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The endocannabinoid system (ECS) comprises both cannabinoid receptor 1 (CB1R)
and cannabinoid receptor 2 (CB2R), which belong a class of rhodopsin-like G protein-
couple receptors (GPCRs) alongside the endogenous ligands, and the respective
enzymes for their synthesis and degradation. The ECS and cannabinoid receptors
are involved in a number of important physiological processes both in the brain and
peripheral tissues, including neuronal development, learning and memory formation,
as well as immune cell function and inflammation. It has proven difficult to develop
novel selective drugs for the cannabinoid receptors without causing multiple, and
often serious, side-effects. In addition, GPCRs such as the cannabinoid receptors
couple to one or more trimeric G proteins or arrestin proteins, adding more complexity
to drug discovery efforts targeting these receptors. It is now firmly established that
certain drugs can trigger pathway-specific signalling, which may enable the
development of drugs with greater selectivity for therapeutic pathways and potentially

with fewer side effects.

We studied this phenomenon known as biased signalling at human cannabinoid
receptors using a series of novel ligands, identified via in silico docking, and G protein
biosensors. Initial competition and saturation binding assays characterised ligand
binding to both CB;Rs and CB;Rs, while signalling bias investigated via
bioluminescent resonance energy transfer (BRET)-based mini-G protein (which
mimics a full-length G protein) and B-arrestin recruitment assays (receptor C-terminus
tagged with NanoLuc™ donor fluorophore and B-arrestin tagged with a venus
acceptor fluorophore). Functional cannabinoid receptor activation was then assessed
using G protein activity (Gi-CASE) sensors that use BRET to report the activation-

induced dissociation of the G protein.

Among the three novel compounds investigated, two proved to be agonists and one
an inverse agonist at CB1R and CBzR. Agonist activity in the Gi-CASE assays elicited
a decrease in the BRET signal, indicative of receptor activation and G protein
dissociation. Inverse agonist activity caused an increase in BRET signal, suggestive
of receptor inactivation and the accumulation of inactive G protein. However, the novel
ligands appeared relatively unbiased at the cannabinoid receptors due to similar
recruitment of mini-G and B-arrestin proteins following receptor activation, both in
terms of potency and efficacy. A more complete pharmacological profile of the
reference and novel ligands was gained, using confocal microscopy and a diffusion-
enhanced resonance energy transfer (DERET) assay, both used to evaluate agonist-

induced receptor internalisation at the cannabinoid receptors.

-6-
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Developing drugs to target CB:R and CB:R is valuable because only a few marketed
drugs currently target cannabinoid receptors. Rimonabant is a previously marketed
CB:R antagonist and a potent anti-obesity agent, and is associated with significant
neurological side effects, which eventually led to its withdrawal from the market.
Rimonabant serves as an example of the challenges faced with the development of

novel, safe drugs to target cannabinoid receptors in disease.

Unfortunately, we did not identify any ligand bias among any of the three novel
compounds under study. However, continued investigation of these and other novel
compounds will better characterise their potential to become novel therapies for
conditions linked with cannabinoid receptor signalling. Looking forward, we also
highlight a novel membrane-based biosensor assay, a step towards creating a high-

throughput means to identify novel hits at cannabinoid receptors.
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1.1 GPCR structure and signalling

The G protein-coupled receptor (GPCR) family encapsulates a vast array of cell
membrane receptors. GPCR receptors are membrane receptor proteins consisting of
a polypeptide chain that starts with an extracellular amine (N)-terminus, that traverses
the membrane and forms seven distinct transmembrane regions connected via
intracellular or extracellular loops, before terminating in the intracellular domain with
a carboxyl (C)-terminus (Banerjee and Mahele, 2015). The seven transmembrane
regions bundle together and form the ligand binding pocket where ligands bind and
activate the receptor (Katritch et al., 2013). Different flavours of GPCR exist based on
differences in the receptor structure, including type A rhodopsin-like, type B secretin-
like, type C metabotropic GPCRs, type D fungal pheromone GPCRs, type E cyclic
adenosine monophosphate (cCAMP)-like receptors and type F GPCRs which are

frizzleds or smoothened receptors (Hu et al., 2017).

GPCRs are associated with intracellular guanine-nucleotide binding proteins, or G
proteins, consisting of an alpha (Ga), beta (GB) and gamma (Gy) subunit (Kamato et
al., 2015), altogether forming a heterotrimeric Gafy protein. Ligands binding to the
GPCR causes a conformational change in the receptor, enabling the G protein to bind
to the intracellular face of the 7TM receptor core, inducing the dissociation of guanine
diphosphate (GDP) from the G protein. GDP is replaced by guanine triphosphate
(GTP), causing the heterotrimeric Gafy protein to separate into a Ga subunit and GBy
dimer, which is reformed when GTPase enzymes hydrolyse GTP to GDP (Harrison
and Traynor, 2003).

The Ga subunit of the G protein heterotrimer can be stimulatory (Gas) and cause
adenylyl cyclase activation, which converts adenosine triphosphate (ATP) to cyclic
adenosine monophosphate (cCAMP) and stimulates phosphokinase A (PKA) for the
phosphorylation of target proteins (Wang et al., 2017). The Ga subunit can also be an
inhibitory (Gai) protein which supresses adenylyl cyclase and halts cAMP production
and PKA stimulation. Collectively, GPCR signalling via Ga; and Gas proteins oversees
downstream signalling events and enzymes involved in cellular metabolism, gene
expression and membrane permeability (Hofer, 2012; Kakkar et al., 1999). G proteins
can also signal via the inositol phosphate signalling pathway (Gag) involved in the
activity of calcium (Ca?*) channels (Smith et al., 2018), while Gaiz13 proteins also exist
to activate RhoGTPases for altering gene transcription, cell transformation and the

cell’'s actin cytoskeleton (Aittaleb et al., 2010).
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B-arrestin recruitment is another vital aspect of GPCR signalling, which is responsible

for the activation of extracellular-signal-related kinases 1/2 (Coffa et al., 2011; Shenoy
etal., 2006), as well as enabling GPCR signalling to come to an end. GPCR signalling
is terminated by receptor phosphorylation and desensitisation, led by G-protein
coupled receptor kinases (GRKs) that attach phosphate groups to serine and
threonine amino acid residues near the intracellular C-terminus of the GPCR (Smith
et al., 2018). GRKs also recruit B-arrestin proteins to the receptor, which blocks the G
protein from accessing the GPCR, thus halting G protein activation and signalling
(Haider et al., 2022; Shenoy and Lefkowitz, 2011). B-arrestin recruitment also triggers
GPCR internalisation via endocytosis by forming clathrin-coated pits (CCPs) (Mohan
et al., 2012), formed from the arrestin interacting with clathrin and adaptor protein-2,
which are involved in the formation of intracellular vesicles following receptor
desensitisation (Chaudhary and Kim, 2021). Once internalised, the GPCR can be

degraded or reset and recycled back to the membrane for reactivation.

1.2 Signalling bias at GPCRs

GPCR signalling can be tuned in response to agonist binding, and can result in the
receptor preferentially signalling via either the G protein or 3-arrestin protein. Termed
biased signalling, this phenomenon involves pathway-specific signalling and may help
drug discovery efforts by making novel drugs with fewer side effects (Kenakin and
Christopoulos, 2013). Biased signalling can arise due to ligand bias, caused by
differences in the strength of the interactions between a ligand and the GPCR binding
domain, resulting in a unique conformation and differential GPCR signalling compared
to that of another ligand binding and activating the same receptor (Kenakin and
Christopoulos, 2013; Kenakin, 2019). In addition, stoichiometric differences in the
abundancy of G proteins or B-arrestin proteins for a given GPCR can cause systems
bias, causing differential signalling via the G protein or B-arrestin based on the tissue
or system within which the GPCR is expressed (Sengmany et al., 2019). Lastly, the
location and intracellular environment of the GPCR inside the cell can lead to location
bias and differential GPCR signalling depending on whether it is exhibited on the cell

membrane versus inside the cell (Mohammad Nezhady et al., 2020).

Biased signalling is observed in p-opioid receptors, where novel biased agonists are
designed to target the G protein signalling pathway which is responsible for the
analgesic effects of opioid medicines, without recruiting the (-arrestin proteins which
may bring about adverse signalling events leading to opioid-induced respiratory

depression and gastrointestinal effects (Senese et al., 2020; Gillis & Christie, 2021).

-10 -
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Additional reviews also exist outlining several pre-clinical in vivo examples of biased

ligands being able to treat for pain and itch, without causing side effects such as
sedation or dysphoria, as well as examples of endomorphins as arrestin-biased
ligands and morphine as a partially G protein-biased ligand (Kelly, 2013; Ranjan et
al., 2017). In fact, oliceridine is a recent FDA-approved p-opioid agonist, designed to
preferentially stimulate G protein signalling. However, concerns remain over the
drug’s safety and there are debates over whether the drug is biased or simply a partial
agonist of G protein activation (Mullard, 2020). Indeed, there seems to be a
discrepancy between observed biased agonism in in vitro studies versus that seen in
in vivo studies in both human and other species, suggesting that biased signalling
requires a more robust and continued understanding as far as drug discovery is

concerned.

As for the cannabinoid receptors, research concerning biased agonism at these
receptors is still somewhat in its infancy. However, studies indicative of biased
agonism may be useful for drug discovery efforts by revealing more about how these
receptors signal. For example, LaPrairie et al. have highlighted that B-arrestin
signalling is preferred in cannabinoid receptor type 1 following tetrahydrocannabinol
(THC) stimulation on mouse striatal derived cell lines (LaPrairie et al., 2014), and that
endocannabinoids tend to be biased towards G protein signalling (LaPrairie et al.,
2015). Similar findings on THC have also been found by Zhu et al. based on studies
of receptor internalisation and signalling via the phosphorylated ERK1 and 2
pathways in Chinese hamster ovary cells, which may indicate a preference for 3-
arrestin signalling over the G protein (Zhu et al., 2020). However, Ibsen et al. failed to
highlight B-arrestin-favoured signalling with THC stimulation in studies in human
embryonic kidney (HEK)-293 cells (Ibsen et al., 2019), indicating how the molecular
basis of biased signalling may vary with cellular and experimental conditions. This
highlights the need to better define the molecular mechanism of biased signalling at

cannabinoid receptors.

1.3 The endocannabinoid system and cannabinoid receptor signalling

The endocannabinoid system (ECS) encompasses cannabinoid receptor types 1
(CB1R) and 2 (CB2R), which are type-A, rhodopsin-like GPCRs, and couple to an
inhibitory G protein (Gai) to suppress adenylyl cyclase activity and the production of
cAMP and PKA (Howlett, 2005). The ECS also includes a number of G protein-like
receptors linked to the activity of endogenous cannabinoids that play a role in

cognitive function in mouse models of Alzheimer’'s disease and the control of blood

-11 -
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pressure (Penumarti & Abdel-Rahman, 2014; Blanton et al., 2022; Xiang et al., 2022),

as well as including a number of transient receptor potential channels (Muller et al.,
2019). The ECS further includes the enzymes responsible for the biosynthesis and
degradation of the endogenous cannabinoid ligands N-arachidonoylethanolamine
(anandamide; AEA) and 2-arachidonoylglycerol (2-AG), which are derived from
membrane phospholipids and arachidonic acid, binding to both receptors with sub-
micromolecular affinities (Devane et al.,, 1992; Mechoulam et al.,, 1995). The
metabolism of AEA primarily involves fatty acid aminohydrolase, cyclooxygenase-2
(COX-2) or N-acylethanolamine, though is often carried out by monoacylglyerol. In
contrast, 2-AG is degraded by ABH6 and 12, as well as COX-2 (Morcuende et al.,
2022), suggesting that inhibitors of COX-2 may benefit endocannabinoid levels.

CB1R is expressed throughout the central nervous system, primarily on presynaptic
neurones, where its expression enables the modulation of neuronal excitation.
Specifically, postsynaptic neuronal depolarisation causes an influx of calcium into the
neurone and triggers the production of AEA and 2-AG (Brini et al., 2014; Ogura et al.,
2016). AEA and 2-AG are then fed back to the presynaptic neurone, where they bind
CB:iR couple to Ga; coupling, decreasing the activity of voltage-gated calcium
channels and suppress continued neuronal excitation. CB1R can also couple to
stimulatory G (Gas) proteins, increasing the activity of inwardly-rectifying potassium
channels to further dampen neuronal excitation (Guerrero-Alba et al., 2019). CB1Rs
are expressed in neurones of the periagueductal grey matter in the midbrain and the
substantia gelatinosa of the spinal cord (Manzanares et al., 2006), suggesting CB1R
may also have a role in the modulation of nociception. Notably, the presence of CB1R
on presynaptic neurones in the central nervous system supports the control of
endogenous pain by dampening presynaptic neuronal excitation and neurotransmitter
release. This forms the basis of cannabis use for the control of neuropathic pain
(Casey et al., 2022), and also supports the use of cannabinoids for treating anxiolytic
disorders and epilepsy by reducing neuronal excitation (Berger et al., 2022; Costa et
al., 2022). The medicinal use of cannabinoids including cannabis could also
ameliorate depression and similar conditions by targeting CBiR (Hernandez-
Hernandez and Garcia-Fuster, 2022; Zer-Aviv et al., 2022), further justifying the
importance of elucidating the therapeutic potential of the ECS.

However, targeting CB1R is a double-edged sword, and the long-term use of cannabis
can be detrimental to mental and physical health and can worsen psychological

disorders in affected people (Karila et al., 2014). Furthermore, rimonabant, which was

-12 -
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previously marketed as a potent anti-obesity agent and CB;R antagonist to block
appetite, has caused significant psychiatric effects and suicidal tendencies in patients
(Blum et al., 2021). As a result, finding efficacious treatments at CB1R is challenging,
and drug discovery efforts may be best directed to targeting CB2R instead. CBzR is
located mainly in peripheral tissues and at lower levels in the brain, and is expressed
on immune cells including microglia (Turcotte et al.,, 2016). CB2R has anti-
inflammatory properties in mice, where it helps reduce the activation and infiltration of
pro-inflammatory M1 macrophages (Du et al., 2018), and regulates the release of pro-
inflammatory cytokines such as interleukin-1f (Liu et al., 2022), and may ameliorate
emotional behaviour and cognition in response to inflammation (Morcuende et al.,
2022). Activating CB2R can also alleviate oxidative stress in psoriatic skin lesions (He
et al., 2023), while also having an antinociceptive effect in a number of animal models
(Wen et al., 2023; Wilkerson et al., 2022; Zhou et al., 2023), indicating the beneficial
role of CB2R for which we have only just scratched the surface. It is therefore
important to develop novel and effective therapies for the cannabinoid receptors that

can better target specific signalling pathways to minimise systemic side effects.

1.4 Current methods and limitations to studying G protein activation

Discovering novel hits at GPCRs, including the cannabinoid receptors, typically
incorporates a whole-cell approach. Using whole cells can be challenging due the
requirements of culturing cells, as well as differences in receptor expression and
variability in drug response, thus hampering screening efficiency and delaying the

identification of novel hits between assays.

As a result, drug discovery efforts employing membrane-based assay alternatives
could increase the screening throughput of novel compounds to target receptors, thus
accelerating the identification of new treatments. For example, the [**S]GTPyS assay
is a useful membrane-based assay for studying agonist efficacy and potency at Ga;-
coupled GPCRs, which works by replacing GTP bound to Ga; with a radioactive %S-
labelled guanosine 5’-0-(3-thio) triphosphate ligand (DelLapp et al., 2012). The label
is resistant to GTPase hydrolysis, which in turn prevents the rebinding of GDP and
hence the reformation of the original heterotrimeric G protein. This results in Gai
accumulation which can be quantified alongside the radioactivity count as a marker
of agonist activity (Harrison and Traynor, 2003). Despite this, running the assay in
whole cells is not easy because the radioactive label cannot readily permeate the cells
without permeabilizing the cell membrane, which may compromise cellular functions.

The [®S]GTPyS assay is best suited to Gai-coupled GPCRs, although responses

-13 -
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have been reported before at low levels in membrane preparations of Gas-coupled
receptors (Harrison & Taylor, 2003). Low-level responses in Gas-coupled receptor
membranes could arise due to differences in G protein lipidation (Végler et al., 2008),
and because Gas proteins may be less abundant than Ga; proteins (Milligan, 1988).
Furthermore, Gas protein activation may occur more slowly compared to Ga; proteins

(Milligan, 1988), resulting in the assay being more favourable for Gai-coupled GPCRs.

The cAMP assay is another useful tool for studying Gai-coupled GPCR activation
(Gilissen et al., 2015), which involves using forskolin to activate cAMP production
before stimulating the receptor, the result of which can inhibit or enhance cAMP
production due to the coupling of the respective G protein (Seamon et al., 1981).
Other forskolin-free methods have more recently been developed (Gilissen et al.,
2015), and there are also a number of examples where Gas-coupled receptors have
been successfully screened using cAMP (Chen et al., 2013; Titus et al., 2008).
However, cAMP-based assays require precise amounts of forskolin, and membrane-
based assay formats require CAMP regeneration buffers and enzymes, making the

assay technical, variable and complex.

