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ii. Abstract
The CXC chemokine receptor 2 (CXCR2) is a G protein-coupled receptor (GPCR)
with key functions in neutrophil trafficking and activation both during normal
homeostasis, and in acute and chronic inflammation. In addition, CXCR2
signalling promotes tumour survival through the mediation of cell proliferation
and metastasis, angiogenesis and immune suppression. Despite the
therapeutic potential of inhibiting CXCR2 for the treatment of inflammatory
conditions and cancer, there is currently not an approved treatment at the
receptor. This is largely due to the challenging task of balancing the successful
treatment of inflammation or cancer suppression whilst maintaining the
homeostatic function of the immune system intact when blocking CXCR2
(Cheng et al., 2019a).
There are a range of structurally distinct negative allosteric modulators (NAMs)
of CXCR2 compounds that bind to the receptor at an intracellular pocket
overlapping with the site of G protein coupling. Two compounds — navarixin
and AZD5069 remain in clinical trials as combination therapies for the
treatment of cancer. These compounds, in particular, have been reported to
have slow dissociation kinetics at CXCR2.
This thesis generated new approaches to explore the in vitro pharmacology of
candidate CXCR2 NAMs, in particular to understand their mechanism of action
in more depth. A number of key questions were identified to address — first,
the ability of NAMs to regulate CXCR2 signalling through different effector
proteins (e.g. arrestins as well as G proteins); second, the extent to which
different NAMs can regulate CXCR2 conformation and modulate chemokine
binding, as well as blocking effector coupling; and third, the extent to which
NAM binding kinetics at the intracellular site, as well as the allosteric nature of
the mechanism, influenced the functional profile of their antagonism over
time.
First, we co-expressed the human CXCR2 receptor tagged C- terminally with

the LgBiT fragment, and B-arrestin2 and mini Gao effectors with the SmBit
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fragment of the Nanoluciferase enzyme to generate a luciferase
complementation assay (NanoBiT) for CXCR2-effector interactions in stably
transfected HEK293 cells. These assays provided live-cell real time readouts of
the agonist chemokine CXCL8 activation, and the effects over time of NAM
inhibition. For the range of NAM pharmacophores explored, these approaches
demonstrated their equivalent inhibition of both mini G protein and arrestin
receptor interactions. We also identified differences among the NAMSs in their
ability to supress the basal receptor activation and in the surmountability of
their effects. Using mathematical modelling approaches and comparison of
close homologues (enantiomers) of navarixin, NAMs functional effects were
attributed to their binding kinetics properties showing that slow koff NAMs
insurmountably supress receptor-effector interactions, due to the insufficient
time of binding equilibrium to be established. In contrast, fast koff NAMs
promoted rightward shifts in the CXCL8 concentration-response curves likely
due to negative binding cooperativity between the NAM and the orthosteric
agonist.

Next, a commercially available AF647 labelled CXCL8 peptide was used to
establish a non-radiolabelled CXCR2 binding assay format via both imaging and
TR-FRET methodologies, applicable in whole-cells and in membrane
preparations. NAMs fully inhibited tracer binding at CXCR2 in high sodium-
conditions suggesting stabilisation of the inactive receptor conformation and
apparently mutually exclusive binding of the NAM and chemokine, despite the
difference in their topography of binding sites. Under conditions in which
receptor transition to an active conformation would be better promoted (low
sodium), an allosteric effect of NAM inhibition was demonstrated, and an
influence on labelled chemokine dissociation kinetics measured in the real
time homogeneous TR-FRET assay.

In developing novel receptor-effector interaction and fluorescent ligand
approaches applicable to real time studies of binding and signalling, these
results provide new information on the action of intracellular NAMs at the
CXCR2 receptor. Key findings include the ability of NAMs to prevent CXCR2

coupling with multiple effectors, and a role for NAMs in allosteric modulation
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of chemokine affinity through conformational selection (supported by recent
structural studies) — as well as steric blockade of effector interaction.

Finally, our data reveal the importance of slow binding kinetics, as well as non-
competitive interactions in generating insurmountable inhibition — a feature of
CXCR2 antagonism which may be beneficial under inflammatory conditions
involving a cytokine storm. This increased understanding may aid future in
vitro optimisation of CXCR2 NAM compounds, to titrate the desire for blockade

that is therapeutically effective while managing the risk of side effects.
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1. Chapter one: General Introduction

1.1 Introduction to G-protein coupled receptors (GPCRs)

G protein coupled receptors (GPCRs) represent the largest protein superfamily
among mammals with approximately 800 identified in the human genome
(Fredriksson et al., 2003). GPCRs transduce extracellular stimuli into biological
responses through the mediation of intracellular signalling cascades
(Rosenbaum et al.,, 2014) and are a major drug target with 35% of the
approved drugs acting on this class of proteins (Sriram and Insel, 2018).

Based on phylogenetics, GPCRs are classified into five main families following
the GRAFS system: Glutamate (G), Rhodopsin (R), Adhesion (A), Frizzled/Taste2
(F), and Secretin (S) (Fredriksson, 2003). They share certain structural features
but are also characterised by family-specific motifs. Insights into GPCR
structures were gained through pioneering studies of the structure of
rhodopsin, firstly through analysis of the amino-acid sequence (Baldwin, 1993),
and later solved in two- (Schertler, 1998) and three- (Palczewski et al., 2000)
dimensions. Later on, the resolution of the 3D structures of many more GPCR
representatives provided further details of their tertiary organisation in space
(Rasmussen et al., 2007), (Underwood et al., 2008), (Thal et al., 2016), (Liu et
al., 2020), (Zhang et al., 2017), (Wang et al., 2021), (Garcia-Nafria et al., 2018a)
and so on.

All GPCRs are comprised of seven membrane spanning a helices (TM1-TM7),
connected via 6 alternating intracellular and extracellular loops (1-3 ECLs, 1-3
ICLs). Each GPCR is characterised by an extracellular N and intracellular C
terminus which, along with the loops, can differ greatly in size between
members of the family, even within rhodopsin-like receptors. The extracellular
loops contain two conserved cysteines that form a disulphide bond.

The Rhodopsin family, also known as class A GPCRs, is the largest and most
diverse family among vertebrates comprised of 388 olfactory (Spehr and
Munger, 2009) and 286 non-olfactory receptors (Munk et al., 2019). Class A

GPCRs respond to a vast variety of extracellular stimuli ranging from small
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molecules to peptides, proteins, and lipids which is facilitated by the presence
of diverse transmembrane and extracellular ligand binding pockets varying in
the length of the N termini as well as the amino acid sequence in the
transmembrane regions (Venkatakrishnan et al, 2013). Equally, the
intracellular residues GPCRs use to interact with G proteins are also variable
not only between receptors interacting with distinct Ga subunit members
(section 1.3 / section 3), but also between ones interacting with the same
subtype (Flock et al.,, 2017). Residues, however, that connect the agonist
binding pocket to G protein coupling on activation are highly conserved and
reflected in the presence of common amino acid motifs amongst Class A
receptor members, such as the tryptophan residue in CWxP motif in TM6, the
NPxxY motif in the cytoplasmic end of TM7, the E/DRY motif within TM3, and
Na* binding pocket (Barak et al., 1995), (Favre et al., 2005) (Zhou et al., 2019),
(Filipek, 2019). The way these residues are involved in the process of GPCRs
switching from inactive to active conformations is described in section 1.2.
Agonists bind GPCRs at the endogenous ligand binding pocket, referred to as
the ‘orthosteric’ binding site. It has also become apparent that GPCRs can be
modulated by allosteric molecules binding elsewhere within the protein.
Sometimes, distinct but overlapping binding sites may be present making the
orthosteric/allosteric classification of ligands more complex (Christopoulos and
Kenakin, 2002). GPCR allosteric modulation is discussed in more detail in
section 1.5.

Pharmacological theory proposes the characterisation of ligands according to
the functional response elicited by their interaction with cognate GPCRs. This is
defined first by the goodness of the fit between the ligand and receptor
binding referred to as affinity at equilibrium, and as more recently discovered
— the kinetics of binding interactions (see chapter 4.1). Second, efficacy is the
ability of the ligand once bound, to produce a response (Kenakin, 2004). The
classification is importantly driven by the term ‘intrinsic efficacy’ which
measures the stimulus imposed per receptor molecule by a ligand (Ariens,
1954). Ligands with high intrinsic efficacy, able to stimulate maximum cellular

responses, are defined as full agonists according, and those with low intrinsic
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efficacy — as partial agonists. As most GPCRs exhibit a certain level of basal
activity in the absence of stimulating ligands, ligand efficacy can also be
defined by the ability of the ligand to inhibit activity below the basal signalling
of the receptor. Thus, while full/partial agonists stimulate GPCR signalling
above the basal levels, inverse agonists reduce the constitutive receptor
activity. Neutral antagonists, on the other hand, inhibit agonist stimulated
receptor activation without affecting the basal receptor activity (Weis and
Kobilka, 2018), but their pharmacological effect becomes apparent in their
ability to inhibit agonist or inverse agonist effects.

The binding of ligands and their behaviour once bound, however, is insufficient
to describe the pharmacological response observed. In reality, the system used
for testing the ligands of interest influences the response through the
phenomenon of receptor reserve and signal amplification (Kenakin, 2017). For
example, increasing receptor number in a cellular system enables an agonist
maximal response to be obtained without full occupancy of the receptors. In
this instance, agonists are more potent in eliciting the response than would be
predicted by their equilibrium dissociation constant Kd (the standard measure
of affinity: ligand concentration to occupy 50 % of the receptor population).
Mathematical models have been developed to account for such system factors
when quantifying ligand efficacies (Kenakin, 2017), (Black et al., 1985), (Stott et
al., 2016).

1.2 Class A GPCRs: activation and signalling
Upon binding to GPCRs, ligands induce conformational changes within the

receptor which, in the case of agonists, leads to receptor activation. Based on
studies in rhodopsin reviewed elsewhere (Hubbell et al., 2003), and later
confirmed through the identification of GPCR crystal structures, a number of
structural rearrangements in the transmembrane and cytoplasmic domains
associated with receptor activation have been identified (Garcia-Nafria et al.,,
2018a), (Rasmussen et al., 2007), (Manglik et al., 2015), (Liu et al., 2020),
(Zzhang et al., 2017).
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The binding of the agonist promotes the reorganisation of residues in TM3,5,6
including the switch of W88 in the conserved microswitch motif CWxP to its
active rotamer conformation, and conformational rearrangements in the PIF
motif and Na* pocket. These events cause the initial rotation of the
cytoplasmic end of TM6. Following more structural rearrangements in residues
in TM3,5, and 6, a larger outward movement of TM6 is facilitated and a
movement of TM7 towards TM3 marking receptor activation. This leads to the
switch of contacts of Y’>3 from the NPxxY sequence strengthening TM7-3
packing and further facilitates the TM6 outer movement. The final step is
facilitated by the DRY motif where R3*0 is released from its interactions with
D¥49/630 bregking the remaining contacts between TM3 and TM6 in the
cytoplasmic areas, driving TM6 to move outward even further (Zhou et al,,
2019), (Rasmussen et al., 2011c), (Rosenbaum et al.,, 2014). Receptor
activation is importantly facilitated by the influx of water molecules that
remove the hydrophobic barrier and help rearrange the hydrogen network
inside the receptor (Venkatakrishnan et al., 2019). The overall result of these
harmonious rearrangements of residues in the TM helices is the opening of a
binding crevice to accommodate the binding of G protein effectors that GPCRs
canonically signal through (Rasmussen et al., 2011).

G proteins are composed of the guanine nucleotide binding subunit Ga, and
the dimer GBy. The Ga protein contains a nucleotide binding domain GaRas
(evolutionary connected to the RAS family of proteins), connected to an N-
terminal helix (aN) and an alpha helical domain GaAH (Chung et al., 2011)
(Figure 1.1). The Ras domain contains the essential residues for nucleotide
catalysis and provides the By and GPCR binding surfaces. The structures within
the Ras region change conformations depending on the nature of the
nucleotide bound (Sprang, 2003).

In their inactive state, Ga proteins are bound to GDP and associated with the
By dimer. Receptor activation causes structural changes within the Ga subunit
leading to the dissociation of GDP leaving the G protein in a nucleotide-free
state (Bos et al.,, 2007). The nucleotide-free state is short lasting due to the

quick binding of GTP which is highly concentrated in the cytosol (Higashijima et
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al., 1987). The binding of GTP, associated with further structural
rearrangements within the Ga subunit, leads to its dissociation from the By
dimer and the mediation of cellular functions through the individual subunits’
interaction with effector proteins. GTP hydrolysis into GDP and inorganic
phosphate (Pi) closes the G protein activation cycle and leads to restoration of

the G protein heterotrimer (Figure 1.2), (Rasmussen et al., 2011).

Figure 1.1 Structure of a heterotrimeric G protein engaged with a
GPCR. The B2AR in green bound by the heterotrimeric G protein
consisting of Gas GTPase domain (cyan), Gas AH domain (orange), G
(purple), Gy (red) and stabilised by a crystallising nanobody Nb35
(yellow). Image taken from (Carpenter and Tate, 2016).

a Agonist G protein coupling Activated G protein subunits GTP hydrolysis and
binding and nucleotide exchange regulate effector proteins inactivation of Ga protein

Reassembly of heterotrimeric G protein

Figure 1.2 Activation of G proteins. The binding of agonist leads to the
recruitment of heterotrimeric G proteins bound to GDP followed by the
exchange of GDP by GTP and the separation of the Ga and Gy
subunits. The Ga and GBy subunits then interact with various effectors
including adenylyl cyclase (AC) and ion channels, modulating second
messenger molecules (CAMP, Ca?*) to mediate cellular responses.
Image taken from (Rasmussen et al., 2011).
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Based on homology between Ga isotypes, G proteins have been grouped into
four major families - Gas, Gaijo, Gag/11, Gai2/13 (Downes and Gautam, 1999).
There are 5 GB and 12 Gy subunits with different tissue distribution but similar
biochemical profiles and signalling properties in in vitro assays (Syrovatkina et
al., 2016). Nevertheless, knockouts of individual B and y subunits have
detrimental effects in vivo (Schwindinger et al., 2004), (Masuho et al., 2021)
suggesting that the different subunits are essential in cellular signalling, and
their roles are not redundant.

On the other hand, the subtype dependent signalling effectors and/or their
modulation by the activation of different Ga subunits is well defined. Both Gas
and Gais, interact with the second messenger adenylyl cyclase (AC) to
upregulate or downregulate respectively the production of cyclic adenosine
monophosphate (cAMP). cAMP in turn regulates downstream signalling
events via its interaction with protein kinase A, ion channels and transcription
factors (Wright et al.,, 2015). Gag activation is primarily associated with the
activation of phospholipase CP (PLCB) and the increase in the cytosolic calcium
levels via the action of inositol trisphosphate (IP3) via its endoplasmic reticulum
(ER) receptors (Rhee and Bae, 1997). The second PLCP product, diacylglycerol,
activates protein kinase C (PKC). Finally, there is reported cross talk between
the signalling of Gaiy/13 and other Ga subunits, but specific Gaiz/as signalling is
likely involved in the control of proteins associated with cytoskeletal
rearrangements within the cell, including monomeric G proteins such as Rho
(Suzuki et al., 2009).

The kinetics of ligand binding to GPCRs and the subsequent G protein
activation has been investigated more recently through the use of biosensors
measuring signalling events in real time (Stumpf and Hoffmann, 2016). The
conformational changes in GPCRs caused by agonist binding differ between
receptors depending on the nature and size of endogenous agonists. For
example, the activation kinetics of the parathyroid hormone receptor (PTHR)
by large hormone ligands is ~1 s compared to the fast kinetics of the
adrenoceptor aza (02aAR) (~40 ms) stimulated by small molecule monoamine

neurotransmitters (Vilardaga et al., 2003). The activation kinetics may also be
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affected by receptor dimer formation or the ligand multi-step binding events
as shown for the chemokine receptor CXCR4 (Perpina-Viciano et al., 2020). The
subsequent coupling of G proteins is a rapid step (30-50 ms) which may
overlap with receptor activation (Hein et al., 2006) whilst guanine nucleotide
exchange acts as the rate limiting process of G protein mediated signalling.
This takes place over 300-500 ms and so introduces a delay between agonist
activation of the receptor and the activation of the G protein (Bliinemann et al.,

2001), (Hein et al., 2006).

1.3 Termination of GPCR signalling and receptor trafficking
GPCRs also interact with G protein-coupled receptor kinases (GRKs) and

arrestin proteins. These generally serve to terminate receptor activation but
can also initiate separate signalling cascades (Shenoy and Lefkowitz, 2011). The
GRK interacting with Rhodopsin was identified first, followed by the one
interacting with the B2AR, now named GRK1 and GRK2 respectively (Shichi and
Somers, 1978), (Benovic et al., 1989). Following the cloning of GRK2, five more
kinases have been identified (GRK3-7) which preferentially bind different
GPCRs (Pitcher et al.,, 2003), (Benovic, 2021). The activation of G proteins
serves to guide the GRK2 and GRK3 to activated GPCRs to shut off or reduce
signalling (Gurevich and Gurevich, 2019). GRK2/3 bind the GPy subunit via
their pleckstrin homology (PH) domain which facilitates their recruitment from
the cytosol to the plasma membrane (Koch et al., 1993). GRK2 has even been
crystallised in complex with the GBy subunit (Lodowski et al., 2006). On the
other hand, the visual GRK1 and GRK7 are constitutively localised at the
plasma membrane via a C terminal prenylation, whereas GRK4/5/6 lack the PH
domain and the C-terminal prenylation but associate with the plasma
membrane via C terminal cysteine palmitoylation and via an amphipathic helix
interacting with the membrane phospholipids (Gurevich et al., 2012).

In the process of homologous desensitisation GRKs phosphorylate serine and
threonine residues of the intracellular loops and C termini of agonist-occupied
active GPCRs. This leads to to their desensitisation associated with reduced G

protein binding (Benovic et al, 1987). Target GPCRs can also be
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phosphorylated without agonist activation but by second messenger
associated protein kinases activated through the signalling of the same- or
different- ligand GPCRs, and this event is referred to as heterologous
desensitisation (Lefkowitz, 1993).

Once phosphorylated by GRKs, GPCRs are preferentially bound by the
ubiquitous regulator proteins — arrestins. So far four functional arrestins have
been identified — visual (arrestinl and arrestin4) and non-visual ones
(arrestin2/B-arrestinl, arrestin3/B-arrestin2) (Gurevich and Gurevich, 2006),
Arrestins bind cytoplasmic GPCR residues upon receptor activation and serve
to provide a rapid signal turnoff (Carman and Benovic, 1998). This is based on
competition with the G protein shown for visual arrestins very early on (Wilden
et al.,, 1986), and through more recent structural studies (Szczepek et al.,,
2014a). The arrestin/G protein GPCR binding interface will be discussed in
more detail in chapter 3. Arrestins also terminate GPCR signalling partly
through mediating receptor internalisation upon prolonged (minutes) agonist
exposure (Cahill et al., 2017). Certain GPCRs, however, undergo this process in
an arrestin-independent manner (Van Koppen and Jakobs, 2004). GPCRs
internalise into intracellular compartments — endosomes - through clathrin-
coated vesicles and adaptor proteins such as AP2, although clathrin-
independent mechanisms are also present (Komolov and Benovic, 2018),
(Hansen and Nichols, 2003). The internalisation and trafficking patterns can
vary greatly between distinct GPCRs. Whilst the B, adrenoceptor (B2AR) and
the Via vasopressin receptor (ViaR) are readily recycled back to the plasma
membrane (Morrison et al., 1996; Innamorati et al., 2001), the V;, vasopressin
receptor (V2R) engages a long recycling pathway where it is confined to
perinuclear compartments. These differences are strongly attributed to the
dynamics of receptor-arrestin interactions which in turn regulates the
dephosphorylation of the C-terminal tail of the receptor (Palczewski et al,,
1989; Pippig et al., 1995; Bremnes et al., 2000). For example, the B2AR recruits
arrestin proteins transiently allowing for the receptor C-terminal domain to
undergo dephosphorylation and to be trafficked back to the plasma

membrane. On the other hand, the V,R forms a stable complex with arrestin
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proteins which may protect the C-terminal tail from being dephosphorylated

and thus, is not readily trafficked back to the cell surface (Oakley et al., 1999).

1.4 GPCRs as drug targets
GPCRs are the most heavily studied and exploited proteins as drug targets,

underlined by their expression in multiple tissues and their involvement in the
modulation of a vast range of physiological and pathophysiological responses.
Most recent data suggest that around 700 approved drugs target GPCRs
meaning that GPCRs account for 35% of the approved drug targets (Sriram and
Insel, 2018). Generally, most drugs acting at GPCRs are orthosteric agonists or
antagonists. The development of techniques to obtain structural details of
GPCR binding pockets and organisation in space has enabled drug discovery

efforts to expand to targeting GPCRs allosterically (Christopoulos, 2002).

1.4.1 GPCR antagonism

GPCR-targeted drugs can act directly as agonists at the receptors or indirectly,
by modifying the physiological stimulus. Antagonism describes the inhibitory
modification of GPCR stimuli, and it is analysed in terms of the effects of
antagonist on the endogenous agonist concentration-response curves or in
terms of its molecular interactions with the target protein (Kenakin, 2006).

Antagonist effects on agonist concentration-response curves can be saturable
reaching a maximal limit despite increasing antagonist concentration, or
unsaturable with infinite inhibition on agonist response; the latter, however,
may be affected by solubility issues or secondary effects of the antagonists e.g.
non-specific effects underlined by its interaction with other protein targets at
high concentrations. Second, the effect of increasing antagonist concentration
can be surmountable by the agonist manifesting as parallel rightward shifts in
the concentration-response curves without a reduction in the maximal
response, or insurmountable characterised by a decrease in the maxima

(Figure 1.3), (Kenakin, 2006).
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The patterns of changes in the concentration-response curves as a results of
antagonist treatment are varied, nevertheless, they are often also affected by
the assay set-up and experimental model system. Therefore, when identifying
the molecular mechanism underlying antagonist profiles, system effects must
be considered.

Based on the molecular mechanism of action, antagonism can also be

subdivided into orthosteric and allosteric binding modes.

1.4.2 Orthosteric antagonism

Drugs lacking efficacy in causing receptor activation and binding to the same
pocket, and thus occluding the binding site of the endogenous agonist, are
defined as orthosteric antagonists. Orthosteric antagonism is competitive
provided the binding of the orthosteric antagonist is reversible, allowing for
the dynamic equilibrium between an agonist and antagonist to be established.
This typically manifests as surmountable antagonist behaviour. Irreversible
binding of the antagonist, on the other hand, does not allow for the agonist to
surmount the antagonism and the maxima of the response would be reduced.
There are examples of cases in between these two situations, where
antagonists with slow binding kinetics manifest as non-surmountable due to
the lack of equilibrium achieved in the system; this is often observed for
antagonists with significantly slower dissociation constant (koff) relative to the

agonist (Figure 1.3) (Sum et al., 2004), (Kenakin et al., 2006), (Kenakin, 2006).
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Figure 1.3 Antagonist effects on agonist concentration-response relationships. (A)
Surmountable antagonism characterised by rightward shifts of agonist potency and no
reduction in the maximal response. (B) A combined effect of the antagonist on both
agonist potency and maximal response observed in conditions of lack of binding
equilibrium between agonist, antagonist and receptor target. (C) Insurmountable
antagonism characterised by reduced agonist maximal response. Graphs represent
simulated data following Kenakin (2006) pharmacological theory.

1.5 Allosteric modulation of GPCRs
1.5.1 Introduction to allosteric drug effects

GPCRs can be defined as naturally allosteric proteins based on their possession
of distinct interaction sites for the activating ligands and for effector molecules
such as G proteins and arrestins (Christopoulos and Kenakin, 2002). Similarly,
drugs that bind GPCRs at sites distinct from the orthosteric pocket for the
endogenous ligand and modulate receptor function are defined as allosteric
molecules. Allosteric drugs that potentiate the action of the endogenous
agonist supporting GPCR activation are referred to as positive allosteric
modulators (PAMs), and those that negatively modulate receptor function, as
negative allosteric modulators (NAMs) (May et al., 2007).

An important feature of allosterism is the reciprocity of the effects — the
effects of the allosteric ligand on the orthosteric ligand behaviour should be
reciprocated by the effects of the orthosteric ligand on the allosteric ligand
behaviour. Considering effects on binding (affinity), this allows for the
relationship of allosteric and orthosteric ligand to be described by the mutual
cooperativity term a, describing the influence of one drug binding on the
other. However allosteric ligands also have potential to modulate the efficacy

of the orthosteric ligand, defined by the cooperativity term B. Finally, it is
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possible for allosteric ligands to have their own efficacy in activating the
receptor in the absence of orthosteric ligands — i.e. acting as agonists. In
operational models of allosterism for example, this is represented by an

allosteric efficacy term tg (Kenakin, 2013).

1.5.2 Allosteric effects on affinity

GPCRs exist in thermal equilibrium switching between a selection of
conformations with various energy demands (Weis and Kobilka, 2018). Each
step in the receptor activation, alongside interactions with effector molecules,
would ultimately affect the behaviour of the receptor through changes in its
conformation. The binding of allosteric ligands adds an additional layer of
complexity as they could shift the receptor to distinct conformations when
free or bound to the orthosteric ligand (May et al., 2007). The affinity of
ligands is generally defined by the equilibrium dissociation constant Kd, but

this is also the ratio of the dissociation and association rate constants
(Kd = k:ij (more details in chapters 2 and 4). Therefore, allosteric drug
on

effects which modulate affinity (o0 co-operativity) are also likely to involve
changes in the binding kinetics rates of the orthosteric ligand (May et al,
2007), (May et al., 2010). For example, positive allosteric modulation can arise
from an increase in ligand association rate (kon) and decrease in its
dissociation rate (koff), and negative allosteric modulation from the opposite
changes. Such changes in the orthosteric ligand binding kinetics rates are
attributed to changes in receptor conformation as a result of the allosteric
ligand interaction with its separate site.

The equilibrium effects of allosteric drugs on agonist affinity have been
commonly described by the allosteric ternary complex model (ATCM)
(Christopoulos and Mitchelson, 1997), (May et al., 2007b) (Figure 1.4). The
model quantifies the reversible and saturable binding of an allosteric and an
orthosteric ligand driven by their concentrations, equilibrium dissociation
constants and the factor of cooperativity. As discussed above o cooperativity

describes the reciprocal effects of orthosteric and allosteric ligand to each
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other’s interaction with the target protein (Ehlert, 1988). Allosteric ligands
with negative cooperativity are therefore described by a a < 1 cooperativity
factor (reduce orthosteric ligand binding affinity); those with positive
cooperativity by a >1 (potentiate orthosteric ligand binding), and those with no

net effect of orthosteric ligand binding affinity, by a = 1.

1.5.3 Allosteric effects on efficacy

The ATCM could be easily applied for studying the effects of allosteric ligands
in binding assays, nevertheless, its application may be limited when it comes to
functional data, because of additional B co-operativity effects on receptor
activation.

The effect of allosterically binding drugs on orthosteric ligand behaviour vary
from no effect on binding but signalling inhibition (Litschig et al., 1993) or
enhancement of ligand efficacy (Urwyler et al., 2001), to a combined inhibition
of signalling with simultaneous enhancement of binding of the orthosteric
ligand (Price et al., 2005). Therefore, the ATCM model cannot adequately
guantify the range of effects allosteric drugs may exert on orthosteric ligands.
To describe changes in receptor activation and signalling, the B term is
introduced to represent the effect of the allosteric molecule on the intrinsic
efficacy of the orthosteric ligand (g). With this extension, the extended model
describes the way the allosteric and orthosteric ligands interact both through
binding and functional regulation of the receptor (May et al., 2007) (Figure
1.4).

Alternative models to interpret allosterism have been proposed. For example,
one representation of orthosteric agonism, applicable to GPCRs, is the two
state model. This describes the promotion of an active receptor conformation
(R*) from the inactive state (R) by agonist binding. The allosteric two-state
model (ATSM) (Hall, 2000) allows for the ability of allosteric as well as
orthosteric ligands to discriminate between the R and R* receptor states in
terms of their binding affinity. Here the cooperativity factor a then describes

the ability of the orthosteric ligand to promote an active state, and B — the
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ability of the allosteric one to promote one. The affinity effects of each ligand
on each other is described by y, whereas the factor 6 describes the activation
cooperativity between the ligands (Hall, 2000), (May et al., 2007).

Ka
R AR > Stimulus (S)

Kg Kg/at

BR ,ABR Modified stimulus (B x S)
Ka/at

Figure 1.4 Simple allosteric ternary complex model (ATCM). The binding of the
orthosteric ligand (A) to receptors (R) to form AR is governed by the orthosteric ligand
affinity Ka. The binding of the allosteric ligand (B) to R to form BR is governed by the
allosteric ligand affinity (Kgs). The binding of B to AR or A to BR to form ABR is governed
by the cooperativity factor — a. The stimulus exhibited by the effect of A on R is either
unmodified or modified as describe by the proportionality factor B. Image adapted
from (May et al., 2007).

1.5.4 Importance of allosteric ligands in drug discovery

There are a number of advantages associated with the use of allosteric
molecules in targeting GPCRs. Firstly, the effect of allosteric compounds on
the orthosteric agonist response (e.g. a neurotransmitter) should be saturable
once the allosteric site has been fully occupied. Therefore, there is a ceiling of
the receptor modulation retained even at high drug concentrations, potentially
making allosteric treatment safer in terms of their therapeutic window. The
use of allosteric drugs allows for the fine tuning of receptors’ functional
responses without causing a blanket activation of targets or completely
abolishing their function. This is particularly important in the CNS where
complex neuronal signalling pathways need to be finely modulated for a
balance between a therapeutic effect and preservation of other functions to
be established (Foster and Conn, 2017). For example, the effect of a true
allosteric ligand depends on the presence of the orthosteric agonist, giving rise

to the phenomenon of use dependence in the CNS, in which the most active
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neuronal synapses releasing orthosteric neurotransmitter are preferentially
modulated.

A further behaviour of allosteric compounds is their probe dependence
underlying their selective enhancement or inhibition of the effect of some
endogenous ligands over others. This feature of allosterism can be exploited in
physiological systems where one receptor mediates numerous functions
through its activation by multiple endogenous ligands; such promiscuity is
common for some chemokine receptors such as representatives of the CXC-
family (Rajagopalan and Rajarathnam, 2006), (Raport and Gray, 2010). The
probe dependence of NAMs acting in the chemokine signalling system has
been exploited for the modulation of the pathophysiological signalling of the
CCR5 receptor allowing the entry of HIV virus into cells, without inhibiting the
binding other CCR5 endogenous agonists that promote beneficial signalling
(Watson et al., 2005),(Xu et al., 2014).

In fact, the use of allosteric drugs allows for the introduction of a texture of
receptor structures supposed by modulators different from each other by only
minor chemical modifications. For example, an allosteric modulator of CCR5
with minor modifications to the approved maraviroc, may be sufficient to
cause CCR5 to obtain another conformation not permissive to viral entry, but
unfamiliar to the readily adapting virus overcoming the effects of maraviroc.
Finally, due to the lesser conservation of allosteric sites, allosteric drugs may
allow for better receptor subtype selectivity. Targeting the muscarinic
receptors allosterically, has been the preferred strategy compared to
orthosteric drugs due to the high conservation of the orthosteric pocket
leading to non-specific effects (Korczynska et al., 2018).

Muscarinic receptors (M1-M5 types) are a good example of differential tissue
distribution and function (Abrams et al., 2006) and a conserved orthosteric
binding pocket accommodating the endogenous ligand Acetylcholine (Ach).
The targeting of the receptors for neurodegenerative conditions has therefore,
been challenging due to the lack of selective orthosteric compounds.
Xanomeline, for instance, a muscarinic nonselective orthosteric agonist,

showed promising behavioural improvement in patients with Alzheimer’s
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disease due to the functions of the muscarinic receptors M1 and M4 in
neuroprotection (Felder et al.,, 2018). The drug, nevertheless, additionally
produced Gl tract disturbances due to its action on smooth muscle muscarinic
receptor subtypes which led to its failure in trials. (Bender et al., 2017),
(Moran et al.,, 2019). Efforts in the field, have therefore focused on the
development of allosteric modulators for M1 and M4 receptors, devoid of
activity on the peripheral M2 and M3 ones (Conn et al., 2009), (Yohn and
Conn, 2018).

1.6 Introduction to the chemokine signalling system

1.6.1 Chemokines
The chemokine signalling system is comprised of chemokine ligands and their

rhodopsin  family 7-transmembrane domain (7TM) cognate receptors.
Chemokines represent a family of small (8-12 kDa) soluble proteins defined by
four N-terminal conserved cysteine residues. They are classfied into four
subfamilies according to the number and position of the conserved cysteine
residues — the CXC, CC, CX3C, and C families (Zlotnik and Yoshie, 2000). The
largest families are the CXC and CC chemokines, both containing four N-
terminal cysteines. The first two cysteines in the CXC sub-family are separated

by another amino acid (X), and are adjacent for the CC- group (Figure 1.5).

CXC: CX_CClé
cc:. C_ C....C....C.
CX3C:  LLOXXXC.......C.......C..

Figure 1.5 Primary structure of chemokines. Chemokines are classified according
to the position and number of the conserved cysteine residues. Three chemokine
classes contain four conserved cysteines (CXC, CC, and CX3C) and one — two
cysteines (C); the position of disulphide bond formation is shown with blue
brackets. (Diagram adapted from Bachelerie et al., 2014).
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All chemokines share a similar tertiary structure stabilised by disulphide bonds
formed between the N-terminal cysteines - two for the CX3C, CXC, and CC
chemokines, and one for the C chemokines (Bachelerie et al., 2014). The N
terminus of chemokines is flexible and the first two cysteines are located very
close to it followed by a coil region termed the N-loop. The N-loop region is
important for interactions with receptor’s N terminus upon binding (Scholten
et al., 2012). The core domain of chemokines is highly structured consisting of
three antiparellel B strands, and the C terminus consists of an a helix (Scholten
et al., 2012), (Miller and Mayo, 2017) (Clore et al., 2002), (Booth et al., 2004)
(Figure 1.6).

The CXC chemokine family is further subdivided into ELR+ or ELR- chemokines
depending on the presence or absence of the N-terminal glutamic acid-
leucine-arginine amino acid motif prior to the CXC one. The ELR+ chemokines
tend to manifest as angiostatic and inflammatory, nevertheless they also
exhibit homeostatic functions, therefore relating overall structural motifs to
function is not a straightforward strategy for chemokine classification (Kiefer

and Siekmann, 2011), (Zlotnik and Yoshie, 2000).

e ' < '

Figure 1.6 Tertiary structure of the chemokines CXCL8 and CXCL11. A) The NMR
structure of monomeric CXCL8 chemokine; (Clore et al., 2002); (Joseph et al.,

=

2010); The CXCL8 structure diagram showing sites 1 and 2 discussed later in the
chapter. B) monomeric CXCL1 (Booth et al., 2004). C) Generic structure of a CXC
dimer chemokine (Allen, Crown, and Handel, 2003).
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Following the cleavage of the signal sequence prior to the secretion of the
mature proteins, chemokines undrego further posttranslational modifications
such as N- and C-terminal truncations (Mortier et al., 2008). The naturally
occuring N-terminal truncation can modify chemokine acticity at cognate
receptors or alter receptor selectivity. This is true for CXCL8 that undergoes
multiple cleavage steps and can exist as a peptide of different lengths of which
the shorter versions, including CXCL83s.99 are more potent at activating
receptors and inducing chemotaxis (Mortier et al., 2011).

C terminal chemokine truncations do not affect receptor interactions, but may
affect binding to extracellular matrix glycosaminoglycan molceules (GAGs) as
demonstrated by SDF-1a (CXCL12 splice variant) reduced binding to the GAG
heparin as a result of a C-terminal residue deletion (Eckhard et al., 2016). Apart
from proteolytic modifications, CXCL8 undergoes citrullination (deamination of
arginine residues to vield citruline), but the effect of this modification on
ligand properties is controversial | (Stone et al.,, 2017). For other chemokine
ligands such as CXCL5, CXCL10, CXCL11, CXCL12, citrullination generally leads
to a lower receptor binding affinity (Stone et al., 2017).

Many chemokines dimerise or oligomerise on their own in solution or upon
interaction with cell surface / extracellular matrix GAGs (Johnson et al., 2005),
(Allen et al., 2007). The dimer / oligomer formation is essental for non-
receptor mediated functions of chemokines such as the formation of
chemotactic gradients based on GAG interactions (Proudfoot et al., 2003). The
role of dimer / oligomer formation on chemokine — chemokine receptor
interactions is less clear but most evidence supports the ability of CXC
chemokines to interact with receptors both as dimers and monomers (Liu et
al.,, 2020), (Drury et al., 2011), (Sawant et al., 2016), (Das et al., 2010) with
some studies suggesting differential downstream effects caused by monomers
or dimers (Nasser et al., 2009b). Dimer formation may negatively impact
receptor interaction for CC chemokines, however, as they form dimers via the
N terminal region essential for receptor binding. For example, the CC
chemokine MIP-1B can bind the CCR5 receptor as a monomer but not as a

dimer (Jin et al., 2007).
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1.6.2 Chemokine receptors

Chemokines interact with chemokine receptors (CKRs) that belong to the class
A GPCRs and thus, share the structural motifs typical for this family (Bachelerie
et al.,, 2014) discussed in section 1.1 and 1.2. Based on their signalling
behaviours, chemokine receptors can be subdivided into two groups: G
protein- coupled chemokine receptors which signal via pertussis toxin sensitive
Gi proteins, and atypical chemokine receptors which interact with arrestin but
not G protein effectors. To date 23 CKRs, both typical and atypical, have been
identified (Alexander et al., 2019). The two groups of chemokine receptors
differ structurally in a key sequence DRYLAIV located at the intracellular end of
TM3, including the previously mentioned DRY motif (section 1.2), which is
conserved only among the ‘typical’ G-protein coupled chemokine receptors
(Bachelerie et al., 2014). The atypical chemokine receptors (ACKR1 (DARC),
ACKR2 (D6), ACKR3 (CXCR7), ACKR4) recruit B arrestin effectors leading to
receptor internalisation and chemokine scavenging (Ulvmar et al., 2011).
Chemokine receptors are further divided into 4 groups according to the
subfamily of their major chemokine ligands CC, CXC, CX3C, C (Zlotnik and
Yoshie, 2000) (table 1.1). Chemokine ligands can be shared between different
receptors and a number of CKRs are promiscuous to multiple ligands (Dyer et
al., 2019). Furthermore, chemokine agonist ligands of some CKRs, may serve as
antagonists for others. For example, chemokine agonists for CCR3 and CXCR3
act as antagonists to the reciprocal receptor (Loetscher et al., 2001).

