR) signalling, using
selective B,AR antagonists (or B-blockers), represents a potential therapeutic
approach for the treatment of triple-negative breast cancer variant, which has
limited treatment options. This study demonstrated the novel application of
NanoBRET technology to probe specific B-blocker-B,-adrenoceptor
engagement in a pre-clinical in vivo model of triple-negative breast cancer. This
novel methodology will allow a strong correlation between drug-target

engagement and mediated physiological response.



Acknowledgements

| would like to thank both the University of Nottingham and Monash University
for the fantastic opportunity to undertake my PhD with these two excellent
institutions, located in opposite sides of the World. It was a really great
opportunity to spend one whole year in Australia to learn and perform science
with very well-known scientists in the GPCR field, and to explore Australia and

New Zealand.

| specially thank my supervisors Professor Stephen J. Hill and the Associate
Professor Jeanette Woolard, from the University of Nottingham, for all their
amazing support, advice and guidance throughout my PhD. Their help and
advice really contributed to my overall success as a PhD student, as well as a

person and to my exposure in the scientific society.

| also thank all the postdocs, PhD students, and members of staff from the Cell
Signalling and COMPARE departments, at the University of Nottingham, for
their friendship and incredible team-work. A special thank you to Dr Laura
Kilpatrick, who was deeply involved in this project and contributed to its great
success, and for her friendship. Also, to Jackie Glenn for her support and

friendship.

| also thank my supervisor Assistant Professor Erica Sloan and all Sloan’s lab
members, at Monash University, for their support and guidance during my time
at the Monash Institute of Pharmacological Sciences (MIPS). A special thank
you to the PhD student Aeson Chang, who became a great friend and has given

me great support during my time in Australia.

Finally, I want to thank my other half, Tiago, who has been on my side for a long
time, and to whom | got secretly married during my time in Australia, and to
my parents and sister, who live back home in Portugal, but were always there

when | needed them the most.



Abbreviations

2-ME — 2-mercaptoethanol

AR — adenosine receptor (A1, Asa or Asz)

BRET — Bioluminescence Resonance Energy Transfer
BRET max — maximal BRET signal

BSA — bovine serum albumin

CA200647 (or CAXAC) — adenosine As fluorescent Xanthine Amine Congener
(XAC) analog

cDNA — complementary DNA

CGP 12177-TMR - bordifluoropyrromethane-tetramethylrhodamine-(+)CGP
12177

CGP 20712A - 1-[2-((3-Carbamoyl-4-hydroxy)phenoxy)ethylamino]-3- [4-(1-
methyl-4-trifluoromethyl-2-imidazolyl)phenoxy]-2- propanolmethanesulfonate

CGP12177 - 4-[3-[(1,1-Dimethylethyl)amino]2-hydroxypropoxy]-1,3- dihydro-2H
benzimidazol-2-one

D — diffusion coefficient

ddH20 — double-distilled water

DMEM - dulbecco’s modified Eagle’s medium

DMSO - dimethyl sulphoxide

DPCPX — 8-Cyclopentyl-1,3-dipropylxanthine

DTT — dithiothreitol [(-)-1,4-DITHIO-L-THREITOL]

ECso — concentration at which half the system maximal response occurs
ERK — extracellular-signal-regulated kinase

FCS — fluorescence correlation spectroscopy

GPCR - G protein-coupled Receptor

GRKs — G protein-coupled receptor kinases

HBSS — HEPES or Hanks buffered saline solution

HEK 293T — human Embryonic kidney 293 cells

ICs0— concentration to inhibit 50% binding of a ligand

ICl 118551 — (-)-1-[2,3-(Dihydro-7-methyl-1H-inden-4-yl)oxy]-3-[(1-
methylethyl)amino]-2 butanol

Isoprenaline — 4-[1-Hydroxy-2-[(1-methylethyl)amino]ethyl]-1,2-benzenediol
hydrochloride



Kp — dissociation constant, concentration at which half the receptors are
occupied

koff - dissociation rate constant
kon - association rate constant
LB — luria-Bertani broth

MDA-231 — MDA-MB-231HM | highly metastatic (HM) or triple-negative human
breast cancer cell line

MRS1220 — N-[9-Chloro-2-(2-furanyl)[1,2,4]-triazolo[1,5-c]quinazolin-5-
yllbenzene acetamide

N — particle number

Nb-80-GFP — nanobody-80-tagged with green fluorescent protein (GFP)

Nluc — nanoluc luciferase

PBS — phosphate buffered saline

PCH — photon counting histogram

PFA — paraformaldehyde

Propranolol-BY630/650 — propranolol-Balanine-Balanine-X-BODIPY-630/650

Propranolol- (RS)-1-[(1-methylethyl)amino]-3-(1-napthalenyloxy)-2-propanol

PSB36 — 1-Butyl-8-(hexahydro-2,5-methanopentalen-3a(1H)-yl)-3,7-dihydro-3-(3-

hydroxypropyl)-1H-purine-2,6-dione
RT —residence time

RTK — receptor Tyrosine Kinase

SCH58261 — 2-(2-Furanyl)-7-(2-phenylethyl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-

c]pyrimidin-5-amine

SIM — structured lllumination Microscopy

TAMRA — 5-carboxy-tetramethylrhodamine N-succinimidyl ester
Tp— diffusion time

TMR — tetramethyl-rhodamine

VEGFR2 — vascular endothelial growth factor receptor 2

VEGF1s5a-TMR — vascular endothelial growth factor 165a with tetramethyl-
rhodamine fluorophores at a single cysteine N-terminal residue

BAR — B-adrenergic receptor (B1AR or B2AR)

€ — molecular brightness measured as counts per molecule per second (cpms)
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Chapter 1: General Introduction

G protein-coupled receptors (GPCRs) and receptor tyrosine kinases (RTKs) are
the major superfamilies of transmembrane receptors present in eukaryotic
cells (Cattaneo et al.,, 2014). Two decades ago, these two different
transmembrane receptor families were thought to function in a separate and
independent manner (Liebmann and Béhmer, 2000). Nowadays, we know that
complex cross-communication mechanisms can occur between these receptor
families that contribute to both physiological and pathological conditions
(Delcourt et al., 2007; Kose, 2017; Pyne and Pyne, 2011). Vascular endothelial
growth factor receptor 2 (VEGFR2), a member of the RTK family, is the major
mediator of VEGF-driven responses in endothelial cells, including permeability
changes, proliferation, migration and angiogenesis. The latter is a process
involved the formation of new blood vessels from pre-existing vasculature
(Simons et al., 2016). Vascular endothelial growth factor (VEGF) and its cognate
receptor (VEGFR2) are key players in tumour-induced angiogenesis and tumour
cell invasion and are therefore widely targeted in cancer therapy (Niu and
Chen, 2010). Increasing evidence has suggested a role for adenosine receptors
and B2-adrenoceptors, two Class A GPCR members, in promoting angiogenesis
via the release of VEGF in response to local hypoxia and neoplasia (Hill et al.,
2014; Ryzhov et al., 2014). However, there is a lack of understanding regarding
the molecular mechanisms by which signalling from VEGFR2 and these two
Class A GPCRs may cross-talk. This chapter will introduce the GPCR and RTK
families, with a focus on the two class A GPCRs, adenosine Aza receptor and B»-
adrenoceptors, as well as on the class IV RTK, VEGFR2. Recent advances on RTK-

GPCR oligomerisation will be also presented.

1.1. G protein-coupled receptors superfamily

G protein-coupled receptors (GPCR) comprise the largest family of
transmembrane receptors and are the most diverse group of membrane-

binding proteins present in eukaryotic organisms (Lefkowitz, 2007). GPCRs



respond to a wide range of stimuli including odorants, ions, photons, small
neurotransmitters, large peptides and hormones. Thus, this receptor
superfamily is involved in many different diseases, such as neurological,
cardiovascular, immunological and infectious diseases (Calebiro and Godbole,

2018; Capote et al., 2015; Magalhaes et al., 2012).

GPCRs are encoded by more than 800 genes in the human genome (Klaasse et
al., 2008), and nearly a third of the pharmaceuticals available on the market
have been developed to target members of this family of receptors (Kimple et
al., 2011). All GPCRs share the same typical structural motifs of seven
membrane-spanning a-helices, and for this reason can be also described as
seven-transmembrane (7-TM) domain receptors (Alexander et al., 2017)
(Figure 1.1). According to the International Union of Basic and Clinical
Pharmacology (IUPHAR), and on the basis of sequence homology, GPCRs have
been divided into three different classes. Class A GPCR (or rhodopsin-like
family) is the largest family of GPCRs, containing approximately 700 receptors,
including the rhodopsin, adenosine and adrenergic receptors (Franco et al.,
2016). Class B (or secretin family) have a large globular N-terminal domain and
extracellular loops which are essential for their activation. Examples of GPCRs
belonging to this family are the corticotropin-releasing factor (CRF) and
glucagon-related peptide | (GLP-1) (Miller et al., 2014). The Class C family is
characterised by a large N-terminal extracellular orthosteric ligand binding
domain, that resembles a Venus flytrap. Members of the family C include the
metabotropic glutamate (mGlu), y-aminobutyric acid B (GABAg) and Ca?'-
sensing receptors (Wu et al., 2014). This family of GPCRs form obligate dimers

to function (Gurevich and Gurevich, 2008).
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Figure 1.1. Generic representation of 7-transmembrane receptors (7-TMR) structure. The
different receptor domains (a-helixes 1-7 also nominated as transmembrane domains (TM) 1-
7) are connected via 3 extracellular (ECL) and 3 intracellular (ICL) loops. The C-terminus is the
docking site for accessory proteins, containing phosphorylation and palmitoylation sites that
are relevant for the regulation of receptor desensitisation and internalisation (Klaasse et al.,
2008). The third intracellular loop (ICL3) and the C-terminus are involved in G-protein coupling,
G protein-coupled receptor kinases (GRKs) and binding of B-arrestins (Reiter and Lefkowitz,
2006). Recent evidence revealed that B-arrestins can adopt two different conformations, a
‘tail’ or a ‘tail and core’ conformations. These studies suggested that B-arrestins can interact
with the GPCR only at the C-terminus (‘tail’ conformation) or interact simultaneously with the
C-terminus and intracellular domains of the receptor (‘tail and core’ conformation), which
seem to regulate downstream signalling (Eichel et al., 2018; Ranjan et al., 2017; Thomsen et

al., 2016).

1.1.1. GPCR activation

GPCRs do not have intrinsic activity like other transmembrane receptors, such
as receptor tyrosine kinases, they require intracellular partners that serve as
canonical transducer proteins, the heterotrimeric G-protein family. Based on
structural studies, the mode of GPCR activation occurs by the following steps
(Figure 1.2.): (1) agonist ligand binds to the receptor inducing conformational
changes in critical domains of the 7-transmembrane helix pocket; (2) these
changes induce additional conformational changes in the intracellular domains
of the receptor, and consequent activation via receptor interaction with
heterotrimeric guanine nucleotide binding G-proteins; (3) receptor activation

promotes nucleotide GDP to GTP exchange within the Ga-subunit which leads



to the dissociation of the heterotrimeric complex, where both the GTP-bound
Ga-subunit and the By complex are released (Bologna et al., 2017; George et
al., 2016; Kimple et al., 2011; Weis and Kobilka, 2018) Both GTP-Ga and GBy
are then able to activate different effectors and ‘second’ messengers to
promote downstream signalling physiological responses (George et al., 2016;
Khan et al., 2013). Recent evidence showed that GPCRs can also be activated
in the absence of ligands, where G-proteins can form non-functional
interactions with receptors which become ‘primed’ for activation (Gupte et al.,
2017; Wootten et al., 2018). Substantial evidence has shown that different
ligands can induce distinct receptor conformations, and that these
conformations can lead to specific signals to promote different subset of
signalling events, also known as biased signalling (Bologna et al., 2017; Lane et
al., 2017; Wootten et al., 2018). Biased ligands are now being explored as

potential therapeutics to target GPCRs (Rominger et al., 2014).

1. Resting (GDP-bound) state |:> 2. Ligand binding and nuclectide exchange

agonist

extracellular

Effector 1

intracellular

4. GTP hydrolysis 3. Ac'Flve (G‘TP-bound) state and effector
protein activation

Signalling

Figure 1.2. Heterotrimeric G protein cycle. In the ‘resting’ state G proteins exist as an attached

aBy trimer complex. Upon ligand-binding (agonist) to the G protein-coupled receptor, a



nucleotide exchange occurs with a release of guanosine-diphosphate (GDP) and binding of
guanosine-triphosphate (GTP) to the Ga-subunit. A conformational change results in the
dissociation of the GTP-bound a-subunit from the GBy subunits, and a consequent activation
of the G protein. Ga subunit then binds and stimulates different enzyme cascades, via
activation of different protein effectors (Effector 1). Other enzymes can also interact with the
By subunits, such as B-arrestins, to further modulate the signal (Effector 2). The hydrolysis of
GTP to GDP, via intrinsic guanosine triphosphatase (GTPase) activity of Ga subunit, leads to the
re-association of the Gay trimer complex and the signalling is then terminated (Kimple et al.,

2011; Magalhaes et al., 2012).

1.1.2. G-protein dependent signalling

The canonical GPCR signalling is initiated by activation of the heterotrimeric G-
protein family (Bologna et al., 2017; Halls et al., 2005). GPCRs regulate a wide
variety of cellular processes by coupling to different G proteins (Alexander et
al., 2017; Milligan and Kostenis, 2006). The heteromeric G-protein family is
formed by 3 subunits: Ga, GB and Gy subunits. 16Ga, 5GB and 13Gy subunits
have been identified so far (Wootten et al., 2018), which can be present in a
variety of combinations of heterotrimeric complexes to promote different
functions in different cell types. The Ga subunit is divided into 4 sub-families
based on gene sequence homology (Gas/Gaolf, Gali1/2/3/0, Gag/11/14/15 and G12/13)
which are conserved in the animal kingdom (Milligan and Kostenis, 2006). A
brief description of the role of Ga and GBy subunits is provided in Table 1.1.
Gas and Gai proteins activate or inactivate adenylate cyclase (AC), respectively,
and stimulation or inhibition of intracellular cyclic adenosine monophosphate
(cAMP) production. cAMP is a central second messenger that regulates
multiple downstream responses, including mitogenic signalling (Borland et al.,
2009). Gaq proteins can activate different PLC isoforms that regulate
intracellular calcium stores (Luttrell, 2006). Gaiz/13 proteins can induce
signalling that promote changes in the cytoskeleton (McCudden et al., 2005).
Gy subunits can also interact with intracellular or membrane effectors to

regulate downstream signalling upon their release from Ga-subunit. This



dimeric complex can promote activation of multiple kinase enzymes (including,

PI3K, c-Src, JNK and ERK) and ion channels (Khan et al., 2013).

Table 1.1. The role of Ga and Gy subunits in cellular activity.

Type Activity References
( Hildebrandt, 1983;
Stimulate adenylate cyclase (AC) pathway, cAMP
Gos production and PKA activation. PKA activation can | Borland etal., 2009;
lead to EPAC/ERK signalling. Fredholm et al., 2011)
( Hildebrandt, 1983;
Gai Inhibit AC pathways and cAMP production. Fredholm et al., 2011;
Khan et al., 2013)
(Hildebrandt, 1983;
Gog Regulate phospholipase Cp (PLCB) activity and | njccudden et al., 2005;
intracellular calcium release
Luttrell, 2006)
( Hildebrandt, 1983;
Gal2/13 Regulate cell processes by activation of Hamm, 1998; Luttrell,
RhoGEFs/Rho signalling
2006)
Regulates PLC-B,, PLC-Bs, AC, cSrc and
phosphoinositide-3-kinase-y (P13K-y) activity.
Acts as a guanine nucleotide dissociation inhibitor
McCudd tal.
(GDI), inhibiting the release of GDP from Ga (McCudden et al,
Gpy subunit. 2005; Luttrell, 2006;
Regulates ion channels. Smrcka, 2008; Khan et
GRK/B-arrestin recruitment al., 2013)
MAPK cascade, JNK and p38 MAPK activation

Abbreviations: Gai - pertussis toxin sensitive G-protein, Gas - pertussis toxin insensitive G-
protein, AC - adenylate cyclase, cAMP - cyclic adenosine monophosphate; EPAC — exchange
protein directly activated by cAMP; extracellular signal-regulated kinase 1/2; PLC —
phospholipase; RhoGEF - Rho guanine nucleotide exchange factor; cSrc —non-receptor tyrosine
kinase; GRK — GPCR kinase; MAPK — mitogen-activated protein kinases; JNK — c-Jun N-terminal

kinase.




1.1.3. GPCR desensitisation, internalisation and endocytosis

GPCR desensitisation and internalisation can be mediated by three families of
regulatory proteins: G protein-coupled receptor kinases (GRKs), arrestins, and

second-messenger-dependent protein kinases (Smith and Rajagopal, 2016).

B-arrestins belong to the arrestin family which is composed of four members,
arrestin 1, 2, 3 and 4 (Luttrell and Lefkowitz, 2002) . B-arrestin-1 and -2 (also
denominated as arrestin-2 and -3, respectively) have been identified due to
their sequence homology with the visual arrestin (arrestin-1) (Attramadal et al.,
1992). The name arrestin has derived from the ability of arrestin-1 to ‘arrest’
rhodopsin signalling in the retina (Shenoy and Lefkowitz, 2003). B-arrestin-1
and -2 share 78% sequence homology and can be expressed ubiquitously in
different tissues (Attramadal et al., 1992). B-arrestins were first identified for
their ability to desensitise agonist-induced B;-adrenoceptors signalling (Lohse
et al., 1990). GPCR desensitisation can occur after a prolonged or repeated
exposure of ligand, leading to signalling termination (Luttrell and Lefkowitz,
2002; Shenoy and Lefkowitz, 2003). Nowadays, it is known that these proteins
not only promote receptor desensitisation but are also key players in
intracellular signalling promoted from different intracellular compartments
(Calebiro and Godbole, 2018). Intracellular signalling has been subject of
intensive investigation (Calebiro and Godbole, 2018; Eichel and von Zastrow,

2018; Ellisdon and Halls, 2016) .

Classical GPCR internalisation (by homologous desensitisation) is mediated
after ligand-induced activation of GPCR leading to the dissociation of a and By
subunits, and By-subunit-induced recruitment of GRKs to the agonist-occupied
receptor (Figure 1.3.) (Magalhaes et al., 2012). The GRK family is composed by
7 members (GRK 1-7) (Ribas et al., 2007). These kinases phosphorylate key
serine threonine residues located in the third intracellular loop and/or C-
terminus of the GPCR receptor that promote rapid recruitment of B-arrestins
to the phosphorylated receptor (Kelly et al., 2008; Klaasse et al., 2008; Komolov

and Benovic, 2018). B-arrestin can then promote receptor desensitisation (by



sterically hindering further G protein coupling to the receptor, resulting in
downregulation of G-protein-mediated signalling) and internalisation of the
receptor via clathrin-dependent or -independent mechanisms (Doherty and
McMahon, 2009; Eichel et al., 2018). Most GPCRs undergo clathrin-mediated
internalisation, where GPCRs are recruited to clathrin coated pits (CCPs) by
interacting with key proteins including, clathrin heavy chain and clathrin
adapter protein (AP2) (Calebiro and Godbole, 2018; Laporte et al., 1999). These
are then detached from the plasma membrane in a process involving the small
GTPase dynamin (Doherty and McMahon, 2009). After internalisation, and
depending on the receptor and cell type, receptors can undergo endocytosis to
endosomes that express the small GTPase rab5 protein (rab5-positive
endosomes or early endosomes). From there, GPCRs can either be targeted for
degradation in lysosomes, or undergo fast or slow recycling to the plasma

membrane (Eichel and von Zastrow, 2018; Sorkin and Von Zastrow, 2009).

GPCRs have been broadly divided into ‘Class A’ or ‘Class B’ receptors (Figure
1.3.), according to their transient or more stable interaction with B-arrestins,
respectively (Smith and Rajagopal, 2016). ‘Class A’ GPCRs, such as B»-
adrenoceptors, engage with B-arrestin in a transient complex, resulting in rapid
dissociation and fast recycling to the plasma. On the other hand, ‘Class B’
GPCRs, such as vasopressin type 2 receptor (V2R) form stable interactions with
B-arrestin inducing sustained internalisation into late endosomes (rab7-
positive), which then can either be slowly recycled back to the plasma
membrane or undergo degradation in lysosomes (Shenoy and Lefkowitz, 2003;
Smith and Rajagopal, 2016). Recent studies using FIAsh-based B-arrestin 2
sensors demonstrated distinct conformational signatures that seem to be
related to the higher (Class B) or lower (Class A) affinity for B-arrestin (Lee et
al., 2016; Nuber et al., 2016).
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Figure 1.3. Homologous model of GPCR desensitisation, internalisation and recycling or
degradation. GPCR regulation is described by a mechanism in which an agonist-activated
receptor gets phosphorylated at key serine and/or threonine residues from the intracellular C-
terminal domain and/or intracellular loop 3 (IL3), by members of the G protein-coupled
receptor kinases (GRKs) (Ribas et al., 2007). Once the GPCR is phosphorylated, B-arrestin
protein is rapidly recruited to the phosphorylated receptor localised at the plasma membrane,
leading to receptor desentisation. B-arrestin may also interact with the heavy chain of clathrin,
with B;-adaptin subunit of the clathrin adaptor protein AP-2, and with phosphoinositides,
which direct the phosphorylated GPCR to punctate clathrin-coated pits (orange). GPCRs are
internalised with the contribution of GTPase dynamin, a protein that constrains the neck of the
clathrin-coated vesicle, forming a spiral around it, and breaks its association to the cell surface,
leading to GPCR sequestration into the intracellular space (Ferreira et al.,, 2012). Class A
receptors, such as B,-adrenoreceptors (B-AR), recruit B-arrestin 2, which promote receptor
traffic to clathrin-coated pits. The receptor is then directed to rab5-positive endosomes (early
endosomes) and rapidly recycled back to the plasma membrane (in rab4-positive endosomes)
(Sorkin and Von Zastrow, 2009). Class B receptors, such as angiotensin type 1A receptor (AT1aR)
recruit both B-arrestin 1 and 2 (Magalhaes et al., 2012). These receptors internalise with the B-
arrestin forming a stable complex with it in early endosomes, which can then move to later
endosomes (rab7-positive) and be slowly recycled to the plasma membrane (Cahill et al., 2017;
Eichel et al., 2018). Receptors may also be targeted to lysosomes for degradation (Magalhaes

et al., 2012). Receptors are synthesised in the Trans-Golgi network (TGN) and maturation can



occur in early endosomes before receptors are made available at the plasma membrane (Sorkin

and Von Zastrow, 2009).

1.1.4. Role of GRKs and B-arrestins in GPCR trafficking and mitogenic

signalling

GRKs and B-arrestins function is not limited to GPCR desensitisation and
internalisation (Calebiro and Godbole, 2018). Intensive investigation showed
evidence for the role of B-arrestins as important scaffold molecules to promote
GPCR spatial-temporal regulated signalling from different cellular
compartments, including plasma membrane (PM) and intracellular membrane
compartments, such as endosomes and Golgi apparatus (Calebiro and
Godbole, 2018; Eichel and von Zastrow, 2018; Halls et al., 2016; Irannejad et
al.,, 2013). B-arrestins work as ‘rheostats’ to regulate GPCR trafficking,

endocytosis, recycling and intracellular signalling (Gutkind and Kostenis, 2018).

The first evidence of B-arrestin interaction with signalling proteins was in 1999
by Lefkowitz group (Luttrell et al., 1999), who found that B-arrestin interacts
with the proto-oncogene Src (c-Src). B-arrestin-targeted c-Src is then recruited
to agonist-occupied receptor, ultimately leading to the activation of
extracellular signal-regulated kinase (ERK1/2) (Luttrell et al., 1999). B-arrestins
also scaffold multiple kinases of other MAP kinase pathways, including c-Jun
amino-terminal kinase (JNK), p38-MAPK, raf, MEK-1, as well as Akt, which play
essential roles in cell proliferation, survival and migration (Kumari et al., 2016;

Li et al., 2014; Luttrell et al., 2001; Nuber et al., 2016).

Recent structural and functional studies showed that B-arrestin-GPCR complex
can activate different pools of downstream signalling depending on their
location within the cell, and depending on the duration and/or stability of their
interaction (Calebiro and Godbole, 2018; Ellisdon and Halls, 2016; Ranjan et al.,
2017). Five different patterns of internalisation-dependent signalling activation

have been described so far:
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(1) For ‘Class A’ GPCRs (i.e. B2-adrenoceptors) B-arrestin interacts as a
transient complex with the activated GPCR at the plasma membrane,
inducing receptor internalisation and rapid ERK1/2 signalling activation
from early endosomes (Eichel et al., 2016; Ranjan et al., 2016).

(2) Incontrastto ‘Class A’, ‘Class B’ GPCRs (i.e. AT1aR) form a stable complex
with B-arrestins to undergo sustained endocytosis leading to a
sustained ERK1/2 signalling from different intracellular compartments
(Calebiro et al., 2013; Irannejad et al., 2013; Laporte et al., 1999;
Thomsen et al., 2016).

(3) A novel mechanism has been reported for Bi-adrenoceptors which
remains at the plasma membrane upon rapid interaction and activation
of B-arrestin which then undergoes endocytosis to promote ERK1/2
signalling in endosomes (Ranjan et al., 2016).

(4) A fourth pattern has also been recently reported in which G proteins
can associate with receptors localised in endocytic compartments,
including endosomes (lrannejad et al., 2013) or in the Golgi apparatus
(Godbole et al., 2017; Irannejad et al., 2017), to promote receptor
activation and downstream signalling by forming a megacomplex with
active-GPCR-B-arrestin-G-protein (Cahill et al., 2017; Eichel and von
Zastrow, 2018; Thomsen et al., 2016).

(5) GPCRs can also mediate signalling via direct-interaction and
transactivation of members of the receptor tyrosine kinase family
(RTKs) to promote signalling (Balthasar et al., 2008; Chaplin et al., 2017;
Daub, 1996; Maudsley, 2000). This latest mechanism will be described
in more detail towards the end of this chapter. Even though studies
have reported the role of GPCR-RTK oligomerisation in mitogenic
signalling and biological responses (Cattaneo et al., 2014; Pyne and
Pyne, 2011), none of these studies have provided evidence showing

GPCR-RTK complexes localised in endosomes.

In this project we were interested in investigating possible molecular

interactions between the two Class A GPCRs, adenosine Axa and -
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adrenergic receptors, and the receptor tyrosine kinase VEGFR2 by

investigating complex oligomerisation and intracellular trafficking.

1.2. Bz-adrenoceptors

Beta-adrenoceptors (BARs) are class A GPCRs that mediate central and
peripheral actions of the catecholamines, noradrenaline and adrenaline,
produced by the adrenal gland and released from sympathetic nerves into the
blood stream during a fight-or-flight or stress response (Bers and Despa, 2009).
Beta-adrenoceptors (BARs) play critical roles in the control of blood pressure
and myocardial contractile rate and force, and in a variety of metabolic and
central nervous system (CNS) functions. Agonists and antagonists for these
receptors have shown therapeutic actions in a variety of different diseases,
such as congestive heart failure, hypertension, ischaemia, asthma, depression,

and cancer (Capote et al., 2015; Firouzabadi et al., 2017; Hulsurkar et al., 2017).

Three different B-adrenergic subtypes have been identified: B1, B2 and B3,
which are predominantly expressed (but not exclusively) in the heart (Capote
et al., 2015), vascular and non-vascular smooth muscle (Mercier et al., 2002)

and adipose tissue (Harms et al., 1974), respectively.

1.2.1. Bz-adrenoceptors structure

The B2-adrenoceptoris a typical 7-TM GPCR with a more unstable conformation
compared to rhodopsin (Bang and Choi, 2015). The first inactive crystal
structures were obtained in 2007 using an inverse agonist, carazol, and with
the unstable intracellular loop 3 (IL3) replaced by a T4 lysozyme (Cherezov et
al.,, 2007; Rasmussen et al., 2007). Other inactive B,AR structures were later
reported using the partial inverse agonist, timolol, or the antagonist alprenolol
(Hanson et al., 2008; Wacker et al., 2010). In 2011, two active structures of
B2AR were determine using the high affinity agonist (BI-157107) and stabilised
with the nanobody 80 (Nb-80, a Gs mimetic) (Rasmussen et al., 2011a) or Gs

protein bound to B2AR intracellular domains (Rasmussen et al., 2011b). These
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studies demonstrated that B,AR can form a highly engaged complex with Gs,
which involves interactions with both C- and N-terminal domains of the Ga-
subunit with the transmembrane domains TM5 and TM6, and the intracellular
loop 2 (IL2) of the B2AR (Rasmussen et al., 2011b). Comparison between
inactive and active structures showed that only small changes occur on the
extracellular side of the receptor, but large conformational changes can be
observed in the intracellular side (Zhou et al., 2017). Key interactions between
residues within the TM5 induces rearrangements of hydrophobic interactions
that result in the cytoplasmic end of TM6 to swing outward. Outward
movement of TM6 is the largest change in the cytoplasmatic domains of B2AR
and other class A GPCRs, such as adenosine Aa receptor (Carpenter and Lebon,
2017). TM6 movement is accompanied by the outward movement of the C-
terminus of TM5, and slight inward arrangement of TM3 and TM7 where the

nanobody-80 and Gs protein interact (Zhou et al., 2017).

1.2.2. B:-adrenoceptors signalling and trafficking

B.AR action is mainly mediated by the Gas protein, which stimulates adenylate
cyclase, leading to cAMP production. cAMP can promote activation of PKA
activity, which in turn phosphorylates key downstream regulatory proteins
involved in the control of smooth muscle tone (Lymperopoulos and Negussie,
2013). PKA can also bind to B,AR and phosphorylate the receptor at serine
residues on position 261 and 262 on the third intracellular loop, and positions
345 and 346 on the C-terminus, which lead to a rapid desensitisation of B.AR-
induced stimulation of adenylate cyclase (classically known as heterologous
desensitisation) (Baker, 2003; Yuan et al., 1994). B.AR can interact with
members of the GRK family that promote rapid and transient association of the
receptor with -arrestin 2, resulting in receptor desensitisation and
internalisation (Nuber et al.,, 2016). B.AR can interact with GRK2, which
phosphorylates the receptor at specific amino acids localised in the receptor C-

terminus (Komolov and Benovic, 2018; Krasel et al., 2008). The non-selective B-
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adrenoceptor agonist isoprenaline and the inverse agonist, carvedilol, can
induce B-arrestin-mediated ERK activation that requires $2AR phosphorylation
by GRK6 (Jean-Charles et al., 2017; Nobles et al., 2012). B2AR phosphorylation
by GRK2 and GRK6 is also necessary for efficient desensitisation of cAMP
signalling (Jean-Charles et al., 2017). Activation of mitogenic signalling by B,AR
was also shown to be induced via a GRK5/6-B-arrestin-dependent and G-
protein-independent mechanism (Shenoy et al.,, 2006). Mapping of GRK
phosphorylation sites of activated B.AR revealed specific phosphorylation
‘barcodes’ (Nobles et al., 2012). These phosphorylation ‘barcodes’ are thought
to contribute to signalling bias induced by different ligands (Jean-Charles et al.,

2017; Wang et al., 2018; Wootten et al., 2018).

B2AR is a prototypical ‘Class A’ GPCR that interacts transiently with both -
arrestin 1 and 2 leading to receptor desensitisation. B,AR internalisation to
early endosomes is mediated via clathrin coated vesicles, followed by rapid
recycling to the plasma membrane (Cahill et al., 2017; Drake et al., 2006;
O’Hayre et al., 2017). A recent study using small-interference RNA (siRNA) and
genomic approaches (including TALEN and CRISPR/Cas9) to knockdown B-
arrestin 1 or 2 showed that B,AR internalisation is mainly mediated by -
arrestin 2 and not by B-arrestin 1 (O’Hayre et al., 2017). Recent structural
studies revealed that B-arrestin 1 can interact with B2AR at two points of
contact, including the C-terminus or ‘tail’ and the receptor transmembrane
domain or ‘core’ but this interaction is unstable which is thought to contribute
to the rapid dissociation of B-arrestins from B,AR (Cahill et al., 2017; Ranjan et
al., 2016; Thomsen et al.,, 2016). Some studies showed that the transient
association between B2AR and B-arrestins can result in transient ERK activation
from early endosomes (Cahill et al.,, 2017; Kumari et al., 2016). However,
O’Hayre and colleges reported that agonist stimulation of B-arrestin-‘less” HEK
293 cells (using B-arrestin 1 and 2 KO cells) did not result in a decrease in ERK
phosphorylation, but rather an increase of ERK activation at 5min (which

showed to be mediated by a GBy-c-Src-Sos-Raf pathway) (O’Hayre et al., 2017).
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Recent studies using B2AV;R chimera (formed by B,AR with the C-tail of a ‘Class
B’ GPCR, V;R) showed that agonist stimulated B.AV2R could promote cAMP
signalling from endosomes, which is not observed for ;AR (Kumari et al., 2016;
Thomsen et al., 2016). Structural analysis using cryo-electron microscopy (cryo-
EM) revealed that B,AV,2R chimera bound to B-arrestin 1 could be in two
distinct conformations. In one conformation, B-arrestin 1 was partially engaged
with B2AV3R, by creating points of contact with the receptor C-terminus (tail
conformation), whereas in the other conformation B-arrestin 1 showed to fully
engage with B2AV2R, by binding to both C-terminus and intracellular domains
of the receptor (tail and core conformation). These studies also revealed that
the ‘tail’ conformation could accommodate the Gs protein (Cahill et al., 2017,
Kumari et al., 2016). Using a truncated B,AV2R chimera lacking the 3™
intracellular loop (hence defective to create core-B-arrestin 1 contacts) led to
the recruitment of B-arrestin 1 and agonist-induced sustained ERK activation
from endosomes (Kumari et al., 2016). These studies suggest the formation of
mega-complexes in endocytic compartments where both B-arrestins and G-
proteins can interact directly with the receptor to promote intracellular
signalling (Cahill et al., 2017; Ranjan et al., 2016, 2017; Thomsen et al., 2016).
These new mechanisms may contribute to the high degree of spatial control
and complexity of signalling promoted by GPCRs (Eichel and von Zastrow,

2018).

1.2.3. B:-adrenoceptor oligomerisation

The first evidence for the existence of B;-adrenoceptor homodimers was
acquired using immune-affinity chromatography and transmission electron
microscopy in mammalian lung (Fraser et al., 1987; Wnorowski and Jozwiak,
2014). Experiments using co-immunoprecipitation and western blot assays
with differential epitope tags demonstrated further evidence supporting B2AR
dimerization (Hebert et al., 1996). B2R dimerization was later reported using
biophysical approaches including BRET (Angers et al., 2000) and FRET (Fung et

al.,, 2009). The latter study showed that binding of an inverse agonist (ICI
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118551) but not the full agonist (isoprenaline) induced formation of higher-
order oligomers, whereas addition of Gs protein to the system resulted in
oligomer destabilisation (Fung et al., 2009). These findings suggest that B,AR
oligomers may constitute the inactive form of the receptor (Wnorowski and
Jozwiak, 2014). A more recent study from Calebiro’s group applied a single-
molecule tracking approach, using total internal reflection fluorescence
microscopy (TIRF-M) combined with SNAP-tag labelled receptors, to monitor
spatial and temporal organisation of receptors (Calebiro et al., 2013). This study
showed that at lower receptor densities, B2ARs are in a dynamic equilibrium as
monomers and dimers, whereas at higher receptor densities these receptors
could be present as a mixer of monomers, dimers and higher order oligomers
(Calebiro and Sungkaworn, 2017; Calebiro et al., 2013). Their study also
suggested that B2ARs oligomerisation may occur on cycles of rapid binding and
transient interaction between highly dynamic protomers (Calebiro et al., 2013).
B.-adrenoceptors can also interact with other GPCRs to form heteromeric
interactions, which are reviewed in (Ferré et al., 2014; Wnorowski and Jozwiak,
2014). These receptors can also form oligomeric complexes with members of
the receptor tyrosine kinase (RTK) family to mediate biological responses (Kim

et al., 2008; Mandic et al., 2014; Maudsley, 2000).

1.2.4. B:-adrenoceptors in angiogenesis and tumour development

Angiogenesis is a process promoted by endothelial cells (ECs) to promote the
formation of blood vessels from pre-existing ones (Carmeliet and Jain, 2011).
This process includes the proliferation and migration of ECs, which is controlled
by ERK/MAPK and Akt signalling pathways, which are mainly mediated by the
vascular endothelial growth factor (VEGF) and VEGF receptor 2 (VEGFR2)
signalling axis (Peach et al., 2018a). Pathological angiogenesis is associated to
tumour development, which occurs due to an intimate cross-talk between
tumour cells and ECs (Claesson-Welsh and Welsh, 2013). This cross-talk results
in the formation of a disorganised and leaky vascular network surrounding the
tumour cells, providing a source of nutrients and oxygen for tumour growth, as
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well as a route of escape for tumour cells to evade other sites (metastasis)

(Hanahan and Weinberg, 2011; Shibuya, 2013).

Chronic stress and consequent high levels of circulating adrenaline (or locally
release noradrenaline from sympathetic nerve endings) have been linked to
tumour-induced angiogenesis and accelerate metastasis in pre-clinical models
via activation of B-adrenoceptors (Chang et al., 2016; Hulsurkar et al., 2017; Le
et al., 2016). Clinical and pre-clinical evidence showed that B-adrenoceptor
antagonists (clinically known as B-blockers to treat cardiovascular disease)
have a therapeutic effect in different tumour types, including breast (Melhem-
Bertrandt et al.,, 2011; Sloan et al., 2010), pancreatic (Chang et al., 2015),
prostate (Braadland et al., 2015) and ovarian (Thaker et al., 2006; Watkins et
al., 2015) cancers. Activation of the B,AR signalling axis has been implicated in
a more invasive breast cancer phenotype demonstrated using in vitro and in
vivo models of breast cancer (Chang et al., 2016; Creed et al., 2015; Sloan et al.,
2010). The B.AR-selective agonist formoterol, but not the B1-selective agonist
xamoterol, induced formation of invapodia in breast cancer cells, which is an
essential process for tumour cell invasion (Creed et al., 2015). Using a small-
hairpin RNA (shRNA) approach to silence B,AR gene via RNA interference
(iRNA) in a highly metastatic breast cancer cell line (MDA-MB-231HM) resulted
in reduced cell invasion and attenuated stress-enhanced metastasis in an
orthotopic mouse model (Chang et al., 2016). Moreover, B,AR overexpression
in a low metastatic breast cancer model (MCF-7) resulted in the increase in
invapodia formation (Chang et al., 2016). B2AR is the predominant BAR subtype
expressed in endothelial cells and evidence exists showing that 3,AR activation
can mediate angiogenesis via the release of growth factors, including VEGF
(Garg et al., 2017; Howell et al., 1988; Lemmens et al., 2017). Therefore, the
action of beta-blockers and reduced metastasis may be, in part, associated with
the cross-talk between cancer cells and ECs. However, the exact molecular
mechanisms behind B,AR activation and angiogenesis are not well understood.
The better understanding of these mechanisms may unveil novel targets for

cancer treatment.
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1.3. Adenosine receptors

Adenosine receptors belong to the Class A or rhodopsin-like GPCR family. There
are four different adenosine receptor subtypes, A1, Aza, Az and As, which have
been identified and characterised pharmacologically using a variety of agonists
and antagonists in different mammalian cells (Fredholm et al., 2011; Gao et al.,
2004; Guo et al.,, 2016a; Ranganathan et al., 2015). These receptors are
ubiquitously expressed throughout the human body and contribute to a wide
range of physiological and pathological conditions including, cardiovascular
and neurodegenerative diseases, anti-inflammatory, immunosuppressive and
angiogenic effects, as well as cancer growth (Borea et al., 2016, 2017; Gomes

et al., 2011; Jespers et al., 2018; Sepulveda et al., 2016).

1.3.1. Adenosine receptors structure

Adenosine Axa receptor subtype is one of the most stable GPCRs and, therefore,
several crystal structures have been determined for this receptor in an inactive
state bound to inverse agonists (Doré et al., 2011; Hanson et al., 2008; Sun et
al., 2017). Some of these structures revealed an allosteric site (a site that is
topographically distinct from the orthosteric binding site) (Sun et al., 2017).
Recent crystal structures of the adenosine A; receptor have been determined
in complex with xanthine antagonists (Cheng et al., 2017; Glukhova et al.,
2017). Moreover, active intermediate states for adenosine A;aR bound to
different agonists (adenosine, NECA and the selective A,aAR agonist CGS21680)
have also been determined (Lebon et al., 2012, 2015), as well as the fully active
state bound to an agonist and coupled to an engineered minimal G protein
(mini-G protein) (Carpenter and Lebon, 2017; Carpenter et al., 2016; Garcia-
Nafria et al., 2018). These structures were important to determine the inactive
to intermediate and active states, which revealed an essential role of G protein

to stabilise the full active state of a GPCR (Jespers et al., 2018).
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1.3.2. Adenosine receptors signalling and trafficking
Adenosine A; and Axa receptor subtypes are expressed in the cardiovascular
system and have critical roles in myocardial coronary blood flow regulation and
oxygen consumption (Zhou et al., 2013). These are also expressed in the brain
where they play a role in regulation of neurotransmitters release, including
dopamine and glutamate (Gomes et al., 2011). The adenosine Aza, as well as,
Azs and As receptor subtypes are expressed in the periphery and contribute to
processes such as inflammation and immune responses (Hatfield and Sitkovsky,
2016; Schulte and Fredholm, 2000; Sun et al., 2006). Adenosine receptor
subtypes Ai, Aa and Az are highly homologous (80-95% similarity) and
conserved among animal species, whereas As is less conserved among different

species (Antonioli et al., 2008).

Adenosine A1 and Az receptors can couple to Gai resulting in the inhibition of
adenylate cyclase and decrease in cAMP levels, whereas adenosine Aza and Az
receptor subtypes couple to Gas subunit promoting activation of AC and cAMP
accumulation (Figure 1.4.) (Alexander et al., 2017; Fredholm et al., 2011;
Schulte and Fredholm, 2000). Adenosine Ay receptors can also activate
phospholipase C (PLC) and mobilise calcium stores in cardiac fibroblasts, via
coupling to the Gag protein (Klinger et al., 2002; Ryzhov et al., 2009). All the
different adenosine receptor subtypes can promote mitogen-activated protein
kinases (MAPK) signalling regulation, including extracellular signal-regulated
kinases 1/2 (ERK1/2), c-Jun-N-terminal kinase 1/2 (JNK1/2) and p38-MAPK,
which play a role in cell proliferation, growth and survival (Kim et al., 2013;
Schulte and Fredholm, 2000, 2003; Stoddart et al., 2014).

The adenosine receptor subtypes Aza, Azs and Az were all shown to desensitise
rapidly upon agonist stimulation (Klaasse et al., 2008). These receptors can be
phosphorylated by GRKs which then lead to the recruitment of B-arrestins,
followed by sequestration of the receptor from the plasma membrane by
internalisation via clathrin coated pits (Stoddart et al., 2015b; Trincavelli et al.,
2000). On the other hand, adenosine A: receptor undergoes much slower

desensitisation and internalisation (Klaasse et al., 2008).
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Figure 1.4. Adenosine binding to G protein-coupling adenosine receptor subtypes, and
downstream effectors. Extracellular adenosine can bind to stimulate the four different
adenosine receptor subtypes. Adenosine subtypes can either inhibit (A;R and AsR) or stimulate
(A2aR and AjpR) adenylate cyclase (AC), resulting in either inhibition or stimulation of cAMP
production, respectively (Schulte and Fredholm, 2000). The activation of adenosine A; and A3
receptors may also stimulate the release of calcium ions (Ca%*) from intracellular stores and
activation of potassium (K*)-ATP channels, mediated via GBy complex (Verzijl and lJzerman,
2011). All receptor subtypes activate MAPK signalling pathways which may include activation
of ERK1/2, JNK and/or p38 MAPK, reviewed in (Antonioli et al., 2013; Borea et al., 2016; Gessi
etal., 2011).