Biosensors of G protein activity have been recently refined and improved by the
Schulte lab to account for all subtypes of Ga protein. G protein tricistronic activity
sensor (G-CASE) biosensors utilise the properties of BRET, encoding a
NanoLuciferase luminescent donor tag on the N-terminus of the Ga protein and a
venus luminescent acceptor tag on the C-terminus of the Gy subunit (Schihada et al.,
2021). G protein activation and dissociation causes a decrease in BRET signal
between the donor and acceptor fluorophores, based on the increased spatial
proximity between the Ga and Gy subunits, and so a reduced ability for resonance
energy transfer to occur. However, these biosensor assays currently run in whole cells
and have not yet been used in membrane-based assays investigating agonist-
induced G protein activation for drug discovery. However, it may be possible to modify
these biosensors and anchor the G protein to the inner leaflet of the plasma
membrane to support the development of a membrane-based, miniaturised assay

format that allows the study of G protein activity when screening novel hits at GPCRs.

1.5 Aims and objectives of the investigation
This project involved investigating biased signalling at cannabinoid receptors using
novel compounds discovered in a docking screen and standard reference

compounds. The first objective was to determine the equilibrium Ky of our fluorescent

-14 -
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tracer at CB1R and CB:R using saturation binding assays, before determining the
affinity and selectivity of three novel compounds (compound 005, 009 and 025) for
CB:R and CB2R compared to a positive control (rimonabant for CB;:R and SR-144,528

for CBzR), via competition binding assays

The second objective of this investigation was to study ligand bias among the three
novel compounds. This phenomenon will be studied using functional assays including
mini-G and [-arrestin recruitment assays, where the response of the novel
compounds will be considered relative to an appropriate positive control. We hoped
to find a degree of bias towards G protein or B-arrestin recruitment at CB1R or CB2R
with the novel compounds. The mini-G and B-arrestin recruitment assays will be
complemented with assays using a biosensor for Gai-coupled GPCRs (Gi-CASE)
(Schihahda et al., 2021) to better elucidate G protein activity in response to agonist
stimulation relative to a positive control. These assays will indicate the mechanism of
action of the three novel compounds, which cannot be depicted in the saturation and
competition binding experiments, thus providing a good insight into how the novel

compounds cause G protein activation and signalling.

After studying G protein activation, we will then consider B-arrestin recruitment in
more detail by conducting assays into CB1R and CB:R internalisation, which is
thought to be mediated by B-arrestin activity. Studies of receptor internalisation will
involve using confocal microscopy to visualise agonist stimulation on GFP-labelled
cells with the novel compounds and a positive control. Diffusion-enhanced resonance
energy transfer (DERET) assays will also be conducted as an additional means to
track receptor internalisation. Concentration-response curves should look similar to
those obtained in the B-arrestin recruitment assays and will help us to gain a full
pharmacological profile of the novel compounds in the presence of the positive

control.

As a side project, we attempted to miniaturise the Gi-CASE assay by creating a lipid
anchor for the fluorescent G protein to increase its concentration in the plasma
membrane, thus promoting the development of a membrane-based assay to study
functional G protein activation in response to agonist stimulation. Preliminary
experiments using membranes with the lipidated G protein should show a response
that is similar to that seen in the assay conducted in whole cells. The assay can then
be optimised in future to accelerate the identification of novel agonists for the

cannabinoid receptors, which could be applied to other GPCRs.

-15 -
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Chapter Two: Materials and Methods
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2.1 Materials

Mammalian cell culture reagents
HEKT-REx™-293 Cell lines were purchased from Invitrogen (CA, USA). HEKT/17
cells were purchased from American Tissue Culture Collection (ATCC) (VA, USA).
T75 and T175 mammalian cell culture flasks were purchased from Fisher Scientific
(Loughborough, UK). Cell culture reagents from Sigma Aldrich (St. Louis, MO, USA)
include foetal calf serum (FCS), Dulbecco’s Modified Eagle’s Medium (DMEM) 500mL
— high glucose (catalog no. D6429), Dulbecco’s Phosphate Buffered Saline (PBS),
Hank’s Buffered Saline Solution (HBSS), 4- (2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES) sodium salt (catalog no. RDD035-100G),
bovine serum albumin, trypsin/EDTA solution 100mL (catalog no. R001100).
Reagents purchased from Gibco™ (MA, USA) included Opti-MEM™ Reduced Serum
Medium (catalog no. 31985062), Blasticidin™ Selection Reagent HClI 10mg/mL
(catalog no. 12172530), Zeocin™ Selection Reagent 100mg/mL (catalog no.
R25005), Geneticin™ Selective Antibiotic (G-418 Sulfate) 50mg/mL (catalog no.
10131035), Tryan Blue Solution, 0.4% (catalog no. 15250061). Sheared Salmon
Sperm DNA was purchased from Invitrogen (CA, USA) (10mg/mL; catalog no,
AM9680). Reagents from Corning® (Corning, NY, USA) include Corning® 100mL
Cellstripper™, liquid (catalog no. 25-056-Cl). Reagents from Lonza (Allendale, NJ,
USA) include cryoprotective freezing medium, 100mL (catalog no. 12-132A). Cell
culture reagents from Cisbio (Codolet, France) include LabMed buffer and HTRF Tag-
lite SNAP-Lumi4-Tb labelling reagent (5X) (100mL LABMED). Polyethylenimine (PEI)
was obtained from Polysciences Inc (PA, USA). 96-well plates Cellstar ® tissue

culture plates were purchased from Greiner Bio-One (Kremsmunster, Austria).

Molecular biology reagents
Molecular biology reagents from Thermofisher (MA, USA) include SYBR™ Safe DNA
Gel stain (catalog no. S33102). Reagents from Invitrogen (CA, USA) include LB Agar,
powder (catalog no. 22700041).

Compounds
Reference ligands from Bio-Techne® Tocris (Abingdon, Oxfordshire, UK) include HU-
210 ((6aR)-trans-3-(1,1-Dimethylheptyl)-6a,7,10,10a-tetrahydro-1-hydroxy-6,6-
dimethyl-6H-dibenzo[b,d]pyran-9-methanol) (catalog no. 0966), HU-308 ((1S,4S,5S)-
4-[4-(1,1-Dimethylheptyl)-2,6-dimethoxyphenyl]-6,6-dimethylbicyclo[3.1.1]hept-2-
ene-2-methanol) (catalog no. 3088), anandamide (AEA) (N-(2-Hydroxyethyl)-
57,872,117 ,14Z-eicosatetraenamide (catalog no. 1339), 2-Arachidoylglycerol (2-AG)
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(52,82,117,147)-5,8,11,14-Eicosatetraenoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl
ester (catalog no. 1298), SR-144,528 (5-(4-Chloro-3-methylphenyl)-1-[(4-
methylphenyl)methyl]-N-[(1S,2S,4R)-1,3,3-trimethylbicyclo[2.2.1]hept-2-yl]-1H-
pyrazole-3-carboxamide) (catalog no. 5039) and rimonabant (SR-141716A) (N-

(Piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-
carboxamide hydrochloride) (catalog no. 0923).

We tested three novel compounds, including compounds 005, 009 and 025. The three
compounds were derived from a primary batch of compounds identified as novel hits
from docking studies using ZINC database. Initial hits from the first batch of
compounds were taken and the database was used to further explore and compare
similarities in the compounds’ structure with other existing structures. The novel hits
in the primary batch were then taken and a second batch including the three
compounds tested in this project were purchased and tested at the cannabinoid
receptors. D77, a fluorescent tracer based on the structure of THC was also used, the
kinetics and binding time profile of which have been characterised by a former PhD

student working in the Veprintsev lab (unpublished data).

DNA constructs
HEK293TR cells expressing CBiR, CB2R and truncated CB:R (91-472) were
transfected with the Gi-CASE plasmid, which was obtained from Addgene (catalog
no. 168120) (Teddington, UK) and is available as Addgene: Gi1l-CASE (Schihada et
al., 2021). Original Gi-CASE constructs were made using pcDNA™3.1 mammalian
vectors Invitrogen™ (CA, USA) (catalog no. V79020). HEK293TR cells were made to
express CB1R and CB:R using pcDNA™4/TO mammalian vectors ((catalogue no.
V102020) Thermofisher Scientific (MA, USA), expressing the gene for CB1R using
CNR1 and the gene for CB2R using CNR2. Later, the Gi-CASE plasmid, as well as
the Gs-CASE and Gg-CASE plasmids, were modified as part of our attempt to create

a membrane-based biosensor assay. The DNA sequence of these plasmids reflects
the DNA sequence of Gai, Gas and Gaq proteins, so we targeted the amino acids in
these plasmids in order to modify the actual G protein linked to the receptor, promoting
palmitoylation and myristoylation at the Ga subunit N-terminus. Benchling was used
as a tool to visualise the plasmids. PCR primers, for the insertion of the nucleotides
at the extreme N-terminus of the Ga subunit, were designed using AAScan (Sun et
al., 2013). The N-terminus of the Gai protein-encoding region had the original DNA
sequence TACCCGACGTGTGACTCGCGA which encoded the amino acid sequence
MGCTLSA. The N-terminus of the Gs-CASE plasmid had the original DNA sequence
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as follows: TACCCGACGGGAGCCGTTGTCATTC for the first eight amino acids for
the sequence MGCLGNSK. The original DNA sequences were then modified for the
sequence: TACCCGACGACAACGTCGTTT and encoded the amino acids sequence
MGCCCSK. For the Gg-CASE plasmid, the DNA sequence of the N-terminus of the
Ga protein was TACTGAGACCTCAGGTAGTAC and encoded the amino acid
sequence MTLESIM. The original DNA sequence was then modified for the sequence
TACCCGGAACTTAGATCGTTT and encoded the amino acid sequence MGLESSK.

The insertion of nucleotides at the N-terminus sequences was enabled using ColE

forward and reverse primers. Constructs were transformed into OneShot™ TOP10
Chemically Competent E.coli cells from Invitrogen (catalog no. C404010) (CA, USA).

2.2 Methods

PCR reactions and DNA elution
The PCR of constructs was performed by preparing 1 uL of 0.1 ng/uL template DNA,
1.25 uL of 6 yM ColE forward and reverse primers, 9 uL deionised water and 12.5 pL
Primestar HS polymerase (premix). Forward and reverse primer solutions were
prepared separately. Products were then prepared for purification and plasmid
assembly by digestion of the recognition sequences by adding 0.5 pL (5 units) Dpnl
restriction enzyme (Promega) to each PCR product, followed by incubation using a
PCR reactions were carried out using a PCRmax® (Stone, Staffordshire, UK) ALPHA
Cycler 2 Thermal cycler as follows: 37 °C for 3 hours, then at 16 °C for 11 hours.
Dpnl digestion was performed so as to leave behind the constituent parts of the
plasmid with blunt ends. The plasmid components were then purified using a
QIAGEN® Mini-Elute Reaction Clean-up Kit following the attached instructions and
were then eluted in 10 pL distilled water. The eluted DNA was then quantified using a

DeNovix Ds-11 FX spectrophotometer.

Plasmid assembly was completed using Gibson Assembly® an established method
(Heydenreich et al., 2017). A molar ratio of 3:1 of insert: backbone was used, in which
the total amount of DNA used was equal to 50 ng. Plasmids were typically made in
two halves before being assembled. A total assembly volume of 10 puL was used, and
Gibson Assembly mixtures were incubated at 4 °C for two minutes, at 50 °C for fifteen
minutes, and then at 37 °C for one hour. Then, the temperature was returned to and
held at 4 °C at the end of the assembly.

The outcome of PCR reactions, and the successful insertion of DNA sequences into

the template DNA plasmid constructs, was confirmed via DNA gel electrophoresis. A
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1% agarose solution was made in which an appropriate amount of agarose powder

was dissolved in 1x Tris-acetate-EDTA (TAE) buffer via boiling. The boiled solution
was then gradually cooled to approximately 60°C before adding 5 yL SYBR™ Safe
DNA Gel Stain (Invitrogen™). The liquid gel was then poured and left to set in a
Fisherbrand™ Sub-Gel Midi Horizontal Gel Electrophoresis Unit and was submerged
in TAE buffer. 2 yL of GeneRuler™ 1kb DNA ladder was used as a ladder control.
Then, a mixture of each PCR product was made, which included 2 yL PCR product,
2 uL distilled water and 1 yL loading dye (Thermofisher Scientific). Samples were then
loaded into the gel, before running using an electric field created with a Cleaver
Scientific NANOPAC-300P power supply (400mA, 90V) for 40 minutes. The gel was
then analysed using a gel imaging analysis system as an indicator of successful PCR
reactions and as a deciding factor in whether the PCR should be repeated if bands

were too faint or not visible.

Transformation in bacteria
Assembled plasmids were transformed using One Shot® TOP10 Chemically
Competent E.coli (Thermofisher, MA, USA) stored at -80 °C, and pre-treated with
manganese chloride to aid plasmid uptake. Cells were thawed on ice before 4 pL of
Gibson Assembly contents was added and the Eppendorf tube was flicked to ensure
the plasmid was taken into and distributed in the E.coli suspension. The suspension
was put on ice for 25 minutes, then was given a heat shock for 30-40 seconds at 42

°C, before being placed back on the ice for two minutes.

For plasmids containing G protein tricistronic activity sensor (G-CASE) inserts, in
which kanamycin was a selective agent to isolate bacteria that have successfully
taken up the plasmid, a 1-hour recovery step was taken before plating. This involved
adding 500 pL autoclaved Luria broth (LB) to the plasmid suspension and incubating
for one hour at 37 °C. The recovered cells were then centrifuged at 1,000 RPM for 3
minutes at 4 °C, after which all but 50 uL of supernatant was discarded. For plasmids
in which carbenicillin was the selection agent, the recovery step and centrifugation
were not included in the transformation. The pellet was then re-suspended in the 50
ML supernatant and then spread onto the agar jelly in a petri dish, under sterile

conditions.

Agar Petri dishes were prepared using liquified 12.5 mL LB-agarose containing 100
pg/mL of the appropriate antibiotic, dispersed evenly, and left to sit for 20 minutes.
After take-up into the E.coli host, the suspension was then spread onto the agar jelly

and distributed across the plate using an inoculating loop to create a set of three
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zigzag lines to dilute the bacteria to single colonies. The Petri dish was then placed

face down in an incubator at 37 °C overnight before a Gilson p200 pipette tip was
used to pick a single colony the day after. Single colonies were placed into a cell
culture tube containing 5 mL LB and 100 pug/mL of the correct antibiotic, then sealed
with foil and placed in a shaking incubator at 37 °C at 230 RPM for up to 20 hours.

Plasmid DNA extraction using Qiagen
A mini-prep was first carried out using a QIAGEN® mini-prep kit and protocol to
confirm that we had the correct sequence, before carrying out a midi-prep using a
QIAGEN® kit once we had the right plasmid. Following 24 hours of incubation at 37
°C, a single E.coli colony was picked using a Gilson p100 pipette tip. Tips were then
placed into cell culture tubes containing 5mL LB (10% of the correct antibiotic
selection agent). Then, tubes were sealed and placed into a shaking incubator at 37
°C overnight. Following incubation, plasmids were extracted from the E.coli vector
using QIAGEN® Midi-prep kits (Qiagen, Hilden, Germany). Briefly, plasmids were
placed in a resuspension buffer, the cells were lysed and the solution neutralised,
before being centrifuged at 20,000g for 30 minutes at 4 °C, using a Thermofisher
Scientific fiberlite fixed angle rotor container, to separate the DNA from the cell host.
The supernatant was then transferred to an equilibrated QIAGEN-tip 500 tube and
was left to filter into a universal attached to the bottom, using gravity. A wash buffer
was then added to the sample, before adding the DNA elution buffer, then isopropanol
and ethanol to elute the DNA. The samples are then centrifuged once more under the
same conditions, and the pellet was then air-dried before being re-suspended in 20
pL distilled water. The DNA concentration is then quantified using spectrophotometry

and is stored at -20°C.

Spectrophotometry and DNA quantification
Purified DNA prepared by transformation into E.coli was quantified using a DeNovix
DS-11 FX+ Cuvette Spectrophotometer. Using 1 uL distilled water as a blank sample,
the spectrophotometer was calibrated, before a 1 uL sample of the eluted DNA was
placed on the reader and the concentration of DNA was measured. The

spectrophotometer was re-calibrated in between using different DNA samples.

2.3 Cell culture
Cultured cells were maintained in a humidified incubator at 37 °C and 5% CO: in
Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich) containing 10% foetal

calf serum (FCS). Cells were maintained via passaging once reaching approximately
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70% confluency. DMEM media was aspirated off and cells were washed with 5 mL

Phosphate buffered saline (PBS). The PBS was aspirated off and 2 mL trypsin was
added to the flask in order to remove the cells from the bottom of the flask, which
typically is coated with poly-d-lysine in order to encourage the adherence of cells to
the flask when culturing. After dislodging the cells, the trypsin was neutralised using

8 mL DMEM, and the cell media mixture was made uniform via pipetting.

For cell passaging, an appropriate portion of the 10 mL cell suspension was carried
into another T175 flask and made up to a total volume of 15 mL using additional
DMEM. When freezing cells, the 10 mL cell suspension was transferred to a universal
tube and centrifuged at 3509 for 3 minutes. The supernatant was then aspirated off
and the pellet was resuspended in a suitable amount of cell freezing media (50%
DMEM, 50% cryoprotective medium) enough to make 3-4 aliquots containing 0.5 mL
cells. Cells were then gradually frozen down to -80 °C using a CoolCell™ LX Cell

Freezing Vial Container (Corning).