Not all endogenous ligands for CKRs are chemokines. An example is the pro-
inflammatory cytokine Macrophage migration inhibitory factor (MIF) that is a
non-canonical ligand for CXCR4 (Bernhagen et al., 2007) as well as an
extracellular ubiquitin with anti-inflammatory properties (Saini et al., 2010).
Another non-canonical chemokine agonist is the extracellular matrix product
N-acetyl Pro-Gly-Pro (acPGP) suggested to activate the CXCR1 and CXCR2
receptors (Patel and Snelgrove, 2018).

Chemokine binding to chemokine receptors is a complex process consisting of
the multi-step, multi-site interactions established between the ligand and the

CKR. The first interaction occurs between the N loop and B3 strand of the
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chemokine (CS1) and the N-terminal residues of the receptor (CRS1) (figure
1.7). This is followed by ligand N terminal domains including the ELR motif (for
ELR chemokines) and the 30s loops (CS2) binding at a transmembrane receptor
pocket formed by TM4,5,6 and ECL2 (CRS2) (Burg et al., 2015a), (Kufareva et
al.,, 2014), (Zheng et al.,, 2017), (Liu et al., 2020). This sequential two-site
binding model proposed that the affinity of chemokine ligands is based on
their initial interaction with receptor’s N-terminus and that the second
interaction mediates receptor activation and signalling. Nevertheless, more
recently it has been demonstrated that both CRS1 and CRS2 domains
contribute to binding interactions underlying high chemokine affinity (Sanchez
et al., 2019).

There are also reports for the formation of dimers between the same
(homodimers) or different (heterodimers) chemokine receptors, but this has
not in all cases been matched to functional consequences (Springael et al.,
2005). The formation of homodimers has been extensively studied for the
CXCR4 receptor (Isbilir et al., 2020), (Wu et al., 2010). There are also reports
for the formation of CXCR2 homodimers and CXCR2 / CXCR1 heterodimers
(Trettel et al.,, 2003), (Papers et al, 2005) as well as CCR5 receptor
oligomerisation (Issafras et al., 2002). The formation of dimers /oligomers as
well as the presence of a complex multi domain orthosteric site further
complicates the matter of chemokine-CKR interactions (Perpina-Viciano et al,,

2020), (Kufareva et al., 2014).
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Table 1.1 Human chemokine-chemokine receptor signalling system; orange:
agonist; blue: antagonist; grey: undefined. CXCL8-CXCR2 (bold) is the chemokine-

chemokine receptor pair studied in this work. Adapted from (Stone et al., 2017)

Chemokine receptors

Chemokine ligands

CC

CXC

Atypical

CCR1

CCR2

CCR3

CCR4

CCR5

CCR6

CCR7

CCR8

CCR9
CCR10
CXCR1
CXCR2
CXCR3
CXCR4

CXCR5

CXCR6
CX3CR

XCR1
ACKR1

ACKR2
ACKR3
ACKR4
CCRL2

cC

CCL1

CCL2

CCL3

CCL4

CCL5

CCL7

CCL8

CCL11

CCL13

CCL14

CCL15

CCL16

CCL17

CCL18

CCL19

CCL20

CCL21

CCL22

CCL23

CCL24

CCL25

CCL26

CCL27

CCL28

CXC

CXCL1

CXCL2

CXCL3

CXCL4

CXCLS

CXCL6

CXCL7

CXCL8

CXCL9

CXCL1

CXCL1

CXCL1

CXCL1

CXCL1

CXCL1

CXCL1

CX3CL

XCL1

XCL2

35




1.7 Functions of the chemokine signalling system

1.7.1 Maintenance of immune cell homeostasis
Chemokines are chemotactic cytokines that mediate the migration

(chemotaxis) of immune cells between the immune organs, blood and
peripheral tissues. Their roles in controlling immune cell migratory patterns are
essential both for the development of immune cells and normal homeostasis,
and for the mediation of primary immune defence through the process of
inflammation (Griffith et al., 2014a).

The development and differentiation of immune cell precursors start in the
primary immune organs — the bone marrow and thymus, and it is under the
fine control of chemokines and their cognate receptors. T cell development in
the thymus is controlled by the interactions of CCL21, CCL19, CXCL12 with
CCR7, CCR9, and CXCR4 respectively expressed on progenitor T cells (Love and
Bhandoola, 2011). The homeostatic retention of immune cells and the
development of B cells, macrophages, monocytes, neutrophils, plasmacytoid
dendritic cells (pDCs), and natural killer (NK) cells takes place in the bone
marrow and is largely regulated by the CXCL12-CXCR4 axis (Broxmeyer et al.,
2005). Other CKRs such as CCR7 and CXCR2 (Mcheik et al., 2019), (Eash et al.,
2010) contribute to the roles of CXCR4 in bone marrow cell retention by a
potential negative regulation of CXCR4.

The migration to and localisation of immune cells into secondary immune
organs (lymph nodes, spleen, Peyer’s patches) is also controlled by the
formation of chemokine gradients with highlighted roles of CXCR7 for the
homeostatic positioning of B cells in the spleen and CXCR4 and CCR7 regulating
T cells and dendritic cells respectively (Griffith, Sokol and Luster, 2014).
Adequate defence against pathogen infection is dependent on the localisation
of immune cells at peripheral sites in the body which is also largely dependent
on the presence and appropriate activity of the chemokine signalling system.
Mature neutrophils migrate from the bone marrow to the blood where they

wait for inflammatory stimulation to promote their localisation in peripheral
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tissues. The retention of neutrophils in the bone marrow is mediated by SDF-
la acting via CXCR4 which also cross regulates CXCR2. The release of
neutrophils from the bone marrow is stimulated by either blocking CXCR4 or
activating CXCR2 (Martin et al., 2003).

Eosinophils are largely found in the peripheral tissues and particularly — in the
gastrointestinal tract (Loktionov, 2019). Their baseline migration to the
periphery is strongly mediated by the release of CCL11 by stromal and immune
cells and its action on the CCR3 receptor (Griffith et al.,, 2014b). The CCR7
receptor is important for the guidance of dendritic cells (DC) to T-cell rich areas
where they link the innate and adaptive immune response by the process of
antigen presentation (Sanchez-Sanchez et al., 2006).

The constant circulation of lymphocytes (T cells, natural killer cells (NKs), B
cells) between the blood and secondary immune organs is mediated largely by
CCL19-CCR7 interactions for T cell migration, and a combination of signals
mediated by CCR7, CXCR4, and CXCR5 for B cells (Stein and Nombela-Arrieta,
2005).

This homeostatic movement of immune cells ultimately serves to provide

defence against pathogens which starts with the event of acute inflammation.

1.7.2 Inflammation and the roles of the CXCL8 - CXCR2 / CXCR1 axis

The acute inflammatory response is initiated when resident immune cells
(mast cells, dendritic cells (DC), pro-inflammatory macrophages etc.) detect
foreign or host derived signals with their pattern recognition receptors (PRRSs)
and release pro-inflammatory mediators such as CXCL1, CXCL2, CXCLS,
Leukotriene B4, TNF etc (Chen et al., 2018a), (Griffith et al., 2014a). These serve
to attract more immune cells and activate the blood vessel epithelium to allow
for these cells to transmigrate. The interaction of chemokines with GAGs
allows for their accumulation at the blood vessel endothelium where they
form gradients that facilitate the migration of other immune cells (Kufareva et
al., 2015b).

Some of the earliest cells to follow these gradients and migrate from the

peripheral blood to areas of acute inflammation are neutrophils. Neutrophils
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transmigrate through the activated blood epithelium (Hughes and Nibbs, 2018)
following the CXCL8 and other chemokine created gradients through their
surface CXCR2 / CXCR1 receptors. Neutrophils act to clear the infection by
direct phagocytosis but also through the release of effector molecules that
attract further immune cells (Nathan, 2006).

Indeed, the CXCL8 — CXCR2 / CXCR1 axis is essential in mediating the
inflammatory response through the recruitment and activation on neutrophils
(Ha et al., 2017). CXCL8 gene knockout attenuates wound healing and
neutrophil recruitment in zebrafish (Oliveira et al., 2013). Furthermore, CXCR2
knockout mice exhibit delayed wound healing and compromised neutrophil
chemotaxis (Devalaraja et al., 2000), (Rio et al., 2001). Gene targeting in mice
has further demonstrated that CXCR2 regulates neutrophil-mediated immune
response in bacterial and parasitic infections, as well in the process of wound
healing (Frendéus et al., 2000). A CXCR2 mediated inflammatory response is
also necessary for the clearance of E.Coli urinary tract infections (Olszyna et
al., 2001).

The activation of Gi/o proteins following CXCR2 agonist stimulation leads to
canonical separation of ai and By subunits (Ha et al., 2017). The roles of the
Gai in mediating cell chemotaxis are controversial as studies have shown both
inhibition and lack of effect of pertussis toxin on this process (Im et al., 1989),
(Neptune et al.,, 1999). It is clear, however, that GBy needs to be released from
Gai coupled receptors and not Gas or Gag in order to mediate cell migration
(Neptune and Bourne, 1997), (Thelen, 2001). The By subunit is suggested as
the major player in mediating neutrophil function. It activates phospholipase C
(PLCB) which results in the mobilisation of calcium from the endoplasmic
reticulum through IP3 generation, and protein kinase C (PKC) activation via
diacylglycerol (DAG) (Stadtmann and Zarbock, 2012). PKC is suggested as an
essential molecule in mediating neutrophil cytotoxic functions (Bertram and
Ley, 2011). The downstream effectors mediating the motility and chemotaxis
of neutrophils, however, are less clear. The polarised membrane redistribution
of CKRs or other GPCRs mediating chemotaxis does not underlie the directional

movement of cells (Xiao et al.,, 1997), (Servant et al., 2000). However, the
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activation of the small GTPase Ras through By release binds class IB
phosphoinositide  3-kinase (PI3K/ PI3Ky) which ultimately leads to
phosphatidylinositol 3,4,5-trisphosphate (PIP3) generation. PIP3 then recruits
Pleckstrin homology (PH)-domain proteins at the leading edge of plasma
membrane that leads to actin polarisation and drives the cells forward (Jin et
al., 2008).

While CXCR2 is an important part of the immune defence for the clearance of
pathogens, its overactivity / overexpression contributes to the pathophysiology
of other conditions such as sepsis. Cell-penetrating peptides blocking CXCR2 /
CXCR1 have been shown to reverse multi-organ failure disseminated
intravascular coagulation as well as mortality in murine models of sepsis
(Kaneider et al., 2005), (Ness et al., 2003). Furthermore, neutrophil migration
mediated by CXCR2 promotes lung inflammation, certain types of
inflammatory arthritis and experimentally induced colitis (Buanne et al., 2007).
CXCR2 is upregulated in patients suffering from chronic obstructive pulmonary
disease (COPD) and airway inflammation, associated with excessive
recruitment of neutrophils (Qiu et al., 2003). In addition, CXCR2 is expressed
by neurones, oligodendrocyte progenitor cells and astrocytes in pathologies
such as multiple sclerosis and experimental autoimmune encephalomyelitis
(Semple et al., 2010); however, it is unknown whether and how it contributes

to the development of these conditions.

1.7.3 CXCR2 roles in cancer

Malignant cells create a microenvironment that supports their growth and
simultaneously protects them from the host’s immune response. Chemokines
and chemokine receptors have important roles in shaping the tumour
immunity and cancer microenvironment (Nagarsheth et al., 2017). Whilst
some chemokine and CKRs such as CXCL9, CXCL10 and CXCR3 mediate the
recruitment of CD8+ cytotoxic T cells that have anti-tumorigenic activities, the
activity of CXCR2 in the context of cancer is largely tumorigenic (Nagarsheth et

al., 2017).
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CXCR2 expression is associated with poor prognosis in gastric cancer as it
mediates cancer cell metastasis (Zhou et al., 2019). CXCR2 expression and
signalling is implicated in the progression of various other cancers such as
pancreatic, prostate, and breast cancer (Wente et al., 2006), (Murphy et al.,
2005),(Xu et al.,, 2018). CXCR2 exhibits tumorigenesis by directly promoting
tumour cell growth and survival but also by shaping the tumour
microenvironment  through the regulation of angiogenesis and
immunosuppression (Cheng et al., 2019a).

An important step in tumour progression is the ‘angiogenic switch’ resulting in
the heavy vascularisation of tumours supporting their survival (Baeriswyl and
Christofori, 2009). Tumour cells deprived of vasculature become necrotic and
undergo apoptosis (Kiefer and Siekmann, 2011). ELR+ chemokines including
CXCL8 are potent angiogenic factors and CXCR2, largely mediates this function.
CXCR2 activation stimulates the migration of microvascular endothelial cells
expressing the receptor through a pertussis sensitive mechanism mediated by
G protein activation (Addison et al., 2000). CXCL8 mediated CXCR2 activation
promotes angiogenesis also by stimulating endothelial cell survival and
proliferation and the breakage of the extracellular matrix (ECM) via the release
of matrix metalloproteinases (MMPs) (Li et al., 2003). CXCR2 signalling via the
GBy dimer leads to the activation of PI3K and protein kinase B (PKB / AKT) — a
pathway which alteration is very common in human malignancy as it mediates
cell survival, angiogenesis and motility (Wang et al., 2008). CXCR2 further
supports cancer progression by mediating chemotherapy resistance as
knockdown of the receptor enhances responsiveness to paclitaxel and
doxorubicin chemotherapy agents in mammary cancer cells (Sharma et al.,,
2013).

The formation of the tumour microenvironment is associated with the
infiltration of immunosuppressive cells generally referred to as myeloid
derived suppressor cells (MDSCs) (Veglia et al.,, 2021). MDSCs could be
granulocytic such as the tumour-derived neutrophils (TAN) also known as N2,
or monocytic macrophages in different maturation stages (Nagarsheth et al.,,

2017). Tumour cells release various chemokines, and neutrophils expressing

40



CXCR2 migrate to the cancer locations. In response to other mediators
released by cancer cells such as transforming growth factor beta (TGFB), the
migrated neutrophils undergo polarisation to their immunosuppressive
phenotype - N2 (Powell and Huttenlocher, 2016). In response to CXCLS8, the
TANs release arginase 1 which inhibits T cell mediated immune defence and
CXCR2 genetic deletion leads to a reduction in TAN accumulation and T cell
mediated tumour suppression in pancreatic cancer (Rotondo et al., 2009),
(Chao et al., 2016). CXCR2 mediated MDSC accumulation is also observed in
the colonic mucosa in colitis-associated tumours (Katoh et al., 2013). A recent
study examined the effects of targeted deletion of CXCR2 in myeloid cells in
the context of the progression and tumour immunity in breast cancer, lung
cancer and melanoma (Yang et al.,, 2021). The study showed that receptor
deletion and inhibition with a small-molecule drug SX-682 enhances the
cytotoxic T cell anti-tumour activity and reduces MDSC cells in the tumour
niche.

Overall, there are multiple reports of the upregulation of CXCR2 in various
cancers and its correlation with poor prognosis with less of mechanistical
explanation of how the receptor executes these functions. Most supported
functions with evidence for the mediation of immunosuppressive cell
infiltration and angiogenesis. The receptor therefore represents a potential

target for antagonists (NAMs, biologicals etc.) in cancer therapies.

1.8 CXCL8 and CXCR2 from a structural perspective
The cryo-electron microscopy (cryo-EM) structure of CXCR2 was solved and

published by Liu et al. in 2020 (Liu et al., 2020) and provides structural insights
into CXCL8-CXCR2 interactions, an active receptor conformation supported by
a bound Gi protein, as well an inactive conformation supported by a bound
intracellular small molecule NAM.

As predicted prior to the structural study, the interaction of CXCL8 with the
receptor is composed of separate binding surfaces. Firstly, the N loop and 33
strand of CXCL8 interact with N-terminal residues of CXCR2 causing the Pro-

Cys motif in the receptor to obtain a bent conformation. The N terminus of
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CXCR2 is further accommodated in the binding groove of CXCL8 via the Cys39-
Cys286 disulphide bond. The second chemokine-CKR interaction is facilitated
by the ELR motif in the N terminus of CXCL8 and the Gly-Pro motif in the 30s
loop (connecting B2 and B3), and the ECL2 and TM domains of CXCR2.
Important contacts to be highlighted are the charged interactions between
Glu4 in ELR and positively charged arginine residues Arg278, Arg208, and
Arg212 in TM6 and TM7 and the hydrophobic connection with Tyr197 in ECL2
(Figure 1.7).

The structure also shows that CXCL8 can bind CXCR2 both as a monomer and
as a dimer and that the first subunit (CXCL8 A) of the dimer interacts with the
receptor in the same way as a CXCL8 monomer.

In comparison with the interactions of other chemokine-CKRs with available
structures, the N terminus of CXCL8 seems to form a more shallow interaction
with the TM agonist pocket, and does not to interact with a potential minor
transmembrane subpocket, evident for example in the viral chemokine vMIP-II
- CXCR4 interaction (Qin et al., 2015). This is likely a result of the presence of
large side chains of the receptor Lys108 and Argl84 occluding the access for
the N terminus of the chemokine.

Compared to less ligand promiscuous CXCR1 receptor (77% homology), the
CXCR2 N terminal region between the Pro-Pro and Pro-Cys consists primarily of
hydrophobic residues. In contrast, these residues in CXCR1 are charged
allowing interaction with charged N-loops specific to CXCL8 and CXCL6
chemokines (Park et al., 2012) explaining the different degrees of ligand
selectivity for CXCR2 and CXCR1.

In terms of activation, the biggest driver for CXCR2 active conformation is the
inward movement of TM5 followed by structural rearrangements in TM3 and
TM6 allowing for the outward swing of the cytosolic part of TM6.
Rearrangements of residues part of class A signature motifs NPxxY and DRY
participate in CXCR2 activation, as discussed in section 1.2.

The CXCR2 Gi interaction surface is composed of residues in TM3, TM5, TM6
and ICL3 of the receptor and the a5 helix, aN helix and aN—B1 loop of the Gai

subunit. The hydrophobic receptor pocket accommodating the C terminal G
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protein a5 helix is composed of lle148, Leu238, Val252, lle253 and I1le317 from
the cytosolic ends of TM3, TM5, TM6 and TM7 (Figure 1.8).
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Figure 1.7 The interaction of CXCL8 with CXCR2. A) The first step of CXCL8-CXCR2
interaction is the formed between the chemokine N loop and B3 strand interact
with CXCR2 N terminus. B) This is followed by the interaction between CXCL8 N
terminus and transmembrane pocket at CXCR2. The images represent cryo-EM
structures by Liu et al., (2020).

CXCL8 dimer/monomer

,‘:("9 ,_/t op
A \ Q“ B
63 ©
Ly I )
ot ¢ re
g 4" - \
(‘_(""h., oy
Co ad> _ ¢
,’,' t:v‘; CXCR2 Ga, 3 A
SN YO0
[ 9 - ) IS >
Pt A J Y. (=3
So. y 20 ; scFvi6 %\;\( ~4
Q) S ¥ W e -
| v % e = "/ _JF
Ga 5 PRI G wlnl P
oS - ® - -9
fﬁ\) J Reg= 8 Fa )
USAZ DI E SN )
S7/ES it 3 O &
QT - A

Figure 1.8 The interaction of CXCR2 with heterotrimeric Gi protein. A) CXCR2
bound by CXCL8 shown both as a monomer and dimer and the heterotrimer Gi
protein consisting of Ga, GB and Gy subunits. B) Closer look into the insertion of
the Ga5 helix into the transmembrane crevice of CXCR2. The images represent
cryo-EM structures by Liu et al., (2020).

The study confirmed the presence of an intracellular allosteric pocket that
overlaps with the a5 insertion cavity, hence small-molecule drugs binding

there sterically hinder G protein coupling (section 1.9). The inactive
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conformation of CXCR2 bound to one such intracellular NAM (an analogue of
navarixin) is characterised by a less compact extracellular surface due to
differences in TM5 residue conformations, together with differences in the
cytosolic residue contacts of TM6, TM3, and TM5 responsible for the
formation of the G protein binding crevice. These findings provide structural
evidence for the potential mechanism of NAM CXCR2 inhibition suggesting
both G protein competition, but also changes in receptor conformation that

may affect agonist binding affinity.

1.9 Pharmacological modulation of CXCR2
There are multiple small-molecule inhibitors or biologics interacting with

growth factors and their receptors such as VEGF and EGF (Roland et al., 2009),
(Bolitho et al., 2010) as well as inhibitors of intracellular kinases (Bhat et al.,
2017), that have been developed as potential cancer therapies, and that
indirectly affect the secretion of the CXCL1 and other CXC- chemokines
activating CXCR2. Targeting CXC- ligands directly has been attempted through
the development of antibodies against CXCL7 (Zhang et al., 2018), CXCL6
(Besnard et al., 2013), CXCL2 (Kollmar et al., 2008), CXCL5 (Hsu et al., 2013),
and CXCL8 (Yang et al.,, 1999) for treating conditions such as glomerular
endothelial dysfunction, respiratory failure in chronic pulmonary disease,
breast cancer, and inflammatory conditions respectively. The blocking of these
and other CXC ligands has been thoroughly reviewed by Chen et al (Cheng et
al., 2019b).

The inhibitors of CXC chemokines represent a useful tool for potential
combination therapies for the treatment of cancer or inflammatory conditions.
Nevertheless, specific CXCR2 blockage cannot be achieved through this route,
due in part to the receptor’s promiscuous interaction with all pro-
inflammatory chemokines.

Direct CXCR2 inhibition has been achieved through the use of biologics such as
biparatopic nanobodies (Bradley et al., 2015), as well as receptor-targeted
monoclonal antibodies shown to inhibit angiogenesis mediated via CXCR2

activation (Matsuo et al.,, 2009). However, the use of orthosteric small
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molecule antagonists has not been applied as a strategy to target CXCR2 due
to the multiple areas at the receptor involved in chemokine binding and the
complexity of this process. Nevertheless, the presence of potential binding
sites topographically distinct from the chemokine binding area has underlined
the development of small-molecule negative allosteric modulators (NAMs) that
interact with them and block CXCR2.

Based on their chemical properties CXCR2 NAMs can be generally classified
into — N, N’-diarylureas and derivatives, and aromatic ring derivatives (Table
1.2). The diarylurea- skeleton for the basis of CXCR2 antagonists was
established with the development of the first non-peptidergic CXCR2 selective
antagonist — SB225002 (White et al., 1998) followed by others (Widdowson et
al.,, 2004) such as SB265610 (Bradley et al., 2009), GSK1325756 (danirixin)
(Miller et al., 2015), SB656933 (elubrixin) (Lazaar et al., 2011). Elubrixin and
danirixin are representatives of the diarylurea compounds that entered clinical
trials but failed due to lack of efficacy in the treatment of COPD, colitis and
cystic fibrosis (Lazaar et al., 2020), (Mozaffari et al., 2015). The diarylureas
were the basis for the synthesis of the N, N’-diarylsquaramides and analogues.
One such compound navarixin (Sch527123, MK-7123) was identified by Dwyer
et al. (2006) and entered clinical trials for the treatment of chronic
inflammatory conditions, however, it was discontinued for causing
neutropenia in healthy patients (Holz et al., 2010), an on target effect due to
the role of CXCR2 in immune cell migration in bone marrow. Navarixin is
currently in clinical trials as a combination therapy along with an immune
checkpoint inhibitor antibody for the treatment of solid metastatic tumours.
Other compounds developed to block CXCR2 allosterically are the aromatic
ring derivative compounds including AZD5069 (Nicholls et al., 2015a) and
AZ10397767. AZD5069 entered clinical trials for the treatment of airway
inflammatory conditions but similarly to navarixin, was terminated due to
causing neutropenia (Jurcevic et al., 2015). Nevertheless, it is currently in
clinical trials in combination with an antiandrogenic drug for the treatment of
prostate cancer. The fine balance between obtaining an effective therapy

through sufficient CXCR2 inhibition, and on target side effects, illustrates the
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need to understand fully and titrate the pharmacological modulation of
individual NAMs at the receptor to the desired outcome.

CXCR2 is also negatively modulated by a dual CXCR1/CXCR2 NAM binding
within the transmembrane domains — reparixin, which was synthesised on the
basis of ibuprofen (Bertini et al., 2012). Reparixin has successfully completed
phase 3 clinical trials as an anti-inflammatory drug in islet transplant surgeries
in diabetes (Citro et al., 2013).

These NAMs interact with and block CXCR2 at allosteric binding pockets
distinct from the chemokine binding area. The first allosteric pocket was
identified in CXCR1 (77 % homology with CXCR2) and comprises of residues in
the outer regions of the helices 1,2,3,6, and 7. The binding of reparixin at this
pocket was detected in CXCR2 using modelling technigues and was found to
share similar features with the binding of ketoprofen at cyclo-oxygenase COX1
(Bertini et al., 2004). CXCR2 binding of reparixin was later demonstrated but
with lower affinity compared to CXCR1, likely attributed to some non-
conserved residues in the pocket (Moriconi et al., 2007), (Allegretti et al,,
2005).

Through site-directed mutagenesis and molecular modelling approaches, a site
in the outer transmembrane domains of CXCR2 was later on identified (Kruijf
et al.,, 2011) and shown to be the binding pocket of non-peptidergic NAMs
belonging to the imidazolylpyrimidines chemical class. The study suggested
that the binding of this class of NAMSs is via the major orthosteric subpocket
and the site is distinct from the reparixin area. Nevertheless, there have been
no competition binding studies with labelled reparixin or structural studies so
far to confirm the distinction of these binding pocket within CXCR2.

The existence of an intracellular allosteric pocket at CXCR2, described in the
structural study above (Figure 1.8) was identified as early as 2008 (Nicholls et
al., 2008) using mutagenesis and molecular modelling tools and shown to be
the binding area for the diarylureas (SB265610, danirixin etc) |,
diarylsquaramides (navarixin), and some of the aromatic ring derivative
compounds (AZ10397767, AZD506) (Salchow et al., 2010), (Kruijf et al., 2009),

(Nicholls et al., 2008). The overlap of this site with the effector coupling
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surface immediately suggested a mechanism of action of the intracellular
NAMs at CXCR2, through competition with G proteins and/or changes in
receptor conformation as seen in classic GPCR allosterism (Bradley et al.,
2009). The Cryo-EM structure of CXCR2 bound by a diarylsquaramide NAM —
00767013 (navarixin structural analogue) details the intracellular NAM binding
pocket formed by the cytosolic ends of TM1,2,3,6 and 7 with participating
residues from the DRY motif (Argl144) and NPxxY motif (Tyr134) involved in its
formation (Figure 1.9). The study showed the pocket overlaps with the a5 helix
binding crevice at the receptor and residues participating in the formation of
the receptor-Ga complex (Liu et al., 2020), but also that NAM binding at the
intracellular site promotes broader changes in the extracellular and
transmembrane CXCR2 domains characteristic of the inactive conformation.

Such intracellular binding pockets have been identified in a range of GPCRs
such as the B2-adrenergic receptor (Ahn et al., 2017), the muscarinic receptor
M2 (Miao et al.,, 2014), as well as the chemokine receptor representatives
CCR2, CCR7, and CCR9 (Zweemer et al., 2014), (Jaeger et al., 2019),(Oswald et
al., 2016) suggesting the Gi / Gs protein interaction site could be more broadly
targeted. Modulation of GPCRs intracellularly, therefore, represents an exciting
venue to be explored in terms of selectivity of the intracellular small molecules

as well as their precise mechanism of action.
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Figure 1.9 The interaction of CXCR2 with small-molecule intracellular NAM. The
CXCR2 receptor structure bound by the structural equivalent of navarixin
00767013 showing the insertion of the NAM in the intrahelical receptor cavity
that also accommodates Ga a5 helix. The images represent cryo-EM structures by
Liu et al., (2020).

1.10 Aims
As a mediator of important pathophysiological functions in inflammatory

pathologies and cancer, the chemokine receptor CXCR2 represents a relevant
druggable target. Within the development of a range of therapies against the
receptor and chemokine, small-molecule intracellular NAMs have provided the
most widespread opportunity to develop orally bioavailable and effective
CXCR2 selective inhibition. However, clinical trials to date have been limited
by the degree of therapeutic efficacy and also the potential for on target
CXCR2 related side effects, such as neutropenia. Better characterisation of
the allosteric mechanism of action of CXCR2 NAMs may lead to an improved
understanding of how to fine tune their pharmacological properties at the
receptor, and ultimately deliver more therapeutically effective molecules.

This work aimed to provide detailed pharmacological characterisation of
structurally distinct intracellular CXCR2 NAMs to decipher the key aspects of
their mechanism of action at the receptor. The example NAMs chosen are
SB265610, danirixin, AZ10397767, AZD5069, R-navarixin, and S-navarixin (table
1.2).

Chapter three explores the effect of NAMs on CXCR2 activation as a function of
intracellular effector recuitment measured in real-time, in living cells using the

Split luciferase complementation technology (NanoBiT). NAMs are applied
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both prior and following agonist treatment and are compared in their ability to
inhibit receptor-effector interactions. The real time assay format enabled the
affinities and binding kinetics of NAMs to be estimated by means of
mathematical model fitting, and their binding reversibility is further assessed
through the use of wash-out assay. The chapter also compared the ability of
NAMs to affect CXCR2 interaction with different effectors (mini G proteins
compared to arrestins) to analyse whether the nature of the receptor-effector
binding surface altered the pharmacological action of the NAM.

Chapter four further assesses NAMs through their ability to affect the binding
of a fluorescent chemokine agonist to CXCR2 receptors, through development
of a TR-FRET based homogeneous and real time binding assay The first chapter
explores the characterisation of the chemokine tracer binding in both whole
cells and in membrane preparations under different buffer conditions using
high-content confocal imaging and TR FRET. NAMs are then compared in their
abilities compete for binding with the tracer and also to mdulate chemokine
dissociation kinetics. This chapter provides important evidence to support the
existance of negative binding cooperativity between CXCR2 NAMs and the
chemokine agonist and so suggests a strong effect of NAMs on receptor

conformation, in addition to direct inhibition of G protein interaction.
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Table 1.2. CXCR2 negative allosteric modulators used in this work.
Structures drawn on using ChemDraw Professional software.
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2. Chapter Two: Materials and Methods

2.1 Materials
2.1.1 Molecular Biology and cell culture

DNA was isolated and purified using commercially available kits including PCR
Cleanup Kit, Gel Extraction Kit, and Miniprep kit purchased from Sigma-Aldrich
LDT (Poole, UK), and Maxiprep Kit from Qiagen (Hilden, Germany). Bacterial
growth media (Luria Bertani broth / LB broth), and LB Agar as well as
compounds for other working buffers, and Ampicillin (used at 50 mg.mL? )
were also purchased from Signa-Aldrich.

The FastDigest buffers used for restriction digestion, the alkaline phosphatase
(FastAP) and the T4 DNA ligase and the associated buffers were obtained from
Thermo Fisher Scientific (Waltham, MA, USA).

All primers for DNA amplification and modification were designed in house.
The pcDNA3.1(+) neomycin (neo) or zeocin (zeo) vectors containing an N
terminal 5HT3 signal sequence and SNAP tag (between Kpnl and BamH1 sites)
were made in house by members of the lab of Dr Nicholas Holliday.

The vector containing the human CXCR2 sequence (NM_001557.3) - pCMV6-
AC neo, was purchased from Origene (Maryland, US). The pcDNA3.1 neo SNAP-
6xHis vector was synthesised by GeneArt (Invitrogen; Paisley, UK). The mini
Gao protein sequence was synthesised by GeneArt according to Tate’s lab
study (Nehmé et al., 2017a) and cloned into a pcDNA3.1 zeo vector in house.
The B-arrestin2 (NC_000017.1) sequence was cloned into a pcDNA3.1 zeo
vector in house prior to the start of this project.

The SmBIT and LgBiT sequences for the NanoBiT assay constructs were
obtained from Promega corporation (Madison, US).

HEK293T cells were obtained from Invitrogen and cultured in media containing
DMEM high glucose with 10% foetal calf serum (FCS) purchased from Sigma
Aldrich and GE Healthcare Life Sciences (Buckinghamshire, UK) respectively.
Mammalian expression antibiotics zeocin (used at 20pg.mL?') and Geneticin

(used at 0.2 mg.ml!) were provided by Thermo Fisher Scientific and Invitrogen
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respectively. Lipofectamine and Lipofectamine 3000 chemotransfection agents

were obtained from Invitrogen.

2.1.2 Compounds and assay reagents
The unlabelled CXCL8 (28-99) chemokine was purchased from Stratech

Scientific (Cambridge, UK), and the labelled chemokine probe CXCL8-AF647 —
from Almac (NI, UK).

SB265610 and AZ10397767 were obtained from Tocris Bioscience (Bristol, UK),
danirixin and AZD5069 - from Cayman Chemical / Cambridge Bioscience
(Michigan, US / Cambridge, UK), and R- navarixin and S-navarixin were
synthesised in house by Bianca Casella (Shailesh Mistry group).

The non-hydrolysable GTP analogue GppNHp was obtained from Abcam
(Cambridge, UK). The NanoGlo furimazine substrate for the NanoBit assays was
provided by Promega corporation. SNAP-Lumi4-Tb and LabMed buffer were
obtained from Cisbio (Codolet, France).

White and black 96 well plates were purchased from Greiner Bio-One
(Stonehouse, UK), and white 384 well Optiplates — from PerkinElmer
Beaconsfield, UK. Bovine Serum Albumin (BSA) was purchased from Sigma

Aldrich.
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2.2 Molecular Biology
2.2.1 Overview of construct preparation

2.2.1.1 CXCR2 cloning by polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) (Figure 1) was used to clone and modify the
human CXCR2 receptor cDNA (Genbank NM_001557.3). PCR permits the
exponential amplification of a desired sequence by using short oligonucleotide
sequences (primers) complementary to the sequence of interest. The PCR
process involves heating the reaction to 95°C causing denaturation of the
double-stranded DNA template into two single-stranded DNA molecules. The
second step is the annealing of forward and reverse primers to each of the
single stranded DNA fragments allowed by the rapid reduction of temperature
down to 58°C. The reaction is then heated to the optimal activity temperature
of the DNA polymerase (72 °C for Q5 DNA polymerase) which extends the DNA
sequence from the point of primer attachment to the template. The thermal
steps of denaturation, annealing and primer extension are repeated 25 times
leading to an exponential increase in the amount of product.

Forward and reverse primers (18-30 base-pair length) were designed to
recognise and anneal to the receptor sequence and to modify it by introducing
restrictions sites at the 5" and 3’ prime ends recognisable by restriction
nucleases used to digest the DNA and clone it into vectors of interest. For
constructs requiring further N- or C-terminal modifications, the primers were
designed to remove the start or stop codons of the template to create an in-
frame fusion protein (Table 2.1).

The PCR reactions were carried out using Q5 High Fidelity DNA Polymerase, an
enzyme with proof-reading activity ensuring the correct DNA sequence is
replicated. A typical PCR reaction contained 50 ng DNA template, 10 uM
reverse and forward primers, 200 uM dNTPs, 1x buffer Q5 containing 2 mM
Mg?*buffer Q5 and double distilled water (ddH,0) to a final volume of 50 pl.
The Q5 DNA polymerase enzyme was added following heating up the reaction

to 95°C.
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Figure 2. 1 Principles of the polymerase chain reaction. 1) The double stranded DNA
template is denatured into two single stranded DNA strains. 2) The primers recognise
and anneal to each single stranded DNA-molecule and 3) extend them from the 5’ end.

Construct Primer Sequence

EcoRI CXCR2 Xhol Forward 5" AAATAT G AAT TCT gaagatttt aacatggaga gtgacagc

No start codon Reverse 5" AAATAT CTC GAG ttagagagtagtggaagtgtgc
HindIll CXCR2 Xhol Forward 5 AAATAT AAGCTT gccacc atg gaa gat ttt aac atg gag

No stop codon Reverse 5 AAATAT CTCGAG gagagtagtggaagtgtgc

Table 2.1 Primers used in the construct preparation.

In EcoR1 forward primer the restriction site GAA TTC is not in frame with the start of
the CXCR2 sequence. Therefore, additional T bases were added to adjust the reading
frame to that of the SNAP coding sequence in the vector. In the other three primers,
the 5’ restriction sites are in frame with the receptor sequence. The restriction site
sequences are underlined

2.2.1.2 N-terminally SNAP-tagged CXCR2 constructs
The PCR amplified CXCR2 sequence cloned between EcoRl and Xhol and

lacking a stop codon was placed in a pcDNA3.1 (+) zeo vector (made by Dr
Nicholas Holliday, University of Nottingham) downstream from the SNAP
coding region (NEB). The pcDNA3.1 (+) neo vector contains a human
cytomegalovirus immediate-early (CMV) promoter which gives high protein
expression in mammalian cells, and a bovine growth hormone (BGH)
polyadenylation signal for transcription termination and polyadenylation of
mRNA. The vector also contains resistance genes for the antibiotics ampicillin
and neomycin for selection in E.coli and in mammalian cells respectively, and

T7 and BGH reverse promoters for sequencing. The SNAP tag in the vector was
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placed into the multiple cloning site (MCS) between Kpnl and BamHI restriction
sites with the 5-HT3 receptor signal sequence (amino acids
MRLCIPQVLLALFLSMLTGPGEGSRK) placed upstream to facilitate membrane

integration.