1.3.3. Adenosine

Adenosine is the natural agonist for the different adenosine receptors
(Antonioli et al., 2014). This endogenous purine nucleoside binds with higher-
affinity to A; and Aa receptors, and with lower affinity to A,z and Asreceptors
(Poulsen and Quinn, 1998). Adenosine plays a central role in energy
metabolism, being released from almost all cell types of the human body in

response to cell damage, hypoxia, ischaemia and shear stress (Borea et al.,
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2017; Merighi et al., 2001). It is produced both intracellular and extracellularly
by the activity of a series of enzymes that maintain the extracellular adenosine
concentrations at a range of 30 to 200nM, under normoxic conditions (Sheth
et al., 2014). Adenosine is formed in the extracellular space by the breakdown
of adenosine triphosphate (ATP) and adenosine monophosphate (AMP), by the
ectoenzymes apyrase (CD39) and 5’-nucleotidase (CD73), respectively (Figure
1.5.). On the other hand, intracellular adenosine production depends on AMP
hydrolysis by an intracellular CD73 or the S-adenosylhomocysteine hydrolase
(SAH) (Antonioli et al.,, 2014). Adenosine concentration is maintained under
equilibrium by the action of nucleoside transporters (NTs) located at the cell
and via the action of intracellular and extracellular localised adenosine
deaminase (ADA) which converts adenosine to inosine, and adenosine kinase

(ADK) which converts adenosine to AMP (Antonioli et al., 2008, 2014).
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Figure 1.5. Adenosine metabolism. Intracellular adenosine levels are dependent on the
hydrolysis of AMP, by 5’-nucleotidase (5’-NT) or hydrolysis of S-adenosyl-homocysteine (SAH).
Extracellular adenosine is produced by the breakdown of adenosine 5’ mono-, di- or
triphosphates triphosphate (AMP, ADP, ATP), through a series of ectoenzymes, including
including 5’-nucleotidase (CD73) and apyrase (CD39). Inosine is a product of adenosine

deamination, by the action of the enzyme adenosine deaminase (Antonioli et al., 2014).

The intracellular dephosphorylation of ATP as a source of adenosine
constitutes the major pathway under hypoxic/ischaemic conditions, which is
generated during events of high metabolic demand (Borea et al., 2017; Gessi,
2009). Adenosine levels increase to UM levels during conditions involving high
metabolic and/or oxygen demand, which can contribute to different
pathological conditions including vascular deficiency, pain, inflammation and
cancer (Adair, 2005; Antonioli et al.,, 2013; Borea et al., 2016). Chronic
accumulation of adenosine in the tumour environment and stroma can
contribute to immunosuppressive processes that protects the cancer cells
from the immune cell system, as well as angiogenesis and matrix remodelling
that contribute to tumour growth and invasion (Antonioli et al., 2013;
Auchampach, 2007; Sitkovsky et al., 2008; Spychala, 2000). Several tumours

show altered adenosine metabolism to enhance adenosine production and/or
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reduce its degradation, which result in a ‘protective adenosine halo’ that

contributes to tumour growth and development (Antonioli et al., 2013).

1.3.4. Adenosine receptors oligomerisation

The first evidence for adenosine receptor homodimers was observed for A;
receptor, which were found in the brain cortex using immunoprecipitation and
immunoblotting techniques (Ciruela et al., 1995). Much later, another study
revealed the presence of AiR higher-order oligomers at the plasma membrane,
using fluorescence correlation spectroscopy (FCS) and bimolecular
fluorescence complementation (BiFC) approaches (Briddon et al., 2008).
Adenosine Aja receptors can also form homodimers/oligomeric structures at
the plasma membrane which was demonstrated using fluorescence or
bioluminescence resonance energy transfer techniques, FRET or BRET,
respectively (Canals et al., 2004; Vidi et al., 2008). Adenosine As receptor
homodimers have also been reported to have negative cooperativity across
their dimer interface, at the level of ligand binding (Corriden et al., 2014; May
et al., 2011). No evidence has yet been reported for adenosine Az receptor

interactions.

Adenosine receptors can also interact with other GPCRs to form heteromeric
interactions, which are reviewed in (Ferré et al., 2014; Porzionato et al., 2018).
These receptors can also form oligomeric complexes with members of the RTK
family to promote neuroprotective responses (Flajolet et al., 2008; Xie et al.,

2009).

1.3.5. Adenosine A;an receptor in angiogenesis and tumour

development

All adenosine subtypes have been implicated in the control of the pro-

angiogenic factor VEGF expression (Clark et al., 2007; Du et al., 2015; Merighi
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et al., 2006). However, the adenosine Aza and Azs receptors seem to play a
dominant role in regulating pro-angiogenic processes (Auchampach, 2007;
Feoktistov et al., 2004). In human, porcine and rat endothelial cells, stimulation
of AaR can mediate cell proliferation/migration and synthesis of pro-
angiogenic factors, including VEGF (Feoktistov et al., 2002, 2004; Grant et al.,
1999). Feoktistov’s group found that hypoxia can induce the expression of
adenosine receptors evoking a switch towards an “angiogenic phenotype”
(Feoktistov et al., 2004). In this study, they showed using both human umbilical
vein endothelial (HUVECs) and bronchial smooth muscle (BMSCs) cell lines, that
hypoxia can induce a decrease in adenosine AaR expression (predominantly
expressed in normoxic cells), leading to an increase in AzsR expression, which
is coincident with the upregulation of VEGF mRNA. Adenosine A,x agonists
were shown to promote wound-healing via increasing microvessel formation
(Desai et al., 2005; Montesinos et al., 2015). The role of adenosine AzaR in
angiogenesis and wound-healing was also confirmed using Axa knockout mice

(Montesinos et al., 2002).

Signalling mediated via adenosine AzaR has been implicated in different pro-
tumoural processes, including immunosuppression of immune system against
cancer cells, angiogenic stimulation and promotion of cancer cell migration
(Antonioli et al., 2013; Borea et al., 2017). Adenosine A;aR activation has been
associated with the increase in cell growth and proliferation for different
cancer cell types, including melanoma, breast and lung carcinoma cell lines
(Gessi et al., 2017). In the same study, it was shown that these processes were
regulated via a PLC-PKC6-MAPK signalling mechanism, which could be reversed
by the treatment with adenosine AaR antagonist ZM41384 (Gessi et al., 2017).
AzaR-gene deficient mice showed strong anti-tumour immunity, rejection of
established tumours and prolonged survival (Ohta et al., 2006; Young et al.,
2016). Targeting A2aR has shown great potential for cancer immunotherapy
(Allard et al., 2017; Antonioli et al., 2013; Borea et al., 2016). However, the
exact molecular mechanisms behind Aa action, particularly in regulation of

VEGF-induced angiogenesis need further investigation.
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1.4. Receptor Tyrosine kinase superfamily

Receptor tyrosine kinases (RTKs) have intrinsic kinase activity and are the
second major transmembrane receptor family, after GPCRs (Hubbard and
Miller, 2008). These receptors have been classified into 20 classes, with at least
58 members identified so far, that share a conserved architecture (Lemmon
and Schlessinger, 2010). The first RTK discovered was the Class | epidermal
growth factor receptor (EGFR) which was first found to be directly mutated in
different types of cancer in humans and is, therefore, designated as the
prototypical RTK (Gschwind et al., 2004). RTKs act as receptors for growth
factors, hormones, cytokines and other signalling molecules (Lemmon and
Schlessinger, 2010). These receptors display a similar molecular structure with
a single transmembrane helix, an extracellular binding domain, carrying seven
immunoglobulin (Ig)-like domains, and a cytosolic lobe with intrinsic tyrosine

kinase activity (Figure 1.6.) (Stuttfeld and Ballmer-Hofer, 2009).

1.4.1. RTK classic activation model

Most inactive RTK are present as monomers, and dimeric RTK ligands may
induce RTK activation via a dimerization process (Lemmon and Schlessinger,
2010), with an exception for the insulin receptor and the closely related insulin
growth factor-like 1 (IGF-1) receptor, which are expressed as pre-existing
disulphide-linked dimers (Smith and Milligan, 2010). The traditional model of
RTK activation follows three steps: 1) ligand-mediated dimerization of receptor
monomers, 2) conformational changes in the receptor extracellular domain
(ECD), and 3) auto- or trans-phosphorylation and signalling transduction
(Schlessinger, 2014). It is believed that specific conformation and orientation
of the intracellular kinase domains can determine specificity of signalling

activation (Manni et al., 2014a).

The traditional model of RTK activation involves ligand-induced receptor homo-

or hetero-dimerization, which stabilises the interaction between the two

25



receptor monomers (Stuttfeld and Ballmer-Hofer, 2009). However, an
increasing number of studies have shown that RTKs can also form higher-order
oligomers (or clusters) in the absence of ligand, which is well-reported for the
ErbB receptor family (Abulrob et al., 2010; Casaletto and McClatchey, 2013). It
has been postulated that these receptor clusters may be active or ‘primed’ for

ligand-induced activation (Casaletto and McClatchey, 2013; Szabd et al., 2010).

1.4.2. RTK trafficking

RTKs can undergo constitutive internalisation in the absence of ligand or be
internalised upon ligand-binding and receptor activation (Miaczynska, 2013).
RTKs typically undergo rapid internalisation upon ligand binding (Goh and
Sorkin, 2013). The earlier idea that ligand-stimulated RTK localised on the
plasma membrane was signalling competent is changing. Nowadays, it is
accepted for many RTKs that receptor internalisation and endocytosis is
required for full response duration and, in some cases, for signal amplification

(Miaczynska, 2013).

Following internalisation, similar to GPCRs, RTKs can also undergo endocytosis
to different intracellular compartments (Figure 1.6.). Recent evidence in the
field of endocytosis discovered that internalisation can occur via different
plasma membrane structures, for example clathrin-coated vesicles, caveoli,
macropinocytosis and other clathrin- and dynamin-independent mechanisms
(Conner and Schmid 2003; Mayor and Pagano 2007; Howes et al. 2010;
McMahon and Boucrot 2011).

RTK internalisation and trafficking differs for different receptor types, ligand
availability, cell type, among other factors (Miaczynska, 2013). Similar to other
transmembrane proteins, including GPCRs, the active receptor undergoes
internalisation and endocytosis, via either clathrin-dependent or -independent
mechanisms (Sorkin and Von Zastrow, 2009). Vesicles then move the receptor

to early endosomal compartments (rab5-positive endosomes) (Sorkin and Von
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Zastrow, 2009). The receptors can then be either targeted for lysosomal
degradation, or be recycled back to the plasma membrane (Simons, 2012).
Lysosomal degradation ultimately leads to signalling termination, whereas
recycling allows sustained signalling, after receptor re-activation (Simons et al.,
2016). Receptor targeted for degradation move from early endosomes to late
endosomes which is characterised by a ‘rab conversion mechanism’ in which
the receptor moves from rab5 to rab7-positive endosomes (Figure 1.6.) (Rink
et al.,, 2005). Fast RTK recycling is mediated by rab4-positive endosomes,
whereas slow recycling occurs via rabl1-positive endosomes (Jones et al.,

2006; Jopling et al., 2011).

RTK intracellular membrane trafficking, recycling and degradation have a great
impact on signalling regulation, response duration, amplification and specificity
(Berger and Ballmer-Hofer, 2011; Sorkin and Von Zastrow, 2009). However, the
mechanisms involved in RTK trafficking and signalling fate, for different RTK
families in different cellular and tissue environments, have been poorly

explored and need further investigation.
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Figure 1.6. Schematic representation RTK endocytosis and trafficking. Ligand-bound or
unbound active-RTK can undergo rapid internalisation via clathrin-dependent or -independent

mechanisms. Internalised RTK is then moved into early endosomes (or rab5-positive
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endosomes). Depending on the receptor and/or cellular context, the receptor can be targeted
for degradation in lysosomes (characterised by a ‘rab conversion’ process where receptor
moves from early rab5-positive endosomes to rab7-positive late endosomes) (Rink et al., 2005).
Instead of being targeted for degradation, the receptor can be recycled back to the plasma
membrane via a fast recycling mechanism (by rab4-positive endosomes) or via a slow recycling
mechanism (by rabl1l-positive endosomes). Receptors are synthesised in the Trans-Golgi
network (TGN) and maturation can occur in early endosomes before receptors are made
available at the plasma membrane (Goh and Sorkin, 2013; Miaczynska, 2013; Sorkin and Von
Zastrow, 2009).

1.5. VEGFR family

VEGFR2 (also known as KDR [kinase insert domain receptor] in the human and
FIk1 [fetal liver kinase 1] in the mouse) is a class IV RTK glycoprotein with a size
of 210-230 kDa (Koch et al., 2011). It is as a member of the VEGFR family which
consists of 3 members: VEGFR1, VEGFR2 and VEGFR3. VEGFR2 is mainly
expressed in endothelial cells, playing a major role in angiogenesis and
vasculogenesis (Peach et al., 2018a; Simons et al., 2016). VEGFR1 is not only
expressed in endothelial cells but also in hematopoietic stem cells and
inflammatory cells, playing a role in chemotaxis (Ferrara et al., 2003). VEGFR3
is predominantly expressed in lymphatic vessels and is a major mediator of
lymphagiogenesis (Olsson et al., 2006). VEGFR2-triggered angiogenesis is one
of the hallmarks of cancer development and invasion of secondary tumour sites
(metastasis) (Claesson-Welsh and Welsh, 2013; Fontanella et al., 2014;
Hanahan and Weinberg, 2011).

1.5.1. VEGFR2 activation

VEGFR2 has a typical RTK structure with an extracellular (EC) domain formed
by seven immunoglobulin (Ig) homology domains (D1-D7), a transmembrane
(TM) domain, and an intracellular kinase domain (Figure 1.7.) (Stuttfeld and
Ballmer-Hofer, 2009). Homodimeric-ligands bind to EC region between the Ig-

domains D2 and D3 leading to a conformational switch and receptor
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dimerization by lateral diffusion (Sarabipour et al., 2016). VEGFR2 can be
activated by VEGFa isoforms, and by processed forms of VEGF-C and VEGF-D
isoforms (Olsson et al., 2006).
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Figure 1.7. Structure and activation of VEGFR2. In active dimers, homotypic receptor-receptor
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contacts between domains D4 and D7 were shown to be critical for efficient ligand-induced
VEGFR2 phosphorylation. Dimeric ligand induces conformational changes in the receptor and

consequent activation of the intracellular kinase domain (Sarabipour et al., 2016).

1.5.2. VEGFa isoforms family

VEGFa family of ligands is formed by different isoforms as a result of alternative
gene splicing (Figure 1.8.) (Peach et al., 2018a; Bates et al. 2018). VEGF-A pre-
MRNA can be alternatively spliced at exon 8, whereby proximal splice site
selection results in the prototypical pro-angiogenic VEGFxxxa isoforms and
distal splice site selection generates the anti-angiogenic VEGFxxxb isoformes, i.e.
VEGF16sb (Bates et al. 2018). These isoforms resulting from alternative splicing
have different amino acid lengths, and the ones with longer lengths contain
additional sequences that enable their interaction with VEGFR2 co-receptors,
such as neuropilin-1 (NRP-1) and heparan sulfate proteoglycans (Peach et al.,
2018a). All isoforms exhibit similar binding affinity at VEGFR2 (Peach et al.,
2018b). However, their interaction or lack of interaction with VEGFR2 co-

receptors and other matrix-binding proteins is thought to be involved in their
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differential regulation of VEGFR2 activity (Fearnley et al., 2016; Peach et al.,
20183, 2018b).
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Figure 1.8. Schematic representation of VEGFa isoforms. VEGF isoforms are originated by
alternative gene splicing. VEGF structure is formed by eight exons with different amino acid
lengths (VEGFx«a) (i.e. VEGFigsa has 165 amino acids). Isoforms with lower lengths lack residues
that enable their interaction with components of the extracellular matrix (ECM), which is the
case for VEGFi;1a isoform. Longer size isoforms (such as VEGFjpsa) have higher ability to
interact with the ECM. Proximal splicing at exon 8 results in the prototypical VEGFa isoforms,
whereas distal splicing originates VEGFb isoforms. VEGFa isoforms are the major mediators
of vascular permeability, cell proliferation, survival migration, and angiogenesis (Olsson et al.,
2006; Shibuya, 2013). On the contrary, VEGF«b isoforms have been described as anti-
angiogenic (Nowak et al., 2008; Woolard et al., 2004; Ye et al., 2016)

1.5.3. VEGFR2 canonical signalling

As some RTK family members, VEGFR2 can be activated by a dimeric ligand
(Sarabipour et al., 2016). The VEGF ligand can bind in a cis or trans position to
the VEGFR2, for example by binding to heparan sulfate in the same cell (cis) or
to heparan sulfate localised in adjacent cells (trans). VEGF ligand binding to
VEGFR2 induces receptor homo- or heterodimerisation (Jakobsson, 2006;
Manni et al.,, 2014b). The ligand-induced conformational change of the
receptor leads to an exposure of ATP-binding sites in the C-terminus that can

be auto- or trans-phosphorylated in specific intracellular tyrosine residues to
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mediate VEGF-induced responses (Koch et al., 2011). VEGF can induce
endothelial cell (EC) proliferation, migration, survival and vascular
permeability, which are processes that contribute to vasculogenesis and
angiogenesis (Figure 1.9.) (Domigan et al., 2014; Koch et al., 2011; Peach et al.,
2018a).

Phosphorylation of VEGFR2 tyrosine 1175 (Tyr1175) residue creates docking
sites for PLCy and the adaptor proteins SHB (SH2-domain adaptor protein B)
and SCH (Src adaptor protein) (Holmqvist et al., 2004). PLCy cleaves PIP2
(phosphatidylinositol-4,5-bisphosphate) into DAG (diacylglycerol) or IP3
(inositol trisphosphate). IP3 can diffuse to the endoplasmic reticulum (ER) to
activate Ca?* intracellular stores (Lemmon and Schlessinger, 2010). The
increase in calcium ions can activate calcineurin which dephosphorylates and
activates NFAT transcription factor (Schweighofer et al., 2009). DAG can
activate PKC (protein kinase C), which in turn activates PKD (protein kinase D),
leading to activation of the transcription factor CREB (cAMP-response-

element-binding protein).

Tyr1175 phosphorylation also recruits Grb2 (growth factor-bound protein 2),
which in turn recruits Sos (son of sevenless) to VEGFR2 (Kroll and
Waltenberger, 1997), and activation of Ras/Raf/MEK/ERK mitogenic cascade
(Meadows et al.,, 2001). The efficacy and duration of the ERK signal
transduction is regulated by the scaffolding protein kinase suppressor Ras (KSR)
(Schlessinger, 2014). These pathways are important for endothelial cell
proliferation (Olsson et al., 2006). The adaptor protein SHB can activate FAK
(focal adhesion kinase) that promotes focal adhesion turnover, being
important to EC attachment and migration (Holmqvist et al., 2004). Docking
sites for Grb2 can also bind the p38 subunit of PI3K, that phosphorylates PIP2
to PIP3 (phosphatidylinositol 3,4,5-trisphosphate), and in turn activates the
small GTPase Rac, resulting in membrane ruffle formation and cell motility
(Laramé et al., 2007). PIP3 can also induce PKB (also known as Akt) activation
though PDK1/2 (phosphoinositide-dependent kinase 1/2). Akt phosphorylates
BAD (Blc-(B-cell-lymphoma)-2-associated-death promoter) and caspase-9
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inducing cell survival, via inhibition of apoptotic activity (Datta et al., 1999). AKT
activation can also lead to nitric oxide (NO) production that mediates

endothelial cell permeability (Di Lorenzo et al., 2014).

Phosphorylation of Tyr1214 residue allows the recruitment of NCK, which
ultimately leads to the activation of p38MAPK, a key player in actin

reorganisation and cell motility (Lamalice et al., 2006).

Phosphorylation of Tyr1054 and Tyr1059 is important for kinase activity, and
their phosphorylation is regulated via phosphorylation of Tyr801 residue (Koch
et al., 2011). Tyr1059 can activate Src kinase that in turn phosphorylates other
VEGFR2 kinase residues involved in cell proliferation and migration (Zeng et al.,

2001).

Tyr951 is a docking site for SH2-domain containing TSAD (T-cell-specific
adaptor molecule) which can form a complex with Src kinase to mediate actin
reorganisation and migration (Matsumoto et al.,, 2005). VEGF can induce
permeability  through  Src-mediated VE-Cadherin  (or  cadherin-5)
phosphorylation and internalisation, in which endocytosis of VE-Cadherin is

mediated by beta-arrestin2 (Gavard and Gutkind, 2006).

These signalling pathways undergo extensive cross-talk [reviewed in (Simons
et al., 2016)], and are now known to be activated not only from the plasma
membrane, but also from intracellular compartments, such as endosomes
(Berger and Ballmer-Hofer, 2011; Casaletto and McClatchey, 2013; Peach et al.,
2018a).
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Figure 1.9. Schematic of VEGFR2 canonical signalling. VEGFR2 canonical signalling is promoted
upon ligand binding to Ig-like domains D2 and D3. Ligand binding to VEGFR2 induces
conformational changes and the activation of specific residues with kinase activity.
Phosphorylation of tyrosine residues 1175 (Tyr1175) mediates most processes involved in
endothelial cell (EC) proliferation. Activation of Tyrl175 residues can also promote cell
attachment and motility, via activation of FAK (focal adhesion kinase), or cell survival via
activation of PI3K/AKT pathway, and nitric oxide (NO) production important for endothelial cell
permeability. Activation of Tyrl214 residues results in processes mediating actin
reorganisation and cell motility. Tyr1054 and Tyr1059 are important for tyrosine activity, which
is regulated by phosphorylated of Tyr801 residue. Finally, Tyr951 can induce activation of TSAD-
Src complex, an important mediator of action reorganisation and migration. Src kinase can also
activate VE-Cadherin to promote cell junction permeability (Peach et al., 2018a; Simons, 2012).
Abbreviations: PIP2 (phosphatidylinositol-4,5-bisphosphate); DAG (diacylglycerol); PKC
(protein kinase C); CREB (cAMP-response-element-binding protein); PLCy (phospholipase Cy);
SCH (Src adaptor protein); Grb2 (growth factor-bound protein 2); Sos (son of sevenless); Ras
(non-tyrosine kinase receptor Ras); Raf (rapidly accelerated fibrosarcoma); MEK (mitogen-
activated protein kinase); KSR (protein kinase suppressor Ras); ERK (extracellular signal-
regulated kinase); IP3 (inositol trisphosphate); NFAT (nuclear factor of activated T-cells); Src
(proto-oncogene tyrosine kinase); PKD (protein kinase D); SHB (SH2-domain adaptor protein

B); FAK (focal adhesion kinase); TSAD (T-cell-specific adaptor molecule); NCK (non-catalytic
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region of tyrosine kinase adaptor protein); p38MAPK; p38 PI3K (p38 subunit of
phosphoinositide 3 kinase); PIP3 (phosphatidylinositol 3,4,5-trisphosphate); PDK1/2
(phosphoinositide-dependent kinase 1/2); PKB (protein kinase B); BAD (Blc-2 associated death

promoter); eNOS (endothelial Nitric oxide synthase); NO (nitric oxide).

1.5.4. VEGFR2 trafficking and endocytic signalling

VEGFR2 signalling was thought to be mediated solely from the plasma
membrane (Galperin and Sorkin, 2008). However, increasing evidence has
challenged this idea and has demonstrated the importance of VEGFR2
endocytosis and trafficking in signalling regulation (Galperin and Sorkin, 2008;

Sorkin and Von Zastrow, 2009).

VEGFR2 undergoes rapid endocytosis upon ligand binding, and endosomal
signalling is important to achieve sufficient signalling duration (Berger and
Ballmer-Hofer, 2011; Goh and Sorkin, 2013; Sorkin and Von Zastrow, 2002).
Ligand-unbound receptor (inactive or with low level of activity) can be
constitutively internalised and rapidly recycled back to the plasma membrane
(Jopling et al.,, 2011; Simons, 2012). Both constitutive and ligand-bound
receptors undergo clathrin and dynamin-dependent internalisation that direct
the receptor to early endosomal compartments, that contain rab-5 and EEA1

(early endosomal antigen 1) proteins (Simons, 2012).

In HUVECs, a ligand-unstimulated pool of VEGFR2 undergoes constitutive
endocytosis into rab-4-positive endosomes that are rapidly recycled back to cell
surface (Gampel et al., 2006). VEGFR2 endocytic signalling can be regulated by
different effectors, one of them is the protein tyrosine phosphatase 1B (PTP1B)
that phosphorylates VEGFR2 located in endosomes, resulting in a decrease in
ERK1/2 signalling (Lanahan et al., 2014). VEGFR2 can either be directed to Rab-
7 late endosomes to be degraded in lysosomes, or recycled back to plasma

membrane, via rab-11 endosomes (slow recycling) (Simons, 2012).

A recent paper revealed that VEGFR2 constitutive internalisation plays a role in

protecting VEGFR2 against proteolytic cleavage (shedding) (Basagiannis and
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Christoforidis, 2016). This constitutive internalisation was shown to be
mediated via a clathrin-dependent manner, as interference with clathrin,
dynamic or Rab-5 function led to a dramatic increase in VEGFR2 shedding
(Basagiannis and Christoforidis, 2016). VEGFiesa-driven VEGFR2 activation and
internalisation in HUVECs occurs mainly via macropinocytosis, whereas
clathrin-mediated VEGFR2 internalisation does not seem to contribute for
VEGFR2 function (Basagiannis et al., 2016). This group showed that VEGFiesa-
induced VEGFR2 macropinocytosis is crucial for signalling and endothelial
functions both in vitro and in vivo, including angiogenesis (Basagiannis et al.,
2016). However, VEGFR2 endocytic route may differ in different cell types, for
different VEGF isoforms, as well as interactions with co-receptors (including
NRP-1) or other matrix-binding proteins (Basagiannis et al., 2016; Berger and

Ballmer-Hofer, 2011; Krilleke et al., 2009; Peach et al., 2018a).

Understanding VEGFR2 signalling dynamics and regulation via interaction with
other proteins, including GPCRs, is important to identify novel therapeutic

targets (Pyne and Pyne, 2011; Sorkin and Von Zastrow, 2009).

1.6. GPCR-RTK crosstalk

Two decades ago, it was believed that GPCR and RTK followed distinct and
independent signalling pathways that eventually converged in a common
downstream effector (Cattaneo et al., 2014; Liebmann and Béhmer, 2000). A
large body of evidence revealed a complex signalling network between these
receptor families for the tight regulation of different biological processes for

cellular homeostasis (George et al., 2013; Pyne and Pyne, 2011).

Receptor ‘cross-talk’ can be defined as synergic interactions between two
receptors, which lead to an amplification and/or a negative regulation of
responses within the same cell, resulting in a ‘fine-tuning’ of cellular function
(Barnes, 2006). Elucidating cross-talk mechanisms between cell-surface

receptors can contribute to a better understanding of human disease, and to
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generate specific therapeutic agents that will target these specific interactions,

in a conformational and spatial-dependent manner (Kose, 2017).

It has become clear that GPCRs and RTKs collaborate with each other to
promote cell growth, survival, proliferation, migration, and more recently to
promote angiogenesis and tumour spread (metastasis) (Bergelin et al., 2010;
Flajolet et al., 2008; Kose, 2017; Sysa-Shah et al., 2016). These cellular functions
may be associated with their role in targeting MAPK signalling cascades, playing
a role in the activation and regulation of ERK1/2, Jun amino-terminal kinase
and p38MAPK pathways (Liebmann and Béhmer, 2000; Oligny-Longpre et al.,
2012; Shenoy et al., 2006; Wetzker and Bohmer, 2003). GPCR-RTK cross-talk
can be mediated by different transactivation mechanisms which will be

described in the following section (Chaplin et al., 2017).

1.6.1. Transactivation mechanisms

GPCR-RTK cross-talk was first reported by Ullrich group in the early 90s, who
showed that GPCR agonists, including angiotensin Il (Ang-Il), bradykinin,
lysophosphatidic acid (LPA), dopamine and endothelin (ET-1) agonists, could
induce mitogenic responses, via activation (known as ‘transactivation’) of the
RTK family (Daub et al., 1997; Prenzel et al., 1999). These responses could be
mediated via RTK-ligand dependent or independent mechanisms (Cattaneo et
al., 2014). GPCR-induced RTK transactivation, via a RTK ligand-independent
mechanism could result in rapid phosphorylation of the RTK, and in the
activation of downstream signalling to promote cell proliferation, migration
and survival (Daub, 1996; Lebman and Spiegel, 2008; Schafer et al.,
2004a).These effects could be inhibited with the use of GPCR antagonists
(Daub, 1996; Schafer et al., 2004b, 2004a).

Taking into consideration numerous studies, three major GPCR-RTK cross-talk
mechanisms have been proposed: (1) GPCR activation of RTK by shedding of
heparin-binding-epidermal growth factor (HB-EGF), promoted by matrix

metalloproteases (MMPs), and consequent RTK activation; (2) GPCR activation
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of RTK via intracellular signalling (c-Src, PKC, B-arrestin, ROS, Ca?*) leading to
the autophosphorylation and activation of the RTK, and (3) GPCR-RTK receptors
oligomerization. Given that in mechanism (1) the signal crosses the plasma
membrane three times before signalling activation, this mechanism is also
described as triple membrane passing signal (TMPS) pathway. Mechanisms (2)
is promoted in a ligand-independent manner, in which GPCR activation induces
autophosphorylation of the RTK (Cattaneo et al., 2014; George et al., 2013). For
mechanism (3) to occur, both GPCR and the RTK need to be associated in a
complex platform (Delcourt et al., 2007; Liebmann, 2011; Pyne and Pyne,
2011). For example, the GPCRs, Bz-adrenoceptor (Kim et al., 2008; Maudsley,
2000), somatostatin receptors (Watt et al., 2009) and chemokine receptor
CXCR7 (Kallifatidis et al., 2016) can form complexes and transactivate EGFR.
Several other examples of GPCR-RTK association for downstream signalling

regulation have been reported (Table 1.2.).
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Table 1.2. Evidence for GPCR/RTK complex formation.

Stimuli

PDGF/S1P

VEGF/S1P

S1P

SST/EGF

CPA (Adenosine A;
agonist)
CGS21680
(adenosine AzaR-
agonist) and aFGF
Ki16425 (protean
agonist)

Kisspeptin-10
(endogenous KISS1R
ligand)

GPCR/RTK

S1P1/PDGFR-B

S1P;/VEGFR2

S1P; and S1Ps/Flk-
1

SSTR1,
SSTR5/EGFR2, Erb2

A:R/EGFR

A;:R/PDGFR-1B

LPA1/ TrkA

KISS1R (GPR-54)/
EGFR

Methodology

Co-IP

Co-IP

Co-IP and PLA

photobleaching FRET
(pbFRET)

Co-IP

GS-pulldown and
Co-IP

Co-IP

Co-IP and FRET

Cell type/Physiology

Airway smooth muscle cells — cell proliferation and
migration
HEK293

Follicular thyroid carcinoma ML-1 cells — cell migration
and proliferation

Mouse embryonic stem cell proliferation

Breast cancer cell lines — regulation of mitogenic
signalling and cell proliferation.

Cultured primary cortical neurons — neuroprotective effect

PC12 cells
Differentiation and neurite extension, spine morphology,
cortical-striatal plasticity

Lung epithelial cells — migration and proliferation

Breast cancer cells MDA-231 and Hs578T — increased cell
motility and invasion

References

(Waters et al., 2003,
2005, 2006)
(Alderton et al., 2001)

(Balthasar et al., 2008;
Bergelin et al., 2010)

(Park et al., 2016; Ryu et
al., 2014)

(Kharmate et al., 2011;
Watt et al., 2009)

(Xie et al., 2009)

(Flajolet et al., 2008)

(Moughal et al., 2006;
Nan et al., 2016)

(Kose, 2017; Zajac et al.,
2011)
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Table 1.2. Continue

Stimuli

Isoprenaline
(agonist)
Insulin

Isoprenaline and
17-PTP (EP-1
agonist)
Isoprenaline,
carvedilol (inverse-
agonist)

oxotremorine-M

5-HT1A/FGF2

GPCR/RTK

B:AR/EGFR

B.AR/IGF-1

B:AR/EP-1R

B2AR/Erb2 and
EGFR

Neuraminidase 1
receptor (Neu-1) /
EGFR

M:R / PDGFR1

5-HT1AR / FGFR

Methodology

Co-IP and FRET

Co-IP, BRET? and
bioinformatic analysis

Co-IP and BRET

Co-IP

co-IP

PLA

Co-IP, PLA and FRET

Cell type/Physiology

HEK293 and U2 sarcoma cells and human heart tissue —
cardioprotection

Mouse heart and HEK293 cells — cardiac contractibility
dysfunction (diabetic cardiomyopathy)

HEK293
Airway smooth muscle cells — reduced bronchodilation

Mouse heart, COS-7 and HEK293 cells — mitogenic signalling
activation and cardioprotective affect

Xenograft mouse pancreatic cancer model — tumour growth
and invasion

mouse hippocampus and cerebral cortex — neurite
outgrowth

PC12 and primary hippocampal culture — neurite
outgrowth.

Anti-depressant effect in vivo (using forced swim test
with rats)

References
(Tilley et al., 2009)

(Fu et al., 2014; Mandic
et al., 2014)

(Barnes, 2006; Mcgraw et
al., 2006)

(Kim et al., 2008;
Maudsley, 2000; Negro et
al., 2006; Sysa-Shah et al.,

2016)

(Gilmour et al., 2013)

(Di Liberto et al., 2017)

(Borroto-escuela et al.,
2015; Borroto-Escuela et
al., 2012, 2013a)

Abbreviations: Co-IP (co-immunoprecipitation), BRET/FRET (Bioluminescence or Fluorescence Resonance Energy Transfer), S1P1 (sphingosine 1 phosphate receptor 1), PDGFR
(platelet derived growth factor receptor), PLA (proximity ligation assay), FGFR (fibroblast growth factor receptor), M1R (muscarinic receptor 1), SSTR (somatostatin receptor),
EP-1R (prostaglandin receptor 1), 5-HT1AR (serotonin 1A receptor), HEK293 (human embryonic kidney), TrkA (tropomyosin receptor kinase A), LPA-1R (lysophosphatidic acid

receptor 1).
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1.6.2. Bidirectional cross-talk

Increasing studies have reported a novel mechanism of bidirectional cross-talk,
in which the GPCR can induce RTKs transactivation and, reciprocally, the GPCR
can be transactivated by cytokines and RTK ligands (Delcourt et al., 2007; Sysa-
Shah et al., 2016). First evidence showing that GPCR could also be
transactivated by RTKs were obtained with the use of molecules that disrupt
GPCR signalling promoted by RTK ligands (i.e. Pertussis toxin, which inhibits Gi-
coupling, and the C-terminal domain of GRK2, which sequesters GBy proteins)
(Delcourt et al., 2007). This was demonstrated for the insulin and IGF-1
receptors which were shown to associate with Gai and GBy proteins to
promote ERK pathway and mitogenesis (Hallak et al., 2000). Other studies
showed evidence that RTKs can also associate with pertussis-insensitive Gas
protein. For example, agonist stimulated EGFR have been shown to activate
Gas protein to increase its ability to stimulate AC (Poppleton et al., 1996).
However, there is no evidence that ligand-RTK receptor activation can induce
GDP-GTP exchange that promote G-protein activation (Delcourt et al., 2007).
One possibility that has been proposed for RTK-induced GPCR signalling is via

the use of constitutively active G-proteins (Waters et al., 2006).

B-arrestins were also found to associate with different RTKs, including EGFR,
insulin and IGF-1 receptors (Mandic et al., 2014; Maudsley, 2000; Povsic et al.,
2003). B-arrestin coupling to IGF-1R is involved in the clathrin-mediated
endocytosis of IGF-1R, and to promote mitotic and anti-apoptotic signalling

(Delcourt et al., 2007; Oligny-Longpre et al., 2012).

Two different factors can contribute to the accumulation of extracellular GPCR
ligand upon RTK activation: transcriptional upregulation and enzymatic activity.
A transcriptional dependent mechanism was found for the Gai-coupled
chemokine receptor CCR5 by IGF-1R (Mira et al., 2001). Activation of IGF-1R
leads to the upregulation of RANTES, the natural CCR5 ligand, promoting
chemotaxis of MCF-7 human carcinoma cells. An example of enzymatic activity

was demonstrated for the sphingosine phosphate receptor 1 (S1P1) (previously
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known as EDG-1 receptor), which can be transactivated by different RTK ligands
including PDGF, VEGFa, and IGF-1 to induce cell motility and migration
(Bergelinetal., 2010; Long et al., 2006; Ryu et al., 2014). The endogenous ligand
for S1P1 receptor is the sphingosine 1 phosphate (S1P). S1P cellular
concentration is regulated by sphingosine kinase SphK1 which promotes S1P
synthesis, whereas S1P phosphatases promote S1P degradation. (Balthasar et
al., 2008). Exposure of cells to growth factors induces SphK1 enzyme activation
and translocation to the plasma membrane, which then leads to an enhanced
synthesis and secretion of S1P, and consequent S1P; activation (Bergelin et al.,
2010). The physical association via complex oligomerisation between S1P1R
and VEGFR2 has been reported and contribute to ML-1 thyroid carcinoma cell
migration (Bergelin et al., 2010). In this study a bidirectional cross-talk
mechanism was reported, in which S1P-induced ERK1/2 phosphorylation was
sensitive to VEGFR2 inhibition, and VEGFa-induced ERK1/2 phosphorylation
was sensitive to pertussis toxin (PTX) treatment or silencing of S1PiR using

small interfering (siRNA) (Balthasar et al., 2008; Bergelin et al., 2010).

Signalling mediated via VEGFR2 is well-known to promote tumour angiogenesis
and invasion (Simons et al., 2016). Adenosine receptors and B2-adrenoceptor
activation is known to promote VEGFa expression in endothelial cells and also
in different tumour types (Antonioli et al., 2013; Chen et al., 2014; Desai et al.,
2005; O’Leary et al., 2015). The pharmaceutical inhibition of B,-adrenoceptor,
using beta-blockers can treat infantile haemangioma and angioblastomas
patients (Chow et al.,, 2015; Pan et al.,, 2015), and showed promising
therapeutic effects in different malignant vascularised tumours (Chang et al.,
2015; Hulsurkar et al., 2017; Sloan et al., 2010). However, the cross-talk
mechanisms between VEGFR2 and the class A GPCRs adenosine receptors and

B,-adrenoceptors are not well understood.

This project was focused on the investigation of potential VEGFR2-GPCR
oligomerisation using a proximity-based methodology, bioluminescence
resonance energy transfer (BRET) with the super bright luciferase NanolLuc
(therefore denominated as NanoBRET).
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1.7. NanoBRET to probe ligand-receptor and receptor-receptor

interactions

1.7.1. NanoBRET to investigate ligand-receptor binding

pharmacology

When developing a new drug, pharmacological properties such as strength
(affinity), duration (kon and koff) and specificity of the binding of that drug to a
desired receptor, are important parameters to be measured (Kenakin, 2017).
NanoBRET technology has been applied with great success in our lab, and now
by other groups, to measure real-time ligand-receptor binding kinetics in whole
living cells, using a combination of fluorescently-labelled and unlabelled ligands
(Stoddart et al., 2015a, 2018). For these experiments, the receptor is fused at
the N-terminus with NanoLuc luciferase (BRET donor), whereas fluorescently-
labelled ligands act as BRET acceptors. NanoLuc (Nluc) luciferase is a small
(19kDa) and very bright luminescent molecule, isolated and modified from the
deep sea shrimp Olophorus gracilirostris (England et al., 2016; Hall et al., 2012).
This luciferase covers a broad emission spectrum, bringing high sensitivity to
reporter gene assays and other bioluminescent assays, including BRET (England
et al.,, 2016). It uses a novel coelenterazine analogue, furimazine, as its
substrate, which gets oxidised to form furimamide, resulting in an emission of
a glow-type luminescence (Kim and Grailhe, 2016). Due to the fact that it is a
secreted protein, Nluc luciferase can be positioned at the N-terminus of
transmembrane receptors without effecting receptor trafficking to the cell

surface (Stoddart et al., 2018).

NanoBRET technology has been successfully applied to investigate ligand-
receptor binding pharmacology for different GPCRs including, the adenosine A;
and Az, adrenergic receptors B1 and B2, and the angiotensin receptor-1 (AT-1)
(Soave et al., 2016; Stoddart et al., 2015a). More recently, this methodology
was extended to study VEGFR2 and its co-receptor neuropilin-1 (NRP-1)
pharmacology (Kilpatrick et al., 2017; Peach et al., 2018b; Stoddart et al., 2018).
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Different live-cell NanoBRET assays are used to investigate ligand-receptor
pharmacology including: saturation and competition assays, performed under
equilibrium conditions to determine labelled and unlabelled ligands binding
affinity (Kp or ICsp), respectively, and kinetics binding assay, performed under
non-equilibrium conditions, to determine ligand association (kon) and
dissociation (koff) rate constants (Kilpatrick et al., 2017; Peach et al., 2018b;
Stoddart et al., 2018).

Methodologies that can monitor specific drug-receptor interactions in living
animals are still lacking (Durham and Blanco, 2015). In this study was also
proposed the application of NanoBRET to monitor drug-B;-adrenoceptor
engagement in vivo, using a pre-clinical model of breast cancer (Alcobia et al.,

2018).

1.7.2. BRET to investigate GPCR-RTK oligomerisation

Most evidence supporting GPCR-RTK association is based on traditional
biochemical approaches, such as co-immunoprecipitation (co-IP). These
techniques were initially used to characterise GPCR-RTK interaction and
function (Guo et al., 2017). However, the invasive nature of these approaches
leads to the disruption of the cellular environment and, therefore, may not
represent existent interactions, particularly for transient interactions (Briddon

et al., 2008; Ellisdon and Halls, 2016).

Proximity-based biophysical approaches, such as Fluorescence or
Bioluminescence resonance energy transfer (FRET/BRET) have been
extensively applied in the GPCR field to investigate GPCR-GPCR interactions,
and to better understand the protein-protein interactions occurring within the
GPCR oligomer (Briddon et al., 2008; Gandia et al., 2008). BRET has been
demonstrated to be a powerful biophysical tool to investigate direct GPCR-RTK
associations in whole cells and at real-time (Borroto-Escuela et al., 2013b). In

these studies, the investigation of receptor-receptor association was
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performed using one receptor protomer fused at the C-terminal tail with a
luciferase donor, typically renilla luciferase (Rluc), and the other protomer
fused at its C-terminal with a fluorescent acceptor (i.e. green/yellow
fluorescent proteins - GFP or YFP) (Borroto-Escuela et al., 2013b; Mandic et al.,
2014; Mcgraw et al., 2006). Once these receptors are in close proximity (at a
distance <10nm) and at the right orientation, the luminescent donor can excite
the fluorescent acceptor, and receptor-receptor association is measured as
BRET ratios (fluorescence acceptor emission divided by luminescent donor
emission). The ratiometric property of BRET measurements allows protein-
protein interactions to be determined using different expression levels of
receptors, and is also independent on cell number (Stoddart et al., 2018). The
advantage of BRET relative to FRET is that in BRET assays an external light
source for donor excitation is not required, which minimises auto-fluorescence
and/or photobleaching of the fluorophore (Siddiqui et al., 2013). BRET has also
the advantage of the absence of light contamination, being able to detect
smaller variations in BRET signals due to low background signal (Siddiqui et al.,

2013).

As mentioned in the previous section, our lab has developed the NanoBRET-
based system which uses the super bright and secreted NanoLuc luciferase to
monitor specific ligand-receptor interactions (Stoddart et al., 2018). One of the
aims of this project was to develop a NanoBRET-based assay to monitor
receptor-receptor interactions and to investigate potential molecular
association between VEGFR2 and the two class A GPCRs adenosine and [3;-

adrenergic receptors.

44



1.8. Thesis Aims

The primary aim of this thesis was to investigate the molecular interactions

between VEGFR2 and the two Class A GPCRs, adenosine receptors and B»-

adrenoceptors.

During this project the following key questions were addressed:

Can NanoBRET be used as an approach to investigate ligand binding
pharmacology for the human full-length VEGFR2, using a newly
developed VEGFi6sa homodimeric peptide fluorescent ligand?

Can NanoBRET system be used to measure direct receptor-receptor
interaction?

Does cross-talk between VEGFR2 and the adenosine or B;-adrenergic
receptors occur via a mechanism involving VEGFR2-GPCR
oligomerisation?

Can NanoBRET be applied to measure ligand-receptor pharmacology in
a physiologically relevant system (e.g. cancer cell model)?

And finally, could NanoBRET be applied to monitor ligand-receptor

engagement in living animals?
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Chapter 2: Materials and Methods

2.1. Materials

i) Molecular Biology:

pcDNA3.1zeo(+) DNA vector and One Shot® Top 10F chemically competent
cells were purchased from Invitrogen (Paisley, UK). Restriction enzymes
(BamHl, Bglll, Xho | and Xbal), and respective buffers, T4 DNA ligase, Pfu DNA
polymerase (and respective 10x buffer), 1kb DNA ladder, and Pureyield™
Plasmid Miniprep System were purchased from Promega (Southampton, UK).
The forward (5’- CCAAGATCTCTGCCGCCCTCCATCTCAGC-3’) and reverse (5'-
TGGTCTAGACTAGTCATCAGGCCTCTCTTCTGG-3’) oligonucleotide primers used
for A1R PCR reaction (lab catalogue number 57 and 58, respectively), and T7
forward (5-TAATACGACTCACTATAGGG-3’) and BGHR reverse (5'-
TAGAAGGCACAGTCGAGG-3’) primers used for pcDNA3.1 constructs
sequencing, were all synthesised by Eurogentec (Southampton, UK). The
GenElute™ gel extraction, PCR purification and miniprep and maxiprep kits
were bought from Sigma Aldrich (Gillingham, UK). DNA sequencing was
performed by the DNA sequencing laboratory, at School of Life Sciences,

University of Nottingham (UK).
ii) Cell and animal models

HEK 293T cells were purchased from Invitrogen (Paisley, UK). HEK 293T cells
stably expressing Nluc-VEGFR2 were a gift from Matt Roberts (Promega,
Madison, WI). The highly metastatic variant of the MDA-MB-231 triple-
negative human breast cell line (MDA-MB-231"M; MDA-231) was a kind gift
from Dr. Zhou Ou, Fudan University Shanghai Cancer Center (China) (Chang et
al., 2016). A mouse low metastatic adenocarcinoma cell line (66c¢l4), was a gift
from R. Anderson (Peter MacCallum Cancer Centre, Melbourne, Australia) (Pon
et al., 2016). Female BALB/c nu/nu immune-compromised mice (7-week-old)

were from University of Adelaide (Australia).