When plating cells, a similar protocol was followed as per harvesting cells, but the
pellet formed as a result of centrifugation was instead re-suspended in 10 mL DMEM.
Cells were then counted in order to determine the number of cells per millilitre of
DMEM, using a Countess™ |l FL Automated Cell Counter (Invitrogen™). 10 uL cells
were taken from the cell suspension and mixed with 10 pL trypan blue solution
(Gibco™). 10 uL of this solution was then inserted into the glass chamber of a
haemocytometer mounted with a glass slide, and cell viability was then read. Cells
were plated at a density of 50,000 cells/well. Penicillin-streptomycin (pen-strep, 1
pg/mL) and tetracyclin (1 pg/mL) were also added to prevent bacterial contamination
and to induce expression in pcDNA™4/TO vectors, respectively. Cells were plated in
a clear-bottomed 96-well OptiPlate™ (PerkinElmer), in which the wells had been

coated with poly-d-lysine (5 mg/mL) in PBS prior to plating.

2.4 Generating stable cell lines

Stable cell lines were created using a 3:1 ratio of polyethylenimine (PEI): DNA, in
which 5 ug DNA obtained from the prior transformation of the plasmid in E.coli had
been purified and appropriately diluted. Separate vials of PEl and DNA containing 250
ML Opti-MEM serum-reduced media were prepared, before the two vials were
combined, vortexed, and incubated at room temperature for 25 minutes. Following
incubation, the contents of the PEI-DNA vial were added to a T75 flask (Thermofisher

Scientific) containing the cells of interest. The flask was then returned to the incubator
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for 24 hours, after which an additional 10 mL DMEM was added to the flask. After

another 24 hours, the cells were split and maintained as stable cell lines or were

harvested when generating transient cell lines.

To generate stable cell lines expressing the receptor of interest, antibiotics including
blasticidin (5 ug/mL; Invittogen™) and Zeocin™ (20 pug/mL; Invitrogen™) were used
as selection agents to create cell lines transfected with pcDNA™4/TO mammalian
vectors encoding the appropriate GPCR sequence (Thermofisher Scientific, UK).
Other selection agents, namely Geneticin® (G-418 sulphate, 200 ug/mL), were used
to select for cells containing pcDNA™ 3.1 mammalian vectors (Invitrogen™), used in
the creation of the Gi-CASE-expressing cell lines. A mixed population of stable cells

was produced with cells having resistance to the appropriate selection agent.

2.5 Fluorescent ligand binding experiments

HEK293T-Rex cannabinoid receptor expression was induced through the application
of tetracycline (1ug/mL) 48 hours before cell harvesting. DMEM culture media was
aspirated from T175 flasks containing HEK293T-Rex cells expressing the SNAP-
tagged CB:1Rs and CB2Rs, when approximately 90% confluent. The cells were then
washed in 10 mL PBS (Gibco Carlsbad, CA) followed by washing in HTRF Tag-lite
buffer (LABMED 5mL, Cisbio, PerkinElmer), in order to remove residual DMEM/D-
PBS and pre-coat the flask and cells in LABMED. Terbium labelling was then carried
out by adding to the cell flask 10 mL of LABMED buffer solution containing 100 mM
SNAP-Lumi-Th. Labelled flasks were then incubated for 1 hour at 37 °C with 5% CO..
Following incubation, the terbium-containing LABMED solution was aspirated from
the cells, and the cells were washed with 5 mL PBS in order to remove residual buffer
solution. To harvest the cells, 5 mL Gibco enzyme-free Hank’s-based cell dissociation
buffer (Gibco, Carlsbad, CA) was added to the flask in order to detach the cells from
the flask wall. The dissociation buffer was then neutralised with 5 mL DMEM (10%
FCS), which was then added to a collection vial. The collection vial was then
centrifuged at 200g for 5 minutes, the supernatant was removed and the pellets were

frozen at -80 °C.

Membrane preparations of CB:R and CB;R-expressing cells involved re-suspending
the pellet in 20 mL of ice-cold assay buffer consisting of 10 mM HEPES and 10mM
EDTA adjusted to pH 7.4. The cell suspension was homogenised using a Polytron
homogeniser (Ultraturrax setting 6, 6x 1 second pulses). The solution was then

centrifuged at 200g for 3 minutes, after which the supernatant was taken and
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centrifuged for 30 minutes at 48,000g at 4 °C using a Beckman Avanti J-251

ultracentrifuge (Beckman). For the Gi-CASE membranes, the resulting pellets were
re-suspended in 10 mM HEPES and 0.1 mM EDTA, and aliquoted into 250 uL
portions. In the case of the Tb-labelled receptors, a second wash step was performed
in 10 mM HEPES and 10 mM EDTA, before being re-suspended in 10 mM HEPES
and 0.1 mM EDTA. The Bicinchoninic Acid Kit (Thermofisher scientific) was used for

protein determination, before storing the aliquots at -80 °C.

Saturation binding assays
Saturation binding assays were performed in order to determine the affinity of the
tracer D77 for CB1R and CB;R and to calculate the affinity of the unlabelled
compounds for the individual cannabinoid receptors in subsequent competition
binding experiments. Saturation analysis was carried out at equilibrium and the affinity
of the tracer D77 was calculated from the resulting specific binding. Specific receptor
binding was determined by subtracting nonspecific binding from total binding. The
non-specific receptor binding of the tracer D77 was defined as the amount of HTRF
signal detectable in the presence of CB1R and CB2R membranes and the known CB1R
or CB:R high-affinity antagonists (1 pM rimonabant or 1 pM SR-144,528,
respectively). Total binding was measured using membranes treated with DMSO (the
vehicle for high affinity antagonists), and increasing concentrations of the fluorescent

tracer D77 which was added to all wells.

Fluorescent ligand-binding assays

The affinity of unlabelled ligands for CB:R and CB:R was determined using a
competition binding assay, which typically involves adding (i) increasing
concentrations of ligands to CBiR and CB:R in the presence of (i) a fixed
concentration of the fluorescent ligand, to preparations of membrane containing the
receptor of interest. These experiments were performed using 384-well OptiPlate™
plates (PerkinElmer) with a total assay volume of 40 L, using HBSS buffer containing
5 mM HEPES, 0.5% BSA and 0.02% Pluronic acid at a pH 7.4.

Serial dilutions of reference and novel compounds were prepared and added to assay
wells containing buffer, before the addition of the fluorescent ligand (900 nM). The
reference compounds included rimonabant for CB1R and SR-144,528 for CB2R. Novel
ligands included compounds 005, 009 and 025 derived from in silico docking scoring.
Lastly, 0.5 pg/well of membrane preparations containing CB:R or CB:R and 400 uM
5’-guanylylimidodiphosphate (GppNHp), were added to the OptiPlate ™. GppNHp is

a stable, non-hydrolysable analogue of guanine triphosphate (GTP), which was used
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to bind and irreversibly activate the receptor G protein, causing its dissociation from

the receptor. The plate was then incubated at 37 °C for 15 minutes to allow equilibrium
to be reached. The plate was then read for 30 minutes using a PHERAstar FSX
microplate reader (BMG Labtech, Offenburg, Germany), using a TRF 337 620 520
optic module to detect the HTRF signal.

Mini-G protein and B-arrestin recruitment assays in CB;R-expressing cells
Following the competition binding experiments, HEK293TR-CB:R-nLuc cells
expressing fluorescently labelled miniG (mG) protein and B-arrestin were used to
assess effector recruitment. Cultured cells were harvested upon reaching 70%
confluency. DMEM culture media was aspirated off the cells, which were then washed
in 5 mL PBS, and the cells were detached from the flask wall using 2 mL trypsin. The
trypsin was then neutralised with 8 mL DMEM, creating a 10 mL cell suspension. An
appropriate portion of the cell suspension was transferred into a fresh t175 flask
(Thermofisher Scientific), alongside an appropriate amount of DMEM in order to
continue the cell line. The rest of the cell suspension was centrifuged at 350g for 3
minutes, the supernatant was aspirated off and the pellet was re-suspended in 10 mL
fresh DMEM containing 1 pyg/mL tetracycline. 10 pL of cells were then taken and
mixed with 10 pL trypan blue, counted, and plated with 50,000 cells per well using a

standard protocol (see section 2.3).

The plated cells were stored in a humidified incubator (37°C + 5% CO,) for 48 hours,
until the cells reached confluency such that the wells are covered in a carpet of cells.
Media was then aspirated off and the wells were washed in 100 pL/well PBS, then 90
pL/well assay buffer (HBSS, 0.5% BSA, 5 mM HEPES) with 10 yM furimazine. The
plate was then incubated for 15 minutes in order to allow the furimazine to enter the
cells. Three BRET cycles were carried out on the plate as an initial reading, after
which 10 pL of compounds diluted in assay buffer were added to the plate, and the
plate was read at 1-minute intervals for 30 minutes. Compounds included serial
dilutions of synthetic CB2R agonist HU-308, endogenous CB:R and CB:R agonists
AEA and 2-AG, a synthetic CB2R inverse agonist SR-144,528, the three novel
compounds (005, 009, and 025). 1/3 serial dilutions in DMSO were made, before a
1/10 dilution in assay buffer and a further 1/10 dilution on addition to the assay plate.
A final log molar (logM) concentration of -4 was used for AEA, 2-AG, 005, and 009, -
5.5 was used for HU-308 and 025, and -6 was used for SR-144,528 (figure 1). Buffer
containing 10% DMSO (1% final) served as the vehicle control and 3uM HU-308 was

the positive control to which all responses were normalised.
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Figure 1: Mini-G protein and B-arrestin assay set-up to study signalling bias.
Assays included serial dilutions of the compounds in DMSO and assay buffer tested
on HEK293TR cells expressing cannabinoid receptor-2. The image is taken from
playbestonlinegames.com.

2.6 Biosensor assays

Transient transfection with Gi-CASE biosensor plasmid
Following mG protein and B-arrestin recruitment assays, a similar assay setup was
used to assess functional receptor signalling at CB2R and CB1R using a novel Gaq;
protein activity (Gi-CASE) biosensor described previously (Schihada et al., 2021). As
a preliminary experiment, HEK293TR-SNAP-CB2-TS-1D4 cells were transiently
transfected with the biosensor plasmid. A 100 ng/uL stock of the Gi-CASE plasmid
DNA was prepared, alongside a 100 ng/uL salmon sperm DNA stock as a control. We
performed a 24-well transfection for six different transfection ratios, using a 36 L total
transfection volume equalised with an appropriate amount of salmon sperm DNA
depending on the transfection condition (table 1). Six separate solutions of 200 pL
opti-MEM and 3 pg DNA mixture were prepared, vortexed and added to a separate
solution of 200 uL opti-MEM with to 9 uL PEI, such that the ratio of DNA:PEI was 1:3.
The DNA solution was added to the PEI solution, which was then thoroughly vortexed

and incubated at room temperature for 20 minutes.
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Transfection | GIi-CASE Salmon sperm | Cultured cells were then trypsinized
condition DNA (100 DNA (100 and centrifuged at 350g to form a
ng/uL) ng/uL)

pellet. Cells were counted and the

1 1400 0 cell suspension was diluted to
2 1200 200 contain 500,000 cells/mL. Receptor
3 1000 200 expression was induced using 1
pMg/mL tetracycline, alongside 1

4 800 600 i .
Mg/mL penicillin-streptomycin
5 600 800 solution (pen-strep) to prevent
6 200 1000 contamination. The cell suspension
was then portioned into six,

Table 1: Summary of the six transfection  sufficient for a 100 pL/well 24-well
ratio conditions used for the preliminary
transient transfections of a novel G protein
activity biosensor in HEK293TR-CBR cells.  firsttransfection tube were added to

the first portion of cell suspension,

transfection. The contents of the

which was repeated for the other five transfection tubes. A 100 pL cell suspension
from each transfection condition was dispensed into 24 wells of a 96-well assay plate.
The plate was then incubated for 48 hours (37 °C + 5% CQ.,). After incubating, the
cell culture media was aspirated off and the cells were given one washing of 100
pL/well PBS. 90 uL/well assay buffer containing 10 uM furimazine was then added.
After a 15-minute incubation period, three BRET cycles were carried out, and then 10
pL/well HU-210 was added to the plate. HU-210 was firstly serially diluted by 1/10 in
DMSO, which was then diluted 1/10 in assay buffer (HBSS, 0.5% BSA) for a final HU-
210 logM concentration of -5. A SR-144,528 was used as a positive control (1 yM)

which is a CBzR inverse agonist, in addition to vehicle control (10% DMSO).

Gi-CASE stable cell lines: assays with reference compounds
Transient transfections of the Gi-CASE plasmid were followed by stable transfections
of the plasmid into HEK293TR-SNAP-CB1-TS-1D4, HEK293TR-SNAP-CB2-TS-1D4
and truncated HEK293TR-SNAP-CB1-TS-1D4 (91-472) cells using a typical stable
transfection protocol (see section 2.4). Cells were cultured, harvested, and plated as
per the protocol used for the mG-protein and B-arrestin recruitment assays (see

section 2.5), but were incubated for 72 hours rather than 48 hours.
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Receptor activation of CB;R, truncated CB1R and CB;R-expressing cells with the Gi-

CASE biosensor was first characterised using serial dilutions of reference
compounds. After 72-hour incubation, cell culture media was aspirated off and the
cells were washed in 100 pL/well PBS. 90 pyL/well assay buffer (HBSS containing
0.5% BSA, 5 mM HEPES) with 10 yM furimazine was dispensed into the wells and
the plate was incubated for 15 minutes. Then, three BRET cycles were carried out
before adding 10 uL of compound to the plate. Compounds included serial dilutions
of synthetic CB1R and CB:R agonists HU-210 and HU-308, and synthetic CB1R and
CB:R inverse agonists rimonabant and SR-144,528. 1/3 dilutions were made in
DMSO, then a 1/10 dilution was made in assay buffer, followed by an additional 1/10
dilution when the compounds were added to the plate. Thus, a final logM
concentration of -5 for HU-210, HU-308 and rimonabant, and -6 for SR-144,528 was
used (figure 2). Buffer was also used as a vehicle control. Positive controls included
10uM HU-210 for CB1R or truncated CB1R cells, and 10 yM HU-308 for CBR cells.

2)1/10 nto 2) 110 nto 1) 10x 1/3 serial
assay buffer assay buffer dilm-Hovns in PMSO
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Figure 2: Initial G protein biosensor assay set-up. The assay used serial dilutions
of the compounds in DMSO and assay buffer to characterise receptor activation of
cells expressing full-length and truncated cannabinoid receptor-1, and full-length
cannabinoid receptor-2. The image is taken from playbestonlinegames.
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Gi-CASE stable cells lines: assays with novel compounds

Following characterisation of the Gi-CASE system, novel ligand activation of CB1R,
truncated CB;:R and CB:;R was investigated using serial dilutions of synthetic CB1R
and CB3R agonists (HU-210 for full-length and truncated CB,Rcells and HU-308 for
full-length CB2R cells), endogenous CB;R and CB:R agonists AEA and 2-AG; a
synthetic CB1R and CB:R inverse agonist SR-144,528, plus the three novel
compounds (005, 009, and 025) and DMSO to account for non-specific plating effects.
1/3 serial dilutions of the compounds were made in DMSO, followed by a 1/10 dilution
in assay buffer (HBSS, 0.1% BSA, 5 mM HEPES). A final logM concentration of -4
was used for AEA, 2-AG, 005 and 009, -5.5 was used for 025 -6 was used for SR-
144,528 and -7 for HU-210 in CB1R cells or -5 for HU-308 for CB2R cells. Responses
were normalised to a positive control 10 uM HU-308 for full-length CB2R cells and
10uM HU-210 for full-length and truncated CB1R cells (figure 3). Cell culture media
was aspirated from the plate and the cells were washed in 100 yL/well PBS. PBS was
aspirated off and 90 uL/well assay buffer containing 10uM furimazine was added.
After storing for 15 minutes in the incubator, three cycles of BRET were carried out,

before adding 10 uL/well of the compounds preparations to the plate.
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Figure 3: G protein biosensor assay set-up for the novel compounds. Assays
used serial dilutions of the compounds in DMSO and assay buffer to characterise
receptor activation of cells expressing full-length and truncated cannabinoid receptor-
1, and full-length cannabinoid receptor-2. The image taken from
playbestonlinegames.
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2.7 Receptor internalisation assays

GFP-based internalisation assay
Internalisation assays were performed on a confocal microscope, using HEK293TR-
CB:R-egfp cells plated in a black, clear-bottomed 96-well Greiner Bio-One
CELLSTAR puClear™ microplate. The plate was prepared by coating the wells in 50
ML poly-d-lysine in PBS (5 mg/mL) and incubating at room temperature for 30 minutes.
The solution was then aspirated off and each well was washed one washing with 100
ML PBS. The PBS was then aspirated off and the coated plates were then stored in
the fridge prior to use. A typical plating protocol was followed (see section 2.3), but

we instead seeded the cells at 40,000 cells/well.