2.2.1.3 C-terminally modified CXCR2 constructs
The SNAP-tagged CXCR2 receptor lacking a stop codon was the basis of other

DNA constructs. The SNAP-CXCR2 sequence with the restriction sites
described above lacking a stop codon was cloned into a pcDNA3.1 vector
upstream from a LgBIiT sequence (containing no start but including a stop
codon) placed between Xhol and Xbal restriction sites (provided by Dr Nicholas
Holliday, University of Nottingham) (Figure 2.2).

The SNAP-tagged CXCR2 sequence lacking a stop-codon was digested with the
appropriate restriction enzymes and inserted into a pcDNA3.1 (+) zeo
upstream from a double 6x Histidine tag sequence (from Holliday group,
University of Nottingham) with a stop codon, located between Xhol and Xbal.
This vector encodes mammalian cell resistance to zeocin (zeo) rather than
neomycin.

The vector containing SNAP-CXCR2-LgBiT construct was digested with the
appropriate restriction enzymes and the LgBiT fragment replaced with a
complemented thermostable Nanoluciferase (tsNluc) (made by Nicola Dijon,
University of Nottingham) containing flanked as before by Xhol / Xbal
restriction sites. tsNluc contains NanoBiT amino acid substitutions in the
luciferase protein to enhance thermal stability ((Dixon et al., 2016), (Hoare et

al., 2020; manuscript submitted).
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CMV enhancer

EcoRI (1579)

pcDNA3.1+neo SNAPCXCR2LgBit

75632 bp

Xhol (2563)

Xbal (3146)

Figure 2.2 Vector map of the SNAP-CXCR2-LgBit construct. The map shows
pcDNA 3.1 vector containing neomycin and ampicillin resistance (green), CMV
promoter (white), T7 and BGHrev sequencing primer sites, and a CXCR2
sequence with a SNAP tag sequence upstream and LgBit sequence -
downstream. The map was made using SnapGene.

2.2.1.4. C-terminally SNAP-tagged CXCR2 construct
The human CXCR2 gene was PCR amplified and Hindlll and Xhol restriction

sites were introduced at the 5" end and Xhol site at the 3’ end. The forward
primer used introduced a start codon and a Kozak sequence to ensure
successful transcription and ribosomal translation of the gene and the reverse
primer removed the stop codon of the CXCR2 sequence. The created construct
was cloned into a pcDNA3.1 (+) neo vector.

A pcDNA3.1 vector containing the SNAP tag sequence in frame, without start
codon and adding a stop codon (Holliday group, University of Nottingham) was
digested with Xhol and Xbal to excise this insert, which was then cloned into
the pcDNA3.1 (+) neo vector described above downstream from the CXCR2

sequence.

2.2.1.5 Generation of mini GaoA and B-arrestin2 constructs

A vector containing the sequence of the mini Gaoa protein (Nehmé et al.,
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2017a), original sequence synthesised by GeneArt, Invitrogen) was digested
with BamHI and Xbal restriction enzymes and inserted into a pcDNA3.1(+) zeo
vector downstream from the SmBit fragment sequence using a 5 amino-acid
linker.

Similarly, the human B-arrestin2 sequence (GenBank NC_000017.1) from an
existing fluorescence complementation lab construct (Kilpatrick et al., 2012)
was digested with BamHI and Xbal and inserted in frame into a pcDNA3.1 (+)

zeo vector downstream from a SmBIT sequence, eliminating the start codon.

DNA Construct Source

pcDNA3.1 neo Kpnl SNAP BamH| Obtained from the Holliday group
pcDNA3.1 neo Kpn1 SNAP BamH| EcoRI CXCR2 Xhol Made by author
pcDNA3.1 neo Kpnl SNAP BamHI EcoRI CXCR2 Xhol LgBit Xbal Made by author
pcDNA3.1 zeo Kpnl SNAP BamHI EcoRI CXCR2 Xhol 6xHis Made by author
pcDNA3.1 neo Hindlll CXCR2 Xhol SNAP Xbal 6xHis Made by author
pcDNA3.1 zeo Hindlll SmBIiT BamHI B-arrestin2 Xbal Made by Nicola Dijon
pcDNA3.1 zeo Hindlll SmBIiT BamH| mini Go Xbal Made by author
pcDNA3.1 neo SNAP EcoRI CXCR2 Xhol tsNluc Xbal Made by author
pcDNA3.1 neo Xhol tsNluc Xbal Made by Nicola Dijon

Table 2.2 List of DNA constructs used in this project and their sources. The restriction
sites are shown in blue upstream or downstream of the sequence of interest.

2.2.2 DNA processing and preparation

2.2.2.1 Restriction Digestion

The preparation of desired DNA constructs requires the joining of DNA
fragments (referred to as an insert and a vector) through a reaction called
ligation (described in section 2.2.3. below). To be able to clone a DNA insert
into a vector of interest, the insert and vector must first be treated with
restriction endonucleases, enzymes which recognise and cut at specific
nucleotide sequences, and can create compatible overhanging ends. The
generation of different restriction sites at the 3’ and 5 ends of the PCR-
amplified DNA sequences allow the use of different restriction enzymes that
leave different overhangs on each end. This ensures correct orientation of the

insert when cloned into the vector.
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A typical restriction digestion reaction of the vector DNA contained 2 ug DNA
plasmid, 2 ul 10x clear Fast Digest Clear Buffer, 1 ul of each Fast Digest
restriction enzyme and ddH;0 to a final volume of 20 ul. The digestion was
carried out at 37°C for 1-3 hours depending on the size of the DNA fragment;
the restriction endonucleases were inactivated by heating the reaction to 65-
75°C for 10-20-minutes. Digestion of PCR products (100 — 200 ng DNA) was
carried out at longer incubation times in order to maximise the extent of
cleavage close to the ends of the DNA fragment. This was also facilitated by
the addition of additional bases (~6) flanking the restriction endonuclease site
and enzymes less inhibited by positioning at the end of DNA fragments were

chosen.

2.2.2.2 Agarose Gel Electrophoresis

Agarose gel electrophoresis is a technique used to separate DNA molecules
based on their molecular weights by applying an electric field through an
agarose gel matrix. The negatively charged DNA fragments migrate towards a
positively charged anode with smaller fragments migrating faster than larger
ones. A gel consisting of 1% agarose (Sigma Aldrich) in TBE buffer (89 mM Tris
HCI, 89 mM Boric acid, 2 mM EDTA (ethylenediaminetetraacetic acid); pH 7.6
was prepared. The solution was microwaved to dissolve the agarose and after
sufficient cooling 0.1 pg.ml-1 ethidium bromide was added to allow DNA
isolation under ultraviolet light. The gel was left to set prior to being placed
into an electrophoresis tank and covered with TBE buffer. Clear DNA samples
such as PCR products were mixed with 6x Gel Loading dye / glycerol for
loading. Samples were run against 1kb DNA ladder (Promega, Madison, US) to
serve as a molecular weight marker. The gel was run at 80 V for 30-45 minutes
and then visualised using UV irradiation using the GeneFlash gel
documentation system (Syngene Bioimaging, Cambridge, UK) and a PULNiX
TM-300 CCD camera.
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2.2.2.3 Isolation and purification of insert DNA

After restriction digestion and gel electrophoresis, the gel slice containing the
DNA band was excised from the gel and extracted using gel extraction kit
(Sigma Aldrich). The kit uses silica gel-based column purification to isolate the
DNA from the gel. For a 100 mg of excised gel fragment 300 ul of gel
solubilisation solution was added and heated at 65 °C for 15 minutes. 100 pl
isopropanol (1 volume) was added to the fully solubilised gel and the solution
was loaded into the purification column previously prepared by the addition of
500 pl column preparation solution and centrifugation for 30 seconds at 14
000 rpm. The column containing the gel solution was centrifuged for 30
seconds at 14 000 rpm and the flow-through discarded — the DNA bound the
column under these conditions due to the presence of a chaotropic salt. The
column was then washed by adding 500 pl wash solution containing 80% v/v
EtOH and centrifuged for 30 seconds at 14 000 rpm. After the eluate was
discarded, the column for centrifuged for a minute at the same conditions
allowing any excess ethanol to be removed. After transferring the column to a
new collection tube, DNA was unbound from the silica by the addition of 50 pl

ddH20 and centrifuging it for 1 minute at 14 000 rpm.

2.2.2.4 Alkaline phosphatase treatment of vector DNA

Following restriction digestion, the vector DNA was treated with shrimp
alkaline phosphatase (SAP) (2 ul SAP, 2 ul SAP buffer supplied with the enzyme;
5x final concentration 50 mM Tris HCI, 25 mM MgCl,, 0.5 M KCl, 0.1% Triton-X-
100; 100mM Tris-HCI, 50mM MgCl,, 1M KCl, 0.2% Triton-X-100, 1; pH 8.0).

The reaction as carried out at 37°C for 90 minutes followed by 10 minutes at
75°C allowing SAP inactivation. The SAP treatment removes phosphate groups
from terminal nucleotides which prevents self-ligation of the vector, allowing
preferential ligation with the digested insert DNA. This also avoided the need

to gel purify the vector DNA prior to ligation.
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2.2.2.5 Isolation and purification of vector DNA

Digested and SAP treated vector DNA was purified using a PCR clean-up kit
(Sigma Aldrich, according to the manufacturer’s instructions) which similarly to
the gel extraction kit uses a silica spin column to remove contaminants in the
DNA sample, after first allowing it to bind in a solution containing a chaotropic

salt. The final step was eluting the DNA from the column in 40 ul ddH;0.

2.2.3 Ligations
2.2.3.1 Ligation of DNA fragments with cohesive ends

Ligation is the joining of two DNA fragments through the formation of a
phosphodiester bond which is catalysed by DNA ligase enzymes. Ligations of
DNA fragments with compatible cohesive ends generated through restriction
digestion were carried out to generate the desired molecular constructs.

Two ligation reactions were set up for each plasmid — one containing the DNA
to be inserted in the desired plasmid (positive), and another one — without it
(negative), serving as a control. Both reactions contained 50 ng of digested,
purified and alkaline phosphatase-treated DNA serving as a vector, 1 ul 10x
DNA ligase buffer (40 mM Tris-HCI, 10 mM MgCl2, 10 mM dithiothreitol, 0.5
mM ATP; pH 7.8), 1 ul DNA ligase enzyme and ddH>0 to a final volume of 10 pl.
The positive ligation reaction contained the DNA fragment serving as an insert
in a 3:1 molar ratio with the vector DNA. The amount of DNA added to the
reactions was calculated assuming 80% vyield from the previous DNA
processing ancestor initial DNA added in the restriction digestion reaction (2
ug) for the vector DNA. For PCR products or the insert DNA, the amount was
estimated according to the intensity of the band on the agarose gel. Equation
1 shows the calculation for the amount of insert DNA required, adjusting for
the relative sizes of the fragments in base pairs and assuming a 1:3 ratio. The

ligations were incubated at 16°C for 16hr.
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Equation 2.1:

Inzert Size

Insert DNA (ug) = Vector DNA(pg) = ——— x 3

Vector Size

2.2.4 Bacterial Transformation

Transformation is the process of introducing DNA into a host cell through
electroporation or through chemical treatment of the host cells to facilitate
the uptake of plasmid DNA. Chemically treated cells primed for DNA
transformation are referred to as ‘competent’ cells. In this study, plasmids
were transformed into TOP10F Escherichia coli competent cells (Thermofisher
Scientific, Paisley, UK). These cells yield high transformation efficiency (> 1 x
10° cfu/ug) and contain an F' episome that carries tetracycline resistance.
Transformation of the ligation products was carried out following
manufacturer’s instructions.

Transformations were normally carried out the day following the overnight (16
h) incubation of the ligation reactions. Competent cells were defrosted on ice
and 1-2.5 ul of ligation reaction was added to 17.5 — 25 ul competent cells and
incubated for 30 minutes on ice. This was followed by heat shocking the
bacteria (42 °C for 30 seconds) causing the perforation of the cell wall and
membranes which allows for the plasmid DNA to enter. The cells were
immediately returned to ice for another 2 minutes before the addition of 175
ul of rich medium supporting bacterial growth (Luria-Bertani (LB) broth, Sigma
Aldrich, Poole, UK) under sterile conditions and 1-hour incubation at 37°C on a
shaking plate (225 rpm).

Following the shaking incubation, competent cells were spread onto previously
prepared agar plates containing the correct selection antibiotic (e.g. 75 pg.ml?
ampicillin) and were incubated overnight at 37 °C. The ligation/transformation
were considered successful if the plates containing bacteria transformed the
positive ligation reactions produced more colonies that those transformed
with the control ligation reaction, in which case minipreps were generated for

plasmid screening by restriction digest (described in the next section).
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2.2.5 Small scale isolation and purification of DNA (mini prep)

Resistant colonies were picked using a 200 pl sterile pipette tip and incubated
in LB broth containing ampicillin (5 ml LB, 75 pg.ml* ampicillin) overnight at
37°C on a shaking plate (225 rpm) to allow the bacteria to grow. Following the
overnight colony incubation, small-scale DNA isolation (Miniprep) was carried
out for diagnostic purposes using GenElute™ Plasmid Miniprep Kit (Sigma-
Aldrich) according to the manufacturer’s instructions. 3 ml of the overnight LB
broth containing resistance colonies was centrifuged at 4000 rpm for 5
minutes twice, discarding the supernatant. The pellet containing the bacteria
was then resuspended completely with 200 pl Resuspension solution which
contains sucrose TE and RNAse removing any present RNAs. Next, 200 ul Lysis
solution was added and the preparations were gently inverted up and down.
The Lysis solution contains sodium dodecyl sulphate (SDS) which is a strong
detergent used to solubilise proteins, and sodium hydroxide which degrades
bacterial cell walls and denatures proteins and genomic DNA, allowing plasmid
DNA release. The following addition of neutralisation solution containing
potassium acetate precipitates cell debris and genomic DNA allowing for the
plasmid DNA (which remains soluble) to be separated by 10 minutes
centrifugation at 14 000 rpm. Meanwhile, a binding column was prepared by
the addition of 500 pl Column preparation solution and 30-second
centrifugation at 14 000 rpm. The clear lysate resulting from the neutralisation
step was added to the binding column and centrifuged for 30 seconds at 14
000 rpm. The supernatant was removed and 750 pl Wash solution (80% v/v
ethanol) was added followed by another 30-second centrifugation at 14 000
rpm. The supernatant was removed and after an empty centrifugation to
remove residual ethanol, the column was placed in a tube collection tube and
the DNA was eluted with 100 pl ddH»0. The DNA product was digested with
the appropriate restriction enzymes and loaded on agarose gel to check if the
DNA fragment is of the expected size for the required insert. In some cases,
miniprep DNA was also sequenced using T7 promoter and BGH reverse

primers to check if the construct of interest was present.
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2.2.6 Large scale isolation and purification of DNA (maxi prep)

Large scale DNA isolation (Maxiprep) was carried out in order to amplify the
amount of desired DNA for further transfection into mammalian cells. The day
before the Maxiprep, 50 ul of the desired DNA plasmid colonies (previously
picked and grown in LB broth) was added to 5 ml of LB broth containing
ampicillin (75 pl.mI). The culture was incubated at 37°C on a shaking plate
(225 rpm) for roughly 6 hours to initiate exponential phase bacterial growth.
The culture was then added to a conical flask containing 120 ml LB broth and
ampicillin (75 pl.mI!) which was incubated at 37°C on a shaking plate (225
rpm) overnight.

The following day bacteria were pelleted by 15-minute centrifugation at 3900
rom and the supernatant discarded. The DNA was then extracted using Qiagen
Maxiprep Kit (Qiagen, location) following manufacturer’s instructions. The
principles of the techniques are the same as described for Miniprep but the
Qiagen resins operate by gravity flow, which eliminates the requirement for
centrifugation steps.

The bacterial pellet was fully resuspended with 10 ml Resuspension solution
containing RNAse. Next, Lysis solution was added to break up bacterial cell
walls and allow plasmid extraction; the contents were mixed and incubated for
2-3 minutes at room temperature. The lysed cells were neutralised with the
addition of 10 ml Neutralisation solution and poured into QlAfilter cartridge
provided in the kit and incubated for 10 minutes at room temperature.
Meanwhile, a DNA binding column (Qiagen Tip) was prepared by the addition
of 10 ml QBT equilibration buffer and allowed to pass through gravity flow.
Following the 10-minute incubation step, the clear bacterial lysate separated
through neutralisation was transferred into the Qiagen Tip and allowed to
empty. The column was then washed twice with 30 ml QC buffer to remove
impurities from the column. The DNA was eluted from the column by the
addition of 15 ml QF buffer and precipitated with the addition of 10.5 ml
isopropanol followed by a 60-minute centrifugation at 3900 rpm. The pellet
resulting from the centrifugation was resuspended in 300 pl Tris-EDTA buffer

(10mM Tris-HCI, 1mM disodium EDTA, pH 8.0), which provides slightly alkaline
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pH conditions along with the presence of cation chelator EDTA to inactivate
nucleases and thus, prevent DNA from degradation. This was followed by
further DNA precipitation with the addition of 0.1 volume (30 pl) 3M NaOAC
(pH 5.2) and 2 volumes (660 pl) 100% ethanol, and 10-minute centrifugation at
14000 rpm. The pellet was washed with the addition of 200 ul 70% ethanol
and the sample was centrifuged for another 5 minutes at 14000 rpm. The
supernatant was discarded the pellet was left to air dry sufficiently before its
resuspension with 300 upl TE buffer. DNA concentration and purity were
defined using a UV spectrophotometer (Eppendorf Biophotometer; Eppendorf
UK). This technique is based on the intrinsic property of DNA to absorb light
with a characteristic peak of 260 nm. The DNA concentration was calculated
through the conversion of absorbance such as at 260 nm the absorbance of 50
ng. mL-1 DNA will equal 1 AU. Protein peak absorption was measured at 280
nm and the ratio 260/280 nm was used to determine DNA purity with a
desired ratio of 1.8 (1.7-1.9). The concentration of the DNA was then adjusted
to 1 pg. ml(if higher than that) by diluting the sample in TE buffer.

Maxi-prepped DNA was fully sequenced using T7 promoter and BGH reverse

primers before transfecting it into cells.

2.3 Cell Culture
2.3.1 Cell passaging

The cell line used for all cell-based assays, as well as for the preparation of
membranes was human embryonic kidney (HEK293T). Cells were grown in
Media (Dulbecco’s Modified Eagle’s Medium with high glucose, L-glutamine,
sodium pyruvate and 10 % foetal calf serum added (FCS)), in flasks with surface
area of 25 cm?, 75 cm?, or 175 cm? and kept at 37°C under the conditions of
95% air/5% CO». Cells were passaged at 70-80% confluency with split ratios
varying from 1:2 to 1:20 depending on the day required for experiments or
next passage (1 — 6 days). The media was removed, and cells were washed
with 5 ml sterile phosphate buffered saline (PBS). 1-3 ml of trypsin-EDTA
solution was added and cells were incubated for 5 minutes at 37° which

allowed for their detachment from the plastic. The flask surface was washed
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with 10 ml of media, transferred to a 30 ml universal container and centrifuged
for 5 minutes at 1000 rpm. The supernatant was discarded, and the cell pellet
resuspended in 10 ml of media and this solution was used to either count and

plate the cells or passage them.

2.3.2 Seeding cells

Cells were seeded 24-hours prior to conducting the assay they were used for.
Following the final step described in the previous section, a sample of the
resuspended cell pellet was loaded into a haemocytometer 5x5 1 mm? grid
and the number of cells was counted. The cell count in the sample volume (0.1
ul) was multiplied by 10* to derive the number of cells per ml. The volume of
cell solution required for the desired cell density was calculated using the

equation below:

Equation 2.2:

. } Number of cellz required /m [ xVolume (mD required
Volume cell suspension required (ml) = i q q

Number of cell counted/ml

The calculated cell suspension was then diluted with media to the required
volume to give the correct concentration of cells required for the relevant
experiment. 100 ul of cell suspension was added per well in a 96-well plate,
pre-coated with poly-D-lysine (10 ug/ml in PBS, filter sterilised; Sigma P6407)

for 30 minutes at room temperature prior to seeding.

2.3.3 Cell freezing and defrosting

Cell were grown to 90-100% confluency prior to freezing. To freeze down cells
grown in T75 flasks, cells were removed for the flasks and centrifuged as
described in section 2.3.1. The supernatant was discarded, and the cell pellet
was resuspended in 2 ml freezing media (FCS containing 10% (v/v) DMSO). The
resuspended cells were aliquoted in cryovials (1 ml/cryovial) and transferred to
a freezing container (Nalgene® Mr. Frosty) containing isopropanol and placed

in a -80 freezer for 24 hours allowing for the slow cooling down of cells to

66



ensure their preservation. Cells were then transferred to liquid nitrogen
storage.

Cell were defrosted by adding the cryovial suspension, once defrosted at room
temperature, to 10 ml media and centrifugation for 5 minutes at 1000 rpm.
The supernatant was discarded, and the cell pellet was resuspended with 10
ml of media and placed in a flask. The media was replaced 24 h later, adding

the relevant antibiotic as required.

2.3.4 Generation of cell lines

Transfection is the process of introducing genetic material (DNA or RNA) into a
host eukaryotic cell which could be either transiently, when the transfected
material is not introduced into the cell genome, or stably when the DNA/RNA
introduced in integrated in the host cell’'s genome and passed the daughter
cell upon division. For stable transfection, it is essential that the introduced
genetic material has a resistance gene allowing selection of the transfected

cells with the appropriate antibiotic.

2.3.4.1 Transfection of HEK293T cells
HEK293T cells were stably transfected with the DNA construct of interest using

lipofectamine 3000 (Invitrogen, Paisley, UK). Lipofectamine is a cationic lipid
reagent designed to form liposomes which interact with the negatively
charged phosphate backbone of nucleic acids. The liposome-DNA complexes
fuse with cells” plasma membranes and are integrated into the cells through
endocytosis. Once inside the cells the complex is suggested to escape the
endocytic machinery and enter the nucleus. Successful lipofectamine
transfection requires the use of serum-reduced media such as OptiMEM
(Invitrogen) because the serum interferes with the liposome-DNA complex
formation. Lipofectamine 3000 is an improved version of lipofectamine for
higher transfection efficiency and reduce cell toxicity. The stable transfection
of HEK293T with DNA constructs of interest was performed under sterile
conditions following lipofectamine 3000 manufacturer’s instructions. The
media of cells grown to 70% confluency in T25 flasks was removed and

replaced with 1.2 ml OptiMEM. Two transfection mixes were prepared
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separately (i) 5 pg DNA, 250 pl OptiMEM, and 10 pl p3000 reagent and (ii) 7.5
ul lipofectamine 3000 in 250 pl OptiMEM. The mixes were then combined by
gentle pipetting and incubated for 5 minutes at room temperature to allow the
formation of lipofectamine/DNA complexes. After the end of the incubation,
700 ul of OptiMEM was added to the lipofectamine/DNA reaction and the
whole mixture was added to the previously prepared flask. The transfected
cells were incubated overnight and then split at 1:5 — 1:10 ratio on the
following day. The relevant selection antibiotic treatment was introduced on
day 3 after the transfection, and selection was carried out for 14 days (G418
0.8 mg.ml*; zeocin 200 ug.mlt) to obtain the stable mixed population cell lines
used in this study.

Stable transfected cells were treated with geneticin G418 (0.2 mg.ml?) or/and
zeocin (50 pg.mlt) as part of their normal maintenance to maintain selection
pressure.

For transient transfections, cells were seeded in poly-D-lysine 6-well plates (see
cell seeding section) at density of 500 000 cells / well and grown to a
confluency of 80%. DMEM was aspirated from the wells and after an OptiMEM
wash, 1.5 ml of OptiMEM was added per well. 2.5 ug of DNA was mixed with
125 pl of OptiMEM and 5 pl p3000 reagent and separately, 3.75 ul
lipofectamine 3000 was mixed with 125 ul OptiMEM. The DNA and
lipofectamine preparations were mixed and incubated for 6 minutes at room
temperature. After the end of the incubation, the DNA/lipofectamine reaction
was added to the well plate (250 pl per well) and incubated for 24 hours in a
37°C incubator. After 24 hours the cells were plated into 96-well plates for the

appropriate experiment following standard cell splitting/seeding procedures.

2.4 Membrane preparations and labelling
2.4.1 Membrane preparations

Cells were grown in T175 flasks to 90-100% confluency. Media was aspirated
and cells were washed with 50 ml PBS, followed by a 5-minute incubation with
trypsin-EDTA at 37°C. The cells were further detached from the flask through a

10 ml media wash and centrifuged for 10 minutes at 2000 rpm. The
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supernatant was discarded, and the pellet was used to prepare membranes.
The pellets were resuspended in 20 ml pre-chilled membrane preparation
buffer (10 mM HEPES, 10 mM EDTA, pH7.4), homogenised using a polytron
tissue homogeniser (Ultra-Turrax) in 8x 2-second bursts and centrifuged at 48
000xg at 4°C (Beckman Avanti J-251 Ultracentrifuge; Beckman Coulter,
Fullerton, CA) for 30 minutes. The supernatant was removed, and the pellets
resuspended in 20 ml of the same buffer followed by another centrifugation
under the same conditions. After the second centrifugation step, the pellets
were resuspended in membrane storage buffer (10 mM HEPES, 0.1 mM EDTA,
pH7.4). The cell pellets were kept on ice throughout the whole membrane
preparation in order to preserve protein integrity.

The protein concentration of the membrane preparation was determined by a
Pierce™ BCA (Bicinchoninic acid) assay (Pierce, Thermofisher Scientific). The
assay is based on the reduction of Cu?* to Cu* by proteins in an alkaline
medium with the colorimetric detection of Cu?* by bicinchoninic acid (BCA).
The complex formed between BCA and copper ions exhibits a strong linear
absorbance at 562 nm in a protein concentration-dependent manner. A
standard curve for the assay was generated by serial dilution of known
concentrations of purified bovine serum albumin (BSA). The BSA standards
were added to a white clear-bottom 96-well plate, along with the unknown
samples from the membrane preparation diluted 1:10. The BCA working
reagent was prepared by mixing 50 parts of bicinchoninic acid and 1 part 4%
CuSOg solution until the mixture changes colour to light green. 200 ul per well
was then added to each to the well containing the range of BSA concentrations
or the membrane preparation samples. The reaction was incubated for 30
minutes at room temperature and absorbance was measured at 562 nm using
a CLARIOstar (BMG Labtech, Offenburg, Germany). The absorbance values for
the BSA absorbance were plotted to produce a standard curve used to extract
the concentrations of the samples of interest. The membrane preparation

solution was then aliquoted and stored at -80°C.
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2.4.2 Terbium labelling of SNAP-tagged receptors

For Time-resolved fluorescence resonance energy transfer (TR FRET) based
experiments (see 2.7.2) the SNAP-tagged receptors required labelling with
Terbium (Tb>*) cryptate.

HEK293T cells stably expressing SNAP-tagged CXCR2 receptors were grown in
Poly-D-lysine coated T175 cm? flasks to 80-90% confluence. Cell culture
medium was aspirated and after 2x PBS washes, cells were incubated with 10
ml/flask SNAP-Lumi4-Tb (Cisbio, Codolet, France; 100 nM final in LabMed
media provided with kit) at 37°C for 60 minutes. Terbium was removed
followed by another PBS wash. Cells were then detached from the plastic using
a cell scraper (Thermo Fisher Scientific, Waltham, MA, USA) and 5-10 ml of
PBS. The cell suspension was then centrifuged for 10 minutes at 2000 rpm and
the supernatant discarded. Cell pellets were either immediately used to start a
membrane preparation or frozen at -20°C.

Terbium labelling was also performed prior to whole cells experiments, using
cells previously seeded onto white opaque 96-well plates. Cell media was
aspirated and 2x PBS washes were performed. Cells were then treated with 50
ul/well SNAP-Lumi4-Tb (100 nM) in Tag-lite labelling medium (LABMED, Cisbio,
Codolet, France) and incubated at 37° for 60 minutes. The terbium was

aspirated and after a PBS wash, cells were immediately used for experiments.

2.5 Functional assays
2.5.1 Split luciferase complementation to detect CXCR2-effector interactions

2.5.1.1 Measuring the effect of negative allosteric modulators (NAMs) on
CXCR2 activation

Receptor activation was measured as a function of its interaction with
intracellular  effectors using split luciferase complementation-based
technology. The technology is based on tagging interacting proteins with
fragments of the nanoluciferase enzyme (SmBIT, LgBiT; Dixon et al., 2016).
The complemented luciferase formed by fragment interaction oxidises its
substrate (furimazine) to produce luminescence in the assay (see chapter 3).

The luminescence produced can then be quantified and corresponds to the
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extent of enzyme complementation resulting from activated receptor
interaction with the tagged partner proteins. The luminescence was recorded
repeatedly before and after the addition of an agonist to determine basal as
well as agonist-stimulated complementation, for example to assess basal
receptor activity and the presence of inverse agonism.

HEK293T cell lines stably co-transfected with the SNAP-CXCR2 receptor C
terminally tagged with the LgBiT, and B-arrestin2 or mini Go N-terminally
tagged with the SmBit fragment, were used for the split luciferase
complementation assays. Cells were seeded into poly-D-lysine coated white
96-well while clear-bottom plates (Greiner Bio-One, Stonehouse, UK) at 30,000
cells/well density and incubated for 24 hours in a 37°C incubator at 5% CO..
The following day, the media was aspirated, and cells were washed with 50
ul/well HEPES buffered salt solution HEPES Balanced Salt Solution (HepesBSS;
10mM HEPES, 2mM sodium pyruvate, 146mM NaCl, 5mM KCI, ImM MgSOa,
1.7mM CaCl;, 1.5mM NaHCOs, 5mM D-glucose; pH 7.45 with NaOH)
containing 0.1% BSA. For agonist-mode assays, 40 ul/well buffer and 10 pl/well
furimazine substrate (diluted to 1:1320 dilution from manufacturer’s stock in
assay buffer; Promega, Madison, US) were added and 3 cycles of basal
luminescence were recorded at 2 min intervals using a PHERAstar plate reader
(BMG, Offenburg, Germany), before adding a range of agonist concentrations.
The agonist used was typically human CXCL8 (amino acids 28 — 99;
SinoBio/Stratech Scientific (China/Cambridge, UK), The plate was then read for
16 more cycles at 2 min intervals, beginning 1 min after agonist addition.
Antagonist-mode assays (negative allosteric modulators (NAMs) in this work)
were conducted in two alternative ways — by pre-treating cells with the NAM,
followed by the agonist, or pre-treating cells with the agonist. In the first assay
format, cells were pre-treated with the appropriate concentration of NAM in
HBSS (40 pl/well) and incubated for 60 minutes prior to furimazine treatment
(10 ml, concentration as above), and luminescence was measured before and
after the addition of a range of concentrations of CXCL83s-99 as described

above.
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In the second assay set-up, the effect of NAMs on pre-formed receptor-
effector complexes was tested by pre-treating cells with 40 pl/well a fixed
concentration of an agonist (60 minutes), then adding 10 ul/well vehicle or a
range of NAM concentrations. The cells were incubated with the NAMs for 1,2,
or 3 hours. Furimazine (10 pl/well) was then added (1:1320 from
manufacturer’s stock, 10 ml) and incubated for 5 min, after end point
luminescence readings were taken using the PHERAstar. These assays were
conducted in serum-reduced media (OptiMEM) with 0.1% BSA (with
incubations in a 5 % CO; incubator) to sustain cell viability during the long

incubations.

2.5.1.2 Wash-out assays to assess reversibility of NAM effects

HEK293T cells stably co-transfected with the SNAP-CXCR2-LgBiT receptor and
SmBIiT-B-arrestin2 were plated in 96-well while clear-bottom plates as
described in 2.5.1.1 and incubated for 24 hours in a 37°C incubator at 5% CO?2.
The following day, the media was aspirated, and cells were washed with 50
ul/well HBSS-based buffer containing 0.1% BSA. Cells were pre-treated with
the appropriate concentration of NAMs (40 pl/well in HBSS) and incubated for
60 minutes. Following the NAM pre-treatment, 2x HBSS/0.1%BSA washes were
performed followed by a 15-minute incubation with HBSS/0.1%BSA (50
ul/well).  The  wash  buffer was replaced with 40  pl/well
HBSS/0.1%BSA/furimazine (1:1320 dilution) and luminescence was recorded
(PHERAstar) for 3 cycles at 2 min intervals before the addition of a range of
CXCL82s-99 concentrations followed by reading 16 more cycles at 2 min

intervals.

2.5.1.3 Estimating the presence of ‘receptor reserve’ using HiBiT peptide

The Split Luciferase complementation assay was also used to determine
whether the concentration of CXCR2 receptors exceeded the SmBIT- effectors
in the co-transfected cell lines. This would lead to potential ‘receptor reserve’
in the system, that is when a maximal effector complementation could occur

without full occupancy of the CXCR2 receptor population. Cells stably
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transfected with SNAP-CXCR2-LgBiT, and either SmBit- B-arrestin2 or SmBiT-
mini Go, were plated into poly-D-lysine coated white Greiner 96-well plates at
30,000 cells/well density and incubated for 24 hours in a 37°C incubator. The
following day, the media was aspirated, and cells were washed with 50 pl/well
HBSS-based buffer containing 0.1% BSA. Cells were treated with 30 pl/well
HBSS-based buffer only or HBSS-based buffer containing 100 pug/ml saponin or
50 pg/ml digitonin detergent for 15 minutes followed by the addition of 100
NM CXCL8s-99 agonist (10 pl/well) or vehicle and 10 pl/well furimazine
substrate (1:320 dilution) for 4-5 minutes. Two cycles of luminescence were
recorded at 2 min intervals using a PHERAstar plate reader (BMG, Offenburg,
Germany) prior to the addition of 10 uM purified HiBiT peptide (10 ul/well;
peptide sequence VSGWRLFKKIS) or vehicle and the measurement of
luminescence for 20-30 minutes. The HiBiT peptide has a very high affinity for
the LgBiT fragment (Dixon et al., 2016), producing additional complementation
in permeabilised cells with SNAP-CXCR2-LgBiT receptors that have not
recruited effector proteins. The luminescent measurement immediately after
chemokine/furimazine incubation and the one 10 minutes post HiBiT peptide
addition were analysed in the results shown. The assay was conducted in

triplicate.

2.6 Imaging cell surface expression of SNAP-tagged receptors
Fusing the CXCR2 receptor to a SNAP tag allows for visualising receptor

expression and tracking its intracellular trafficking. The SNAP tag (20 kDa) is a
mutant of the DNA repair protein O6-alkylguanine-DNA alkyltransferase which
covalently reacts with benzyl guanine derivatives. To visualise the SNAP-tagged
receptors (N-terminally) expressed on the surface of newly transfected cells,
the SNAP tag was labelled with cell-impermeable fluorescently labelled benzyl
guanine. The substrate of choice was SNAP-Surface” Alexa Fluor® 488 (496nm
excitation — 520 nm emission) (New England Biolabs, Ipswich, USA) which is an
impermeable reagent labelling receptor only at the plasma membrane. Basal
and agonist-stimulated endocytosis of labelled receptors can be followed

during subsequent incubations and imaging.
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Stably transfected HEK293T cells were seeded at 30 000 cells/well density on
poly-D-lysine coated black-bottomed 96-well plates (Greiner 655090) 24 hours
prior to imaging them. On the following day cell media was aspirated and
replaced with 0.2 uM SNAPsurface BG-AF488 in complete DMEM (60 ul/well)
and cells were incubated for 30 minutes at 37°C, 5% CO,. Next, cells were fixed
in 3 % paraformaldehyde (PFA) in PBS for 15 minutes at room temperature
followed by 2 x PBS washes and the labelling of cellular nuclei with 2 ug/ml
Hoechst 33342 (100 pl/well) (Abcam, Cambridge, UK) in PBS for 15 minutes at
room temperature. The PBS/Hoechst solution was replaced with 100 pl/well
PBS and either stored at 4 °C or imaged straight away using an IX Ultra
confocal plate reader and a Zeiss 40x ELWD air objective (Molecular Devices,
San Diego, USA) using two emission filter sets: DAPI with 405 nm laser
excitation (H33342; cell nuclei), FITC with 488 nm laser excitation (SNAP-

Surface AF488 labelled SNAP-tagged receptor).

2.7 CXCL8-AF647 fluorescent ligand binding assays
Cells stably expressing SNAP-CXCR2-His constructs were used to characterise

the binding of the fluorescent chemokine probe CXCL8-AF647 (labelled at C
terminal lysine; Almac, NI,UK) and its modulation by unlabelled CXCL8 or a
range of CXCR2 NAMs, using both imaging approaches in whole cells, and TR-

FRET binding studies in either whole cells or membrane preparations.

2.7.1 Fluorescent chemokine binding measured using high-content imaging
approaches in whole cells

The affinity and specificity of binding of CXCL8-AF647 to SNAP-CXCR2-His
expressing cells was assessed using saturation binding assays.  Stably
transfected cells were seeded at 30 000 cells/well density on poly-D-lysine
coated Greiner black-bottomed 96-well plates 24 hours prior to the assay. The
receptor SNAP-tag was labelled with SNAPsurface BG-AF488 substrate using
the protocol previously described (section 2.6.x). After labelling, cells were
treated with 160 pl/well HBSS-based buffer containing 0.1% BSA and Hoechst

nuclear stain (2 ug/ml) and incubated for 10 minutes at room temperature.
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Following the incubation, 20 pl/well of unlabelled ligand or vehicle was added
to the appropriate wells (to the final concentrations indicated in the results)
and cells were incubated for 5 minutes at room temperature. Fluorescent
CXCL8-AF488 tracer or vehicle (20 ul/well) were added to each well and its
cellular labelling was recorded every 10 minutes for 60 minutes in total using
an IX Ultra confocal plate reader (Molecular Devices) and the following three
filter sets: DAPI using 405 nm laser excitation (H33342; cell nuclei) , FITC using
488 nm laser excitation (SNAP-Surface BG-AF488 labelled SNAP-tagged
receptors), CY5 using 635 nm laser excitation (CXCL8-AF647, fluorescent

chemokine).