46



iii) Fluorescent and non-fluorescent ligands:

SNAP-Tag Surface substrate Alexa Fluor 647 (catalogue number S9137) and 488
(catalogue number S9129S) were purchased from New England Biolabs
(Hitchen, UK). Halo-tag membrane impermeable Alexa F488 (catalogue
number G1001) and AF660 (catalogue number G8471) were purchased from
Promega (Southampton, UK). VEGFigsa ligand was from R&D Systems. H33342,
protease-free bovine serum albumin (BSA), and Isoproterenol hydrochloride
(Isoprenaline) were from Sigma-Aldrich. NECA, MRS1220, DPCPX, PSB36, ICI
118551 hydrochloride and CGP12177) dihydrochloride and SCH58261
compounds were purchased from Tocris (Bristol, UK). CA200645 and
propranolol-B-Ala-B-Ala-X-BODIPY630/650 were purchased from CellAura
Technologies Ltd (Nottingham, UK). BODIPY-CGP12177-TMR was purchased
from Molecular Probes (Oregon, USA). VEGF1ssa-TMR ligand was a gift from

Matt Robers (Promega Corporation, Madison, Wisconsin, USA).
iv) Other materials and reagents

Dulbecco’s modified eagle’s medium (DMEM), optimal minimum essential
medium (Opti-MEM), Phosphate-buffered saline (PBS), blastocidin, ampicillin
and G418 (neomycin) antibiotics were bought from Sigma-Aldrich, UK.
Lipofectamine 2000 was purchased from Life Technologies, UK. All cell culture
plasticware were bought from Fisher Scientific (Loughborough, UK). 5-Carboxy-
tetramethylrhodamine N-succinimidyl ester (TAMRA, catalogue number
53048), 2-mercaptoethanol (2-ME, catalogue number M6250) and (-)-1,4-
DITHIO-L-THREITOL (DTT, catalogue number D9760) were purchased from
Sigma-Aldrich. Rhodamine 6G (R6G) and zeocin antibiotic were purchased from
Invitrogen (Paisley, UK). Nano-Glo™Luciferase substrate (furimazine) was

bought from Promega (UK or Australia)

2.2. Molecular biology

A summary of all constructs used is provided in Table 2.1. The lentiviral

construct pSIN-IRES/BSD encoding B2AR-Nluc or Nanobody-80-GFP (Nb-80-
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GFP), were a gift from Dr. Alexander Kondrashov, Wolfson Centre for Stem
Cells, Tissue Engineering & Modelling (STEM), Centre for Biomolecular
Sciences, at the University of Nottingham, UK. The construct encoding B-
arrestin2-Venus-YFP was a gift from Dr. Kevin D. G. Pfleger and Dr. Carl W.

White, from University of Western Australia (Nedlands, Australia).

Table 2.1. Constructs used for the study.

P N or C-terminal f:DNA Bat.:terial Marpmalian Construct
tag insert Resistance | resistance made by:
pcDNA3.1(+) empty empty Ampicillin Zeocin Invitrogen
pcDNA3.1(+) | N-terminal SNAP empty Ampicillin Zeocin *Alcobia D.C.
pcDNA3.1(+) | N-terminal SNAP AR Ampicillin Zeocin *Alcobia D.C.
pcDNA3.1(+) | N-terminal Nluc AR Ampicillin G418 Stoddart L. (1)
pcDNA3.1(+) | N-terminal SNAP A22AR Ampicillin G418 *Groenewoud
pcDNA3.1(+) | N-terminal Nluc | AxAR | Ampicillin G418 N.J.
pcDNA3.1(+) | N-terminal SNAP AsR Ampicillin Zeocin *Alcobia, DC
pcDNA3.1(+) N-terminal Nluc AsR Ampicillin G418 *Sto<(:l;|)art L
pF-SNnk N-terminal Nluc VEGFR2 | Kanamycin G418 Promega (2)
pF-SNnk C-terminal Nluc VEGFR2 | Ampicillin G418 Promega
pFN21A N-terminal Halo VEGFR2 | Ampicillin G418 Promega (2)
pcDNA3.1(+) | N-terminal SNAP B2AR Ampicillin G418 *Soave M.
pF-SNnk N-terminal Nluc B2AR Ampicillin G418 Promega (1)
pF-SNnk C-terminal Nluc B2AR Kanamycin G418 Promega
pSIN-IRES N-terminal Nluc B2AR Ampicillin Blastocidin | Kondrashov A.
pcDNA3 C'termi;':‘;'ve”“s' arreﬁs'tin , | Ampicillin G418 PﬂeGg'e(rs';' .
pSIN-IRES N-terminal-GFP Nb-80 Ampicillin Blastocidin | Kondrashov A.

*cDNA constructs made in our lab.

N or C-terminal — tag fused at the N or C-terminal of the receptor; SNAP — SNAP-Tag; Nluc —
NanolLuc luciferase; Halo — Halo-Tag; cDNA — complementary DNA; Venus-YFP — variant of
yellow fluorescent protein; GFP — green fluorescent protein; A;R, A;sAR, AsR — Adenosine
receptor A;, A2aAR or As, respectively; B,AR — B-adrenergic receptor 2; G428 — neomycin
antibiotic.

(1) (Stoddart et al., 2015a)
(2) (Kilpatrick et al., 2017)
(3) (Kocan et al., 2008)

Here will be provided a detailed description of the generation of

pcDNA3.1/zeocin constructs encoding SNAP-tag alone or fused in frame at the
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N-terminus of adenosine A; or As receptors. The initial strategy to investigate
molecular interactions between adenosine receptor subtypes A; or Az and
VEGFR2, was to stably co-transfect these receptors in a HEK 293T cell line. To
enable selective co-selection of these receptors in these cells, the receptors
had to be expressed from vectors with different antibiotic selection. N-terminal
Nluc-VEGFR2 was generated by Promega in a pcDNA3.1/neo vector, which is
resistant to neomycin (G418) in mammalian cells. Therefore, cDNA constructs
encoding N-terminal-SNAP-tagged-A; or -As; receptors were generated in a
pcDNA3.1/zeo vector, which has resistance to zeocin antibiotic in mammalian
cells. SNAP-tag is a 20kDa mutated version of the human DNA repair protein
O6-alkylguanine transferase (hAGT) that can covalently bind commercially
available substrates with a fluorophore. We firstly generated a sigSNAP-
pcDNA3.1/zeo construct to which we then ligated the adenosine A; or As-encoding

DNA genes (ADORA1 or ADORA3 genes, respectively).

A schematic representation of the generation of a sigSNAP-pcDNA3.1/zeo,
sigSNAP-A3-pcDNA3.1/zeo0 or sigSNAP-A1-pcDNA3.1/zeo constructs is
represented in Figures 2.1 and 2.2. Detailed methodology of the different steps
to generate these constructs will be provided in the following sections. Briefly,
the sigSNAP-pcDNA3.1/zeo vector was generated after digestion of sigSNAP
DNA region (by Kpnl and BamHI restriction enzymes) from an available
sigSNAP-A3R-pcDNA3.1/neo construct (Stoddart et al., 2015a) (Figure 2.1.). The
NEB cutter tool (New England BiolLabs) was used to identify restriction enzymes
to use for digestion of the SNAP-Tag DNA region (540bp, 180 amino acids). This
tool was also used to determine restriction enzymes for AiR and AsR DNA
region digestion. This sigSNAP region contains a start Kozac consensus
sequence (sig) with an ATG initiation codon (GCACCATG), which facilitates
initiation of SNAP-Tag translation. Restriction enzymes recognise and bind to a
specific sequence of nucleotides (restriction site), cleaving the DNA into specific
fragments. The digested sigSNAP region, as well as, digested pcDNA3.1/zeo
vector were separated onto an agarose gel using electrophoresis and purified

using a gel purification kit. The purified insert and vector were then ligated as
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will be described below. The AsR DNA region was then digested from the same
initial sigSNAP-A3R-pcDNA3.1/neo construct (using BamHI and Xhol restriction
enzymes), separated by gel electrophoresis, purified, and then ligated with
digested sigSNAP-pcDNA3.1/zeo vector, generating the sigSNAP-A3R-
pcDNA3.1/zeo cDNA construct (Figure 2.1.).

To generate the sigSNAP-A1R-pcDNA3.1\zeo construct, we used an available
sigSNAP-A1R-pcDNA3.1\neo construct (made by Hanna Chilvers, a previous
student from our lab) (Figure 2.2.). This construct had an initiation codon
(methionine, ATG) between the SNAP-Tag region and the AiR DNA region,
which can result in the transcription and translation of SNAP-Tag or A; receptor
proteins alone, instead of the full-length SNAP-tagged-A1l receptor protein. A
polymerase chain reaction (PCR), was performed to replace the ATG codon for
a leucine (CTG), as well as to incorporate Bglll and Xbal restriction sites at the
beginning and end of the AR DNA region, respectively. Since Bglll and BamHI
restriction enzymes form stretches of single-stranded DNA that are
complementary to each other, the AiR DNA insert could then be ligated with
BamHI/Xbal digested sigSNAP-pcDNA3.1/zeo vector (Figure 2.2.). All these

details will be provided in the following sections.
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Kpnl (921)

BamHI (1556)
pcDNA3.1/neo sigSNAP-A;R

Kpnl (2339)

Xhol (2519)

Double-digestion (Kpnl/BamH]I)
and ligation of sigSNAP region
with pcDNA3.1/zeo vector

2.
Kpnl (921)
sigSNAP-Tag
pcDNA3.1/zeo sigSNAP
5642 bp
BamHI (1556)
Double-digestion (BamHI/Xhol)
and ligation of A;R region with
sigSNAP vector

3.

.] ;I
- p\':‘;pg promater

Kpnl (921)

sigSNAP-Tag

BamHI (1556)
pcDNA3.1/Zeo SNAP-Tag-A3R
6549 bp

/ ADORA3

Kpnl {2339)
Xhol (2519)

Figure 2.1. Schematic for generation of sigSNAP-As-pcDNA3.1/zeo cDNA construct (3). A
sigSNAP-pcDNA3.1/zeo (2) was firstly generated after double-digestion of sigSNAP region,
using Kpnl/BamHI restriction enzymes (from an available sigSNAP-A3 pcDNA3.1/neo vector
(1)), and ligated with a pcDNA3.1/zeo vector (previously digested using same enzymes). AsR
DNA region from vector (1) (digested by BamHI/Xhol) was then ligated to the sig-SNAP-
pcDNA3.1/zeo vector (2) (digested by same enzymes).
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Kpnl (921)

s
e

PCR reaction AR region using the following primers:
Forward: CCAAGATCTETGCCGCCCTCCATCTCAGC (29)
Reverse: TGGTCTAGACTAGTCATCAGGCCTCTCTTCTGG (33)

pcDNA3.1/neo sigSNAP-AR

PCR product: | AR |

Double-digestion (Bglll/Xbal) A;R PCR
product and ligation with sigSNAP vector

Kpnl (921)

Kpnl (921)

BamHI/Bglll

pcDNA3.1/zeo sigSNAP-A,R
(1560)

6567 bp

pcDNA3.1/zeo sigSNAP
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BamHI (1556)

Double-digestion (BamHI/Xhol)
of sigSNAP vector and ligation
with PCR digest
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Figure 2.2. Schematic for generation of sigSNAP-A;R pcDNA3.1/zeo cDNA construct (3). Firstly, we performed a PCR reaction to modify the A;R region from an available
sigSNAP-A;R-pcDNA3.1/neo vector (1). The PCR reaction was performed to incorporate Bglll and Xbal restriction sites (highlighted in yellow) to the beginning and end of
the AR region, respectively, as well as, to replace an initiation codon (ATG) for a leucine (CTG, highlighted in green). PCR products were then digested using bglll and Xbal
restriction enzymes and ligated with sig-SNAP-pcDNA3.1/zeo vector (2) (previously digested with BamHI/Xbal enzymes.
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Digestion reactions

Restriction enzymes are used to cut DNA fragments into specific regions. In this
study double digests were used, using two different restriction enzymes, to
remove or to open specific DNA regions. The sigSNAP DNA region was digested
using Kpnl and BamHlI restriction enzymes to ligate with a pcDNA3.1/zeo
vector, digested using the same enzymes. The AsR DNA region was digested
using BamHI and Xhol restriction enzymes and ligated with the sigSNAP-
pcDNA3.1/zeo vector, previously digested using the same enzymes. Finally, the
A1R DNA region, which was subcloned using PCR, was digested using Bglll and
Xbal enzymes, and ligated in a digested sigSNAP-pcDNA3.1/zeo vector, using

BamHI and Xbal enzymes.

Digestion reactions were prepared in 0.5mL sterile eppendofs by adding 4uL of
10x buffer multicore (Promega; for Kpnl/BamH]I digest), or 4ulL of 10x Buffer D
(Promega; for BamHI/Xhol or BamHI/Xbal and Bglll/Xbal digests), together with
1ul of each respective restriction enzyme and, 2uL DNA added immediately
before reaction. Digestion reactions were incubated for 2h at 37°C, followed by
heat inactivation for 20min at 65°C. Heat inactivation at 65°C stops restriction

endonucleases action, which have an optimal incubation temperature at 37°C.

i) Gel Electrophoresis

Gel electrophoresis is a technique that applies an electric current to move and
separate the DNA loaded on a gel matrix. DNA fragments with greater size
move slower across the gel matrix, whereas lower size DNA moves faster
through the gel. This technique was used to isolate the digested products
(sigSNAP, AsR and AiR DNA regions, and digested vectors pcDNA3.1/zeo and
sigSNAP-pcDNA3.1/zeo0).

Agarose gel matrix was prepared by diluting 350mg agarose in 35mL 1xTAE
buffer (diluted from 50x TAE buffer, containing 242g TRIS base, 100mL EDTA

and 57.1mL acetic acid). The mixture was heated from 1min using a microwave
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(~700W), and once it cooled down, but still in its liquid form, 3.5uL ethidium
bromide was added and mixed. Ethidium bromide is a DNA intercalating agent
that enables DNA visualisation under UV light. Liquid gel was placed in a proper
recipient with a comb to generate wells where DNA would be loaded. DNA
samples were prepared by mixing 40uL DNA with 8uL 6x sample buffer
(Promega). Sample buffer contains glycerol to increase DNA density, and
bromophenol blue to enable sample visualisation when loading the DNA into
the gel matrix wells. 10uL 1kb DNA ladder (Promega), which is a molecular
weight marker, was also loaded in the gel alongside the loaded DNA samples,
to visualise DNA fragment size. Samples were run on the agarose gel using a
horizontal electrophoresis Bio-Rad system at 80V for 30min. Gel containing the
separated DNA bands was visualised under UV light, and bands were quickly
excised to avoid DNA damage due to UV light. DNA present in those bands was
then purified using a GenElute™ Clean-Up kit, following manufacturer’s
instructions. In Figure 2.3. are displayed pictures of the different gels after
extraction of digested DNA bands for (a) sigSNAP DNA region (540bp), (b) A3R
DNA region (957bp), pcDNA3.1/zeo vector (5015bp), and (c) A1R PCR product
(978bp). Unfortunately, pictures were only taken after band extraction,

observed bands were bright and showed expected molecular size.

Gel extracted DNA inserts and respective vectors were then purified, ligated
and transformed in E.coli competent cells, as will be described in the following
sections. To confirm presence of inserts in transformed bacteria, purified DNA
extracted from different bacteria colonies was digested using respective
restriction enzymes. For this purpose, lower DNA amounts were used. DNA
samples were prepared in 0.5mL sterile microcentrifuge tubes containing 12puL
digested DNA mixed with 2uL sample buffer, which were loaded in 1% agarose
gel, together with 1kb ladder loaded alongside DNA samples. DNA was then

separated by electrophoresis (at 100V, 20min,) and visualised under UV light.
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Figure 2.3. Pictures of electrophoresis agarose gels after band excision. (a) sigSNAP DNA
fragment was separated by electrophoresis after digestion of sigSNAP-pcDNA3.1/neo vector
using Kpnl and BamHI restriction enzymes. (b) digested AsR DNA region, from a sigSNAP-A3-
pcDNA3.1/neo vector, and sigSNAP-pcDNA3.1/zeo, using BamHI and Xhol restriction enzymes.
And (c) digested A;R DNA region (by Bglll/Xbal restriction enzymes) after PCR, using sigSNAP-
Al-pcDNA3.1/neo vector as PCR DNA template. On the right of this gel picture is an excised
band with digested sigSNAP-pcDNA3.1/zeo with BamHI and Xbal restriction enzymes. Band size
in base pairs (bp) was determined using a 1kb ladder. Gel was run at 80V for 30min. Bands were

visualised and excised using a small blade while under UV light.
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ii) Ligation

Ligation reactions were performed to ligate digested sigSNAP DNA region in
digested pcDNA3.1/zeo vector, and digested AsR or A;R DNA regions in
digested sigSNAP-pcDNA3.1/zeo vector (Figures 2.1. and 2.2.). Ligation
reactions were prepared in 0.5mL sterile microcentrifuge tubes by adding 1uL
ligase buffer (Promega), 7uL DNA insert (or 7uL double distilled H2O in negative
control), 1uL vector and 1pL T4 DNA ligase (Promega). These were incubated
overnight for 16h at 16°C. Negative control containing vector and no insert was

used to check for re-ligation of vector without the insert.

iii) Polymerase chain reaction

As mentioned earlier, sigSNAP-A1R-pcDNA3.1/zeo vector was generated from
an available sigSNAP-A1R-pcDNA3.1/neo vector made in our lab. Polymerase
chain reaction (PCR) is a technique used to amplify a single copy of DNA strand
by several orders of magnitude. PCR was performed using the forward and
reverse primers displayed in Table 2.2. These primers were used to change a
methionine (ATG) start codon to a leucine (CTG), as well as, to incorporate Bglll
and Xbal restriction sites at each far end of the AiR DNA region. These primers

are complementary to each of the ends of the sequence to be amplified.

Table 2.2. Sequences of the forward and reverse primers used in the
polymerase chain reaction and respective melting temperatures (Tm). These
primers were used to incorporate Bglll (forward primer) and Xbal restriction
site (reverse primer) at each far end of the AiR coding region (highlighted in
yellow). Forward primer also replaced the start codon (ATG) for a CTG codon

(highlighted in green).

Primers Sequence (5’-3’) Tm (°C)

Forward (57) | CCAAGATCTCTGCCGCCCTCCATCTCAGC (29) 62.1
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Reverse (58) | TGGTCTAGACTAGTCATCAGGCCTCTCTTCTGG (33) | 60.6

Five different PCR reactions were prepared in sterile 0.2 mL single thin wall PCR
tubes, to which were added 5uL 10x Reaction Buffer, 5uL deoxyribonucleotides
triphosphate (dNTPs), 1uL of forward and reverse primers, 0.5uL of cDNA (or
double-distilled water (ddH,0) in negative control), and 1uL of Pfu DNA
polymerase was added only at the end before reaction. ddH,0 was also added
for a final volume of 50uL per reaction. Negative control without DNA was used
to check for contamination with foreign DNA. DNA was diluted to a final
concentration of 100ng/uL and primers were diluted using a 1:2 dilution in
ddH;0, for a final 1:50 dilution in reaction. PCR programme used is indicated in
Table 2.3. The first PCR step was an initial denaturation of DNA template at
95°C, for 5min, to separate the double-stranded DNA. This was followed by 29
cycles of denaturing, annealing of complementary primers (using calculated
annealing temperature at 55°C), followed by primer extension (elongation), to
amplify generated DNA strand into multiple copies. The last step was the final

elongation for 10min at 72°C. DNA was then stored at 4°C.

Table 2.3. Programme used for polymerase chain reaction (PCR). PCR reaction

was performed using a Master gradient thermo-cycler (Eppendorf).

Number of cycles Stage T (°C) Time (min.)
1 Initial denaturing 95 5
Denaturing 95 1
29 Annealing 55 1
Elongation 72 3
1 Final elongation 72 10

iv) Transformation in E.coli competent cells
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DNA ligations of sigSNAP-A1R or -AsR in sigSNAP-pcDNA3.1/zeo vector were
transformed in E.coli competent ToplOF' cells. Negative control ligation,

containing vector with no insert, was also transformed in these cells.

Firstly, agar plates were prepared using 35g/L Luria-Bertani (LB) broth with agar
(Lennox) diluted in ddH,O and autoclaved. Once LB agar decreased
temperature to around 37°C, 50ug/mL ampicillin selection antibiotic was
added, and agar was poured into Petri dishes to solidify. These were then used
or stored at 4°C. 20g/L LB broth without agar was also prepared in ddH;O,

autoclaved and stored at room temperature.

For competent cells transformation, 25uL Top10F’ cells were added in 0.5uL
sterile microcentrifuge tubes together with 1uL ligated DNA (sigSNAP-
pcDNA3.1/zeo, sigSNAP-A;R-pcDNA3.1/zeo or sig-AsR-pcDNA3.1/zeo vectors),
or negative control ligation. The microcentrifuge tubes were then incubated on
ice for 30min, followed by heat shock at 42°C for 30sec, and incubated on ice
for 2min. Competent E.coli cells have the capacity to incorporate and replicate
high molecular weight exogenous DNA. The 30min incubation on ice allows the
bacterial membrane to stabilize, while the heat shock changes the fluidity of
the bacterial membrane allowing the incorporation of the exogenous DNA.
After incubation on ice, 250pL of LB broth was added to microcentrifuge tubes
containing transformed bacteria and incubated under agitation for 1h, at 37°C.
This incubation allows the transformed bacteria to replicate. After incubation,
200uL of transformed bacteria (with DNA ligation or ligation negative control),
were spread, using a plate spreader, onto different agar plates. Agar plates with
bacteria were incubated upside down overnight, at 37°C. On the following day,
random individual colonies were picked and placed in different universals
containing 5mL LB broth with 5uL ampicillin (50 pg/mL). Universals were
incubated at 37°C under agitation overnight. On the next day, bacterial DNA
was isolated and purified using GenElute™ HP Plasmid miniprep system,

following manufacturer’s instructions.
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To confirm successful ligation of insert and vector in the different DNA
minipreps, these were digested using restriction enzymes. The sigSNAP DNA
region in pcDNA3.1/zeo vector was confirmed after digestion with kpnl/BamHI
restriction enzymes, to confirm the presence of AsR DNA region in sigSNAP-
pcDNA3.1/zeo vector, BamHI/Xhol enzymes were used, whereas, for sigSNAP-
AiR DNA region in pcDNA3.1/zeo vector, digestion was performed using Kpnl
and Xbal restriction enzymes. The digested DNA was then run on an agarose
gel, using electrophoresis, and visualised under UV light. Figure 2.4. displays
pictures of the different gels for screening of DNA minipreps for (a) sigSNAP-
pcDNA3.1/zeo, (b) sigSNAP-A3R-pcDNA3.1/zeo and (c) sigSNAP-A{R-
pcDNA3.1/zeo. Colonies positive for insert (indicated with a white square in
Figure 2.4.aand 2.4.b, or with an arrow in Figure 2.4.c were sent for sequencing

to confirm correct DNA sequence.
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Figure 2.4. Pictures of agarose gels to confirm successful ligation. (a) DNA minipreps of
transformed colonies with sigSNAP-pcDNA3.1/zeo ligation, were digested using kpnl/BamHI
enzymes and ran on a gel. Two out of ten colonies contained sigSNAP DNA (white square,
540bp). These were sent for sequencing (b) DNA minipreps of transformed colonies with
sigSNAP-A3R-pcDNA3.1/zeo ligation, were digested using BamHI/Xhol enzymes and ran on a
gel. One out of eleven colonies contained AsR DNA (white square, 957bp). Finally, (c) DNA
minipreps of transformed colonies with sigSNAP-A;R-pcDNA3.1/zeo ligation, were digested
using kpnl/Bglil enzymes and ran on a gel. All of the colonies contained sigSNAP-A;R DNA insert

(1621bp), and only two DNA minipreps were chosen for sequencing.
v) DNA Sequencing

The concentration of DNA minipreps, containing the insert, was measured
using a NanoDrop™ 2000 spectrophotometer (Thermo-Fisher). DNA was
diluted to a final concentration of 100ng/uL in ddH>0, and 20uL were sent for
sequencing. Sequencing was performed by the DNA sequencing laboratory, at
School of Life Sciences, University of Nottingham (UK), using the forward and

reverse primers displayed in Table 2.4.

Sequencing results were analysed using the SnapGene® Viewer 2.5, to confirm

the correct open reading frame and the presence of an initiation and stop
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codon (see sequencing results in Appendix 1). The presence of a leucine CTG,

instead of an initiation codon between the SNAP-Tag and A; or As receptor-

encoding regions was also confirmed. Sequence alignment was performed

using the NCBI Blast® tool, to confirm presence of desired genes.

Table 2.4. Primers used for sequencing.

Primers Sequence (5’-3’)

Forward (T7)

TAATACGACTCACTATAGGG (20)

Reverse (BGH)

TAGAAGGCACAGTCGAGG (18)

2.3. Cell culture

Human Embryonic kidney 293T (HEK 293T) cells were used for most in vitro

studies. A human highly metastatic (triple-negative) adenocarcinoma cancer

parental cell line (MDA-231), or stably transfected to express N-terminally-

tagged-Nluc-Bz-adrenoceptor (MDA-231 Nluc-B2AR) were used for in vitro

pharmacological characterisation (shown in Chapter 4), and MDA-231 Nluc-

B2AR cell line was also used for in vivo studies (showed in Chapter 6). A mouse

low metastatic adenocarcinoma cell line (66cl4) was stably transfected to

express N-terminally-tagged Nluc-B;-adrenoceptor and pharmacologically

characterised using in vitro studies (showed in Chapter 4). In Table 2.5. are the

growth media used for the different cell lines used.

Table 2.5. Condition media used for the different cell lines

Cell line Condition media supplemented with Catalogue number and
10% fetal bovine serum (FBS) Supplier (UK)
Dulbecco’s modified Eagle’s medium . .
HEK 293T (DMEM), containing glutamine (D6429) Sigma-Aldrich, UK
MDA-231 Dulbecco’s modified Eagle’s medium (10569010) Thermo Fisher,
(DMEM) Glutamax UK
Minimum essential medium (MEM) (12571063) Thermo Fisher,
66cl4
alpha UK
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Cells were passaged at around 80% confluency to avoid cell stress and cell
detachment. The media was firstly removed and 1mL Phosphate buffered
saline (PBS) was used to wash any residual fetal bovine serum (FBS), which
deactivates trypsin. Cells were then detached from flask using 1mL trypsin
(0.25% w/v). Trypsin is a serine protease that acts by hydrolysing proteins
involved in cell adherence, facilitating cell detachment from the culture flask.
10mL of culture medium (Table 2.5.) was then added to collect detached cells
and these were centrifuged for 5min at 1000rpm. Cells were then resuspended
in 10mL media and passaged to a new T75 flask using the required dilution
ratio, typically 1:5 to 1:20 ratios. For experiments, 100uL cell suspension was
placed onto a haemocytometer and the number of cells, within a 1mm? area,
was counted (25x0.04mm? squares). The average number of cells was
multiplied by 10000 to calculate the number of cells present in 1mL. This cell
suspension was then resuspended in an appropriate amount of media to give
the required cell density. Prior to seeding of HEK 293T cells into 96-well plates,
these were coated with poly-D-lysine (10ug/mL in ddH2O, filter sterilised using
0.2um filter and a 20mL syringe). Poly-D-lysine was left for 20min and washed

with PBS before seeding the cells.
2.3.1. Generation of new stable or transient cell lines

HEK 293T cells were stably transfected with a SNAP-A1R or SNAP-A3R pcDNA3.1
cDNA construct, earlier described in this chapter, using Lipofectamine 2000
(Life Technologies, UK) transfection reagent. Before transfection, cells were
seeded into T25 flasks until 80-90% confluency. Lipofectamine 2000 was used
following manufacturer’s instructions. 48h after transfection, 250ug/mL zeocin
antibiotic was added to T25 containing cells for colonies selection. Media
containing antibiotic was replaced every 2/3 days until there was
aconsiderable amount of cell death. Once small colonies started to be
observed, zeocin concentration was reduced to 25ug/mL for selection

maintenance.
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Human triple-negative MDA-MB-231"™ and mouse low metastatic 66cl4
adenocarcinoma cells, were stably transfected with the lentiviral construct
PSIN-IRES-Nluc-B2AR (Table 2.1.). Cells were seeded into T25 flasks, until 80-
90% confluency and stably transfected using Fugene HD reagent, following
manufacturer’s instructions. 48h after transfection, 20 pg/mL blasticidin
(Invitrogen, UK) were added for selection, and media containing antibiotic was
replaced every 2/3 days. After a considerable amount of cell death, and when
colonies started to be observed, the concentration of antibiotic for selection

was reduced to 5 pg/mL.

HEK 293T were also stably transfected with the lentiviral construct pSIN-IRES-

Nb-80-GFP (Table 2.1.) using Fugene, as previously described.

Transiently transfected HEK 293T cells were used for some receptor-ligand
binding studies, and for all receptor-receptor interaction studies (in Chapters 4
and 5). Before transient transfection, HEK 293T cells were seeded, at 12000
cells/well, into poly-D-lysine coated Greiner white U-bottom 96 well plates
(Thermo Scientific, UK), and left overnight at 37°C/5%CO,. On the next day,
cells were transiently transfected with Fugene reagent, using a 3:1
Fugene:cDNA ratio. The amounts of cDNA used are described later in

NanoBRET assays section 2.5.

Generated cell lines, at different cell passages, were frozen down and placed
into liquid nitrogen for long-term storage. For freezing down the cells, these
were resuspended in 1ImL FBS serum supplemented with 10% dimethyl
sulfoxide (DMSO) and placed in cryovials. The cryovials were placed in a Mr
Frosty™ (Thermo-Fisher), containing 100% Isopropyl alcohol, which allows the
slow freezing process of the cells, avoiding membrane disruption and cell
death. These containers were placed in a freezer at -80°C, before long-term

storage of the cryovials in liquid nitrogen at -180°C.
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2.4. Fluorescence Correlation Spectroscopy (FCS)

Fluorescence Correlation Spectroscopy (FCS) is a single-photon counting
technique that is highly sensitive to detect small changes in fluorescence
intensity (Gherbi et al., 2018). This high sensitivity is achieved due to the
generation of a small Gaussian-shaped detection volume (~0.25 fl) where these
intensity fluorescence fluctuations are measured at a sub-microsecond
temporal resolution (Briddon and Hill, 2007). This small detection volume is
created by focusing a laser to a diffraction limited spot, using a high aperture
number objective, which creates lateral resolution, and a fixed confocal pinhole
of one Airy unit, creating axis resolution (Briddon et al., 2010). As a simple
explanation, fluorescently-labelled molecules in solution can freely diffuse in
and out of the detection volume, due to Brownian motions (Figure 2.5.a). When
fluctuating molecules cross the small detection volume, these are excited by a
laser, at a specific wavelength, and fluctuations in fluorescence intensity can
be recorded in a time-correlated manner. The autocorrelation curve (Figure
2.5.c) is derived from an autocorrelation function (Figure 2.5.b), which is

explained in further detail in the FCS analysis section 2.4.4. from this chapter.

64



(a) (c)

= A 6(0) = 1/N

Gl(t)

107 10¢ 10¢ 10+ 10° 10¢ 10° 10° 10'
Lag Time (s)

(b) Autocorrelation function:
G(r)=1+<8l(t). Sift+ 1) >

<>

-3

it Laser L tn

Count rate (kHz)
5

Measurement Time (s)

. Detector

Figure 2.5. Schematic representation of the basic components of a single-channel FCS
microscope. (a) Example of fluctuations in intensity recorded during a typical FCS experiment,
in a small gaussian-shaped confocal volume, and microscope set up, with measurements in
fluorescence intensity. (c) General form of the autocorrelation function G(t), which is obtained
using the autocorrelation function shown in the blue box (b). wo is the waist of the confocal
volume and wj is the height of the detection volume; G(0) is the autocorrelation function at
time zero seconds; N is the average particle number; 1pis the diffusion time or dwell time;

finally, I is intensity.

FCS was used in this study to investigate the concentration in solution and the
homodimeric structure of a fluorescently-labelled vascular endothelial growth
factor ligand, VEGFiesa-TMR, (Kilpatrick et al., 2017) in Chapter 3. For these
experiments, a LSM510 NLO Confocor 3 fluorescent microscope fitted with a c-
Apochromat 40x NA 1.2 water immersion objective lens (Zeiss, Germany) was

used.
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2.4.1. Calibration

In FCS measurements, calibration is a necessary task which enables the
determination of the Gaussian-shaped confocal detection volume, as well as
the structural parameter (SP), which are determined using a reference dye
(rhodamine-6G, or R6G) (Briddon and Hill, 2007). This step is a pre-requisite to
determine correct diffusion coefficients and particle number, which are then
used to calculate the concentration of fluorescence species (see FCS analysis

section 2.4.4. from this chapter for further details)

Calibration was performed using Rhodamine 6G (R6G), which has a diffusion
coefficient described in the literature as Drec= 2.8x10°m?s™! (Briddon et al.,
2010). R6G dilutions at 1uM and 20nM were prepared from a 1mM R6G stock,
previously diluted in 100% ethanol. These were diluted in fluorescent-free
high-performance liquid chromatography (HPLC)-grade water (Chromasolv®;
Sigma- Aldrich,UK) to avoid background fluorescence. 200uL of 1uM and 20nM
R6G dilutions were placed in a coverglass 8 well-plate (Nunc Lab-Tek, Thermo
Fisher Scientific, UK) which is scratch and distortion free. The plate was placed
on the microscope stage and centred on the well containing the 1uM R6G

dilution.

A reflection beampath was used to position the detection volume into the
calibration volume. The reflected laser light from the top surface of the
coverslip was used to determine the focal position in z plane. Once reflection
was found, the focal position was set 200um upwards into the solution. This z

plane position 200um above well cover-glass at was used for all measurements.

An Argon laser set to 50% output and a diode-pumped solid state (DPSS) 561-
10 laser line (with excitation at 556-566 nm) were used for calibration with 1uM
and 20nM R6G. Pinhole diameter was set to one Airy unit. A 488 laser line
beampath (with a 580nm longpass emission filter) was firstly selected for
calibration procedure, using 1uM R6G. This calibration is a necessary step for
optimization of pinhole and system alignment. The laser power was adjusted

to obtain a count rate of 250KHz, with Acousto-optic tunable filters (AOTF) set
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to 1. The pinhole position was also optimised in the x and y planes, and
correction collar was adjusted to ensure maximal count rate. The optimization
of system alignment and count rate will give a best indication of good signal to

noise (S:N) for the system.

The objective was then positioned under the well containing 20nM R6G
solution, and the laser power was adjusted to obtain ~100 counts per molecule
(CPM). 10 consecutive 10 second reads were taken to obtain autocorrelation
curves and respective parameters, including count rate (CR), counts per
molecule (CPM), diffusion coefficient (D) and particle number (N).

Autocorrelation parameters were recorded for each experiment.

The same measurements were taken using the 561nm laser line beampath.
This beampath was used in calibration with R6G because it corresponds to the
excitation and emission wavelengths of the fluorophore used in this study, a
Tetramethyl-rhodamine fluorophore (TMR) with Aexcitation=543nm and
Aemission=578nm. 10x10 seconds reads were taken using maximum laser power
(100%) and AOTF at 100. Autocorrelation parameters obtained using this laser
line were used to calculate confocal volume and described in FCS data analysis

section 2.4.4. below.

1x60sec measurements were also taken using the fluorescent fluorophore 5-
carboxy-tetramethylrhodamine N-succinimidyl ester (TAMRA, Sigma-Aldrich)
diluted at 10nM in fluorescent-free high-performance liquid chromatography
(HPLC)-grade water. These TAMRA FCS readings were used to determine the
first order correction used in the photon counting histogram (PCH) analysis,

explained below in data analysis section 2.4.4.).

For laser power optimisation, single measurements of VEGFiesa-TMR at 2nM
and 10nM concentrations, prepared in HBSS buffer without BSA were taken,
using a range of increasing laser powers (Figure 2.6.). Laser power optimisation

is essential to avoid spot photobleaching of the fluorophore, and to guaranty a
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signal strong enough to achieve good signal to noise. The laser power used for

all experiments was 20%, corresponding to 0.394 kW/cm?.

(b) -~ 2nM VEGF-TMR in HBSS without BSA
10097 - 10nM VEGF-TMR in HBSS/without BSA
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Figure 2.6. FCS laser power optimisation. 2nM and 10nM of VEGFiesa-TMR in HBSS buffer
without BSA were used to identify optimal laser power, that would provide the best signal to
noise (S:N) for the experiments. These solutions were prepared on 8-well coverglass chambers
and immediately placed on the stage of a Zeiss LSM510 NLO Confocor 3, at 22°C, to record
fluctuations in fluorescence intensity, in a small confocal volume. Using autocorrelation
analysis, (a) diffusion coefficient and (b) counts per molecule (CPM) data were collected. These

are representative data from three independent experiments.

2.4.2. Solution-based experiments using VEGFissa-TMR and TAMRA

fluorescent ligands

Solution-based experiments were performed using VEGFissa-TMR, which was
synthesised as a dimer formed by two VEGF1ssa molecules and each molecule
containing a tetramethyl-rhodamine (TMR) fluorophore (see Kilpatrick et al.,
2017 for synthesis details). For autocorrelation and PCH analysis, a range of
VEGFi6s5a-TMR fluorescent ligand concentrations (1.25 - 10nM) were prepared
in physiological solution using 1x HEPES's Buffered Salt Solution (HBSS; 25mM
HEPES, 10mM glucose, 146mM NaCl, 5mM KCI, ImM MgSQ0a4, 2mM sodium
pyruvate, 1.3mM CaCly; pH 7.45), supplemented with 1.8g/L glucose, with or
without 0.1% protease-free bovine serum albumin (0.1% BSA, Sigma-Aldrich,
UK). 200uL of each dilution was added to Nunc Labtech 8-well chambered
coverglass (Thermo Fisher, UK). VEGFissa-TMR dilutions without BSA in
solution were added to one plate, and dilutions in vehicle containing BSA were

added to a different plate. The aliquots were only prepared and added to the
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plate right before the confocal readings, to minimise binding of fluorescent
ligand to plastic and glass in microcentrifuge tubes and plate. Plates were read
using the 561m laser line beampath, with the laser power set to 20%
(AOTF=10), corresponding to 0.394 kW/cm?. The row to row scanning setting
was selected, with 7 repetitions of 2 counts per 10sec reads, corresponding to
a total scanning time of 21 min, at 22°C. 10x10 second reads were taken using
a range of laser powers (1-100%) for laser power optimisation, to identify

optimal laser power.

Solution-based experiments were also performed using TAMRA fluorophore (5-
Carboxy-tetramethylrhodamine N-succimidyl ester, Sigma-Aldrich, UK), which
was used a control to confirm the dimeric and double-labelling structure of the
VEGFi65a-TMR ligand. The technique was executed as described earlier for the
VEGFissa-TMR ligand readings, using the same concentration range and FCS
settings. 10x10sec reads, using different laser powers, were also taken to verify

optimal laser power.

2.4.3. Solution-based experiments using VEGFissa-TMR ligand treated
with the reducing agents 2-mercaptoethanol (2-ME) or dithiothreitol
(DTT)

FCS experiments were performed using the same range of VEGFis5a-TMR ligand
as mentioned earlier. VEGF1s5a-TMR aliquots were prepared in HBSS buffer,
containing 0.1% BSA and either 1mM 2-mercaptoethanol (2-ME; M3148,
Sigma-Aldrich), or 1nM or 10mM dithiotreitol (DTT; (-)-1,4-DITHIO-L-THREITOL,
Sigma-Aldrich), and incubated for 30min., at 37°C, before readings. Both 2-ME
and DTT are potent reducing agents that reduce disulphide bonds that are
formed between thiol groups of cysteine residues in proteins (Chang, 1997).
These reducing agents were used to separate the two VEGFissa molecules that
form the VEGFissa-TMR homodimer, which would theoretically result in the
separation of TMR fluorophores initially bound at the end of each VEGFigsa
molecule. Experiments were performed using the same settings and conditions

mentioned in previous sections.
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2.4.4. FCS Data Analysis

i) Autocorrelation analysis

Autocorrelation analysis, which measures fluctuations in fluorescence intensity
in a time-correlated manner, was performed using the Zeiss Zen2010 software

(Jena, Germany).

Emitted fluorescence within the confocal detection volume were captured by
the objective, passed through a dichroic mirror (using an appropriate band pass
filter) and recorded over-time. These recordings were then analysed using the
Zeiss Zen2010 software to calculate the autocorrelation function G(t), which
represents the time dependence decay in fluorescence fluctuation intensity
using the equation 1:

<8I(t).61 (t+1)>

Equation1: G(t) = 1 + —

This autocorrelation function compares the size of a fluctuation in intensity (1)
from fluctuations at a time (t+7) later, with the mean fluorescence intensity (<
I >). The autocorrelation curve is derived from the whole range of t values,
which are normalised to the square of the mean intensity measured (< [ >?)
(Figure 2.5.). The resulting autocorrelation curves represent fluctuations in
fluorescence intensity as a function of particle number and diffusion time. The
average diffusion time of a fluorescent molecule to travel across the confocal
volume (tp) is calculated from the mid-point of the autocorrelation curve. The
Diffusion coefficient (D) from fluorescent-tagged molecule of interest is
calculated using equation 2:

2
, Where wp is the waist of the confocal volume and 7,
D

. Wo
(Equation 2): D =
4T
is the average diffusion time.
The amplitude of the autocorrelation function at time zero G(0) is inversely

1
related to the average particle number (N): N = % .
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The autocorrelation curves obtained from calibration using R6G and TAMRA in
water solution, TAMRA and VEGFigsa-TMR in buffer with or without BSA, were
fitted using the Zeiss 2010 Software (Zeiss Germany), using the one component
3D diffusion model. The structural parameter is a value that is extremely
sensitive to correct calibration, as it corresponds to the ratio of the height to
waist radius of the confocal volume (Briddon et al., 2010). Since the 561m
beampath was used for calibration using R6G, and the ideal structural

parameter (SP) for this laser line is 6, SP was set to 6 for autocorrelation curves
fitting. Structural parameter (set to 6) and average diffusion times (Tp)

obtained from calibration autocorrelation curves using R6G (with 561nm laser
line) were then used to calculate the detected confocal volume (using
equations described in Box 1). Calculated confocal volume and average particle
number (N) (obtained from autocorrelation curves of TAMRA and VEGFigsa-
TMR readings) were then used to calculate the concentration of fluorescent

species in solution (Box 1) (Briddon et al., 2010).

Box 1: Data analysis to calculate free fluorescent ligand concentration in solution:
1. The radius of the detection volume (WO) =4 X TD X D, where D is the
Diffusion Coefficient of a reference fluorophore; D(R6G)= 2.8X10°m?s1. And tpis

the diffusion time representing halfway point decay of the autocorrelation function,

G(7).

2. The half-height of the detection volume (w1) = WO X SP

3
3. The detection volume is calculated as: V = 7 /2 x woZ XwW .

4. The concentration of fluorescent particles in solution is then calculated as:

C(M) = Iy , where N is the particle number, which is equal to the inverse of G(0),
V" NA

as shown in the autocorrelation curve represented above, V is the confocal detection
volume, and NA is the Avogadro constant 6x1023 mol.
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All data were fit using a simple one-component, free 3D Brownian diffusion
model, with a pre-exponential to include any photo-physical phenomena, such

as a triple state formation, using the following equation:
T -1
G(t) =1+ AN! .(1 + T—) (14 1/(S%ty)" V2,
D

Where: A= 1+ (T‘L'.e_flt)(l —Tr)™?
Tt = triplet state
tt = triple relaxation time
N = particle number

S = structural parameter

ii) Photon Counting Histogram (PCH) analysis

Autocorrelation analysis separates fluctuation in fluorescence intensity in a
time-correlated manner (Briddon et al., 2018). The fluctuations in fluorescence
intensity recorder during FCS analysis can be used to generate photon counting
histograms. PCH analysis separates those fluctuations in intensity in separate
binning times, measuring the frequency of photons emitted at a specific time.
Therefore, PCH analysis can provide quantitative information about the
number of fluorescent molecules and the number of photons per molecule
(Herrick-Davis et al., 2012). PCH analysis uses a 3D Gaussian approximation of
the laser bin profile and super-Poisson statistics to predict the molecular
brightness (g) of the fluorescent molecule being measured. Molecular
brightness (&) refers to the counts of photons per second per molecule (cpm s

1) and is calculated by the following equation:

e = k/N, where k =photon count rate (in kHz) and N = average number of

molecules.