Once cells had reached approximately 70% confluency, cell growth media was
aspirated off and the cells were washed in assay buffer (HBSS, 0.5% BSA, 5 mM
HEPES), and were stimulated for 1 hour in a humidified incubator (37°C, 5% CO5)
with HU-308 and SR-144,528 and DMSO, based on a similar prior assay setup (see
section 2.6 and figure 3). Only the centre 60 wells of the black 96-well Greiner

microplate were used.
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Figure 4: Green fluorescent protein internalisation assay set-up. Included serial
dilutions of the compounds in DMSO and assay buffer to study the agonist-induced
receptor internalisation of HEK293TR cells cannabinoid receptor-2. The image is
taken from playbestonlinegames.
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After stimulation, the assay buffer containing the reference compounds was aspirated

off and the cells were fixed. Cell fixing involved washing each well with 100 uL PBS,
then adding to each well 100 pL of 2% PFA in PBS fixative solution, and incubating
the plate at room temperature for 15 minutes. The plate was then washed with two
washings of 200 uL/well PBS, before adding 100 pL/well of 1 uM Hoechst stain and
incubating at room temperature for 15 minutes. Two further PBS washings were
performed, before adding 100 uL/well of PBS. The plate was then sealed in foil and
stored in the fridge until imaging on a confocal microscope. After stimulating with
rimonabant and SR-144,528, HU-308, SR-144,528 and the three novel ligands were
tested against CB2R. The same protocol was followed as per before to prepare the
compounds. A final logM concentration of -6 logM was used for HU-308 and SR-
144,528, -4 logM for compounds 005 and 009, -5.5 logM for compound 025.

DERET assay

Confocal microscopy experiments were complemented with diffusion-enhanced
resonance energy transfer (DERET) assays, using SNAP-tagged HEK293TR-CB:1R
and HEK293TR-CB:R cells. Since the DERET assay is a TR-FRET assay, our cells
expressed a SNAP-tag as opposed to an eGFP tag in order to allow terbium labelling.
Cells were plated in a white, opaque-bottomed 96-well cell culture plate, which had
been coated in poly-d-lysine before use, at a density of 50,000 cells/well and stored
in a humidified incubator (37°C + 5% CO,) for 48 hours.
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Figure 5: Diffusion-enhanced resonance energy transfer (DERET) assay set-
up. The asays used compound serial dilutions in DMSO and assay buffer to study
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receptor internalisation following agonist stimulation of HEK293TR cells expressing
cannabinoid receptor-1 and -2. The image is taken from playbestonlinegames.

After 48 hours, the cell culture media was aspirated off and the cells were washed in
100 pyL/well PBS. PBS was then aspirated off and 100 pL/well 1x LABMED was added
to the plate. Specifically, the LABMED solution contained a ratio of 1:4 parts
LABMED:deionised water, alongside 5 mM HEPES and 0.5% BSA. LABMED was
then aspirated from the wells and Lumi4-Tb solution was added at 50 uL/well, and the
cells were incubated for 1 hour at 37 °C. The solution was then removed and the cells
were then given 3x washings of 100 uL/well PBS. Finally, 90 uL/well of 60 mM
fluorescein was added to assay buffer (HBSS + 0.5% BSA + 5 mM HEPES adjusted
to pH 7.4) for a 6 mM solution. A backing seal was added to the plate and three cycles

of BRET were carried out on the plate reader before adding 10 yL of the compounds.

2.8 Membrane-based assay preparation

G protein modifications for plasma membrane lipidation

Cultured HEK293TR-CB;R, -CB:R and truncated -CB;R (91-472) cells with 70%
confluency were transfected with a modified Gi-, Gs- and Gq-CASE biosensor and
put under selection with G-418, Zeocin® and Blasticidin. When the cells were stably
expressing the biosensor, cell membranes were prepared using a repeated protocol
(see section 2.5.1). The biosensor was a modified version of the original G-CASE
plasmid for Gai, Gas and Gaq proteins. The modified G-CASE biosensor for Gas and
Ga; contained a modified Ga N-terminus in which the first seven amino acids were
replaced with the sequence ‘MGCCCSK’, while the N-terminus of the Ga subunit of
the Gaq was substituted with the amino acid sequence ‘MGLESSK’. stable lines for
each modified plasmid were established across CB;R-, truncated (91-472) CB1R- and
CB2R-expressing HEK293TR cells.

2.9 Signal Detection and Data Analysis

Raw experimental data was collected using MARS data analysis software (BMG
Labtech, Offenburg, Germany), and processed in Microsoft Excel. All analysis was
carried out in GraphPad PRISM 9.0. All data are normalised, either to a positive
control or the lowest concentration of drug used, dependent on whether or not the

assay was affected by the edge-well effect (Mansoury et al., 2021).

IC50

Cheng-Prusoff equation: Dissociation constant (K;) = T SIKD)
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Specific binding = total binding — non-specific binding

(Top—Bottom)

Sigmoidal dose-response: Y = Bottom + - ——>rr—

For functional data fitted with a sigmoidal curve, the slope was fixed to 1, which
assumes a slope of unity such that there is a direct relationship between ligand-
receptor binding and function. Often agonist curves have a slope of less unity,
suggesting no proportionate increase in receptor function despite increased binding,
which may be the result of changes in the state of the receptor, such as receptor
phosphorylated and desensitisation. In this project, the responses were small, so in
order to fit the curves we assumed there was a direct relationship between ligand-
receptor binding and receptor activation, hence we fixed the slopes unity. Any ECso
values derived should be reflective of compound potency. However, a free-fitting

slope parameter would allow potency estimates to be more accurate.
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Chapter Three: Characterisation of novel ligand-binding at CB:1R

and CB:2R, using FRET-based technologies
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3.1 Introduction
Before investigating ligand bias at CB1R and CB:2R, we characterised the binding of
our three novel compounds at these two receptors using a FRET-based homogenous
time-resolved (HTRF) competition binding assay. Binding was characterised in two
ways, via saturation binding and competition binding. Both experiments utilised
terbium-labelled HEK293TR-SNAP-CB:R and HEK293TR-SNAP-CB;R membranes

and a fluorescent tracer called D77.

To calculate the affinity of these compounds for the receptors we first calculated the
affinity of the tracer using saturation binding. In the saturation binding experiments,
increasing concentrations of the fluorescent tracer were added to assay wells
alongside a fixed quantity of the membranes. Membranes expressed the receptor of
interest in order to calculate the tracer affinity before experimentation on the
unlabelled compounds (Davenport & Russell, 1996). Importantly, specific receptor
binding is calculated in these assays through the subtraction of non-specific binding
from total binding. That is, binding from “all pockets” except the orthosteric binding
site (e.g. non-specific binding (NSB)) was quantified and removed from binding to “all
pockets”, therefore determining specific receptor binding to the orthosteric site. Non-
specific binding of the tracer was defined in the presence of a high-affinity antagonist,
namely rimonabant for CB1Rs and SR-144,528 for CB;Rs.

In addition to determining specific binding, saturation experiments also enabled us to
determine the ligand concentration at half the receptor sites at equilibrium, which is
given by the dissociation rate constant, or Kq value. Saturation binding experiments
using radioligands can be used to determine the maximum number of receptor sites
(Bmax), but this value was not determined in these experiments and is a minor
drawback of HTRF.

After carrying out saturation binding experiments to calculate the Kqof the tracer, we
considered the binding affinity of novel compounds in competition binding
experiments. This technique involved using a fixed concentration of the fluorescent
ligand determined by the saturation binding experiments, alongside increasing
concentrations of the compounds of interest. By carrying out these experiments we
were able to study the binding of a series of novel compounds and compare them to
the reference compounds rimonabant and SR-144,528. Competition binding
experiments followed a similar protocol, using radioligands to study the kinetics of

unlabelled compounds (Sykes and Charlton, 2018).
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3.2 Results

Saturation binding experiments
Saturation binding experiments enabled the K4 values of the tracer D77 for CB1R and
CB:2R to be determined by subtracting the amount of nonspecific binding from the total
binding observed at increasing concentrations of tracer. The Kq value is the
concentration of tracer which occupies half of the receptor sites at equilibrium. For
CBi1R, we calculated that the K4 value was 446nM, such that 446nM of the D77 ligand
were required to occupy half the receptor sites. In contrast, we determined a Kq value
of 545nM for CB2R, which may indicate weaker D77 binding to CB2R compared to
CB:R, where the K4 value is lower and a smaller amount of the fluorescent ligand is
required to occupy half the receptor sites at equilibrium. Saturation plots for the
fluorescent tracer D77 are shown in Figure 6A and B. 900nM of D77 was then used

for competition binding experiments at CB1R and CB;R respectively.

Competition binding experiments
Competition binding experiments allow the calculation of the inhibition constant (Kj)
values for the reference and novel compounds tested on CB;R- and CB;R-expressing
membranes. This, therefore, quantifies the concentration of competing ligands which
would occupy half of the receptor with no fluorescent tracer present. Initially, ICso
values were calculated and then used in the Cheng-Prusoff equation to calculate the
Ki values for the compounds profiled. These values were then converted into a

negative logarithmic value (log[Ki] or pKj).

At CB1R, the respective pK; values for the novel compounds 005, 009 and 025 were
all <6, suggesting weak affinity binding to CBiR compared with the reference
compound rimonabant, which had a pK; value of 8.87 + 0.14, and is a CBiR
antagonist. In contrast, the pK; values at CB2R for the novel compounds 005, 009 and
025 were 7.59 £ 0.10, 6.25 £ 0.10 and 7.79 + 0.08, respectively, suggesting a higher
affinity for CB2R compared to CB;R. SR-144,528 was the reference compound for
CB:2R, and we determined a pK;value of 8.72 £ 0.10.

The pK; values at CB2R compared to CB:R are indicative of the strength of binding,
with compound 025 being the novel compound with the highest measurable affinity.
This information is graphed as percentage (%) specific binding (see Figure 6C and D
and Table 2).
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Figure 6 (top): Saturation binding of the D77 tracer and competition binding
assays for novel compounds at cannabinoid receptor-1 (CB1R) and cannabinoid
receptor-2 (CB2R). (A) D77 CB:R saturation analysis; (B) D77 CB2R saturation
analysis. (C) CB1R competition binding and; (D) CB2R competition binding data using
a fixed concentration of tracer (900nM). Competition binding data have been
constrained to 100% and 0% for maximal and minimal binding. Averaged data in the
plots are shown as mean £ SEM, n23. Table 2 contains inhibition constant values as
a negative logarithmic value (pK;) for reference and novel ligands tested at CB1R and
CB:2R. Data are average of n=23 (mean + SEM).

3.3 Discussion
In these initial saturation experiments, we were able to determine the Ky values of the

tracer D77 for both CB1R and CB:zR by using increasing concentrations of the tracer.
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The kinetics of D77 binding have already been established in the lab by a previous

PhD student, so | did not characterise this myself. Competition binding experiments
allowed us to derive the pK; value of the novel compounds for CB;R from the
calculated 1Csp values via the Cheng-Prusoff equation, enabling us to better

understand their respective receptor affinities and selectivity values.

In these initial experiments, the compounds were diluted directly in DMSO and added
to the 384-well plate containing the assay buffer, fluorescent probe and membranes.
The assay buffer contained HBSS with 0.5% BSA and 0.02% F-127 (pluronic acid) to
prevent non-specific binding and to stabilise the cell membranes, and 5 mM HEPES
to stabilise the assay buffer. The assay buffer containing 2% DMSO was also used
as a vehicle control in order to quantify receptor binding in the absence of any
compound (total binding). It is unlikely that this buffer was unsuitable and accountable
for the lack of CB1R binding since the same buffer was suitable for our proceeding
experiments. In proceeding functional experiments, these compounds were first

diluted in DMSO, and then added to assay buffer before addition to the assay plates.

These experiments employed three novel compounds taken forward for profiling
following in silico docking scoring predictions. Such computational studies are
designed to support the discovery and development of novel druggable chemotypes
to target CB1R and CB:R. The three novel compounds identified appeared to have a
greater affinity for CB2R compared to CB1R, which is significant in the context of drug
discovery for CB2R due to the challenges involved in developing effective CB:R-
specific drugs (An et al., 2020). Despite these findings, the competition binding
experiments indicate that at concentrations above 1 uM, the compounds become
more insoluble. This is often the case with highly lipophilic compounds, especially
those with similar chemical properties to endogenous cannabinoids which are also
highly lipophilic (Makriyannis et al., 2005). The structural design of drugs as potential
novel compounds to target the CB;R that mimic endogenous cannabinoids in their
ability to reach the receptor binding site and subsequently activate second messenger

responses in cells may prove advantageous.

3.4 Conclusions
To conclude, initial binding studies enabled us to determine the specific binding of

the fluorescent tracer and allowed us to study the affinity of the novel ligands for
either CB1R or CB;R. Via competitive binding studies, we identified that the novel
ligands have a higher affinity for CB>R compared to CB1R. However, competition

binding experiments do not provide any information concerning compound efficacy
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and do not distinguish the compounds as either an agonist, inverse agonist or

antagonist. Since the compounds did not appear to bind CB:R, the proceeding
functional assays (mini-G (mG) and B-arrestin assays) were carried out on CB;R-

expressing cells only, to investigate the extent of ligand-CB:R bias.
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Chapter Four: Using biosensors to characterise cannabinoid
ligand-receptor activity, using RET techniques.
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4.1 Introduction
Following competition binding studies, we carried out functional assays using
biosensors to better characterise ligand efficacy, and to study receptor activation and
G protein activity. Firstly, a stable cell line of HEK293TR-CB:R cells expressing mini-
G (mG) proteins was created as previously outlined (Carpenter and Tate 2016). The
engineered Ga subunit has three major modifications whereby (i) the N-terminus is
truncated; (ii) the a-helical domain has been removed and; (iii) the a5 helix in the C-
terminus is mutated in order to stabilize the receptor upon guanine nucleotide-binding
(Wan etal., 2018). Since mG proteins mimicking the endogenous G protein are stable
and fluorescently active, they are useful tools when studying G protein structure-
activity and can also be used as biosensors upon receptor activation. The truncated
mG protein was tagged with a venus acceptor fluorophore, whilst the receptor C-
terminus was tagged with a NanoLuc ™ donor fluorophore. We also studied B-arrestin
recruitment through a similar means, in which the C-terminus of HEK293TR-CB;R
cells was also tagged with NanoLuc™, and the B-arrestin protein was tagged with a

venus acceptor fluorophore.

Agonist-receptor binding will ideally result in an increase in the bioluminescence
resonance energy transfer (BRET) signal, since either the mG protein or 3-arrestin
protein will be recruited to the receptor following receptor activation. These
experiments were done in order to investigate if the reference ligands and novel
ligands of interest, once bound to the receptor, were biased in their ability to recruit
the mG protein or B-arrestin protein. We used HEK293TR-CB:2R cells following the
initial competition binding studies, since the novel compounds did not appear to bind
to CB:R, but did appear to have a good affinity for CB;R. We ideally wanted to see
that while binding to CB:R, the novel compounds (005, 009 and 025) would
preferentially recruit the mG protein or B-arrestin to a lesser or greater extent, thereby

suggesting a degree of bias once bound to CB:R.

Later, we used a Ga; protein tricistronic activity (Gi-CASE) biosensor described
previously (Schihada et al., 2021), in order to investigate the functional activity of the
heterotrimeric G protein in response to compound-receptor binding. Transfection of
the Gi-CASE plasmid into GPCR-expressing cells results in the tagging of both the
Ga subunit with a NanoLuc™ fluorophore and the gamma subunit of the GBy dimer
with a venus acceptor fluorophore. Therefore, using the Gi-CASE biosensor in
standard BRET experimentation is a good indicator of agonist-binding at receptors

since receptor activation will proceed with G protein activation and the dissociation of
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the Ga subunit from GBy. This should cause a reduced BRET signal due to a reduction

in the resonance energy transfer between the donor and acceptor fluorophores,

based on the increased spatial proximity (Dale et al., 2019).

In addition, using a Gi-CASE biosensor can also be a useful tool for investigating
ligand bias based on how compounds are able to activate the G protein differentially
once recruitment has occurred. Therefore, this biosensor was important to completing
our studies of signalling bias, using a more native receptor activation system. Gi-
CASE biosensor experiments were first carried out by transiently transfecting the
plasmid into CB;R-expressing HEK293TR cells (the plasmid is not fully integrated into
the cell’s genome), which were then stimulated with HU-210, a non-selective CB1R
and CB:R agonist. We then stably transfected the Gi-CASE biosensor into
HEK293TR cells expressing one of either a full-length CB1R, a truncated (91-472)
CB:R, or a full-length CB2R. We then investigated receptor activation using reference
compounds and novel compounds. Truncated CBiR cells mimicked the CBiR
receptors in the CB:iR binding assay because these truncated receptors have a
smaller N-terminus and there is, therefore, a reduced distance between the
fluorescent ligand and the donor terbium fluorophore attached to via the SNAP-tag
labelled CB: receptors. This was necessary as we did not observe CB1R binding in
our initial binding experiments, due most likely to their poor affinity and compound
solubility. Initial experiments in cells stably expressing the Gi-CASE biosensor
involved characterising receptor function using known CB:R and CB:R synthetic
agonists including HU-210, HU-308, and the inverse agonists rimonabant and SR-
144,528. Proceeding experiments used these compounds in conjunction with the

endogenous cannabinoids AEA, 2-AG, and the novel compounds 005, 009 and 025.