2.7.2 CXCL8-AF647 binding measured using TR-FRET assays

Forster resonance energy transfer (FRET) is a technology based on the non-
radiative energy transfer between a fluorescent donor and an acceptor of
fluorescence, discussed in more detail in chapter 4. TR FRET was used to study
the binding of CXCL8-AF647 in whole cells and membrane preparations and its
modulation by a range of structurally distinct NAMs as well as unlabelled
CXCL8 and GTP analogues. The TR FRET assays conducted in in this work used
terbium cryptate (Tb3* cryptate) as a donor molecule which interacts with the
SNAP tag in a covalent manner. The energy transfer between the Tb*" donor
and the fluorescent probe was used as a measure of fluorescent ligand binding

to the receptors.

2.7.2.1 Association binding kinetics of AF647CXCL8 in whole cells
Cells stably expressing SNAP-CXCR2-His receptors were seeded at 30 000

cells/well density on opaque 96-well plates 24 hours prior to conducting the
assay. Receptor SNAP tags were labelled with Th3* cryptate as described earlier
(section 2.4.2).

Immediately following the labelling procedure, the media was replaced with 30
ul/well LABMED (Cisbio, Codolet, France) and cells were treated with vehicle or

1 uM unlabelled CXCL828-99 (10 pl/well) for 10 minutes at room temperature to
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set up total or non-specific binding (NSB) conditions for the fluorescent CXCL8-
AF647 tracer. 10 pl CXCL8-AF647 was then added in the appropriate wells to
give a range of final assay concentrations indicated in the results. TR-FRET
measurements were made repeatedly on a PHERAstar plate reader at room
temperature (337 nm excitation, 620 nm (donor) and 665 nm (acceptor
emission), using a read frequency of 6 s / min and a typical total read time of

40-60 min.

2.7.2.2 Equilibrium TR-FRET competition binding in whole cells

Cells stably expressing SNAP-CXCR2-His receptors were seeded at 30 000
cells/well density on opaque 96-well plates 24 hours prior to assay execution.
Receptor SNAP tags were labelled with Tb3* cryptate as described earlier
(section 2.4.2).

Following the labelling procedure, 30 ul/well HBSS/0.1% BSA was added to
each well and 10 pl/well of range of final concentrations of SB265610, R-
navarixin, S-navarixin, AZD5069, AZ10397767, unlabelled CXCL82s-.99, GppNHp
(Sigma Aldrich) or vehicle were added to the appropriate wells. Cells were
incubated with the unlabelled compounds for 30 minutes at 37°C, 0% CO;
followed by the addition of a fixed concentration (30 nM) CXCL8-AF647 tracer
or buffer. Following tracer treatment cells were incubated at 37°C, 0% CO; for
150 minutes, during which end-point TR FRET measurements were collected
on the PHERAstaras described above (from 30 — 150 min). Non-specific binding

in these experiments was defined by 1 uM cold CXCL8&;g-99.

2.7.2.3 Fluorescent ligand TR-FRET binding in membrane preparations

TR FRET assays in membrane preparations were executed in a 384-well plate
format. All assays were performed by thawing frozen terbium-labelled SNAP-
CXCR2-His membrane stocks on ice and diluting them to the desired working
concentrations (final assay concentration 3 pg/well). All binding experiments in
membranes were carried out at room temperature (20-25 °C), in HBSS / 0.1 %

BSA or low sodium (25 mM HEPES, 1 mM MgCl,) / 0.1% BSA assay buffers (final
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volume 30 pl) both containing 0.02% pluronic acid and 0.1 mg. mL™* saponin as

indicated in the relevant figures in the results.

2.7.2.3.1 Association binding kinetics of CXCL8-AF647

Membranes (3 ug/well, 10 pl/well) were pre-incubated with vehicle or 1 uM
CXCL828-99 (10 pl/well) for 10 minutes at room temperature to define total or
NSB binding. A range of fluorescent tracer concentrations or vehicle were then
added to the appropriate wells (10 ul), and TR-FRET measurements on the
PHERAstar were made using the settings described previously (read frequency

of 6s/min and a typical total read time of 40-60 min).

2.7.2.3.2 Dissociation binding kinetics of CXCL8-AF647

All dissociation binding kinetics experiments were performed in the Na+
reduced buffer described in 2.7.2.3.

Membranes (3 ug/well, 10 pl/well) were pre-incubated with 1 uM unlabelled
CXCL8,8-99 or vehicle (10 pl/well) for 10 minutes at room temperature to define
NSB and total binding respectively. A single CXCL8-AF647 concentration (final
10 nM, 10 ul/well) was added to the appropriate wells and its association was
recorded using TR-FRET measurements until the binding plateaued. The read
was then paused, and fixed concentration of unlabelled compounds (10
ul/well) was added to the membrane/tracer mix to initiate dissociation. TR-
FRET measurements were made on the PHERAstar for a further 30 — 60 min,
using a typical read frequency of 6 s.

Alternatively, the membranes were pre-treated with unlabelled compounds at
the concentrations indicated in the results for 40 minutes keeping them at
25°C on a shaking incubator at 225 rpm. 10 ml buffer (totals) or 1 mM
CXCL82s-99 (to define NSB) were then added to the appropriate wells and 10 ml
membranes were incubated with them for 10 minutes at 25°C. A fixed
concentration of fluorescent tracer (10 nM CXCL8-AF647, 10 ul) was added to
the membranes and TR-FRET measurements were recorded until reaching

equilibrium. The read was paused, and a fixed concentration of unlabelled 1
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UM CXCL828-99 was added followed by a continuation of the PHERAstar TR-FRET

readings for another 30-60 minutes, with a read frequency of 3-6 sec.

2.7.2.3.3 Equilibrium competition binding in membranes using the CXCL8-
AF647 TR-FRET assay

Membranes (3 pg/well, 10 pl/well) were pre-incubated with a range of
concentrations of unlabelled NAMs, GppNHp or CXCL828.99 for 30 minutes at
room temperature. Next, a fixed concentration of a tracer (10 nM or 25 nM
CXCL8-AF647, in low sodium and high sodium buffers respectively) was added.
The binding of the tracer was recorded using PHERAstar TR-FRET
measurements in an end-point manner for 1-5 hours incubation. 1 uM

unlabelled CXCL8,s99 was used to define NSB.

2.8 Signal detection and data analysis

2.8.1 Software

Experimental data were analysed and presented using GraphPad Prism
7.02/8/9 (GraphPad Software, La Jolla). The luminescence and fluorescence
data from the PHERAstar were extracted through the integrated MARS
software (BMG Labtech, Offenburg, Germany). Data from assays conducted
using IX Ultra confocal plate reader were analysed and extracted using
MetaExpress 2.0 software (Molecular Devices, San Diego, USA). DNA
sequences were analysed using Chromas 2.66 software (Technelysium Pty Ltd,
Australia). DNA vector maps were created using SnapGene Viewer 4.2.11
software (GSL Biotech LLC, USA). Molecular structures were drawn using

ChemDraw Professional 16.0 (PerkinElmer, USA).

2.8.2 Split luciferase complementation analysis

2.8.2.1 Analysis of CXCL8-stimulated receptor activation
2.8.2.1.1 Nonlinear regression to analyse concentration-response relationships
The split luciferase complementation assays were conducted in duplicate

unless otherwise stated. The luminescence was recorded in cycles of as short

78



as possible duration to cover all selected wells (e.g. for a whole 96-well plate
the shortest cycle duration was 120 seconds). Raw luminescence counts in
individual experiment replicates were normalised to the response produced by
the highest agonist concentration (100 nM CXCL8:s-99 unless otherwise stated,
100%) and the baseline (vehicle) was set as 0%. The data represented in the
kinetic timecourses were normalised to the response produced by the highest
agonist concentration at the time point of the peak response (100%) and the
baseline (vehicle) values were subtracted from the measurements for each
condition, at each time point. Normalised data from individual cycles were
plotted as concentration-response curves (Figure 2.3) using a non-linear
regression function on GraphPad Prism (log (agonist) vs response, variable
slope (4 parameters)’. This model estimates 4 parameters, being the agonist
ECso (concentration of agonist to produce 50 % maximum response), minimum
(Bottom), maximum (Top) and Hill slope of the curve. The agonist maximum

response (Rmax) is obtained as Top — Bottom.

Equation 3:

(Top— Bottom)
(1+ lﬂ(I:L-ogECEI}—E}XHEHSED;JE)

Response = Bottom +

79



150

1207 [cXCLE 28-93] nM
o 100

100

100

O
o
o
o
HOH
HOH O
oo
HOHO
OO
00
o0
HOO
00
o0
oo
- w

50 R,

60-| % o 03
: o 01

20 §§§§§§§§§§

oooODQOD0D

Luminescence
(% 100n M CXCL8 response)

Luminescence
(% 100nM CXCLS8 response)

o101

logECs,

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

Log [CXCL8 28-99] M

55371 5 8 7 9 11131517 1921 23 25 27 2a |7

Time (min)

Figure 2.3 Analysis of Split luciferase complementation signal. The kinetic
curves of CXCL8,s99 at time points of choice were plotted as concentration-
response curves. The concentration-response curve of CXCL82s.95 on the right-
hand side is constructed from the normalised luminescence counts at the last-
time point of the kinetics curve; the blue lines and double arrow indicate the
Rmax Of the chemokine response (Top — Bottom); the point on the x-axis
representing the log ECso of CXCL82s-99 is also shown.

2.8.2.1.2 Area under the curve (AUC) analysis

The Split luciferase complementation assays introducing NAM pre-treatment
followed by wash steps were alternatively analysed using area under the curve
(AUC) analysis. Pooled data from the whole recruitment time course from 5
individual experiments for each NAM was analysed using AUC and numbers
plotted against agonist concentration building CXCL83.99 concentration
response curves of the whole time-course response. The span and potency of
the chemokine were then quantified from the non-linear regression analysis

described in 2.8.2.1.1.

2.8.2.2. Hemi-equilibrium operational model for antagonism

The hemi-equilibrium model for antagonism (Riddy et al., 2015; Kenakin, 2006)
is based first on the Black and Leff operational model of agonism (Black and
Leff, 1983). This empirical model fits concentration response curves to agonist
data in terms of the agonist equilibrium dissociation constant (Ka,
concentration of agonist that occupies 50 % of the receptor population at
equilibrium) and an efficacy parameter tau, which is dependent both on
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agonist intrinsic efficacy (ability to activate the receptor) and system factors

such as amplification and the total number of receptors (Stott et al, 2016).

For the hemi-equilibrium model, pre-treatment with vehicle or antagonist to
equilibrium is assumed. Following addition of agonist, concentration-response
curves are then collected at various time points, over which a new equilibrium
between agonist and antagonist receptor binding is re-established. The time
to this equilibrium depends on the off rate (koff) of the antagonist, which can
be extracted from the data along with an estimate of antagonist affinity Kb

(Riddy et al., 2015; Kenakin, 2006):

_ (Emax X tau X (1087 109K4) % (1 — H))
(10 1esKANy 5 (1 — H) X tau +1) + 1)

B
p= X8 ~+1
= lx—logK A4
KB+ 10

B
KB
+1)

=75
(KB

(% 4 10'x-tegk4) 4 9

G == (1ﬂ|:x—!ogffﬂ:' _|_ 1)

_|_

H=D % [1_ ei—kxcxrims} )_|_ F x gl—kxGxtime)

Where logKA the log of the affinity (equilibrium dissociation constant) of the
agonist, Emax - the maximal response of the agonist, and tau — the operational
model measure of agonist; A — the agonist concentration, with x = log A; B —
the antagonist concentration, KB — the antagonist affinity, k - the antagonist

dissociation rate constant koff, and time — the agonist incubation time.
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Pooled CXCL83s.99 concentration response data at different times in the
absence or presence of different NAMs were fitted to this model using a
custom equation in Graphpad Prism, using global analysis that shared Ko,
antagonist Kg, agonist Ka, tau and Emax parameters. As discussed in chapter 3,
an assumption was made that the binding of NAMs and chemokine was

mutually exclusive, and therefore effectively competitive.

2.8.3 Imaging analysis

2.8.3.1 Fluorescent ligand saturation binding

The saturation binding of CXCL8-AF647 was measured in duplicate, and in
imaging studies was quantified using a granularity algorithm based on the
identification of fluorescent puncta with a set diameter (1-2 um) above a
threshold set with reference to positive and negative controls (Figure 2.4). The
analysis also identifies cellular nuclei through H33342 staining, allowing
guantification of fluorescent ligand binding measured as integrated intensity
per cell. Saturation data using these measurements was then analysed as

described in 2.8.4.1.
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Figure 2.4 Granularity analysis of CXCL8-AF647 binding at CXCR2. The
panel above shows images of 10 nM CXCL8-AF647 binding (left) or vehicle
(right) detected through the Cy5 channel; in the lower panel there are
images showing the detection of fluorescent ligand 1 — 2 um diameter
granules — the white dots in the 10 nM tracer treatment conditions detect
fluorescence above the defined threshold, whereas in the vehicle
treatment condition, no fluorescence is detected. Green spots indicate
the nuclear detection in the images used to normalise granularity
measurements to cell count. Analysis was carried out using MetaExpress
2.0 software (Molecular Devices, San Diego, USA).

2.8.4 Fitting of ligand binding data
Most models of ligand-target interactions are built on the mass action

equation which in the context of pharmacology, defines the relationship
between the free concentration of a drug ([D]) and the amount of drug-
receptor complex that is formed ([DR]) where the receptor (R) is the drug

target (Waage and Gulberg, 1986), (Kenakin, 2016).
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Equation 4: Law of mass action:

D+ R < DR

The law of mass action states that the rates of drug association and
dissociation defined by the forward and reverse rates of the reaction are in
proportion to the concentration of the reactants. The point in the reaction
where the forward and reverse rates become equal represents dynamic
equilibrium.  Under these conditions, the affinity of ligands (agonist,
antagonist, inverse agonist) at GPCRs can be quantitatively assessed through
the equilibrium dissociation constant (Kq). Kd is a widely used pharmacological
parameter describing the free concentration of a drug that allows it to occupy
50% of its target receptors at equilibrium. The Kq of fluorescent ligands is often
extracted from saturation ligand binding experiments at equilibrium where an
increasing labelled ligand concentration is added, and its binding is recorded in
an end-point manner. In this case scenario, Ky represents the ligand
concentration producing half-maximum binding at the target when corrected
for non-specific binding (NSB) effects. K4 can also be represented as the ratio
(Equation 5) of the individual association rate constant (kon) and dissociation
rate constant (koff) for a ligand. The koff (min?) is a unimolecular constant
describing the dissociation of the ligand from the binding pocket
independently of free-ligand concentration, and can be viewed as the
proportion of ligand that dissociates from the receptor in unit time. The kon
(M min?), on the other hand, is bimolecular constant that describes the rate
of formation of a complex between two molecules ligand and receptor. For a
single site interaction between ligand and receptor, the observed association
rate of the ligand to the target protein (kobs) is linearly related to the
concentration of the labelled ligand, with the slope defining the association

rate constant and the Y intercept, the dissociation rate constant (Equation 6).
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Equation 5:

k
xd = of f

kon
Equation 6:

Kobs = [Labelled druglkon+ koff

2.8.4.1 Saturation binding

Total and non-specific binding (NSB) of the fluorescent probe were plotted as
integrated fluorescent intensity / cell (imaging experiments). Binding data
were then normalised to the highest tracer concentration (100%). Total and
non-specific binding data were globally fitted to a model showing the total and
non-specific binding (equation 4, 5 respectively) to obtain the best-fit value for
CXCL8-AF647 binding affinity (Kd) represented as pKd in results chapters (-

logKd), as well as an estimate of total binding density Bmax (Figure 2.5).

Equation 5:

Bmax X [Labelled drug]
[Labelled drug]

Total binding =

Equation 6:
NS = Backrgound + m [Labelled drug]
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Figure 2.5 Analysis of saturation fluorescent ligand binding. The
normalised integrated fluorescent intensity was plotted against
CXCL8-AF647 concentration and analysed using a model
considering both the total and non-specific binding (A), and one-
site binding model of only the specific binding (B) The affinity (Kd)
of the tracer and maximal binding (Bmax) could be extracted from
B.

2.8.4.2. Ligand binding measured using TR-FRET

2.8.4.2.1 TR-FRET signal detection

The Tb3* donor was always excited by a laser source at 6 flashes of 337 nm
wavelength. A kinetic TR-FRET signal was collected at intervals which duration
was determined by the number of wells read. The emission of the donor
terbium was detected at 620 nm and the emission of the acceptor at 665 nm
using HTRF PHERAstar settings. The ratio of acceptor and donor emission (665

nm/620 nm) was obtained for each data point and multiplied by 10, 000.

2.8.4.2.2. Association kinetics binding of CXCL8-AF647

Fluorescent ligand binding measured by TR-FRET was conducted in singlets in
either a 96-well plate format (whole-cell assays) or 384-well plate format
(membrane-preparation assays). The specific binding of CXCL8-AF647 was
extracted from the raw TR FRET ratios by subtracting the NSB from the total
measurements at each time point. The specific binding data for association
kinetics at each fluorescent ligand concentration were then first globally fitted
to a single-site model of association kinetics to obtain the association (kon) and
dissociation (koff) rates and kinetically derived affinity (Kd, as koff / kon) of the

fluorescent tracer. This analysis is based on the description of one site

86



association kinetics to determine kobs in equation 8, and the relationship
between kobs, kon, koff and fluorescent ligand concentration described in

equation 6.

Equation 8:

Specific binding = Plateau X (1 — ekobsxrime

As described in chapter 4, the association of CXCL8-AF647 was analysed with
an alternative fit that considers more complex drug-receptor interactions
composed of more than a single phase. This fit was used to extract fast and
slow observed association rates (Kfast, ksiow), in component proportions defined

by spanfast and spanslow (Equation 9).

Equation 9:
Specific bindin
= Basal + spanfast x (1— g ~kfastx[timel)

4 spanslow x (1 — gl ¥stowxleimel)y

2.8.4.2.3. Dissociation kinetics of CXCL8-AF647

The experiments measuring the dissociation kinetics of AF647 CXCL8 were
conducted in singlets. The binding of the tracer was corrected for non-specific
binding and expressed as a percentage of the binding of the tracer prior to the
addition of unlabelled competitor for each condition (100%) and the maximum
binding inhibition was set as a 0%. The data were then fitted to a model of
two-phase decay to extract the fast and slow dissociation ligand rates (kfast,

kslow), as well the fast fraction of tracer in each condition.

Equation 10:

Bound = Plateau + SpanFast x (e *Fastxt)
+ SpanSlow x (e*stew X1y
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The percentage of the fast dissociation component was then calculated as

(SpanFast / (SpanFast+SpanSlow) x 100).

2.8.4.2.4. Equilibrium competition binding

The competition binding assays were conducted in a 384-well plate format, in
duplicate. The specific binding counts from individual experiments were
normalised to the highest cold CXCL8,s.99 concentration (NSB, 0%) and vehicle
(totals 100%), and were fitted to a non-linear regression model assuming one-
site binding to extract half-maximum inhibitory concentration of the unlabelled

ligand (ICsp, Equation 11).

Equation 11:
(Top— Bottom)

(1 4+ 1|:|':!og[1-’n!ﬁba!!a:i !:'gmz:i]—i—ogffEl}}] 4+ Bottom

Bound =

Where competitive binding could be assumed (unlabelled CXCL82s99), the
unlabelled ligand dissociation constant Ki was estimated from the [Cso

estimates using the Cheng-Prusoff correction (Equation 12).

Equation 12:
Ki = IC50/(1 + [CXCLBAF647)/Kd(CXCLBAF647)

2.8.5 Statistical analysis

Where appropriate, parameter estimates from individual experiments were
pooled as mean +/- s.e.m. Concentration measurements (e.g. ECso, Kd) were
pooled as log or -log (e.g. pECso) transforms. All statistical tests were
performed using GraphPad Prism 7.02-8,9. Statistical significance was defined
as p<0.05 and expressed as * (P< 0.05), ** (p< 0.01) and *** (p<0.001).
Parametric one-way ANOVA tests were performed to compare pECso, Rmax
(NanoBiT assays), pKi (competition binding) or kinetic parameters such as

ligand fast fraction (kinetics experiments), between more than 2 group
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conditions, followed by Dunnett’s multiple comparisons test. Student t-tests

were used when comparing only two sets of data.
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3. Chapter three: Studying the Effects of Intracellular Negative
Allosteric Modulators on CXCR2 Activation using Split Luciferase
Complementation Technology

3.1 Introduction
GPCRs are activated by a vast range of extracellular ligands and canonically

signal through the recruitment and activation of heterotrimeric G proteins (see
chapter 1). This allows for the initiation of intracellular signalling cascades
resulting in the appropriate physiological outcome. Signalling rapid turnoff is
facilitated through receptor interaction with other effector proteins such as G
protein kinases (GRKs) and arrestin proteins (see chapter 1). This chapter will
discuss the molecular mechanism of GPCR-G protein and arrestin interactions
and ways to measure these signalling events in vitro. This will then be
discussed in the context of CXCR2-effector interactions and their modulation

by intracellular negative allosteric modulators (NAMs).

3.1.2 GPCR-G protein interactions

Upon agonist stimulation, GPCRs canonically interact with and activate G
protein effector proteins. While there are more than 350 genes encoding non-
odorant human GPCRs, there are only 16 genes encoding the G protein Ga
subunits divided into 4 major families (Gas, Gaijo, Gag, Gaiz/13) (Takeda et al.,
2002). The activation of GPCRs allowing G protein coupling is fairly conserved
in terms of the structural rearrangements taking place in the GPCR and G
protein interaction surfaces (see section 1.2).

The first structural data for the GPCR-G protein interaction interface came

from the X-ray structure of the B2AR-Gas complex complemented by
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hydrogen-deuterium exchange mass spectrometry approach in parallel
(Rasmussen, et al., 2011), (Chung et al.,, 2011).The active B2AR structure is
characterised by a large outward movement of TM6 and small outward
movement and extension of TM5, and the formation of an a helix by ICL2
allowing for the opening of a crevice to accommodate G protein effectors.
Early biochemical studies have elucidated that the C terminal helical domain of
the G protein forms the GPCR interaction surface (Conklin et al., 1996), (Hamm
et al., 1988), (Semack et al., 2016). The B2AR-Gas structure complemented
prior knowledge by showing that the Gas inserts itself into the crevice formed
within the receptor cytosolic surface with its a5-helix and forms further
contacts with the receptor with the aN—B1 junction, the top of the B3-strand,
and the a4-helix of the Gas Ras-like domain (Chung et al., 2011) (Figure 3.1).
The structural rearrangements allowing the insertion of the a5 helix
destabilises the nucleotide binding pocket and the GaGTPase- GaAH domains
(see 1.2) allowing for GDP to dissociate followed by the binding of GTP and
dissociation of Ga both from the By dimer and from the activated receptor
(Fung et al., 1981).

Interestingly, the position of the cytoplasmic end of TM6 and the extent of its
movement is dependent not only on the nature of the stimulating ligand but
also the effector the receptor couples to. For example, the movement of TM6
is larger for the B2AR bound to a Gas compared to the receptor coupled to the
nanobody Nb80 (Rasmussen, et al., 2011b) despite Nb80 being a high-efficacy
agonist for the receptor.

The release of the structures of other GPCR-G protein complexes (Liu et al.,
2020), (Wang et al., 2021), (Koehl et al., 2018a), (Zhang et al., 2021), (Zhang et
al.,, 2017), (Koehl et al., 2018b) has enabled the comparison of the structural
rearrangements within receptors coupling to different Ga subunits and within
the G proteins themselves. Differences in the extent of TM6 outward
movement have been observed with a larger outward movement for the B2AR
coupling to Gas compared to the adenosine receptor A1R coupling to Ga;

(Draper-Joyce et al., 2018), (Garcia-Nafria and Tate, 2019), (Ma et al., 2020).
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Furthermore, the binding of the Gai to the receptor is not supported by the
formation of an a helix by the receptor ICL2 (Ma et al., 2020).

The GPCR-G protein interface of the B2AR and the adenosine receptor AzaR
has also been compared to the serotonin receptor 5HT1sR coupled to a Go
protein (Garcia-Nafria et al., 2018b). The interaction surface of the B2AR and
the adenosine receptor A;aR both coupled to Gas proteins (whole-length and
minimal engineered Gas) (Garcia-Nafria, et al., 2018) is larger (containing more
amino acid contacts) compared to the 5HTi1gR coupled to a Go protein.
Another difference is in the tilt of the a5 helix of the G protein when bound to
the receptor likely arising from the different final C terminus amino acids,
important in defining G protein specificity (Flock et al., 2015). In the case of
comparing the B2AR-Gs to CXCR2-Gi complex, the a5 helix of the Gi protein
contains less bulky residues than the Gs and required less of a TM6-mediated
opening in the receptor cytosolic interface (Liu et al., 2020). The contribution
of the B subunit of the heterotrimeric G protein in the binding to GPCRs also
varies between receptors likely resulting from the positions and tilt of the a5
helix and its interaction with the B subunit (Garcia-Nafria and Tate, 2019).
Nevertheless, for all Class A GPCRs compared in various studies, the majority of
contacts made with GPCRs are through the C terminal a5 helix of the Ga
subunit.

The binding of an agonist to the family B representative Glucagon receptor
(GCGR) coupled to a Gas protein, on the contrary, is not associated with an
outward movement of TM6. This rearrangement is only observed following the
insertion of Ga5 helix of the Gas protein (Hilger et al., 2020). This structural
difference is likely associated with the activation kinetics of the GCGR and with
the following sustained receptor signalling. Nevertheless, this is not a universal
feature for all family B GPCRs demonstrated by the structure of the
Corticotropin-releasing factor receptor (CRF1R)-G protein complex where the
outward movement of TM6 is necessary for the binding of the Ga5 subunit (

Ma et al., 2020).
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Figure 3.1. GPCR-G protein interaction surfaces. a) The interaction of Gas with the
cytosolic surface of B2AR revealed through X-ray crystallography and DXMS studies. b)
The W opioid receptor- Gai complex structure obtained using cryo-EM. Images taken
from (Chung et al., 2011) and (Koehl et al., 2018) respectively.

3.1.3 GPCR-arrestin interactions

Arrestin proteins preferentially bind activated and GRK-phosphorylated GPCRs
and serve to terminate receptor signalling and execute other GPCR-
independent functions (Gurevich and Gurevich, 2006). The arrestin molecule is
composed of an N terminal and C terminal domain, each composed of
antiparallel B sheets packed together forming ‘sandwich’-like structures. The
very carboxy terminal of the protein named ‘C tail’ connects to the C domain
by a flexible linker and interacts with various parts of the C and N domains. A
distinct feature of arrestin conformation is the functionally important ‘polar
core’ comprised of conserved charged residues between the N and C domains
in the very core of the molecule (Hirsch et al., 1999) (Figure 3.2). The polar
core allows for an easy reorganisation of the arrestin molecule upon activation
through its function of a phosphate sensor that shifts the equilibrium of the
arrestin molecule in favour of the active state upon interaction with the GPCR
phosphates (Gurevich et al., 2018). The phosphate containing GPCR C terminus

binds at the location of the arrestin C tail (across the N domain), displaces it
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and causes structural rearrangements within the polar core allowing the
rotation of the C terminus (Chen et al., 2018b).

Another important structural element in arrestin proteins is the ‘finger loop’
formed between B strand 5 and 6 in the N terminal domain (Figure 3.2). The
finger loop of arrestins serves the ‘active-receptor’ sensor that engages with
the cytosolic TM cavity opened upon GPCR activation (Kang et al., 2015), (Yin
et al., 2019), (Staus et al., 2020). Upon activation, the finger loop forms an a
helix and directly inserts itself into this pocket (Chen et al., 2018b).

These structural data have led to the formation of the 2-step model of arrestin
interaction with GPCRs. In the first step, the GPCR phosphorylated C terminus
engages with the N domain of arrestin based on high affinity charged
interactions between the negative phosphates on the receptor and basic
arrestin residues. This first interaction causes structural rearrangements within
the arrestin molecule allowing for its second-step interaction with the GPCR
core being the insertion of arrestin flinger loop into the binding pocket within
TM5,6 and 3 (Shukla et al., 2014), (Huang et al., 2020).

The two-step interaction of arrestin with GPCRs and observations that arrestin
can be activated only through the interaction with receptor phosphorylated C
terminus have led to the idea of mutual binding of arrestins and G proteins at
the GPCR (Kumari et al., 2017). The simultaneous binding of arrestin and G
proteins at GPCRs has also been demonstrated with the formation of a
megaplex between B2AR and V2R and arrestins and G proteins that exert
signalling from intracellular compartments (Thomsen et al.,, 2016). The
engagement of arrestin with GPCRs, however, is more common with both the
phosphorylated C terminus and interhelical cavity shared with Ga5 which is the
basis of homologous receptor desensitisation based on the occlusion of G

protein binding (Gurevich and Gurevich, 2019).
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Figure 3.2 GPCR-arrestin interaction surfaces. a) Structure of the arrestin molecule
showing the N and C domain shown with N and C respectively, finger loop in purple,
middle loop in green and part of the C tail identified in yellow (Gurevich, Gurevich and
Uversky, 2018) b) The complex between the neurotensin receptor (NTSR1) and f-
arrestin 1 obtained using Cryo-EM (Huang et al., 2020).

3.1.4 In vitro assays to measure GPCR-effector interactions

GPCR activation can be detected via a range of approaches that could measure
second messenger signalling (eg. cAMP, calcium release), gene transcription or
downstream function (eg. cell proliferation, cytokine release, cell migration)
(Zhang and Xie, 2012). Measuring receptor activation at such downstream
points, however, is associated with signal amplification which intervenes with
the response generated and could mask differences between ligands with
otherwise different efficacies (ability to activate the receptor), and ‘biased’
effects of ligands at different pathways (Kenakin, 2017). The kinetics of
signalling events, which is often crucial for the signal outcome, is furthermore,
often difficult to measure with a lot of commonly applied in vitro assay which
are based on end-point reads. More recently, the use of biosensors that can
detect conformational rearrangements in proteins, and the release of second
messengers such as cAMP and calcium have allowed studying the spatio-
temporal dynamics of GPCR signalling (Nikolaev et al., 2004), (Wright and
Bouvier, 2021), (Matthees et al., 2021).

In vitro assays studying GPCR-effector interactions in real time and living cells
have emerged as a direct way to detect GPCR activation and study how ligands

affect distinct signalling pathways at very early stages unaffected by signal
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amplification. The binding of arrestins to active, phosphorylated GPCRs makes
them exploitable effector molecules to study as an indicator of GPCR activation
and probe the effects of agonists, antagonists and allosteric modulators on this
process. As arrestins bind phosphorylated, active GPCRs, assays measuring the
GPCR-arrestin interaction has long been used as an indicator of receptor
activation. These protein-protein interactions can be monitored by labelling
the proteins of interest with either complementing B-galactosidase enzyme
fragments or the Tango® assay, the latter based on the transcription of an
enzyme producing fluorescent signal (Zhang and Xie, 2012). Whilst commonly
implemented, neither assay can be used to monitor the recruitment of arrestin
in real time, with either an irreversible end point measurement or the
introduction of a significant delay between experimental treatments and
taking the measurements. Another consideration is the extent to which the
physiological system needs to be manipulated. The cellular distribution and
binding of a fluorophore-labelled arrestin to unlabelled B2AR and V3R has been
monitored using imaging approaches providing the advantage of unmodified
receptors (Oakley et al., 2002). Furthermore, intramolecular arrestin Forster
resonance energy transfer (FRET) sensors have also been used to monitor
receptor-activation specific arrestin conformational rearrangements as well
their kinetics (Nuber et al., 2016), (Oishi et al., 2019). These approaches are
advantageous for the lack of receptor modification and ability to monitor
arrestin dynamics and arrestin-receptor interactions kinetically. Nevertheless,
they require high-content imaging system and laborious protocols limiting
their use in a high-throughput manner. Bioluminescence resonance energy
transfer (BRET) allows for the multi-well plate format ratiometric recording of
Luciferase-enzyme and a fluorophore of choice modified receptor/effector pair
in real-time, living cells (Salahpour et al., 2012), (Spillmann et al., 2020).

GPCR-G protein interaction and GPCR driven G protein activation have also
been exploited for the development of in vitro assays to probe GPCR ligands.
One of the oldest and most common approaches is the GTPyS assay which
utilises the radiolabelled non-hydrolysable analogue [*°S]GTPyS of GTP to

measure the activation of the heterotrimeric G protein upon receptor
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stimulation (Harrison and Traynor, 2003). The assay allows the extraction of
classical pharmacological parameters such as ligand potencies and affinities
without the issue of signal amplification. A major disadvantage, however, is the
use of radiation, lack of kinetic resolution, as well the increased difficulty when
studying GPCRs not coupling to Gai/ effectors. Separation of the Ga — Gy
subunits upon activation has been measured in real-time, living cells using
intramolecular FRET sensors, which as previously discussed, are limited by the
complex imaging instruments required and often low signal-to-noise ratio
(Hein et al., 2005). The activation of G protein has also been studied by looking
at the interaction of the separated dimer By with the G protein coupled
receptor kinase GRK3 (Bondar and Lazar, 2021).

BRET-based detection of GPCR-G protein interactions is another experimental
approach that is challenging due to the existence of pre-formed receptor-
heterotrimeric G protein complexes. BRET-based detection of GPCR-G protein
interactions has also been designed (Galés et al.,, 2006), however, this
approach is challenging due to the existence of GPCR-G protein pre-formed
complexes and high background signal, as well as changes in the
heterotrimeric G protein conformation as a result of nucleotide exchange and
activation.

Measuring receptor-G protein interactions has been simplified through the
development of minimal G proteins (mini G proteins) initially designed as solely
the GaGTPase domain of Gas (Carpenter and Tate, 2016). The design of the
synthetic G protein probes involved truncation of the G protein N terminus
and GaAH domain removing membrane anchor and By binding interface,
mutations to improve protein stability in vitro, and a mutation in the a5 helix
preventing Ga dissociation from the GPCR upon GTP binding (Carpenter and
Tate, 2016). These modifications allowed for the use of the probe in the
crystallisation of receptor in their active conformation due to its reduced
mobility, increased stability and smaller size, whilst preserving the GPCR
binding interface (Carpenter et al., 2016). Later on, mini G protein probes
representative of each Ga subfamilies were developed as follows mini Gsq,

mini Gil (poorly expressing and unstable), mini Gol, mini Golf, for not only
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structural but also functional studies (Nehmé et al., 2017b), (Wan et al., 2018).
The binding of some mini G proteins to By could be, however, preserved as
shown in the structural 5HT1g receptor study (Garcia-Nafria et al., 2018). The
small size of minimal G proteins and their recruitment from the cytosol upon
GPCR activation makes then ideal sensors to robust receptor activation as a

result of different ligand treatment.

3.1.5 Split Luciferase reporter system to study protein-protein interaction in
real time

The Split Luciferase system utilises the small (19 kDa) and bright engineered
luciferase enzyme NanolLuc (Nluc) originally derived from a deep-sea luminous
shrimp (Hall et al., 2012). Nluc has been exploited for the development of a
binary reporter by its separation into fragments used for tagging proteins of
interest.

The Nluc binary reporter system developed by Promega (Madison, US) is based
on splitting the Nluc enzyme into a 11-aa SmBIT fragment and 157-aa LgBit
fragment. The LgBit fragment is optimised for stability through the
introduction of point mutations, whereas the SmBit peptide sequence is varied
for the development of alternative peptides with ~270000-fold range in LgBiT
affinity (Dixon et al., 2016) (Figure 3.3).The low-affinity SmBit fragments allow
for their use in detecting protein-protein interactions in robust reversible
manner allowing for studying the kinetics of protein-protein interactions in live
cells. The relatively small sizes of the tags, furthermore, aids preserving the
actual protein affinities for one another. The HiBiT peptide (Promega, Madison,
US) is another alternative peptide that forms a stable, slowly reversible
interaction with the LgBIiT fragment that is not appropriate for studying the
dynamics of protein-protein interactions such as effector receptor recruitment
have been exploited as tools to quantify protein expression or receptor
internalisation (White et al., 2020), (Reyes-Alcaraz et al., 2018), (Soave et al.,
2019). The Nluc has been more recently split into two other unique fragments

utilised for measuring B-arrestin recruitment to the plasma membrane
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bringing the advantage of probing unmodified native receptors as an

alternative to bystander BRET (Pedersen et al., 2021).

1.3kDa

i =t +C02 + Luminescence

SPa\

Furimazine " ;
Furimamide

Figure 3.3 The Split luciferase complementation system principle. Nanoluciferase was
split into LgBit (18 kDa) and SmBit (1.3 kDa) fragments which upon complementation
form the active enzyme; Nanoluciferase (Nanoluc) oxidises the substrate furimazine
into furimazine which is accompanied by the release of luminescence which is the
assay output; image adapted from Dixon et al (2016).

3.1.6 Modulation of CXCR2 activation and intracellular signalling effector
interactions

The crystallisation of the CXCR2 receptor in its inactive conformation bound by
an intracellular NAM, 00767013 (structural match to navarixin) demonstrated
the overlap of the NAM binding pocket with the hydrophobic canal
accommodating the a5 helix of the Gai subunit suggesting steric interference
of the NAM with G protein binding (Liu et al., 2020). This is likely to underline
at least partially the mechanism of action of the intracellular CXCR2 NAMs —
inhibition of receptor activation and reduction in chemokine affinity due to the
disturbed ternary complex. Nevertheless, there are still many unanswered
guestions such as if the structural diversity of these molecules underlines
differences in their pharmacological profiles. Furthermore, the effect of NAMs
on arrestin recruitment to CXCR2 has not been investigated so far and that
could be different from that observed for G proteins, given the overlapping but
not identical binding surface.

In addition, it has already been shown that NAMs like SB265610 bind in a fast
reversible manner at CXCR2 (Bradley et al., 2009) whilst AZD5069 and R-
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navarixin have small dissociation rate constants (kosf) making their binding at
the receptor slowly reversible (Nicholls et al., 2015), (Gonsiorek et al., 2007). It
is likely that such differences in NAMs binding kinetics would result in distinct
pharmacological profiles that could be picked up in a functional assay

measuring receptor activation in real time.