Histograms were generated using the Zeiss 2010 Software, and the bin time of
20us was chosen for this analysis. This bin time was chosen because it is less
than the diffusion or dwell time of the fluorescent ligands species (208 + 5us
for VEGF1ssa-TMR). And, it is also long enough to exclude more rapid time-

dependent fluctuations that result from photo-physical events of the
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fluorophore. All data were fitted to a one-component model. First order
correction of 0.5 was obtained from calibration data using TAMRA 60sec
measurements, with concentration and molecular brightness parameters
allowed to be free. Therefore, PCH analysis for TAMRA and VEGFiesa in HBSS
buffer measurements were performed with first order correction set to 0.5,
with concentration and molecular brightness allowed to be free. First order

correction accounts for deviation from a Gaussian detection volume.

2.5. NanoBRET-based in vitro assays

2.5.1. Saturation and competition binding assays to investigate ligand-

receptor interaction under equilibrium conditions

The NanoBRET ligand binding assay is a quantitative method, that uses the
novel NanolLuc-luciferase (Nluc), to monitor receptor-ligand binding
interactions in live cells and in real-time (Stoddart et al., 2015a, 2018). Nluc is
a small 19kDa luciferase isolated and modified from the deep-sea shrimp,
Oplophorus gracilirostris. This luciferase uses furimazine as a substrate,
converting furimazine into furimamide by an oxidising reaction, resulting in
very bright glow type luminescence (Hall et al., 2012). It is about 150-fold more
luminescent then Renilla Luciferase (Rluc; Renilla reniformis) or firefly
luciferase (Fluc; Photinus Pyralis), and its luminescence output lasts longer and
is more stable than the mentioned luciferases. Nluc luminescence can cover a

broad emission spectrum, with an emission maximum of 460 nm.

These assays rely on the principle of non-radiative energy transfer between a
bioluminescent donor and a fluorescently-labelled acceptor, also known as
bioluminescence resonance energy transfer (BRET) (Stoddart et al., 2018). For
this purpose, we have used a NanolLuc-tagged receptor (luminescent donor)
that excites a fluorescent ligand bound to the receptor (fluorescent acceptor),

if in close proximity (<10 nm), represented in Figure 2.7.
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Figure 2.7. Schematic representation of NanoBRET assays to investigate dynamic ligand-

receptor interactions for (a) class A GPCRs and (b) VEGFR2.

For ligand-receptor binding assays, a receptor of interest fused with a NanoLuc-luciferase (BRET
donor), and a fluorescently-labelled ligand (BRET acceptor) were used. After furimazine
treatment, which is a substrate for NanoLuc, this luciferase produces a glow type luminescence.
When the NanoLuc is in close proximity with the fluorescent ligand (<10nm), bioluminescence
resonance energy transfer occurs between the NanoLuc and the fluorescent ligand, leading to
an increase in the energy state of the fluorophore and consequent fluorescence emission. The
emission from both NanoLuc and fluorescence ligand were measured in these studies using a
PHERAstar or CLARIOstar plate readers and also a whole-animal in vivo system (IVIS Lumina Il),
and data are expressed as BRET ratios calculated as fluorescence emission divided by

luminescence emission.

A saturation binding assay was used to determine receptor affinity (i.e. the
dissociation constant (Kp) of the fluorescent ligand). Kp values represent the
concentration of ligand required for half-maximal occupancy of the receptor
(Stoddart et al., 2018). High-affinity of a ligand to its receptor results from
greater intermolecular forces between the two, while low-affinity results from

lower intermolecular force between the ligand and its receptor. To define level
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of non-specific binding, a high concentration of a competing non-fluorescent

ligand was used.

The competition binding assay can be applied to determine the concentration
of competing ligands (agonist or antagonist) needed to inhibit 50% of the
specific binding of the fluorescent ligand (ICso). The ICso values obtained using
this assay do not give a direct indication of receptor-ligand affinity. The Cheng
Prusoff equation is used to convert ICso values to an absolute inhibition

constant (Ki) (Stoddart et al., 2012), as shown in data analysis section 2.5.8.

HEK 293T cells stably/transiently transfected to express full length human AsR,
AaR, B1AR, B2AR or VEGFR2 tagged at the N-terminus with NanoLuc luciferase,
were used for saturation and competition binding experiments in chapter 4.
MDA-231 cells stably transfected with Nluc-B.AR (N-terminal-tagged-B.AR with
NanoLuc) fused in a lentiviral construct (pSIN-Nluc- B,AR-IRES/BSD), were used
to investigate ligand-receptor binding kinetics in chapter 4, and for in vivo

ligand-receptor engagement in chapter 6.

For both saturation and competition binding experiments, cells were seeded
into poly-D-lysine (10 pug/mL) coated white flat bottom 96 well Greiner plates
(Bio One, UK), and incubated for 24h at 37°C/5%CO,. For A,aR studies, HEK 293
cells were seeded into poly-D-lysine pre-coated 96-well white plate, and
transiently transfected, 24 hours after seeding, with 0.1 pg/well Nluc-A2aR
cDNA construct, using a 3:1 Fugene:cDNA ratio and Opti-MEM media, following
manufacturer’s instructions. Figure 2.8. represents the plate layout used for
the saturation binding assay, while Figure 2.9. represents the plate layout used
for the competition binding assay. Before each assay, complete media
(DMEM/10% FBS) was aspirated and cells were washed with 100uL pre-heated
HBSS at 37°C and incubated with 90uL HBSS. Cells were then incubated with
10uL of fluorescent ligand and 10uL non-fluorescent antagonist 10ulL buffer, in
respective wells, with a final volume of 100uL per well. All ligands were
prepared in microcentrifuge tubes at 10x their final desired concentration.

Fluorescent, non-fluorescent ligands, and respective concentrations used, are
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summarised in Table 2.6. and 2.7. VEGFis5a-TMR and VEGFiesa ligands were
prepared in HBSS buffer supplemented with 0.1% protease-free BSA, in order
to keep ligands in solution. Cells treated with respective ligands were incubated
for 1h at 37°C/without CO,. Carbonate-based buffers, such as HEPES buffer,
become acidic in the presence of CO;, hence, for our experiments we incubated
cells without CO; to maintain pH levels. Cells were then incubated with 10uL of
10uM furimazine substrate, at room temperature and in the dark, for 5 min
before reading on a plate reader, allowing the equilibration of the
luminescence reaction. Luminescent and fluorescent emissions were
sequentially measured using a PHERAstar FS plate reader (BMG LabTech,
Ortenberg, Germany) using 460nm emission (80nm bandpass) and >610nm
(longpass) filters. Raw BRET ratios were calculated by dividing the >610nm

emission by the 460nm emission.

For Nluc-f2AR MDA-231 cell line characterisation, a CLARIOstar (BMG
LABTECH, Australia) plate reader was used, as well the whole-animal
bioluminescence imaging system (IVIS Lumina I, Perkin Elmer, USA), data
showed in chapter 4 and 6. For assays using the CLARIOstar plate reader,
fluorescence and luminescence sequential readings were taken, with filtered
light emission collected at 685nm/100nm bandpass (acceptor) and at
460nm/80nm bandpass (donor). With raw BRET ratios calculated as

fluorescence emission divided by luminescence emission.

For the IVIS Lumina Il system, light was collected at 660nm/20nm bandpass
(BRET acceptor; 30sec exposure time) and using open channel (BRET donor,
1sec exposure time). Fluorescence/Luminescence ratios were calculated from
data collected using ROIs (using a grid tool provided by the Living Image
Software, Perkin Elmer, USA).
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Figure 2.8. Representation of the plate layout for NanoBRET saturation binding assay. 10uL
of increasing concentrations of fluorescent ligand were added to columns 1 to 3. 10uL
fluorescent ligand plus high concentration of a competing non-fluorescent ligand were added
to wells from columns 5 to 7, to define the level of fluorescent ligand non-specific binding. (B)
represents basal, where cells were treated with furimazine substrate only. Plate was incubated
with ligands for 60min at 37°C/without CO,. After incubation, 10uL furimazine (10uM) were
added to each well, incubated for 5min in the dark and readings were taken using a PHERAstar
plate reader with 460nm emission (80nm bandpass) and >610nm (longpass) filter settings.

Measurements were performed in triplicate wells.
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Figure 2.9. Representation of the plate layout for NanoBRET competition binding assay. 10uL
of a fixed concentration (measured Kp concentration from saturation binding assay) of
fluorescent ligand was added to all wells indicated in the coloured boxes. Fluorescent ligand
alone was also added to (C) (positive control). 10uL of increasing concentrations of different
non-fluorescent ligands were added as shown in figure. (B) is the basal luminescence, where
cells were treated with furimazine substrate only. Plate was incubated with ligands for 60min
at 37°C/without CO,. All mentioned wells were incubated with 10uM furimazine before

readings using same settings as above. Measurements were performed in triplicate wells.
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used for saturation binding assay

Saturation Binding Assay
Conc. MNon-
Fluorescent Conc. used
Receptor lizand used fluorescent (M)
il (nM) ligand
Mluc-8:R
HEK CA200645 | 5toS00 | MRS1220 10
Nluc-Ag.R
HE CA200645 | S5to500 | ScHS8261 10
JHEK
Nluc-B.AR/ [ CGP12177- | o 0
HEK ™R o proprancio
Nlue- pirgirlar;ofl 10to 200 lol 10
-l-Ala |- K- o Foprancio
BLAR/HEK prep
BY630
Mluc- B;AR ol
ropranoic
(psIN)/MDA- | PP 25t0
-(f-ala)-X- propranolol 10
231and 200
BY630
6cla
Nluc- VEGRa | i to10 | vEGE 10 (nM)
VEGFR2/ HEK TMR e 1658 n

used for competition binding assay

Competition Binding Assay

Conc. Non-
Hecer:ltarfcell Flu-:':lrescent used fluorescent Log conc.
line ligand (M) ligand used (M)
N'”;’:}:"M CA200645 25 SCHS8261 | -Sto-11
MR51220 -5to-11
Mluc-8:R f DPCPY -5to-11
HEK CAZ00845 1oo PSB36 -5to-11
MECA -Sto-11
IC1118551 -5to-11
Mluc-B.AR CGP12177- - isoprenaline -4 to -10
FHEE TMERE propranclol -Sto -11
CGP12177 -5to-11
IC1118551 -5to-11
propranclol- - —

Mluc-B; AR/ (B-Ala}-X- ss isoprenaline -4 to -10
HEK BY630 propranclcl -Sto-11
CGP20T12A -5to-11
IC1118551 -5to-11
Mluc-B.AR propranclol izoprenaline -4 to -10
(pSIN)/ MDA- [ (f-Ala)-X- 25 propranclol -Sto-11
231 BYB30D CGR207124 -5to-11
carvedilol -Sto-11

MNluc-VEGFR2/ VEGF @~
HEK MR 3 VEGF 23 -Bto-11

Table 2.6. Fluorescent, non-fluorescent ligands and respective concentrations

Table 2.7. Fluorescent, non-fluorescent ligands and respective concentrations

78



2.5.2. Kinetic binding assay to investigate ligand-receptor interaction
under non-equilibrium conditions

Saturation and competition binding assays are performed under equilibrium
conditions. These equilibrium conditions are only achieved in closed systems,
such as cells, while rarely met when considering a complex in vivo system (Guo
et al., 2016a). Using a kinetics binding assay, we can determine fluorescent
ligand association (kon) and dissociation (ko) rate constants, dissociation
constant (Kp) and residence time (RT), which can be described as the period of
time that a ligand occupies its receptor (RT=1/kosf). The equilibrium dissociation
constant is calculated as Ko=Kkoff/kon. In kinetics binding assay, these parameters
are obtained under dynamic conditions, and are believed to predict more
accurately in vivo pharmacological activity than parameters obtained under

equilibrium condition.

For this purpose, MDA-231 Nluc-B2AR cells were seeded into white flat bottom
96-well Isoplates (Perkin Elmer, Australia), and incubated for 24h at 37°C/5%
COs. Figure 2.10. represents the plate layout used. For this assay, media was
removed from wells and replaced with 50uL of 10uM furimazine substrate
prepared in HBSS buffer. Cells were then incubated with substrate at
37°C/without CO, for 15 min, to allow luminescence signal equilibrium.
Labelled ligand was prepared beforehand in a compound plate 2x more
concentrated than desired final concentration. Unlabelled ligand was prepared
in an microcentrifuge tubeslOx more concentrated than the desired
concentration in the well. After incubation, 10uL of unlabelled ligands or HBSS
buffer were added to respective wells, 40uL of fluorescent ligand were then
quickly added using a multi-channel pipette. Fluorescence and luminescence
sequential readings were immediately taken after fluorescent ligand treatment
with measurements taken every 2 min over a time-course of 60min. Data were
collected using a CLARIOstar BMG or the IVIS Lumina Il system, with
fluorescence and luminescence sequential readings taken using the same filter

settings as mentioned in the above saturation and competition binding assays.
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Figure 2.10. Representation of the plate layout for NanoBRET kinetics binding assay. Wells
were firstly incubated with 50uL furimazine (10uM) diluted in HBSS buffer and incubated for
15min. After incubation, 10uL high concentration of unlabelled competitor were added to wells
in column 4 to 6. While, 10uL HBSS buffer were added to wells from column 1 to 3. 50uL HBSS
buffer were added in row H (Basal). 40uL of increasing concentrations of fluorescent ligand
were then added to columns 1 to 6. All wells had a final volume of 100uL. Basal represents cells
treated with furimazine only, for luminescence background. Immediately after fluorescent
ligand treatment, sequential fluorescence and luminescence measurements were taken every

2min, for total time of 60min, at 37°C, using same filter settings as mentioned earlier.

2.5.3. Saturation binding assay to investigate receptor-receptor
interactions

To investigate receptor-receptor interactions using BRET, one receptor was
fused with a NanoLuc-Luciferase on the N-terminus (BRET donor), and the
other receptor was fused with a Halo/SNAP-Tag at the N-terminus (BRET
acceptor). If in close proximity (< 10nm), and at a favourable conformation,
the substrate treated NanoLuc-labelled receptor will excite the fluorophore
covalently bound to the Halo/SNAP-Tagged Receptor (Figure 2.11.).
Luminescence and fluorescence emissions are then used to calculate BRET

ratios.
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Figure 2.11. Schematic of the use of NanoBRET to investigate receptor-receptor interactions.
The receptor donor was fused in frame with a NanolLuc-tag at the N-terminus, while the
acceptor was fused with a Halo/SNAP-Tag that can covalently bind exogenously supplied
fluorophores. For these experiments, a green-shifted labelled Halo/SNAP-tags substrate
(surface Alexa F488) was used. (a) Investigation of GPCR-GPCR homodimers (b) Investigation

of VEGFR2 dimerization; (c) investigation of VEGFR2-GPCR heterodimeric complexes.

HEK 293T cells were seeded at 12 000 cells/well into poly-D-lysine coated white
flat bottom 96 wells Greiner plates. 24h after these were transiently co-
transfected with increasing concentrations of SNAP/Halo-tagged receptor
cDNA (0.013 to 0.2 pg/well) and a fixed concentration (0.05 pg/well) of Nluc-
tagged receptor cDNA (Table 2.8.). An empty vector vector, pcDNA3.1, was
included in transfections to keep the same final cDNA concentration (0.2
ug/well) across the different wells. Transfections were performed using Fugene
reagent in Opti-MEM media (3:1 reagent to DNA ratio). Plate layout is
represented in Figure 2.12. 24h after transfection, media was aspirated, and
duplicate wells were treated with 100uL 0.2uM SNAP/Halo-Tag membrane
impermeable Alexa F488 substrates, prepared in serum-free-DMEM. While

other duplicate wells containing co-transfected cells were incubated without
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acceptor substrate, with 100uL serum-free DMEM, instead. Plates were
incubated for 30min at 37°C/5%CO,. After incubation, cells were washed 3x
and incubated with 100uL HBSS. 10uL furimazine at 10uM were then added to
all wells, incubated for 5min, at 37°C, in the dark. Sequential luminescent and
fluorescent emission measurements were taken using a PHERAstar FS plate
reader using 460nm (80nm bandpass; NanoLuc emission) and 535nm (60nm
bandpass; SNAP emission) filters. Raw BRET ratios were calculated dividing the

535nm emission (acceptor) by the 460nm emission (donor).

Table 2.8. Combination of cDNA constructs used for Homo- and Hetero-
dimers investigation. Donor concentration was kept constant at 0.05 pg/well,

while increasing concentrations of acceptor were used (0.013-0.2 pg/well).

Homodimers Heterodimers
Donor Acceptor Donor Acceptor
Nluc-A;R SNAP-A:R SNAP-A;R
Nluc-AsR SNAP-A3R SNAP-AsR
Nluc-A22AR SNAP-A,,AR Nluc-VEGFR2 SNAP-A2,AR
Nluc- B2AR SNAP-BAR SNAP-B,AR

Increasing SNAP/Halo-tagged receptor
(ng/well)

f
Fixed concentration of
Nluc-tagged receptor (50ng/well)

Figure 2.12. Representation of plate layout for NanoBRET saturation assay to investigate
receptor-receptor molecular interaction. Cells in wells from column 1 to 4 were transiently co-
transfected (3:1 Fugene:cDNA ratio) with both donor and acceptor, or donor alone (row A).

Other wells were co-transfected with a different receptor pair. Empty vector (pcDNA3.1) was
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added to keep equal cDNA concentration (0.2ug/well) in every well. 24h after transfection,
cells in wells with green box were incubated for 30min with 100uL 0.2uM SNAP/Halo-Tag
membrane impermeable AF488 substrate, prepared in serum-free DMEM, while other wells
were incubated with 100uL serum-free DMEM (background luminescence controls), at
37°C/5%CO0,. Cells were then washed 3x and incubated with 100uL HBSS. Immediately after,
10pL 10puM furimazine were added to all wells containing co-transfected cells and incubated
for 5min in the dark. After incubation, fluorescence and luminescence readings were taken
using a PHERAstar plate reader with 460nm (80nm bandpass; NanoLuc emission) and 535nm

(60nm bandpass; SNAP emission) filters.

2.5.4. Investigation of the effects of subtype selective ligands on
heterodimer complex formation.

HEK 293T cells were transiently co-transfected with a 1:2 cDNA
(0.05:0.1pg/well) of donor (NLuc-VEGFR2) to acceptor (SNAP-B.A or -Aaa
receptor) ratio. Transfection was performed using Fugene and Opti-MEM
media with 3:1 Fugene:cDNA ratio. Cells were then left to grow for a further
24h at 37°C/5% CO;. On the day of the assay, media was aspirated from wells
and cells were incubated with 100uL 0.2uM SNAP/Halo-Tag AF488 membrane
impermeable substrate, prepared in serum-free DMEM (and incubated for
30min, 37°C). Cells were then washed 3x and incubated with 90uL HBSS buffer
and treated with 10pL ligand prepared in HBSS at a concentration 10x more
concentrated than desired final concentration in well. Isoprenaline and
CGS21680 were prepared at -5M to -8M final concentration in wells, and
VEGFi65a was prepared at -8M to -11M final concentration in well. Treatment
was performed using quadruplicate wells. Cells were incubated with ligands for
60min, at 37°C/without CO,. VEGFissa stimulations were performed in HBSS
supplemented with 0.1% BSA. For studies using the A2A receptor, 0.5 unit/mL
adenosine deaminase (Roche, Basel, Switzerland) was incorporated in the
buffer. Adenosine deaminase is an enzyme that can convert adenosine into its
related nucleoside, inosine, deactivating endogenously produced adenosine.
After incubation, 10uL of furimazine (10uM) were added to every well and

incubated for 5min in the dark. Plates were read using a PHERAstar plate
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reader, using the same filter settings as previously described for homodimer

studies.

2.5.5. Investigation of potential cooperativity across putative (GPCR-
VEGFR2) heterodimer interface

The principle of this assay was to use a fluorescent ligand that binds to the Nluc-
labelled receptor and investigate whether unlabelled ligands that bind to the
receptor pair could interfere with the BRET signal (Figure 2.13.). These
observations would indicate whether there was positive/negative

cooperativity across the dimer interface.

For this experiment, HEK 293T cells were transiently transfected with a 1:1 ratio
of donor (NLuc-VEGFR2, NLuc-B;A or NLuc-Aza receptor) to acceptor (SNAP-
B2A, SNAP-A;p or Halo-VEGFR2) cDNA constructs (0.05:0.05ug/well) using
Fugene (in Opti-MEM using 3:1 Fugene:cDNA ratio). Cells were then left to
grow for a further 24h at 37°C/5%CO,. On the day of the assay, media was
aspirated from wells and cells were incubated with 80uL HBSS (pre-heated at
37°C). Cells were treated with 10uL fluorescent ligand (VEGFissa-TMR (1 or
2nM); CA200645 (200nM) or BODIPY CGP12177-TMR (15nM)) in the presence
or absence of 10uL of increasing concentrations of unlabelled subtype selective
ligands (NECA, 0.01nM-10uM; CGS21680, 0.01nM-10uM; ICI 1185511,
0.01nM-10uM; CGP12177, 0.01nM-10uM; or Isoprenaline, 0.1nM-100uM).
10uL HBSS buffer was added to wells incubated with fluorescent ligand only,
for a final volume of 100uL per well. Nonspecific binding of fluorescent ligands
was defined using a high concentration of unlabelled ligands (10nM VEGFiesa;
10uM SCH58261 or 10uM propranolol). Ligands were incubated for 60min, at
37°C/without CO,. HBSS buffer was supplemented with 0.1% BSA, when using
VEGFiesa unlabelled or fluorescently-labelled ligands. After incubation, 10uL of
furimazine (10uM) was added to each well, plates were left for 5min, in the
dark at 37°C, before readings. Sequential fluorescence/luminescence emission
measurements were taken using a PHERAstar FS plate reader, using 460nm

(80nm bandpass; NLuc emission) and 610nm (longpass filter; fluorescent ligand
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emission) filters. Raw BRET ratios were calculated by dividing 610m emission

(acceptor) by 460nm emission (donor).

(b)

Figure 2.13. Schematic representation of the use of NanoBRET to investigate potential
cooperativity effect across dimer interface. (a) HEK 293T cells were transiently co-transfected
with 0.05ug/well Nluc-A;aR or Nluc-B,AR and 0.05ug/well Halo-VEGFR2 and treated with
fluorescently labelled adenosine or B-adrenergic fluorescent ligand antagonists and increasing
concentrations of unlabelled VEGFigsa agonist. (b) HEK 293T cells were transiently co-
transfected with 0.05ug/well Nluc-VEGFR2 and 0.05ug/well SNAP-A;AR or SNAP-B,AR, and
treated with a VEGFiesa-TMR fluorescent ligand, and increasing concentrations of adenosine
or B-adrenergic unlabelled ligands. Ligands were incubated for 60min, at 37°C. Donor and
acceptor emissions were measured using a Pherastar plate-reader. And BRET ratios were

calculated as acceptor/donor ratios.

2.5.6. B-arrestin-2 recruitment assay

Beta-arrestin-2 (or arrestin-3) are adaptor proteins that are recruited to B,-
adrenoceptor after ligand-stimulation and receptor phosphorylation by G-
protein receptor kinases (GRKs) (Reiter and Lefkowitz, 2006). These proteins
not only play a role in receptor desensitisation and internalisation, but also act
as scaffold proteins for B;-adrenoceptor-induced signalling from intracellular
compartments, including endosomes (Cahill et al., 2017; Shenoy and Lefkowitz,
2003). In this study we used a NanoBRET-based B-arrestin2-YFP recruitment
assay to investigate the temporal profile of B-arrestin-2 recruitment for C-
terminally-tagged B2AR with NanoLuc luciferase, in the presence or absence of

VEGFR2 (Figure 2.14 a and b).
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Figure 2.14. Schematic representation of NanoBRET-based assay to measure B-arrestin2-YFP
recruitment to stimulated-B,AR-Nluc. For these experiments, HEK 293T cells were transiently
co-transfected with 0.01pg/well of BRET donor (B2-adrenoceptor tagged at the C-terminal with
NanoLuc luciferase), and 0.04ug/well BRET acceptor (B-arrestin2-Venus-YFP), and either
0.04ug/well (a) empty vector (pcDNA3.1) or (b) Halo-VEGFR2 cDNA. Upon furimazine and
isoprenaline (B.AR selective agonist) treatment, cytosolic B-arrestin2-YFP is recruited to

stimulated-B,AR, inducing receptor internalisation.

For these experiments, HEK 293T cells were seeded at a density of 12000
cells/well into poly-D-lysine coated white flat bottom 96 well plates and
incubated for 24h, at 37°C/5%CO,. Cells were then transiently co-transfected
with 0.04pg/well of C-terminal Venus-YFP-B-arrestin2 and Halo-VEGFR2,
together with 0.01pg/well of B2-Nluc cDNA constructs, using Fugene (3:1
Fugene:cDNA ratio), in Opti-MEM media (plate layout is displayed in Figure
2.15.). Venus-YFP is a variant of yellow fluorescent protein (YFP) with faster and
more efficient maturation in cells (Nagai et al., 2002), which is suitable to
perform BRET (Dacres et al., 2012). On the next day, Opti-MEM media was
aspirated and 70/80uL HBSS/0.1%BSA were added to wells. 10uL furimazine at

10uM were added to each well and incubated for 5min, at 37°C, in the dark.
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After  incubation, sequential fluorescence/luminescence  emission
measurements were taken for 4 min before ligand treatment, using a
PHERAstar FS plate reader. 10uL 10uM isoprenaline plus 10uL 10nM VEGFiesa
were added in co-treatment conditions, whereas 10pL ligand (isoprenaline or
VEGFiesa) plus 10uL HBSS/BSA were added for single ligand treatment
conditions. Continuous readings were taken every 1 min for a total time of
45min, after ligand treatment, using 460nm (80nm bandpass; donor NLuc
emission) and 535nm (60nm bandpass; B-arrestin2-Venus-YFP emission) filters.
Raw BRET ratios were calculated by dividing the 535nm emission (acceptor) by

the 460nm emission (donor). Measurements were performed using triplicate

wells.
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Figure 2.15. Representation of plate layout for NanoBRET-based beta-arrestin2-YFP
recruitment to ligand-stimulated-B,AR-NLuc. Cells in wells from rows A to D were transiently
co-transfected (3:1 Fugene:cDNA ratio) with 0.01pg/well B,AR-NLuc, 0.04 pg/well beta-
arrestin2-Venus-YFP and 0.04ug/well pcDNA3.1. Cells in wells from rows E to H were
transfected with the same conctructs, but instead of pcDNA3.1, these were transfected with
0.04pg/well Halo-VEGFR2 cDNA. 24h after transfection, media was removed and replaced with
1xHBSS (with volumes of 90uL in basal condition, 80uL in single treatment, or 70uL in co-
treament conditions). 10uL furimazine substrate (10uM) were added to each well and
incubated for 5min, inside the PHERAstar plate-reader at 37°C. After incubation, sequential
fluorescence/luminescence readings were taken every minute, using 460nm (80nm bandpass;
NanoLuc emission) and 535nm (60nm bandpass; YFP emission) filters. 10uL ligands or vehicle
(10uM isoprenaline, 10nM VEGFigsa) were quickly to respective wells, 4 minutes after initial

recordings and further sequential reading were taken for 45min.
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2.5.7. Nanobody-80 recruitment assays

For these assays, HEK 293T cells were stably transfected with a lentiviral cDNA
construct encoding a Nanobody-80 tagged at the C-terminus with green
fluorescent protein (GFP) (pSIN-Nb-80-GFP cDNA construct). Nanobodies are
camelid single chain antibody fragments. Nanobody-80 (Nb-80) has G-protein-
like properties that bind and stabilises an agonist-activated [B.AR state
(Irannejad et al., 2013; Rasmussen et al., 2011a). Nb-80-GFP was used in this
study to investigate potential impact of VEGFigsa-stimulated-VEGFR2 on (-
adrenoceptor activation status. To investigate this, a NanoBRET-based
approach was used to measure Nb-80-GFP recruitment to B,AR-Nluc, in the
absence or presence of VEGFissa-stimulated-VEGFR2 (Figure 2.16. a and b). A
time-course assay was firstly used to investigate temporal characteristics of
Nb-80-GFP recruitment to isoprenaline-stimulated-p2AR. A isoprenaline
concentration response assay, measured at 30min after ligand treatment, was
then used to investigate the impact of stimulated-VEGFR2 on B,AR activation

status.
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Figure 2.16. Schematic representation of NanoBRET-based assay to measure Nanobody80-
GFP recruitment to stimulated-B.AR-Nluc. For these experiments, HEK 293T cells stably
expressing BRET donor (Nb-80-GFP) were transiently co-transfected with 0.025ug/well of BRET
donor (B;-adrenoceptor tagged at the C-terminal with NanolLuc luciferase), and either
0.025ug/well (a) empty vector (pcDNA3.1) or (b) Halo-VEGFR2 cDNA. Upon furimazine and
isoprenaline (B2AR selective agonist) treatment, cytosolic Nb-80-GFP is recruited to stimulated-

B.AR.

i) Time-course assay

For the Nb-80-GFP recruitment time-course assay, HEK 293T cells stably
expressing Nb-80-GFP protein were seeded, at a cell density of 12000
cells/well, into poly-D-lysine coated white flat bottom Greiner 96 well plates
and incubated for 24h at 37°C/5%CO,. Cells were then transiently co-
transfected with 0.025ug/well B2AR-Nluc and 0.025ug/well Halo-VEGFR2 or
empty vector (pcDNA3.1), using Fugene in Opti-MEM media. On the day after

transfection, media was aspirated from wells and 80uL HBSS/0.1%BSA were
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added. 10uL furimazine (10uM) were added to each well, and incubated for
5min, at 37°C, in the dark. After incubation, sequential emission measurements
were taken for 5min before ligand treatment, using a PHERAstar plate reader.
10uL Isoprenaline (10uM) and 10uL VEGFigsa (10nM) were added wells with
co-treatment, while in wells with single treatment 10uL ligand were added
together with 10uL HBSS/BSA. All wells had a final volume of 100uL.
Continuous readings were taken every 1min for a total time of 45min.
PHERAstar settings used were the same described in the B-arrestin-2

recruitment assay.
ii) Concentration-response assay

For the concentration-response assay, HEK 293T cells stably expressing Nb-80-
GFP cells were co-transfected, as earlier described for the time-course assay.
On the day after transfection, Opti-MEM media was aspirated and replaced
with 70uL HBSS/0.1%BSA. Cells were then treated with 10uL of increasing
concentrations of isoprenaline (0.1nM to 100uM), in the presence or absence
of 10uL 100nM ICI 118551 or 10uL 10nM VEGF16sa; VEGFiesa treatment was
added to cells co-transfected with Halo-VEGFR2, and not added to cells
transfected with the empty vector. 20uL HBSS/BSA was added in wells with
single treatment, for a final volume of 100uL in each well. Plates were
incubated after ligand treatment for 30min at 37°C/without CO,. After
incubation, 10uL 10uM furimazine substrate was added to each well, and
incubated for 5min, at 37°C in the dark. Sequential emission measurements
were then taken using a PHERAstar FS plate reader, with the same settings used

for the B-arrestin-2 recruitment assay.

2.5.8. NanoBRET-based in vitro assays data analysis

i) Saturation binding assay for ligand-receptor interaction studies

For the NanoBRET saturation binding assay, increasing concentrations of

fluorescent ligand and a fixed high concentration of non-fluorescent antagonist
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were used to investigate fluorescent ligand binding affinity (Kp), and the level
of ligand specificity for the receptor of interest. The raw BRET ratios obtained
from each individual experiment were fitted using a non-linear regression

equation shown below, from Graph Pad 6:

BmaxXxA . i
Bmaxx4) ), where A is the concentration of fluorescent
(A+Kp)

Specific binding =
ligand, Bmax is the maximal specific binding, and Kp is the dissociation constant

of the fluorescent ligand.

For simplicity and for easier comparison with other studies, dissociation (Kp)

values were represented as negative log of the observed dissociation (pKp).
ii) Competition binding assay for ligand-receptor interaction studies

For the competition binding assay, increasing concentrations of unlabelled
ligands and a fixed concentration (measured Kp concentration from saturation
binding assay) of the labelled ligand were used. The principal is to compare the
concentration of unlabelled compounds needed to inhibit by 50% the specific

binding of the labelled ligand (ICso).

The ICsp value for each non-labelled ligand was calculated using the following
equation fitted to the data using Prism 6:

(100—NS)

% uninhibited binding = A/ 1Co0)+1
50

+ NS, where [A] is the unlabelled

ligand concentration used, ICsp is the molar concentration of the non-labelled
ligand to generate 50% inhibition of the labelled ligand, while NS accounts for

the non-specific binding.

It is important to mention that the ICso values obtained are dependent on the
concentration of the labelled ligand used. Therefore, higher concentrations of
competing ligand are required to displace high concentrations of labelled
ligand. Once the affinity level of the fluorescent ligand is determined (Kp) we
can then calculate the inhibition constant (Ki) of the competing ligand using the

Cheng Prusoff equation:
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K; = LS[E], where [L] is the concentration of labelled ligand and Kp is the

T
dissociation constant of the fluorescent ligand obtained from saturation

binding assays.
iii) Kinetics binding assay for ligand-receptor interaction studies

Data obtained for fluorescent ligand binding kinetics, using more than one
concentration, were globally fitted to an association kinetics model, which
derives a single best-fit estimate for association (kon) and dissociation (koff) rate

constants, using the following mono exponential association function:

Y = Ymax .(1 — e Kobst), where Ymax corresponds to the level of binding
at infinite time, t is the incubation time and k,, is the rate constant for the
observed rate of association. To investigate whether the different
concentrations of ligand globally fit to a single mass-action equilibrium
interaction, the k,,svalues obtained were compared at the different
concentrations by investigating the linearity of the relationship between them

according to the expression:

kobs = kon L + korr, Where kqff, is the dissociation rate constant of the
ligand in min™%, and k,,, is the association rate constant in M~ min. K, values

were calculated from these kinetics parameters using the following equation:

kp = koff/kon-
iv) Saturation assay for receptor-receptor interaction studies

Data analysis for receptor-receptor NanoBRET saturation assay was performed
using emission measurements through two wavelength windows (donor and

acceptor). Baseline-corrected BRET ratios were calculated as shown below:

Baseline corrected BRET ratio = [(emission at 535nm)/(emission at 460nm) - Cf],

where Cf corresponds to (emission at 535nm/emission at 460nm) from the

donor alone.
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2.6. Cell imaging
2.6.1. Confocal imaging using Zeiss 710

HEK 293T cells were seeded at 100,000 cells/well on poly-D-lysine pre-coated
Nunc Lab-Tek 8 well plates (Thermo-Fisher, UK). After 24h incubation at
37°C/5%CO0,, cells were transiently co-transfected with 0.025ug/well of Halo-
VEGFR2, SNAP-f,A or SNAP-A;A receptor cDNA and let to grown for 24h more.
All transfections were performed using Fugene in Opti-MEM media (3:1
reagent:cDNA ratio). On the third day, media was removed, and cells were
incubated with 200uL 0.5uM Halo-tag AF660 (68471, Promega Corporation,
USA) membrane impermeant ligand, prepared with 0.5uM SNAP-Surface
AF488 membrane impermeant ligand (59129S, New England Bio-Labs) in
serum-free media. Cells were incubated with substrates for 30min at 37°C/5%
CO;. Cells were then washed 3x with 180uL HBSS and then stimulated with
either 20uL vehicle, 10nM VEGFig5a, 10uM lIsoprenaline or 10uM CGS21680,
for 60min at 37°C. For incubation with VEGF1esa, HBSS was supplemented with
0.1% BSA. Cells were imaged live at 37°C, using a Zeiss LSM710 fitted with a 63x
Pan Apochromat oil objective (1.4NA) using Argon488 (SNAP AF488; 496-
574nm band pass; 3% power) and/or HeNe excitation (Halo AF660; 621-759nm
bandpass; 20% power) using a 488/561/633 beamsplitter with a pinhole
diameter of 1 Airy unit. All images were taken at 1024x1024 pixels per frame

with 8 averages.

2.6.2. Confocal imaging using a plate reader ULTRA ImageXpress

Confocal imaging using a plate reader (ULTRA ImageXpress, Molecular Devices)
was used to confirm protein expression of Halo-VEGFR2, Nb-80-GFP and P-
arrestin2-Venus-YFP recruitment assays. Once assay readings were completed,
cells were labelled with 100uL SNAP/Halo-tag substrates (at 0.1uM) for 30min,
at 37°C/5% CO,. After incubation, cells were washed 3x with 100uL PBS and
fixed using 3% paraformaldehyde (PFA). After fixation, cells were washed and
left with 100uL PBS before imaging. Images were captured using a Plan Fluor

40x NAO0.6 extra-long working distance objective. Red-shifted fluorophores
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were excited at 635 nm and emission collected through a 640-685nm band pass
filter, while green-shifted fluorophores were excited at 488nm with emission
collected through a 525-550nm band pass filter. Images were exported using

MetaXpress software (MetaXpress 2.0, Molecular Devices).

2.6.3. Confocal imaging using Leica SP8

Confocal microscopy was performed using a Leica TCS SP8 inverted scanning
microscope with a Zeiss 40x 1.3NA oil immersion HCPL APO CS2 obijective lens.
MDA-MB-231"M parental or stably expressing Nluc-B,AR cells were seeded in
eight-well coverglass chamber (lbidi) in 200uL DMEM Glutamax media
containing 10% FBS. Prior to imaging, media was replaced with 1x Hank’s
buffered salt solution (HBSS) (Gibco, Thermo Fisher) pH 7.2-7.4, at 37°C. Cells
were incubated for 10min with 200uL Hoechst 33342 nuclear staining (Sigma),
prepared in HBSS at 2 pug/mL, and washed twice with 160uL HBSS. Cells were
then treated with 20uL  propranolol-B-Ala-B-Ala-X-BODIPY630/650
(propranolol-BY630/650), with 20uL unlabelled propranolol, or 20uL HBSS in
the respective wells, for a final volume of 200uL per well. Cells were incubated
with ligands for 30min, at 37°C. Cells were then washed with 200uL HBSS buffer
before imaging, to remove unbound ligand. Nuclear labelling was detected
using a 488nm-Argon laser line (455-495nm bandpass), using 3% laser power,
and fluorescent ligand labelling was detected using a 633nm-HeNe laser line
and a long pass filter, using 5% laser power. Images were exported using Image)J

1.51 (Fiji, USA) software.

2.6.4. Wide-field luminescence imaging

Bioluminescence imaging was performed using the Olympus LV200 wide-field
inverted microscope, equipped with a 60x/1.42NA oil immersion objective
lens. MDA-MB-231"MNluc-B,AR cells were seeded, at a density of 250 000 cells
into a MatTek disk containing a 1um glass coverslip. Before imaging, media was
removed and cells were incubated with 1.6mL HBSS containing 2ul furimazine
substrate (~800nM) at 37°C, for 15min. Background luminescence images were

taken by capturing sequentially luminescence in the following channels: (1)
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open channel (20 sec exposure time); (2) DAPI channel (20 sec exposure time;
420nm longpass filter) and (3) CY5 channel (4 min exposure time; 600/50nm
bandpass filter). Cells were then incubated for 30 min with 200uL 50nM
propranolol-(B-Ala-B-Ala)-X-BODIPY630/650, and 200uL 10uM ICI 118551 or
200uL HBSS, before images were acquired using the same acquisition
sequence. BRET ratio measurements were performed using Imagel) 1.51

(National Institutes of Health, USA) and the time-series analyser V3 plugin.

2.6.5. Super-resolution Structured illumination microscopy

Super-Resolution Structured Illumination Microscopy (SIM) relies on a wide-
field microscope setting with a movable diffraction grating (a grid with stripes
that can shift and rotate), that has been inserted into the excitation beam path
(Wegel et al.,, 2016). This grid creates light interferences (or patterned
illumination), by its superimposition with the sample, which can also be called

as Moiré effect (Fig. 2.17, Wegel et al., 2016).

This technique offers more detailed information about the object and higher-
resolution imaging compared to a conventional confocal microscope
(resolution limit of around 200nm). After z-stack images are acquired, these are
reconstructed using a structural illumination analysis processing, available on

the equipment software (Zen Black 2012, Zeiss, Germany).
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Fig. 2.17. Schematic representation of Moiré effect and the SIM principle. SIM relies on laser-
based wide-field microscopy set-up to which a movable diffraction grating has been inserted
into the excitation beam path. These laser beams interfere with each other at the focal plane
of the objective and create an illumination in stripes (sinusoidal wave). This stripe pattern of
light by its superimposition with the sample generates a so-called Moiré effect. For image
reconstruction several raw images are collected, each being acquired at different orientation
of the structured illumination, which is done by moving the diffraction grating (translation and

rotation).

Spatial misalignment between spectrally distinct channels, that result from
imaging with different sets of filter cubes, occur during imaging acquisition. To
correct this spatial misalignment, a calibration using polystyrene beads coated
with multiple fluorophores is needed. Imaging of these beads provide channel
alignment parameters that can then be manually or automatically inserted to
correct misalignment of acquired and processes images, using the Zen Black

software.

Before imaging, HEK 293T cells were seeded at a density of 200,000 cells on
poly-D-lysine coated 18x18mm 1.5H coverglasses (474030-9000-000; Zeiss,
Germany) in 6-well plate, and cultured for 24h at 37°C/5% CO,. Cells were
transiently co-transfected with Halo-VEGFR2 and SNAP-3,AR (3ug total cDNA).
All transfections were performed using Fugene HD in Opti-MEM media (using
3:1 Fugene:cDNA ratio). Cells were then grown for an additional 24h at
37°C/5% CO,. On the third day, media was aspirated from cells and coverslips
were incubated with 200uL 1pM Halo-Tag surface AF660 membrane
impermeant ligand substrate and 1uM SNAP-Surface AF647 membrane
impermeant ligand, for 30min at 37°C/5% CO; in serum-free DMEM. Substrates
were added to parafilm flat on a 6-well plate lid, and coverslips were positioned
on top of substrates using twicers, with side containing cells turned down, to
be immersed in substrates. After incubation, coverslips were put back in a 6
well plate and washed 3x with 2mL HBSS. 200uL ligands (10nM VEGFigsa or
10puM Isoprenaline) were added to a new parafilm, and coverslips were
incubated with ligands for 60min at 37°C/without CO,. For VEGFigsa

incubations, HBSS was supplemented with 0.1% BSA. After incubation,
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coverslips were put back in 6 well plate and washed with 2mL PBS, followed by
fixation with 2mL 3% PFA and incubated for 10min at room temperature.
Coverslips were then washed once again with 2mL PBS and mounted onto
slides containing 15uL ProlLong Glass Antifade Mountant (P36982; Thermo
Fisher Scientific, USA) diluted 1:5 in ddH,0. 2uL TetraSpeck™ microspheres
(beads) (0.1um; T7279, Thermo Fisher Scientific, USA), diluted 1:10 in ddH-0,
were included in each experiment to allow X/Y/Z channel alighment correction

in image processing. Slides were left overnight at 4°C.

Imaging was performed using a Zeiss ELYRA PS.1 microscope fitted with a Plan
Apochromat 63x/1.4 oil DIC M27 objective and Zeiss Immersol™ 518F (30°C) oil
(Zeiss, Germany). Z-stack images of SNAP-B.AR were acquired using bandpass
495-550 plus longpass 750 filter, at 5% laser power with 150ms exposure time
(28um grating). And, images of Halo-VEGFR2 were acquired using a long-pass
655 filter at 8% laser power with 150ms exposure time (42um grating). All
images were acquired at 1024x1024 frame size over 5 rotations as a Z-stack of
30-40 slices. Images were manually processed with consistent raw scaling
between and within experiments (sectioning of 100x83x93; Zen Black 2012,
Zeiss, Germany). Channel alignment parameters were defined using spectral
beads, which were then manually applied for channel alignment analysis of

processed SIM images.

2.7. Breast cancer animal model

Female BALB/c nu/nu immune-compromised mice (7-week-old) (University of
Adelaide, Australia) were used in this study. These mice were housed under
PC2 barrier conditions on a 12h dark/light cycle and monitored daily. All in vivo
procedures were carried out at Monash Institute of Pharmaceutical Sciences,
according to protocols approved (MIPS.2012.11) by the Monash University

Animal Ethics Committee and according to NHMRC guidelines.