All cells were tested following a 48-72 hour incubation period after the cells had been
plated and grown in a cell culture medium with antibiotics and tetracycline to induce
cannabinoid receptor expression. When running the functional assays, plated cells
were prepared in assay buffer which contained HBSS with 0.5% BSA and 5 mM
HEPES, identical to the binding experiments.

4.2 Results
Mini G protein recruitment findings

In order to study G protein recruitment to the receptor on the plasma membrane, we
followed a previously outlined protocol which uses modified G proteins known as mini

G (mG) proteins which are fluorescently active (Carpenter & Tate, 2016). In a similar
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fashion, fluorescent B-arrestin proteins were also utilized. Cultured HEK293TR-CBzR

cells expressing either of these two proteins were plated using a standard protocol
and were incubated for 48 hours in full cell culture medium containing 10% foetal calf
serum (FCS). After 48 hours the cell culture medium was aspirated off, washed and
changed to assay buffer, and the cells were stimulated with reference compounds
including HU-308, AEA, 2-AG and SR-144,528, as well as the three novel
compounds. The raw ECs values for each compound were recorded as a negative
logarithmic value (log[ECso]; pECso0). When stimulating the cells tested with HU-308,
AEA, 2-AG, we recorded pECso values of 7.3 £ 0.1, 6.3 £ 0.4 and 5.2 + 0.2 (figure 7),
respectively. For the novel compounds 005 and 025, we recorded pECsovalues of 7.5
+0.2 and 8.2 £ 0.3, respectively (figure 8). No response was observed with compound
009 or the inverse agonist SR-144,528.

As for the maximal response (Emax) of each compound, this was standardised against
that achieved by HU-308, which is a CB2R-selective agonist (Hanus et al., 1999),
which had an Emax value of 86.9 + 7.8 % in these experiments. For the endogenous
agonists AEA and 2-AG, Emax values of 54.9 = 10.4 and 90.6 + 4.6 %, respectively,
were recorded. In contrast, for the novel compounds 005 and 025, a lower maximum
response was recorded, with Emax values of 19.2 + 1.3 and 30.7 £ 4.7 % being
observed (figure 7). Again, no response was observed for compound 009 or SR-
144,528. The mG data collected at CB,R are summarised in Table 3. In the data
presented, error bars indicate experiment-to-experiment variation relative to the
response of 3 yM HU-308. HU-308 was the positive control for each concentration of
drug tested. A separate control was used for each concentration-response curve

which was independent of the reference curve.
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Figure 7: Results of mini-G (mG) protein recruitment for cannabinoid receptor-
2 (CB:z2R)-expressing HEK293TR cells, upon stimulation with reference and
novel compounds. mG recruitment following stimulation with (A) the endogenous
agonist anandamide (AEA), (B) (2-AG), (C) compound 005 and (D) compound 025.
(E) Comparison of mG recruitment for compounds 005 and 025. (F) mG responses to
compound 009 and the inverse agonist SR-144,528, both of which failed to recruit the
mG protein. Data have been constrained to 100% and 0% for maximal and minimal
binding. Maximal responses are given as a percentage (%) of the maximal response
elicited by HU-308, which is a CB;R-selective agonist. Data are normalised against 3
MM HU-308 response and are averaged (mean = S.E.M.) from an n=3.
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Mini-G protein recruitment

Compound CB:2R pECso CB2R Emax (%)
HU-308 7.3+0.1 86.9+7.8
AEA 6.3+£04 549+104
2-AG 52+0.2 90.6 +4.6
SR-144,528 No fit No fit
005 75+0.2 19.2+1.3
009 No fit ND
025 8.2+0.3 30.7+4.7

Table 3: Summary table of results from mini G protein recruitment assays in
cannabinoid receptor-2 (CB2R)-expressing HEK293TR cells, in the presence of
reference and novel compounds. Half maximal effective concentration (ECsg)
expressed as a negative logarithmic value (log[ECso]; pECso). Maximal responses
(Emax) to agonist stimulation are given as a percentage (%) of the response elicited by
3 uM HU-308, which is a selective CB2R agonist. Data are averaged (mean + S.E.M)
across nz3.

B-arrestin recruitment findings

Following stimulation with the synthetic agonists HU-308, and AEA and 2-AG both
endocannabinoids, we recorded pECso values of 7.1 £ 0.2, 7.2 £ 0.2 and 5.8 + 0.1,
respectively (figure 8). For the novel compounds 005 and 025, pECso values of 7.4 £
0.4 and 8.5 + 0.3 were observed. No response was observed for SR-144,528 or
compound 009. When recording Emax Values, responses were again standardised
against HU-308, which had a maximal response of 98.54 + 2.9 % in these
experiments. For AEA and 2-AG, Emax values of 24.0 £ 2.3 and 89.1 * 4.6 % of the
HU308 maximal response (100%) were recorded. The responses for the novel
compounds were also visually lower, and we recorded Emax values for compounds
005 and 025 of 14.2 £ 2.6 and 21.9 + 3.6 as a percentage of the HU-308 response,
respectively (figure 8). Again, no response was recorded for the inverse agonist SR-
144,528 or compound 009. A summary of the B-arrestin recruitment is given is Table
4.
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Figure 8: Results of B-arrestin protein recruitment for cannabinoid receptor-2
(CB:2R)-expressing HEK293TR cells, upon stimulation with reference and novel
compounds. B-arrestin recruitment following stimulation with (A) the endogenous
agonist anandamide (AEA). (B) 2-arachidonoylglycerol (2-AG), (C) compound 005
and (D) compound 025. (E) Comparison of B-arrestin recruitment between
compounds 005 and 025. (F) B-arrestin responses to compound 009 and the inverse
agonist SR-144,528, both of which failed to recruit the B-arrestin protein. Data have
been constrained to 100% and 0% for maximal and minimal binding All responses
were a percentage (%) of the response elicited by HU-308, which is a CB;R-selective
agonist. Data are normalised against 3 yM HU-308 response and are average (mean
+ S.E.M.) from an n=3.
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B-arrestin recruitment

Compound CB:2R pECso CB2R Emax (%)

HU-308 71+0.2 98.5+29
AEA 7.2+0.2 24.0+2.3
2-AG 58+0.1 89.1+4.6

SR-144,528 No fit No fit

005 7.4+04 14226
009 No fit ND
025 85+0.3 21.9+3.6

Table 4: Summary table of results from B-arrestin protein recruitment assays in
cannabinoid receptor-2 (CB2R)-expressing HEK293TR cells, in the presence of
reference and novel compounds. Half maximal effective concentration (ECsg)
expressed as a negative logarithmic value (log[ECsg]; pECso). Maximal responses
(Emax) to agonist stimulation are given as a percentage (%) of the response elicited by
3 yM HU-308, which is a selective CB2R agonist. Data are averaged (mean + S.E.M)
across nz3.
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Figure 9 (above): Response time-courses of endogenous ligands compared
directly with HU308, when used to stimulate HEK293TR cells expressing
cannabinoid receptor-2 (CB2R) in a mini-G (mG) protein and f-arrestin
recruitment assay. CB2R stimulation with (A) AEA in the mini-G protein recruitment
assay and (B) AEA in the B-arrestin recruitment assay. CB;R stimulation with (C) 2-
AG in the mG recruitment assay and (D) 2-AG in the B-arrestin assay. Data are
averaged (mean + SEM), across n23.

Mini-G (mG) protein and B-arrestin protein recruitment experiments also highlighted
that the response to 2-AG, the endogenous ligand, appears to decay over the course
of both assays. This data can be seen in figure 9, which is a time-course of the
response throughout the duration of the assay with 2-AG relative to 3 yM HU-308
positive control. The 2-AG response decayed over time which is potentially likely due
to the ligand’s instability and its metabolism. We found that HU-308 does not appear

to decay in the mG assay but does decay in the B-arrestin assay (figure 9).

Gi-CASE: preliminary transient transfection assays
The use of Ga; protein tricistronic activity sensors (Gi-CASE) for studying G protein
activation is a novel technigue and uses biosensors developed recently (Schihada et
al., 2021). Here, we initially carried out transient transfections of the Gi-CASE plasmid
in order to establish the best concentration of plasmid to use in our investigations into
G protein activation. Importantly, the Gi-CASE biosensor was solely used as a marker
of receptor activation and was not used to assess downstream signalling. We found
that between 400-600 ng/uL of the plasmid was optimal in obtaining a BRET response
following stimulation with 10 yM HU-210, a synthetic nhon-selective agonist at CB1R
and CB:;R. Above these concentrations, the dose-response becomes less
pronounced (see figure 10).
Transient Gi-CASE dose-response

1.9 [Gi-CASE] (ng/uL)
18 -~ 1400
o o
28 - 1200
S 174
5 . - 1000
% 1.6 Do
X v
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Figure 10 (above): Preliminary data from transiently transfecting a novel Ga
tricistronic activity sensor (Gi-CASE) into HEK293TR-CB:2R cells. Six separate
transfection ratio conditions were used. Gi-CASE DNA was equalised with salmon
sperm DNA. Meaned data + S.E.M, representative of (n=3).

Gi-CASE: stable cell line assays

() Reference compounds

After finding a response via transient transfection of the Gi-CASE plasmid into
HEK293TR-CB:R cells, we attempted to create stable cell lines expressing the full-
length CB1R, truncated CB1R (91-472) and the CB2zR, with the Gi-CASE plasmid. After
the stable cell lines had been established through selection with the appropriate
selection agent, which in this case was Geneticin®, a series of reference compounds
were tested against the cells. Specifically, we used reference compounds including
HU-210 (CB:iR and CB:R receptor agonist), HU-308 (CB2R agonist), rimonabant
(CB1R inverse agonist) and SR-144,528 (CB:R inverse agonist), to characterise CB1R
and CB:zR functional activity.

We found that HU-210 had a greater maximal response at CB:R compared to HU-
308, whereas rimonabant had a potent inverse agonist effect on both CB1R and CB2R
which resulted in an increase in BRET signal (figure 11). CB:R inverse agonist
responses were noticeably more potent for rimonabant reflecting its higher reported
affinity for CB1R (Porcu et al., 2018; Wu et al., 2011). SR-144,528 had a weak patrtial
agonist effect on CB1R, but this could not be properly quantified due to its low potency.
Similar albeit less-pronounced profiles were seen with truncated CB:R cells, whereas
HU-308 caused a strong increase in BRET signal as a CB2R-selective agonist (figure
11). A summary of the responses for Gi-CASE assays with reference compounds is

given in table 5.
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Figure 11: Reference agonist stimulation of HEK293TR cells expressing
cannabinoid receptor-1 (CB:R), truncated (91-472) CB:R and cannabinoid
receptor-2 (CB:zR), all expressing a novel G protein activity biosensor (Gi-
CASE). Agonist stimulation using a non-selective CB1R and CB2R a synthetic agonist
HU-210 and CB:R-selective synthetic agonist HU-308 at (A) full-length CB1R cells, at
(C) at truncated CB:R cells and at (E) full-length CB2R cells. Inverse agonist
stimulation using CB:R-antagonist rimonabant and CB:R-selective antagonist SR-
144,528 at (B) full-length CB1R cells, at (D) truncated CB:R cells and at (F) full-length
CB:zR cells. Responses are relative to positive controls including 10uM HU-210 for
CB:Rs and 10 yM HU-308 for CB:Rs.
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Full-length CB1R with reference compounds

HU-210 HU-308 Rimonabant  SR-144,528
PECso 8.8+0.1 8.1+0.4 7.2+0.4 No fit
Emax (%) 105+1.8 15+1.9 -14.1+2.9 ND

Truncated CB1R with reference compounds

HU-210 HU-308 Rimonabant SR-144,528
PECso 9.2+0.3 8.2+05 71+04 No fit
Emax (%) 146+1.6 1.1+1.0 -8.2+15 ND

Full-length CB2R with reference compounds

HU-210 HU-308 Rimonabant SR-144,528
PECso 8.2+04 79+0.1 52+14 75+0.2
Emax (%) 140+1.6 13.6 +0.6 -6.0+x1.1 -6.9+0.9

Table 5: Summary table for HEK293TR cells expressing cannabinoid receptor-
1 (CB:1R), truncated (91-472) CBi1R and cannabinoid receptor-2 (CB:R) after
stimulation with a series of reference agonists. Synthetic cannabinoid receptor
agonists HU-210 and HU-308 were used, as well as rimonabant which is a CB1R
inverse agonist, and SR-144,528 which is a CB2R-selective inverse agonist. Data are
averaged (mean = S.E.M) from n=3. Data are expressed as a percentage change in
BRET relative to positive controls including 10uM HU-210 for CB;Rs and 10 uM HU-
308 for CB2Rs.

(i) Novel compounds
After characterising CB1R and CB:R with the reference compounds, we tested the
novel compounds including compounds 005, 009 and 025 which were derived from
in silico docking. We also took forward AEA and 2-AG as the endogenous ligands and
HU-210 and SR-144,528 as reference compounds from which to compare the
response of the novel ligands. The endogenous ligands and HU-210, being non-
selective, had a similar agonist effect at both receptors. SR-144,528 had a small
agonist effect at all CB1Rs (see figure 12 and 13) despite being an inverse agonist at
CB:2R (see figure 14). As for the novel compounds, 005 elicited a partial-agonist
response at both receptors based on the observed decrease in BRET (see figures 12-
14). Compound 009 failed to recruit mG or B-arrestin but here caused an increase in
the BRET signal, which in this experimental framework may indicate an inverse

agonist effect of the compound (see figure 12-14). Interestingly, compound 025 had
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a fuller agonist effect on CB2R (figure 14), which was not observed at the other

receptors. The agonist response of the compounds at CB1Rs was compared to HU-

210, a non-selective agonist at CB:R and CB:R. However, experiments for CB2R used

HU-308 which is a CB:R-selective agonist. A summary of the data for novel
compounds in the Gi-CASE experiments is given in table 6.
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Figure 12: Functional assays of HEK293TR cells expressing cannabinoid
receptor-1 (CBi1R) and a novel G protein activity biosensor. (A) Agonist
stimulation of CB1R cells with two endogenous agonists anandamide (AEA) and 2-
arachidonoylglycerol (2-AG). (B) Stimulation of CB1R cells with synthetic agonist HU-
210 and inverse agonist SR-144,528. (C) Agonist response elicited at CB1R by novel

compound 005 compared to synthetic agonist HU-210. (D) Agonist response elicited

-52-

at CB1R by novel compound 009 compared to synthetic agonist HU-210. (E) Agonist
response elicited at CB1R by novel compound 025 compared to synthetic agonist HU-



r The University of
Nottingham
UNITED KINGDOM - CHINA - MALAYSIA

210. (F) Collated novel compound responses of all novel compounds relative to
agonist response at CB1R by synthetic agonist HU-210. Data at averaged (mean +
SEM) across n=3. Data are percentage (%) change in BRET relative to the response

with 10 yM HU-210 as a positive control.
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Figure 13: Functional assays of HEK293TR cells expressing a truncated (91-
472) cannabinoid receptor-1 (tCB:1R) and a novel G protein activity biosensor.
(A) Agonist stimulation of tCB1R cells with two endogenous agonists anandamide
(AEA) and 2-arachidonoylglycerol (2-AG). (B) Stimulation of tCB1R cells with synthetic
agonist HU-210 and inverse agonist SR-144,528. (C) Agonist response elicited at
tCB1R by novel compound 005 compared to synthetic agonist HU-210. (D) Agonist
response elicited at tCB;R by novel compound 009 compared to synthetic agonist
HU-210. (E) Agonist response elicited at tCB1R by novel compound 025 compared to
synthetic agonist HU-210. (F) Collated novel compound responses of all novel
compounds relative to agonist response at tCB1R by synthetic agonist HU-210. Data
are percentage (%) change in BRET, and are averaged (mean £ SEM) across n23
and relative to the response with 10 yM HU-210 as a positive control.
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Figure 14: Functional assays of HEK293TR cells expressing cannabinoid
receptor-2 (CB2R) and a novel G protein activity biosensor. (A) Agonist
stimulation of CB2R cells with two endogenous agonists anandamide (AEA) and 2-
arachidonoylglycerol (2-AG). (B) Stimulation of CB2R cells with synthetic agonist HU-
308 and inverse agonist SR-144,528. (C) Agonist response elicited at CB2R by novel
compound 005 compared to synthetic agonist HU-308. (D) Agonist response elicited
at CB2R by novel compound 009 compared to synthetic agonist HU-308. (E) Agonist
response elicited at CB2R by novel compound 025 compared to synthetic agonist HU-
308. (F) Collated novel compound responses of all novel compounds relative to
agonist response at CB2R by synthetic agonist HU-308. Data are percentage (%)
change in BRET, and are averaged (mean + SEM) across n=3, and are relative to the
response of 10 yM HU-308 as a positive control.
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Full-length CB1R Gi-CASE cells tested with reference and novel ligands

HU-210 AEA 2-AG SR-144,528 005 009 025
PECso 8.8+0.1 7.0+0.1 58+0.2 7.3+0.6 6.5+0.1 55+0.1 6.9+0.1
Emax 11.1+0.8 10.8+0.5 10.7+0.6 3.5+2.0 7.3+04 -3.3+0.3 7.0+1.0

Truncated (91-472) CB1R Gi-CASE cells tested with reference and novel ligands

HU-210 AEA 2-AG SR-144,528 005 009 025
PECso 8.2+04 6.9+0.6 6.0+0.1 59+0.2 6.5+0.2 6.5+0.5 6.2+0.1
Emax 15.1+0.8 142 +0.6 147 +0.3 6.0+1.2 10.0+0.6 -3.2+0.3 8.9+0.6

Full-length CB2R Gi-CASE cells tested with reference and novel ligands

HU-308 AEA 2-AG SR-144,528 005 009 025
PECso 79+0.5 6.4+0.3 6.1+0.1 7.2 1.5 7.4+0.3 6.8+0.5 8.6+0.1
Emax 132+1.2 84+1.2 142+0.5 -6.0+0.5 44+0.8 -29+0.8 98+1.2

Table 6: Agonist stimulation responses using reference and novel compounds, tested on HEK293TR cells expressing either
cannabinoid receptor-1 (CB1R), truncated CB1R or cannabinoid receptor-2 (CBzR), as well as a novel G protein activity biosensor (Gi-
CASE). Reference compounds include the synthetic agonists HU-210 and HU308, the endogenous cannabinoid receptor agonists anandamide
(AEA) and 2-arachidonoylglycerol (2-AG) and an inverse agonist SR-144,528. Novel compounds include compounds 005, 009 and 025, derived

from in silico docking scoring. Data are averaged (mean + SEM) across n=3 and are relative to positive controls including 10 uM HU-210 for
CB:Rs or HU-308 for CB:Rs.