3.1.7 Chapter Aims

This work developed the Split Luciferase binary reporter system (NanoBiT) for
studying the activation of CXCR2 in HEK293T cells expressing LgBiT tagged
receptors and low-affinity SmBit tagged B-arrestin2 or mini Go proteins (Figure
3.4) with and without a range of structurally distinct intracellular NAMs —
SB265610, AZ10307767, danirixin, S-navarixin, R-navarixin, and AZD5069 (see
table 1.2 for structure) aimed at probing the effects of NAMs on CXCR2
activation and comparing them both between the two signalling systems and
among each other. The goal of these studies was to extract information about
the mechanism of action of the NAMs by analysing their effect of CXCL82s-99
concentration-response relationships as well the kinetics of receptor-effector
interactions. We aimed at extracting quantitative information of the NAMs
affinity and binding kinetics at CXCR2 through the use of mathematical

modelling and analysing these properties against their functional effects.
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3.2 Results
3.2.1 Characterisation and optimisation of the NanoBiT DNA constructs

The success of the Split luciferase complementation assay firstly depends on
the appropriate DNA construct design. The tagging of the CXCR2 receptor with
the LgBit fragment was based on previous investigations with other GPCRs in
the laboratory (unpublished data). The addition of a linker between the
receptor C terminus and the LgBiT peptide depends on the nature of the GPCR
C terminus and the presence of an extended C terminus domain at CXCR2 did
not require the introduction of an amino-acid linker prior to the LgBIT
sequence, other than the two amino acids (LE) inserted as part of the Xhol
restriction site (see chapter 2).

The position of the SmBIT fragment on the effector protein can be crucial to
preserve receptor interaction, and appropriate complementation of the Split
Luciferase. For example, the C terminus of the mini G constructs is critical for
receptor engagement, so only N terminal mini G effector tagging with SmBIT
was considered (Wan et al., 2018). The location of the tag for the B-arrestin2
protein was optimised in transiently transfected HEK293T cells with either N-
or C-terminally SmBIT tagged B-arrestin2 to determine which was the optimum
orientation of the tag for the generation of a strong luminescence signal. The
tagging of B-arrestin2 with SmBIT at the N terminus resulted in more efficient
complementation with the LgBiT tagged CXCR2 manifesting in a higher
luminescence signal (Figure 3.5). In addition, CXCL8 concentration-response
relationship for the CXCR2-C-terminally tagged arrestin interaction, did not
follow a sigmodal but a linear shape.

CXCL82s-99 stimulated receptor activation with nanomolar affinity for both N-
terminal and C-terminal arrestin effectors (pECso = 9.7+ 0.2;8.7+0.8

respectively; n =3).
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Figure 3.5 Interactions of CXCR2LgBit with N- or C-terminally SmBit tagged j-
arrestin2. Cells were treated with furimazine substrate 5 minutes prior to
recoding basal luminescence, followed by the addition of a range of
concentrations of the agonists CXCL8s95 . The recruitment of N-terminally
(dark grey curve) or C-terminally (blue curve) SmBIT tagged B-arrestin2 is
shown at 30 minutes post CXCL8,s.99 treatment. Graphs represent pooled data
from 3 individual experiments, as mean + S.E.M.

3.2.2 Generation of SNAPCXCR2Lg/ SmBit B-arrestin2 and SNAPCXCR2Lg /
SmBit mini Go HEK293T cell lines

Following the determination of the optimum construct design, HEK293T cells
were stably transfected with the LgBiT tagged CXCR2 receptor and either
SmBiT-tagged PB-arrestin2 or mini Go effectors (N-terminally tagged) and
selected with the appropriate antibiotics. The SNAP-tag at the N terminus of
CXCR2 was labelled with cell-impermeable SNAPsurface AF488 fluorophore
and visualised using widefield microscopy and the appropriate detection
filters. The receptors were expressed both on the plasma membrane and in
intracellular compartments, reflecting a level of constitutive internalisation

(Figure 3.6).
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SNAPCXCR2LgBIT SmBIT Barrestin2 SNAPCXCR2LgBIiT SmBiT mini Go

Figure 3.6 Expression of SNAP CXCR2LgBiT receptor in stably transfected
HEK293T cells. Cells were stained with H33342 (blue) to identify nuclei and the
SNAP-tag at CXCR2LgBiT labelled with cell impermeable SNAPsurface-AF488
fluorophore to identify receptors initially at the cell surface. The image in (A)
shows SNAPCXCR2LgBIiT receptors in cells dually transfected with SmBIT B-
arrestin2 and the one in (B) SNAPCXCR2LgBit in cells transfected with SmBit mini
Go. The images are representative of an individual experiment.

3.2.3 Recruitment of B-arrestin2 and mini Go proteins by CXCR2

Following the generation of the stable cell lines expressing NanoBiT-tagged
CXCR2 receptors and effectors, cells were treated with furimazine and
luminescence was recorded before and after stimulating with a range of
CXCL828-99 concentrations. In both cell lines a basal level of luminescence was
evident, suggesting a level of constitutive recruitment of each effector by
CXCR2. Furthermore, chemokine stimulation produced a concentration-
dependent increase of receptor-effector interactions that reached a peak
between 5-7 minutes after highest agonist concentration addition (100 nM),
followed by a broadly sustained response over the measurement period of 30

min (Figure 3.7).
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Figure 3.7 Kinetics of CXCR2-effector interactions. A) CXCR2-B-arrestin2 recruitment
as raw luminescence counts upon CXCL83s.99 treatment over 31 minutes. B) CXCR2-
mini Go recruitment as raw luminescence counts upon CXCL8,s.99 treatment over 31
minutes. C) CXCR2-B-arrestin2 recruitment baseline-corrected and normalised to the
100 nM agonist at peak time. D) CXCR2-mini Go recruitment baseline corrected and
normalised to 100 nM agonist at peak time. Data in A, B are representative from
single experiments with error bars = S.D. and in C, D pooled from 5 individual
experiments with error bars = S.E.M.

3.2.4 Optimisation of furimazine substrate concentration

The Split luciferase complementation assay utilises the oxidation of a substrate
furimazine by the complemented luciferase enzyme to produce furimamide,
CO; and luminescence as an output (Figure 3.8). Therefore, the concentration
of the substrate needs to be optimised to avoid depletion across the
timecourse of the read. It is also important to experimentally test that the
concentration of furimazine does not influence the timecourse of the
complementation response, so that it can be interpreted as the dynamics of
the underlying protein-protein interactions. To probe this, the recruitment of
B-arrestin2 by CXCR2 was monitored under 5 different dilution ratios of
furimazine (diluted from the manufacturer’s (undisclosed) top substrate

concentration). The recruitment of B-arrestin2 stimulated by 100 nM CXCL8
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was sustained with a peak at 5-7 minutes and a small drop observed from 15
minutes onwards. The difference in furimazine concentration only affected the
absolute luminescence counts as expected but did not change the kinetics of
the complementation response measurement stimulated by 100 nM CXCL8zs-
99 agonist (Figure 3.6) — indicating that this was driven by the profile of the

receptor-arrestin kinetics interactions.
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Figure 3.8 The interaction of CXCR2 with arrestin effectors stimulated by
100 nM CXCL8 with the addition of a range of concentrations of
furimazine. (A) The recruitment of B-arrestin 2 by CXCR2 over time shown
as raw luminescence counts. (B) The recruitment of B-arrestin 2 by CXCR2
over time normalised to the highest chemokine response time-point in
each substrate concentration condition. Graphs represent pooled data
from 3 individual experiments: error bars = S.E.M.

3.2.5 Characterisation of the effect of NAMs on CXCR2 activation
3.2.5.1 The effect of NAMs on CXCL82s-99 pharmacology

Once the Split Luciferase assay conditions were optimised, we probed the
ability of a range of structurally distinct intracellular NAMs of CXCR2 to inhibit
receptor activation as a function of effector recruitment. This was approached
by two experimental designs; HEK293T cells were either pre-treated with
NAMs prior to agonist treatment, or NAMs were introduced post-chemokine
agonist treatment. Each approach aimed at answering distinct questions
concerning NAMs mechanism of action. NAM pre-treatment allowed the pre-
formation of NAM-receptor complexes (using a NAM pretreatment time to

allow this to approach equilibrium), followed by agonist (CXCL82s-99) challenge.
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Under these conditions, the agonist concentration response curves at different
time points provide an indication of the mode of action of the antagonist
(surmountable versus non-surmountable) at each time, and how this changes
as the binding of agonist and NAM to the receptor re-approaches equilibrium
after CXCL8s-99 addition (Charlton and Vaugquelin, 2010),(Riddy et al., 2015).
These data also show the effect of NAMs on basal luminescence in the assay,
and the potential for inverse agonism. In the second methodology, CXCL8-
CXCR2-effector ternary complexes were preformed, and subsequent NAM
addition was designed to discover how rapidly these were disrupted over time
by the modulator, through the construction of ICso curves at each timepoint.
CXCL82s-99 stimulation of receptors led to the robust and sustained recruitment
of both arrestin and mini Go proteins (pEC50 range 8.8 — 9.3; Figures 3.9, 3.10;
Tables 3.1, 3.2) which was dose-dependently inhibited by the NAMs (SB265610
representative data Figure 3.9, A,B; Figure 3.10 A,B). Using the final time-point
from the kinetic reads (30 minutes) concentration-response curves of CXCL8,s-
99 were constructed and the effect of NAMs on the behaviour of the
chemokine were analysed by fitting concentration response relations (Figure
3.9, B-G Figure 3.10, B-G). For each NAM, its concentration-dependent effects
on the CXCL8 response profiles in the mini Go and arrestin assays were broadly
similar. With the exception of AZ10397767, NAM pretreatment also reduced
the basal luminescence measured in the receptor-arrestin or mini Go cell lines.
AZ10397767, on the other hand, produced a slight increase in basal
luminescence at higher concentrations, in both assays.

In each effector recruitment assay, the NAMs affected the 30 min
concentration-response relationship of CXCL88.99 in distinct manners, which
could be broadly classified in surmountable or non-surmountable terms.
Pretreatment with SB265610, danirixin, and S-navarixin produced rightward
shifts in CXCL82s-99 curves indicating reduction in the chemokine potency
without a clear change in agonist Rmax (Tables 3.1, 3.2; Figures 3.9,3.10). In
contrast, using the same pretreatment conditions, R-navarixin, AZ10397767,
and AZD5069 primarily reduced the maximal response of the chemokine in a

non-surmountable manner (Tables 3.1, 3.2; Figures 3.9, 3.10).
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Figure 3.9 The effect of NAMs on CXCR2-B-arrestin2 interactions. Concentration-
response curves for CXCL8,s.99 alone or with a range of concentration of the NAMs
SB265610 (A,B), danirixin (C), AZ10397767(D), R-navarixin (E), S-navarixin (F), and
AZD5069 (G) in its ability to stimulate B-arrestin2 recruitment by CXCR2. Cells pre-
treated with each NAM for 60 minutes, furimazine substrate treatment as performed
for 5 minutes and luminescence was recorded before and after the addition of
CXCL8,s.99; the data in B-G show concentration-response curves of CXCR2-arrestin
interactions 31 minutes post-agonist addition. Graphs represent pooled data from 5
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Figure 3.10 The effect of NAMs on CXCR2-mini Go interactions. Concentration-
response curves for CXCL8;s.99 alone or with a range of concentration of the NAMs
SB265610 (A,B), danirixin (C), AZ10397767(D),R-navarixin (E), S-navarixin (F), and
AZD5069 (G) in its ability to stimulate mini Go recruitment by CXCR2. Cells pre-treated
with each NAM for 60 minutes, furimazine substrate treatment as performed for 5
minutes and luminescence was recorded before and after the addition of CXCL8,s.99;
the data in B-G show concentration-response curves of CXCR2-arrestin interactions 31
minutes post-agonist addition. Graphs represent pooled data from 5 individual
experiments; error bars = S.E.M.
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NAM pECs,control pEC,,+ NAM Rmax cONtrol Rmaxt NAM

$B265610(0.33 uM) 9.02+ 0.14 7.77+ 0.11% 89.07 +1.49 61.85+ 3.03***
S-navarixin (0.22 pM) 8.89 + 0.06 8.27 + 0.062%** 93.83+6.11 89.75%2.29
Danirixin (0.04 uM) 9.12£0.12 8.13 £ 0.13%** 88.64 £2.16 82.41+5.50
R-navarixin (2.2 nM) 9.20 +0.09 8.47 +0.56 79.51+2.24 61.38+ 4.20%*
AZ10397767 (0.11 pM) 9.04 +0.05 8.34 4 0.09** 82.26+2.23 43,93+ 6.22%%*
AZD5069 (12 nM) 8.81+0.20 7.26+0.26 90.22 +4.06 43.86 +15.46 **

Table 3.1 The effect of NAMs on CXCR2-arrestin interactions. The table shows the
PECso values of CXCL&25-99 alone or with SB265610, S-navarixin, danirixin, R-navarixin
AZ10397767, AZD5069 (at the lowest concentration showing a significant effect
(when any) from data in Figure 3.7 in the arrestin recruitment assay 31 minutes
following agonist addition. Data represent mean values pooled from 5 individual
experiments + S.E.M. For each NAM, significant differences between the pECso values
in the presence of NAM at differing concentrations, compared to the CXCL&3s-99
control, were assessed by One-way ANOVAS followed by Dunnett’s multiple
comparisons test. * P <0.05, ** P <0.01, *** P<0.001

NAM pECs,control PECso+ NAM R, .control (%) R+ NAM (%)
5B265610 (0.33 uM) 9.31+0.08 8.05 + 0.06*** 87.03 +1.14 70.88 + 5.90
S-navarixin (0.22 uM) 9.13+0.04 8.20+0.21%** 84.16+2.16 95.17 + 10.79
Danirixin (0.04 M) 9.03+0.15 8.41+0.11** 88.18 + 3.98 76.09 +5.08
R-navarixin (2.2 nM) 9.28+0.16 8.00+ 0.50% 84.25+2.68 51.57 + 6.70**
AZ10397767 (0.11 pM) 9.20 £ 0.06 8.50 + 0.06*** 83.04+1.24 46.28 + 2. 46%**
AZD5069 (12 nM) 8.92+0.11 7.80 4+ 0.13*** 83.07+1.81 38.48 +14.01***

Table 3.2 The effect of NAMs on CXCR2-mini Go interactions. The table shows the
PECso values of CXCL&25-99 alone or with SB265610, S-navarixin, danirixin, R-navarixin
AZ10397767, AZD5069 (at the lowest concentration showing a significant effect
(when any) from data in Figure 3.7 in the mini Go recruitment assay 31 minutes
following agonist addition. Data represent mean values pooled from 5 individual
experiments + S.E.M. For each NAM, significant differences between the pECs values
in the presence of NAM at differing concentrations, compared to the CXCL82s-99
control, were assessed by One-way ANOVAS followed by Dunnett’s multiple
comparisons test. * P <0.05, ** P<0.01, *** P<0.001

To explore the kinetic signalling behaviour following NAM treatment in more
depth, timecourses (Figure 3.11) and CXCL83s-95 concentration response curves
at 5 and 15 minutes (Figure 3.12) were constructed to compare the navarixin
enantiomer variants. An increase in the control potency of CXCL83s.99 was

observed at 15 (pECso 8.94+0.12, n=5) and 30 min (pECso 9.20+0.09, n=5)

111



compared to the 5 min timepoint (8.07+0.24, n=5; Figure 3.12), reflecting the
time to equilibrium for the agonist response (and shorter time to peak at high
concentrations observed in Figure 3.11). The non-surmountable behaviour
after R-navarixin pretreatment was evident throughout the timecourse, and
equally the effects of S-navarixin / appeared surmountable even at 5 min post

agonist addition.
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Figure 3.11 Effect of the navarixin enantiomers on the kinetics of CXCR2- effector
interactions. The recruitment of B-arrestin2 (top panel) and mini Go (bottom panel)
by CXCR2 over 31 minutes stimulated by 10 nM CXCL8 alone or a range of
concentrations of S-navarixin (A,C) or R-navarixin (B,D). Cells pre-treated with each
NAM for 60 minutes, furimazine substrate treatment was performed for 5 minutes
and luminescence was recorded before and after the addition of CXCL828-99. Graphs
represent pooled data from 5 individual experiments; error bars = S.E.M
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Figure 3.12 The effect of S-navarixin and R-navarixin on CXCL8 concentration-
response curves at different time points. The enantiomer NAMs S-navarixin (top) and
R-navarixin (bottom) inhibition on CXCR2-arrestin interactions at 5, 15, and 30
minutes post CXCL8 addition. Graphs represent pooled data from 5 individual
experiments, error bars = S.E.M.

3.2.5.2 Quantifying NAM affinity and binding kinetic estimates using the hemi-
equilibrium model

The effects of different NAMs on CXCL8 concentration response curve
relationships (Figure 3.9, Figure 3.10) demonstrated concentration-dependent
effects that were aligned with their reported affinities — for example, R
navarixin and AZD5069 exerted inhibitory effects over a much lower
concentration range than S navarixin or SB265610. However, extracting NAM
functional affinity estimates from these data is problematic. Even when
surmountable antagonism is observed, traditional Gaddum / Schild analysis
requires that the interactions of agonist / antagonist with the receptor are
competitive, and also that equilibrium conditions have been reached.

To test an alternative approach for analysis of the CXCL82s-99 concentration
response, data in the presence of different NAMs, we first made the
assumption that although their CXCR2 binding sites are clearly different,

binding of chemokine and NAM occurred in a mutually exclusive (and thereby

113



pharmacologically competitive) manner. The supporting evidence and
rationale for this assumption will be discussed further in the binding studies
described in Chapter 4. This then allowed the non-surmountable /
surmountable behaviour of the different NAMs to be modelled kinetically, on
the basis of differing dissociation rate constants (kosf). As antagonist Ko
reduces, non-surmountable behaviour on the subsequent agonist
concentration responses can be described on the basis of hemi-equilibrium
conditions — i.e. when re-equilibration between NAM and agonist receptor
binding has not been fully re-established at the measurement time point. The
operational model of antagonism at hemi-equilibrium (Riddy et al., 2015),
(Kenakin, 2006) (discussed in 2.8.2.2) was therefore fitted to the functional
CXCR2 data. For the concentration response curve sets in the receptor-
arrestin assay, this model produced estimates of SB265610, R-navarixin, and
AZD5069 binding kinetics and affinity similar to what previously reported in the
literature (Bradley et al., 2009), (Gonsiorek et al., 2007), (Nicholls et al., 2015).
Furthermore, the model yielded negative values for the koff rate constants of
R-navarixin and AZD5069 based on their very slow dissociation kinetics as
previously reported (Gonsiorek et al, 2007), (Nicholls et al., 2015a). We,
therefore, constrained the koff values to be > 0. Faster dissociation kinetics
were predicted for SB265610 and S-navarixin, with AZ10397767 characterised
by an intermediate koff (Figure 3.14; table 3.4).
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Figure 3.13. Operational model for antagonism at hemi-equilibrium. The data
fitting shown for the effects of SB265610, S-navarixin, R-navarixin, and AZD5069
on CXCR2-arrestin recruitment stimulated by CXCL8,s.99 at 30 minutes (data are
from Figures 3.9). Graphs represent pooled data from 5 individual experiments;
error bars = S.E.M. The analysis is described in more detail in chapter 2.
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NAM SB265610 R-navarixin  S-navarixin  AZD5069 AZ10397767

Affinity (KB) nM 9 0.6 40 17 4
oy (min ) 0.01 9.6 -027 0.08 25032 0.005
prfinity (K31 1.2 0.1 N/A 9.1 19*
e (min) Lit 03 0.0006 N/A 0.0019 N/A
Tau (CXCL8 p00) 5.8 21 2.0 2.8 45
m (CXCLB;5.65) 5.5 1.7 3 3 11

Table 3.3 Operational model for antagonism at hemi-equilibrium. Affinity (KB)
and dissociation kinetics rate (kor) for the unlabelled NAMs SB265610, R-
navarixin, S-navarixin, AZDD5069, and AZ10397767 derived from fitting pooled
data from 5 individual experiments to the operational model for hemi-
equilibrium. The KB Lit and Ko Lit refer to the affinity and dissociation rate
constant values derived elsewhere in the literature for these compounds taken
from (Bradley et al.,2009) for SB265610, (Gonsiorek et al., 2007) for R-navarixin,
(Nicholls et al., 2016) for AZD5069, and *(De Kruijf et al., 2009) for a structurally
similar NAM to AZ10397767; N/A against S-navarixin refers to the lack of
characterisation of this enantiomer in the literature. The parameters tau refers to
the efficacy of the agonist CXCL8,s.99 and KA — to the affinity of CXCL8;s-99.

3.2.5.3 Probing the reversibility of NAM binding to CXCR2

The hemi-equilibrium analysis in 3.2.5.2 suggested that slower binding kinetics,
rather than non-competitive allosteric behaviour alone, could underlie the
distinction between non-surmountable and surmountable mode of action
observed for the different NAMs in the CXCR2 assays. To test this hypothesis,
wash out experiments were designed to remove unbound NAM prior to
agonist treatment. NAMs characterised by slow dissociation kinetics would be
expected to have an increased residence time with persistent receptor binding
under wash out conditions, leading to maintained antagonism of the CXCL82s-99
response. Figure 3.14 (and Table 3.5) show the results of this experiment
comparing SB265610, S-navarixin and R-navarixin. Following the 60-minute
NAM pre-incubation, 2x quick washes with buffer were performed, followed by

a further 15-minute buffer incubation and wash. Next, the CXCR2-arrestin

116



NanoBiT luminescence response was recorded before and after CXCL8s-99
additions. Whilst the chemokine response significantly recovered following the
wash of S-navarixin and SB265610, R-navarixin retained its inhibitory effects
unaffected by the washes. This was observed for the whole timecourse of the
assay, shown by considering concentration response curves constructed on
the basis of area under curve timecourse analysis (Figure 3.14) and supported
statistically for the concentration-response curves taken at 30 minutes post

chemokine addition (table 3.5).
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Figure 3.14 Effect of NAMs on CXCR2-arrestin interactions with and without wash
steps. Concentration response curves of CXCL8,s.99 or CXCL83.99 with 60-minute R-
navarixin (A), S-navarixin (B), and SB265610 (C) pre-treatment with and without
wash steps following NAM treatment constructed using area-under-the curve
analysis of the whole time-course of arrestin recruitment (31 minutes in total). The
AUC analysis (mean only) was performed using pooled data from at least 3

individual experiments.
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R-navarixin pPEC., Span (%)
0 9.2040.09 795422
0wash 9.04+0.04 82.0454.0
22nM 8.46+0.55 61.4+4.2%%x
2.2 1M wash 9.9+ 0.39 54.5+85%*
6.6 NM N/A N/A
6.6 nM wash 847+ 078 495+ 7. 2%xx
S-navarixin pECs, Span (%)
0 8.84+0.06 938+6.1
0wash 9.04+0.04 820 +13
0.66 UM 7.9140.08%** 848436
0.66 UM wash 9.06 + 0.06 77.543.0
2 uM 7.41+0.13%** 83.6+6.1
2 UM wash 8.92+0.07 80.7+39
SB265610 pECs, Span (%)
0 9.02+0.14 89.07 + 1.49
0 wash 9.04+0.04 82.00+1.3
0.33uM 7.77£0.11% 61.85+ 3.03%**
0.33 UM wash 8.52+0.02 75.21+2.83

Table 3.5. Reversibility of NAMs probed in wash assays. Unbound R-navarixin, S-
navarixin, and SB265610 were washed off from the receptor binding pocket vicinity
through wash steps introduced prior to CXCL82s-99 agonist treatment and the effects
of NAMs on agonist potency (pECso) and maximal response (span) were recorded.
Data showing unwashed agonist control (0), washed agonist control (O wash), NAM
pretreatment unwashed (eg. R-navarixin 2.2 nM) or washed (eg. R-navarixin 2.2 nM
wash) were pooled from at least 3 individual experiments were pooled and presented
as means * S.E.M. Experiments with wash steps included were run separately from
ones without, therefore statistical analyses are performed between unwashed
control and unwashed NAM treatment, and washed controls and washed NAM
treatment. Statistical significance displayed as *p<0.05; *p<0.01; *p<0.001 is based
on comparing NAM pretreated and washed wells to washed control wells (vehicle).
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3.2.5.3 Effect of NAMs on pre-formed CXCR2-effector complexes

The experiments to date used a NAM pretreatment protocol to allow the
modulator to bind CXCR2 prior to agonist stimulation. Conceivably, the
preformation of a chemokine-CXCR2-effector complex might significantly alter
the degree of inhibition afforded by NAMs in the assay — for example because
a stable agonist-receptor-effector interaction then prevents access of the NAM
to the intracellular binding site. To test this, R-navarixin and SB265610 were
further compared by adding different concentrations of modulator to cells
previously treated with 1 nM CXCL823.99 for 60 minutes to stimulate the
CXCR2-mini Go interaction. Both NAMs inhibited the NanoBiT CXCR2-mini Go
response, with a modest increase in inhibitory potency (~3 fold) and maximal
inhibition for R-navarixin only with extended NAM incubation time. R-
navarixin achieved receptor-effector complex formation inhibition with higher
affinity compared to SB265610 (Figure 3.15, table 3.6). These data
demonstrate the ability of the two NAMs to bind and inhibit activated CXCR2
responses in the assay under conditions of agonist pre-stimulation, and also
support the reversibility of the LgBiT and SmBIiT partner luciferase

complementation as previously described (Dixon et al., 2016)
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Figure 3.15 The effect of SB265610 and R-navarixin on pre-formed CXCR2-mini Go
complexes. The NAMs R-navarixin (A) and SB265610 (B) were added 1-3 hours
post 1 nM CXCL8s-99 treatment for 60 minutes; graphs represent pooled data
from 5 individual experiment; error bars = S.E.M.

R-navarixin pIC50 R-navarixin SB265610 pIC50 SB265610 maximal
maximal inhibition inhibition (%)
(%)
1h 8.13+0.10 93+4 7.18+ 0.11 100+ 10
2h 8.30+0.10 129+ 12 7.35+0.17 97+3
3h 8.51+0.09 1337 7.55+0.15 109+ 8

Table 3.6 Inhibition potency of SB265610 and R-navarixin to inhibit CXCR2-mini Go
NanoBiT following chemokine pre-treatment. Pre-treated cells with 1 nM
CXCL8/vehicle were treated with R-navarixin or SB2656510 for 1-3 hours. Data
represents means + S.E.M. pooled from 5 individual experiments.
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3.2.6 Investigating the presence of receptor reserve in the CXCR2 NanoBiT
assay system

It is possible that the consequences of a non-competitive mode of NAM action
(or indeed, slow reversibility) might not translate to observed non-
surmountable antagonist behaviour (Figure 3.9, 3.10), if there is a sufficiently
high level of receptor reserve in the system. In the described NanoBiT assays,
which directly measure receptor-effector interaction (a first step following
receptor activation), receptor reserve could be created by the functional
stoichiometry of receptor (R)/ effector (E) proteins (where concentrations of
receptor are greater than that of the effector such as mini Go or arrestin). For
example, with an R:E stoichiometry of 10:1, only 10 % of the receptors would
need activation to fully engage the available effector proteins. Under these
conditions, non-competitive or irreversible antagonists would first shift the
agonist concentration response curve to the right (surmountable behaviour)
prior to any reductions in maximal response.

The identification of actual receptor / effector concentrations in the assay
NanoBiT cell lines would be challenging (not least given the nature of
recruitment of effectors from a 3D pool of proteins to the 2D membrane
environment). However, to assess the likelihood that a receptor reserve could
exist, an assay method was designed to measure the availability of non-
complemented LgBIiT receptors following agonist stimulation.

This utilised the high-affinity SmBit peptide — HiBiT, to complement any
unoccupied receptors post maximal chemokine stimulation. The HiBiT peptide
(10 uM) was added to previously detergent-permeabilised cells to allow
plasma membrane penetration. The addition of both saponin and digitonin
detergents to cells decreased the luminescent signal likely due to an overall
decrease in cell viability (Figure 3.16 A, B). Nevertheless, the addition of HiBiT
peptide to the detergent treated cells significantly increased the net
luminescent signal compared to wells stimulated with CXCL8 in both arrestin

and mini Go cell lines indicating the presence of significant receptor reserve in
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the system. Based on the signal increase following HiBiT addition, receptor
reserve was more pronounced for the arrestin signalling system set-up (~100x

increase vs. ~3x increase for arrestin and mini-Go cell line respectively).
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Figure 3.16 Detecting receptor reserve using LgBit-HiBiT complementation. Cells
expressing  SNAPCXCR2LgBIiT/SmBIT mini Go (A) or SNAPCXCR2LgBIiT/SmBIT
arrestin (B) were treated with buffer/detergent (saponin or digitonin) followed by
stimulation with 100 nM CXCL82s-99 and the addition of 10 uM purified HiBiT
peptide or buffer. The CXCR2-effector interaction is represented as the raw
luminescence signal and the presence or absence of CXCL8, detergent, HiBiT is
indicated as + or — under the corresponding bar on the graph. The graphs are
representative experiments on n=2 and the error bars = S.D.
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3.3 Discussion

3.3.1 NanoBiT mini Go and arrestin assays as a means to monitor CXCR2
activation
This work aimed at profiling CXCR2 NAMs on the receptor-effector interactions

and evaluate if their pharmacology is effector dependent. We established the
NanoBIT technology as a direct reporter of these interactions. For the set of
NAMs tested, equivalent pharmacology was observed that wasn’t effector
dependent. Surprisingly, the ability of NAMs to generate non-surmountable
versus surmountable antagonism in this assay appeared more closely related
to duration of action than their common non-competitive allosteric mode of
action. These data highlighted the importance of NAM binding kinetics, and a
slow koff rate in generating the non-surmountable profile.

The Luciferase Complementation assay was successfully used to monitor
kinetic recruitment of effectors to CXCR2 in a rapid and reversible fashion. The
use of this sensor system has been broadly used to study protein-protein
interactions in both non-GPCR (SARS-CoV-spike protein — ACE2 interaction
(Azad et al.,, 2021); ELISA set-up Antibody-antigen recognition (Hwang et al.,
2020) etc.) and GPCR (GPCR-arrestin recruitment (Spillmann et al., 2020),
(Littmann et al.,, 2019), GPCR-mini G protein recruitment (Wan et al., 2018),
(Laschet et al., 2019), G protein Ga/GPy subunit separation (Inoue et al.,
2019), peptide binding at GPCRs (Hu et al., 2018) and so on) systems.

The potency of the chemokine agonist CXCL83s-99 at stimulating CXCR2-arrestin
and CXCR2-mini Go interactions was in broad agreement with what previously
measured through GTPyS G protein activation studies (Salchow et al., 2010),
(Bradley et al., 2009), PathHunter detected arrestin recruitment (Kruijf et al.,,
2009), and other signalling assays such as neutrophil chemotaxis, calcium
mobilisation, receptor desensitisation and internalisation (Nasser et al.,

2009a).
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CXCR2-arrestin interaction peaked earliest for the highest CXCL82s.99
concentration used (100 nM) which is likely related to the association binding
kinetics rate of the ligand which is concentration dependent (see 4.1.4, 4.1.5).
Thus, 100 nM of a ligand will bind with a faster association rate compared to
30 nM and will likely produce a more rapid receptor-effector interaction.

The profile of CXCR2-B-arrestin2 interaction was sustained with a minor signal
decay occurring around 10 minutes post ligand treatment. This indicates that
there is either quick turnover of receptors due to fast internalisation and
trafficking back to the plasma membrane for re-recruitment of arrestins, or
alternatively, that the CXCR2-arrestin interaction is maintained both at the
plasma membrane and in the cytosol and endosomal compartments following
receptor internalisation. Past studies examining the desensitisation and
trafficking of CXCR2 have demonstrated the rapid internalisation of CXCR2
upon agonist exposure that depends on receptor C tail phosphorylation, as
well as B-arrestin, AP2-2 and dynamin protein interactions (Fan et al., 2001),
(Su et al., 2005). The kinetics of CXCR2-arrestin interaction and stability of the
complex, however, have not been previously studied. The sustained
association of other chemokine receptor such as CXCR4, nevertheless,
happens both at the plasma membrane and endosomal compartments (Orsini
et al., 1999). Furthermore, prolonged arrestin interaction has been shown for
other peptide-activated receptors such as the vasopressin receptor (Feinstein
et al.,, 2013), somatostatin receptor type 2 (SSTR2), gastrin releasing peptide
receptor (GRPR) (Spillmann et al., 2020), that are representatives of both the
class A and class B GPCRs. In addition, previous work (Thomsen et al.,
2016),(Nguyen et al., 2019) showed that GPCRs form sustained G
protein/arrestin complexes that could signal from intracellular compartments.
The latter is based on the partial arrestin interaction with the receptor C tail
only and not the TM crevice (Shukla et al., 2014).

The basal and agonist-stimulated CXCR2-G protein interaction was monitored
using a minimal G protein sensor — mini Go, instead of a full-length G protein.
The mini G protein of choice was mini G, due to its improved stability and

better expression in cells compared to mini Gj and mini Gs; and the high
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conservation between Gai and Gao subfamilies (Nehmé et al., 2017a), (Ueda
et al., 1988).

Whilst not being identical to a full-length native G protein, the mini Go probe
provided the necessary interface for receptor interaction (Ga-GTPase domain)
(see 3.1). Furthermore, the recruitment of the mini G proteins from the
cytoplasm as opposed to being receptor pre-coupled is a significant advantage
of these probes as it allows for the generation of a sufficient assay window to
measure both basal and agonist-stimulated effector recruitment.

Similarly to that reported by Wan et al (Wan et al., 2018), with the opposite
orientation of LgBiT/SmBIiT fragments (Receptor-SmBiT/ Effector-LgBiT), the
recruitment of the mini Go protein manifested as a rise in the luminescence in
a concentration-dependent manner following agonist treatment, whereas the
addition of NAMs reduced the luminescence signal both below basal and
below agonist-stimulated levels. Agonist-stimulated and NAM inhibited G
protein interactions for the CXCR2 receptor have been previously reported for
the same or structural similar NAMs via the use of an alternative G protein
activation detection assay (GTPyS) (Salchow et al., 2010).

The disadvantages of using minimal G proteins, however, are related to the
lack of similarity to a native system where the Ga subunit interacts with By and
the heterotrimeric protein associates with the plasma membrane and could
pre-couple to the receptor. The lack of GTP/GDP exchange of the minimal G
protein making its interaction with the receptor more stable, in addition, make
the probe inappropriate for kinetic studies that require precise detail on the
dynamics of receptor-G protein interactions.

Measuring the receptor-effector interactions as a means to profile ligands was
largely chosen, because this assay detects very early stages of receptor
signalling closer to ligand treatment and is unaffected by signal amplification
which is often the case when measuring downstream signalling events such as
cAMP/calcium release (Hill et al., 2010). What we observed, however, was a
case of receptor reserve arising from the presence of more transfected

receptor than effector proteins which led to the manifestation of
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insurmountable antagonism as surmountable for NAMs with fast dissociation
kinetic rates.

The Split Luciferase complementation assay was optimised by picking the right
construct design for the optimum luminescence signal upon interaction of the
LgBiT and SmBIT fragments whilst preserving the biological activity of the
tagged proteins. The LgBiT fragment was placed at the receptor C terminal,
close to the PDZ-binding domain (-STTL), important for the fate of internalised
receptors as well as functional outcomes such as chemotaxis (Baugher and
Richmond, 2008).

Mutations or deletions of the PDZ motif direct internalised receptor for
lysosomal degradation shown for the CCR5 and CXCR2 receptor (Baugher and
Richmond, 2008), (Delhaye et al., 2007) and are important for resensitisation
following internalisation for the purinergic receptor P2Y1,R (Nisar et al., 2011).
The PDZ motif of the CXCR2 receptor has been argued by some to affect
receptor fate at post-endocytic time-points without affecting the initial
receptor internalisation (Baugher and Richmond, 2008) but also to bind AP2
adaptor proteins and be involved in the clathrin-mediated endocytosis and
receptor sequestration from the plasma membrane (Fan et al., 2001). The
sustained receptor-effector interactions measured, however, do not suggest
the presence of increased receptor lysosomal degradation as a result of
potential PDZ inaccessibility due to the presence of the LgBit fragment.

The tagging of mini Go effectors with the SmBit fragment was only attempted
at the N terminal site because of the insertion of the a5 helix into GPCR
binding pocket (Hamm et al., 1988), (Oldham et al., 2006), (Liu et al., 2020).
This emphasises the importance of careful construction design to avoid loss of
functionality of the signalling proteins and it has been shown before for other
proteins such as GRK proteins which amino terminus is essential for catalytic
activity (Pao, Barker and Benovic, 2009). In the case of the B-arrestin2 effector
proteins, the SmBit tag attachment was probed at both the N and C termini
and the interaction with the LgBit tagged receptors was examined in
transiently transfected cells prior to creating the stable cell lines. Our data

demonstrated that the CXCR2LgBit receptors interact more readily with the N-
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terminally SmBit tagged B-arrestin2 effectors. The reason for that could be the
initial low affinity interactions between the arrestin and GPCR proteins that
happen between the phosphorylated receptor C tail and the basal N-terminal
residues in the arrestin molecule (Gurevich and Benovic, 1995).

In addition, CXCL8 stimulation only produced sigmoidal concentration-
response relationship for the N-terminally tagged arrestin effector, whereas
the interaction between CXCR2 and the C-terminally tagged effector increased
in a linear-like fashion with increasing agonist concentration. The orientation
of the tag and its molecular interaction with the receptor as explained above
could underline this but also differences in effector expression despite
identical transfection condition (eg. protein translation and expression

following the DNA transfection).