For tumour development, mice were injected into the fourth left mammary fat
pad with 5x10° MDA-MB-231"M cells stably expressing Nluc-B2AR (MDA-231

Nluc- B2AR), using a Hamilton syringe with a 26 1/2G needle. Mice were kept
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under 2-3% isoflurane anaesthesia during cells injection. Primary tumours were
measured by caliper and volume (mm3) was calculated using the formula:
(length x width?)/2. Tumour development was monitored by caliper
measurements and whole-animal bioluminescence imaging (using an IVIS
Lumina Il Camera System, Perkin Elmer, USA), over a time period of 35 days,

after tumour cells injection in mice.

2.7.1 Bioluminescence in vivo imaging to track tumour growth and
metastasis

The development of solid tumours and metastasis were monitored using
bioluminescence imaging. On the day of imaging, mice under 2-3% isoflurane
anaesthesia, were injected via the tail vein (i.v.) with furimazine substrate (circa
3.7 mg/kg, 100uL in PBS). Whole-animal images were taken 5min after
substrate injection using the IVIS Lumina Il camera system (open channel; 30
sec exposure time, Figure 2.18.a). Immediately afterwards, images were
acquired to the thorax region (metastatic sites), after covering the primary
tumour with a small black box to eliminate light contamination from primary
tumour (Figure 2.17.b). Images of the thorax region were acquired 10 min after
furimazine injection, using luminescence imaging (open channel; 2 min

exposure time).

Figure 2.18. Whole-animal bioluminescence imaging using IVIS Lumina Il camera system to
monitor primary tumour and metastasis development. Mice under 2-3% isoflurane
aneathesia were injected via the tail-vein with furimazine substrate (100uL, circa 3.7 mg/kg,
prepared in PBS) 5 min before imaging. (a) Measurement of luminescence intensity from

primary tumour (open channel, 30 sec exposure time). (b) Measurement of luminescence
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intensity from thorax region with metastasis is lungs displayed (open channel, 2min exposure

time).

2.7.2 NanoBRET to investigate ligand-receptor target engagement in vivo

To monitor ligand-receptor engagement in vivo, mice kept under 2-3%
isoflurane anaesthesia were injected with 0.1 mg/kg propranolol-(B-Ala-B-Ala)-
X-630/650 (propranolol-BY630/650; prepared in 50ul PBS) directly into the
primary tumour (intratumoral injection; i.t). Non-specific binding was
determined by pre-treatment (45min prior to injection of the fluorescent
ligand) with 0.3 mg/kg (i.t.; 50ul in PBS) of the selective B;-adrenoceptor
antagonist ICI 118551. Competitive and non-competitive ligands (ICl 118551 at
1 and 10 mg/kg or CGP20712A at 10 mg/kg) were administered via tail-vein
injection (i.v. injection, 100uL diluted in PBS).

i) Invivo NanoBRET association binding experiments

To measure fluorescent ligand (propranolol-BY630/650) association in living
animals, 5 mice were administrated directly into the tumour (intratumoral, i.t.
injection) with 0.1 mg/kg propranolol-BY630/650 ligand. Specific binding was
investigated by imaging 4 mice pre-administrated with the unlabelled B,AR-
selective antagonist ICl 118551 (i.t. injection, 0.3 mg/kg prepared in 50uL PBS)
45min prior to 0.1 mg/kg propranolol-BY630/650 injection. Furimazine
substrate was injected i.v.via the tail-vein (circa 3.7 mg/kg in 100uL PBS) was
administrated immediately after propranolol-BY630/650 injection and images
were acquired on the IVIS Lumina Il system, by capturing sequential
luminescence (open channel, 30 sec exposure time) and fluorescence (Cy5.5
channel 660/20nm bandpass, 5min exposure time) emissions. Sequential
images were captured every 6min for a total time of 51min. Mice were kept

under 2-3% isoflurane anaesthesia during injections and imaging.

ii) In vivo NanoBRET ‘dissociation’ binding experiments

To monitor fluorescent ligand ‘dissociation’ over time from Nluc-B,AR

expressed in the primary tumour region, mice were administered with three
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different doses of propranolol-BY630/650 (0.01, 0.03 or 0.1 mg/kg). Mice were
imaged at 1, 24, 48 and 72h after fluorescent ligand i.t. injection, and 5 min
after i.v. injection of furimazine substrate (i.v., 100uL in PBS, circa 0.37 mg/kg).
Images were acquired using the IVIS lumina Il camera system, by capturing
sequential luminescence (open channel, 30 sec exposure time) and
fluorescence (Cy5.5 channel, 5 min exposure times) images. All mice were
imaged on the day before fluorescent ligand injection, 5 min after 100uL i.v.
injection with furimazine substrate (1:20 dilution in PBS) to determine

luminescence (and BRET) baseline.

iii) Monitoring ligand-receptor engagement of unlabelled B-blockers
administered locally in the primary tumour (i.t.) or via intravenous

injection (i.v.)

For these experiments, mice were divided into two groups: Group 1 received
i.t. injection of 0.1 mg/kg propranolol-BY630 (50uL in PBS), whereas Group 2
received 0.3 mg/kg (i.t.) ICI 118551, 45min prior to injection of 0.1 mg/kg
propranolol-BY630 (i.t., 50uL in PBS). 1h after fluorescent ligand injection,
luminescence was measured on the VIS Lumina Il system (Nluc donor, using an
open channel, 30sec exposure time; BRET acceptor, using a CY5.5 channel,
660nm/20nm band pass, 5min exposure time). After 10 days, when fluorescent
ligand was no longer detected by imaging, the treatment schedule was
reversed. Group 1 mice were injected with 0.3 mg/kg ICl 118551 plus 0.1 mg/kg
propranolol-BY630/650, whereas Group 2 animals were injected with
fluorescent ligand. Luminescence and fluorescence emissions were measured
as previously described. In each case, mice were also imaged 24h before
administration of ligands and 5 min after i.v. furimazine injection to measure
baseline BRET ratios. Regions of interest (ROIs) were drawn over the tumour

site to obtain luminescence and fluorescence (photons/sec) measurements.

We also investigated the binding of unlabelled drugs administered i.v. to Nluc-
B,AR localised in the primary tumour. For this study, mice received intravenous

injection (i.v.) of selective B,-selective antagonist ICl 118551 (at 1 or 10 mg/kg
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dose; 100uL in PBS), or the selective B1-selective antagonist CGP20712A (at 10
mg/kg dose; 100uL in PBS). The same cross over experimental design was
followed, with 0.1 mg/kg propranolol-BY630/650 injected directly into the
primary tumour 45min after i.v. administration of ICI 118551 or CGP20712A
compounds, or PBS (in animals injected with fluorescent ligand alone).
Luminescence/fluorescence images were captured using the IVIS camera
system, 5min after furimazine substrate i.v. injection, using the same filter
settings and exposure times described earlier. Mice were kept under 2-3%

isoflurane anaesthesia during injections and imaging.

2.7.3. In vivo NanoBRET imaging data analysis

In vivo luminescence or fluorescence total flux (photons/sec) measurements
were obtained using ROls positioned on the primary tumour or thorax region,
for primary tumour or metastasis measurements, respectively. Raw BRET ratios

were calculated as:

Acceptor Luminescence (CY5.5)

BRET ratio =

Donor Luminescence (open channel) ’

where acceptor emission (Cy5.5 channel) is measured using the CY5.5 emission
channel (660nm/20nm bandpass), and luminescence emission (open channel)

is measured without using emission filters (open channel).

For association binding data analysis, raw BRET ratios obtained from each
individual experiment were fitted using GraphPad Prism 7, using a non-linear
regression equation. Total and non-specific binding curves were fitted
simultaneously using the following equation:

. BmaxX[B]
BRET Ratio = =52 =+ (M x [B]) +C),

where Bmax corresponds to the maximal binding, Kp is the equilibrium

dissociation constant, [B] is the concentration of fluorescent ligand, M is the
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slope of the non-specific binding component, and Cis the intercept with the Y-

axis.

2.8. Statistical analysis

All data analysis was performed using GraphPad Prism 7.02 (San Diego, CA,
USA). In Chapter 3, two-way Anova with Sidak’s multiple comparison test was
used to compare two different condition (i.e. with BSA vs without BSA) at
different concentrations. This statistical analysis method was applied for data
displayed in table 3.2 and 3.3. Level of significance is described in respective

figure legends or tables.

In Chapter 5, two-way Anova with Dunnet’s multiple comparison test was used
to compare the mean values obtained for different concentrations of BRET
acceptor with the mean value obtained for BRET donor alone. This statistical
analysis method was applied to all data obtained to investigate receptor-
receptor interaction (Fig. 5.1, 5.2, 5.3, 5.4, 5.5 and 5.7 and table 5.1). Level of

significance is described in respective figure legends or tables.

In Chapter 6, tumour and metastasis development over time was compared for
11 different mice at different days compared to Day 8 baseline, using two-way
Anova with Tukey’s multiple comparison test (Fig. 6.1 and 6.2). The effect of
different doses of fluorescent tracer on BRET ratio for 6 different mice
compared to control at time Oh were compared using two-way Anova and
Dunnet’s multiple comparison test (Fig. 6.5). Level of significance is described
in respective figure legends or tables. Data obtained for 6 different animals
receiving reversed treatment of fluorescent tracer in the presence or absence
of unlabelled antagonist were analysed using two-way Anova with Tukey’s
multiple comaprison test (Fig. 6.6 and 6.7). Level of significance is described in

respective figure legends.
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Chapter 3: Characterisation of a fluorescently labelled
VEGFssa ligand in solution using Fluorescence Correlation

Spectroscopy

3.1. Introduction

Vascular endothelial growth factorissa (VEGF1esa) is one of the multiple VEGFa
isoforms, derived from alternative gene Vegfa splicing, that can be present in
cells as a dimer to bind and activate VEGFR2 and VEGFR1 (Peach et al., 20183;
Simons et al., 2016). This activation occurs upon VEGFiesa ligand binding,
receptor dimerization and a consequential change in conformation of receptor
intracellular domains, resulting in an auto- or trans-phosphorylation of specific
tyrosine residues. Phosphorylation of tyrosine residues then leads to the
recruitment of different adaptor proteins and signalling cascade propagation
(Berger and Ballmer-Hofer, 2011; Sarabipour et al., 2016). This VEGF isoform is
one of the key drivers of tumour angiogenesis, and is therefore an important
target in cancer therapy (Claesson-Welsh and Welsh, 2013; Hilmi et al., 2012;
Shibuya, 2014).

A fluorescently-labelled version of VEGFigsa, consisting of two anti-parallel
bound VEGFissa protomers, each labelled at a single N-terminal cysteine
residue with a tetramethyl-rhodamine fluorophore (VEGFi6sa-TMR; ~165kDa
expressed protein) was generated by Promega (Madison, Wisconsin, USA).
VEGFi6sa-TMR ligand has been used in our lab as a pharmacological tool to
measure ligand-receptor binding kinetics, using human full-length VEGF
receptor-2 (VEGFR2), at real-time in living cells, (Kilpatrick et al., 2017;
Stoddart et al., 2018). This fluorescent ligand was also used in Chapters 4 and

5 of this thesis as a pharmacological probe to characterise VEGFR2.

Fluorescence Correlation Spectroscopy is a single-photon counting technique
that can detect very small changes in fluorescence intensity from fluorescently

labelled molecules diffusing through a small defined detection volume (~0.25
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femtoliters) (Gherbi et al.,, 2018). Changes in fluorescence intensity
(fluctuations in intensity), resulting from fluorescently-labelled particles
moving in and out of the small confocal volume are measured in a time-
correlated manner. Analysis of the time-dependent variations in intensity is
performed using an autocorrelation analysis that provides quantitative
information on average diffusion (or dwell) time of the fluorescent molecules
in the measured volume (tp), and on the average number of particles (N)
(Briddon et al., 2018). A different analysis can be performed using the same
fluctuations in intensity, which is the photon counting histogram (PCH) analysis.
PCH analyses fluctuations in intensity in respect to their amplitude, rather than
in a time-dependent manner (Briddon et al., 2018). This analysis enables the
determination of fluorescent molecules stoichiometry based on their

molecular brightness (€) (Briddon et al., 2018; Kilpatrick et al., 2012).

FCS was applied in this study to: (1) determine the ‘real’ concentration of free
VEGFis5a-TMR fluorescent ligand in solution in the presence and absence of
bovine serum albumin (BSA), and to (2) determine the dimeric and double-
labelled structure of VEGF1s5a-TMR. Some of the data presented here has been

published in (Kilpatrick et al., 2017).

3.2. Brief materials and methods

Fluorescently-labelled molecules

A fluorescently-labelled version of VEGFigsa was generated as an anti-parallel
bound dimer with two VEGF1esa protomers, each labelled at a single N-terminal
cysteine residue with a tetramethyl-rhodamine fluorophore (VEGFiesa-TMR).
This ligand was generated by Promega (Madison, Wisconsin, USA).
Fluorescence ligand synthesis and purification is described in (Kilpatrick et al.,
2017). Commercial Rhodamine 6G (R6G) and  5-Carboxy-
tetramethylrhodamine N-succinimidyl ester (TAMRA) fluorophores were used

for calibration or experimental purposes.
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Fluorescence Correlation Spectroscopy (FCS)

Detailed methods about FCS experiments, and data analysis are provided in
Chapter 2, section 2.4. FCS experiments were performed using a LSM510 NLO
Confocor3 microscope equipped with a c-Apochromat 40x/1.2NA water-
immersion objective (Zeiss, Germany). Briefly, this methodology was applied
here to investigate the concentration in solution of VEGFissa-TMR in the
presence or absence of 0.1% protease-free BSA. FCS calibration was performed
before all experiments using R6G and TAMRA fluorophores. Calibration with
10nM R6G (with a known diffusion coefficient, Drec = 2.8 x10® cm?s* allowed
the estimation of confocal volume waist radius (wo = (4x Dre x T)Y2). The
diffusion coefficient for fluorescent species could then be determined using
equation 1: D = wg/4 x T, and concentration using details provided in Box 1.

Further details are provided in Chapter 2, section 2.4.

Box 1: Data analysis to calculate free fluorescent ligand concentration in solution:
5. The radius of the detection volume (WO) = \/4><1'D—><D where D is the
Diffusion Coefficient of a reference fluorophore; D(R6G)= 2.8X101°m?2s1, And 1p is
the diffusion time representing halfway point decay of the autocorrelation function,

G(1).
6. The half-height of the detection volume (wl) = WO X SP
3
7. The detection volume is calculated as: V = 1 /2 x wo2 X w1.
8. The concentration of fluorescent particles in solution is then calculated as:

CM) = 1x1 , where N is the particle number, which is equal to the inverse of G(0),
v" NA

as shown in the autocorrelation curve represented above, V is the confocal detection
volume, and NA is the Avogadro constant 6x102 mol.

Calibration experiments were performed with TAMRA fluorophore to
determine PCH analysis first order correction, which is required for the
determination of molecular brightness (g). PCH analysis divides the fluctuations
in intensity into a desired binning time. The binning time chosen for these

experiments was 20us, which is shorter than the diffusion time of VEGFigsa-
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TMR, but also long enough to avoid fast photophysical events). Using that
specific binning time, PCH describes the resultant frequency distribution of
photon counts per bin (k), and particle number (N). PCH analysis uses a 3D
Gaussian approximation of the laser bin profile and super-Poisson statistics to
predict the molecular brightness (g) of the fluorescent molecule being
measured. Molecular brightness (g) refers to the counts of photons per

molecule per second (cpms™) and is calculated by the following equation 2:

(Equation 2): ¢ = k/N, where k =photon count rate (in kHz) and N = average

number of molecules.
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3.3. Results

Using FCS and autocorrelation analysis to determine the concentration of free

VEGFi65a-TMR ligand in buffer solution

Fluorescence correlation spectroscopy (FCS) was applied in this study to
measure the concentration of free VEGFi6sa-TMR ligand in 1% HEPES-buffered
salt solution (HBSS), in the absence or presence of 0.1% protease-free bovine

serum albumin (BSA).

VEGFis5a-TMR molecules crossing the detection confocal volume due to
Brownian motions were excited by a laser (at 560nm, with laser power set to
0.394 kW/cm?), and fluctuations in fluorescence intensity were recorded in a
time-correlated manner generating autocorrelation curves (Figure 3.1.). FCS-
detected fluctuations in intensity were measured for a range of VEGF165a-TMR
concentrations (0.25 to 10nM) prepared in HBSS buffer in the absence of 0.1%
BSA, which were placed and measured in an 8-well coverglass plate. These
measurements were performed by positioning the confocal volume in buffer
solution 200um above the top of the plate coverslip. All experiments were
performed at 22°C. Autocorrelation analysis of these fluctuations in intensity
resulted in simple monophasic autocorrelation curves, for all VEGFissa-TMR
concentrations (Figure 3.1.). Therefore, autocorrelation data were fit to a one-
component 3-dimensional (3D) Brownian diffusion model. Two important
parameters can be determined from autocorrelation analysis, fluorescent
particles diffusion (or dwell) time and particle number. Diffusion time (tp) is
determined from the mid-decay of the autocorrelation function (in the

abscissa). Whereas, particle number (N) is inversely proportional to the

1
amplitude of the autocorrelation function at time zero, (N = —G(O))-

Autocorrelation analysis measured for 10nM VEGFigsa-TMR in solution
resulted in an average diffusion time (tp) of 233.8 + 31.5 us (n=3), in the
absence of 0.1% BSA, which corresponds to the diffusion time of VEGF1g5a-TMR
homodimer. In all these experiments calibration was first carried out to

determine the diffusion time of 10nM Rhodamine 6G, which allowed the
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determination of VEGF165a-TMR diffusion coefficient, as explained in the brief
methods described above and in more detail in Chapter 2, section 2.4.4. A
calculated diffusion coefficient (D) of 74.6 + 7.0 um?3s™* (n=3), was determined

for 10nM VEGF16sa-TMR, in the absence of 0.1% BSA.

FCS-detected concentration can be calculated from particle number and
confocal volume, which can be calculated as previously described in Box 1, in
brief methods and methodology section (and Chapter 2, section 2.4). FCS-
detected concentrations measured for a nominal (or added) concentration of
10nM VEGFi5a-TMR was 3.6 + 0.2 nM (n=3), in the absence of 0.1% BSA.
Therefore, FCS-detected concentration was much less compared to nominal
10nM concentration of VEGFiesa-TMR. The reduced concentration detected by
FCS could result from non-specific binding of VEGF1issa-TMR to plastic during

sample preparation.

» 0.25nM

G(t)

— 10nM

107 10€ 10° 104 10 102 10" 10°
Lag Time (s)

Figure 3.1. Representative autocorrelation curves measured of a range of VEGFissa-TMR
concentrations (0.25nM to 10nM) in HBSS buffer without 0.1% BSA. FCS-detected fluctuations
in intensity measured for different VEGFssa-TMR concentrations were analysed using an
autocorrelation analysis and fitted to a single-component 3D Brownian diffusion model. Black
lines correspond to autocorrelation curves, whereas green lines correspond to curve fitting.
Different parameters can be measured from autocorrelation function G(t), which is
represented in a logarithmic time scale in seconds (Lag Time). The mid-point decay of the curve

(x axis) correspond to the fluorescent particle diffusion or dwell time (tp). Whereas the particle
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number can be determined from the function amplitude (y axis), which is inversely

proportional to the amplitude of the function at time zero (N = ﬁ).

Bovine serum albumin (BSA) is a carrier protein commonly used to block or
prevent non-specific protein-surface interactions (Francis, 2010). Therefore,
FCS measurements were performed for the same range of VEGFissa-TMR
nominal concentrations which were prepared in HBSS containing 0.1%
protease-free BSA. Autocorrelation analysis of fluctuations in intensity
measured for VEGFissa-TMR in the presence of 0.1% BSA resulted in
monophasic autocorrelation curves, for all VEGFigsa-TMR concentrations
(Figure 3.2.). Interestingly, the autocorrelation curves showed a decrease in
amplitude at time zero (y axis), compared to autocorrelation function
measured for VEGFigsa-TMR in the absence of 0.1% BSA, which was observed
for all different VEGFiesa-TMR concentrations (Figure 3.1. and 3.2.). Since
particle number is inversely related to the amplitude of the autocorrelation
function at time zero, these observations indicate that incorporation of 0.1%
BSA in buffer results in the increase in particle number measured. FCS-detected
concentration was also increased. Measurement of 10nM nominal VEGFesa-
TMR in the presence of 0.1% BSA showed a FCS-measured concentration of 8.9
+ 0.8 nM (n=3). Linear regression analysis was used to compare nominal
concentration in the absence or presence of 0.1% BSA, which showed a slope
= 0.2 (R?= 0.8; 95% confidence limits 0.2 — 0.3, Figure 3.3.), in the absence of
BSA and a slope = 0.8 (R%= 1; 95% confidence limits 0.7 — 0.9), in the presence
of BSA. Autocorrelation analysis resulted in tp = 215.8 + 13.6 us (n=3) (and D =
74.6 £ 7.0 um3st) for 10nM VEGFiesa-TMR in buffer containing 0.1% BSA,
Diffusion times (tp) and calculated diffusion coefficients (D) measured for the
range of VEGF1ssa-TMR concentrations, in buffer in the absence and presence
of 0.1% BSA, are presented in Table 3.1. No significant differences were
observed for both tp or D in the absence or presence of 0.1% BSA, which were

compared for each individual VEGF1iesa-TMR concentrations.
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Figure 3.2. Representative autocorrelation curves measured of a range of VEGFissa-TMR
concentrations (0.25nM to 10nM) in HBSS buffer containing 0.1% BSA. Monophasic
autocorrelation curves (black lines) were obtained for the different concentrations of VEGF;¢sa-
TMR measured in buffer containing 0.1% BSA, which were fitted to a single-component

Brownian diffusion model (green lines).
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Figure 3.3. Linear regression analysis of a range of nominal VEGFssa-TMR concentrations vs
FCS-detected concentration in HBSS buffer in the absence or presence of 0.1% BSA. A range
of concentrations of VEGFigsa-TMR (0.25 — 10nM) was used to investigate the effect of BSA on
ligand solubility in HBSS buffer solution. FCS-detected VEGFissa-TMR concentrations were
calculated from particle number, as previously described. Linear regression analysis using
PRISM GraphPad 6.0 showed a slope of 0.8 (R?= 1; 95% confidence limits 0.7 — 0.9) for VEGF¢sa-
TMR prepared in buffer containing 0.1% BSA, whereas a slope of 0.20 (R?= 0.8; 95% confidence
limits 0.2 — 0.3), was obtained for VEGF-TMR in buffer without 0.1% BSA. Data are displayed as

mean = SEM from 3 independent experiments.
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Table 3.1. Diffusion time (tD, in ps) and calculated diffusion coefficient (D, in
um s!) measured using autocorrelation analysis for a range of VEGF1ssa-TMR
concentrations prepared in HBSS buffer in the absence or presence of 0.1%
BSA.

Diffusion time (tp)
Without 0.1%BSA With 0.1%BSA

[VEGFissa-TMR] (nM) mean + SEM mean = SEM
(Ws) (us)

0.25 186.4£16.7 183.2+9.2

0.5 194.6+19.1 201.3+10.4

1 228.7+17.4 208.4+5.2

2 238.3+25.0 199.5+2.5

4 271.1+£29.8 212.3+5.1

6 248.6+10.0 201.2+4.7

8 240.8+13.4 193.4+1.5

10 233.8+31.5 215.8+13.6

Diffusion coefficient (D)
Without 0.1%BSA With 0.1%BSA

[VEGF165a-TMR]

mean + SEM mean + SEM

(nM) (um’ s™) (um’ )
0.25 79.2+12.3 90.8+5.0
0.5 84.8+6.1 83.1+5.6
1 63.3+7.9 789+2.4
2 66.8+5.3 82.1+1.2
4 63.3+5.6 77.4+2.1
6 66.3+2.7 81.7+2.4
8 66.9+2.9 84.7+0.6
10 74.6+7.0 77.9+5.4

No significant differences were measured using Two-way ANOVA with Sidak’s multiple
comparison test for both diffusion times (tp) or diffusion coefficients (D) determined for the

different concentrations of VEGFissa-TMR in the presence or absence of 0.1% BSA.

Investigation of FCS-detected concentration over time for VEGFigsa-TMR

ligand in buffer solution in the absence or presence of 0.1% BSA

FCS-detected concentration for the same range of nominal VEGFissa-TMR
concentrations was monitored over time for 20 min, to investigate ligand
solubility in HBSS buffer without or with 0.1% BSA. 5-Carboxy-
tetramethylrhodamine N-succinimidyl ester (TAMRA) fluorophore was used in
here as a control. FCS-detected VEGF1ssa-TMR concentration in buffer without
the incorporation of 0.1% BSA was reduced, as previously described, with a
further decrease over time (Figure 3.4.a). FCS measurements were also

performed wusing TAMRA fluorophore to investigate FCS-detected
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concentration in buffer without 0.1% BSA. FCS-detected concentration for
10nM nominal TAMRA concentration was also reduced (4.8 + 0.1 nM (n=3),
measured at time zero). On the other hand, incorporation of 0.1% BSA in buffer
resulted in higher FCS-detected concentration for VEGFiesa-TMR, which were
kept constant over time (Figure 3.4.b). A higher concentration was also
detected for TAMRA fluorophore, with nominal 10nM TAMRA concentration
displaying a FCS-measured concentration of 10.1 + 0.4 nM (n=3), measured at

time zero.
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Figure 3.4. Investigation of the effect of BSA in VEGFgsa-TMR and TAMRA fluorophore
solubility in buffer solution. FCS-detected particle number (and calculated concentration)
were measured for a range of VEGFi6sa-TMR concentrations prepared in buffer in the absence
(a) or presence (b) of 0.1% BSA, which were measured over time for 20 min. 10nM TAMRA
fluorophore was used in this study as a control, which FCS-detected concentration was
measured at time zero. These data are displayed as mean + SEM from 3 independent

experiments.
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Using FCS and autocorrelation analysis to determine VEGFigsa-TMR

homodimeric structure

VEGFi6sa-TMR range of concentrations (0.25nM to 10nM) were calculated
assuming homodimeric species. Linear regression analysis showed that FCS-
detected concentrations for VEGFissa-TMR matched with FCS-detected
concentrations measured for TAMRA fluorophore (Figure 3.5.), which were
prepared in buffer containing 0.1% BSA. Linear regression for TAMRA displayed
a slope = 0.94 (R?=1; 95% confidence limits 0.8-1.0), whereas linear regression
for VEGF165a-TMR resulted in a slope = 0.8 (R?=1; 95% confidence limits 0.7-
0.9). These results provide strong evidence that VEGFissa-TMR ligand is in fact
formed by two protomers, each one labelled with a TMR fluorophore.
However, photon counting histogram (PCH) analysis is a better option to

determine fluorescent particles stoichiometry (Briddon et al., 2018).

PCH analysis allows the differentiation between species based on their
molecular brightness (€), which is the average count of photons per molecule
per second (cpms™) (Briddon et al., 2018). This analysis was used to investigate
the homodimeric and the dual-labelled structure of VEGFissa-TMR ligand,
based on its molecular brightness. TAMRA fluorophore was also used as a
control. PCH analysis was performed using the same fluctuations in intensity
measured for both VEGFiesa-TMR and TAMRA fluorophore (using a range of
concentrations, 0.25 to 10nM). These data were fit to a single-component PCH

model, using a selected binning time of 20us.

In theory, the brightness of a molecule containing two fluorophores, which
seems to be the case for the VEGF1ssa-TMR dimer, would result in a two-fold in
brightness compared to a single TAMRA fluorophore. Data analysed for 10nM
VEGFiesa-TMR resulted in € = 194.2 + 8.6x10® cpms?(n=3), whereas PCH
analysis of 10nM TAMRA showed a € = 146.5 + 0.6x10% cpms™? (n=3), which
were significantly different at this measured concentration (Table 3.2.),
showing a 0.2-fold difference. However, TAMRA and VEGFiesa-TMR are not

totally comparable as their quantum yield is likely to be different.
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Figure 3.5. Linear regression analysis for nominal vs FCS-detected concentrations for a range
of VEGFis;a-TMR (assuming dimeric species) and TAMRA (0.25 to 10nM) prepared and
measured in HBSS buffer in the absence of 0.1% BSA. VEGF¢5a-TMR resulted in a slope of 0.8
(R%=1; 95% confidence limits 0.7 — 0.9. Whereas TAMRA measurements showed a slope = 0.8;
R?=1.0; 95% confidence limits 0.7 — 0.8. Data are displayed as mean + SEM from 3 independent

experiments.

Table 3.2. Molecular brightness measured using PCH analysis for a range of VEGF6sa-

TMR and TAMRA in HBSS buffer containing 0.1% BSA.

Molecular brigthness
VEGFissa-TMR TAMRA
Concentration (nM)| mean +SEM x10° | mean + SEM x10° | p value
(cpms™) (cpms™)
0.25 118.3+4.8 124.0+£3.3 ns
0.5 153.6+8.3 139.5+3.4 ns
1 169.8+3.9 144.1+2.1 o
2 178.5+7.2 150.6.3+£ 0.7 ok
4 184.3+8.5 167.2+0.6 ns
6 192.2+6.5 164.3+£0.7 *x
8 192.5+6.7 154.8+0.5 ok
10 194.2+8.6 146.5+0.6 ok

Molecular brightness data (measured as counts per molecule per second, cmps™) is displayed
as mean + SEM from 3 independent experiments. ****p<0.0001, using Two-way ANOVA with

Sidak’s multiple comparison test.

Using 2-mercaptoethanol (2-ME) reducing agent to investigate homodimeric

structure of VEGFissa-TMR fluorescent ligand
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VEGFis5a-TMR was chemically generated as a homodimer formed by two
antiparallel disulfide-bridged VEGFiesa protomers, each labelled at a single
cysteine residue with TMR fluorophore (Kilpatrick et al., 2017; Muller et al.,
1997). A different alternative to investigate the homodimers structure of
VEGF165a-TMR is the incubation of this ligand under reducing conditions to
disrupt the disulphide-bridges connecting the dimer (Figure 3.6.a). For this
purpose, VEGFiesa-TMR ligand was incubated in buffer containing 0.1% BSA
and 1mM 2-mercaptoethanol (2-ME, also known as B-mercaptoethanol)
reducing agent. 2-ME is a potent reducing agent that denature proteins by
irreversibly reducing disulfide linkages, leading to tautomerization and
breaking up of the quaternary protein structure (Chang, 1997). Since VEGF1sa-
TMR is formed by two protomers and each labelled with TMR fluorophore, pre-
incubation of this fluorescent ligand under reducing conditions should
theoretically result in a two-fold increase in particle number (and hence

concentration) detected by FCS.

The treatment of 10nM VEGFiesa-TMR with 1mM 2-ME, pre-incubated for
30min, at 37°C, showed an increase in concentration for VEGFigsa-TMR
fluorescent ligand (Figure 3.6.b), with a tp = 350.4 ps (n=2) (and a calculated D
= 49.3 um? s!). However, incubation of 10nM TAMRA fluorophore with 1mM
2-ME also resulted in an increase in calculated concentration, which should not
have been affected. Similar data was obtained using PCH analysis, which
showed a decrease in molecular brightness for both VEGFi65a-TMR and TAMRA
(Figure 3.6.c). Therefore, these data suggest that 2-ME reducing agent may

alter the photophysical properties of the fluorescent molecules.
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Figure 3.6. Investigation of homodimeric structure of VEGFiea-TMR ligand using 2-
mercaptoethanol (2-ME) reducing agent. 10nM VEGFgsa-TMR or 10nM TAMRA fluorophore
were prepared in HBSS buffer in the presence of 0.1% BSA, and under non-reducing or reducing
conditions, using 1ImM 2-ME reducing agent. Incubation with 1mM 2-ME were performed for
30min, at 37°C, before FCS measurements. FCS detected concentrations were calculated from
particle number obtained from autocorrelation analysis of fluctuations in intensity. (a)
Schematic representation of reducing agent effect in separating the disulfide-linked VEGF¢sa-
TMR promoters forming the homodimeric ligand. (b) FCS-detected concentration for 10nM
VEGF65a-TMR and 10nM TAMRA measured in buffer under non-reducing or 2-ME-reducing
conditions. (c) Molecular brightness (cpms?) determined using PCH analysis for 10nM
VEGFs5a-TMR and 10nM TAMRA measured in buffer under non-reducing or 2-ME-reducing

conditions. These data are expressed as mean from two independent experiments.

Using dithiothreitol (DTT) reducing agent to investigate homodimeric

structure of VEGFi¢;a-TMR fluorescent ligand

The next step was to use a different reducing agent, L-(-)-Dithiothreitol (DTT)
to confirm the homodimeric nature of VEGFissa-TMR ligand. This reducing
agent was previously used at a concentration of 100mM to investigate the

homodimeric structure of this fluorescent ligand using fluorescent SDS-PAGE
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(Kilpatrick et al., 2017). In this study, a range of VEGFiesa-TMR concentrations
(0.25 to 10nM) were prepared in HBSS buffer containing 0.1% BSA and pre-
incubated for 30min, at 37°C, with 10mM DTT. VEGFissa-TMR DTT-treated
showed a significant increase in particle number and, hence in concentration
(*p<0.0001, Figure 3.7.a). Linear regression analysis showed a slope of 1.61
(n=3, R? = 0.97; 95% confidence limits 1.5-1.7), for VEGFiesa-TMR under
reducing conditions. These data suggest a two-fold increase in concentration
calculated from particle number for DTT-treated vs non-treated VEGFissa-TMR,
indicating the successful disruption of homodimers to monomers. The use of
1mM concentration of DTT was not as efficient as 10mM DTT for the disruption
of dimeric ligand (Figure 3.7.b). DTT treatment had no significant effect on
TAMRA FCS-measured concentration (n=3, slope = 0.8; R?=1.0; 95% confidence
limits 0.7 — 0.8, Figure 3.7.c), indicating that DTT does not affect photophysical
properties of the fluorophore. No significant changes were observed in
diffusion time (or diffusion coefficients) for VEGFissa-TMR DTT-treated or
untreated conditions, which is represented in Figure 3.7.d, also determined
using Two-way ANOVA with Sidak’s multiple comparison test for the different
range of VEGFiesa-TMR concentrations under reducing or non-reducing

conditions.
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Figure 3.7. Investigation of homodimeric structure of VEGFissa-TMR ligand using
dithiothreitol (DTT) reducing agent. A range of VEGFieia-TMR or TAMRA fluorophore
concentrations (0.25 to 10nM) were prepared in HBSS buffer in the presence of 0.1% BSA, and
under non-reducing or reducing conditions. These were incubated for 30min, at 37°C with DTT
before FCS measurements. FCS detected concentrations was calculated from particle number
obtained from autocorrelation analysis of fluctuations in intensity. (a) Linear regression to
compare nominal vs FCS-detected concentrations for VEGFissa-TMR under non-reducing (slope
= 0.8) or reducing conditions (slope = 1.61), using 10mM DTT. (b) Linear regression comparing
nominal vs FCS-detected concentrations for VEGFigsa-TMR under non-reducing or reducing
conditions with 1ImM or 10mM DTT. (c) Linear regression comparing nominal vs FCS-detected
concentrations for TAMRA under non-reducing or reducing conditions using 10mM DTT. (d)
Representation of autocorrelation functions for 10nM VEGFigsa-TMR in HBSS buffer in the
absence or presence of 0.1% BSA and under non-reducing or reducing conditions (10mM DTT).
These autocorrelation curves were normalized considering G(t) at 3us 100%. Data in (a), (b)
and (c) are expressed as mean + SEM from three independent experiments. Treatment with
1mM DTT is from two individual experiments. * p<0.0001 Two-way ANOVA with Sidak’s

multiple comparison test.
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PCH analysis was also used to compare molecular brightness (g) measured for
DTT-treated and untreated VEGFissa-TMR at different concentrations. This
analysis showed a significant increase, rather than decrease, in € for all
concentrations of VEGFigsa-TMR under DTT-treated condition, compared to
DTT-untreated condition (Table 3.3). This difference was particularly significant
for lower concentrations (with a 1.4-fold difference for 0.25nM VEGF1g5a-TMR
concentrations), compared to higher concentrations (with a 0.5-fold difference
for 10nM VEGF165a-TMR concentrations). Particle number measured using PCH
analysis was very similar to particle number measured using autocorrelation

analysis.

Table 3.3. Molecular brightness (€) measured using PCH analysis for a range
of VEGF1¢sa-TMR concentrations prepared in HBSS containing 0.1% BSA under

reducing or non-reducing conditions, using 10mM DTT reducing agent.

Molecular brigthness
Without DTT With DTT
[VEGFissa-TMR] (nM) |  mean + SEM x10° | mean + SEM x10° | p value
(cpms™) (cpms™)

0.25 118.3+4.8 285.0+£5.4 Rk
0.5 153.6+8.3 345.8+5.2 ok
1 169.8+3.9 327.3+4.9 **
2 178.5+7.2 297.4+£35 *
4 184.3+8.5 299.7+2.6 *
6 192.2+6.5 301.1+2.7 *
8 192.5+6.7 297.8+3.0 *
10 194.2+8.6 294.4£3.2 *

Molecular brightness data is displayed as mean + SEM from 3 independent experiments. Data

analysis was performed using Two-way ANOVA with Sidak’s multiple comparison test.
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3.4. Discussion and Conclusion

A fluorescently labelled version of VEGF1gsa dimeric ligand (VEGF1ssa-TMR) was
developed by Promega and has been used by our lab for the pharmacological
characterisation of human full-length VEGFR2, and more recently its co-
receptor neuropilin-1 (NRP-1), at the level of ligand binding and function

(Kilpatrick et al., 2017; Peach et al., 2018b).

FCS and autocorrelation analysis have been applied to investigate diffusion
characteristics of free fluorescent ligands in solution, and fluorescent ligands
bound to receptors in membranes and whole-living cells, by positioning the
small defined confocal volume on the cell membranes and in the cytosol
(Briddon et al., 2018; Gherbi et al., 2018; Herrick-Davis et al., 2012; Kilpatrick
et al., 2012). In this study is demonstrated the sensitivity of FCS technique to
characterise free VEGFiesa-TMR fluorescent ligand in solution, by measuring its
‘real’ concentration in buffer, and to determine its homodimeric structure. FCS
measurements of a range of VEGFissa-TMR concentrations (considering
dimeric species) in buffer without the presence of 0.1% BSA, showed reduced
particle number and calculated concentration compared to nominal (or added)
concentrations. VEGFissa-TMR is a large (~165kDa) and lipophilic peptide
ligand that can form non-specific interactions with plastic during sample
preparation, and to the plate coverglass during FCS measurements, leading to
ligand depletion over time (Figure 3.4.). This is an important observation, since
ligand concentration is crucial when performing assays to measure, for
example, ligand-receptor binding kinetics or receptor function, using reporter
gene assays, where the system is dependent on the concentration of ligand

added.

Here is demonstrated that FCS can be used to sensitively monitor ligand
depletion over time. The incorporation of 0.1% BSA in buffer restored the
concentrations to added values, suggesting that BSA is acting as a blocker to

reduce non-specific interactions between ligand and plastic/glass surfaces.
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Therefore, incorporation of 0.1% BSA in buffer is important when performing
assay measurements using this fluorescent ligand (Kilpatrick et al., 2017; Peach
et al., 2018b). Notably, incorporation of 0.1% BSA in buffer also showed to
rescue TAMRA fluorophore concentrations, by reducing non-specific binding of
this fluorophore to plastic/glass surfaces. These data suggest that the
fluorophore moiety has a large contribution to the non-specific binding

properties of VEGFigsa-TMR fluorescent ligand.

No significant differences were observed in diffusion times (or calculated
diffusion coefficients) from autocorrelation analysis of VEGFissa-TMR in the
presence or absence of 0.1% BSA, suggesting that BSA is not binding directly to
VEGFissa-TMR. However, the autocorrelation analysis is not sensitive enough
to detect possible BSA (~66kDa) binding to VEGFiesa-TMR ligand (~165kDa).
This is because only differences of 1.6-fold in diffusion times can be detected,
which is equivalent of an approximate six-fold difference in molecular weight
(Briddon et al., 2010). Previous reports have demonstrated direct interaction
between BSA and fluorescent probes (Ghosh et al., 2016). Therefore, it is likely
that BSA may also be interacting with VEGFissa-TMR ligand and acting as a

protein carrier to reduce non-specific binding to surfaces.

FCS-detected concentrations measured for a range of VEGF1gsa-TMR (assuming
dimeric species) matched with the same range of concentrations for TAMRA
single fluorophore (Figure 3.5.). These data provided strong evidence for the
dimeric structure of VEGF1ssa-TMR. This fluorescent ligand was known to be
formed by two antiparallel disulphide-bridged protomers, each labelled with a
TMR fluorophore. Therefore, incubation of VEGFissa-TMR ligand under
reducing conditions, should result in the disruption of VEGFissa-TMR
promoters, rendering them to a monomeric structure. The use of 1ImM 2-
mercaptoethanol resulted in an increase in particle number and calculated
concentration, using autocorrelation analysis, and a decrease in molecular
brightness. However, similar observations were observed for TAMRA
fluorophore also pre-incubated under 2-ME reducing conditions, suggesting

that 2-ME can change fluorescence quantum vyield, possibly due to
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fluorescence quenching. Quenching can be defined as a loss of fluorescence
signal as a result of short series of interactions between the fluorophore and
the local environment (Nagaraja et al., 2015). Fluorescence quenching leads to
the decrease in proton emission which greatly decreases the fluorophore
quantum vyield (Nagaraja et al., 2015). In fact, studies investigating quantum
dot fluorescence intermittency and its dependence on 2-ME showed that this
reducing agent acts as a blinking suppressant (Hohng and Ha, 2004; Nadeau et
al., 2012). Therefore, a different reducing agent, dithiothreitol (DTT) was used
which did not change the photophysical properties for the TAMRA fluorophore.
Treatment of VEGF1ssa-TMR ligand under DTT-reducing conditions resulted in
a two-fold increase in particle number (hence calculated concentration), which
was measured using both autocorrelation analysis and PCH analysis. These data
show evidence that VEGFigsa-TMR is formed by two protomers bridges by
disulphide bonds. Molecular brightness, measured using PCH analysis, was
investigated to access whether both protomers forming the dimer are labelled
with a TMR fluorophore. Molecular brightness resulted in an increase, instead
of a decrease, in molecular brightness which was particularly significant at
lower ligand concentrations (Table 3.3.). These observations can be explained
by a phenomenon of self-quenching (Behera et al., 2017), which would alter
the quantum yield of monomers compared to homodimers in solution.
Therefore, in this case we could not determine ligand stoichiometry based on

PCH analysis.

Overall, FCS allowed the precise measurement of concentration in solution for
VEGFissa-TMR peptide ligand, as well as for a small fluorophore (TAMRA,
~52kDa). Incorporation of 0.1% BSA in buffer is important as it prevents ligand
depletion by reducing non-specific binding of VEGF1s5a-TMR to plastic and glass
surfaces. Measurements under non-reducing conditions, using DTT reducing

agent demonstrated the homodimeric structure of this ligand.
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Chapter 4: Characterisation of two different class A GPCRs and
VEGFR2 at the level of ligand binding using NanoBRET.

4.1. Introduction

G-protein coupled receptors (GPCRs) and Receptor Tyrosine Kinases (RTK) are
two major families of transmembrane receptors in eukaryotic cells (Kamato et
al., 2013). These receptors are activated upon agonist ligand binding, which
leads to a conformational change of the receptor and consequent activation of
different signalling cascades for signalling propagation (Drake et al., 2006;
Sarabipour et al., 2016; Simons et al.,, 2016). Ligand-receptor binding
pharmacology has been studied using different methodologies (Stoddart et al.,
2016). Traditional methods have applied the use of radiolabelled-ligands
(radioligands) to investigate ligand-receptor interactions both in vitro (Baker,
2005; Baker et al., 2002; Dionisotti et al., 1997) and in vivo (Grachev et al., 2014;
van Waarde et al., 2004). Radioligands are not only expensive to manufacture,
but also need expensive licencing for their safe disposal and handling. More
recently, fluorescently-labelled ligands have been developed as an alternative
and successful approach to measure ligand-receptor binding pharmacology for
different GPCRs (Arruda et al., 2017; Soave et al., 2016; Stoddart et al., 20153,
2012), and more recently for VEGFR2 (Kilpatrick et al., 2017) and its co-receptor
neuropilin-1 (Peach et al., 2018b). Fluorescent ligands are composed by a
pharmacologically active pharmacophore conjugated to a fluorescent dye via a
linker region (Middleton and Kellam, 2005). The chemical structure of
fluorescent ligands is usually very bulky and highly lipophilic, which can lead to
high degree of non-specific binding and intracellular uptake in cells (Baker et
al., 2003). To overcome this limitation, our lab has combined the use of
fluorescent ligands with a proximity-based technique, NanoBRET (Stoddart et
al.,, 2015a, 2018). NanoBRET technology enables accurate measurement of
specific ligand-receptor interactions that occur at a distance <10nm, at real-

time in living cells (Stoddart et al., 2015a).
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One of the aims of this PhD project was to investigate the molecular
interactions between a receptor tyrosine kinase, VEGFR2 and two different
class A GPCRs (adenosine or Bz-adrenergic receptors), which been shown to
have an intimate relationship to promote tumour angiogenesis and invasion
(Ahmad et al., 2009; Barron et al., 2012; Creed et al., 2015; Gessi et al., 2011;
Hatfield and Sitkovsky, 2016; Sloan et al., 2010). Receptor-receptor interactions
were investigated using NanoBRET methodology, which study is described later

in Chapter 5.