-55-



r The Uniyersitg of
Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

4.3 Discussion

After characterising ligand binding at CB1R and CB:R, we considered if the novel
compounds were biased towards either G protein signalling or B-arrestin signalling
using mini-g (mMG) and B-arrestin recruitment assays. We then used Gi-CASE
biosensor assays to study functional G protein activity in response to drug stimulation.
The principles behind the two assays vary. The mG recruitment assay uses a minimal
G protein in which the GTPase activity has been disabled to prevent the exchange of
nucleotides (Wan et al., 2018). This also means that the mG proteins forms stable
receptor complexes (Carpenter & Tate, 2016) and the BRET response is irreversible
in the presence of an agonist. In addition, the mG assay only elucidates G protein
activation and recruitment without quantifying differences in downstream signalling,
which does not allow for the study of systems bias where there are stoichiometric
differences in the abundance of G protein or B-arrestin (Smith et al., 2018). In contrast,
the Gi-CASE assay involves using the fluorescent G protein where the catalytic
component is still intact (Schihaha et al., 2021), making G protein activation more
dynamic and able to reach a true equilibrium, and the BRET response is therefore
less binary. The mG and B-arrestin recruitment assays were used to study ligand bias
comparing G protein or B-arrestin recruitment to the receptor, while the Gi-CASE
assays considers ligand bias by studying G protein activation in response to drug

stimulation.

A series of reference compounds were used in both sets of experiments as positive
controls and when evaluating the reliability of the assays as a means to assess the
novel compounds. Reference compounds include HU-210, a full agonist at CB1R and
CB:2R (Ottani & Giuliani, 2001), and HU-308, a CB:R-selective agonist (Hall et al.,
2022). In addition, SR-144,528 and rimonabant were used as purported antagonists
at CB2R and CB:R, respectively (Fong & Heymsfield, 2009; Porcu et al., 2018; Portier
et al., 1998). 2-AG, a full agonist at both receptors (Sugiura & Waku, 2000) and AEA

a partial agonist at both receptors (Pete & Narouze, 2021), were also used.

The mG protein and B-arrestin recruitment experiments showed the novel ligands to
be relatively unbiased in their ability to recruit either the mG protein or 3-arrestin upon
receptor activation. This is due to the similarity in the change in the BRET signal
elicited by the binding of each novel ligand to CB»R, when compared with the maximal
response achieved by the reference compound and CBzR agonist, HU-308. Potency
values were given as pEC50 values, which were similar for all compounds across

both assays.
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HU-308 had a maximal response for B-arrestin recruitment (table 4) but was less than
100% for G-protein activation in the mG recruitment assay (table 3), despite the
compound being a selective-CB;R agonist. This was likely due to inherent errors
within the assay (using control wells for normalisation rather than the control curve for
normalisation), as HU-308 should in theory have a maximal response approximately
equal to 100% for both G protein and B-arrestin activation. Rimonabant and SR-
144,528 are both reported as antagonists and inverse agonists in the literature (Fong
& Heymsfield, 2009; Porcu et al., 2018; Portier et al., 1998), and are therefore not
appropriate reference compounds to use in mG and B-arrestin recruitment assays,
which require an agonist response for mG or -arrestin recruitment. The proceeding
GIi-CASE experiments demonstrate that SR-144,528 has an inverse agonist
response, which is sufficient to inhibit receptor constitutive activity and would in theory
block agonist-stimulated mG or B-arrestin recruitment. There is no constitutive activity
in either the mG or B-arrestin assay at CB:R, meaning SR-144,528 appears as a

neutral antagonist.

The mG and B-arrestin recruitment assays confirmed that 2-AG is nearly a full agonist
at both CB1R and CB;R, and that AEA is a partial agonist as reported in the literature
(Sugiura & Waku, 2000; Pete & Narouze, 2021). The mG response of 2-AG appears
to decay over time based on the diminished percentage change in response. Since
the percentage change in BRET signal diminishes over time, it suggests that 2-AG is
progressively less able to bind and elicit CB2R activation, reducing G protein
activation. The decay in the 2-AG response may also indicate preferential signalling
via B-arrestin to enable more rapid receptor internalisation and mG response
inhibition. The other endocannabinoid, AEA, does not appear to decay in either the
mG or B-arrestin recruitment assay, which may indicate preferred signalling through
the G protein, but this could also be a reflection of how 2-AG is a full agonist at both
CB:R and CB:R, while AEA is not. Nevertheless, the decay in response does not
solely indicate ligand bias, but should be considered future experiments using 2-AG
and AEA because of the time-dependent change in response between the first five

minutes of compound addition and at the end of the microplate being read.

In the Gi-CASE experiments, HU-210 and HU-308 along with rimonabant and SR-
144,528 were used as positive controls to characterise CB;R and CB:R prior to
stimulation with the novel compounds. The responses of HU-210 showed it to be
selective at both receptors, while HU-308 seems to be CB:R-selective in agreement
with the literature (Ottani & Giuliani, 2001; Hall et al., 2022). That said, the pECso
values of HU-308 remain the same at both CB1R and CB:R despite it having a higher
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Emax at CBzR (table 5). CB1R and CB2R may have a similar coupling efficiency to the
G protein (Kim et al., 2020), based on the similar pECso values observed between
CB:R and CB:R for HU-308 in the initial Gi-CASE experiments with the known
compounds (table 5). The low response to HU-308 in CB;1R could also be the result

of fixing the slope to 1, meaning that the response may not be entirely real.

SR-144,528 also appeared to be an inverse agonist at CBzR and had some agonist
effects at CB1R and the truncated CB1R. Rimonabant appeared to be an inverse
agonist at both full-length and truncated CB;R, and CB;R, which contrasts the
understanding of it as an antagonist and selective for CB:R (Boyd & Flemming, 2005).
Rimonabant as an inverse agonist agrees with the idea that it can bind the receptor
but may also cause the accumulation of inactive G protein hence the increase in
BRET signal. The same is true of SR-144,528 binding to the CB2R in the Gi-CASE
assay. The observed differences in potency between the competition binding and Gi-
CASE experiments may arise due to using membranes used initially versus whole

cells in the functional assays.

In the CB;R Gi-CASE assays, AEA appeared to behave as a fuller agonist and a
partial agonist at CB2R. When testing the novel compounds in the Gi-CASE assays,
we did not identify any ligand bias but identified 005 and 025 to be agonists and 009
to be an inverse agonist. Signalling bias was not studied at CB1R on the basis that
the novel compounds did not appear to bind to the receptor. However, using the Gi-
CASE biosensors at CB:R and CB3R highlighted binding by the novel compounds to
both receptors, contrasting our ligand binding experimental findings that they were
CB:2R-specific. This also sheds light onto the coupling efficiency of CB1R versus CB2R
since the competition binding experiments depicted no binding but in these
experiments there is a clear response among all the compounds at both receptors,

suggesting that the G protein itself can enhance ligand affinity.

4.4 Conclusions

The mG and B-arrestin recruitment assays and Gi-CASE assays failed to identify
ligand bias among the reference or novel compounds. It seems that compounds 005
and 025 are agonists at both CB;R and CB:R, whereas compound 009 displays
inverse agonism. These conclusions are drawn following the characterisation of
receptor binding using reference agonists including HU-210 and HU-308, the
endogenous agonists AEA and 2-AG, and inverse agonists including rimonabant and
SR-144,528. The novel ligands seem to be slightly more potent at CBzR, but they do

not appear to be biased towards either the G protein or B-arrestin protein.
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Chapter 5: Characterising CB:1R and CB:zR internalisation, using
confocal microscopy and DERET assays.
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5.1 Introduction

Gi-CASE experiments elucidated G protein activation, so we complemented this with
studies of receptor internalisation in order to gain a complete pharmacological profile
of the compounds and gain insights into B-arrestin function, which initiates receptor
internalisation (Ahn et al., 2003). We first used confocal microscopy to study receptor
internalisation (Miyashita, 2004; He et al., 2019), stimulating green fluorescent protein
(GFP)-tagged HEK293TR-CB:R-cells with an agonist HU-308 and an inverse agonist
SR-144-528, and hypothesised that ligand-receptor binding would lead to a dose-
dependent increase in the abundance of intracellular vesicles of the internalised
receptor, before testing the novel compounds 005, 009 and 025. Studies of
internalisation were then complemented with diffusion-enhanced resonance energy
transfer (DERET) assays, and it was hoped that agonist binding would lead to a dose-
dependent increase in the FRET signal. This is because receptor internalisation into
the cytoplasmic domain should reduce quenching of the fluorescent terbium donor
fluorophore attached via a SNAP-tag to the N-terminus of the receptor located on the

outside of the cell, enabling prolonged signal emission (Levoye et al., 2015).

All cells were tested following a 48-hour incubation period after the cells had been
plated and grown in a cell culture medium with antibiotics. Cells expressing CB2R
were used with confocal microscopy to study receptor internalisation. These cells
were treated with tetracycline to induce receptor expression and were cultured in a
cell growth medium for 48 hours. They were then prepared for experimentation and
stimulated with reference and novel compounds, before being fixed and stored in
assay buffer (HBSS, 0.5% BSA and 5mM HEPES) prior to imaging. For the DERET
assay, both full-length CB1R and CB:2R cells were used. After plating, the cells were
prepared for terbium labelling, proceeded by wash steps to remove residual free
terbium. The cells were then stimulated with compounds in an assay buffer consisting
of HBSS, 0.1% BSA and 5 mM HEPES, with fluorescein dye added.

5.2 Results

GFP-based internalisation assay
Initially, receptor internalisation was studied using confocal microscopy using
HEK293TR-CB:R cells expressing a green fluorescent protein (GFP) tag. We
expected that agonist stimulation to cause a dose-dependent increase in the rate of
receptor internalisation. Internalised CB2Rs should be seen as visible granules in the
cytosol, as opposed to cells treated with vehicle which should display mainly a visible

fluorescent outline of surface receptors on the outer leaflet of the plasma membrane.
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As a preliminary experiment (n=1), we stimulated the CB:R cells with HU-308 and
SR-144,528, which are agonists and inverse agonists at CB:R, respectively. DMSO
was also used as a vehicle control. After 1 hour of stimulation, the cells were fixed
with Hoechst stain and the cells were stored in assay buffer prior to visualisation. We
did not see any observable difference in CB2R internalisation with either compound

at any concentration compared to the vehicle control.

We then stimulated three separate plates of cells with the reference compounds (HU-
308 and SR-144,528) alongside the novel ligands (005, 009 and 025) for 60 minutes.
The cells were then fixed in the same way as in the preliminary experiment. A small
decrease in signal could be seen in cells treated with HU-308 and compound 005, but
this was not seen with compound 025 or compound 009. Furthermore, significant
internalisation was observed in DMSO-treated cells, where often more granules of
internalised receptors, were seen. Overall, there was no observable difference in
receptor internalisation between any of the used compounds compared to the buffer

control, to warrant any further analysis of the images (see figure 15).

For all experiments, GFP counts were considerably low, and the degree of staining in
cells was very inconsistent. Because no imaging analysis was carried out, we followed
up these findings with diffusion-enhanced resonance energy transfer (DERET)

assays.
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Figure 15: Confocal imaging investigating receptor internalisation using
cannabinoid receptor-2 (CB:zR)-expressing HEK293TR cells. HEK293TR-CB2R
cells were stimulated for one hour with reference compounds and the three novel
compounds, as well as a dimethyl sulfoxide (DMSQO) blank. Green staining indicates
green fluorescent protein (GFP) tagged CB:R. Blue denotes Hoechst staining of cell

-62-




r The Uniyersitg of
Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

nuclei. No analysis of receptor internalisation was undertaken due to inconsistent cell
staining and counts.

DERET assays for internalisation
DERET assays were carried out on SNAP-tagged HEK293TR cells expressing CB1R
and CB:2R to gain a full pharmacological profile of the novel compounds and to study
the effects of B-arrestin recruitment, which eventually leads to receptor internalisation.
As a result, DERET assays also enabled us to study bias among the compounds, by
identifying if the ligands cause greater receptor internalisation at one receptor over
another. The findings could also be potentially compared with the agonist responses

in the Gi-CASE assays measuring G protein activity.

In the DERET assays, we stimulated CB1R and CB:R cells with refence compounds
including 10 uM of the synthetic agonists HU-210, HU-308, and 1 uM of the inverse
agonist SR-144,528. We also used the two endocannabinoids AEA and 2-AG, and
the three novel compounds including compounds 005, 009 and 025. The DERET
assay is based on a protocol described previously (Levoye et al., 2015). Typically, the
DERET assay involves the irreversible attachment of a terbium cryptate label (SNAP-
Lumi4-Tb) to confluent cells expressing a SNAP-tagged receptor, pre-washed in PBS
and a solution containing 1:4 ratio of LABMED:deionised water, before adding 50
pL/well of 100 nM terbium cryptate solution and placing in a humidified incubator (37
°C, 5% CO,) for 1 hour. The cells are then washed several times in PBS to remove
the terbium label, after which the fluorescein dye (10 yM in DMSO) mixed with 90
pL/well assay buffer (HBSS, 0.1% BSA, 5 mH HEPES) is added.

The addition of fluorescein dye at high concentrations causes the terbium label to
become saturated with dye. However, agonist stimulation and the eventual
internalisation of the receptor into the cytosolic domain is expected to cause a dose-
dependent increase in signal, since the terbium label is no longer quenched by the
high concentration of fluorescein dye on the outside of the cell, which prevents energy
transfer from the terbium donor (Levoye et al., 2015). Here, the cells were stimulated,
and the plate was read each minute for 1 hour at 37 °C, before analysing the
concentration response curves for agonist stimulating the CB1R and CB2R containing
cells, the data for which is available in figures 16 and 17, respectively. A summary of

the DERET assay data is given in table 7.