3.3.2 Intracellular NAMs demonstrate equivalent inhibitory profiles for CXCR2
recruitment of mGo and arrestin effectors in the NanoBiT assay

Next, a range of structurally distinct intracellular NAMs were assessed in their
ability to inhibit CXCR2-effector interactions. NAMs behaviour on the CXCL8:s-
99 concentration-response curves were analysed by pre-treating cells with 5
fixed NAM concentrations, and then adding a concentration range of the
chemokine agonist. The pre-treatment time with NAMs was set to 60 minutes
aiming to allow plasma membrane penetration of the NAM and its equilibrium
binding with the CXCR2 receptor. When each NAM was compared individually,
its ability to inhibit CXCR2-Barrestin2 and mini Go effector was equivalent. This
demonstrates, that for the range of structural pharmacophores under
consideration, the binding of the NAM to the proposed CXCR2 intracellular
pocket is unable to selectively modulate arrestin versus G protein engagement.
This is not unexpected based on the similarities of the GPCR interaction
surface for arrestins and G protein; the insertion of the of arrestins’ finger
loops into GPCRs cytoplasmic pocket partially mimics the insertion of the a5
helix of the Ga subunit, therefore they partly share the same GPCR binding
interface (Szczepek et al., 2014b). Alternatively, situations of receptor-arrestin

interaction dependent on preceding G protein coupling have been described
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(Smith and Pack, 2021). It could be that NAMs block arrestin binding by simply
limiting the earlier receptor-endogenous G proteins interactions. A further
explanation is that by binding to the intracellular receptor pocket, NAMs may
more generally stabilise the inactive CXCR2 receptor conformation (separate
from steric hindrance of effector association), a concept that will be explored
further in Chapter 4.

All NAMs except AZ10397767 acted as inverse agonists of CXCR2 as they
reduced the receptor-effector interactions below basal. Such properties have
been previously reported for the diarylurea SB265610 (Bradley et al., 2009)
and the diarylsquaramide R-navarixin (Kredel et al., 2009). The increase of the
basal receptor activity by AZ10397767 could be attributed to its partial
agonistic properties previously reported for its structural analogue VUN10948
in a PathHunter arrestin recruitment assay (Kruijf et al., 2009). The differential
effect of AZ10397767 cannot be attributed to its interaction with a distinct site
as previous works showed it could be displaced by SB265610 and other
intracellular NAMs (Kruijf et al., 2009), (Nicholls et al.,, 2008). The pre-
treatment with AZ10397767 is likely to shift CXCR2 in a unique active
conformation supporting effector recruitment, whilst preventing its full
activation by reducing chemokine binding. That could be the case if the NAM
occludes the effector binding pocket to a lesser extent compared to the other
NAMs which is a possibility that could be explored through molecular dynamics
computational simulations or structural studies.

The NAMs were able to inhibit CXCR2-mini Go interactions not only when
applied prior to agonist stimulation but also following agonist treatment and
the formation of receptor-effector complexes. The ability of NAMs to bind to
their intracellular pocket suggest that either they have access to it within the
ternary complex formed. Alternatively, and more likely, the periodic
dissociation of the ligand-receptor-effector complex during the dynamic
binding equilibrium allows for NAMs to access the intracellular binding pocket
before rebinding of effector occurs. The ability of NAMs to inhibit pre-formed
receptor-effector complexes may be also determined by the location of

receptor especially following agonist stimulation. Internalised receptors in
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endosomal compartments may switch conformation due to differences in the
environment pH (Vogel and Siebert, 2001), (Ghanouni et al., 2000). Such
differences in receptor embraced conformations dependent on their cellular
location may lead to a further layer of NAMs abilities to bind receptors and

block their activation.

3.3.3 Slow NAM binding kinetics as a driver of insurmountability in the
NanoBiT assays

All NAMs studied are allosteric and are (regarding binding) non-competitive,
interacting with a separate site from the one of the chemokine ligand. Classical
pharmacology dictates that these non-competitive binding interactions can be
revealed as non-surmountable antagonism. However, we observed that while
a number of NAMs displayed non-surmountable properties in the assays (R-
navarixin, AZD5069, AZ10397767), others were surmountable (SB265610,
danirixin, S-navarixin). While we identified the presence of receptor reserve in
the assay, which might obscure non-surmountable effects, this appears
insufficient to explain the difference in behaviour of closely related analogues
such as R and S navarixin.

Instead, non-surmountable behaviour was closely correlated with reported
slow koff rates, where known (Nicholls et al., 2015), (Gonsiorek et al., 2007) —
indicating binding kinetics, and in particular long residence time and hemi-
equilibrium conditions, was a key driver in generating this mode of action. This
observation was supported by wash out assays demonstrating the persistence
of antagonism for the slow off compounds such as R-navarixin that effectively
reduced the chemokine maximal response.

Based on a presumption that kinetics and reversibility drove the nature of the
NAM effects on CXCL8 CRCs, the hemi-equilibrium model was fitted to the
data. This model estimated very slow dissociation rates and higher affinities for
R-navarixin and AZD5069 compared to SB265610 and S-navarixin matching
their functional insurmountable and surmountable-like profiles in the NanoBiT
assay. Clearly, one drawback of using this model is that NAM and chemokine

binding must be mutually exclusive to meet the assumptions of competitive
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behaviours. This question will be revisited in chapter 4. Nevertheless, the data
show that slow koff, as well as non-competitive mode of action, can be a key
additional means to promote insurmountable behaviour as part of a desired
CXCR2 NAM compound profile. Clinically an insurmountable mechanism can
be beneficial in an anti-inflammatory therapeutic, in which inhibitory efficacy
at CXCR2 may need to be maintained under conditions of high CXCL8 release
and concentration (Mould et al., 2014a), (Vauquelin and Charlton, 2010). Thus,
it is notable that two of the NAMs that have reached clinical study (R-navarixin,
AZD5069) are slowly reversible.

Wash-off experiments further supported these observations by showing that
R-navarixin retained its inhibitory effect on CXCR2-arrestin interactions
following multiple buffer washes unlike SB265610 and S-navarixin. The semi-
irreversible binding of R-navarixin likely didn’t allow for its removal from the
vicinity of the binding pocket unlike the quickly equilibrating compounds such
as SB265610, and S-navarixin.

These observations taken together suggest that the surmountable profiles of
SB265610, danirixin, and S-navarixin could result from negative binding
cooperativity with the chemokine making the agonist and NAM interactions
mutually exclusive (further explored in chapter 4) in combination with system
factors such as receptor reserve. The insurmountable profiles of R-navarixin,
AZD5069, and possibly AZ10397767 are on the contrary binding kinetics

driven.

3.3.4 Critical evaluation and future directions
Whilst these data demonstrated that detecting the CXCR2-arrestin/mini Go

interactions using the NanoBiT technology is a robust way to measure receptor
activation and profile ligands, there are certain limitations in our system that
could be addressed.

Concerns regarding the C-terminal modification of the receptor and its
potential influence on receptor trafficking could be removed by using sensors
that detect receptor activation as a function of the separation of the a and By

subunits (Inoue et al., 2019) indicative of G protein activation. In a similar
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fashion, there are intramolecular arrestin sensors (Charest et al., 2005), (Nuber
et al., 2016), allowing to study receptor-driven arrestin activation for native
GPCRs. Furthermore, a stable version of an engineered minimal Gi protein
such as the mini Gs/i chimera (Nehmé et al., 2017) could be used instead of
the mini Go protein for closer representative to the physiological CXCR2-G
protein coupling.

Recombinant assay systems rely on transfecting the same amount of
recombinant receptor and effector DNA which as we observed, does not
necessarily correspond to equal expression of both proteins. In our case, this
led to a case of ‘receptor reserve’ affecting the profiles of the examined
ligands. The relative stoichiometry of interacting partners could affect the
kinetic pattern of their interaction observed in the assay. This is particularly
important for arrestin proteins where under/overexpression can influence the
duration and sustainability of the signal because of their roles in receptor
desensitisation, trafficking and potentially lysosomal degradation (Gurevich
and Gurevich, 2019a). This has been elegantly demonstrated by White et al.,
(White et al., 2020) who showed that CXCR4 receptor overexpression relative
to arrestin led to a slower peaking luminescence and vice versa - the
overexpression of arrestin proteins led to a rapid peak followed by a rapid
decline recruitment profile. The issue of protein overexpression has been
overcome through the use of clustered regularly interspaced short palindromic
repeats (CRISPR) technology for gene editing allows to modify proteins of
interests with the desired tags whilst keeping their expression at native levels

(White et al., 2020).

3.3.5 Conclusions

In conclusion, NanoBiT based CXCR2-effector interaction assays demonstrated
that intracellular CXCR2 NAMs provide equivalent inhibition of G protein and
arrestin recruitment. We further demonstrated that the binding kinetic
properties of the NAMs are likely to be a key driver of their observed
insurmountable behaviour. Nevertheless, the functional data alone do not

resolve direct effects of NAMs on effector recruitment, compared to the
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extent they modulate chemokine binding directly. This may have a key impact
on interpreting and modelling the functional data. To address this, Chapter 4
will look into the effect of unlabelled NAMs on the binding affinity and kinetics
of a fluorescently labelled CXCL8 tracer in order to directly assess if their
binding is mutually exclusive and if slowly-reversible NAMs differ in their

effects compared to the fast off compounds.
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Chapter 4. Studying the Effects of
Intracellular Negative Allosteric
Modulators on Fluorescent
Chemokine Binding at CXCR2 Using
High-Content Imaging Approaches
and TR-FRET
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4. Chapter four: Studying the Effects of Intracellular Negative Allosteric
Modulators on Fluorescent Chemokine Binding at CXCR2 Using High-Content
Imaging Approaches and TR-FRET

4.1 Introduction
4.1.1 Ligand induced conformational change in GPCR activation

The interaction of GPCRs with external stimuli is the basis for the modulation
of a vast range of cellular events and ultimately — physiological responses.
Ligands activating GPCRs cause the receptors to engage in an active
conformation supporting their interaction with heterotrimeric G proteins and
other signalling partners, allowing the initiation of downstream signalling
events.

The simple two-state model (originally described for ion channels) (Del Castillo
and Katz, 1957) was the first to relate ligand efficacy in the context of
conformational change (A «» AR < AR *=). At the heart of this model is the
ability of agonists to stabilise an active conformation with higher affinity.

The binding of ligands and activation of GPCRs is more complex because of
their allosteric nature and the formation of a ternary complex (TCM) between
the agonist (A), receptor (R), and G protein (G) (De Lean et al., 1980). The TCM
describes the transition of the receptor from a low to a high affinity
conformation (R >>> R*) as a result of not only agonist (A) but also G protein
(G) binding. Early binding studies demonstrated that uncoupling G proteins
from the receptor by the addition of GTP or the non-hydrolysable GTP
analogue GTPyS, led the agonist to revert to its low-affinity binding form
(Hulme et al., 1978) supporting the positive allosteric modulation of GPCRs by
G proteins.

Recognition of the agonist-independent constitutive GDP-GTP nucleotide
exchange by GPCRs (Spalding et al., 1997) led to the extension of the ternary
complex (extended ternary complex model / ETCM) model to accommodate
this phenomenon (Samama et al., 1993). This model, such as the two-state
model, proposes ligand biased affinities for different receptor species

underlying a mechanism for ligand efficacy (Kenakin, 2004).
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Nowadays, it is widely accepted that GPCRs exist in thermal equilibrium
switching between a selection of conformations with various energy demands
(Weis and Kobilka, 2018). Whilst agonists shift the thermal equilibrium in
favour of a conformation supporting G protein binding and activation above
the basal activity levels, inverse agonists lower the basal GPCR activation, and
thus favour inactive conformation; neutral antagonists, on the other hand, do
not affect the basal activity of receptors but inhibit agonist ability to promote
GPCR activation through various mechanisms. The ability of different ligands to
stabilise uniqgue GPCR conformations upon binding could result in the initiation
of different functional outcomes which is the basis of the phenomenon biased
signalling (Wingler and Lefkowitz, 2020), (Goupil, Laporte and Hebert, 2012),
(Peters et al., 2020).

The modulation of GPCR activity by ligands can be studied in the context of
drug effects on receptor activation and signalling (discussed in chapter 3).
Nevertheless, it is essential to understand the preceding steps in this process
associated with the quantification of both drug affinity at its target in different
conformations, and the lifetime of the drug-receptor complex. In fact, the
lifetime of the ligand-receptor complex, and its conformational repertoire,
largely dictates the effect of the drug in physiological context (Hoffmann et al.,
2015), (Copeland et al., 2006), (Sykes et al., 2019a). The conformational
rearrangements associated with ligand and G protein binding at the CXCR2

receptor, the subject of this study, are thoroughly described in Chapter 1.

4.1.2 Technologies used to study ligand binding at GPCRs

Ligand binding at GPCRs can be measured directly using radio- or fluorescently
labelled ligand probes; both of these approaches allow for measuring the
kinetics of ligand-receptor interactions (Sykes et al., 2019a). Traditional
radioligand binding can be performed in whole cells and membranes and
allows for quantifying the total amount of binding sites Bmax and ligand
affinity (Kd) (Insel and Stoolman, 1978), (Buergisser et al., 1981), (Motulsky
and Mahan, 1984).
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A major limitation of radiolabelled ligand binding techniques, however, is the
requirement for separation of the bound from free ligand, for example
through a filtration step. Therefore, for kinetic studies, each time point is
measured as a separate sample (Hulme and Trevethick, 2010).

Surface plasmon resonance (SPR) spectroscopy is another methodology used
to study the affinity and kinetics of ligand-receptor interactions (Capelli et al.,
2020). Whilst it offers the advantage of label free binding detection, it requires
the presence of purified receptor proteins extracted from their native
membrane environment (Olaru et al., 2015).

The development of fluorescence-based technologies has offered an
alternative to radiolabelled ligand binding studies and the ability to measure
ligand-receptor interactions in a homogenous, high throughput manner.

The design of fluorescent ligand probes is a multi-layered process involving the
selection of an appropriate fluorophore and linker and the best area for their
attachment at the pharmacophore of interest (Vernall et al., 2014).

For example, the N terminal and core domains of chemokine ligands are
intimately involved in their interaction with cognate chemokine receptors,
therefore modifying them with fluorophores N terminally is not the preferred
strategy (Liu et al., 2020), (Burg et al., 2015b), (Qin et al., 2015). Fluorescent
chemokine probes have been designed by labelling the ligands at C-terminal
residues less important for binding such as the AF647 conjugate CXCL12 probe
(CXCL12-af647) (Hatse et al., 2004), (White et al., 2020) and the CXCL8- AF647
probe labelled at C terminal lysine residue. Despite the effort to label
molecules at sites minimally involved in their interaction with targets, the
addition of fluorophores increases the molecular weight of the molecule and
alters its physiochemical properties which may manifest in changes in ligand
affinity for their cognate GPCRs and also other molecules such as GAGs
(discussed in chapter 1 and chapter 5), (Sykes et al., 2019a).

Nevertheless, modest changes in ligand properties are normally not a serious
obstacle for using fluorescent ligands in probing receptor-ligand interactions

effectively.
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Fluorescent ligand binding can be monitored directly using microscopy-based
technologies allowing the detection of the precise cellular localisation of the
fluorescent probe and quantifying the fluorescence using the appropriate
software and algorithm (Kilpatrick et al., 2015). Other techniques for studying
the binding of fluorescent probes include florescence polarisation (Tota et al.,
1994), and flow cytometry (Kozma et al., 2013), (Hatse et al., 2004). Resonance
energy transfer (RET) based technologies, however, offer major advantages for
studying fluorescently labelled ligand binding in both single cell and high
throughput setups. They utilise the non-radiative energy transfer between a
donor and an acceptor of fluorescence. The donor could be an enzyme
catalysing a reaction that produces a bioluminescence output as in
bioluminescence resonance energy transfer (BRET) technology (Stoddart et al.,
2015a), or a fluorophore that upon a light source excitation emits and excites
the fluorescent probe as in Forster resonance energy transfer (FRET). Their
homogenous nature does not require the separation of bound from free
ligand. Furthermore, multiple measurements taken from a single sample allow
for kinetics to be recorded in a precise and high throughput fashion (Stoddart
et al.,, 2016), (Lohse et al., 2012), (Sykes et al., 2017), (White et al., 2020),
(Peach et al., 2018). In order for RET to take place, the protein the fluorescent
ligand binds to needs to also be modified either directly with a fluorophore or
a sequence recognised by fluorophores (eg. SNAP tag) or in the case of BRET —
a Nanoluc enzyme (Jones and Bradshaw, 2019). In a similar way to modifying
ligands with fluorophores, a large tag at either the N or C terminal ends of the

target protein could affect native function and ligand binding.

4.1.3 Forster resonance energy transfer (FRET) to study fluorescent ligand
binding at GPCRs

FRET is used for monitoring interactions between biomolecules coupled to
fluorescent tags provided there is sufficient overlap of the donor emission and
acceptor excitation spectra, close proximity (<100 A) between the donor and

acceptor molecules and correct donor—acceptor orientation of dipole
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moments (Stoddart et al., 2016). Under these conditions, the binding of
fluorescently labelled ligand probes to GPCRs modified with fluorescent tags is
readily adaptable in both single-cell and multi-well plate formats. Traditional
FRET relies on the tagging of the GPCR of interest with fluorophores such as
green fluorescent proteins (GFP), yellow fluorescent proteins (YFP), cyan
fluorescent proteins (CFP) (llien et al., 2003), (Fernandez-Duefias et al., 2013)
etc. which emissions are immediate and transient. These qualities of the
fluorophores utilised in FRET lead to the detection of background fluorescence
from the donor excitation and the ultimate reduction in the assay sensitivity
and signal-to-noise ratio. Time resolved FRET (TR-FRET) overcomes these
challenges through the use of rare earth lanthanide chelates such as europium
or terbium as donors of fluorescence (Zwier et al., 2014) (Figure 4.1).
Lanthanide ions do not absorb light efficiently, therefore terbium and
europium used in the TR-FRET assays are in the form of cryptates meaning that
they are embedded into macrocyclic motifs that serve as ‘light collecting’
devices. The long-lasting (1-2 ms) emission of lanthanide donors allows the
collection of time-resolved measurements through the introduction of a delay
between donor excitation and signal collection, ensuring the removal of any
background short-lived fluorescence. Furthermore, the lanthanides emit
fluorescence in several emission wavelengths which allows for good separation
between the donor and acceptor spectra for a number of acceptor
fluorophores, which further increases the signal-to-noise ratio (Zwier et al,,
2014), (Stoddart et al.,, 2016), (Boute et al., 2002), (Degorce et al., 2009).
GPCRs can be labelled with lanthanides conjugates to covalently binding
antibodies; nevertheless, this methodology does not allow for adequate
examination of the kinetics of ligand-receptor interactions due to the kinetics
of binding of the antibody itself to the GPCR (Stoddart et al., 2016). GPCRs
fused to N terminal extracellular SNAP-, CLIP- or Halo- tags (Kolberg et al.,
2013) can form covalent bonds with terbium or europium cryptate (in the case
of SNAP, conjugated to the benzyl guanine substrate) allowing for covalent
labelling of receptors with the donor of fluorescence prior to conducting TR

FRET assays. This methodology removes the issue of interference with the
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kinetics of ligand-receptor interactions measured in the assay. Importantly, the
cryptate substrates do not cross cellular plasma membrane, and this means
that intracellular labelling of tagged GPCRs (e.g. for studying intracellular
fluorescent ligand binding) must be carried out in membrane preparations or
purified receptor systems. TR FRET has been successfully utilised for studying
the kinetics of fluorescent ligand binding at GPCRs such as the binding of fast
and slow ligands at the dopamine receptor 2 and its implications in
antipsychotic drugs side effects (Sykes et al., 2017), as well as the binding of
ligands at the parathyroid hormone receptor (PTHR) (Emami-Nemini et al,,
2013), vasopressin and oxytocin receptors (Albizu et al.,, 2007), neurotensin

receptor (Mazor et al., 2002) and so on.

. 337nm
620 nm
b 665 nm

Snaptag
’ Snap tag lanthanide cryptate

W Red shifted fluorescent ligand

Figure 4.1. TR FRET for studying fluorescent ligand binding at SNAP-tagged GPCRs.
SNAP tags are labelled with lanthanide cryptate benzyl guanine substrates (e.g.
terbium) that serve the donor of fluorescence. The terbium donor is excited by a laser
light source at 337 nm; one of its emission peaks at 620 nm is appropriate for the
excitation of a far-red fluorescent ligand (e.g. AF647 conjugate) that in turn emits
fluorescence picked at 665 nm. The ratio of acceptor emission over donor emission
(620/665 nm) is taken as FRET ratio representing specific ligand binding.

4.1.4 Equilibrium and kinetics assays for the study of ligand binding at GPCRs
There are several types of experiments designed to study the binding of

ligands at GPCRs. The analysis of each of these methods is described in more
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detail in chapter 2 and thoroughly discussed in some published reviews (Hulme
and Trevethick, 2010b), (Sykes et al., 2019a), (Hoffmann et al., 2015).

The binding properties of labelled ligands (for example a fluorescent tracer),
can be analysed in two main types of experiment. In saturation binding
experiments, the binding of an increasing concentration of a labelled ligand is
measured at equilibrium and analysed to extract its equilibrium dissociation
constant (Kd) as well as the maximum binding of the tracer Bmax, which
represents the density of receptor sites. When using homogeneous
fluorescent binding methods, the association kinetics of different
concentrations of fluorescent tracer can be recorded over time. From the
family of association kinetic curves, association, and dissociation rates (kon,
kon) and the kinetically derived affinity (Kd) can be obtained, where the
binding mode is to a single site receptor population (since under these
conditions the observed association rate kobs = kon [FL] + koff). Finally,
dissociation of the tracer-receptor complex can be initiated by limiting dilution
or the addition of an excess unlabelled competitor (Sykes and Charlton, 2018).
The analysis of this type of assay yields the dissociation rate of the tracer and
demonstrates the reversibility of tracer binding.

The affinity of unlabelled ligands can be quantified using competition binding
assays where the binding of a single concentration of a labelled ligand is
measured in the presence of increasing concentration of unlabelled
competitor at equilibrium. The analysis of equilibrium competition binding
data vyields the half-maximum inhibitory concentration IC50 which can be
corrected for tracer concentration and affinity through the Cheng-Prusoff
equation to vyield the unlabelled ligand equilibrium dissociation constant Ki.
This conversion assumes labelled and competing ligands bind at the same
receptor site. The kinetics of unlabelled ligands can also be determined in
experiments where the labelled and unlabelled compounds are added
simultaneously, and association of the fluorescent tracer is recorded over
time. The profiles of these association curves depend on the relative kinetic
properties of the tracer and competing ligand. These types of assay could be

performed when the labelled and unlabelled compounds interact with the
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same target site and when the labelled ligand kinetic parameters have been

previously quantified (Motulsky and Mahan, 1984).

4.1.5 Importance of studying the kinetics of drug binding at GPCRs

The rate of drug-receptor complex formation and its lifetime dictate the
duration and efficiency of signal transduction by GPCRs. Therefore, studying
the kinetics of ligand-receptor interactions has emerged as an important
concept in pharmacodynamics and drug discovery (Hoffmann et al., 2015).
Whilst pharmacokinetics (rates of drug absorption, distribution, metabolism
and excretion) largely contributes to drug duration of action and target
(Derendorf et al., 2000), the success of certain ligands as therapeutics can be
attributed to their slow rate of target dissociation. One of these drugs is
tiotropium, the leading drug for the treatment of chronic airway obstructive
conditions (Tashkin, 2005). Tiotropium is a muscarinic M3 receptor antagonist
with a very similar structure and pharmacokinetics to a previous leading
bronchodilating drug - ipratropium. Tiotropium, nevertheless, is characterised
by a >24h duration of action, compared to the <6 h for ipratropium based on
its much slower dissociation from the M3 compared to ipratropium (Disse et
al.,, 1993). The long duration of action of tiotropium correlates with its slow
receptor dissociation kinetics (ko = 0.01 min?) compared to the one of
ipratropium (kofr= 2.66 mint) (Barnes, 2000), (Sykes et al., 2009).

Another wide-known example of a slow-off rate antagonist with long duration
of action (136 h) in the clinic is the CCR5 NAM maraviroc used for the
treatment of HIV infection (ko = 0.042 min™) (Lieberman-Blum et al., 2008),
(Watson et al., 2005), (Swinney et al., 2014).

The prolonged duration of action for both tiotropium and maraviroc,
underlined by the slow kinetics of drug-receptor interactions, is essential in
their use for the treatment of chronic conditions such as COPD and AIDS.

Other drugs with correlated slow dissociation and long duration of action are
the neurokinin receptor antagonist aprepitant (Lindstrom et al., 2007), the
histamine H1 receptor antagonist desloratadine (Slack et al.,, 2011), and u

opioid receptor antagonist alvimopan (Cassel et al., 2005).
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Another advantage associated with long residence time of drug-receptor
complex is the so called ‘kinetic selectivity’ provided that the drug of interest
exerts long-residence time at the target receptor, whilst it binds transiently at
collateral proteins that may produce off target effects (Tummino and
Copeland, 2008). Tiotropium mentioned above for example dissociates much
more slowly from M3 receptors compared M1 and M2 making it kinetically
selective compared to lpratropium (Barnes, 2000). The mechanism of kinetic
selectivity of muscarinic antagonists, however, has been challenged with
further work showing that NVA237, an M3 receptor antagonist, is more
selective than tiotropium based on its faster onset of action (faster kon) and
faster koff (Sykes et al., 2012).

Although there are relatively limited examples of ligand koff extending
duration of action, beyond that dictated by pharmacokinetic properties, slow
koff can also have a crucial impact in determining the efficacy of inhibitors and
receptor antagonists through insurmountability (as discussed in chapter 3).
Under conditions where the stimulating agonist varies dynamically in
concentration (e.g. neurotransmitter at synapse, cytokine burst during
inflammation), slow koff antagonists do not rapidly re-equilibrate, leading to
insurmountability (depression of the maximal response). This helps maintain
target inhibition even under conditions of transiently higher concentrations of
the stimulating messenger, which may be beneficial therapeutically (Sykes et
al., 2016), (Mould et al., 2014b), (Vanderheyden et al., 2000).

The kinetic effects of drugs on duration of action and efficacy are not solely
attributed to the dissociation rates of ligands. For example, recent data have
challenged a previous notion that typical antipsychotic extrapyramidal on-
target side effects are related to slow D2 koff (Kapur and Seeman, 2001). In
fact it is the association rate of antipsychotics that is most clearly correlated
with their extrapyramidal adverse-effect profile (Sykes et al., 2017). The study
suggested that the fast association of D2R antagonists within the confined
environment of synapses, leads to the rebinding of these drugs to the same or
nearby receptors. The effect of this rebinding is predicted to increase the local

concentration of the antipsychotic within diffusion restricted reservoir of the

142



synapse — thereby enhancing inhibition. Notably the clinical side effect of
hyperprolactaemia is still associated with slow koff and proposed
insurmountability at pituitary D2 receptors, because in this environment free
drug exchange with plasma should occur.

The examples above demonstrate that long duration of action in vivo could be
desirable or adverse depending on the effect of the ligand on the biological
system, and the physiological context. In the case of receptor antagonism, the
mechanism underlying this process would be of importance.

The time agonists need to achieve binding equilibrium is also governed by their
koff rates and defines the onset and kinetics of different signalling pathways
mediated by them (Klein Herenbrink et al., 2016). This has led to the notion
that ‘biased’ signalling observed for some agonist ligands, could be dependent
on the timescale of the assay and change over time (Grundmann and Kostenis,

2017).

4.1.5 Factors influencing ligand binding at GPCRs

The mathematical equations utilised for the analysis of binding data are based
on certain assumptions that are not always met in the experimental set-ups or
physiological context. One of these assumptions is that the association and
dissociation of the drug happens in a single step. The binding of chemokines to
chemokine ligands, however, is an example of a multi-step process associated
with the sequel interaction of the chemokine ligand first with the N-terminus,
and then - the TM pocket of CKRs (see chapter 1) (Perpina-Viciano et al., 2020),
(Liu et al., 2020). The ability of chemokine (and other) ligands to dimerise is
another factor in making the binding more complex than a single-step matter
(Liu et al., 2020), (Kufareva et al., 2015a).

Another example of binding more complex than a single-step process is the
interaction of lipophilic ligands with the membrane lipid bilayer prior to
reaching the receptor binding pocket. This has been shown for example for the
cannabinoid CB2 receptor (Hurst et al., 2010), sphingosine-1-phosphate (S1P)
receptor (Hanson et al.,, 2012) and for the binding of vorapaxar at the

protease-activated-receptor-1 (PAR1) (Bokoch et al., 2018).
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The interaction of lipophilic ligands with the plasma membrane shown for
example for certain B2AR such as salmeterol, creates depots of high
concentration of the ligand around the vicinity of the plasma membrane and
the receptor (Sykes et al., 2014b), (Gherbi et al., 2018). This influences the
measured association rates and kinetically-derived affinity of ligands (Sykes et
al.,, 2014b). Ligands able to rebind the receptors could also contribute to the
preservation of the drug in the local receptor environment (Vauquelin and
Charlton, 2010a).

As discussed earlier, GPCRs sample multiple conformations and whilst the
simple ligand-receptor binding models assume single-site, homogenous
receptor population binding, this is more often not the case (Latorraca et al.,
2017). The measured on and off rates, and kinetically derived affinities,
therefore, reflect a multi-component process that could be to a limited extend
explored in binding assays. In addition, the ‘induced-fit' mechanism
whereupon an initial loose bimolecular interaction between ligand and
receptor followed by isomerisation of the complex to a tighter conformation, is
suggested relevant for the maintenance of long residence time (Vauquelin,
2015).

Models fitting the binding of ligands to a two-phase process may provide some
extra insights into the binding of drugs to different receptor conformations,
nevertheless they may be insufficient to account for all possible states and
binding modes of ligands (Tummino and Copeland, 2008).

The conformational-driven receptor activation is the basis of the presence of
low- and high-affinity agonist binding states of receptors (Hoffmann et al.,
2008) and as mentioned in 4.1.1. the formation of the ternary complex upon
agonist stimulation or simultaneously, shifts the receptor to a high-affinity
agonist binding state (De Lean et al.,, 1980). The addition of synthetic GTP
analogues such as GppNHp in the assay buffer when studying ligand binding
especially in isolated membrane preparations (GTP levels in whole cells vs.
membranes explained below) is commonly implemented for attempting to
study ligand binding at low-affinity receptor conformation as a single receptor

population system (Hulme and Trevethick, 2010a), (Sykes et al., 2019b).
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The presence of a sodium binding pocket which is fairly conserved among class
A GPCRS (see chapter 1) underlines the common allosteric modulation of GPCR
conformation by sodium cations (Gutié Rrez-De-Tera et al., 2013), (White et
al., 2018), (Draper-Joyce et al., 2018), (Friedman et al., 2020)

(Katritch et al., 2014). Molecular dynamics studies at the A,aR show the
preference of sodium ions for the inactive receptor conformation which they
stabilise upon binding leading to the loss of important agonist-receptor
interactions (Gutié Rrez-De-Terd et al., 2013). Another example of many is the
reduction of acetylcholine (Ach) potency for the muscarinic receptor M2 (M2R)
by sodium ions (Friedman et al., 2020).

The presence or absence of sodium in the assay buffer is another
consideration in binding assays and could affect the population of receptor
conformations.

Finally, to adequately characterise the binding of labelled and unlabelled
ligands at GPCRs, it is important to consider the system in which the assays are
conducted. The use of intact cells as opposed to membrane preparations is
beneficial due to the fact it mimics the physiological environment closer.
Nevertheless, one of the assumptions of the law of mass underlining all
equations used to quantify ligand binding, is the equal accessibility of
receptors by the ligand which is easily violated when working with whole cells
(Kenakin, 2016). This is particularly true when studying the binding of ligands
interacting with intracellular binding pockets (Ortiz Zacarias et al., 2018) that
may not be able to interact with its target within the timeframe of the assay
due to accessibility issues. Furthermore, studying the binding of labelled or
unlabelled probes that act as agonists at the receptor becomes challenging if
the ligand stimulates receptor trafficking and internalisation leading to
changes in receptor number at the plasma membrane and possibly receptor
driven ligand intracellular accumulation. Another important difference
between intact cells and membrane preparations is that in whole cells the
GPCR-G protein complexes are short lived due to the high concentrations of
GTP in the cytosol, whereas in membrane preparations the concentration of

GTP can be modulated to promote prolonged GPCR-G protein interactions.
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4.1.6 Considerations in measuring the effects of allosteric ligands on
orthosteric ligand binding kinetics

GPCRs can be modulated by ligands that interacts with sites distinct from the
endogenous ligand binding pocket (see chapter 1). As described in chapter 1,
allosteric ligand (both NAMs and PAMs) bind could alter the orthosteric ligand
affinity, efficacy, or both (May et al., 2007).

The effect of allosteric ligands on ligand binding is attributed to their ability to
evoke additional receptor conformations. This could alter the association,
dissociation or both rates of the orthosteric ligand which may or may not
result in changes in orthosteric ligand binding affinity (Kostenis et al., 1996),
(Molderings et al., 2000). Furthermore, allosteric ligands are characterised by
probe dependence, therefore they may increase or decrease the residence
time of one orthosteric ligand compared to another (May et al., 2007b). The
ability of allosteric molecules to alter the binding kinetics of an orthosteric
ligand is an important consideration when incorporating unlabelled allosteric
ligands in kinetics competition assays and applying the Motulsky-Mahan
equation to analyse the data (Motulsky and Mahan, 1984). Allosteric effects on
the binding kinetics of endogenous labelled ligands has been demonstrated for
many GPCRs. PAMs and NAMs of the adenosine receptor Al and A3 decreased
of increase the dissociation and association rates (kon and koff) of a fluorescent
adenosine derivative which had varying effects on agonist affinity and was
receptor dependent (May et al., 2010). PAMs of the glutamate receptor mGlu2
decreased the dissociation rates of glutamate and other synthetic receptor
agonists, increasing their association rates and increased orthosteric affinities
for mGlu2. The NAMs of the receptor altered orthosteric ligand binding
kinetics at the receptor but in a probe-dependent way unlike the PAMs
(Doornbos et al., 2018). For the CCR1 receptor activated by CCL3 chemokine,
PAMs increased the agonist affinity by increased the association rates with

little effect on the koff rates of the orthosteric ligand (Jensen et al., 2008).
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There are more complex examples such as the modulation of the muscarinic
receptor Mz (mAChR) by the NAM gallamine (Clark and Mitcheson, 1976),
(Stockton et al.,, 1983). Whilst gallamine retards the dissociation of the
orthosteric ligand, it also decreases the association rates at lower
concentration ranges than those required to increase the orthosteric ligand
residence time at receptors, thus decreasing binding affinity as a net effect
(Lane et al., 2017).

Naturally, the mode of drug action, relative to the endogenous ligand binding
site, should also be considered. As outlined earlier, full inhibition of dopamine
action in the striatum is associated with severe adverse effects (Sykes et al.,
2017). The ability of allosteric drugs to modulate receptor function without
fully inhibiting the action of the endogenous ligand is an alternative
mechanism heavily researched in the field of drug discovery and its
applications in combination with ‘infinite residence time’ has been recently
explored with the design of covalent negative allosteric modulators (NAMs) of

the chemokine receptor CCR2 (Ortiz Zacarias et al., 2021).

4.1.7 Aims of the chapter
In this chapter, we characterised the binding of CXCL8 - AF647, a fluorescent

CXCL8 probe labelled with AF647 fluorophore at a C-terminal lysine residue, to
the CXCR2 receptor using confocal imaging and TR-FRET binding approaches.
We demonstrated high affinity binding of the tracer to the CXCR2 receptor and
quantified its kinetic properties in both whole cells and membrane
preparations. We then used these fluorescent ligand binding systems to
further investigate the mechanism of action of different CXCR2 NAMs,

focussed on their influence on the labelled chemokine affinity and kinetics.
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4.2 Results
All ligand binding experiments were performed in whole cells or membrane

preparations containing N-terminally SNAP-tagged human CXCR2 receptors
modified with double 6xHistidine tag at the C terminus. The N-terminal SNAP
tag allowed for visualising the receptors and performing ligand-binding
experiments using imaging approaches; furthermore, the SNAP-tag was
utilised was for the TR-FRET binding experiments for terbium labelling acting as
a donor of fluorescence. The histidine tag was added to allow for future

purification of solubilised receptor preparations.

4.2.1 High-content imaging approaches to monitor fluorescent ligand binding
The binding of CXCL8-AF647 was first probed in whole HEK293T cells

expressing SNAPCXCR2His receptor using high-content imaging approaches.
Cells were treated with a range of concentrations of the tracer with or without
the addition of 20 nM unlabelled CXCL8 (28-99) and 2 uM SB265610 to define
non-specific binding and the binding was recorded for 60 minutes at 5
different time points (10, 20, 30, 50, and 60 minutes) at room temperature. At
20 minutes the binding of CXCL8-AF647 was detected at the cell surface
overlapping with the location of the receptor, and at 50 minutes — the tracer
was detected intracellularly (figures 4.2, 4.3, 4.4). The binding of CXCL8-AF647
was fully displaced by 20 nM cold CXCL8 (28-99) (Figures 4.3, 4.4). The
fluorescent intensity of the images was quantified using a granularity algorithm
allowing the identification of fluorescent granules (fluorescent ligand) primarily
on the cell membrane but also intracellularly (Kilpatrick et al., 2010), and
plotted as saturation binding curves (figure 4.4) to extract the affinity of
CXCL8-AF647 at each recorded time-point — this was 26.9 nM (20 minutes) and
4.16 nM (50 minutes) (table 4.1; figure 4.4.).
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4.2.3 Functional characterisation of CXCL8-AF647 in Split Luciferase
complementation assay

A range of concentrations of CXCL8-AF647 were tested in their ability to
stimulate CXCR2-arrestin interactions in whole HEK293T cells. The tracer was
functional as it stimulated receptor-arrestin interactions with potency (pEC50)
of 7.35 + 0.03 (n=2) which was lower than that previously found for the
unlabelled CXCL8:s-99 (see chapter 3) (figure 4.5).