This chapter will present the pharmacological characterisation of human full-
length receptors (Adenosine A, As, B2-adrenergic receptors and VEGFR2) that
have been fused at the N-terminus with a NanoLuc luciferase and
overexpressed in HEK 293T cells. This chapter will also describe the
pharmacological characterisation of NanolLuc-tagged-B,-adrenoceptors
expressed in two different breast cancer cell lines, a highly metastatic human
breast cancer cell line (MDA-MB-231"M) and a low metastatic mouse breast
cancer cell line (66cl4). The pharmacological characterisation of these
receptors was performed using NanoBRET-based assays with a combination of

fluorescently labelled and unlabelled ligands.

NanoBRET-based assays to investigate ligand-receptor binding pharmacology

Investigation of ligand binding is an important pharmacological approach to
investigate how a certain molecule binds to its receptor (Kenakin and Williams,
2014). Three different NanoBRET assays have been developed to investigate
ligand-receptor binding kinetics: saturation and competition binding assays
which are performed under equilibrium conditions, and the kinetics binding
assay that is performed under non-equilibrium conditions (Stoddart et al.,

2018).

i) NanoBRET Saturation binding assay

The NanoBRET saturation binding assay was applied in this study to investigate

the ability of different receptors, that have been modified to express a NanoLuc
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luciferase tag at the N-terminus, to bind fluorescently-labelled ligands. The
strength of the interaction between the ligand and its receptor (binding
affinity) is quantified in this assay after whole-cell incubation with increasing
concentrations of fluorescently-labelled ligand for 60min at 37°C, to achieve
equilibrium (Stoddart et al., 2015a). The concentration of ligand required to
bind 50% of available receptors at equilibrium is defined as equilibrium
dissociation constant (Kp), which is commonly used to evaluate and rank
strengths of molecular interactions between labelled ligands and cognate
receptors (Kenakin, 2017; Stoddart et al., 2018). Non-specific binding is
determined in the presence of a fixed high concentration of non-fluorescent
competitors (Stoddart et al., 2015a). In these experiments, NanoLuc-tagged
receptors were used as BRET donors (after treatment with NanoLuc luciferase
substrate, furimazine), whereas fluorescent ligands that specifically engage

with the Nluc-tagged receptor act as BRET acceptors (Stoddart et al., 2015a).

ii)  NanoBRET competition binding assay

A competition binding assay was used to determine the concentration of
competing ligand needed to inhibit 50% of the specific binding of a fixed
concentration of fluorescent ligand (ICso). Cells were co-treated with a fixed
concentration of labelled ligand and increasing concentrations of unlabelled
ligands to determine their binding affinities at the Nluc-tagged receptor.
Negative log inhibitory dissociation constant (pKi) of unlabelled ligands is
calculated from obtained ICso values using the Cheng Prusoff equation, as

indicated in the methods Chapter 2, section 2.5.8.

iii) NanoBRET binding kinetics assay

NanoBRET binding kinetics assay can determine real-time association (kon) and
dissociation (koff) rates of the fluorescent ligand, as well as, its residence time
on the receptor, which is calculated from the kot (1/koff) (Guo et al., 2016b;

Stoddart et al., 2018). These are important pharmacological parameters to
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consider when applying small molecules in an in vivo system, where equilibrium

is rarely reached (Guo et al., 2016b).

4.2. Brief materials and methods

Cell culture

In this chapter, HEK 293T stably transfected with N-terminally tagged human
full-length receptors with NanoLuc luciferase [adenosine As receptor (Nluc-
AsR), Bo-adrenergic receptor (Nluc-B2AR) and VEGFR2 (Nluc-VEGFR2)] were
used. As well as, HEK 293T transiently transfected with Nluc-tagged adenosine
Aza receptor (Nluc-A2aAR). Two different breast cancer cell lines were also used,
which were transfected with a lentiviral construct (pSIN-Nluc-B,AR) to stably
express human Nluc-tagged-B.AR, see transfection details in chapter 2, section
2.3.1. The breast cancer cell lines used here were the human triple-negative (or
highly metastastic) breast cancer cell line, MDA-MB-231"™ (MDA-231; which
lack expression of HER2 (human epidermal growth factor receptor 2),
progesterone and estrogen receptors (Pon et al., 2016)), and a low metastatic

mouse breast cancer cell line 66cl4 (Sloan et al., 2010).

Confocal fluorescence imaging

Confocal imaging was performed using a Leica SP8 inverted microscope to
visualise labelling of endogenous and overexpressing Nluc-B,AR in MDA-231
cells, using a propranolol fluorescent ligand derivative (propranolol-p-Ala-f3-
Ala-X-BODIPY630/650, here mentioned as propranolol-BY630/650), see further

details in Chapter 2, section 2.6.3.

Wide-field luminescence imaging
Bioluminescence imaging was performed using an Olympus LV200 wide-field
inverted microscope. Bioluminescence imaging was used to visualise and

guantify BRET resulting from resonance energy transfer (RET) between Nluc-
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B2AR and receptor-bound propranolol-BY630/650 (see further details in
Chapter 2, section 2.6.4.)

NanoBRET binding assays

NanoBRET saturation, competition and kinetics binding assays were performed
using a PHERAstar or CLARIOstar plate-readers, and the whole animal
bioluminescence imager (IVIS Lumina Il camera system), as described in
Chapter 2, section 2.5. NanoBRET binding assays were used to characterise
ligand-receptor binding for full-length human receptors labelled at the N-
terminus with NanoLuc luciferase, stably or transiently expressed in HEK 293T

and in breast cancer cell lines, 66cl4 and MDA-231.
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4.3. Results

Pharmacological characterisation of fluorescently-labelled ligand-receptor

binding in HEK 293T cell model using a NanoBRET saturation binding assay

A NanoBRET saturation binding assay was used to investigate binding affinity
and specificity at the different receptors of interest that have been fused to
express NanolLuc luciferase at their N-terminus. A non-selective adenosine
fluorescent antagonist, CA200645, was used to investigate its binding affinity
at the Nluc-tagged adenosine Az and A,a receptors stably or transiently
transfected in HEK 293T cells, respectively. CA200645 is a derivative of the
adenosine receptor antagonist XAC (xanthine amine congener) linked to
BODIPY 630/650 via a B-Ala-B-Ala linker (Stoddart et al., 2015). This fluorescent
ligand has been previously used to investigate binding affinity in untagged
human adenosine A; and As receptors overexpressed in Chinese hamster
ovarian (CHO) cells, using high content imaging (Stoddart et al., 2012). This
fluorescent ligand displayed high affinity for Az receptors with rapid association
to the receptor (fast on-rate) and slow dissociation (slow off-rate) (Corriden et

al., 2014; Stoddart et al., 2012).

A binding affinity of 7.68 + 0.08 (n=5), represented as negative log of
equilibrium dissociation constant (pKp), was obtained for Nluc-A; adenosine
receptor (Figure 4.1.a, Table 4.1.). Whereas, a pKp of 7.64 + 0.05 (n=5) was
obtained at the Nluc-A;a (Figure 4.1.b, Table 1). These data show similar
binding affinities for both receptors. Low level of non-specific binding was
determined using a fixed high concentration of a unlabelled selective
antagonists, 10uM MRS1220, for Nluc-AsR (Jacobson et al., 1997), and 10uM
SCH58261 for the Nluc-AzaR (Ongini, 1997).
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Figure 4.1. NanoBRET saturation binding assay to determine CA200645 fluorescent ligand
binding affinity at the Nluc-A; (a) and A, (b) adenosine receptors. HEK 293T cells stably or
transiently expressing Nluc-tagged-As or -A,x adenosine receptors, respectively, were treated
with increasing concentration of CA200645 fluorescent ligand. Non-specific binding was
determined with co-treatment with a fixed high concentration of a specific unlabelled
antagonist (MRS1220 for As receptor, and SCH58261 for A4 receptor). Cells were treated with
respective ligands for 60min, at 37°C. BRET measurements were performed using a PHERAstar
plate-reader, 5min after incubation with furimazine substrate. Data are combined BRET ratios
expressed as mean + SEM of 5 independent experiments, using triplicate measurements per

experiment.

Table 4.1. Saturation binding data for Nluc-As; and Nluc-A;a adenosine
receptors using CA200645 fluorescent ligand and selective unlabelled

antagonists to determine non-specific binding.

Saturation Binding
Fluorescent Literature
Receptor . Kpx SEM n
P ligand p¥o PKb
Nluc-AsAR CA200645 7.68 +0.08 5 7.6(1)
Nluc-AzaAR CA200645 7.64 £ 0.05 5 -

Data are represented as negative log of equilibrium dissociation constant (pKp) and expressed
as mean + SEM of n number of individual experiments. Literature pKp value was obtained from

(1) (Stoddart et al., 2015a), who used the same methodology and fluorescent ligand.
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Two different antagonist fluorescent ligands (CGP12177-TMR and propranolol-
BY630/650) were used to characterise Nluc-tagged-B;-adrenoceptors stably
expressed in HEK 293T cells. The CGP12177-TMR (also known as BODIPY-TMR-
CGP) is a bordifluoropyrromethane-tetramethyl-rhodamine derivative of the
B1- and B2-AR antagonist ligand CGP12177 (Baker et al., 2003). This fluorescent
ligand has been characterised at the level of binding and functional properties
at the human BAR (Baker et al., 2003), and more recently at human B:AR
(Gherbi et al., 2014, 2015) in CHO cells. Upon excitation, this fluorescent ligand
emits light at 560nm (Baker et al., 2003). propranolol-B-Ala-B-Ala-X-
BODIPY630/650 (mentioned here as propranolol-BY630/650) is a propranolol
fluorescent derivative that has been previously characterised in HEK 293T cells
(Stoddart et al., 2015a). This is a red-shifted ligand with emission peak at
650nm. Saturation binding data measured at Nluc-B2AR resulted in a pKp of
7.98 £ 0.11 (n=5) for CGP12177-TMR, whereas a pKp of 7.86 + 0.03 (n=5) was
obtained for propranolol-BY630/650 (Figure 4.2. a and b, Table 4.2.). Previous
studies have reported that both ligands have high affinity for AR and slow
dissociation from the receptor (Baker et al., 2003; Stoddart et al., 2015a). Low
level of non-specific binding was observed for both fluorescent ligands, which
was determined using an unlabelled selective B2AR antagonist , ICl 118551

(Baker, 2003, 2005).

(a) CGP12177-TMR ligand (b) Propranolol-BY630/650 ligand
-0~ CGP12177-TMR -0~ Propranolol-BY630/650
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Figure 4.2. NanoBRET saturation binding assay to determine binding affinity for two different

fluorescent ligands, CGP12177-TMR and propranolol-BY630/650 at the Nluc-B,-adrenoceptor
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overexpressed in HEK 293T cells. HEK cells stably Nluc-tagged-B,AR, were treated with
increasing concentrations of either CGP12177-TMR (a) or propranolol-BY630/650 (b)
fluorescent ligands. Non-specific binding was determined by co-treatment of cells with a fixed
high concentration of a specific unlabelled antagonist ICl 118551 (100nM for experiments using
CGP12177-TMR, and 10uM for experiments using propranolol-BY630/650). Cells were treated
with respective ligands for 60min, at 37°C. BRET measurements were performed using a
PHERAstar plate-reader, 5min after incubation with furimazine substrate. Data are combined
BRET ratios expressed as mean * SEM of 5 independent experiments, using triplicate

measurements per experiment.

Table 4.2. Saturation binding data for Nluc-B.AR using CGP12177-TMR or
propranolol-BY630/650 fluorescent ligands, and a selective unlabelled

antagonist to determine non-specific binding.

Saturation Binding
. Literature
Receptor Fluorescent ligand pKo+ SEM n oK
D
Nluc-B2AR CGP12177-TMR 7.98+0.11 5 7.57 (1)
Nluc-BzAR  propranolol-BY630/650  7.86+0.03 5 7.72(2)

Data are represented as negative log of equilibrium dissociation constant (pKp) and expressed
as mean * SEM of n number of individual experiments. Similar pKp value was obtained for
CGP12177-TMR measured in untagged B,AR overexpressed in CHO cells, using fluorescent
intensity with confocal microscopy (1) (Baker et al., 2003). Similar pKp value was also obtained
for propranolol-BY630/650 at Nluc-B,AR stably expressed in HEK 293T, measured using the
same methodology (1) (Stoddart et al., 2015a).

To investigate the ability of Nluc-tagged VEGFR2 to bind cognate ligands, a
tetramethyl-rhodamine-labelled VEGFissa agonist ligand (VEGFiesa-TMR) was
used. This fluorescent ligand has been previously characterised in Chapter 3 as
an antiparallel bound dimer, with each VEGFissa protomer labelled at a single
cysteine amino acid with a tetramethyl-rhodamine (TMR) fluorophore. This
fluorescent ligand has been previously characterised for its binding and
functional properties at Nluc-VEGFR2 (Kilpatrick et al., 2017), and neuropilin-1
(Peach et al., 2018b). In this study, a pKp of 9.09 + 0.08 (n=4) was obtained for
VEGFi65a-TMR at the Nluc-VEGFR2 (Figure 4.3., Table 4.3.), which corresponds
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to previously reported pKp (9.04) using the same NanoBRET approach
(Kilpatrick et al., 2017). A low level of non-specific binding was also observed
across the range of concentrations of fluorescent ligand used, when competing

with 10nM unlabelled VEGFiesa ligand.

VEGFR2

-0~ VEGF-TMR
0.047 o VEGF-TMR + 10nM VEGF g5
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Figure 4.3. NanoBRET saturation binding assay to determine binding affinity for VEGF¢sa-
TMR fluorescent ligand at the Nluc-tagged-VEGFR2. HEK 293T cells stably expressing Nluc-
tagged-VEGFR2, were treated with increasing concentration of VEGFissa-TMR labelled ligand
(a and al) Non-specific binding was determined by co-treatment of cells with a fixed high
concentration of unlabelled VEGFgsa agonist. Cells were treated with respective ligands for
60min, at 37°C. BRET measurements were performed using a PHERAstar plate-reader, 5min
after incubation with furimazine substrate. Data are combined BRET ratios expressed as mean

+ SEM of 5 independent experiments, using triplicate measurements per experiment.

Table 4.3. Saturation binding data for Nluc-VEGFR2 using VEGFigsa-TMR
fluorescent ligand and an unlabelled VEGFissa ligand to determine non-

specific binding.

Saturation Binding

. Literature
Receptor | Fluorescentligand pKpx SEM n oK
D
Nluc-VEGFR2 VEGFiesa-TMR 9.09£0.08 4 9.04 (1)

Data are represented as negative log of equilibrium dissociation constant (pKp) and expressed
as mean = SEM of n number of individual experiments. Similar pKp value was obtained using
the same methodology and fluorescent ligand at Nluc-VEGFR2 stably expressed in HEK 293T
cells (1) (Kilpatrick et al., 2017).
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Pharmacological characterisation of unlabelled ligand-receptor binding in

HEK 293T cell model using a NanoBRET competition binding assay

A NanoBRET competition binding assay was used to investigate binding affinity
of unlabelled ligands at the different receptors of interest. Affinities are
displayed as negative log inhibitory dissociation constant (pKi). For Nluc-As
adenosine receptor, a fixed concentration of 100nM CA200645 fluorescent
ligand was used together with increasing concentrations of the adenosine AsR-
selective antagonist MRS1220 (Jacobson et al., 1997), A1R-selective antagonists
DPCPX and PSB36 (Alexander et al., 2013), and the non-selective agonist NECA
(Jacobson et al., 1997). Saturation binding data showed pKi values of 7.90 +
0.10 (n=5) and 6.09 * 0.07 (n=5) for MRS1220 and for NECA, respectively
(Figure 4.4.a, Table 4.4.). As expected, the adenosine AiR-selective antagonists
only showed a small degree of binding at high non-selective concentrations

(10uM).

For Nluc-Aza adenosine receptor, a fixed concentration of 25nM CA200645
fluorescent ligand was used together with increasing concentrations of the
adenosine AaR-selective antagonist, SCH58261 (Fredholm et al.,, 1998).
Saturation binding data resulted in a pKi = 7.48 + 0.13 (n=6) for SCH58261
(Figure 4.4.b, Table 4.4.). This is the first study showing the characterisation of
full length human adenosine Axa receptor using NanoBRET. Previous studies
using membrane preparations and radioligand antagonists reported pKi values

of 8.3 —9.2 (Table 4.4.).
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Figure 4.4. NanoBRET competition binding assay to determine binding affinity for different
unlabelled ligands at the (a) Nluc-A; or (b) Nluc-A,, adenosine receptors. HEK 293T cells stably
expressing Nluc-tagged-As or transiently expressing Nluc-A,a receptors, were treated with a
fixed concentration of CA200645 fluorescent ligand (100nM used for adenosine Nluc-AsR and
25nM used for the adenosine Nluc-A;aR) and increasing concentrations of unlabelled ligands.
Cells were treated with respective ligands for 60min, at 37°C. BRET measurements were
performed using a PHERAstar plate-reader, 5min after incubation with furimazine substrate.
Basal represents cells treated with furimazine only (BRET baseline, grey bar). Whereas black
bar corresponds to cells treated with fluorescent ligand alone. Data are combined BRET ratios
expressed as mean + SEM of 5 or 6 independent experiments, for adenosine Nluc-A; or Nluc-

Aza, respectively, using triplicate measurements per experiment.

Table 4.4. Competition binding data for different unlabelled ligands at Nluc-

As or Nluc-A;a adenosine receptors, using CA200645 labelled ligand.

Competition Binding

Fluorescent | Unlabelled . Literature
+
Receptor ligand ligands pKi £ SEM n pKi
MRS1220 7.90+0.10 5 8.2-9.3(1-4)
Nluc-AsAR CA200645
NECA 6.09 £+ 0.07 5 7.5-8.4(2,6)

Nluc-AzaAR | CA200645 SCH58261 7.48 £0.13 6 | 83-9.2(57.38)

Data are represented as negative log of inhibition dissociation constant (pKi) for unlabelled
ligands, expressed as mean + SEM of n number of individual experiments. pKi values were
slightly lower compared to reported pKi values in the literature, using NanoBRET (1), high-
content fluorescence imaging (2,3) and radioligand binding assays (4-8).

(1) (Stoddart et al., 2015a)
(2) (Stoddart et al., 2012)
(3) (Arruda et al., 2017)
(4) (Jacobson et al., 1997)
(5) (Yates et al., 2003)

(6) (Bosch et al., 2004)

(7) (Ongini, 1997)

(8) (Dionisotti et al., 1997)
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At Nluc-B, adrenergic receptor, using CGP12177-TMR as tracer, pKi values of
9.06 + 0.12 (n=6), 8.96 + 0.12 (n=6), 9.04 + 0.15 (n=6) and 6.05 + 0.22 (n=6)
were obtained for ICI 118551, propranolol, CGP12177 and for the B-AR-
selective agonist isoprenaline (Baker, 2010), respectively (Figure 4.5a, Table
4.5.). Whereas, pKivalues of 8.48 £ 0.11 (n=5), 8.48 + 0.09 (n=5) and 6.38 £ 0.16
(n=5) were obtained for ICI118551, propranolol and isoprenaline, respectively,
to compete with propranolol-BY630/650 labelled ligand (Figure 4.5b, Table
4.5.). The selective-B1AR antagonist, CGP20712A (Baker, 2005), did not show
binding at B2AR, as it was not able to compete with propranolol-BY630/650
even at high concentrations of 10uM (pKi > 5). Competition binding data
obtained was similar to previous studies performed using NanolLuc-tagged
(Stoddart et al., 2015a) and untagged receptors (Arruda et al., 2017; Dionisotti
et al., 1997; Ongini, 1997; Stoddart et al., 2012) (Table 4.5.).

(a) CGP12177-TMR ligand (b) Propranolol-BY630/650 ligand
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Figure 4.5. NanoBRET competition binding assay to determine binding affinity of different
unlabelled ligands at the Nluc-B>AR. HEK 293T cells stably expressing Nluc-tagged-f,-
adrenoceptors, were treated with a fixed concentration of (a) CGP12177-TMR or (b)
propranolol-BY630/650 fluorescent ligands and increasing concentrations of unlabelled
ligands. Cells were treated with respective ligands for 60min, at 37°C. BRET measurements
were performed using a PHERAstar plate-reader, 5min after incubation with furimazine
substrate. Data are represented as previously described. Data are combined BRET ratios
expressed as mean * SEM of 5 (using propranolol-BY630/650) or 6 (using CGP12177-TMR)

independent experiments, using triplicate measurements per experiment.
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Table 4.5. Competition binding data for different unlabelled ligands at Nluc-
B2AR, using two different labelled ligands, CGP12177-TMR and propranolol-

BY630/650.
Competition Binding
. . . Literature

Receptor Fluorescent ligand Unlabelled ligands | pKi = SEM n oKi

ICl 118551 _ 9.06+0.12 6 9.2-9.5(1-3)

CGP12177-TMR Isoprenaline 6.05%+0.22 6 6.4-6.6(1,3)

Nluc-B.AR |

Propranolol 896+0.12 6 9.1-9.5(2,3)

CGP12177 9.04+0.15 6 -

ICI 118551 8.48+0.11 5 8.04 (4)

Propranolol-BY630/650 Isoprenaline 6.3810.16 5 64-6.6(1,34)

Nluc-B.AR

Propranolol 8.48 +0.09 5 8.1(4)

CGP20712A >5 5 5.68(2)

Data are represented as negative log of inhibition dissociation constant (pKi) for unlabelled
ligands, expressed as mean + SEM of n number of individual experiments. pKi values obtained
were similar to previously published data using radioligand binding (1,2,4,5), fluorescence
intensity measurements (3) and NanoBRET (6).

1) (Baker, 2005)

2) (Baker, 2010)

3) (Arruda et al., 2017)

4) (Alexander et al., 2017)

(
(
(
(
(5) (Baker et al., 2002)
(

6) (Stoddart et al., 2015a)

Competition binding data for Nluc-VEGFR2 resulted in a pKi of 10.17 £ 0.09
(n=7, Figure 4.6., Table 4.6.) for the unlabelled VEGFiesa agonist, when
competing with 3nM VEGFi6sa-TMR fluorescent ligand. These results are in
agreement with previous published data using the same NanoBRET approach
(Kilpatrick et al., 2017) and radioligand binding studies using untagged VEGFR2
(Leppanen et al., 2010; Simon et al., 1998).
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Figure 4.6. NanoBRET competition binding assay to determine binding affinity of
unlabelled VEGFigsa agonist at the Nluc-VEGFR2. HEK 293T cells stably expressing
Nluc-tagged-VEGFR2, were treated with a fixed concentration of VEGFigsa-TMR
fluorescent ligand and increasing concentrations of unlabelled VEGFi¢sa ligand. Cells
were treated with ligands for 60min, at 37°C. BRET measurements were performed
using a PHERAstar plate-reader, 5min after incubation with furimazine substrate. Basal
represents cells treated with furimazine only (BRET baseline). Data are expressed as
combined BRET ratios of 7 independent experiments, using triplicate measurements

per experiment.

Table 4.6. Competition binding data for unlabelled VEGFissa ligand at Nluc-
VEGFR2, using VEGF165a-TMR labelled ligand.

Competition Binding

Receptor Unlabelled ligand pKi £ SEM n the:(tiure
Nluc-VEGFR2 VEGFi6s5a 10.17 £ 0.09 7 9.4-10.4(1-3)

Data are represented as negative log of inhibition dissociation constant (pKi) for the unlabelled
ligand, expressed as mean + SEM of n number of individual experiments. Similar pKi value was
obtained using the same methodology in previous published data (1), as well as in radioligand

binding studies using untagged receptor (2,3).

(1) (Kilpatrick et al., 2017)
(2) (Simon et al., 1998)
(3) (Leppanen et al., 2010)
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Pharmacological characterisation of cancer cell lines stably expressing Nluc-

B2-adrenoceptors

NanoBRET technology has shown great potential to investigate ligand-receptor
kinetics in living HEK cells (Stoddart et al., 2018). In this study we also
demonstrate the use of NanoBRET methodology to measure ligand binding to

Nluc-B;-adrenoceptors in a physiologically relevant whole-cell system.

Targeting B2-adrenoceptors has shown potential for the treatment of different
cancers including breast cancer (Chang et al., 2016; Melhem-Bertrandt et al.,
2011; Sloan et al., 2010). In this part of the study we describe the
pharmacological characterisation of two different breast cancer cell lines
(MDA-231 and 66cl4) that have been transfected with a lentiviral construct to

overexpress B2AR-tagged with NanoLuc at the N-terminus.

The NanoBRET saturation assay was performed using two different fluorescent
ligand tracers, propranolol-BY630/650 and CGP12177-TMR, previously used for
the characterisation of Nluc-B2AR overexpressed in HEK 293T cells. Saturation
binding experiments performed with 66¢cl4 Nluc-B.AR cell line showed a pKp
value of 7.84 + 0.06 (n=5) for CGP12177-TMR fluorescent antagonist, and a pKp
of 8.21 + 0.06 (n=5) for propranolol-BY630/650 (Figure 4.7. a and b, Table 4.7.).
In MDA-231 Nluc-B2AR cell line, saturation binding experiments resulted in pKp
= 7.25 £ 0.06 (n=5), for CGP12177-TMR, and pKp = 7.28 £+ 0.07 (n=5) for
propranolol-BY630/650 (Figure 4.8. a and b, Table 4.7.). Low level of non-
specific binding was observed across the range of concentrations for both

fluorescent ligands, in both cell lines.
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Figure 4.7. NanoBRET saturation binding assay to determine binding affinity of a B-selective
fluorescent antagonists CGP12177-TMR and propranolol-BY630/650 at the Nluc-B,AR
overexpressed in 66cl4 cells. 66cl4 cells stably expressing Nluc-tagged-B,AR were treated with
increasing concentration of CGP12177-TMR (a) or propranolol-BY630/650 (b) fluorescent
ligands. Non-specific binding was determined after co-treatment with a fixed high
concentration of the specific unlabelled antagonist ICI 118551. Cells were treated with
respective ligands for 60min, at 37°C. BRET measurements were performed using a PHERAstar
plate-reader, 5min after incubation with furimazine substrate. Data are combined BRET ratios

expressed as mean + SEM of 5 independent experiments, using triplicate measurements per

experiment.
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Figure 4.8. NanoBRET saturation binding assay to determine binding affinity of a B-
adrenoceptor selective fluorescent antagonists CGP12177-TMR and propranolol-BY630/650
at the Nluc-B,AR overexpressed in MDA-231 cells. MDA-231 cells stably expressing Nluc-
tagged-B,AR were treated with increasing concentration of CGP12177-TMR (a) or propranolol-
BY630/650 (b) fluorescent ligands. Cells were treated with fluorescent ligand alone or co-
treated with a high concentration of unlabelled ICI 118551 for 60min, at 37°C. BRET

measurements were performed using a PHERAstar (a) or a CLARIOstar (b) plate-reader, 5min

139



after incubation with furimazine substrate. Data are combined BRET ratios expressed as mean

+ SEM of 5 independent experiments, using triplicate measurements per experiment.

Table 4.7. Saturation binding data for CGP12177-TMR or propranolol-
BY630/650 at the Nluc-B2AR expressed in 66cl4 and MDA-231 cancer cell

lines.
Saturation Binding
+
Equipment Cell line Fluorescent ligand pKp * SEM n (T-IKEDK_ZSSE;':)
PHERAstar CGP12177-TMR 7.84 1 0.06 5 8.00+0.10
66cl4

Nluc-B2AR
PHERAstar Propranolol-BY630/650 8.21+£0.06 5 7.87+0.04
PHERAstar CGP12177-TMR 7.2510.06 5

MDA-231

Nluc-B2AR
CLARIOstar Propranolol-BY630/650 7.28+0.07 5

Data are represented as negative log of equilibrium dissociation constant (pKp) and expressed
as mean = SEM of n number of individual experiments. HEK 293T pKp values displayed are from

previous presented data (Figure 4.2, Table 4.2.).

Further pharmacological characterisation of MDA-231 Nluc-2AR cells using

propranolol-BY630/650 fluorescent ligand

Chapter 6 will describe the novel use of NanoBRET technology to monitor
ligand-B2-adrenoceptor engagement in vivo, using a breast cancer mouse
model available at Monash University (Alcobia et al., 2018; Sloan et al., 2010).
For these studies, the highly metastatic breast cancer cell line (MDA-231 Nluc-
B.AR) was used, together with propranolol-BY630/650 fluorescent probe,
which has a red-shifted emission (peak emission at 650nm) reducing tissue

absorption, and hence increasing fluorescence emission (Unen et al., 2015).

Fluorescence and bioluminescence imaging of MDA-231 cells with
propranolol-BY630/650 fluorescent probe
Standard confocal fluorescence imaging was used to investigate the binding of

propranolol-BY630/650 to endogenous B-adrenergic receptor in MDA-231 cells
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(Figure 4.9., upper left panel), and to both endogenous BAR and overexpressed
Nluc-B2AR in MDA-231 Nluc-B2AR cells (Figure 4.9., lower left panel). Both
functional B1- and B;- adrenergic receptors are known to be expressed in MDA-
231 cells, with B2AR being predominant (Creed et al., 2015; Pon et al., 2016).
Specific binding was investigated using a high concentration of the non-
selective BAR antagonist propranolol (Figure 4.9., right panels), which can bind
to both Bi- and B;-adrenoceptors. 10uM Propranolol was able to displace
binding of propranolol-BY630/650 to B,AR overexpressed in MDA-231 with
localisation on the cell surface. However, a substantial amount of fluorescent
ligand was observed inside these cells, which was not displaced by unlabelled
propranolol. This intracellular labelling is likely to be a result from non-specific
uptake of the fluorescent ligand, which is a common feature of fluorescent
ligands due to their bulky and highly lipophilic structure (Baker et al., 2003;
Stoddart et al., 2018).

Propranolol-BY630 +
10uM Propranolol

Figure 4.9. Confocal fluorescence imaging of non-transfected (parental) or stably transfected

Propranolol-BY630

MDA-231
parental

MDA-231
Nluc-B,AR

Nluc-B,AR MDA-231 cells, using propranolol-BY630/650 fluorescent ligand. MDA-231 non-
transfected (top panels) or stably transfected with Nluc-B,AR (bottom panels) were treated
with 50nM propranolol-BY630/650. Cells were pre-treated with Hoechst 33342 nuclear stain
(2 pg/ml; blue labelling) and then labelled for 30 min with fluorescent ligand (red labelling).

10uM non-selective B-adrenoceptor unlabelled antagonist propranolol was used to investigate
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specific binding of propranolol-BY630/650 (right panels). Cells were washed after ligand
incubation to remove unbound fluorescent ligand. Data are representative images from 3

independent experiments. Scale bar represent 50um.

Live cell bioluminescence microscopy was then applied to investigate the
location (cytoplasm and/or plasma membrane) of specific interactions
between the fluorescent ligand and Nluc-B2AR, in MDA-231 cells
overexpressing Nluc-B,AR (Figure 4.10.). Bioluminescence imaging was
performed by capturing sequential images of the luminescent donor (Nluc-
B.AR, DAPI channel Figure 4.10.a left panels) and the fluorescence emission of
the acceptor (fluorescent ligand, Cy5 channel, Figure 4.10.a right panels).
Acceptor emission only occurs upon energy transfer from the NanoLuc to the
fluorescent ligand at a very close proximity (distance <10nm), detecting specific
ligand-receptor interactions (Stoddart et al., 2018). Under basal conditions
there was no fluorescent signal detected, only luminescence background
(Figure 4.10. a and a1). In the presence of propranolol-BY630/650 there was a
significant increase in BRET signal (Figure 4.10. a1), which was decreased to
nearly basal levels in cells co-treated with the B.AR-selective unlabelled
antagonist ICI 118551. Specific ligand-receptor interactions were mainly

observed at the plasma membrane (Cy5 channel, Figure 10a).
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Figure 4.10. Using Bioluminescence imaging to localise (a) and measure (al) specific ligand-
B2AR interactions in MDA-231 Nluc-B,AR cells. MDA-231 Nluc-B,AR cells were treated with
400nM furimazine substrate alone (upper panels) to detect luminescence in the absence of
fluorescent ligand, using a DAPI channel (20 sec exposure time; 420nm longpass filter; upper
left panel) or a CY5 channel (4 min exposure time; 600/50nm bandpass filter; upper right
panel). Middle and lower panels show images from cells treated with 50nM propranolol-
BY630/650, in the absence (middle panels) or presence (lower panels) of the unlabelled
selective antagonist ICI 118551 (10uM). BRET ratios displayed in (al) were obtained using ROls
positioned on individual cells and quantified acceptor to donor emission ratios using Image)
time-series analyser. Scale bar represent 50um. Data show the mean + SEM obtained in 3
independent experiments. ** p<0.01 compared to basal or in the presence of 10uM ICl 118551,

using one-way ANOVA with Tukey multiple comparison test.

Characterisation of MDA-231 Nluc-B>AR using a whole-animal imaging
system

Two different systems were used for MDA-231 Nluc-B2AR in vitro cell line
characterisation, a CLARIOstar plate-reader and the whole-animal
bioluminescence camera system, IVIS Lumina Il. Since the IVIS camera system
will be used to perform NanoBRET measurements in living animals, it is
important to evaluate the dynamic range, spectral resolution and sensitivity of

this system for BRET detection, compared to a commonly used plate-reader.
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Saturation assay performed using the IVIS camera system showed a pKp=7.20
+ 0.06 (n=5), for propranolol-BY630/650 in MDA-231 NLuc-B2AR cells (Figure
4.11.). These results were very similar to binding affinity data obtained using

the CLARIOstar plate-reader (pKp = 7.16 + 0.07; Figure 4.8.b, Table 4.8.).
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Figure 4.11. NanoBRET saturation binding assay to determine binding affinity of propranolol-
BY630/650 at the Nluc-B,AR overexpressed in MDA-231 cells, using the IVIS Lumina Il camera
system. MDA-231 cells stably expressing Nluc-tagged-B,AR were treated with increasing
concentrations of propranolol-BY630/650 fluorescent ligand. Non-specific binding was
determined after co-treatment with a fixed high concentration (10uM) of the specific
unlabelled antagonist ICl 118551. Cells were treated with respective ligands for 60min, at 37°C.
BRET measurements were performed using the IVIS system, 5min after incubation with
furimazine substrate. Data are combined BRET ratios expressed as mean = SEM of 5

independent experiments, using triplicate measurements per experiment.
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Table 4.8. Saturation binding data for propranolol-BY630/650 at the Nluc-
B2AR expressed in MDA-231 cell lines, measured using a CLARIOstar plate-

reader or the IVIS Lumina Il system.

Saturation Binding

Cell line Fluorescent ligand Equipment pKp £ SEM n

CLARIOstar 7.16 £ 0.07 5
MDA-231 Nluc-f;AR| Propranolol-BY630/650

IVIS 7.20£0.06 5

Data are represented as negative log of equilibrium dissociation constant (pKp) and expressed

as mean * SEM of n number of individual experiments.

Characterisation of MDA-231 Nluc-2AR cell line using NanoBRET kinetics
binding assay

The propranolol-BY630/650 fluorescent ligand was further characterised to
investigate ligand-receptor binding kinetics under non-equilibrium conditions
in MDA-231 Nluc-B2AR cells, using a NanoBRET binding kinetics assay (Stoddart
et al., 2018). This assay can determine real-time ligand association (kon) and
dissociation (koff) rates, as well as its residence time (RT) on the receptor (Guo
et al., 2016b; Stoddart et al., 2018). These pharmacological parameters are
important to consider when using in vivo systems, where equilibrium is not
usually reached (Guo et al., 2016b).

NanoBRET kinetics binding assay showed a kon = 5.4x10° + 2.2x10° Mt min* and
a koff = 0.025 + 0.004 min! (n=5), obtained with the CLARIOstar plate-reader.
Using the IVIS system, a kon = 5.6 + 0.6 x10° Mt min'* and ko = 0.039 + 0.013
min? (n=3) were determined (Table 4.9.). A residence time (RT) of 44.1 + 6.7
min was obtained using the CLARIOstar plate-reader, whereas a RT = 37.7
18.3 min was determined using the IVIS camera system. Therefore,
propranolol-BY630/650 is a slow dissociating ligand at B2AR, which makes it an
ideal probe for in vivo application. Binding affinity under non-equilibrium
conditions can also be calculated as koff/kon (Pollard, 2010). A pKp = 7.24 £ 0.14
(n=5) was calculated from data using a CLARIOstar, and a pKp=7.23+ 0.24 (n=3)

was determined using the IVIS camera system (Figure 4.12., Table 9). Binding
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affinity constants obtained using a kinetics binding assay were similar to
binding affinity constants determined under equilibrium conditions using the

saturation binding assay (Table 4.7.).
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Figure 4.12. NanoBRET kinetics binding assay to measure propranolol-BY630/650 binding to
NanolLuc-tagged B2R, using a CLARIOstar plate-reader or the IVIS camera system. MDA-231
stably expressing Nluc-B,AR were firstly incubated for 15min with 10uM furimazine substrate,
at 37°C. Cells were then rapidly treated with four different concentrations of labelled
propranolol in the absence or presence of 10uM ICl 118551, to determine level of non-specific
binding. Data displayed has been baseline corrected after subtraction of non-specific
component (with 10uM ICI 118551). BRET measurements were obtained using a CLARIOstar
plate-reader (a) or the IVIS system (b). Sequential acceptor and acceptor emissions were
collected every minute for 60min at 37°C. Graphs presented represent a single experiment
from 5 (CLARIOstar) or 3 (IVIS) independent experiments, performed in triplicate wells. Data

are baseline corrected BRET ratios expressed as mean = SEM.

Table 4.9. Kinetics binding data for propranolol-BY630/650 at the Nluc-B>AR
expressed in MDA-231 cell lines, measured using a CLARIOstar plate-reader

or the IVIS Lumina Il system.

Kinetics Binding assay

Equipment | Fluorescent ligand | kon (M min™) kot (mint) pKp £ SEM RT (min) n
Clariostar Propranolol- 54+22x105| 0.025+0.004 | 7.24+0.14 | 44167 | 5
VIS BY630/650 56+0.6x105 | 0.039+0.013 | 7.23+024 | 37.7+18.2 | 3

Association (kon) and dissociation (ko) rates and dissociation constant calculated as Koft/kon,

represented as negative log (pKp), as well as residence time (RT; calculated as 1/k.s) are

expressed as mean + SEM of n number of individual experiments.
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Characterisation of MDA-231 Nluc-B2AR cell line using NanoBRET competition

binding assay

A NanoBRET competition binding assay was also used to investigate the ability
of unlabelled ligands to displace propranolol-BY630/650 at the Nluc-B2AR
expressed in MDA-231 cells (Figure 4.13. a and b, Table 4.10.). These assays
were also performed using a CLARIOstar plate-reader and the IVIS camera
system. Data for the selective B2AR antagonist ICl 118551 showed pKi values of
8.55 + 0.02 (n=5; CLARIOstar) and 8.59 + 0.03 (n=4; IVIS system). For the non-
selective antagonist carvedilol, pKi values of 8.42 + 0.15 (n=5; CLARIOstar) and
8.77 £ 0.23 (n=4; IVIS system) were obtained. For the non-selective antagonist
propranolol, pKi values of 8.69 + 0.18 (n=5; CLARIOstar) and 8.44 + 0.19 (n=4;
IVIS system) were determined. The selective BiAR antagonist CGP20712A
showed low level of binding at high non-selective concentrations. pKi values
obtained for IClI 118551 and propranolol were consistent to previous published
data using HEK 293T cells (Stoddart et al., 2015a). Finally, isoprenaline showed
low affinity, with pKi=5.99 + 0.04 (n=5; CLARIOstar), and pKi =6.08 + 0.03 (n=4;
IVIS system), which was expected, since agonists have lower affinity for inactive
receptor conformation (May et al., 2011). Binding affinity data obtained for
unlabelled ligands in MDA-231 cell line was similar to pKi values obtained in

HEK 293T Nluc-B2AR, using the same fluorescent ligand (Table 4.10.).
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Figure 4.13. NanoBRET competition binding assay was used to determine binding affinity of
different unlabelled ligands at the Nluc-B,AR in MDA-231 cells, using propranolol-BY630/650

fluorescent tracer. MDA-231 cells stably expressing Nluc-tagged-B,AR, were treated with a
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fixed concentration propranolol-BY630/650 fluorescent ligand and increasing concentrations
of unlabelled ligands. Cells were treated with respective ligands for 60min, at 37°C. BRET
measurements were performed using a CLARIOstar plate-reader (a) or the IVIS system (b), 5min
after incubation with furimazine substrate. Basal represents cells treated with furimazine only
(BRET baseline). Data are combined normalised BRET ratios expressed as mean = SEM of 5 (a,
CLARIOstar) or 4 (b, IVIS) independent experiments, using triplicate measurements per

experiment.

Table 4.10. Competition binding data for unlabelled ligands at Nluc-B2AR
expressed in MDA-231 cells, using propranolol-BY630/650 fluorescent ligand.

Competition Binding assay
Equipment Unlabelled ligand (II)\.:I([I)Z-SZET} n (T-I?Ki 259E3I\_II_I)
IC1118551 8.55+ 0.02 5 8.48+0.11
Clariostar Propranolol 8.69+ 0.18 5 8.48 £ 0.09
Carvedilol 842+ 0.15 5 -
Isoprenaline 5.99% 0.04 5 6.38+£0.16
IC1118551 8.59+ 0.03 4
VIS Propranolol 844+ 0.19 4
Carvedilol 8.77+ 0.23 4
Isoprenaline 6.08 £ 0.03 4

Data are represented as negative log of inhibition dissociation constant (pKi) for unlabelled
ligands, expressed as mean * SEM of n number of individual experiments. pKi values obtained
in MDA-231 Nluc-B,AR cell line were similar to values obtained in HEK 293T Nluc-B,AR cells,

using the same fluorescent ligand.
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4.4. Discussion and Conclusion

This chapter described the use of NanoBRET methodology to pharmacologically
characterise different GPCRs (adenosine Az and Axa receptors, as well as, Ba-
adrenoceptors) and VEGFR2, that have been modified to express NanoLuc
luciferase-tagged at the N-terminus and expressed in HEK 293T cells. This
chapter also demonstrated the successful use of NanoBRET to measure ligand-
Bo-adrenoceptor binding kinetics in a breast cancer cell model (MDA-231),
which was later used to monitor drug-B;-adrenoceptors engagement in vivo

(Chapter 6).

Fluorescent ligands have been recently developed as an alternative to
radioligands (Stoddart et al., 2015c). Fluorescent ligands can also be used to
visualise and measure ligand-receptor binding in single-cell and cell population
using different microscopy approaches (Briddon et al., 2018; Gherbi et al.,
2015, 2018; Stoddart et al., 2012). These ligands are composed of a
pharmacophore conjugated to a fluorophore via a linker (Middleton and
Kellam, 2005). Therefore, the chemical structure of fluorescently-labelled
ligands is usually very bulky and highly lipophilic that can lead to high level of
non-specific binding in cells and tissues (Baker et al., 2003), which was here
shown to be the case for propranolol-BY630/650 compound. Combining the
proximity-based NanoBRET technology with fluorescent ligands allows the
investigation of specific drug-receptor interaction, which can only be detected
at a distance <10nm to allows resonance energy transfer (RET) between the
donor and the acceptor. Moreover, NanoBRET methodology allows real-time

drug-receptor binding kinetic measurements to be performed in living cells.

Previous published studies have applied NanoBRET technology to measure
ligand-receptor binding pharmacology for the adenosine As; receptor, B»-
adrenoceptor (Stoddart et al., 2015a) and VEGFR2 (Kilpatrick et al., 2017).
These studies have compared binding properties of labelled and unlabelled
ligands in Nluc-tagged and untagged receptors. Binding affinities of labelled

ligands at the Nluc-As, B2AR and VEGFR2 receptors in HEK 293T were consistent
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to previous published data using NanoBRET (Kilpatrick et al., 2017; Stoddart et
al., 2015a), high-content imaging fluorescence intensity (Arruda et al., 2017;
Stoddart et al., 2012) and radioligand binding assays (Jacobson et al., 1997;
Yates et al., 2003). Compared to published data using Nluc-tagged (Stoddart et
al., 2015a) and untagged-adenosine AsR (Alexander et al., 2017; Yates et al.,
2003) competition binding data for Nluc-AsAR showed lower binding affinity
for these ligands (lower pKi values, Table 4.4.), compared to a study using the
same methodology and fluorescent ligand (Stoddart et al., 2015a). In Stoddart
et al. study, a concentration of 25nM CA200645 fluorescent ligand was used
for the competition binding assay, with a reported pKi of 9.20 + 0.08 for
MRS1220 (Stoddart et al., 2015a). In this study a pKi = 7.20 + 0.10 was
measured using 100nM CA200645 fluorescent ligand (a concentration that is
higher than CA200645 Kp). Previous published data, as well as data showed in
Chapter 5 of this thesis, reported evidence for the existence of adenosine AzR
homodimers in HEK 293T and CHO cells (May et al., 2011). Adenosine AsR
homodimers also induce negative cooperativity across their dimer interface
(Corriden et al., 2014; May et al., 2011). Negative cooperativity occurs when
ligands binding to the first receptor protomer induce faster dissociation (hence,
reduced affinity) of ligands binding at the second promoter (Gherbi et al., 2015;
May et al., 2011). Therefore, negative cooperativity between A3R homodimers
is likely to explain the observed lower affinity for MRS1220 antagonist, as well
as for the other unlabelled ligands, when using a higher concentration of
labelled ligand. Binding affinities for unlabelled ligands at the Nluc-B.AR and
Nluc-VEGFR2 were consistent with results obtained in previously published
data using radioligands (Alexander et al., 2017; Baker, 2005, 2010; Baker et al.,
2003; Simon et al., 1998), fluorescence intensity (Arruda et al., 2017) and
NanoBRET (Kilpatrick et al., 2017; Stoddart et al., 2015a).