-63 -



r The Uniyersitg of
Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

CB4R with endogenous agonists

2001
—— AEA

150 -+ 2-AG

100

a1
T

o
1

-50 — T T T T T T T 1
-12 -11 -10 9 -8 -7 6 -5 -4 -3

[Ligand] (logM)

Normalised HTRF emission ratio

Normalised HTRF emission ratio
(620/520nm *10000) as % of 10uM HU-210 control
(620/520nm *10000) as % of 10pM HU-210 control

C

200+

CB;R with compound 005

- HU-210
1504 reference

-+ 005
1004

-12 <11 -10 -9 -8 -7 -6 -5 -4 -3
[Ligand] (logM)

Normalised HTRF emission ratio

Normalised HTRF emission ratio
(620/520nm *10000) as % of 10uM HU-210 control
(620/520nm *10000) as % of 10uM HU-210 control

CB;R with compound 025

200
HU-210

150 reference

- 025
100+

50
T TEEEES e

-50 — T T T T T T T 1
-12 .11 10 9 8 -7 6 -5 -4 -3
[Ligand] (logM)

Normalised HTRF emission ratio
(620/520nm *10000) as % of 10uM HU-210 control

Figure 16: Diffusion-enhanced resonance
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energy transfer (DERET) assays

carried out on HEK293TR cells expressing cannabinoid receptor-1 (CB:1R) to
elucidate receptor internalisation upon agonist stimulation. (A) CB:iR
internalisation following stimulation with endogenous agonists anandamide (AEA) and
2-arachidonoylglycerol (2-AG). (B) CBiR internalisation following stimulation with
synthetic agonists HU-210 and HU-308. (C) CB1R internalisation following stimulation
with novel compound 005. (D) CB:R internalisation following stimulation with novel
compound 009. (E) CB1R internalisation following stimulation with novel compound
025. (F) CB:R internalisation following stimulation with an inverse agonist SR-
144,528. Data are given as a HTRF emission ratio (620/520*10,000), are normalised
to 10 uM Hu-210 as a control and averaged (mean = SEM), across n=3.
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Figure 17: Diffusion-enhanced resonance energy transfer (DERET) assays
carried out on HEK293TR cells expressing cannabinoid receptor-2 (CB:zR) to
elucidate receptor internalisation upon agonist stimulation. (A) CB:R
internalisation following stimulation with endogenous agonists anandamide (AEA) and
2-arachidonoylglycerol (2-AG). (B) CB:2R internalisation following stimulation with
synthetic agonists HU-210 and HU-308. (C) CB:2R internalisation following stimulation
with novel compound 005. (D) CB:R internalisation following stimulation with novel
compound 009. (E) CB:R internalisation following stimulation with novel compound
025. (F) CB2R internalisation following stimulation with an inverse agonist SR-
144,528. Data are given as a HTRF emission ratio (620/520*10,000), are normalised
to 10 yuM HU-308 as a control and averaged (mean £ SEM), across n=3.
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Agonist stimulation of HEK293TR cells expressing CB1R with reference and novel ligands
(percentage of control 10 yuM HU-210)

HU-210 HU-308 AEA 2-AG SR-144,528 005 009 025
pPECso 9.1+20 No fit 57+0.8 51+0.2 No fit 53+04 No fit 7910
Emax (%) 1375 £14.0 ND 104.1+123 80.4+6.3 ND 31.5+6.2 -13.4+0.7 129+6.4

Agonist stimulation of HEK293TR cells expressing CB2R with reference and novel ligands
(percentage of control 10 yM HU-308)

HU-210 HU-308 AEA 2-AG SR-144,528 005 009 025

pPECso 8.6+04 74+0.1 53+£0.7 48+04 9.0+£1.2 6.7+£14 5.2+£05 85+0.7

Emax (%) 148.2 +25.8 133.2+45 49.2 +0.7 105.0+£2.2 -16.7+£ 115 27.0+£4.1 -21.0+12.8 29127

Table 7: Summary table for data extracted from diffusion-enhanced resonance energy transfer (DERET) assays carried out on
HEK?293TR cells expressing cannabinoid receptor-1 (CB1R) and cannabinoid receptor-2 (CB2R). Reference compounds include synthetic
agonists HU-210 and HU-308, an inverse agonist SR-144,528 and two endogenous agonists including anandamide (AEA) and 2-
arachidonoylglycerol (2-AG). Three novel compounds were also tested against CB:R and CB2R including compounds 005, 009 and 025. Extracted
data include the half maximal effective concentration as a negative logarithmic value (log[ECso]; pECso0) and the maximum response as an indicator

of compound efficacy (Emax) relative to the maximal response of 10 uM HU-210 for CB1R and 10 yM HU-308 for CB;R. Data are normalised and
averaged (mean + SEM) across n=3.
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Figure 18: Bar chart comparing the maximum degree of cannabinoid receptor-1
(CB1R) and cannabinoid receptor-2 (CB:2R) internalisation triggered by agonist
stimulation relative to the reference compound, in a diffusion-enhanced
resonance energy transfer (DERET) assay. Reference compounds include 10uM
HU-210 and HU-308 as positive controls, 100pM anandamide (AEA) and 2-
arachidonoylglycerol (2-AG), and 1uM SR-144,528. Novel ligands include 100uM
compound 005 and 025 and 33uM compound 009. (A) Bar chart comparing agonist-
induced internalisation at CB:R. (B) Bar chart comparing agonist-induced
internalisation at CB2R. Data are given as a percentage (%) response relative to the
maximal response of 10uM HU-210 for CB;1R and 10pM HU-308 for CB2R. Data are
normalised and averaged (mean £ SEM) from n=3, using the highest concentration of
compound used.

DERET assays for SNAP-tagged CBi1R and CB:R expressed in HEK293-TR cells
allowed us to better understand the pharmacological profile of the reference and novel
ligands and further allowed us to consider B-arrestin function and resulting receptor
internalisation following agonist stimulation. For all compounds, the FRET signal
increased over the course of the assay, with end readings taken to determine
compound potency values (pECsp). The use of the synthetic agonist HU-308 saw an
absence of FRET signal at CB1R (figure 16), but a robust agonist response at CB2R
(figure 17).

HU-210 stimulated an agonist response at both receptors and was used as a reference
agonist from which to compare the agonist response of the novel compounds at CB1R.
HU-308 was the reference agonist for CB2R. Sometimes the maximal response of the
reference compounds was over 100% which was likely the result of variability in the

assay. No response was seen following stimulation with SR-144,528 at either receptor.

-67-



r The University of
Nottingham
UNITED KINGDOM - CHINA - MALAYSIA
The agonist responses brought about by the two endogenous agonists AEA and 2-AG

were fairly similar between CB1R and CB:R, although the maximum FRET response of
2-AG at CB:R was higher than that at CB1R (figure 18). For the novel compounds,
compound 005 had a fairly similar agonist response at both CB;R and CB:R, but the
dose-response curve appears to be left-shifted at CB,R compared to CB;1R, the same
scenario was observed for compound 025 (figures 16 and 17). A fuller response was
also seen with compound 009 at CB2R compared to CB1R, yet this compound appears
to cause a decrease in signal as opposed to an increase which was seen with
compounds 005 and 025.

5.3 Discussion

In order to better characterise the reference and novel ligands at CB:R and CB:R, we
studied receptor internalisation using confocal microscopy and DERET assays.
Confocal microscopy involved stimulating the CB2R labelled with a GFP tag for 1 hour
at 37° C, before fixing. In contrast, the DERET assays studied both CB:R and CB;R
internalisation, by stimulating SNAP-tagged CB:R and CB3R expressed in HEK293-TR

cells which were previously terbium labelled (SNAP-Lumi4-Tb).

Confocal microscopy failed to substantially highlight CB2R internalisation following
stimulation with either the reference compounds (HU-308 and SR-144,528) or the novel
ligands (compounds 005, 009 and 025) at any concentration, compared with the buffer
control. That said, a small difference in receptor internalisation may be seen in cells
treated with HU-308 and 005, but this was not sufficient to warrant analysis. This is
because GFP staining was somewhat sporadic, and the cells appeared to exhibit
receptor internalisation even in the absence of any agonist. Sporadic receptor
internalisation, particularly at the cannabinoid receptors, is likely the result of
constitutive activity, which is apparent among GPCRs (Schmidt et al., 2020; Teitler et
al., 2002). Constitutive activity causes receptor activation and hence internalisation,

without formal receptor activation through agonist stimulation.

Using confocal microscopy, constitutive activity is reflected by the presence of granules
of internalised receptors in the absence of agonist (Slice et al., 1998). In buffer-treated
cells, we observed granules of internalised receptor, the abundance of which was
sometimes higher than in agonist-treated cells, suggesting a high amount of
constitutive activity in CB2Rs, which aligns with the literature (Fong, 2014). The
inconsistencies in GFP staining in agonist-treated cells is difficult to explain since the
Hoechst staining of the live cell nuclei appeared to be homogenous across the wells.

However, the constitutive activity of CB;R and hence the rapidity of receptor
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internalisation may mean that receptors are degraded within the 1 hour stimulation
period, resulting in the degradation of the GFP tags and therefore the observed lack of
signal despite Hoechst staining being consistent. It is also possible that by having a
mixed population, GFP-CB;R expression was considerably low. Future studies of
receptor internalisation using confocal microscopy should involve time-course assays
to more accurately map receptor internalisation and recycling back to the membrane
over the course of an hour, rather than capturing receptor internalisation at a single
time point after stimulation. We also should include CB1Rs in future experiments, based
on the agonist responses seen by the novel compounds with CB1R cells expressing the
Gi-CASE biosensors.

We continued to study cannabinoid receptor internalisation using DERET assays, and
hypothesised that agonist-induced receptor internalisation would cause an increase in
the FRET signal by reducing the quenching of the fluorescent terbium donor
fluorophore attached to the N-terminus of the receptor via the SNAP tag (Levoye et al.,
2015). We expected agonist responses of both the reference and novel compounds to
reflect previous functional assays since full agonists may more strongly induce receptor
internalisation, and better reduce terbium quenching versus partial agonists. In
contrast, inverse agonists may bind the receptor but potentially inhibiting receptor

internalisation, hence maintaining terbium quenching.

We found that HU-210, 2-AG and AEA increase the FRET signal, similarly as in the
mG, B-arrestin and Gi-CASE assays, whereas the response of HU-308 is CB,R-specific
and consolidates it as a CB2R-selective agonist (Hall et al., 2022). The response for
AEA and 2-AG was less pronounced considering that these are the endogenous
ligands for CB1R and CBzR (Devane et al., 1992; Mechoulam et al., 1995), which may
provide more information about the coupling of B-arrestin in response to AEA and 2-
AG. Some reports suggest how 2-AG can elicit B-arrestin-dependent activation of
signalling pathways (Delgado-Peraza et al. 2016; Ibsen et al., 2019), which may
account for how the 2-AG response decays over time, which is also seen in the mG
and B-arrestin recruitment assays (figure 10). 2-AG metabolism could also reduce its

effectiveness in causing receptor internalisation over the 60-minute assay period.

The graphs suggest compound 025 is more potent at causing CB2R internalisation
compared to CB1R, however, the fitted data in table 7 suggests otherwise due to large
errors associated with the data fitting. Internalisation was reduced following stimulation
with SR-144,528 and compound 009 at CB2R, indicative of their inverse agonism, but

the compound 009 response was diminished in CB;R. Compound 005 appeared to
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cause internalisation at both CB1R and CBzR. Interestingly, SR-144,528 caused a small

degree of internalisation at CB1R, and complements the slight increase in BRET signal
seen at CB1R in the Gi-CASE assays relative to the HU-210 positive control (figure 12
and 13), the reasons for which are unclear since SR-144,528 is a CB3R inverse agonist
(Bouaboula et al., 1999).

5.4 Conclusions

Confocal microscopy elucidated constitutive activity at CB;1Rs and CB2Rs but did not
allow us to gain insights into the novel compounds of interest. However, the results of
the DERET assays consolidated the mechanisms of action of the novel compounds by
reflecting our findings from previous functional assays, suggesting that compound 005
is an agonist at CB1R and CB:2R, while compound 025 could be more selective for
CB:R, despite the errors with data fitting. Compound 009 is an inverse agonist, which

is more selective for CB2R compared to CB1R.
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Chapter 6: Developing a novel membrane-based biosensor assay
via G protein lipidation.
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6.1 Introduction

After completing our investigation into biased signalling and finding that the novel and
reference compounds are unbiased, we tried to develop a membrane-based biosensor
assay for the future screening of novel hits at the cannabinoid receptors, which could
be hopefully applied to other GPCRs. The assay involves attaching lipid groups to the
to specific amino acid residues of the G protein, thus increasing its affinity for the inner
leaflet of the phospholipid bilayer. Proteins can interact with lipids via the attachment
of fatty acids, sterols, isoprenoids, phospholipids, and glycosylphosphatidylinositol
(GPI) anchors to the protein, increasing their hydrophobicity to readily interact with
lipids (Resh, 2013).

For this side project, we lipidated the G protein by promoting cysteine palmitoylation
and glycine myristoylation at the extreme N-terminus of the intracellular Ga subunit
(Jiang et al., 2018). Cysteine palmitoylation is a post-translational modification involving
the addition of palmitic acid, a 16-carbon fatty acid, to cysteine residues at extreme N-
terminus, requiring palmitoyl transferases (Hodson et al., 2015). For most G proteins,
the N-terminus amino acid sequence of the Ga subunit contains cysteine residues,
readily enabling cysteine palmitoylation. In contrast, glycine myristoylation involves the
addition of myristic acid, a 14-carbon fatty acid, to glycine residues immediately right of
an initiating methionine at the start of an amino acid sequence. The methionine is
typically cleaved prior to myristoylation using methionine aminopeptidase, exposing the
glycine to myristoylation (Wright et al., 2010). Myristoylation is favoured when serine
and lysine are the sixth and seventh amino acid residues inwards from the N-terminus
(Wright et al., 2010). Therefore, myristoylation should happen when the N-terminus of
a given amino acid is as follows: methionine-glycine-X-X-X-serine-lysine (M-G-X-X-X-
S-K, X is a non-polar amino acid) (Zhang et al., 2021). In this project, we tried to
enhance cysteine palmitoylation and glycine myristoylation by substituting numerous
amino acid residues at the N-terminus to promote G protein lipidation with the plasma

membrane to create a membrane-based assay of functional G protein activity.

HEK293TR cells expressing CB1R, truncated (91-472) CB1R and CB:R with the Gi-
CASE plasmid developed previously (Schihada et al., 2021). The Gi-CASE and Gs-
CASE plasmids were changed such that Ga; and Gas proteins had the N-terminus
sequence MGCCCSK (methionine-glycine-cysteine-cysteine-cysteine-serine-lysine) to
maximise the extent of glycine myristoylation as well as enhance cysteine
palmitoylation. The Gg-CASE plasmid was also modified with the sequence MGLESSK

(methionine-glycine-leucine-glutamine-serine-serine-lysine) so that Gaq proteins would
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be targeted for myristoylation. The sequence contains two cysteine residues

downstream of the MGXXXSK motif, suggesting that palmitoylation readily happens to

the N-terminus of this protein (Marrari et al., 2007).

Creating a second lipid anchor was considered by targeting the C-terminus of the Gy
portion of the G protein. However, the C-terminus of Gy often contains a CaaX motif
(Noguera-Salva et al., 2017), which includes cysteine, two aliphatic amino acids, and a
specific amino acid (Marshal, 1993) to enable cysteine prenylation. Cysteine
prenylation involves covalently attaching farnesyl or geranylgeranyl isoprenoids to the
cysteine based on the identity of the final specific amino acid (Palsuledesai & Distefano,
2015). This suggests that the Gy C-terminus can be lipidated without intervention. A

summary of the alterations carried out at Gai, Gas and Gaq is given in table 8.

We first created stable cell lines of full-length CB1Rs, truncated (91-472) CB:1Rs and
full-length CB2Rs with the modified Gai, Gas and Gag plasmids, before generating
membrane batches of the cells. As preliminary experiments, cell membranes were then
stimulated with HU-210, HU-308, AEA, 2-AG, rimonabant and SR-144,528, as well as
the three novel compound (n=1). We later transiently transfected the plasmids into
whole cells expressing CB:R and CBzR and stimulated with HU-210, HU-308 and SR-
144,528 (n=1). We hypothesised that agonist responses would be similar to those
recorded in our previous Gi-CASE experiments involving whole cells, indicating the

possibility to miniaturise the Gi-CASE assay to study functional G protein activity.
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G protein subunit Original N-termini sequence Existing lipid New N-termini New lipid
modifications sequence modifications
ai MGCTLSAEDKAAVERSKMID- Palmitoylation Triple palmitoylation
Myristoylation Myristoylation unchanged
MGCCCSK...]
as MGCLGNSKTEDQRNEEDAQR- Palmitoylation only Triple palmitoylation

Myristoylation

aq MTLESIMACCLSEEAKEARR- Palmitoylation only Palmitoylation unchanged
MGLESSK[...] Myristoylation

C-termini sequence

Y1 -KGIPEDKNPFKELKGGCVIS Farnesylation N/A No change

Y2 -TPVPASENPFREKKFFCAIL Geranylgeranylation N/A No change

Table 8: Table summarising the amino acid changes made to the N-termini of the alpha (a) subunit of G proteins, including stimulatory (Gas),
inhibitory (Gai) and phospholipase C-coupled (Gag) proteins. Amino acid changes were brought about by targeting novel G protein biosensors
which encode each G protein. Ga;and Gas proteins were altered to express the sequence MGCCCSK (methionine-glycine-cysteine-cysteine-cysteine-
serine-lysine) to enable myristoylation and enhance existing palmitoylation, while Gaq proteins were altered to express the sequence MGLESSK
(methionine-glycine-leucine-glutamine-serine-serine-lysine) to enable myristoylation since palmitoylation already occurs. The C-termini of the gamma
(v) subunit of the G protein was left unaltered since a CAAX (cysteine-aliphatic amino acid-aliphatic amino acid-X specific amino acid) motif is present
on most phenotypes, which naturally leads to lipidation via the addition of prenyl groups in either farnesylation or geranylgeranylation.
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6.2 Results

We tested batches of membrane preparations of cells stably expressing the modified
biosensor, with various reference agonists including HU-210, HU-308, rimonabant and
SR-144,528. We also tested the membranes with the novel compounds 005, 009 and
025. Agonist stimulation of membrane preparations of cells expressing CB1R, truncated
CB:1R and CB2R with the lipidated Gi-, Gs- and Gg-CASE biosensors did not elicit any
detectable BRET signal (n=1) with any of these compounds. It is not clear why this was
the case, butitis possible that the lipidation modifications were not sufficient to securely
hold the G proteins to the membrane once whole cells were made into membrane
preparations. Since we saw no detectable signal at all, we did not consider repeating

this assay using the same membrane batches.