A SNAP-CXCR2 B AFB4TCXCLE C Merged

20 min totals

50 min totals 20 min NSB

50 min NSB

Figure 4.2 The binding of AF647CXCL8 in whole HEK293T cells expressing SNAP-
CXCR2-His. (A) SNAP tags were labelled with cell impermeable SnapSurface
AF488 (green) to visualise the CXCR2 receptors (B) The binding of 10 nM
AF647CXCL8 alone (totals) or pre-treated with 20 nM cold CXCL8 (28-99) (NSB)
is shown in red. (C) Merged images of AF488-labelled SNAPCXCR2His receptors
and AF647CXCL8 in wells pre-treated with vehicle (totals) or 20 nM cold CXCL8

14(28-99) to define non-specific binding (NSB) at 20- and 50 minutes post-tracer
addition. Images were acquired using the IX Ultra confocal plate reader
(Molecular Devices).
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Time (minutes) CXCL8-AF647 pKd
20 7.57£0.31
30 8.12+0.05
50 8.38+0.09
60 8.44 £0.12

Table 4.1 Binding affinity of CXCL8-AF647 at SNAPCXCR2His receptors
measured using high-content imaging approaches. The affinity of CXCLS8-
AF647 (pKd) obtained quantifying the fluorescence intensity of images at
different time points using granularity algorithm (MetaXpress); data
represent mean + S.E.M. pooled from 3 individual experiments.
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Figure 4.4 Saturation binding of CXCL8-AF647 in whole-cells measured using high-
content imaging approaches. A range of tracer concentrations were added with
or without pre-treating the cells with cold CXCL8;s.99 or SB265610 to define non-
specific binding (NSB). The blue curves show the total binding of the tracer
including specific + non-specific and the orange lines — the non-specific binding of
the tracer defined by the unlabelled compounds. The graphs represent pooled
data from 3 experiments; error bars = S.E.M.
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Figure 4.5 Functional characterisation of CXCL8-AF647. The fluorescent
tracer was probed in the NanoBiT CXCR2-arrestin recruitment assay to test
its potency and compare it to cold CXCL8,s.99 chemokine. The graph is
combined data from two separate experiments for the sake of comparing
the fluorescent and cold chemokines; both concentration-response curves
are taken 30 minutes following agonist addition. Data represent a single
experiment perfumed in duplicate; error bars = S.D.

4.2.4 CXCL8-AF647 binding to SNAP-CXCR2-His receptors in whole cells
detected by TR FRET

The binding of CXCL8-AF647 was further characterised in whole HEK293T cells
using TR-FRET technology. The tracer was run under room temperature
conditions and in this whole-cell kinetics set up — under LabMed (CisBio) buffer
conditions. A range of tracer concentrations with or without 1 uM cold
CXCL82s-99 added to cells and the binding was recorded kinetically. The binding
of the tracer did not reach a plateau but instead increased over the 70 minutes
of the kinetic reads, with potentially two phases of association. To explore this
in more detail, the data from 0 to 20 minutes post-tracer addition were
globally fitted to a model of association kinetics (figure 4.6, B), or each tracer
concentration individually fitted to a one- (figure 4.6, C) or two-phase (figure
4. 6 D) association and quantified. Using a single phase globally fitted
association model, the following estimates for CXCL8-AF647 were obtained at
CXCR2 - kon 1.03 *+ 0.32 x 107 M*min!, ko 0.35 + 0.18 min’t, and kinetically

derived affinity (pKq) 7.53 £ 0.21 (n = 3). However, this single phase fit poorly
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modelled the data, and fitting was improved by including two kinetic
components (Figure 4.6 D). The decision to fit the data using two kinetic
components was also supported by conducting F tests that supported using
the more-complex two-phase association fit (F ratios >>> 1, p << 0.05). Similar
conclusions were made by considering individual fits to each tracer
concentration and exploring the relationship between kops and [CXCL8-AF647]
(Figure 4.7, Table 4.2). The association parameter data for each tracer
concentration were individually plotted to a single-phase association model
(figure 4.6, A) or a two-phase association model (figure 4.6, B, C, D; table 4.2).
The fast and slow observed rates broadly increased with increasing ligand
concentration, nevertheless, more data points are necessary to fully define
their increase pattern (figure 4.7, B, C). Similarly, the ligand fast fraction was
higher for higher ligand concentrations without following a strict linear

increase (figure 4.7, D)
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Figure 4.6 Association kinetics binding of CXCL8-AF647 at SNAPCXCR2His
receptor in whole HEK293T cells measured using TR FRET. (A)
Concentration range of AF647CXCL8 binding at Tb-labelled SNAPCXCR2His
cells over 70 minutes. (B) Data globally fitted to a model of association
kinetics binding. (C) Data fitted to a model of one-phase association
model; (D) Data fitted to a model of two-phase association model
representative data from a single experiment. The graphs contain
representative data from single experiments.

25 nM 12.5nM 6.25 nM 3.13nM
Fast fraction (%) 56.81+7.01 52.78+8.18 32.14+830  20.69 +5.68
kobsast (min?) 3.00£0.57 4.66+1.56 3.30+0.70 3.03+0.75
kobsiow (Min?) 0.35+0.14 0.14+0.03 0.07+£0.02 0.05+0.01

Table 4.2 Pseudo first-order association kinetics of CXCL8-AF647 in whole cells
extracted from two-phase association kinetics binding model. Pseudo first-order
association constant kob (min) represents the association kinetics of the tracer for
each individual concentration. In two-phase association model, the association is
composed of a fast and a slow phase each characterised by association rate constants
per individual ligand concentration kobfst (min) and kobgow (min?). Data represents
means + S.E.M. pooled from 3 individual experiments.
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Figure 4.7 The relationship between observed kinetic components and
CXCL8-AF647 concentration, estimated by two phase (B — D) or one
phase (A) association fitting in whole cell kinetics experiments. (A) Kop
plot against tracer concentration extracted from a single-phase
association fit; (B) The fast koo plot against tracer concentration extracted
from a two-phase association fit; (C) The slow ko plot against tracer
concentration extracted from a two-phase association fit; (D) The
fraction of ligand accounting for the fast association phase (percentage
fast) against tracer concentration; Graphs represent mean values from 3
individual experiments; error bars = S.E.M.

155



4.2.5 CXCL8-AF647 binding in membrane preparations detected by TR-FRET
4.2.5.1 Association kinetic binding measurements using CXCL8-AF647 in

membranes

To avoid receptor driven internalisation of the tracer, that might be a
confounding factor in whole cell measurements, the binding of CXCL8-AF647
was further probed in membrane preparations from terbium labelled HEK293T
cells expressing SNAPCXCR2His receptors, initially using HBSS based assay
buffer. Measuring binding of CXCL8-AF647 in membrane preparations should
also remove the issue of intracellular ligand accumulation and bystander TR-
FRET in endosomes. Indeed, under these conditions a specific binding plateau
was rapidly (< 20 min) reached at each tracer concentration (Figure 4.8).
However, the overall level of specific binding in membranes in HBSS-based
buffer conditions was low, limiting the degree to which reliable estimates of
binding kinetics could be obtained (Figure 4.8).

As a consequence, CXCL8-AF647 binding to SNAP-CXCR2 membrane
preparations was explored in an alternative binding buffer (25 mM HEPES, 1
mM MgCl,, 0.1% BSA, 0.1 mg/ml saponin, 0.02% Pluronic acid), also at RT—in
particular to investigate whether the reduced Na* concentration within this
buffer improved the level of specific binding of the agonist fluorescent ligand
(Katritch et al.,, 2014). The removal of sodium ions from the buffer led to
higher levels of CXCL8-AF647 specific binding over time in the TR-FRET
membrane assay, and an improved assay window to allow study of the
influence of unlabelled ligands on tracer binding in further experiments.
Therefore, the low Na* binding buffer was selected for all membrane-based TR
FRET binding assays.

Under low Na* buffer conditions the association binding of a range of tracer
concentrations was examined kinetically and data were both globally fitted to
a model of single-phase association (figure 4.9, A) as well as individually to

one- (figure 4.9, B) and two-phase (figure 4.9, C, table 4.3) association kinetics
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fits. The association kinetics constant (kon), dissociation kinetics constant
(koff), and kinetically derived affinity (pKd) of the tracer derived from the
global single-phase association fit were 1.65 x 107 + 0.24 M™min!, 0.20 + 0.03
min, and 7.90 + 0.07 respectively. The tracer did not bind to receptor with
kobs proportional to is concentration but similarly to whole cells, the fast
proportion of the ligand was higher at higher concentrations (figure 4.9).

The on and off rates, and kinetically derived affinity of the tracer were
generally similar to that found in whole cells (p = ns for each parameter
mentioned tested by unpaired Student’s t test). The percentage of fast ligand
at 25 and 20 nM and 10 and 12.5 nM in whole cell and membranes was also
similar (p = ns; tested by unpaired Student’s t test).

The binding of CXCL8-AF647 fitted better to a two-phase association model
suggesting the existence of multiphasic binding of the tracer. To investigate
this further a high concentration of a non-hydrolysable GTP analogue that
uncouples receptors from G proteins (100 uM GppNHp) was incorporated in
the assay by pre-treating membranes with it for 60 minutes prior to tracer
addition (figure 4.11). The rationale for this experiment was that the presence
of GppNHp would help disrupt a high affinity CXCL8-AF647 — CXCR2 — G
protein ternary complex (De Lean et al., 1980). However, the presence of 100
UM GppNHp didn’t significantly alter the profile of CXCL8-AF647 association
kinetics observed in low sodium buffer, nor change the overall level of tracer
specific binding observed (Figure 4.11; table 4.4); (p=ns; tested by unpaired

Student’s t test).
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Figure 4.8 Association kinetics binding of CXCL8-AF647 at SNAPCXCR2His receptor in
membrane preparations measured using TR FRET in HBSS-based buffer. (A) Concentration
range of CXCL8-AF647 binding at Th-labelled SNAPCXCR2His expressing membranes over
time. The graph is a representative from a single experiment.
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Figure 4.9 Association kinetics binding of CXCL8-AF647 at SNAPCXCR2His receptor in
membrane preparations measured using TR FRET in low Na* - assay buffer. (A) CXCL8-AF647
binding globally fitted to a model of single-phase association kinetics (B) CXCL8-AF647 binding
curves individually fitted to a single-phase association kinetics model (C) CXCL8-AF647 binding
fitted to a two-phase association kinetics model; Graphs show the same representative
individual experiment, from n>3.
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20 nM 10 nM 5nM 2.5nM 1.25nM

Fast fraction (%) 5931 +4.1655.02 +6.1051.82 + 2.3045.81 + 6.53 35.30 + 8.58

-1
Kobrast (Min™) 1704022 1.70+0.22 1.09+0.29 2.20+0.43 2.24+0.56

1
Kobsow (MIN™) 06+ 0.01 0.09+0.02 0.09+0.03 0.11+0.02 0.12+0.02

Table 4.3 Association kinetics of AF647CXCL8 in membranes using a a two-phase
binding model independently for each tracer concentration In the two-phase
association model, the association is composed of a fast and a slow phase each
characterised by individual association rate constants Kobsfast (Min-1) and Kepssiow (Min-
1), with the proportions for each component estimated by (% fast) Data represent
mean = S.E.M. pooled from >3 individual experiments.
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Figure 4.10 The relationship between observed kinetic components and
AF647CXCL8 concentration, estimated by two phase (B — D) or one phase (A)
association fitting in whole cell kinetics experiments. (A) Kops plot against tracer
concentration extracted from a single-phase association fit; (B) The fast ko, plot
against tracer concentration extracted from a two-phase association fit; (C) The
slow kobs plot against tracer concentration extracted from a two-phase association
fit; (D) The fraction of ligand accounting for the fast association phase (percentage
fast) against tracer concentration; Graphs represent mean values from 3 individual
experiments; error bars = S.E.M.
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Figure 4.11 Association kinetic binding of AF647CXCL8 alone or with GppNHp, in
low sodium buffer. Membranes were pre-treated with vehicle or 100 uM GTP
non-hydrolysable analogue (GppNHp) for 60 minutes prior to tracer (10 nM)
addition, prior to recording tracer association kinetics. The graph is a
representative experiment, from n = 3.

Control 100 uM GppNHp

Fast fraction (%) 35.88 +2.08 33.96+2.381
Kob, (min’)  1.67+0.16 1.90 £ 0.19
Kob,,, (min)  0.02%001 0.01+0.003

Table 4.4 Association kinetics of AF647CXCL8 in membranes with or without GppNHp
addition using a a two-phase binding model. In the two-phase association model, the
association is composed of a fast and a slow phase each characterised by individual
association rate constants Keprast (Min?) and Kepsow (Min), with the proportions for
each component estimated by the fast fraction (% fast) Data represent mean + S.E.M.
pooled from =3 individual experiments.

4.2.3.2 Estimates of CXCL8-AF647 kinetic binding parameters from TR-FRET
dissociation kinetics experiments in membranes
To further explore the multi-component nature of CXCL8-AF647 binding to the
SNAP-CXCR2-His receptor and validate kinetic parameter estimates, we
developed a protocol to measure the dissociation of the tracer directly in low
sodium buffer at room temperature. CXCL8-AF647 dissociation was measured
by recording the association of a single tracer concentration (10 nM, to plateau
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at 20-40 min) followed by the addition of a high concentration of unlabelled
competitor — 1 UM CXCL8,s.99— to prevent re-binding of the tracer (figure 4.12,
A). As before, a single-phase model provided a limited goodness of fit to the
data and so the dissociation component of the data was modelled using a two-
phase decay— providing estimates of fast and slow dissociation rate constants
for the tracer (figure 4.12, B). The decision to fit the data using two kinetic
components was also supported by conducting F tests that supported using
the more-complex two-phase association fit (F ratios >>> 1, p << 0.05). The
two-phase decay model yielded kofsiow= 2.07 * 1.04 min, Kosslow= 0.04 + 0.01
mint, and 56.8 + 6.5 % fast fraction of the ligand (figure 4.12, B) which agrees
with the kinetics data derived from association kinetics experiments. The
addition of GppNHp (1 mM) did not shift the dissociation of CXCL8-AF647 from
CXCR2 to a single-phase, nor significantly affected the dissociation kinetics of
the tracer with the two-phase decay fit providing similar values for the slow

and fast components of the dissociation figure 4.12; table 4.5).

4000 4000+

]
2
5] ]
1
o,
CXCLS (28-99) addition
1.

10004

Specific binding
(FRET ratio 665/620)
5]
Il
T S,

1000

T — T )
] 10 20 30 40 50 €0 70 80 90 100 110 120 130 o] 10 20 30 40 50 &0 70 20 30
Time (min) Time (min)

Table 4.12 Dissociation kinetics of AF647CXCL8 at SNAPCXCR2His in membrane
preparations measured using TR FRET in low Na* buffer. (A) The binding of 10 nM
AF647CXCL8 before and after the addition of 1 uM unlabelled CXCL83s99 (B) The
binding of 10 nM CXCL8-AF647 after the addition of 1 uM unlabelled CXCLS8 fitted
to a two-phase decay model; graphs are representative of one individual

experiment of 5.
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Figure 4.12 Dissociation kinetics of AF647CXCL8 at SNAPCXCR2His receptor in
membrane preparations measured using TR FRET in low Na+ buffer. The binding of 10
nM AF647CXCL8 after the addition of 1 uM unlabelled CXCL83399 was measured
kinetically in membranes pre-treated for 60 minutes with 1 mM GppNHp or buffer. A)
shows the full timecourse of AF647CXCL8 dissociation (normalised as % of binding
counts prior to CXCL8 (28-99) addition and B) the fast phase up to 10 minutes post
competitor addition. Graphs are representative of a single experiment, from n = 5.

Control 1 mM GppNHp
Fast fraction (%) 56.8+6.48 65.53+2.17
Kofast (Min™?) 6.50 +2.15 5.19 + 1.05
Koffsiow (Min™t) 0.058 + 0.005 0.053 £ 0.006

Table 4.5 Dissociation kinetic parameters for 10 nM AF647CXCL8, measured in
membranes with or without 1 mM GppNHp pre-treatment for 60 min. Data
represent means + S.E.M. from 5 individual experiments. Values in the presence of

1 mM GppNHp were not significantly different from control (Student’s t test).
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4.2.3.3 Tracer competition binding with cold CXCL82s-99
Next, the ability of cold CXCL8,s.99 to compete for binding with CXCL8-AF647

was measured in equilibrium competition binding assay. CXCL83s.99 fully
displaced 10 nM CXCL8-AF647 binding from CXCR2 receptors with high affinity,
with estimates stable from 1 — 5 h indicating equilibrium had been reached
(figure 4.13, table 4.6). In line with the lack of effect of GppNHp on kinetic
tracer measurements, this nucleotide analogue had no concentration-
dependent effect on CXCL8-AF647 chemokine binding in low sodium buffer,

over time periods up to 5 h (figure 4.13).

- CXCLE 28-99 -~ CHCLE 28-99 -8 CHCLE 28-99

GpplHp = SpplHe = o GophHp

T
-3 -4 -4
Log [CXC13 28-35] M

Log s 28851 Log (00013 25801 1
Figure 4.13 Competition binding assay using CXCL8-AF647, comparing unlabelled
CXCL83s-99 and GppNHp in low-sodium buffer. Membranes were pre-treated for 30
minutes with a concentration range of cold CXCL8,s99 (black circles) of GppNHp (grey
circles) and 10 nM of CXCL8-AF647 and end-point binding reads were taken at 1 (A), 3
(B), and (C) 5 hours. Graphs are representative single experiments performed without
replicates fromn >4,

Time point (hour) 1 2 3 4 5

CXCL82s-99 pKi 8.61+0.09|836+0.10|8.44+0.28|8.13+0.28|7.91+£0.10

Table 4.6 Affinity (pKi) of CXCL8239s estimated from 10 nM CXCL8-AF647
competition binding studies in SNAP-CXCR2-His membranes and low sodium
buffer. Data represent mean values + S.E.M. from n > 4 experiments at each time
point post tracer addition. The pKi values were derived from IC50 estimates using
Cheng-Prusoff correction.
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4.2.4 Effect of CXCR2 NAMs on CXCL8-AF647 binding in whole cells and
membrane preparations

4.2.4.1 Equilibrium competition binding studies in membrane preparations
Following the characterisation of the fluorescent chemokine tracer and its
competition by orthosteric ligands and GppNHp, the representative
intracellular NAMs of CXCR2 used in Chapter 3 (SB265610, AZ10397767, R-
navarixin, S-navarixin, and AZD5069) were probed for their ability to directly
influence AF647 chemokine tracer binding. The effect of NAMs on CXCL8-
AF647 binding was first investigated through the use of equilibrium and kinetic
TR-FRET based assays in membrane preparations containing SNAPCXCR2His
receptors and in the low sodium buffer conditions.

Tb-labelled CXCR2 membranes were pre-treated with a concentration range of
unlabelled CXCL8,899 or SB265610, AZ10397767, R-navarixin, S-navarixin,
AZD5069 NAMs and the binding of 10 nM CXCL8-AF647 was recorded in an
end-point manner between 1 to 5 hour time points. None of the NAMs tested
caused full inhibition of the tracer binding. Furthermore, measures of affinity
(as Ki) could not be directly estimated from the ICsps Cheng-Prusoff correction
which assumes competitive interactions (figure 4.14). The order of maximal
inhibition of tracer binding each NAM achieved relative to (CXCL82s-99) is as
follows AZD5069, AZ10397767, R-navarixin and SB265610, S-navarixin (from
high to low) (table 4.7).

To investigate whether the low sodium conditions reduced the effect of the
NAMs, the ability of NAMs and also GppNHp to compete for binding with
CXCL8-AF647 was also assessed in high sodium HBSS-based buffer (figure
4.15). The NAMs still did not achieve full displacement of the tracer binding.
Nevertheless, both SB265610 and R-navarixin produced higher maximal
inhibition of tracer binding in Na* - rich compared to Na* - low conditions (p <
0.01 and p < 0.05 respectively; measured by unpaired Student’s t test for each
NAM pair).
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Notably, GppNHp produced an increased level of displacement of CXCLS8-
AF647 in the Na*- rich HBSS assay environment compared to low Na* buffer

conditions (figure 4.14).
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Figure 4.14 Equilibrium competition binding of NAMs and CXCL8-AF647 in low Na*
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Figure 4.15 Equilibrium competition binding of NAMs, GppNHp and CXCL8-
AF647 in HBSS-based buffer. The competition of A) SB265610, B) R-navarixin,
C) GppNHp, relative to cold CXCL85s-¢9 (black curves) at 5 hours post tracer (25

nM) addition. Graphs are representative from a single experiment (from n = 2).
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CXCL8 SB265610 AZ10397767 R-~ > AZD5069 GppNHp
navarixin navarixin

Low Na plCso

765+ 791+ 8.60 % 672+ 859+
t +
0.09 0.3 8.01+0.40 060 599 o013 6.50 + 0.50

Low Na Maximal inhibition (% CXCL8 )

28-99
3220+ 3275+ 2820+ 4600+
+ +
100.0 56 41.75£9.86  “C el 79 1450%1150

High Na p|Cso

733+  765% 9.40 +
+

0.17 0.18 1.01 5.91+0.59

+
High Na Maximal inhibition (% CXCL828_99)
61.50 + 74.00 +

+

1000 6.5 16.00 30.50 +5.50

Table 4.7 Inhibitory potencies (plCsg) of CXCL82s.09, NAMs and GppNHp and maximal
tracer binding inhibition of NAMs and GppNHP relative to CXCL82395 in membrane
preparations under low and high Na+ buffer conditions. Inhibitory potencies of cold
CXCL838.99, NAMs and GppNHp with 10 nM CXCL8-AF647 in Na* reduced buffer at 5
hours post tracer addition and maximal inhibition of tracer binding relative to CXCL8s.
g9Data represent mean values + S.E.M from n > 4 experiments.

Inhibitory potencies of cold CXCL8 (28-99), NAMs and GppNHp with 10 nM CXCL8-
AF647 in Na* rich (HBSS) buffer at 5 hours post tracer addition and maximal inhibition
of tracer binding relative to CXCL8,s.99. Data represent mean values = S.E.M from n > 2
experiments.
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4.2.4.2 Equilibrium binding studies in the presence of CXCR2 NAMs in whole
cells

Whole HEK293T cells stably expressing SNAP-CXCR2-His labelled were labelled
with Th prior to their pre-treatment with unlabelled CXCL8s-95 or SB265610,
AZ10397767, R-navarixin, S-navarixin, and AZD5069 NAMs and the binding of
30 nM CXCL8-AF647 was recorded in an end-point manner between 30 and
150 minutes. Cold CXCL82s-99 and all NAMSs fully displaced the binding of the
tracer with nanomolar inhibitory potency. Of the NAMs, R-navarixin inhibited
tracer binding with the highest, and S-navarixin — lowest inhibitory potencies
(pIC50) at most time-points following tracer addition (figure, 4.16; table 4.8).
The affinity of CXCL8-AF647 tracer in whole-cell at 60 minutes was estimated
to be 5.7 nM (n=1) (saturation binding data not shown) and this estimate was
used to derive the affinity of cold CXCL8899 at 60 minutes following tracer
addition using the Cheng-Prusoff correction — pKi = 8.33 £+ 0.07 (n =5). Thisis a

similar to that found for the cold CXCL828-99 in membranes, in low Na* buffer

(table 4.7).
150 -o- CXCL8 (28-99)
- R-navarixin
. : S-navarixin
o & 1007 = AZD5069
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Figure 4.16 Equilibrium competition binding of NAMs and AF647CXCL8 in whole
cells, in HBSS-based buffer. The competition and NAMs relative to cold CXCL8
(28-99) (black curve) at 60 minutes post tracer (30 nM) addition. The graph
represents pooled data from n =5 experiments.
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pIC50

Time
(h)
05 808%0.11 7.90+0.04 7.25+£0.09 7.61+0.13 7.82+0.20 7.59+0.13

CXCL82s.99 R-navarixin S-navarixin AZD5069 SB265610 AZ10397767

1 7.63+0.03 7.86+0.01 7.24+0.71 7.70£0.20 7.88+0.40 7.76+0.31
15 7.10+£0.05 7.91+0.07 7.04+0.10 7.74+0.22 7.61+0.19 7.61+£0.15
20 6.8210.03 7.78 £0.04 7.09 £ 0.08 7.63+0.20 7.53+0.27 7.49%0.22

75 6.05+0.26 7.30+0.52 6.77 £0.12 7.47+£0.18 7.08+0.09 7.34+0.25

Table 4.8 Inhibitory potencies (p/C50) of CXCL8 (28-99) and NAMs on 30
nM tracer binding in whole cells. Data represent mean values from n =5
experiments at each time point.

4.2.4.3 Dissociation kinetics of CXCL8-AF647 in CXCR2 membranes, in the
absence and presence of unlabelled NAMs

The effect of NAMs on tracer binding to CXCR2 was also assessed kinetically in
low dissociation buffer by looking at NAMs effect on the rate of CXCL8-AF647
dissociation. Membranes were pre-equilibrated with a fixed CXCL8-AF647
concentration (10 nM) and dissociation then initiated by the addition of a high
concentration (10 uM) of the NAMs - SB265610 (figure 4.17 A), AZ10397767
(figure 4.17, B), R-navarixin (figure 4.17, C) or S-navarixin (figure 14.7 D),
compared to unlabelled CXCL82s-99 at 1 uM. Each NAM initiated only partial
dissociation (to an approximately equivalent level) in contrast to unlabelled

CXCL8&28-99.
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Figure 4.17 Dissociation kinetics of AF647CXCL8 following NAMs or cold cxcis2s-ss
addition. Membranes in low sodium buffer were treated with 10 nM AF647CXCL8
and its specific binding was recorded following the addition of 10 uM A) SB265610,
B) AZ10397767, C) R-navarixin, and D) S-navarixin (blue circles) or 1 uM cold
CXCL83s-99 (grey circles). Data represent a single experiment, from n = 4.

Following these findings, new experiments were designed to test whether
NAMs (R-navarixin, SB265610, AZD5069) are able to instead accelerate the
rate of tracer dissociation in the presence of 1 uM unlabelled CXCL8s-99.
Membranes were pre-treated with the different NAMs at approximately
equipotent concentrations in the binding assay (for 60 min) or vehicle, prior to
CXCL8-AF647 addition. After equilibrium binding was established (plateau at
20 — 40 min), dissociation was initiated by addition of the unlabelled CXCL8:s-
g99. The kinetics of dissociation were then analysed using a model of two-phase
decay (figure 4.18, table 4.9). The kinetic constants describing the rate of the
fast and slow components were equivalent across conditions, however the
proportion of the fast component was significantly increased compared to
control in the presence of AZD5069 or R-navarixin, but not SB265610 (Table
4.9).
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Figure 4.18 Dissociation kinetics of CXCL8-AF647CXCL8 following CXCL8 addition with
or without NAM pre-treatment. Membranes were pre-treated with A,D) AZD5069,
B,E) R-navarixin, C,F) SB265610 or vehicle 60 minutes prior to 10 nM AF647CXCL8
addition and binding was recorded following the addition of 1uM cold CXCL8. Data
were fitted to a two-phase decay model and shown for the whole timecourse or up to
10 minutes post cold CXCL8,s99 addition. Graphs are representative for a single
experiment, from n=5.
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100 nM 100 nM R- 300 nM
Control

AZD5069 navarixin SB265610
Fast fraction (%)
56.8 +6.48 72.87 + 4.35%* 77.45 + 3.50** 62.59+1.83
. -1
koff, ., (min ")
6.50+2.15 7.02+1.31 11.07 +3.42 413+1.11
koff in"
(o) sIOW(mln )
+
060355_ 0.056 + 0.008 0.065 £ 0.009 0.054 £ 0.006

Table 4.9 The dissociation kinetics of CXCL8-AF647 following CXCL8s.95 addition with
and without NAM pre-treatment. Membranes were pre-treated with 100 nM
AZD5069, 100 nM R-navarixin, 300 nM SB265610, or vehicle and 10 nM AF647CXCL8
binding was recorded post 1 uM CXCL8,s.95 addition. Data were fitted to a model of
two-phase decay and the fast and slow dissociation kinetics constants (kofast and
Kofisow) €Xtracted, as well as the fraction of CXCR2 supporting fast CXCL8 dissociation
(fast fraction). Data represent mean values * S.E.M. from 5 individual experiments.
Statistical significance is indicated as * (p < 0.05) or ** (p< 0.01) and derived using
one-way ANOVA followed by Dunnett’s multiple comparison test.
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4.3 Discussion
In this work a TR-FRET based CXCR2 binding assay was established for the first

time, using fluorescently labelled CXCR2 agonist CXCL8-AF647, suitable for
both equilibrium and kinetic based measurements in membranes and whole
cells.

Kinetic measurements using the fluorescent tracer indicated a complex multi-
component nature to its binding — explanations include the effects of receptor
trafficking (whole cells), multi-step binding to receptor complexes, and the
presence of multiple receptor conformations of differing affinities within the
assay system. In contrast to orthosteric ligand competition experiments, only
partial inhibition of the tracer binding was observed in the presence of
intracellular NAMs, under conditions predicted to support high affinity agonist
binding. This supports an allosteric mechanism, as does (for high affinity, slow
koff NAMs) an acceleration of the ligand dissociation rate. The extent of
inhibition was increased under conditions in which the inactive R conformation
population might be promoted (high sodium, whole cells) — consistent with
stabilisation of the inactive CXCR2 conformation by the NAMs to allosterically
modulate CXCL8 binding affinity.

Under whole cell conditions, almost full inhibition of tracer binding was
observed in the presence of NAMs — supporting a high degree of negative co-
operative in functional experiments — and the “effectively competitive”

assumptions made in interpreting functional data in Chapter 3.

4.3.1 The use of CXCL8-AF647 to develop a TR-FRET binding assay
The binding of the fluorescent chemokine tracer CXCL8-AF647 at human

SNAPCXCR2His receptors was probed in both whole cells and membrane
preparations using high-content imaging approaches and TR FRET. Each
method detected high-affinity, specific binding of the tracer indicating that the
C-terminal lysine-attached AF647 fluorophore did not disturb the ligand-

receptor interactions. This was expected for the CXCL8 probe as its binding to
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CXCR2 has been shown to be primarily through its core and N-terminal
residues (Liu et al., 2020). In addition, there are examples of other C-terminal
fluorescently labelled chemokines with preserved biological activity (Hatse et
al., 2004), (Kawamura et al., 2014a).

In addition to preserved binding ability, CXCL8-AF647 was a functional agonist
at CXCR2 as it stimulated receptor-arrestin interaction measured in the Split
Luciferase complementation assay and caused receptor internalisation
detected in the high-content imaging assays. The potency of the tracer in the
NanoBIiT assay was lower compared to the unlabelled CXCL83s.99. This
difference is likely underpinned not only by the fluorophore modification, but
also the longer length of the peptide prior to labelling (78 AA) compared to
CXCL8 CXCL82s99 (73 AA). As described in chapter 1, posttranslational
truncations of chemokines typically define their biological activities (Mortier et
al.,, 2008). Nevertheless, more assays are necessary to fully characterise the
efficacy of the tracer relative to unlabelled CXCL8 chemokines.

CXCL8-AF647 potency was lower compared to its binding affinity in assays
conducted in both whole-cells and membranes, low- and high-sodium buffer
conditions. This is an unexpected observation and could be attributed to the
inability of the ligand to induce efficient active conformation of the receptor
supporting effector coupling despite its high-affinity binding.

Following from the high-content imaging-based ligand binding assays, we
picked a resonance energy transfer (RET) technology to detect CXCL8-AF647
binding. TR-FRET allowed for the homogenous detection of chemokine binding
at CXCR2 in both real-time and end-point setups. The binding of chemokine
ligands to other CKRs has not been extensively studied by RET technologies in
the past, nevertheless the binding of chemokine ligands at ACKR3 and CXCR2
has been detected by BRET (Gustavsson et al., 2019), (Sakyiamah et al., 2019),
(White et al., 2017).

In general, the TR-FRET counts detected for CXCL8-AF647-SNAPCXCR2His
interactions with CXCR2 were lower compared to what observed for other
GPCRs studied in house (eg. adrenoceptors, dopamine receptors). The efficient

energy transfer in RET is as described in chapter 1, dependent on the distance
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of the interacting molecules and orientation of the tags. The relatively long N-
terminal domain of CXCR2 could increase the distance between the Tb donor
at the far N terminus (at SNAP tag) and the AF647 acceptor when bound at the
receptor TM pocket. The relatively small agonist ligands and short N termini of
adrenergic and dopamine receptors, on the other hand, could be the
underlying factors for a high FRET signal (Katritch et al., 2012), (Schidéth and
Lagerstrom, 2008).

The affinity of the fluorescent tracer estimated in the TR FRET assay, as well as
the one of the unlabelled CXCL823-99 were in the nanomolar range and in line
with what reported previously in the literature (Salchow et al., 2010), (Joseph

et al., 2010).

4.3.2 The multi-component nature of CXCL8-AF647 binding to CXCR2

In all TR FRET kinetics assay formats (whole cells, membranes under different
buffer conditions), there was strong evidence for a complex multi-component
interaction as CXCL8-AF647 associated and dissociated from its receptor —
illustrated by fast and slow phases of both association and dissociation.

The binding of the tracer in whole cells failed to reach an equilibrium plateau
but instead, the ratios increased over the course of the assay. That could be a
consequence of receptor-driven ligand internalisation and accumulation in the
confined intracellular locations (eg. endosomes) leading to the generation of
high bystander FRET signal. The ability of the ligand to cause receptor
internalisation and to remain in the intracellular spaces was observed in the
high-content imaging experiments. Therefore, whilst fluorescent agonist
probes represent a good tool to explore ligand-receptor co-internalisation for
example (Stoddart et al., 2015), (Arttamangkul et al., 2000), they impose a
challenge in characterising ligand binding affinity and kinetics in isolation from
other cellular events. Therefore, a goal of this work was to set up CXCL8-AF647
TR FRET-detected binding in membrane preparations containing

SNAPCXCR2His receptors.
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The binding of the tracer in membranes, unlike in whole cells, reached binding
equilibrium characterised by a plateau phase, supporting the effect of agonist-
driven receptor trafficking in the ligand binding kinetics profile in cells. The
binding of the tracer was defined better by both two-phase association and
dissociation fits indicating a more complex than a single-step binding
relationship. This was also supported by the lack of concentration-dependent
increase in the observed binding rates (Kobs).

As discussed in 4.1, the binding of ligands to GPCRs could be a multi-step
process underpinned by for example, two-separate orthosteric binding sites
seen for CXCR2 and other chemokine receptors (Kleist et al., 2016), and initial
interaction of certain lipophilic ligands with membrane lipids prior to binding
the receptor (Vauquelin and Packeu, 2009). The multi-component association
and dissociation of CXCL8-AF647 tracer from the target, is nevertheless, more
likely attributed to the presence of heterogenous population of CXCR2
receptors in the membranes, with different affinities or/and kinetic properties
for the fluorescent tracer.

According to the ternary complex model, uncoupled GPCRs are their low-
affinity agonist binding conformation (R) and vice versa — G protein binding
shifts R to R* which is the active state, supporting high-affinity agonist binding
(Hulme et al., 1978), (De Lean et al., 1980). What we identified was indeed, a
lower and higher affinity conformations of CXCR2 by decreasing the presence
of sodium ions in the assay buffer. Tracer binding was greatly increased in the
absence of Na* confirming the role of these ions as negative allosteric
modulators of receptor conformation removing the high-affinity binding sites
of CXCR2 when present. The addition of GppNHp which disrupts GPCR-G
protein complexes reduced some of the binding of the tracer in Na*-rich but,
not in Na*- deprived conditions. This suggests that whilst G protein coupling
supports the transition to active, high-affinity receptor state, its net effect is
negligible when the receptor population is already transitioned to a certain
high-affinity conformation due to the lack of sodium ions. Alternatively, CXCR2
receptors in the sodium free buffer could be in an intermediate dynamic state

represented by a free G protein pocket, in which case they would not be
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affected by the addition of GppNHp (Abdulaev et al.,, 2006), (Park, Lodowski
and Palczewski, 2008).

Na* modulates the constitutive activity and conformation of other chemokine
receptors such as CXCR4 and CCR5 whilst exhibiting distinct binding modes as
each receptor (Taddese et al., 2018). For CXCR4 specifically, sodium stabilises
the residue interactions that keep the receptor in an inactive conformation
(Cong and Golebiowski, 2018). The evolution of the sodium pocket has been
proposed important in the functional division of CKRs into pro- and anti-
inflammatory (Taddese et al., 2018). Nevertheless, there is less information of
the precise effects of these ions on ligand-receptor interactions. The presence
of more than one CXCR2 conformation bound by chemokine agonist with
different affinities has also been identified before through uncoupling G
proteins using non-hydrolysable GTP analogue in sodium rich buffer conditions
(Salchow et al., 2010).

The binding of ligands to GPCRs is often heterogeneous due to the ability of
receptors to form homo or heterodimers both prior to and as a result of the
labelled ligand binding. Such dimer/oligomer formation could alter the
donor:acceptor ratio recoded in TR FRET and lead to a multi-component
binding kinetic curves (Gherbi et al., 2015), (May et al., 2011). There is some
evidence for the ability of CXCR2 to both form homodimers and to dimerise
with other GPCRs such as CXCR1 and the DOP opioid receptors (Trettel et al,,
2003), (Papers et al.,, 2005), (Parenty et al., 2008). The formation of CXCR2
homodimers would be relevant in this study and could underpin the multi-
phase ligand-receptor kinetic interactions.

The formation of receptor dimeric complexes has been shown for other
chemokine receptors such as the agonist-induced dimerization of CCR2
(Rodriguez-Frade et al., 1999), CCL5-induced CCR2 homodimerisation (Vila-
Coro et al, 2000), ACKR3 constitutive homodimerization with subunit
rearrangements observed upon agonist and antagonist binding (Kalatskaya et
al., 2009). Furthermore, the rearrangement of the CXCR4 subunits in the dimer
following agonist activation has been shown to contribute to the slower

kinetics of receptor activation of the receptor compared to monomeric GPCRs
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(Perpina-Viciano et al., 2020). Such propensity of CXCR4 to dimerise is likely

reflected in the multiphasic binding of ligands observed (Soave et al., 2020).