The second part of the study describes the application of NanoBRET
methodology to measure ligand-B;-adrenoceptor interactions in a
physiologically relevant system. B-adrenoceptor antagonists (or beta-blockers)

have been widely used in the treatment of cardiovascular disease.
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Epidemiologic studies have found a strong correlation for patients under B-
blocker usage and reduced breast cancer risk (Barron et al., 2012; Melhem-
Bertrandt et al., 2011). Beta-blockers have shown potential therapeutic effect
in reducing metastasis, by targeting B2AR signalling axis in pre-clinical models
for different types of cancer (Barron et al., 2012; Creed et al., 2015; Pon et al.,
2016; Powe et al., 2010; Sloan et al., 2010). In this study we show the use of
NanoBRET for the pharmacological characterisation of two different breast
cancer cell lines, that have been transfected to overexpress human full-length
Bo-adrenoceptor tagged at the N-terminus with Nanoluc luciferase. Saturation
binding experiments revealed similar binding affinities for the two labelled B-
selective antagonists, CGP12177-TMR and propranolol-BY630/650, at Nluc-
B2AR expressed in MDA-231 breast cancer cell line. Notably, measured binding
affinities for both fluorescent ligands were reduced in MDA-231 Nluc-B2AR,
compared to 66¢l4 or HEK 293T cells. One possible explanation for the
observed decrease in binding affinity is the higher expression of endogenous
B.AR, compared to 66cl4 or HEK 293T cells (Creed et al., 2015). Another
plausible explanation is the different protein environment in these cells, which
could result in a negative cooperativity at the level of ligand-receptor binding,

with would lead to a decrease in ligand binding affinity (Ferré et al., 2014).

In Chapter 6 the novel use of NanoBRET to monitor beta-blocker-f,-
adrenoceptor engagement in living animals will be demonstrated, using the
propranolol-BY630/650 fluorescent ligand as a probe. This chapter described
the in vitro pharmacological characterisation for the binding of propranolol-
BY630/650 at Nluc-B2AR expressed in MDA-231 cancer cells. Fluorescence
imaging of non-transfected or Nluc-B2AR transfected MDA-231 revealed high-
degree of non-specific binding of propranolol-BY630/650 in cells perinuclear
region. This is a common feature observed for fluorescently-labelled ligands
(Baker et al., 2003). Specific binding was only observed the plasma membrane
of these cells, which was determined using wide-field bioluminescence

imaging.
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MDA-231 Nluc-B2AR cell line was further characterised using NanoBRET
kinetics binding assay to determine propranolol-BY630/650 fluorescent ligand
association (kon) and dissociation (ko) rates, as well as its residence time on the
receptor (RT). These are important pharmacological parameters to be
determined that better predict ligand-receptor binding pharmacology in in vivo
systems (Guo et al.,, 2016b). Binding kinetic measurements revealed fast
association and slow dissociation rates for this ligand, with a residence time of
44 min. These pharmacological properties, together with the red-shifted
emission (with peak emission at 650nm) of this ligand make it an ideal probe
for non-invasive in vivo imaging (Huynh et al.,, 2015; Unen et al.,, 2015).
Importantly, binding data measured using a conventional plate-reader or the
whole-animal bioluminescence imaging system (IVIS camera system) showed
very similar results, indicating that the IVIS camera system is sensitive enough

with good spectral resolution to detect BRET.

Overall this chapter demonstrates that Nluc-tagged receptors can retain their
pharmacology at the level of ligand binding. It was also demonstrated the
successful application of NanoBRET to measure ligand-B;-adrenoceptor
binding kinetics in breast cancer cell lines, demonstrating that propranolol-
BY630/650 fluorescent probe has better pharmacological properties, including
red-shifted emission, fast on-rate and slow dissociation, for future in vivo
application. Moreover, the whole-animal bioluminescence imaging system,
IVIS Lumina I, displayed good sensitivity and spectral resolution to detect and

measure BRET in vitro, which is a necessary step before measuring BRET in vivo.
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Chapter 5: NanoBRET to investigate in vitro receptor-receptor
interactions and the functional properties of B,AR-VEGFR2
oligomeric complex in HEK 293T cells.

5.1. Introduction

It is well established that GPCRs can exist as homodimers, heterodimers or as
higher-order oligomeric complexes (Calebiro and Sungkaworn, 2017; Ferré et
al., 2014). Increasing studies have revealed evidence for the molecular
interaction between different GPCRs and the receptor tyrosine kinase (RTK)
superfamily of transmembrane receptors (Delcourt et al., 2007; Kose, 2017;
Pyne and Pyne, 2011). Some studies reported strong evidence for the
formation of a multiprotein functional complex, where the GPCR can
transactivate the RTK to promote mitogenic signalling (Borroto-Escuela et al.,
2013a; Maudsley, 2000; Tilley et al., 2009; Watson et al., 2016). Fewer studies
have also demonstrated bidirectional cross-talk between GPCRs and RTKs, in
which GPCR ligands can induce transactivation of RTKs and, reciprocally, RTK
ligands can also induce GPCR transactivation (Delcourt et al., 2007; Pyne and
Pyne, 2011). This type of cross-talk was observed for VEGFR2 and the GPCR
sphingosine phosphate 1 receptor (S1P1) that can oligomerise in myeloid ML1

cells to regulate cell migration (Balthasar et al., 2008; Bergelin et al., 2010).

VEGFR2 is the key mediator of angiogenesis, and aberrant activation of this
receptor is associated with tumour angiogenesis and invasion (Niu and Chen,
2010; Peach et al., 2018a). Adenosine Axa receptors and Bz-adrenoceptors
activation can induce the release of growth factors, including VEGFa, the
endogenous ligand for VEGFR2, to promote angiogenesis (Ahmad et al., 2009;
Garg et al., 2017). The activation of B;-adrenoceptor (via chronic stress or
pharmacological activation) has been reported to promote a more invasive
breast cancer cell phenotype, and to promote an increase in metastasis in a
mouse model of breast cancer (Chang et al., 2016; Creed et al., 2015; Sloan et
al., 2010). B-adrenoceptor activation can also promote tumour-induced

angiogenesis in prostate cancer (Hulsurkar et al., 2017). The non-selective [3-
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adrenoceptor antagonist, propranolol, is the first line of treatment for Infantile
Haemangioma, a benign infant tumour that is characterised by an abnormal
increase in proliferation of vascular endothelial cells (Ji et al., 2015; Rotter and
de Oliveira, 2017). Adenosine Aa receptor is a key mediator of hypoxia-induced
angiogenesis, via the release of VEGFa, and is also involved in hypoxia-induced
immunosuppression by the tumour microenvironment (Allard et al., 2017;
Gessi et al.,, 2011). Antagonists for A,a receptor have shown a potential
therapeutic effect in reducing tumour-induced immunosuppression (Hatfield
and Sitkovsky, 2016). The molecular cross-talk between VEGFR2 and the two
Gs-coupled receptors adenosine AaR and B2AR was never investigated before.
Therefore, the aim of this study was to investigate whether these receptor

families could cross-talk via a mechanism involving receptor oligomerisation.

NanoBRET has been successfully used to monitor ligand-receptor interactions
at real-time in living cells (Stoddart et al., 2018). Therefore, in this study was
proposed the development of a new assay to investigate direct receptor-

receptor interactions using the proximity-based assay NanoBRET.

Receptor-receptor interactions were investigated using Nanoluc-tagged
receptors as resonance energy transfer (RET) donors, and Halo/SNAP-tagged
receptors that were used as RET acceptors. A NanoBRET titration or saturation
assay was applied with transiently co-transfected cells, expressing both donor
and acceptor. This assay was a good option to check for non-specific (or
bystander) BRET, that could potentially occur due to overexpression of
receptor in cells (Borroto-Escuela et al., 2013b). In this assay a fixed amount of
donor is co-expressed with increasing concentrations of the acceptor. Non-
specific BRET signals would increase linearly with increasing concentrations of
the acceptor. On the other hand, specific protein-protein interactions result in
a BRET signal that increases hyperbolically reaching a plateau level, when all
the donor molecules are saturated with acceptor molecules. The use of
SNAP/Halo-tag labelling of receptors is ideal, as it allows labelling of
active/inhactive receptors localised at the cell membrane with the use of cell
impermeable Halo/SNAP-Tag substrates. Moreover, these Tags allow the
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covalent binding of substrates with different fluorophores that emit at
different wavelengths. More importantly, as previously investigated in Chapter
4, and showed in published studies (Peach et al., 2018b; Soave et al., 2016;
Stoddart et al., 2015a), the small (~19kDa) N-terminal Nluc or SNAP/Halo Tags
do not interfere with the receptor binding pocket or function. Recent studies
have also taken the advantage of SNAP-Tag labelling system to track and
measure receptor-receptor interactions at a single-molecule level (Calebiro

and Sungkaworn, 2017; Calebiro et al., 2013) .

5.2. Brief materials and methods

Molecular biology

A detailed description of the constructs used in this study is provided in Chapter
2, section 2.2. Briefly, human full-length receptors were used in this study,
which were fused with either Nanoluc luciferase (Nluc-receptor) or SNAP/Halo-
Tags (SNAP- or Halo-receptor). A lentiviral construct encoding a GFP-tagged
single domain nanobody 80 (Nb-80-GFP) and a 3,AR-tagged at the C-terminus
with Nluc (in a pF-SNnk vector) were also used for the Nb-80-GFP recruitment
assay. Moreover, a B-arrestin-2-tagged with Venus-YFP (B-arrestin-2-YFP) cDNA

construct was used for the B-arrestin-2-YFP recruitment assay.
Cell culture

Detailed description of cell transfection is provided in Chapter 2 section 2.3.
Briefly, HEK 293T cells were transiently co-transfected with different human
full-lenght tagged receptors, depending on the assay performed. All
transfections were performed using Fugene"™ reagent, using a 3:1 Fugene:DNA
ratio. HEK 293T were stably transfected with Nb-80-GFP, and used for the Nb-

80-GFP recruitment assay.
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NanoBRET saturation assay to measure receptor-receptor

interactions

Detailed methods for these experiments are provided in Chapter 2, section
2.5.3. Briefly, HEK 293T were co-transfected with a fixed concentration of Nluc-
tagged receptor (0.05ug, RET donor) and increasing concentrations of
SNAP/Halo-tagged receptor (0 to 0.2ug, RET acceptor). On the following day,
cells were incubated in serum-free media (baseline BRET signal) or treated with
0.2uM Halo- or SNAP- cell impermeable Alexa Fluor 488 (AF488) substrates
prepared in serum-free media. After incubation, cells were washed three times
with assay buffer to remove unbound substrates. Cells were then incubated
with 10uM Furimazine substrate for 5min before BRET measurements. BRET
measurements were taken using a PHERAstar FS plate-reader, using sequential
luminescence (460/80nm bandpass; Nluc emission) and fluorescence
(535/60nm bandpass; AF488 emission) measurements. Raw BRET ratios were

calculated as acceptor to donor ratios.

Confocal imaging

Full details for confocal imaging are provided in Chapter 2, section 2.6.1. For
these experiments, HEK 293T seeded in an 8-well plate were co-transfected
with Halo-VEGFR2 and either SNAP-B,AR or SNAP-A;2AR cDNA (0.025ug/well
each cDNA). 24h after transfection, cells were labelled with 0.5uM cell
impermeable Halo AF660 and SNAP AF488 substrates prepared in serum-free
media. After incubation, cells were washed three times with assay buffer to
remove unbound substrates. Cells were then incubated with vehicle, 10nM
VEGFissa and either 10uM isoprenaline ([B-selective agonist) or 10uM
CGS21680 (A2aAR-selective agonist) for 60min, at 37°C. Imaging was performed
with a Zeiss 710 confocal microscope, using an Argon488 laser (SNAP AF488;
496-574nm band pass; 3% power) and HeNe excitation (Halo AF660; 621-

759nm bandpass; 20% power).
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Super Resolution Structured lllumination Microscopy (SIM)

Full details for SIM imaging are provided in Chapter 2, section 2.6.5. HEK 293T
cells, seeded in coverslips, were co-transfected with Halo-VEGFR2 and SNAP-
B2AR cDNA (3.3ug total cDNA). 24h after transfection, cells were labelled with
0.5uM cell impermeable Halo AF660 and SNAP AF488 substrates prepared in
serum-free media. After incubation, cells were washed three times with assay
buffer to remove unbound substrates. Cells were then incubated with vehicle,
10nM VEGF1esa and 10uM isoprenaline (B-selective agonist) for 60min, at 37°C.
After treatment, cells were fixed and mounted onto slides containing ProLong
Glass Antifade Mountant. Imaging was performed using a Zeiss ELYRA PS.1
microscope. Z-stack images of SNAP-B,AR were acquired using bandpass 495-
550 plus longpass 750 filter, at 5% laser power with 150ms exposure time
(28um grating). And, images of Halo-VEGFR2 were acquired using a long-pass

655 filter at 8% laser power with 150ms exposure time (42um grating).

NanoBRET Nb-80-GFP recruitment assay time-course and

isoprenaline concentration response curve

Detailed description for the Nb-80-GFP recruitment assay is provided in
Chapter 2, section 2.5.7. Briefly, HEK 293T stably expressing Nb-80-GFP were
used in these studies, which were seeded onto 96-well plates and co-
transfected on the following day with 0.025ug/well B,AR-Nluc and either
0.025ug/well empty vector or 0.025 Halo-VEGFR2.

For the time-course assay, HEK 293T cells stably expressing Nb-80-GFP and
transiently co-expressing B>AR-Nluc and empty vector (pcDNA3.1) were used.
These cells were incubated with 10uM furimazine substrate, incubated for
5min, and sequential luminescence and fluorescence emissions were
measured every minute for 5min, using a PHERAstar FS plate reader, with the
same filter settings used for the receptor-receptor interaction studies. 5min
after first reads, cells were treated with vehicle, or 10uM isoprenaline, and

continuous readings were performed using the same settings for a total time
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of 45min. Raw BRET ratios were calculated dividing the 535nm emission

(acceptor) by the 460nm emission (donor).

For isoprenaline concentration response curve, HEK 293T cells stably
expressing Nb-80-GFP and transiently co-expressing B2AR-Nluc and empty
vector or Halo-VEGFR2 were used. These cells were incubated for 30min with
vehicle or 10uM isoprenaline and/or 10nM VEGFi¢sa before measurements.
After ligand incubation, cells were incubated for 5min with 10uM Furimazine
substrate and sequential luminescence and fluorescence emission
measurements were taken using a PHERAstar FS plate reader, using the same

filter settings mentioned above.
NanoBRET B-arrestin 2-YFP recruitment assay

Detailed methods description is provided in Chapter 2, section 2.5.6. HEK 293T
cells, seeded onto 96-well plates, were co-transfected with 0.01pug/well B,AR-
Nluc and either 0.04ug/well empty vector or 0.04ug/well Halo-VEGFR2. Cells
were incubated with 10uM Furimazine substrate for 5min before sequential
luminescence and fluorescence emission measurements using the PHERAstar
plate reader and the same filter settings described earlier. Cell were treated
with vehicle or 10uM isoprenaline, or/and 10nM VEGFissa 4 min after initial
reads. Continuous sequential readings were taken for a total time of 45min.
Raw BRET ratios were calculated dividing the 535nm emission (acceptor) by the

460nm emission (donor).
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5.3. Results

NanoBRET to investigate VEGFR2 dimerization in the presence or absence of

VEGFi¢sa agonist

Here we used NanoBRET technology to investigate VEGFR2 dimerization, in the
presence or absence of VEGFigsa agonist (Figure 5.1.). In this experiment, HEK
293T cells were co-transfected with a fixed concentration of donor (0.05
ug/well Nluc-VEGFR2) and increasing concentrations of acceptor (0 to 0.2
ug/well Halo-VEGFR2). A significant saturable increase in BRET ratio (evidence
for specific receptor-receptor interactions) was observed under basal
conditions (Figure 5.1.a, open circles). At higher concentrations of acceptor
(0.2pg/well Halo-VEGFR2 cDNA), there was a decrease in the BRET signal,
probably due to the concentration of expressed protein not corresponding to
the added cDNA concentration. Importantly, treatment with 1nM VEGFigsa
agonist showed to enhance the BRET signal (Figure 1a, closed black circles),
suggesting an increase in VEGFR2 homodimerization. Stimulation with 10nM
agonist did not result in a further increase in BRET signal (Figure 5.1.a, red

circles).

The effect of VEGFissa in promoting VEGFR2 homodimerization was also
investigated in HEK 293T cells stably expressing Nluc-VEGFR2 and co-
transfected with a fixed concentration of Halo-VEGFR2 cDNA (0.05 pg/well,
Figure 5.1.b). A clear saturable increase in BRET was observed with the increase

in ligand concentration with a pECso of 9.40 + 0.28 (n=4, Figure 5.1.b).
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Figure 5.1. Investigation of VEGFR2 dimerization under non-stimulated or VEGFjgsa-
stimulated conditions. (a) NanoBRET experiments to investigate constitutive and ligand-
induced dimerization of VEGFR2. HEK 293T cells were transiently transfected with a fixed
concentration of NLuc-VEGFR2 (0.05 ug/well; donor) and increasing concentrations of Halo-
VEGFR2 (0-0.2 pg/well; acceptor), and empty vector (pcDNA3.1) was used to keep same DNA
concentration in all wells. Cells were treated with either vehicle (open circles), 1nM VEGF¢sa
(closed black circles), or 10nM VEGFigsa (closed red circles), for 60min at 37°C. Data are
displayed as baseline-corrected BRET ratios expressed as mean + SEM obtained from seven
separate experiments performed in duplicate wells. (b) HEK 293T cells stably expressing NLuc-
VEGFR2 and transiently transfected with Halo-VEGFR2 cDNA (0.05ug/well), were treated with
increasing concentrations of VEGFigsa, for 60min at 37°C. Data are displayed as baseline-
corrected BRET ratios expressed as mean = SEM obtained from four separate experiments,
performed in triplicate wells. Statistical analysis was performed using two-way ANOVA with

Dunnett’s multiple comparison test (* p<0.01, ** p<0.005 or ***p<0.001 compared to zero).

NanoBRET to investigate GPCR homodimerization for adenosine A1, Aza, As

receptors and P2-adrenoceptors

NanoBRET approach was then applied to investigate GPCR homodimers for the
different adenosine receptor subtypes (A1, Axa, A3) and for B;-adrenoceptors.
All these receptors have been previously reported to exist as dimers or as
higher-order oligomers in cell models (Canals et al., 2004; Gracia et al., 2013;
Mandic et al., 2014; May et al., 2011). Saturation data resulted in a significant
saturation for AR pairs (Figure 5.2.), with a BRETmax = 0.088 + 0.012 (n=5). A
significant and saturable increase in BRET ratios was also observed for all
adenosine receptor subtypes (Figure 5.3.), with BRETmax = 0.013 + 0.006 (n=7)
for A1R pairs, BRETmax = 0.096 + 0.014 (n=5) for A,aR pairs, and BRETmax = 0.021
+ 0.001 (n=5) for AsR pairs. These data provide evidence for the presence of
homodimers under non-stimulation conditions in HEK 293T cells. BRETmax data

is also displayed below in Table 5.1.
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Figure 5.2. Investigation of receptor homodimers for B,-adrenoceptors, under non-
stimulated conditions. 3,-adrenoceptors homodimerization was investigated using transiently
co-transfected HEK 293T cells with Nluc-p,AR cDNA (0.05pg/well) and increasing
concentrations of SNAP-tagged- B,AR cDNA, and empty vector (pcDNA3.1) was used to keep
same DNA concentration in all wells. (a) Combined NanoBRET raw data obtained from five
different experiments. Blue line represents measurements taken from cells treated with
furimazine substrate only, whereas green line represents cells pre-treated with SNAP-Tag cell
impermeable substrate Alexa Fluor 488 (SNAP AF488). Green bar corresponds to highest
concentration of acceptor labelled with both furimazine and SNAP AF488, whereas grey bar
represents donor only labelled with furimazine and SNAP AF488 substrates. Saturation binding
data was then baseline-corrected by subtracting BRET values obtained from cells treated with
furimazine only and displayed in (al). BRET ratios were calculated by dividing the 535nm

emission (acceptor) by the 460nm emission (donor).
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Figure 5.3. Investigation of receptor homodimers for adenosine receptor subtypes A;, A or
A3, under non-stimulated conditions. GPCR homodimerization was investigated and is
represented as previously mentioned for 3,AR homodimers. NanoBRET raw saturation data is
presented for (a) the adenosine A; receptor, (b) adenosine A,A receptor and (c) adenosine As
receptor. Baseline-corrected saturation data is represented in (a1) for the adenosine AR (b1)
adenosine AaR and (c1) adenosine AsR. Data are mean + SEM from five (AsAR and A;AAR) or

seven (A;AR) separate experiments, each performed in duplicate measurements.
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NanoBRET to investigate VEGFR2-GPCR oligomerisation under non-

stimulated conditions.

GPCRs and RTKs can cross-talk to regulate downstream signalling via different
mechanisms, in some cases, cross-talk requires the physical association
between these two receptor families (Kése, 2017; Pyne and Pyne, 2011). A
NanoBRET saturation binding assay was used to investigate the molecular
interaction between VEGFR2 and the different adenosine receptor subtypes or
B,-adrenoceptor. Data revealed a significant saturable increase in BRET signal
for VEGFR2 and adenosine A;aR or [B:-adrenoceptors (Figure 5.4.), which
displayed BRETmax of 0.017 £ 0.001 (n=6) and 0.015 £ 0.002 (n=5), respectively.
Data obtained for VEGFR2 co-transfected with either A1 or As receptors,
resulted in a linear increase in BRET ratios (Figure 5.5.), consistent with a non-
specific interaction caused by Bystander BRET (Borroto-Escuela et al., 2013b).
These data indicate that VEGFR2 can associate with adenosine Axa and -
adrenergic receptors, but not with adenosine A1 or Az receptors (which were
used as negative controls). However, we cannot exclude the possibility that
VEGFR2 and adenosine A; or As receptors may be present as a complex but in
a conformation that does not favour resonance energy transfer (RET) to occur.
BRETmax values for VEGFR2-GPCR oligomers is displayed in displayed in Table
5.1.
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Figure 5.4. Investigation of VEGFR2 oligomerisation with adenosine Ax and P:-adrenergic
receptors. VEGFR2-GPCR oligomerisation was investigated using transiently co-transfected
HEK 293T cells with 0.05pug/well Nluc-VEGFR2 c¢cDNA and increasing concentrations of SNAP-
tagged-GPCR cDNA. NanoBRET raw saturation data is showed for (a) Nluc-VEGFR2/SNAP-A2aR
and (b) Nluc-VEGFR2/SNAP-[,AR pairs. BRET ratios were calculated as acceptor to donor ratios.
And data is represented as previously mentioned for homodimers investigation. Baseline-
corrected saturation data is presented in (a1) for Nluc-VEGFR2/SNAP-AAR oligomeric
complexes and (b1) Nluc-VEGFR2/SNAP-,AR oligomeric complexes. Data are represented as
mean = SEM from five (VEGFR2-B,AR pairs) or six (VEGFR2-A,AAR pairs) separate experiments,

each performed in duplicate measurements.
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Figure 5.5. Investigation of VEGFR2 oligomerisation with adenosine A; and A3 receptors.
VEGFR2-GPCR oligomerisation was investigated and is displayed as mentioned above.
NanoBRET raw saturation data is showed for (a) Nluc-VEGFR2/SNAP-A;R and (b) Nluc-
VEGFR2/SNAP-A3R pairs. BRET ratios were calculated as acceptor to donor ratios. Baseline-
corrected saturation data is shown in (a1) Nluc-VEGFR2/SNAP-A;R and (b1) Nluc-VEGFR2/SNAP-
A3R pairs. Data are mean + SEM from five separate experiments, each performed in duplicate

measurements.
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Table 5.1. BRETmax data obtained for homodimers (GPCR-GPCR) and

oligomeric complexes (VEGFR2-GPCR).

GPCR Homodimers
Donor Acceptor BRETmax £ SEM | p value n
Nluc-A:R ‘ SNAP-A:R 0.013+0.006 <0.05 | 7
Nluc-AzR SNAP-A:R 0.021 +£0.001 < 0.001 5
Nluc-A2aR SNAP-A2.R 0.096+0.014 <001 5
Nluc-BAR SNAP-B.AR 0.088 +0.012 < 0.001 5
GPCR-RTK Oligomeric complexes

Donor Acceptor BRETmax+SEM |pvalue| N
SNAP-A;R - ns 5

SNAP-A:R - ns 5

Nluc-VEGFR2 -

SNAP-A2.R 0.017 £0.001 < 0.001 6

SNAP-B.AR 0.015+0.002 <0.01 | 5

Table displays BRETmax values for GPCR homodimers and VEGFR2/GPCR oligomeric complexes
taken from individual experiments and expressed as mean + SEM, from n experiments.using
two-way ANOVA with Dunnet’s test to compare BRET values obtained for different acceptor

concentrations compared to donor alone (baseline BRET signal). . ns = not significant.

Investigation of possible level of cooperativity across dimer interface

Previous studies from our lab reported that dimer formation can lead to
negative cooperativity between the ligand binding sites of the different
protomers (Gherbi et al., 2015; May et al., 2011). Based on those findings we
investigated possible cooperativity across dimer interface for VEGFR2-AzaR or
VEGFR2-B2AR heteromeric complexes. The principle was to use a fluorescent
ligand that binds to the Nluc-labelled protomer and investigate whether
unlabelled ligands that bind to the receptor pair would interfere with the BRET
signal. In other words, whether ligand binding to the second protomer would

affect the binding affinity of a ligand to the first protomer.

To investigate any cooperativity across the dimer interface for VEGFR2/A2aAR
heteromeric complexes, HEK cells transiently expressing Nluc-A;,AR and Halo-
VEGFR2 were treated with 200nM CA200645 (non-selective adenosine

fluorescent ligand) and increasing concentrations of VEGFiesa (Figure 5.6.a).
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Co-treatment with labelled ligand and 10uM SCH58261 (a selective A;aAR
antagonist) resulted in nearly full displament of the labelled ligand. However,
VEGFiesa treatment had no effect on CA200645 binding at Nluc-A2aAR. Then,
we investigated whether ligands that bind to A2aAR could affect the binding of
VEGFi65a-TMR labelled ligand to Nluc-VEGFR2. For these experiments, HEK
293T were co-transfected with Nluc-VEGFR2 and SNAP-A2aAR. As previously
observed, co-treatment with 1nM VEGFissa-TMR and 10uM unlabelled
VEGFi6sa, resulted in the nearly full displacement of the labelled ligand (Figure
5.6.b). However, co-treatment with the non-selective adenosine agonist NECA
or the AsaAR-selective agonist CGS21680 did not result in a significant change

in BRET ratios.

Possible cooperative effect across the dimer interface was also investigated for
VEGFR2/B2AR heteromeric complexes, using the same assay format. For Nluc-
B2AR/Halo-VEGFR2, 15nM CGP12177-TMR labelled ligand was displayed by co-
treatment with 100nM ICI 118551, but not by increasing concentrations of
unlabelled VEGFiesa agonist (Figure 5.6.c). For Nluc-VEGFR2/SNAP-B2AR, 2nM
VEGFi6sa-TMR were displaced by 10nM unlabelled VEGFigsa, but not by the
following unlabelled ligands, propranolol (non-selective BAR antagonist),
isoprenaline (non-selective BAR agonist), CGP12177 (B1AR and B.AR-selective
antagonist) and ICI 118551 (B.AR-selective antagonist) (Figure 5.6.d). In these
experiments, the SNAP/Halo-tag receptors were not labelled with

fluorophores.

Therefore, no cooperativity was observed across the dimer interface of
VEGFR2/A;aAR or VEGFR2/B.AR heteromeric complexes. Eventhough
cooperativity was not observed at a ligand-receptor binding level, it is possible
that intrinsic cooperativity may occur between these receptors complexes,
which can be explored by measuring recruitment of downstream targets, for

example, B-arrestins or G-proteins. (Ferré et al., 2014).
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Figure 5.6. Investigation of possible cooperativity across VEGFR2-GPCR dimer interface. (a)
HEK 293T cells transiently co-transfected with Nluc-A;aR and Halo-VEGFR2, treated with
200nM CA200645 and increasing concentrations of VEGFesa. (b) HEK 293 cells transiently co-
transfected with Nluc-VEGFR2 and SNAP-A;AR, treated with VEGFissa-TMR and increasing
concentrations of CGS21680 or NECA. (c) Cells transiently co-transfected with Nluc-B,AR and
Halo-VEGFR2, treated with CGP12177-TMR and increasing concentrations of VEGFygsa. Finally,
(d) Cells transiently co-transfected with Nluc-VEGFR2 and SNAP-B,AR, were treated with
VEGFssa-TMR and increasing concentrations of propranolol, isoprenaline, CGP12177 or ICI
118551. BRET was measured between donor NLuc and acceptor fluorescent ligands with
emissions collected using a PHERAstar plate-reader. Data are mean + SEM from six (a), four (b)

or five (c,d) separate experiments, each performed in duplicate.

Investigation of the effect of agonists on VEGFR2-f,AR and VEGFR2-A2aAR

oligomeric complexes

The effect of agonists on VEGFR2-A,4AR or VEGFR2-[3,AR oligomeric complexes
was investigated using NanoBRET. For these experiments, HEK 293T cells were
transiently co-transfected with 0.05ug Nluc-VEGFR2 and 0.1ug SNAP-GPCR. For
VEGFR2-A;,AR oligomers, treatment with 10uM CGS21680, a AxaAR-selective
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agonist, resulted in a small but significant increase in BRET ratio, whereas
treatment with VEGFiesa resulted in a significant decrease in BRET ratio, using
1nM and 10nM VEGFiesa (Figure 5.7. a and b). For VEGFR2-B,AR oligomers,
both isoprenaline (a BAR-selective agonist) and VEGFiesa agonist treatment
resulted in a significant increase in BRET signal, which was concentration-
dependent (Figure 5.7. c and d). This increase or decrease in BRET ratio may be
associated to a respective increase or decrease in receptors association but,
could also result from a change in receptor conformation due to interaction

with downstream effectors, such as G proteins or B-arrestin.
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Figure 5.7. Effect of agonist treatment on VEGFR2-A;aR or VEGFR2-B,AR oligomeric
complexes. HEK 293T cells were transiently transfected with 0.05pg/well NLuc VEGFR2 and (a
and b) 0.1pg/well SNAP-A,4R or (c and d) 0.1pg/well SNAP-B,AR. Cells were labelled with SNAP-
AF488 substrate or serum-free media (baseline BRET signal) before ligand treatment. Cells
were then treated for 1h, at 37°C with increasing concentrations of (a) CGS21680, (c)

isoprenaline, or (b and d) VEGFissa. Grey bar represents co-transfected cells SNAP AF488
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substrate-labelled under vehicle conditions. All cells were treated with furimazine substrate
5min before measurements were taken. Data displayed were baseline-corrected by subtracting
baseline BRET ratios. BRET ratios were measured by dividing the 535nm emission (acceptor)
by the 460nm emission (donor). Data are mean = SEM from five separate experiments, each
performed in quadruplicate. * p<0.01, ** p<0.005 or *** p< 0.001 compared to control, using

two-way ANOVA with Dunnett’s multiple comparison test.

Conventional confocal imaging to investigate VEGFR2 and GPCR localisation

in HEK 293T cells

Confocal imaging was used to investigate receptors localisation under vehicle
and agonist treated conditions. For these experiments, cells co-transfected
with Halo-VEGFR2 and SNAP-B2AR or SNAP-A2xAR were labelled with cell
impermeable Halo AF660 or SNAP AF488 substrates. Confocal imaging of cells
co-transfected with VEGFR2 and B.AR showed that, under basal conditions,
both VEGFR2 and B.AR are mostly located at the cell surface (Figure 5.8.).
However, both receptors display a small degree of constitutive internalisation.
Following 10nM VEGFiesa treatment, VEGFR2 internalisation was markedly
increased, and 10uM isoprenaline also induced [B.AR internalisation. Both
isoprenaline and VEGFiesa treatments also resulted in the co-internalisation of
VEGFR2 and AR, showed by the overlay of these receptors in the intracellular
space (yellow, Figure 5.8.). These data, together with the NanoBRET data,
suggest that VEGFR2-3,AR oligomeric complexes can co-internalise following

isoprenaline or VEGFesa treatments.
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Figure 5.8. Investigation of the effect of agonist treatment on VEGFR2 and [,AR cellular
location using confocal live imaging. (a) Confocal imaging (Zeiss LSM 710) of HEK 293 cells
transiently co-transfected with 0.025ug/well Halo-VEGFR2 and 0.025ug/well SNAP-B,AR. Cells
were labelled with cell-impermeable SNAP AF647 and Halo AF660 substrates, and treated for
60min at 37°C with vehicle, 10uM isoprenaline or 10nM VEGF;¢sa. Scale bar represents 20um.

These are representative images of 3 independent experiments.

Confocal imaging of cells co-transfected with VEGFR2 and AaAR showed that,
under basal conditions, both VEGFR2 and AsAR are located at the plasma
membrane and also inside the cell (constitutive internalisation). Treatment
with CGS21680 increased A aAR internalisation, whereas VEGFigsa increased
VEGFR2 internalisation. As previously observed for VEGFR2 and AR pair, both
VEGFissa and CGS12680 treatments seem to induce co-internalisation of
VEGFR2 and AxaA receptors to the intracellular space (Figure 5.9.). However,
due to the large degree of A2aAR and VEGFR2 constitutive internalisation, it is

not clear whether agonists are driving co-internalisation of these receptors.
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Figure 5.9. Investigation of the effect of agonist treatment on VEGFR2 and A;,AR cellular
location using confocal live imaging. (a) Confocal imaging (Zeiss LSM 710) of HEK 293 cells
transiently co-transfected with 0.025ug/well Halo-VEGFR2 and 0.025ug/well SNAP-A;2AR. Cells
were labelled with cell-impermeable SNAP AF647 and Halo AF660 substrates, and treated for
60min at 37°C with vehicle, 10uM CGS21680 or 10nM VEGFi¢sa. Scale bar represents 20um.

These are representative images of 3 independent experiments.

Investigation of receptor co-localisation for VEGFR2 and f2AR using Super-

Resolution Structured lllumination Microscopy (SIM)

NanoBRET data showed evidence for VEGFR2-B;-adrenergic receptors
association under basal non-stimulated conditions, and agonist treatment
(isoprenaline or VEGFiesa) induced further increase in BRET signal, suggesting
an increase in interacting partners. Conventional confocal imaging suggested
that isoprenaline or VEGFissa treatments may induce co-internalisation of
VEGFR2 and ;AR into the intracellular space. However, conventional confocal
microscopy has relatively low spatial resolution caused by light diffraction

(resolution limit ~200nm), and therefore the lack of resolution does not allow
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determination of receptor co-localisation (Wegel et al.,, 2016). Super-
Resolution structured illumation microscopy (SIM) was used to investigate co-
localisation of VEGFR2 and 3,AR under basal and agonist treatment conditions.
As previously observed with conventional microscopy. Under vehicle
conditions, VEGFR2 and B,AR are co-localised on the plasma membrane and
also inside the cell (constitutive internalisation). Isoprenaline treatment
induced further internalisation of ,AR and VEGFissa enhanced internalisation
of VEGFR2. As previously observed, both isoprenaline and VEGFi¢sa treatments
induced receptor co-internalisation and co-localisation of VEGFR2 and AR in
intracellular compartments. Due to lack of time, co-localisation of VEGFR2 with
A2,AR was not investigated using SIM. Moreover, the rest of the study was

focused on VEGFR2- 3,AR complexes.

SNAP-B,AR Halo-VEGFR2 Overlay

Vehicle

Isoprenaline

VEGF,a

Figure 5.10. Investigation of the effect of agonist treatment on VEGFR2 and B,AR cellular
location using Structured lllumination Microscopy (SIM). HEK 293T cells were transiently co-
transfected with equal amounts of SNAP-B,AR and Halo-VEGFR2 cDNA (3.3 pg total cDNA) in
coverslips. Cells were labelled with cell impermeable SNAP AF488 (SNAP-B,AR) and Halo AF660
(Halo-VEGFR2) substrates. After labelling, cells were treated with vehicle, 10uM isoprenaline

or 10nM VEGFissa (60min, at 37°C). Coverslips were imaged using a Zeiss ELYRA PS.1

173



microscope. Areas of colocalised Halo-VEGFR2 and SNAP-(3,AR labelled receptors are shown in

yellow (overlay). These are representative images of three independent experiments.

Investigation of the activation status of P.AR using the conformational-
sensitive single domain nanobody 80, in the presence or absence of active-

VEGFR2

A single domain camelid nanobody 80 (Nb-80) was previously used as a G
protein surrogate which preferentially binds to the active- B2AR conformation
(Rasmussen et al., 2011a). A GFP-tagged-Nb-80 (Nb-80-GFP) was used as a
conformational-sensitive biosensor to measure [B2AR signalling from

endosomes (lrannejad et al., 2013).

In this study, Nb-80-GFP was used to investigate whether VEGFR2-B,AR
oligomeric complexes alter the activation status of B2AR. For this purpose, we
investigated the engagement of Nb-80-GFP with B,AR tagged at the C-terminus
with NanolLuc luciferase (B2AR-Nluc), using NanoBRET. The treatment of
HEK293T cells (stably expressing Nb-80-GFP and transiently transfected with
0.025pg B2AR-Nluc) with 10uM isoprenaline, resulted in a rapid and significant
engagement of Nb-80-GFP to B2AR-Nluc (Figure 5.11.a; p<0.001). To investigate
the effect of VEGFissa-stimulated-VEGFR2 on ;AR activation status, cells were
co-transfected with either Halo-VEGFR2 or an empty control vector. In cells co-
transfected with an empty vector, isoprenaline treatment led to the
engagement of inaconcentration-dependent manner (log EC50=-7.91£0.11,
n=6, Figure 5.11.b). Binding of Nb-80-GFP to B,AR-Nluc was competitively
antagonised by the B,AR-selective antagonist ICI 118551 (100nM; pKB = 8.6 +
0.1, n=6). The presence of Halo-VEGFR2 (stimulated with 10nM VEGFiesa) did
not shown an effect (log ECso = -7.87 + 0.40, n=6, Figure 5.11.b). Therefore,
active-VEGFR2 does not affect B,AR activation status. Expression of Halo-
VEGFR2 was confirmed at the end of the experiment after labelling the cells
with Halo-Tag substrate and imaging using an ULTRA MetaXpress confocal

plate-reader.
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Figure 5.11. Investigation of the activation status of B,AR using Nb-80-GFP. (a) HEK 293T cells
stably expressing Nb-80-GFP were transfected with 0.025ug/well B>AR-NLuc cDNA and
stimulated with 10uM isoprenaline or vehicle added at 5min. A significant increase in BRET
ratio was observed with isoprenaline from 8min onwards. Data are expressed as mean + SEM
from five separate experiments each performed in triplicate. Statistical analysis was performed
using two-way ANOVA with repeated measures, and Bonferroni’s multiple comparison test
(p<0.001, relative to vehicle treatment). (b) HEK 293T cells stably expressing Nb-80-GFP were
transiently co-transfected with 0.025pug/well B,AR-NLuc cDNA and either 0.025ug/well empty
vector (pcDNA3.1) or 0.025ug/well Halo-VEGFR2 cDNA. Cells co-transfected with empty vector
were treated with increasing concentrations of isoprenaline, in the presence or absence of
100nM ICI 118551, and cells co-transfected with Halo-VEGFR2 were co-stimulated with
increasing concentrations of isoprenaline and 10nM VEGFiesa. Bars correspond to untreated
and 100nM ICI 118551 treated controls. Data are mean + SEM from six separate experiments

each performed in triplicate.
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Investigation of VEGFR2-,AR complexes on PB2AR signalling using a f-

arrestin-2-Venus-YFP recruitment assay

B-arrestin-2 is a key scaffold protein that has a major role in GPCR
internalisation and signalling from intracellular compartments, such as
endosomes (Calebiro et al., 2014; Eichel and von Zastrow, 2018). Some studies
have reported that B-arrestin-2 can act as a protein-recruitment platforms to
mediate signalling promoted by interacting GPCR-RTK complexes (Delcourt et
al., 2007; Kose, 2017; Pyne and Pyne, 2011). A NanoBRET [-arrestin-2-Venus-
YFP recruitment assay was used to investigate potential functional effect of
VEGFR2-B2AR interaction on B-arrestin-2 recruitment to AR. For these
experiments, HEK 293T cells were transiently co-transfected with 0.04 ug/well
YFP-tagged B-arrestin-2-tagged with Venus-YFP (B-arrestin-2-YFP), 0.01 pug/well
B2AR C-terminally tagged with NanoLuc luciferase (B2AR-Nluc) and either 0.04

ug/well empty vector or 0.04 ug/well Halo-VEGFR2.

B2AR is a ‘Class A’ receptor in the way how it interacts with B-arrestins, forming
a transient complex with B-arrestin-2, followed by a rapid dissociation and
rapid recycling to the plasma membrane (Cahill et al., 2017; Shenoy and
Lefkowitz, 2003). Treatment with 10uM isoprenaline induced in rapid
recruitment of B-arrestin2-YFP to B,AR-Nluc, that reached a BRET signal peak
between 4 to 6 min after agonist stimulation (in the presence of empty vector
Figure 5.12.a black circles). After that, the BRET signal showed a decline over-
time, as expected. In cells transfected with both VEGFR2 and ,A receptors, but
stimulated only with isoprenaline, showed a similar profile for B-arrestin2-YFP
recruitment (figure 5.12.a, blue circles). However, in matched experiments,
under co-treatment conditions with 10nM VEGFiesa and 10uM isoprenaline,
the activation of VEGFR2 appeared to alter the profile of the B,-adrenoceptor
engagement with B-arrestin2 (figure 5.12.a, red circles). Under co-stimulation
conditions, the peak response was slightly truncated, and a plateau was
observed 9min after agonist treatment, indicating a more sustained B-arrestin-

2 engagement with B;-adrenoceptor. This effect of VEGFigsa was prevented by
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the pre-treatment of cells with the VEGFR2 inhibitor cediranib (Kilpatrick et al.,
2017) (Figure 5.12.a, grey circles). These data suggests a change in B-arrestin-2
recruitment profile to a more sustained one, which may have impact on

endosomal signalling (Thomsen et al., 2016).
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Figure 5.12. Investigation of B-arrestin2 recruitment to P.AR, using a NanoBRET-based
approach. HEK 293T cells were co-transient transfected with 0.01ug/well B,AR-NLuc,
0.04pg/well B-arrestin2-YFP and either 0.04ug/well Halo-VEGFR2 or empty vector (pcDNA3.1).
Cells were treated with vehicle, 10uM isoprenaline, or 10uM isoprenaline (Iso) plus 10nM
VEGFygsa (all added at 4min), in the presence or absence of 1uM cediranib (Ced). Data are
expressed as mean + SEM from five (without cediranib treatment) or four (with cediranib
treatment) separate experiments, each performed in triplicate wells. Statistical analysis was
performed using 2-Way ANOVA with repeated measures and Bonferroni’s multiple
comparison’s tests, with *p<0.05 between filled red and filled blue, using data points from

20min onwards.
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5.3. Discussion and Conclusion

GPCR activation of mitogen-activated protein kinase (MAPK) and extracellular-
signal-regulated kinases(ERK) pathway was earlier believed to be G-protein-
dependent (Ga or GBy) (Rozengurt, 2007). Nowadays, we know that GPCR-
induced mitogenic signalling is not exclusively mediated by G-proteins, but can
also result from GPCR-induced transactivation of RTK, the key mediators of
mitogenic signalling (Borroto-Escuela et al., 2016; Cattaneo et al., 2014; Kose,
2017; Pyne and Pyne, 2011; Werry et al., 2005). Several studies describing
different transactivation mechanisms have been identified for different GPCRs
and RTK family (Cattaneo et al., 2014; Kose, 2017; Pyne and Pyne, 2011).
However, not many studies have explored these molecular interactions, via
receptor oligomerisation, for GPCRs and the Vascular Endothelial Growth

Factor Receptor 2 (VEGFR2) (Bergelin et al., 2010).