Because we had well-characterised receptor binding and functional G protein activity
using the original Gi-CASE biosensor, we instead transiently transfected whole cells
expressing CB;Rs and CB;Rs with the modified Gi-CASE biosensor to compare
agonist responses with those obtained previously. After culturing the cells for 48 hours,
whole cells expressing CB1R and the modified biosensor were stimulated with HU-210
and HU-308, and CB:R cells expressing the modified biosensor were stimulated with
HU-308 and SR-144,528. We found that HU-210 caused a dose-dependent decrease
in the BRET signal whereas HU-308 appears to cause an increase in the BRET signal,
which was more robust at CB2R compared to CB1R (figure 19) (n=1). Dose-response
curves were normalised relative to 10 yM HU-210 for CB1Rs or 10 yM HU-308 for
CB:2Rs. No response was seen with SR-144,528 at CB2R. It is important to note that
the results of this experiment, which are summarised in table 9, are only from one

experiment as a preliminary study into membrane-based assays.
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Figure 19: Agonist stimulation of HEK293TR cells expressing cannabinoid
receptor-1 (CB:1R) and cannabinoid receptor-2 (CB:zR), transiently expressing a
novel G protein activity biosensor (Gi-CASE). (A) Dose-response of CB:iR
stimulated with synthetic agonists HU-210 and HU-308. Data are normalised to 10 uM
HU-210. (B) Dose-response of CBzR stimulated with HU-308 and an inverse agonist
SR-144,528, data are normalised to 10 yM HU-308. (C) Time-course of CB;R
stimulation with HU-210. (D) Time-course of CB2R stimulation with HU-308. (E) Time-
course of CB1R stimulation with HU-308. (F) Time-course of CB2R stimulation with SR-
144,528. Data are given as a ratio of 535-30 long-pass (LP)/475-30 broad pass (BP),
using the final five readings from n=1 (mean of readings + SEM).
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CBiR CB:2R
HU-210 HU-308 HU-308 SR-144,528
PECso 9.9 8.6 -8.7 No fit
Emax 13.2 -11.7 -12.1 ND

Table 9: Summary table of agonist responses elicited by reference compounds
HU-210, HU-308 and SR-144,528 when tested against HEK293TR cells expressing
cannabinoid receptor-1 (CB1R) and cannabinoid receptor-2 (CB:zR), transiently
expressing a lipidated biosensor of G protein activity. Half effective inhibitory
concentration (ECsp) is given as a logarithmic value (log[ECso]; pECso) and the maximal
response (Emax) is also given. Data are a normalised to 10 yM HU-210 for CB1Rs and
10 uM HU-308 for CB:Rs average of the final five readings from n=1.

6.3 Discussion

By creating membrane-tethered yet fluorescently active Gai, Gas and Gag proteins, this
could create a reliable and high-throughput means to screen novel hits for cannabinoid
receptors and other GPCRs without using whole cells, the culturing of which can be
laborious and inefficient, with more variability in receptor expression compared to using
membrane batches. The [**S]GTPyS assay is an example of a membrane-based assay
to study G protein activity for GPCRs coupling through inhibitory G (Ga;) proteins, which
may be favourable for these GPCRs because Ga; may readily undergo lipidation
(Vogler et al., 2008). This assay is less feasible in for Gas-coupled GPCRs, whose G
protein may be less strongly associated with the lipid membrane and is less abundant
(Milligan, 1988). In addition, the assay uses radioactive materials and requires cell
membrane permeabilization or alternatively preparing membranes, but does not allow
for the real-time study of G protein activation (Harrison & Traynor, 2003). As a result,
we attempted to create a membrane-based assay of G protein activation by lipidating
a fluorescently active G protein, using Gi-CASE plasmids created previously (Schihada
et al., 2021).

We transfected the modified Gi-CASE, Gs-CASE and Gg-CASE biosensors into CB1R,
truncated (91-472) CB:1R- and CB:R-expressing HEK293TR cells, before culturing and
eventually harvesting into membranes. Initially, we stimulated the receptor membranes
with a series of reference compounds (HU-210, HU-308, AEA, 2-AG and SR-144,528)
and the novel compounds (005, 009 and 025), but we failed to observe any BRET

signal at all. It is not clear why this was the case.
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We then transiently transfected whole cells expressing full-length CB:R and CB2R with
the modified Gi-CASE plasmid and stimulated the cells with HU-210, HU-308 and SR-
144,528. An agonist response was seen upon treatment with HU-210 based on the
observed decrease in BRET. These findings were also seen in whole CB;R and CB;R
cells expressing the biosensor. However, HU-308 stimulation appears to lead to an
increase in BRET signal at CB:R and CB:R, indicative of receptor binding but no G
protein dissociation, suggesting it as an inverse agonist and contrasts it as a CB:zR-
selective agonist (Hall et al., 2022). A difference in response was also observed with
SR-144,528 which is typically a CB2R inverse agonist (Bouaboula et al., 1999). The
reason for the difference in HU-308 and SR-144,528 response is not clear, but
continued experimentation would enable us to better characterise this and to optimise

this assay as a screening method for novel agonists.

While we did not achieve a response in our initial experiments on the membranes, we
did observe a response when the cells transiently expressed the modified Gi-CASE
plasmid, suggesting that tethering the G protein to the membrane does not
considerably affect G protein activation and dissociation. For example, it was
suggested that anchoring the G protein to the membrane prevents its dissociation and
could hence account for observing no response. It is also possible that the cells were
not stably expressing the G protein when they were harvested and that cell
centrifugation damaged the cell membranes, clarifying the importance of repeating and

optimising these assays.

6.4 Conclusions

In conclusion, the membrane-based biosensor assay is still in its infancy, and we need
to understand why the G protein appears to be lost when cell membranes are prepared.
Nevertheless, observing a response in whole cells transiently transfected with the
modified G protein biosensor is promising, despite some differences in agonist
responses. Collectively, continued assay optimisation and troubleshooting will enable
us to develop a robust and reliable membrane-based biosensor assay for identifying

novel agonists based on G protein activation.
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Chapter Seven: General discussion
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In this investigation, we considered whether stimulating the cannabinoid receptors with
novel and known agonists would cause the preferential activation of G protein or [3-
arrestin signalling pathways. This project identified that the novel compounds, taken
froward from in silico docking, can bind both CB:R and CB:R, but are more selective
for CB2R. This observation was seen following the competition binding studies which
showed that all three compounds exhibited little binding at CB1R compared to higher
affinity binding at CB2R. These initial experiments first involved determining the
dissociation rate constant (Kq) of the fluorescent tracer D77 using saturation binding
experiments and were followed by competition binding experiments, to characterise

unlabelled compound binding in membranes expressing CB:R and CB:R.

In addition, we did not conclude that the novel compounds were biased at the
cannabinoid receptors, based on the results of the functional assays. Functional assays
involved running mini-G (mG) and B-arrestin recruitment assays of CB,R-expressing
cells, using a range of reference compounds, including HU-308 as a known agonist.
Agonist binding featured as an increase in BRET signal by inducing the recruitment of
either the venus-tagged mG or B-arrestin proteins to the receptor, enabling resonance
energy transfer between the donor-labelled receptor and acceptor-labelled mG or 3-
arrestin protein (Carpenter & Tate, 2016). The novel ligands failed to show a difference
in BRET response and pECso values in either mG or B-arrestin recruitment assay,
suggesting they are unbiased ligands. The positive control HU-308 had a pECso value
of 7.3 £ 0.1 and 7.1 £ 0.2 respectively, which is similar to the value of 7.29 + 0.51,
obtained by Soethoudt et al. using a [**S]-GTPyS assay (Soethoudt et al., 2017).

The mG and B-arrestin recruitment assays studied the effect of the endocannabinoids
AEA and 2-AG. For AEA, the B-arrestin maximal response was 24% of the HU-308
reference, which was visibly lower compared to in the mG recruitment assay where its
response was 54.9% of the reference agonist HU-308. However, AEA appeared to be
more potent in the B-arrestin assay since the pECso was 7.2 compared to 6.3 in the mG
assay. A similar response was observed with 2-AG, whereby the -arrestin response
was more potent (pECso 5.8 vs. 5.2), even though the maximal responses was nearly
the same. Soethoudt et al. (2017) found that AEA is relatively balanced in its preference
for either the G protein or the B-arrestin protein, while 2-AG seems to be biased towards
B-arrestin recruitment (Soethoudt et al., 2017). However, our observations seemed to
suggest that AEA favours mG recruitment based on the maximal response, more so

than B-arrestin.
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Gi-CASE assays of functional G protein activity then proceeded the mG and B-arrestin

recruitment assays. Gi-CASE assays were performed in cells expressing CBiR,
truncated CB;R and CB:R to study how G protein activation was affected by agonist
stimulation and to see if truncation of the CB1R receptor affected ligand responses. The
Gi-CASE biosensor was an appropriate biosensor to study the functional activity of Gai-
coupled receptors, although the Gs-CASE biosensor would be required for studying
Gas-coupled GPCRs including the Bz-adrenoceptor (Wenzel-Seifert & Seifert, 2000).
The assay was first characterised using reference compounds including HU-210, HU-
308, rimonabant and SR-144,528, before including the three novel compounds. The
PECso values for HU-210 at truncated and full-length CB;1Rs (8.8 £ 0.1 and 9.2 + 0.3,
respectively) was higher than the pECso of 8.3 seen in rat cerebellar membranes
previously (Salo et al., 2006), and is higher than that observed when HU-210 is tested
against CBzRs in our assay (pECso of 8.2 + 0.4). HU-308 was the positive control used
in assays involving CB:Rs, which in the mG and B-arrestin assay had a pECso of 7.3
0.1 and 7.1 £ 0.2, respectively. These values are lower than those obtained in the Gi-
CASE membrane assay (pECso of 7.9 £ 0.1), and lower than the pECso value of 7.46 +

0.15, derived from the same intact cell assay (Scott-Dennis et al., 2023).

Rimonabant and SR-144,528, since they are inverse agonists, did not elicit an agonist
response in either the mG or B-arrestin assays. However, these two compounds were
included in the Gi-CASE assays in order to study their effect on G protein activation. In
truncated and full-length CB;iRs, rimonabant, which binds more strongly at CBiR
compared to CB2R (pKi of 8.5 versus 6; unpublished data from Veprintsev lab), had a
PECso0f 7.2 £ 0.4 and 7.1 = 0.4, respectively, values of which are similar to those seen
in intact-cells as described in the original assay (Schihada et al., 2021). In contrast, SR-
144,528 was used as a CB2R-specific inverse agonist (pK; of 8.7 at CB2R versus 6.7 at
CBi1R), which in the Gi-CASE assay had a pECso values of 7.5 = 0.2 when first
characterising the assay, which is similar to values of 7.8 and 7.7 obtained in [*S]-

GTPyS and cAMP assays previously (Soethoudt et al., 2017)

Gi-CASE assays included CB1Rs, and whilst none of the novel compounds appeared
to bind the receptor in the initial binding experiments, the Gi-CASE assays showed that
the novel compounds affected G protein activity and thus bound to the receptor.
Differential binding at CB1R versus CB2R could reflect differences in G protein coupling
efficiency at CB;1R compared to CB2R but could also indicate that the novel compounds
exhibit allosteric activity and bind to different binding sites on CB1R compared with
CB:R, which complements recent reports for CB:R (Laprairie et al., 2017; Shao et al.,
2019).
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Differences in compound binding could also be due to differences in compound

solubility between the assays. For example, the compounds in the competition binding
experiments were diluted in 100% DMSO before adding to the assay plate, whereas
their addition in the Gi-CASE assays involved diluting in DMSO as well as in assay
buffer (1/10) before adding to the assay plate. Therefore, diluting in assay buffer may
be an important intermediary step, which may have some effect on final assay
concentrations. DMSO may also be damaging for cells and tissues despite its
widespread use in pharmacological studies (Verheijen et al., 2019), which may account
for the absence of binding in the CBiR membranes compared to whole-cell

experiments.

The Gi-CASE functional assay indicated that compounds 005 appears to be a full
agonist for CB1R and CB:R, whereas compound 025 appears to be more selective for
CB:R. Interestingly, compound 025 appears to elicit a more potent agonist response at
CB2R compared to at CB1R, where the pECso at CB2R is 8.6, versus 6.9 at CB;R.
However, the difference in the percentage decrease in BRET signal between CB1R and
CB:2R is only marginally different. In contrast, compound 009 may be an inverse
agonist, since competition binding experiments with the fluorescent tracer D77 at CB2R
indicated binding to the same binding site as the other compounds, but this compound
causes G protein accumulation and the continued excitation of the acceptor in the Gi-
CASE assay.

Our investigation into biased signalling only used HEK293TR cells, which may have
prevented us from identifying bias as oppose to if a range of cell types had been used.
Phenotypic and cell-specific differences in drug response following stimulation, which
is reported to affect the treatment of tumour cells for example, (Roots et al., 2007;
Niepel et al., 2019), may result in different abundancies of G protein and B-arrestin
protein that could cause systems bias between cell types. Using different cell types is
an important consideration for the future screening of these novel compounds when

detecting bias.

Drug selectivity, at least in terms of functional responses, could be affected by
differences in CB1R and CB2R expression between the cells (Tirona et al., 2011). In our
experiments, we did not standardise receptor expression, which prevents the proper
comparison of the novel compounds’ potencies. However, the assays described in this
investigation are designed to avoid the problems of signal amplification where receptor
number becomes an issue. For example, the observation that compound 025 is more

selective for CB2R compared to CB:R, and that the response of compound 005 as a
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weak partial is agonist, may differ when receptor expression is increased as this would

not only increase the number of binding sites but also effector proteins coupled to the

receptor, enabling a higher signalling response signal amplification.

Functional assays to study G protein activation and signalling bias were then
complemented with studies into receptor internalisation to elucidate B-arrestin activity
and to gain a fuller pharmacological profile of the compounds tested. Confocal
microscopy was applied to study GFP-labelled CB2R cells, which were fixed after
stimulation for 1 hour of stimulation with HU-308, AEA, 2-AG, SR-144,528 and
compounds 005, 009 and 025. Agonist activity should cause a dose-dependent
increase in receptor internalisation (Wu et al., 2008), the opposite of which should be
observed with inverse agonists, which in this case included compound 009 and SR-
144,528. Receptor internalisation is indicated by the appearance of granules in the
cytosol as vesicles containing the receptor, and there should be minimal GFP-labelled
receptors outlining the cell (Slice et al., 1998). However, we failed to reliably observe
this, and agonist-induced receptor internalisation was often similar to cells treated with
our DMSO-containing buffer (vehicle control). It is most plausible that CB2R constitutive
activity accounts for our findings, and it is accepted that the cannabinoid receptors are
highly constitutively active (Fong, 2014), suggesting the need for time-course assays
to study internalisation at shorter time intervals. In addition, the assay set-up included
half-log dilutions of the reference and novel compounds, meaning that we had a small
window from which to study receptor internalisation, compared to using log dilutions in
future. It is also important to study receptor internalisation at CB1Rs given the Gi-CASE
response observed despite an apparent lack of binding in the competition binding

experiments.

DERET assays were also used to study receptor internalisation and we found a similar
inverse agonist response in compound 009 and similar agonist responses for
compounds 005 and 025. The positive control for CB1Rs was HU-210, with a pECsg of
9.1+ 2.0, and HU-308 was the positive control for CB2Rs and had a pECso value of 7.4
+ 0.1. While the HU-308 pECso value is similar to those obtained in the other functional
assays of this investigation and the literature, the pECso of HU-210 seems to be higher
with greater error. In addition, the responses of the endogenous compounds AEA and
2-AG also deviates in the DERET assay compared to the other functional assays in this
investigation. For AEA, we obtained pECso values of 5.7 + 0.8 and 5.3 £ 0.7 for CB1R
and CB:2R respectively, and 5.1 + 0.2 and 4.8 £ 0.4 for 2-AG at CB:R and CB:R,
respectively. By comparison, the Gi-CASE assay obtained pECso values of 7.0 £ 0.1
and 6.4 + 0.3 for AEA at CB:1R and CB:2R, respectively, and 5.8 + 0.2 and 6.1 + 0.1 for
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2-AG at CB:1R and CB:R, respectively. The reason for the lower pECso values is unclear
but could be based on the framework of the DERET assay which involves receptor
internalisation over a longer time period versus G protein activation in the Gi-CASE
assay (Levoye et al., 2015). These differences in pECso values between the assays
might be partly explained by the metabolism of the endocannabinoids (Basavarajappa,
2007). Furthermore, the cells were washed multiple times with PBS before incubating
with the fluorescent label, which caused a number of cells to be removed from the plate
and required the assay to be optimised. As a result, the DERET assay could be
repeated in future for better reliability and troubleshooting, which may help to obtain

drug responses in-line with our previous experiments.

As a side project, we attempted to miniaturise the whole-cell Gi-CASE assay by
creating a membrane-based assay with a lipidated and fluorescently active G protein.
Miniaturising the Gi-CASE assay would allow the high-throughput screening of novel
agonists by considering G protein activation in membranes rather than whole cells. The
assay requires troubleshooting and optimisation because existing data only comes
from preliminary experiments, but initial experiments in cells transiently transfected with

the biosensor show some response.

Discovering novel agonists for the cannabinoid receptors, especially CB:2R, is valuable
due to the importance of the endocannabinoid system in multiple physiological
functions and the significance of these receptor in a number of pathological states.
When developing novel drugs to target the receptors, deriving compounds which exhibit
a level of bias for the cannabinoid receptors may enable these novel drugs to have
fewer side effects by being more pathway-specific. This investigation studied the effect
of three novel compounds from in silico docking but did not find any of them to be
biased. However, the investigation suggests that the novel compounds are more
selective for CB2R than CB;R, that two of these compounds appear to be patrtial
agonists, while one appears to be an inverse agonist. Continued pre-clinical profiling of
these compounds will better elucidate their selectivity for CB2R, and it may also be

worthwhile testing these compounds against other cannabinoid-like receptors.
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