Since cellular environment can affect protein-protein interactions, signalling
propagation and physiological response (Vanderheyden and Benachour, 2017),
having a technique that preserves the native cell environment is ideal (Stoddart
et al., 2018). In this study NanoBRET methodology was used to investigate
direct receptor-receptor interactions in living HEK 293T cells, using human full-
length receptors. NanoBRET to investigate VEGFR2 dimerization revealed the
presence of pre-formed VEGFR2 dimers in HEK293T cells (Figure 5.1.), and
stimulation with VEGFissa can induce further VEGFR2 dimerization, as
previously reported (Basagiannis and Christoforidis, 2016; Jopling et al., 2011).
VEGFissa-induced VEGFR2 dimerization showed a pECsp = 9.40 + 0.28 (n=4),
which is similar to the binding affinity of VEGF1issa at Nluc-VEGFR2 determined
from NanoBRET competition binding assay, pKi = 10.17 £ 0.09, n=7 (Table 4.6.,
Chapter 4).

NanoBRET assay to investigate VEGFR2-GPCR oligomerisation revealed that
VEGFR2 can form oligomeric complexes with the adenosine Aza receptor and
B,-adrenernoceptor (Figure 5.4.). In contrast, and therefore used as negative

controls, no association between VEGFR2 and the adenosine A; and As
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receptors was observed. NanoBRET data for VEGFR2-A;AR and VEGFR2-A3R
pairs resulted in a linear increase in BRET ratios, consistent with non-specific
interactions caused by bystander BRET (Borroto-Escuela et al., 2013b). All the
adenosine subtypes used in this study, as well as B;-adrenoceptors showed to
form homodimers, as previously reported (Canals et al., 2004; Gracia et al.,
2013; May et al., 2011; Wnorowski and Jozwiak, 2014). One caveat of this
technique, is that it cannot distinguish between homodimers from higher-
order oligomers (Calebiro and Sungkaworn, 2017). Therefore, it is possible that
some of these interactions may result from higher-order oligomeric structures,
which have been previously reported for adenosine Aa receptors (Vidi et al.,
2008) and B;-adrenoceptors (Calebiro et al., 2013). Due to the propensity for
VEGFR2 and GPCRs to form homodimers, it is possible that these receptors
interact as higher-order oligomeric complexes that may have an impact in

downstream signalling regulation (Petersen et al., 2017; Thomsen et al., 2016).

All these three receptors, VEGFR2, A2aAR and [,AR, are expressed in
endothelial cells, and are active participants in the formation of novel vessels
from pre-existing ones (angiogenesis) (Desai et al., 2005; Ferrara, 2009; Park et
al., 2011). Blocking the VEGFa-VEGFR2 signalling axis has been widely used in
the treatment of several cancer types (Shibuya, 2014). Adenosine AzaR
signalling is involved in hypoxia-induced angiogenesis and in the increase in
VEGFa-expression (Desai et al., 2005; Hatfield and Sitkovsky, 2016). B»-
adrenoceptor-mediated signalling has shown to play a role in chronic-stress
induced metastasis in breast cancer (Chang et al., 2016; Sloan et al., 2010) as
well as in tumour angiogenesis in prostate cancer (Hulsurkar et al., 2017).
However, the molecular mechanisms behind B2AR and A»AaAR activation and

angiogenesis are poorly understood.

This study demonstrated a possible novel mechanism by which ;AR and
VEGFR2 can form oligomeric complexes. Agonist co-treatment showed to
increase P,AR-VEGFR2 complex association, measured by NanoBRET, and to
induce receptors co-internalisation to intracellular compartments. Agonist
stimulation of B,AR can result in the phosphorylation of the receptor
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intracellular C-terminus by G protein receptor kinases (GRKs) that lead to a
rapid recruitment of B-arrestin-2 to the phosphorylated AR (Smith and
Rajagopal, 2016). B-arrestin-2 forms a transient complex with GRK-
phosphorylated B,AR, and rapidly dissociates from the receptor for its rapid
recycling back to the plasma membrane (Smith and Rajagopal, 2016). On the
other hand, ‘class B’ or slow recyclying GPCRs, such as vasopressin type 2
receptor (V2R), can form stable interactions with B-arrestin-2 in endocytic
compartments, that lead to a sustained signalling response from these
endocytic compartments (Cahill et al., 2017; Smith and Rajagopal, 2016). Our
study showed that in the presence of active-VEGFR2, B,AR forms a more
sustained interaction with B-arrestin-2, which may have implications in
signalling from endosomes (Cahill et al., 2017; Smith and Rajagopal, 2016;
Thomsen et al., 2016). Agonist-induced B;-adrenergic receptor internalisation
and endocytosis occurs mainly via a clathrin and dynamin-dependent
mechanism (Smith and Rajagopal, 2016). Therefore, it would be interesting to
investigate whether clathrin or dynamin inhibitors could prevent ligand-

induced increase in VEGFR2-3;AR association.

Some studies have reported that GPCR-induced RTK transactivation can induce
a differential signalling and activation of extracellular signal-regulated kinases
1 and 2 (ERK1/2) (Bergelin et al., 2010; Borroto-Escuela et al., 2012; El-Shewy
et al., 2006). It would be important to investigate ERK1/2 activation profile,
using ERK1/2 biosensors, to investigate the possible role of VEGFR2-[B,AR
oligomerisation in promoting ERK1/2 signalling from endosomes (Halls et al.,

2016).

It was also demonstrated that VEGFR2 can form oligomeric complexes with the
AxpAreceptor. However, due to the high degree of constitutive internalisation,
it was unclear whether VEGFR2 A;aA receptors can also co-internalise upon
CGS21680 or VEGFiesa stimulation. Further functional studies, including B-
arrestin-2 and Gs-protein recruitment assays should be used to investigate

functional impact of VEGFR2-AaA complexes in downstream signalling.
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Chapter 6: Visualising ligand-binding to p.-adrenergic

receptor in vivo using NanoBRET.

6.1. Introduction

Signalling promoted via Ps-adrenoceptors (B2AR) has been intimately
implicated in cancer progression and metastasis (Chang et al., 2016; Mulcrone
et al,, 2017; Sloan et al., 2010; Thaker et al., 2006). Activation of this signalling
axis can promote different processes involved in tumour progression and
invasion including, angiogenesis, inflammation, cell motility and epithelial—
mesenchymal transition (Chang et al., 2016; Creed et al., 2015; Madden et al.,
2011; Sloan et al., 2010; Tang et al., 2013). Activation of B2-adrenoceptors by
induced chronic-stress, or via pharmacological activation using selective and
non-selective agonists, has also been involved in the progression of other
vascularised-cancer types including prostate, pancreatic and ovarian cancers
(Braadland et al., 2015; Chang et al., 2016; Hulsurkar et al., 2017). In a mouse
model of breast cancer, chronic stress-induced release of adrenaline and
noradrenaline from sympathetic nerve endings, which are the endogenous
agonists for B-adrenoceptors, can switch cancer cells to a more invasive and
metastatic phenotype, which can be prevented by propranolol treatment
(Chang et al., 2016; Creed et al., 2015; Sloan et al., 2010). Treatment with B-
adrenoceptor antagonists also showed to abrogate stress-induced tumour
progression and metastasis in mouse models of prostate cancer, malignant
melanoma and leukaemia (Inbar et al., 2011; Moretti et al., 2013; Palm et al.,
2006). However, in all cancer types treatment with B-blockers had no effect on
primary tumour growth in vivo, or tumour cell proliferation in vitro (Chang et
al., 2016; Palm et al., 2006; Sloan et al., 2010). On the other hand, B,-adrenergic
agonists, in the absence of induced-stress, were found to accelerate tumour
progression and metastasis (Palm et al., 2006; Sloan et al., 2010; Thaker et al.,

2006).
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Tumours initiate angiogenesis to form a vascular network that provides a
source of oxygen and nutrients for the sustained and rapid growth of tumours
(Hanahan and Weinberg, 2011). The vascular network created by solid tumours
is leaky and disorganised, which results in insufficient and spatially
heterogenous drug delivery, particularly to hypoxic regions including the centre
of the tumour (Yonucu et al., 2017). The insufficient and heterogenous drug

delivery can result in lack of drug efficacy (Durham and Blanco, 2015).

Clinical drug efficacy depends on multiple factors that should be considered in
earlier pre-clinical testing (Durham and Blanco, 2015). Three of the factors that
should be considered are: 1) sufficient exposure of drug to the target of interest
and in the local of action, 2) evidence of specific target-engagement, and 3)
generation of a physiological response, as a consequence of that specific drug-
target interaction (Durham and Blanco, 2015). Sensitive methodologies to
investigate the relationship between target occupancy by drugs and local

concentration in vivo, are still lacking (Robers et al., 2015; Simon et al., 2013).

NanoBRET methodology has demonstrated great sensitivity in detecting
specific drug-target engagement in whole-living cells (Kilpatrick et al., 2017;
Soave et al.,, 2016; Stoddart et al.,, 2015a). The aim of this study was to
investigate whether this methodology could be applied to monitor B-blocker
engagement to the B,-AR in vivo, using a mouse model of breast cancer

available at Monash University (Sloan et al., 2010).

Chapter 4 described the successful use of NanoBRET methodology to measure
ligand-P2AR binding kinetics in a highly metastatic breast cancer cell line (MDA-
231), that was transfected to stably overexpressed Nluc-B.AR. Chapter 4 also
described experiments that demonstrated the sensitivity and spectral
resolution of the whole-animal bioluminescence imaging system, IVIS Lumina
I, to detect and measure ligand-receptor binding in vitro by NanoBRET. The in
vitro characterisation of the cancer cell line (Chapter 4) and the in vivo study
were conducted at Monash University, under the supervision of Dr. Erica Sloan.

Where noted, parts of the experiments presented in this chapter were
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performed by Dr. Alexandra Ziegler, a postdoctoral fellow from Dr. Erica Sloan’s

lab.

6.2. Brief materials and methods

Cell culture

Human triple negative (or highly metastatic, HM) breast cancer cells, MDA-MB-
231"M were stably transfected to express human full-length B2-adrenoceptors
(B2AR) N-terminally tagged with NanoLuc luciferase (MDA-231 Nluc-B2AR).
Transfection of this cell line was performed using a lentiviral construct (pSIN-
Nluc-B,AR). See Chapter 2, sections 2.2. and 2.3. for further details about

transfection and cell culture.

Breast cancer in vivo model

5x10° MDA-231 Nluc-B,AR cancer cells were implanted into the bottom left
mammary fat pad of female Balb/c nu/nu mice (7-week-old), see Chapter 2
section 2.7. for further details about the in vivo model. These mice have a
genetic mutation that causes the deterioration or absence of the thymus,
resulting in significantly reduced number of T cells and consequent impairment
of an adaptive immune system (Mecklenburg et al., 2001). Since MDA-231 are
human cancer cells, these can be administered without being rejected in this

mouse strain.

All in vivo procedures were carried out at Monash Institute of Pharmaceutical
Sciences according to protocols approved (MIPS.2012.11) by the Monash

University Animal Ethics Committee and according to NHMRC guidelines.

Whole-animal Bioluminescence Imaging using IVIS Lumina Il

system and NanoBRET

The whole-animal bioluminescence imaging system (IVIS Lumina Il) was used
to monitor tumour and metastasis development over time for 35 days in mice
bearing MDA-231 Nluc-B,AR. Primary tumour development was measured by
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capturing images of the whole animal, using an open channel and 30 sec
exposure, with the IVIS Lumina Il camera system. Whereas, metastasis
development was measured only in the thorax region, after covering the
primary tumour with a black box to avoid light contamination from the primary
tumour (imaged using open channel and 2 min exposure time). Furimazine
substrate was administered via tail-vein (i.v., circa 3.7 mg/kg) injection 5 min

before imaging. Further details are provided in Chapter 2, section 2.7.1.

This system was also used to monitor ligand-B.AR engagement using
NanoBRET. For these experiments, mice with established tumours (size
>200mm3) were used. To monitor ligand-B,AR engagement by BRET, mice were
imaged by capturing sequential luminescence (open channel, 30 sec exposure)
and fluorescence (CY5.5 channel, using a 660/20nm bandpass, and 5 min
exposure time) images. Further details about NanoBRET-based experiments
and data analysis are provided in Chapter 2 sections 2.7.2. and 2.7.3,,

respectively.
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6.3. Results

Monitoring tumour growth and metastasis development by tracking Nluc-

P2AR in a breast cancer xenograft mouse model.

For this study, 5x10° MDA-231 Nluc-f3,AR cells (20uL in PBS) were injected into
the fourth bottom left mammary fat pad of female BALB/c

immunocompromised (nu/nu) mice.

Previous work by our lab at Monash University has reported the involvement
of B-adrenoceptor signalling in promoting metastasis induced by chronic
stress using the same mouse model (Sloan et al., 2010). In those studies MDA-
231 tumour cells, that stably expressed cytosolic firefly luciferase, were used
to monitor tumour growth and metastasis development (Chang et al., 2016;
Sloan et al., 2010). Other studies have used tumour cells expressing cytosolic
NanoLuc luciferase to monitor cancer progression in living mice (Stacer et al.,
2013). In contrast to those studies that non-specifically monitored tumour
cells, here MDA-231 cells overexpressing Bz-adrenoceptor tagged at the N-
terminus with NanoLuc luciferase (MDA-231 Nluc-B2AR) were used. Since this
genetically-modified receptor is only present on tumour cells these can be

monitored to measure tumour development by bioluminescence imaging (BLI).

Mice injected in the mammary fat pad with MDA-231 Nluc-B2AR cells showed
a significant increase in fat pad-localised luminescence intensity (measured as
photons/sec) from day 8 after tumour cell injection (Figure 6.1.a). Tumour
growth, measured as luminescence intensity, correlated with tumour growth
measured with a conventional calliper (measured as mm?3, Pearson correlation:

p>0.0001, R?=0.499; Figure 6.1.a).
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Figure 6.1. Using whole-animal bioluminescence imaging (BLI) to track and monitor primary
tumour development of Nluc-B,AR overexpressed in MDA-231 tumour cells. Female Balb/c
nu/nu mice (7-week-old) were injected in the fourth bottom left mammary fat pad with 5x10°
MDA-231 cells stably expressing Nluc-B,AR. (a) Tumour development was measured using
bioluminescence images (open channel, 30 sec exposure time; measured as photons/sec, left
y-axis), or by conventional caliper measurements (mm?3, right y axis), measured over different
days after tumour cell injection. These are combined data from 11 different mice expressed as
mean + SEM. *P<0.005 or ** p < 0.0001 (Two-Way ANOVA with Tukey’s multiple comparisons
with respect to Day 8 baseline). For luminescence measurements, the statistical analysis was

applied to the log transformed values. (b) Representative images of tumour growth over time.

MDA-231 cells can disseminate to secondary organs including lymph nodes and
lungs, where they form metastasis (Chang et al., 2016; Sloan et al., 2010). These
studies showed that f,-adrenoceptor activation can drive invasion of tumour
cells into secondary sites (Creed et al., 2015). Therefore, to investigate whether

MDA-231 overexpressing Nluc-$,AR retain the capacity to invade and colonise
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secondary sites (metastasis) in lungs and/or lymph nodes, mice transplanted
with MDA-231 Nluc-B,AR cells were imaged over time in the thorax region.
Metastasis in lungs and/or axillary lymph nodes were detected at later stages
of tumour development, which started to appear 26 days after tumour cell
injection (Figure 6.2.). These data showed the capacity of B,AR-overexpressing
MDA-231 cancer cells to invade secondary sites, as well as the successful use

of NanoLuc luciferase to track a specific receptor in deeper tissues (lungs).
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Figure 6.2. Using whole-animal bioluminescence imaging to track Nluc-B,AR MDA-231 in
secondary sites. The same mice were also imaged in the thorax region using bioluminescence
imaging (open channel, 2 min exposure time; photons/sec) to monitor metastasis appearance
and development over time. Inset: Representative images of mice thorax region displaying
metastasis in lungs or axillary lymph nodes. These are combined data from 11 different mice
expressed as mean + SEM. *P<0.05 or *** p < 0.0001 (Two-Way ANOVA with Tukey’s multiple
comparisons with respect to Day 8 baseline). For luminescence measurements, the statistical

analysis was applied to the log transformed values.

Using NanoBRET to monitor and quantify drug-p.AR engagement in living
animals

Previous evidence showed that Nluc-f.AR expressed in MDA-231 could be
visualised in the primary tumour region (Figure 6.1.). In Chapter 4, it was
established that NanoBRET can be used to monitor ligand-receptor

engagement in vitro in MDA-231 Nluc-;AR cells, and ligand-receptor binding
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kinetics could be quantified using the whole-animal bioluminescence imaging
system (IVIS Lumina Il camera system). The next step was to investigate
whether NanoBRET could be applied to monitor the engagement of
propranolol  fluorescent ligand derivative, propranolol-p-ala-p-ala--X-
BY630/650 (propranolol-BY630/650) to Nluc-f.AR present in the primary

tumour of living mice.

As an attempt to monitor ligand-receptor association in vivo, 0.1 mg/kg
propranolol-BY630/650 were administered directly into the primary tumour
(i.t. injection) of 5 animals with established primary tumours (>200mm3). After
ligand administration, mice were administered with furimazine substrate (circa
3.7 mg/kg) via tail-vein injection and imaged for 51 min by capturing sequential
luminescence (donor) and fluorescence (acceptor) images every 6 min, using
the IVIS camera system (Figure 6.3.). The administration route chosen for the
fluorescent ligand was by direct injection into the primary tumour (i.t.) because
previous administration of 5 mg/kg propranolol-BY630/650 via tail-vein
injection, could not be detected in the primary tumour region by NanoBRET
imaging. This is likely to be due to the highly lipophilic properties of this
fluorescent ligand and/or due to cleavage by proteases of the dipeptide linker

connecting the pharamacophore with fluorophore moieties.

To investigate the degree of specific binding, 4 different animals were
administered with the B,AR-selective antagonist ICl 118551 (0.3 mg/kg, i.t.
injection), 45 min before fluorescent ligand administration. Animals injected
with fluorescent ligand alone showed a rapid increase in BRET signal, that
reached a peak at around 15 min after ligand administration and persisted for
the time-course measured (51 min, Figure 6.3., closed circles). On the other
hand, animals pre-administered with ICI 118551 did not show an increase in
BRET signal, basal BRET levels were observed throughout the time-course
measured (Figure 6.3., open circles). These data show that binding of
propranolol-BY630/650 to Nluc-B,AR can be detected using NanoBRET in the
primary tumour region. Moreover, administration of a higher dose of the
unlabelled competitive antagonist, ICl 118551, resulted in full competition of
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propranolol-BY630/650 binding to Nluc-B2AR, indicating that propranolol-
BY630/650 is binding specifically to Nluc-p.AR overexpressed in the primary

tumour.
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Figure 6.3. NanoBRET was used to investigate real-time association binding of propranolol-
BY630/650 to Nluc-f,AR in vivo. Mice bearing MDA-231 Nluc-B,AR primary tumours (tumour
size >200mm?3) were injected directly into the primary tumour (i.t. injection) with 0.1 mg/kg
propranolol-BY630/650 alone (n=5 mice, 50uL in PBS), or pre-injected 45 min earlier with 0.3
mg/kg of B,AR-selective antagonist ICI 118551 (i.t., n=4 mice, 50uL in PBS). Immediately after
fluorescent ligand injection, furimazine was injected via the tail-vein (i.v.) and sequential
luminescence (30 sec exposure time; open channel, donor emission) and fluorescence (5 min
exposure time; Cy5.5 channel with 660/20nm bandpass filter, acceptor emission) images were
captured for 51 min. ROIs were positioned on the primary tumour region to measure donor

and acceptor intensities (photons/sec), and BRET ratio was calculated as acceptor/donor ratios.

Monitoring propranolol-BY630/650 dissociation/clearance from Nluc-f2AR

over time using NanoBRET

Fluorescent ligand dissociation/clearance was monitored over time after
propranolol-BY630/650 injection (i.t.). Two different concentrations of
fluorescent ligand (0.1 and 0.01 mg/kg) could be detected up to 72h after
administration (Figure 6.4.). Propranolol-BY630/650 showed slow dissociation

in vitro in isolated cells, with a residence time of ~40 min (Chapter 4, Table 4.9.),
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which could explain the extremely slow dissociation observed in vivo. However,
these tumours are also highly vascularised by a disorganised network of vessels
that could result in the fluorescent ligand getting trapped and re-binding to

available receptors until being cleared from the primary tumour region.
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Figure 6.4. In vivo imaging of fluorescent ligand dissociation over time for two different doses
of propranolol-BY630/650. 0.1 or 0.01 mg/kg of propranolol-BY630/650 (50uL in PBS) were
administered directly into the primary tumour (i.t. injection) of two different mice. Sequential
luminescence (30 sec exposure time, open channel) and fluorescence (5 min exposure time,
Cy5.5 channel) images were taken at 1, 24, 48 or 72h administration of fluorescent ligand, and
5 min after furimazine i.v. injection. Upper panels display BRET signal (Cy5.5 channel, acceptor)
and lower panels show bioluminescence imaging (BLI) (open channel, donor). These are

representative images of a single qualitative experiment using two different mice.

In a different experiment performed by Dr. Alexandra Ziegler at Monash
University after | had returned to Nottingham, these experiments were
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repeated with more animals, and using an intermediate concentration of 0.03
mg/kg propranolol-BY630/650 (Figure 6.5.). BRET data confirmed maximal
binding at 1h after i.t. injection of propranolol-BY630/650, which persisted for
24h followed by a slow decrease in BRET signal at 48 and 72h. These data
confirm the slow dissociation rate and/or clearance of propranolol-BY630/650

from the primary tumour for all concentrations used.
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Figure 6.5. NanoBRET measurements of fluorescent ligand dissociation/clearance using three
different concentrations of Propranolol-BY630/650 (0.01, 0.03 and 0.1 mg/kg). Different mice
with tumour <200mm3 were administered with three different concentrations of fluorescent
ligand. Sequential luminescence (open channel, 30 sec exposure time) and fluorescence (CY5.5
channel, 5 min exposure time) were taken at 1, 24, 48 and 72h after fluorescent ligand
administration (i.t.). Time Oh was taken 24h before administration of fluorescent ligand,
corresponding to basal BRET levels. Furimazine substrate was administered (i.v.) 5 min before
imaging. Data are expressed as mean + SEM using 6 animals per concentration of fluorescent
ligand. *p<0.05. **p<0.01 or # p<0.001 compared to corresponding time zero controls, using

Two-way ANOVA with repeated measures and Dunnett multiple comparisons.

Investigation of p-blocker engagement to 2AR in vivo using the propranolol-

BY630/650 as a fluorescent tracer.
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Having used NanoBRET imaging to monitor and measure specific fluorescent
ligand binding to Nluc-B2AR in the primary tumour of living mice, the next step
was to investigate whether propranolol-BY630/650 ligand could be used as a
tracer to monitor binding of unlabelled B-blockers to Nluc-B,AR. Two different
B-blockers were used, the ,AR-selective antagonist ICI 118551 and the B1AR-
selective antagonist CGP20712A. Treatment procedure was performed using a
cross-over design using two animal groups: group 1 (3 animals) received an
injection of propranolol-BY630/650 on its own (i.t., 0.1 mg/kg), whereas group
2 (3 animals) received injection of ICI 118551 (i.t., 0.3 mg/kg) 45 min prior
administration of propranolol-BY630/650 (Figure 6.6.a). After washout of the
fluorescent ligand was confirmed (when BRET signal was at basal levels), the
treatment was reversed in each mouse (for detailed experimental design see

chapter 2, section 2.7.2.).

As previously shown in association binding data, BRET measurements taken
from mice injected with propranolol-BY630/650 alone (i.t., 0.1 mg/kg) showed
an increase in BRET signal 1h after fluorescent ligand injection (Figure 6.6.a).
On the other hand, administration of ICI 118551 (i.t. injection at 0.3 mg/kg)
prior to propranolol-BY630, resulted in a significant decrease in BRET signal,
nearly to basal levels (Figure 6.6. a and b). These data, as well as binding
association data displayed in Figure 6.3., show that propranolol-BY630/650 can
be used as a probe to monitor the binding of unlabelled drugs administered i.t.
at Nluc-B2AR, measured by NanoBRET. Moreover, once again it confirms the
binding specificity of propranolol-BY630/650 at Nluc-B,AR expressed in the

primary tumour.

192



(a) -®- 0.1 mg/kg Propranolol-BY630/650 (i.t.)
- + 0.3 mg/kg ICI 118551 (i.t.)
-®- Basal BRET

0.031 ** **

=)
R
1

BRET ratio

S

o

-
1

0.00

control treated

(b) Prop-  Prop-BY630/650 +
BY630/650 ICI 118551 (| t)

1

5

3

EL_

BRET

F‘

BLI

ey
"

3

e

Figure 6.6. Binding of B,AR-selective antagonist ICl 118551 administered directly into the
primary tumour (i.t.), using 0.1 mg/kg propranolol-BY630/650 fluorescent tracer. For these
experiments mice were separated into 2 groups: group 1 (3 animals) were administered with
0.1 mg/kg fluorescent ligand (i.t.) alone, whereas mice from group 2 (3 animals) were
administered (i.t.) with 0.3 mg/kg ICl 118551, 45 min prior to fluorescent ligand i.t. injection.
Once fluorescent ligand was no longer detected in these mice, treatment was reversed. BRET
measurements were performed as previously described, 1h after fluorescent ligand injection.
Furimazine substrate was injected i.v. 5 min before imaging. Control measurements (red-filled
circles) represent BRET basal levels, that were taken 24h prior ligand administration and 5 min

after furimazine i.v. injection . Data are displayed as individual BRET ratios for 6 mice with
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reversed treatment (connected lines). ** p<0.001 using Two-way ANOVA with Tukey’s multiple
comparison test. (b) Representative images of mice administered (i.t.) with propranolol-
BY630/650 alone or pre-administered (i.t.) with 0.3mg/kg ICI 118551, with upper panel
displaying BRET (CY5.5 channel, 5 min exposure time) and bottom images displaying

bioluminescence (BLI; open channel, 30 sec exposure time).

Administration of a high dose of ICl 118551 ligand via tail vein injection (i.v., 10
mg/kg), 45 min prior administration of fluorescent tracer (0.3 mg/kg, i.t.), also
resulted in a significant decrease in BRET signal to nearly basal levels, using the
same reversed treatment protocol (Figure 6.7.a). On the other hand, a lower
dose of 1 mg/kg ICl 118551 injected also i.v., resulted in a significant decrease
in BRET signal for half of the animals (Figure 6.7.b). Notably, this dose of ICI
118551 reduced BRET signal to near basal levels only in mice with smaller
tumours (<600mm?3, Figure 6.7.b closed blue circles). In animals with bigger
tumour size (>800mm?3, Figure 6.7.b open blue circles) no decrease in BRET was
observed. These resultsindicate that in bigger size tumours, 1 mg/kg ICI 118551
i.v. dose may not be sufficient to occupy all the available B.AR receptors.
Another viable explanation is the low level of drug access into bigger tumours

which are surrounded by a more complex and disorganised vascular network.
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Figure 6.7. Monitoring the engagement of two doses of ICl 118551, administered via tail-vein
(i.v.) injection, to Nluc-B,AR present in primary tumour, using propranolol-BY630/650 as
fluorescent tracer. These were performed as mentioned in previous figure, using a reversed
treatment design. (a) Administration of 0.1 mg/kg propranolol-BY630 (i.t.) alone or pre-
administration of 10 mg/kg ICl 118551 (i.v., 100uL in PBS), 45 min prior to fluorescent ligand
injection. (b) Administration of 0.1 mg/kg ropranolol-BY630 (i.t.) alone or pre-administration
of 1 mg/kg ICI 118551 (i.v., 100uL in PBS), 45 min prior to fluorescent ligand injection. Control
was measured 24h before ligands injection and 5min after furimazine i.v. injection (basal BRET
ratios, red-filled circles). BRET measurements were performed as previously described, 1h after
fluorescent ligand injection. Open circles correspond to animals with bigger tumour size
(>800mm?3). Data are expressed as individual raw BRET ratios from 6 mice with reverted
treatment (connected lines). ** p<0.001, * p<0.01 using Two-way ANOVA with Tukey’s multiple

comparison test.
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Intravenous administration of a high dose (10 mg/kg) of a selective PBi-
adrenoceptor antagonist, CGP20712A, 45min prior to propranolol-BY630/650
i.t. injection did not affect the BRET ratio (Figure 6.8.). These data suggest that
this ligand does not bind to Nluc-B2AR, showing that at the tested
concentration (10 mg/kg) this ligand retains its binding selectivity at Bi-

adrenoceptors.
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Figure 6.8. Effect of a selective Bi-adrenoceptor antagonist on propranolol-BY630/650
binding to Nluc-B,AR-expressing tumours in vivo. (a) Mice bearing MDA-231 overexpressing
Nluc-B2AR (tumour size >200mm?3) were administered with propranolol-BY630/650 alone (i.t.,
0.1 mg/kg) or 45 min after administration of a B;-selective antagonist CGP20712A (i.v., 10
mg/kg). BRET images were acquired as mentioned previously, 1h after administration of the
fluorescent ligand. Images were also acquired 24h prior administration of any ligand for
baseline BRET ratio measurements (control). Furimazine substrate was administered i.v. 5 min
before imaging. Data are displayed as mean of BRET ratios obtained for 3 animals. (b)

Representative images of mice receiving the different treatments with upper panel displaying
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BRET (acceptor, 5 min exposure time) and bottom images displaying bioluminescence (BLI;

acceptor, 30 sec exposure time).

6.4. Discussion and Conclusion

The pharmacological inhibition of B2-adrenoceptor (.AR) signalling represents
a potential therapeutic target for the treatment of breast cancer, particularly
for the triple-negative variant as these tumours express high levels of B2AR, and
have limited other treatment options (Cole and Sood, 2012; Pasquier et al.,
2011; Sloan et al., 2010). Here is reported the novel application of NanoBRET
to monitor and measure B-blockers engagement to (AR in triple-negative
breast cancer tumours of living mice. For this approach, the fluorescently-
labelled propranolol analogue (propranolol-f-Ala-p-Ala-X-BODIPY-630/650,
propranolol-BY630/650) was used as fluorescent tracer (Soave et al., 2016;

Stoddart et al., 2015a), administered locally in the primary tumour.

In vitro characterisation described in Chapter 4, showed that propranolol-
BY630/650 has a relatively fast association (kon) and a slow dissociation (Koff)
rates, with a residence time of ~40 min. In vivo studies presented in this chapter
showed a fast association of the ligand, with a maximal binding at ~15min
(Figure 6.2.), and very slow dissociation and/or clearance of the fluorescent
ligand, which could still be detected 72h after administration into the primary
tumour (Figure 6.3.). Administration of high doses of the selective B2AR
antagonist ICl 118551, locally in the primary tumour, or via tail-vein injection,
resulted in near complete inhibition of propranolol-BY630/650 binding to Nluc-
B.AR, demonstrating binding specificity of the fluorescent ligand at Nluc-B.AR.
A lower dose of ICI 118551 resulted in a significant decrease in fluorescent
ligand binding to Nluc-B2AR in smaller size tumours. In tumours with increased
size, this dose of ICI 118551 was not able to displace fluorescent ligand binding,
which could be due an increase in receptor density and/or due to an increase
in surrounding vascular network that can difficult drug access to tumour cells

(Durham and Blanco, 2015; Yonucu et al., 2017). A lack of binding was observed
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for the selective B1AR antagonist, CGP 20712A, suggesting that this compound
is selective for B1AR at a high dose of 10 mg/kg administered i.v., and does not

bind to B,AR.

In this study was also demonstrated the successful use of NanoLuc luciferase
to track specifically Nluc-B2AR expressed in MDA-231 tumour, and to monitor
tumour and metastasis development. Metastasis were observed in axillary
lymph nodes and in deeper tissues (lungs), at later staged of cancer
progression. Notably, MDA-231 cells overexpressing B2AR have the capacity to
invade secondary sites and form metastasis in lungs and/or axillary lymph

nodes and would, therefore, be sensitive to treatments using B-blockers.

NanoBRET has been successfully used in vitro to rank binding affinities and
selectivity for different ligands in whole living cells (Soave et al., 2016; Stoddart
et al., 2015a). In this study is reported the successful use of this methodology
to monitor and quantify specific drug-target engagement using a pre-clinical
model of breast cancer. This methodology has potential to be introduced to the
pipeline of drug development, screening and pre-clinical testing. Because
NanoBRET is a proximity-based technique that only measures specific ligand-
target interaction (at a distance <10nm), it offers greater potential for the
measurement of specific drug-target engagement compared to other already
available whole-animal imaging techniques that use radioligand tracers, such
as Positron Emission Tomography (PET) (Hazari et al., 2017), or fluorescent
ligand tracers, such as Fluorescence Emission Computed Tomography (FLECT)

flect (Lim et al., 2017).

NanoBRET could also be applied to other in vivo models without the need for
cell transplantation, with the use of transgenic mice and CRISPR/Cas9 gene-
editing to genetically label endogenous target of interest with NanolLuc-
luciferase (White et al., 2017). However, as any newly developed technique,
this methodology has margin for improvement. For instance, the design and
development of better fluorescent tracers with a more water-soluble core, and

resistance to protease cleavage and acidic/basic conditions, would enable
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intravenous (i.v.) and/or intraperitoneal (i.p.) administration. lLv. or i.p.
administration may allow monitoring drug-target engagement at metastatic
sites. Moreover, the development of red-shifted NanolLuc substrates should
also improve the resonance energy transfer efficiency to far-red fluorescent

tracers, which light is less absorbed by tissues.

Overall, this chapter reported the successful use of NanolLuc to specifically
track a GPCR in both superficial and deeper tissues of living mice. Most
importantly, this study showed the first-time application of NanoBRET
methodology to perform real-time read-outs of receptor occupancy and

binding selectivity at the tumour site of living animals.
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Chapter 7: General Discussion

This study demonstrated the novel application of NanoBRET technology to
monitor ligand-receptor interactions in a physiologically relevant system, and

to measure direct receptor-receptor interactions in living cells.

Two class A GPCRs, adenosine Aja receptor and B;-adrenoceptor, which are
highly expressed in endothelial cells, have been reported to promote
angiogenesis, via a VEGFa-dependent process (Ahmad et al., 2009; Desai et al.,
2005; Garg et al., 2017; Lemmens et al., 2017). VEGFa is the key mediator of
angiogenesis which exerts its actions by binding and activating its cognate
receptor VEGFR2 (Basagiannis et al., 2016; Carter et al., 2015; Peach et al.,
2018a).

One of the aims of this study was to investigate cross-talk via receptor
oligomerisation between VEGFR2 and adenosine receptor Aza or PBs-
adrenoceptors using NanoBRET. These interactions were investigated using a
receptor tagged at the N-terminus with NanolLuc luciferase as BRET donor,
whereas receptors tagged at the N-terminus with Halo/SNAP-Tag were used as
BRET acceptors. NanoBRET-based assays previously established in our lab
(Stoddart et al., 2018), were applied in this study for the characterisation of the
Nluc-tagged receptors at the level of ligand biding, which displayed similar
pharmacological properties to untagged receptors, confirming that these tags

do not interfere with receptor function.

Using the novel NanoBRET approach to measure receptor-receptor
interactions, it was presented evidence for direct receptor-receptor association
between VEGFR2 with the two Gs-coupled receptors, adenosine AaR and B2AR,
in HEK 293T cells. VEGFR2 did not show to interact with the Gi-coupled
adenosine A; and As receptors, which were used in this study as negative
controls. However, both adenosine Ai and As receptors, as well as the
adenosine AzaR and B2AR, all showed to form homodimers under non-
stimulation conditions, as previously demonstrated by other groups (Briddon

et al., 2008; May et al.,, 2011; Schonenbach et al., 2016; Wnorowski and
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Jozwiak, 2014), and used here as positive controls. Given the propensity for
these receptors to form homodimers, it is likely that receptor oligomerisation
occurs via the formation of higher-order oligomeric structures, which cannot
be determined when using NanoBRET alone. Single molecule-based techniques
such as total internal reflection fluorescence microscopy (TIRF-M) and
fluorescence correlation spectroscopy (FCS), could be applied in future
experiments to investigate the oligomeric nature of these interactions in

different cellular compartments (Briddon et al., 2018; Calebiro et al., 2013).

Interestingly, co-activation of cells expressing both VEGFR2 and B2AR, resulted
in an increase in receptor-receptor association measured by NanoBRET, and
induced receptors co-internalisation into intracellular compartments. This was
not as clear for VEGFR2/A;aAR complexes due to their high levels of
constitutive internalisation, which have been reported to occur when these
receptors are expressed on their own (Basagiannis and Christoforidis, 2016;

Mundell and Kelly, 2011).

B-arrestins are key scaffolding proteins involved in GPCR internalisation and
endocytosis (Smith and Rajagopal, 2016). These proteins are key players in
intracellular signalling promoted from endocytic compartments (Cahill et al.,
2017; Ranjan et al., 2017). In this study, a NanoBRET approach was also used
to monitor B-arrestin-2-YFP recruitment to isoprenaline-stimulated B,AR
expressing a Nluc-Tag at the intracellular C-terminus (B2AR-Nluc). B2AR is
known to form a transient complex with B-arrestin-2 (‘class A’ GPCR), which
rapidly dissociates from the receptor upon receptor internalisation (Drake et
al., 2006; O’Hayre et al., 2017). A transient interaction between B-arrestin-2-
YFP and B2AR-Nluc was observed upon treatment with isoprenaline (peak at 4-
6 min followed by a decay over time), which was measured in the presence of
unstimulated VEGFR2. Interestingly, co-treatment with isoprenaline and
VEGFi65a agonists resulted in a sustained B-arrestin-2-YFP recruitment to B.AR-
Nluc, which was inhibited in cells pre-treated with the VEGFR2 inhibitor,
cediranib. These results suggest that active-VEGFR2 can alter B-arrestin-2
recruitment profile to a more sustained one, which is typically observed for
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‘class B’ receptors, such as vasopressin type 2 receptor (V2R), which form a
sustained complex with B-arrestins to promote intracellular signalling

(Thomsen et al., 2016).

A Gs-protein surrogate, nanobody-80 (Nb-80), was previously used in
crystallisation studies to stabilise the active B2AR conformation (Rasmussen et
al., 2011a). A version of the Nb-80 tagged with GFP protein (Nb-80-GFP) was
used by a different group, who found that B,AR can be activated in early
endosomes to promote signalling (Irannejad et al., 2013). Nb-80-GFP was used
in this study to monitor Nb-80-GFP recruitment to isoprenaline-stimulated
B2AR-Nluc, using NanoBRET. This approach was also used to investigate the
activation status of B,AR in the presence of VEGFiesa-stimulated VEGFR2.
Isoprenaline-treatment of cells expressing B2AR-Nluc alone resulted in a rapid
and sustained recruitment of Nb-80-GFP to B,AR-Nluc (peak at ~5min).
Isoprenaline and VEGFig5a co-treatment of cells co-expressing both B2AR-Nluc
and VEGFR2 did not affect the recruitment of Nb-80-GFP to B,AR-Nluc (which
was measured 30min after co-treatment). Recent structural and functional
studies showed evidence that B-arrestin-1-bound to a GPCR chimera (B2AV2R)
can also bind Gs protein to form a functional super-complex in endosomes
(Cahill et al., 2017; Lee et al., 2016; Thomsen et al., 2016). Our findings suggest
a novel mechanism in which VEGFR2 can form a complex with B,AR, and that
co-stimulation with agonists can alter the B-arrestin-2 recruitment profile to a
more sustained B,AR/B-arrestin-2 interaction, which may have an impact in
intracellular signalling regulation. Further functional studies should be
performed to investigate whether theseco-stimulated receptor oligomeric
complexes can alter the intracellular signalling profile, compared to receptor
complexes stimulated with either isoprenaline or VEGF1gsa. For example, cAMP
and ERK1/2 biosensors would be a good option to investigate signalling
activation from different cellular compartments, including plasma membrane
and endosomes (Halls et al., 2005). Since B2AR was reported to mediate rapid
cAMP and ERK1/2 activation from endosomes localised near the plasma

membrane (Irannejad et al., 2013; Lee et al., 2016), it would be interesting to
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investigate whether agonist co-stimulated VEGFR2/B2AR complexes can induce
a prolonged activation and/or a later second pool activation of these
downstream effectors (Calebiro and Godbole, 2018; Lohse and Calebiro, 2013).
Moreover, it would should also be investigated the effect of antagonists and
inverse agonists on VEGFR2/BAR or VEGFR2/AsAR complexes. These
interactions and functional outcome should also be investigated in a
physiologically relevant system including primary endothelial cells and cancer
cells. The better understanding of the signalling cascade events that are
downstream of the complex formation, as well as, the molecular events that
lead to complex formation, may unveil novel and more selective targets for

cancer therapy.

This thesis also described the novel application of NanoBRET to monitor
specific ligand-B2AR interaction in vivo (Alcobia et al., 2018). These studies were
performed at the Monash Institute of Pharmaceutical Sciences (MIPS) at
Monash University in Melbourne. The group that | worked with has been using
a bioluminescence whole-animal imaging system (IVIS Lumina Il camera
system) to monitor tumour growth and metastasis development in mice
bearing breast cancer tumours expressing a cytosolic firefly luciferase (Chang
et al., 2016; Sloan et al., 2010). This in vivo model and whole-animal imaging
system were ideal to investigate whether NanoBRET could be applied to
monitor specific ligand-B,AR interactions in living animals. Firstly, it was
demonstrated that NanoBRET-based in vitro assays can be applied to
pharmacologically characterise Nluc-B2AR overexpressed in breast cancer cell
lines (the human triple-negative MDA-231, and the low metastatic mouse 66cl4
cell lines). Secondly, it was demonstrated that MDA-231 Nluc-B;AR cells
implanted in the mammary fat pad of mice to develop tumours, can be tracked
over time to monitor tumour and metastasis development, using the whole-
animal bioluminescence imaging. These findings showed that MDA-231
overexpressing Nluc-B2AR tumours can invade secondary sites (lungs and
axillary lymph nodes). Finally, the in vivo study revealed that NanoBRET can be

successfully applied to monitor specific binding of a fluorescently-labelled
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propranolol analogue, propranolol- BY630/650 (Stoddart et al., 2015a), to Nluc-
B2AR. The specific binding of propranolol-BY630/650 to Nluc-B,AR was
inhibited by pre-injection (intratumoral, i.t., or intravenous, i.v.) of a high dose
of the unlabelled B2AR-selective antagonist ICI 118551, but not by i.v. injection
of a high dose of a selective B1AR antagonist (CGP20712A).

Since NanoBRET measurements only account for specific protein-protein
interactions occurring at a distance <10nm, this methodology offers greater
potential for the measurement of specific drug-target engagement compared
to other already available whole-animal imaging techniques such as PET (which
uses radio-labelled probes) (Hazari et al.,, 2017) and FLECT (which uses
fluorescently-labelled probes) (Lim et al., 2017). BRET readouts should not
account for probe interaction with endogenous receptors in the same or
neighbouring cells, as well as non-specific binding of the probe with
membranes and other proteins. This system could potentially be applied to the
drug discovery pipeline, as it allows the direct measurement of ligand-target

engagement and local concentration (Durham and Blanco, 2015).

NanoBRET may also be applied to monitor protein-protein interaction to
endogenous receptors in vivo, using CRISPR/Cas9 gene-editing to genetically

label endogenous receptors with NanoLuc-luciferase (White et al., 2017).

This in vivo NanoBRET methodology could be widely applicable to monitor
drug-target engagement in animal models using cell-surface-tagged-receptors,
including VEGFR2 and adenosine Aja receptors, and potentially to monitor
receptor-receptor or receptor-adaptor protein interactions occurring inside
the cell in living animals (Kono et al., 2017; Robers et al., 2015). Moreover, the
design and development of better fluorescent tracers with a more water-
soluble core and resistance to protease cleavage and acidic/basic conditions,
would enable intravenous and/or intraperitoneal administration of these
labelled ligands. Another alternative would be the use of nanoparticle-delivery

systems to allow systemic administration of fluorescent probes (Chen, 2010).
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Overall, this study established the application of NanoBRET to determine
receptor-receptor interactions, demonstrating for the first time the formation
of oligomeric complexes between VEGFR2 and the two class A GPCRs,
adenosine Aa or Bz-adrenergic receptors. This novel mechanism should be
investigated further at a functional level to determine the role of VEGFR2-3,AR-
B-arrestin-2 complex in intracellular signalling and biological responses, such as
angiogenesis. Finally, it was also demonstrated the novel application of
NanoBRET to monitor direct binding of B-blockers to B.AR in vivo, using a pre-

clinical model of breast cancer.
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