4.3.3 The effect of NAMs in the TR-FRET assay supports a negative allosteric
effect on chemokine affinity, potentially by stabilising the inactive CXCR2
conformation.

The effects of NAMs on CXCL8-AF647 binding was examined in both whole
cells and membrane preparation under low- and high- Na* buffer conditions.
We investigated if NAMs primary mechanism of action is to disrupt receptor-
effector coupling as suggested by structural and mutagenesis data (see
chapters 1, 3) or additionally, to alter the affinity of CXCR2 for its chemokine
agonist. There is limited amount of studies that have demonstrated the direct
impact of CXCR2 intracellular NAMs on the binding of labelled chemokines
(Salchow et al, 2010), (Salchow et al, 2010). This work, however,
demonstrated a direct inhibitory effect of NAMs on CXCL8-AF647 binding both
in the confocal imaging studies and the TR FRET assays.

The partial effect of NAMs on tracer binding in low sodium buffer is consistent
with a non-competitive, negative allosteric effect on fluorescent chemokine
binding affinity. A notable observation in these conditions was that the effect
of NAMs was greater than that of GppNHp. This suggests a direct effect of
NAMs in stabilising a low agonist affinity conformation of the CXCR2 receptor,
rather than simply disrupting the R*-G interaction as part of the CXCLS8-
CXCR2*-G protein high affinity ternary complex. Under low sodium conditions,
accelerated dissociation of CXCL8-AF647 (in the presence of excess unlabelled
CXCL8) could be detected, but only in the presence of the high-affinity / slow-
koff NAMs AZD5069 and R-navarixin. The limited effects of NAMs on CXCR2
binding and binding kinetics in low-Na* environment could be a conformational
selectivity effect underlined by the preference of ligands behaving as ‘inverse
agonists’” for the inactive receptor conformation. The conformational
differences in CXCR2 bound by a chemokine agonist / Gi protein or a NAM
(active and inactive conformation) in the cryo-EM receptor structure study

support this idea (Liu et al., 2020). Therefore, the inclusion of sodium in the
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assay buffer (HBSS) in both membranes and whole cells enhanced the effect of
NAMs due to shift in the assay equilibrium populations of CXCR2 receptors
towards R from R*.

In whole-cell environment and sodium-rich conditions, the TR-FRET binding
data demonstrated the capability of NAMs to fully inhibit labelled tracer
binding — indicating strong negative co-operativity and likely, mutually
exclusive binding with the agonist. This supports the interpretation of
functional data (chapter 3), and the use of ‘competitive’ antagonism models in
estimating the effect of NAM dissociation kinetics on the insurmountability

profiles observed.

4.3.4 Conclusions and future directions

To conclude, the binding of the fluorescent chemokine derivative CXCL8-AF647
at CXCR2 receptors was probed using a combination of imaging and non-
radiative energy transfer approaches. The specific binding of the tracer was
demonstrated in both whole cells and in membrane preparations and the
presence of heterogenous receptor populations with different affinities for
chemokine agonist binding were identified. A range of structurally distinct
intracellular NAMs were compared in their ability impact CXCL8-AF647 binding
and binding kinetics under different assay conditions. It was demonstrated that
the NAMs inhibit CXCR2 function at least partly through an allosteric effect on
the receptor conformation that limits the binding of the chemokine and
increases its dissociation kinetics to a certain extent. The extent of which
NAMs affected chemokine binding was dependent on the receptor
conformation as suggested by their differential effects in low or high sodium
buffer conditions. The findings in this chapter supported the negative
cooperativity mechanism of actions and kinetics-driven insurmountability
suggested in chapter 3.

There are more assay formats that could be utilised in order to collect further
information of the effects of NAMs on the CXCL8-AF647 fluorescent tracer

binding. Saturation tracer binding assays with or without each NAM pre-
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treatment could be conducted to further assess the effect of NAMs of CXCL8
tracer affinity. This assay format, if conducted in membrane preparations,
would again reflect the ability of NAMs to impact agonist binding in buffer
conditions shifting the conformational equilibrium to the R* receptor
conformation.

The binding assays could further incorporate the addition of purified mini G
proteins which would directly assess the effect of ternary complex formation
on NAM binding and impact, or vice versa — removing the R-G interactions with
pertussis toxin and not only GppNHp.

Another important characteristic of allosteric modulators — probe dependence
— could be explored by working with other chemokine fluorescent tracers such
as CXCL1 which would be possible for the promiscuous CXCR2 receptor. This
way it could be investigated if NAM profiles are orthosteric-ligand selective.

In addition, the whole cell binding kinetic assays could be investigated in the
presence of receptor internalisation inhibitors in order to isolate the binding of
the agonist tracer from the otherwise observed trafficking events. This would

allow for more accurate estimates of tracer affinity and kinetics.
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5. Chapter five: General Discussion

5.1 Summary of this project
The signalling of the chemokine CXCL8 / CXCR2 axis mediates immune cell

trafficking both during normal homeostasis and in states of acute and chronic
inflammation. CXCR2 expression and signalling is also associated with cancer
progression (chapter 1). Because of these functions of the receptor, there
have been efforts in the field of drug discovery to block CXCR2 signalling
through the use of small-molecule negative allosteric modulators (NAMs),
which interact with CXCR2 at an intracellular binding pocket (chapter 1;
chapter 3). Some of these molecules are currently in clinical trials as part of
combination cancer therapies but have failed for the treatment of
inflammatory conditions due to lack of efficacy, and others — due to on target
unwanted effects such as neutropenia (chapter 1). Therefore, as of yet, there
has not been a clinically approved NAM (and any other drug) targeted at
CXCR2. There remains potential to tailor the effects of NAMs to obtain better
in vitro compound profiles, with the ultimate aim to improve therapeutic
efficacy and reduce on target side effects. These opportunities exist due to the
complex ability of allosteric ligands to regulate different aspects of chemokine
signalling at CXCR2 (affinity, efficacy modulation) and to different magnitudes.
Moreover, the contribution of NAM binding kinetics to allosteric regulation
and effects over time is yet to be fully explored.

This work increased understanding of the mechanism of action of a range of
structurally distinct and enantiomeric intracellular CXCR2 NAMs, particularly
considering the potential impact of ligand binding kinetics in regulating CXCL8
binding and signalling through novel pharmacological assays. As part of the
assay development process, CXCR2 was genetically modified N terminally with
a relatively large tag (SNAP tag; 19.4 kDa) which still allowed for chemokine
binding and receptor activation. Similarly, the modification of CXCR2 C
terminally with a LgBiT tag (18 kDa) preserved interaction with effectors and
internalisation to take place as expected. These modifications importantly

allowed us to measure ligand binding at the receptor and receptor activation
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in real-time, living cells, and membrane preparations, using TR FRET and Split
luciferase complementation technologies.

Chapter three characterised the effects of NAMs on CXCR2 activation detected
through the Split luciferase complementation (NanoBiT) technology as a
function of receptor-effector interactions. A range of structurally distinct
NAMs, as well as enantiomers, were compared in their ability to inhibit
receptor activation. All NAMs showed equivalent inhibition of CXCR2 — arrestin
and mini Go interactions. NAMs were different in the way they affected the
basal receptor-effector interactions, and importantly — in their effect on CXCL8
concentration-response relationships. NAMs (R-navarixin and AZDD5069) that
supressed CXCR2 activation insurmountably were also the ones with slow
dissociation kinetics at CXCR2 supported both with previous studies in the
literature and by means of mathematical modelling in this study. On the
contrary, fast koff NAMs (S-navarixin, SB265610) were surmountable in their
CXCR2-effector recruitment inhibition. Therefore, the functional effects of
NAMs were linked to their binding kinetics properties at the receptor.

Chapter four explored the binding of a fluorescently labelled chemokine tracer
AF647CXCL8 in both whole cells and membrane preparations and under
different buffer compositions. NAMs were then compared in their ability to
compete for binding with the tracer, prevent tracer rebinding, and alter the
agonist binding kinetics in the different experimental set-ups. Our results
demonstrated that intracellular NAM binding negatively modulates chemokine
binding in addition to blockade of effector interaction, indicating that NAMs
such as navarixin may actively stabilise the lower affinity inactive receptor
conformation leading to negative co-operativity.

Specific data were discussed in depth at the end of each chapter and here, the
significance of this work, its place in the field of chemokine drug discovery, as

well as its limitations, have been outlined.

5.2 Importance of this work and the potential of CXCR2 as a clinical target
The current work successfully evaluated intracellular CXCR2 NAMs in their

ability to affect receptor activation and fluorescent chemokine binding at the
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target. This is the first work that has used kinetically resolved and non-
radiation-based technologies to study CXCR2 and chemokine binding of the
receptor. In addition, it is the first work which aims to decipher the
contributions of chemokine affinity modulation and effector blockade to the
mechanism of intracellular NAMs, as well as the impact of the binding kinetics
of CXCR2 NAM molecules (even though indirectly as discussed below) and on
their functional profiles.

As discussed in previous chapters, the kinetics of drug-receptor interactions,
and not only the pharmacokinetics properties of drug candidates should be
considered in drug development (Vauquelin and Charlton, 2010b). It is
dependent on the clinical context whether fast or slow binding drugs could be
advantageous or unfavourable. For example, the slow dissociating kinetics of
antagonists of the orexin receptor used for the treatment of sleep disorders is
likely linked to drowsiness and other unwanted effects, whereas the slow-
binding kinetics of the CCR5 NAM maraviroc used in the management of AlDs
is suitable for the dosing regimen and management of a chronic disease
(Mould et al., 2014), (Swinney et al., 2014). In the context of the chemokine
signalling system, identifying molecules with slow binding kinetics could be a
strategy to surmount the large chemokine concentration gradients released in
the inflammatory response (Stone et al.,, 2017b). Alternatively, slow, semi-
irreversible binding, also underlying high-affinity receptor interactions, may be
attributed to unwanted on-target effects such as neutropenia in the case of
the slow-off CXCR2 NAM - navarixin (Holz et al., 2010) likely caused by bone
marrow neutrophil trafficking suppression. It may be therefore challenging to
find the balance between supressing pathological inflammation and normal
immune defence when blocking CKRs involved in these processes. The
approaches described in this thesis provide a validated means to quantify the
relationship between off rate and insurmountable effects, potentially to find
an optimal kinetic profile balancing the benefits of insurmountability during

inflammation with the risks of neutropenia.
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Slowly dissociating compounds can also lead to kinetic receptor selectivity, in
which slower off rates at the target receptor than related receptors contribute
to enhanced target coverage compared to off target receptors responsible for
side effects (Tautermann et al.,, 2013), (Sykes et al, 2021). In the case of
treating chronic inflammatory conditions where the signalling of more than 1
chemokine and CKR pair is involved, a specific receptor inhibition may not be
considered. For example, a dual CXCR1 / CXCR2 NAM may be a preferred
strategy given the function of both receptors in mediating neutrophil
trafficking (Ha et al., 2017). One such molecule is reparixin which likely
interacts with a different allosteric pocket at CXCR1 and CXCR2 which is yet to
be structurally identified (Bertini et al., 2004) (Moriconi et al., 2007), (Kruijf et
al., 2009).

It would be useful to extend the kinetic investigations we have performed with
CXCR2 to other chemokine receptors which NAMs may interact with such as
CXCR1, CCR7, CCR2, CCR9 (Zheng et al., 2016), (Jaeger et al., 2019), (Oswald et
al., 2016). Understanding the kinetic profiles if NAMs (eg. for R-navarixin,
AZD5069) for multiple receptors would help provide data in support of
binding-kinetics underlined target selectivity. Navarixin, for example has been
shown to interact with an intracellular pocket at CCR7 and supress CCL19
stimulated receptor-arrestin interactions with low affinity (Jaeger et al., 2019).
The addition of the less active at CXCR2 navarixin enantiomer (S-navarixin)
would be a useful comparison at CXCR7.

Pursuing the CXCR2 receptor as a target for the treatment of different types of
cancer has been the more recent strategy in drug discovery and currently,
both slow koff NAMs tested in this work — navarixin and AZD5069, are in trials
as combination therapies for the inhibiting tumour progression (Che et al.,,
2019). Navarixin is given in combination with a checkpoint inhibitor antibody
pembrolizumab that stimulates the cytotoxic activity of T cells (Adamaki and
Zoumpourlis, 2021). Given the dual pro- and anti-inflammatory functions of
CXCR2 in the cancer environment, an immunostimulant treatment along with
CXCR2 blockage could compensate for the reduced immune response as a

result of the latter in addition to the desirable cancer growth inhibition.
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The use of biologics to target CXCR2 itself, could generally be an exciting
avenue for the treatment of cancer. A recent study has identified an antibody
interacting with the chemokine orthosteric binding pocket of CXCR2 with
picomolar affinity (Shi et al.,, 2021). Interestingly, the antibody showed
selective inhibition of some CXCR2-mediated signalling pathways, whilst
enhanced others, which is the first evidence for a functionally selective CXCR2
‘ligand’.

CXCR2 has been previously targeted with biparatopic nanobodies that bind
epitopes across one or two CXCR2 receptors and inhibit their function (Bradley
et al., 2015). The advantage of these nanobodies is their ability to bind various
CXCR2 conformations including the ones supported by the monomeric, hetero
or homo — dimeric receptor structures. The use of nanobodies has been
recognised for their advantages of smaller size and better pharmacokinetic
properties compared to antibodies (Heukers et al., 2019), (Cromie et al., 2015).
A CXCR4-interacting nanobody for example, differentially blocked HIV viral
entry, whilst preserving CXCL12-mediated receptor activation and functionality
(Van Hout et al., 2018).

The use of nanobodies in targeting chemokine receptors is an exciting avenue
for targeting specific and different epitopes at the large orthosteric binding
pocket and probe-dependently modulate receptor function. Taken the dual
roles of immune cells expressing CKRs in cancer, such as N1 and N2 pro- and
anti- inflammatory neutrophils respectively (Galdiero et al.,, 2018), a tool
recognising specific malignancy-associated patterns on the cells or receptors
themselves, could be of great therapeutic benefit. The nanobodies, indeed,
may be a promising candidate for such targeted drugging strategy.
Despite the therapeutic potential of biologics, the use of small molecules to
target the receptor is a key strategy for CXCR2 inhibition due to a range of
advantages they offer. The small size of the molecules underlines the potential
for better oral bioavailability (Veber et al., 2002). In addition, small molecules
have improved access to sites of action that may be difficult to target with
large biologic molecules such as solid tumours and any CNS BBB enclosed

areas. In fact, lipophilicity driven cellular plasma membrane penetration (logP
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= 2.5 for navarixin, provided by Bianca Casella, Shailesh Mistry group, data not
shown) required for intracellular receptor pocket interaction increases the
likelihood of BBB penetration (Bellettato and Scarpa, 2018).

This work importantly demonstrated along with the CXCR2 structure with a
small-molecule NAM (Liu et al., 2020) that intracellular CXCR2 NAMs modulate
orthosteric agonist binding affinity as well as sterically block effector coupling.
The recognition that this is part of the mechanism of action opens up a
broader range of allosteric effects possible with intracellular NAMs (Kenakin,
2013). This study and general chemokine intracellular allosteric modulation
data at Gi coupled CKRs, suggests commonality in intracellular transducer
binding blockage and stabilisation of inactive conformation (Jaeger et al.,
2019), (Oswald et al.,, 2016), (Zheng et al., 2016). A more recent work
pharmacologically explored the prostaglandin receptor EP2 modulation by a
compound predicted to bind at an intracellular pocket and inhibit receptor
signalling whilst enhancing agonist binding affinity (positive cooperativity
between agonist and allosteric compound binding) (Jiang et al., 2020). It would
be beneficial to compare the structures and intracellular pocket fitting of such
‘PAM antagonists’ to NAMs such as the CXCR2 ones that reduce agonist
binding affinity for additional insights into the possibility of fine receptor
tuning. One such ‘use dependent’ property may be of interest in the context of
chemokine signalling in which blockage is enhanced at highly active receptors
during for example the event of ‘chemokine / cytokine storm’ (Lazennec and
Richmond, 2010).

The ligand binding and functional systems developed in this project could
provide means to detect both the functional antagonism and use dependent
effects on chemokine binding and further aid the better search for these types

of ligands.
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5.3 Limitations and future directions
With the available tools, we provided indirect evidence for the connection

between NAMs binding kinetics and their functional properties. It was,
nevertheless, not possible to measure directly the binding kinetics of NAMs at
the intracellular site, other than with reference to previous studies using
tritiated radioligands (Gonsiorek et al., 2007), ( Nicholls et al., 2015),(Bradley et
al., 2009), (de Kruijf et al., 2009). One avenue being pursued, in progress at the
time of submission, is the synthesis of suitable fluorescent labelled molecular
probes targeting the CXCR2 IAM site. The synthesis of fluorescently labelled
NAM probes would be a logical next step to confirm NAMs binding affinities
and kinetics. The medicinal chemistry side of this work (Bianca Casella, Shailesh
Mistry group) has provided the unlabelled navarixin enantiomers (Dwyer et al.,
2006) and has successfully generated a navarixin derivative attached to
different linker congeners to allow for a fluorophore attachment, with

preserved CXCR2 inhibition properties and cell permeability (figure 5.1).
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Figure 5.1 CXCR2-arrestin interactions inhibited by navarixin NAM derivative attached
to different linkers. HEK293 cells stably expressing SNAPCXCR2LgBit and SmBit [-
arrestin 2 were pre-treated with a range of a range of navarixin derivatives linked to 3
different linkers (Linker 1, Linker 2, Linker 3) or buffer (-10 point) for 60 minutes at
37°C This was followed by the addition of 10 nM CXCL8,s99 and the detection of
luminescence on furimazine addition 30 minutes later in an end-point manner. The
graph represents a single experiment from n =3. Error bars = S.D between replicates.
The inhibitory potencies (pIC50) of the NAMs linked to Linker 1,2,3 respectively were
7.18 £ 0.03, 6.12 £ 0.04, and 7.40 + 0.05 respectively representing means from n=3
individual experiments + S.E.M.

The synthesis of fluorescent NAM probes via fluorophore attachment to the
linker congeners from figure 5.1 would be a valuable tool to expand the
current work by establishing a binding assay that directly measures the binding
of the probes to the intracellular allosteric pocket.

One way to do that is by setting up a NanoBRET assay with a C-terminal
Nanoluciferase receptor tag that serves as a donor to excite the fluorescent
intracellular probe which has been recently established for the CCR2 receptor
(Huber et al., 2021). The binding of fluorescent IAMs could be detected via TR-
FRET too provided the successful labelling of intracellular SNAP tags with
lanthanide cryptates. Similarly to the homogenous real-time detection labelled
chemokine binding at CXCR2, the use of TR-FRET would allow for the precise
characterisation of the intracellular probe binding kinetics properties. Unlike
the binding studies in chapter 4 however, a fluorescent IAM probe assay would
allow the direct measure and Ki calculation of the unlabelled NAMs as their
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interactions will be competitive with the labelled probe. This importantly
allows a form of analysis known as Motulsky-Mahan (MM) method (Motulsky
and Mahan, 1984) successfully applied to characterise the kinetics of
unlabelled ligands at GPCRs relative to the one of a labelled probe based on
same binding site interaction (Sykes et al., 2021), (Sykes et al., 2014), (Bosma
et al., 2019), (Bosma et al., 2018). In the MM approach different
concentrations of unlabelled ligand are added simultaneously to the
preparation and the association kinetics of the probe is monitored over time.
The profiles of the time courses of tracer association vary depending on the
relative kinetics of the tracer and unlabelled ligand. They can be analysed using
a model assuming competitive binding site interaction to extract the kon and
koff estimates of the unlabelled compound.

To directly address effector occlusion as a mechanism of action of NAM CXCR2
inhibition a more direct assay in a controlled system could be developed. This
could utilise purified effector proteins such as mini G proteins, arrestin, full-
length Ga / GaPy, GRKs (Carpenter and Tate, 2017), (Vishnivetskiy et al., 2014),
(Loudon and Benovics, 1994). The NanoBiT complementation system would
allow for studying how unlabelled NAMs compete with SmBit-tagged effectors
for LgBit tagged receptor interactions. The advantages of such system would
be the ability to control precisely the effector concentration — or for example
to quantify the effects of NAMs on affinity. Alternatively, fluorescent NAM
probes and unlabelled purified effectors could be competed for receptor
binding in a NanoBRET or TR-FRET based assays. These experiments could be
established using CXCR2-LgBit/CXCR2-Nanoluc/CXCR2-SNAP-Tb3* membrane
preparations where the receptor concentration and organisation is not
precisely controlled, and native G proteins in the preparation may influence
the behaviour of all species involved in the interaction (receptor, effector,
ligands). An alternative is to therefore, isolate receptors from the plasma
membrane whilst keeping some of their native lipid environment using styrene
maleic-acid lipid particles (SMALPs) ~ 20 nm in diameter providing 1 / 2
receptor proteins per particle (Postis et al.,, 2015), (Wheatley et al., 2016),

(Grime et al., 2020).
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In a longer timeframe, this work could be expanded to equivalent mechanism
of action studies on the CXCR2 NAMs in native human cell types, such as pro
versus anti-inflammatory neutrophils, as well as other myeloid-derived
suppressor cells (MDSCs). A recent study, for example purified CD8+ T cells
(cytotoxic) and B cells from murine tissue of tumour bearing mice with myeloid
targeted CXCR2 deletion and compared the migration patterns of these cells
via chemotaxis assays, the release of cytokines and killing capacity (for the
cytotoxic T cells) (Yang et al.,, 2021). The study also compared the metastatic
tumour progression in mice treated with a dual CXCR1/CXCR2 antagonist SX-
682 and the effects were similar of what observed in genetic myeloid CXCR2
deletion. It would be useful to conduct more experiments in such systems
where cells from tumour tissue in myeloid cell manipulated animals could be
probed with a range of CXCR2 selective or CXCR1 / CXCR2 dual acting NAMs. It
will be however, much more challenging to interpret NAMs molecular
mechanism in of action in more complex primary systems.

The gap between assays development in vivo / primary cell systems and
recombinant cells could be reduced by applying technologies such as
CRISPR/Cas9-genome editing which has been utilised for transfecting cells with
tagged or untagged proteins of interest allowing for studying them at
endogenous expression levels (Carl White et al., 2020), (Oh-hashi et al., 2017).
The tagging of the chemokine receptor CXCR4 and arrestin with NanoBit
fragments using this approach has allowed the monitoring of arrestin
recruitment kinetics by the NanoBiT method with native receptor expression
(White et al., 2020). Indeed, this study indicated differences in the recruitment
kinetics between overexpressed and natively expressed protein levels.

The NanoBiT system has been further exploited to characterise the binding of
high affinity SmBIT (HiBiT) tagged nanobodies at CXCR4 relative to orthosteric
and allosteric receptor ligands in natively expressing Jurkat T cells (Soave et al.,,
2020). Having validated the functionality of various constructs in this study,
CXCR2-effector interactions could be detected in CRISPR/Cas9 mediated
endogenous level effector expression for example as shown for CXCR4 (White

et al., 2020). The transfection of such CXCR2 constructs could be done in more
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physiologically relevant in vitro systems such as cancer cell lines including
mammary, ovarian, colorectal tumour, glioblastoma cell lines etc. (Nannuru et
al.,, 2011), (Yang et al., 2010), (Ning et al., 2012), (Diao et al., 2019). Regardless
of receptor expression levels, studying the receptor in a disease relevant
context is beneficial due to presence of modulatory proteins for example that
could alter receptor behaviour such as ligand-receptor interactions, receptor-
effector interactions etc. For example, GPCR behaviour such as trafficking
could be affected by Receptor-activity modifying proteins (RAMPs) and their
expression could be cell-type dependent (Hay and Pioszak, 2016). Similarly, the
expression of Gao G protein subtypes is most abundant in the CNS (De Oliveira
et al., 2019).

Modified receptor / effector constructs, however, cannot be transfected in all
relevant cell types and neutrophils are one example of primary cells difficult to
transfect due to their short lifespan (Blanter et al., 2021). In such cases, native
receptor studies could be designed following the CXCR4 study showing HiBit
native receptor labelling and LgBit-nanobody/ligand competition studies
(Soave et al., 2020).

In the context of cancer, it would be valuable to explore CXCR2 function in
tumour-derived anti-inflammatory versus pro-inflammatory neutrophils (Shaul
et al., 2016). The identification of distinct neutrophil populations within
tumours, however, could be technically challenging due to the lack of

knowledge of distinct cellular markers.

5.4 Challenges and new avenues in targeting the chemokine signalling system
Currently there are only three approved drugs targeting chemokine receptors.

These are the antibody against CCR4 — mogamulizumab used for cutaneous T-
cell lymphomas, the CXCR4 partial agonist plerixafor used to mobilise
hematopoietic stem cells from the bone marrow in cancer, and maraviroc — a
negative allosteric modulator of CCR5 used for preventing the entry of HIV into
cells (Zhao et al., 2019).

The difficulties associated with drugging chemokine receptor, despite their

likely therapeutic potential could be attributed to a few reasons. One of these
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is the species differences in chemokine / CKR expression and function which
imposes issues when studying CKR drugs in in vitro vs. in vivo systems and
predicting drug selectivity and associated unwanted effects (Bajoghli, 2013).
For example, despite the recent identification of a CXCR2 murine homologue,
it has long been unclear if murine neutrophils express both CXCR2 and CXCR2
receptors or CXCR2 only which questions the relevance of CXCR2 knock-down /
knock out studies for instance, performed in mice (Stadtmann et al., 2012), (Fu

et al., 2005).

5.4.1 Is there redundant or selective signalling of the chemokine signalling
system?

Another major point of discussion in the field that makes studying the
chemokine signalling system challenging, is its ability to manifest redundancy
because of the promiscuity of some chemokine receptors, as well as the ability
of a single chemokine to agonise multiple receptors (Dyer et al., 2019). For
further complexity, immune cells simultaneously express multiple
inflammatory CKRs. The chemokine CXCL8 for example binds and activates
both CXCR1 and CXCR2 receptors but whilst CXCR1, is only activated by CXCLS,
CXCR2 is promiscuous and also responds to CXCL1,2,3,4,5,6,7 (Rajagopalan and
Rajarathnam, 2004). The actual presence of such ‘redundancy’ in vivo, has
nevertheless, been challenged (Dyer, 2020a). Potential mechanisms leading to
greater selectivity in vivo have been suggested, including chemokine —
glycosaminoglycan (GAG) interactions that are often neglected due to the
difficulty of examining them in in vitro assays

GAGs are sulphated, negatively charged polysaccharides found on the surface
of various cell types and in the extracellular matrix (Johnson et al., 2005), and
their interaction with chemokines is necessary for the formation of chemokine
gradients as discussed in chapter 1. The GAG binding sites at chemokines
(primarily at the C terminal residues) are not, as originally proposed,
completely separated from the CKR binding motifs. CXCL1, for example, is

unable to bind its cognate CKRs when bound by the GAG heparin (Sepuru and
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Rajarathnam, 2016). In addition, a CXCL7-monomer bound to heparin cannot
bind CXCR2 (Brown et al., 2017a).

The literature suggests that GAGs may regulate the availability of chemokines,
and their ability to bind CKRs by mediating chemokine ligand oligomerisation.
The ability of the chemokine ligand to then bind receptors could be both
hindered and promoted depending on the situation (Lau et al., 2004),
(Hoogewerf et al.,, 1997). For example, GAGs are suggested to control the
CXCL8 monomer — dimer equilibrium differentially in different tissues and
microenvironment and that in turn, regulates neutrophil recruitment between
tissues (Gangavarapu et al., 2012).

The roles of GAGs in regulating the chemokine signalling system seem crucial,
however, are challenging to be explored in vitro. These molecules are
extremely diverse in their structure and sizes, and difficult to produce
synthetically and characterise (Proudfoot et al.,, 2017). Their ability to
modulate the availability of chemokines for receptor binding, in a tissue-
specific way, also makes predicting chemokine receptor interactions in vitro
likely inaccurate in terms of affinity and selectivity. In addition, the control of
chemokine oligomerisation and competition for ligand binding with receptors
by GAGs could really change the concept of ‘redundancy’ to a strictly spatially
and temporally controlled signalling system (Handel and Dyer, 2021).

The ability of CXCL8-AF647 and unlabelled CXCL82s.99 as well as ligands that
lack GAG binding sites (Proudfoot et al., 2003) to bind and activate CXCR2
receptors could be characterised in the systems set up in this work in the
presence or absence of commercially available GAGs such as heparin or
heparan sulphate (Xu and Esko, 2014). It should be noted, however, that C-
terminal lysine labelling of chemokines with fluorophores may already affect
their ability to interact with GAGs (Kawamura et al., 2014b), (Tanino et al.,
2010).

The ability of the chemokine fluorescent probes to dimerise upon the presence
or absence of GAGs using fluorescence correlation spectroscopy (FCS) for
example could be explored (Nederveen-Schippers et al., 2021). Alternatively,

trapped chemokine monomers or dimers could be compared in their binding
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affinities to CXCR2 and abilities to activate receptor signalling (Nasser et al,,
2009), (Brown et al., 2017b). In addition, it would be interesting to explore if
NAMs show any probe dependence by screening them against monomeric vs.
dimeric chemokine molecules applying the synthetic trapped ligand
techniques.

Other mechanisms suggested to confer specificity in the chemokine signalling
system are the differential ligand and receptor expression in different tissues,
which as discussed above, may also correlate to the distribution of GAGs. In
addition, the potential for biased signalling has bene proposed as a driver of
specific signalling outcomes (Dyer, 2020b), (Handel and Dyer, 2021).

The concept of biased signalling has been studied more thoroughly for the
chemokine receptor CXCR3 which may be activated by different interferon
(IFN) inducible chemokines interacting with different pocket residues leading
to differential intracellular responses (Metzemaekers et al.,, 2017). Small-
molecule biased agonists for CXCR3 have also been identified (Smith et al,,
2018).

The concept of biased signalling would indeed explain the observed
redundancy in the system, nevertheless, it requires good experimental design
and tools for obtaining reliable results that are not biased for different
expression levels in the system studied, or the lack of kinetic resolution of the
signalling assays (Herenbrink et al., 2016).

The techniques developed in this work — ligand-receptor interactions and
receptor activation provide assays that can in principle measure the kinetics of
ligand binding and responses in a single homogeneous format. The current
study investigated NAM CXCR2 receptor activation inhibition by looking at two
signalling pathways — arrestin and G protein coupling, which is a typical
framework for biased signalling to be explored in. There were no differences
detected, however, in the ability of NAMs to reduce interactions of CXCR2 with
one effector over the other. It is perhaps more feasible to design AMs that
bind to more effector specific residues if a biased arrestin or G protein
signalling is desired. The overexpression of intracellular transducers, however,

could generally affect the overall propensity of the receptor to interact with
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different downstream signalling partners (“bias”) affecting the qualitative
nature of the functional response (Gundry et al., 2017). The endogenous
expression of receptor / effector molecules as discussed earlier in term of
CRSPR / Cas9 technologies could be an essential tool to overcoming this hurdle
The regulation of chemokine availability and other mechanisms that make
individual chemokine signalling systems selective rather than redundant is
therefore important for further exploration. The knowledge of individual
chemokines and receptor activation in different tissues and environments
could focus on the right CXR targets when looking for druggable receptors for

treating inflammatory diseases (Schall and Proudfoot, 2011).

5.5. Summary and conclusions
This work profiled a range of CXCR2 intracellular NAMs using real-time

receptor activation and fluorescent ligand binding assays. The data
demonstrated that whilst NAMs interact with the same allosteric pocket, they
could differentially affect the pharmacology of endogenous chemokine ligands
and that this is influenced by their binding kinetic properties. This work, in line
with others, demonstrated complexity in chemokine-chemokine receptor-NAM
interactions and showed in detail how these allosteric ligands of CXCR2 can
negative modulate both chemokine binding and receptor coupling to both G
protein and arrestin effectors. We demonstrated that the key property of
antagonist insurmountability, a useful feature to combat dynamically high
levels of chemokine release during inflammation, was enhanced in the in vitro
systems by NAMs with slow binding kinetics, and not solely the result of the
noncompetitive nature of the ligands. The project introduced the real-time
NanoBIiT complementation and TR-FRET as techniques to study CXCR2
activation and signalling in real-time for the first time, showing how the kinetic
pharmacology of intracellular NAMs can be conveniently assayed in a
homogenous assay format. These methods will in general be useful to
optimise in vitro compound mechanistic profiles in the future, as a better

balance between sufficient therapeutic efficacy of CXCR2 drugs in
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inflammation and cancer, and side effects such as neutropenia, is sought to be

addressed.
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iv. Appendix 1
Professional internship for PhD Students
Note to examiners
This statement is included as an appendix to the thesis in order that the thesis
accurately captures the PhD training experienced by the candidate as a BBSRC
Doctoral Training Partnership student. The Professional Internship for PhD
Students is a compulsory 3-mont placement which must e undertaken by DTP
students. It is usually cantered on a specific project and must not be related to
the PhD project. The reflective statement is designed to capture the skills
development which has taken place during the student’s placement and the
impact on their career plans it has had.
Reflective statement
As a student enrolled to the Nottingham — BBSRC Doctoral training partnership
| undertook a 3-month Professional Internship for PhD Students (PIP) during
the course of the PhD. The PIP is designed to encourage PhD students to
broaden their sets of skills by working in a different set-up from their research
group. Ultimately, PIPs aim at helping students make a decision on their
career progression following the completion of their PhD.
| undertook a placement in Sosei Heptares, Cambridge, which is an
international biopharmaceutical group focused on the discovery and early
development of new therapeutics based on structure-activity relationship
(SAR) exploring platforms. Sosei Heptares work to develop medicines across a
broad range of therapeutic areas including neurology, immunology,
gastroenterology and inflammatory diseases.
My decision to apply for a PIP in Sosei Heptares was based on my aspiration to
build a career in drug discovery and compare this process in an academic
versus an industrial set-up. | was eager to work on different form my PhD drug
targets, learn new laboratory techniques and explore ways to make research
higher throughput. In addition, | wanted to expand my scientific network and

build up on my soft skills.
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The project | worked on in Sosei Heptares, Pharmacology explored a GPCR
target with functions in the immune system. | aimed at setting-up receptor
signalling assays that could help the team decipher the pattern of target
signalling and its modulation by a range of ligands with different structures. In
addition, | worked on other projects on the side looking into more targets in
the immune system in native set-ups such as in freshly isolated neutrophils
and T cells from donors’ blood.

In terms of laboratory techniques, my PIP allowed me to expand the ones | was
already familiar with but apply them in a larger scale and in higher throughput
manner. | learned about what additional controls experiments need to include
in order for the data to be validated and taken forward which was something
completely new to me. | received additional training on techniques such as
blood cell extraction, Dynamic Mass Redistribution (DMR), radiation work, and
Flow Cytometry.

Projects in the company were a collaborative effort of the Pharmacology,
Protein Engineering, Biochemistry, Molecular modelling, and Translational
teams. That meant that whilst | worked in the Pharmacology group, | had
ongoing communication with the other teams learning more about the
collaborative nature of drug discovery. In addition, | attended multiple internal
meetings that allowed me to learn about the projects all other scientists
worked on.

The friendly environment in the company also meant that | could openly
communicate with scientists from different departments, discuss science with
them, and expand my knowledge.

In addition to all the lab-based and soft skills | gained by working in Sosei
Heptares, the PIP gave me the opportunity to spend 3 months in the vibrant
town of Cambridge. This was truly amazing and allowed me to meet students
from one the best academic institutions in the world which is an opportunity |
am extremely grateful for.

The benefits of the PIP | undertook were enormous. | gained additional
laboratory lab skills that | added to my CV and that | am confident helped me

with interviewing for and securing a postdoctoral position in drug discovery. |
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expanded my scientific network and | am happy to say | have managed to stay
in touch with scientists | met at the company. Most importantly, | gained
confidence as a scientist due to the positive feedback | received on completion
of the placement and decided that | am certainly eager to stay in the field of
drug discovery and that | enjoy working both in academic and industrial

laboratories.

234



	1. Chapter one: General Introduction
	1.1 Introduction to G-protein coupled receptors (GPCRs)
	1.2 Class A GPCRs: activation and signalling
	1.3 Termination of GPCR signalling and receptor trafficking
	1.4 GPCRs as drug targets
	1.4.1 GPCR antagonism
	1.4.2 Orthosteric antagonism

	1.5 Allosteric modulation of GPCRs
	1.5.1 Introduction to allosteric drug effects
	1.5.2 Allosteric effects on affinity
	1.5.3 Allosteric effects on efficacy
	1.5.4 Importance of allosteric ligands in drug discovery

	1.6 Introduction to the chemokine signalling system
	1.6.1 Chemokines
	1.6.2 Chemokine receptors

	1.7 Functions of the chemokine signalling system
	1.7.1 Maintenance of immune cell homeostasis
	1.7.2 Inflammation and the roles of the CXCL8 - CXCR2 / CXCR1 axis
	1.7.3 CXCR2 roles in cancer

	1.8 CXCL8 and CXCR2 from a structural perspective
	1.9 Pharmacological modulation of CXCR2
	1.10 Aims

	2. Chapter Two: Materials and Methods
	2.1 Materials
	2.1.2 Compounds and assay reagents

	2.2 Molecular Biology
	2.2.1 Overview of construct preparation
	2.2.1.1 CXCR2 cloning by polymerase chain reaction (PCR)
	2.2.1.2 N-terminally SNAP-tagged CXCR2 constructs
	2.2.1.3 C-terminally modified CXCR2 constructs
	2.2.1.4. C-terminally SNAP-tagged CXCR2 construct
	2.2.1.5 Generation of mini GαoA and β-arrestin2 constructs

	2.2.2 DNA processing and preparation
	2.2.2.1 Restriction Digestion
	2.2.2.2 Agarose Gel Electrophoresis
	2.2.2.3 Isolation and purification of insert DNA
	2.2.2.4 Alkaline phosphatase treatment of vector DNA
	2.2.2.5 Isolation and purification of vector DNA

	2.2.3 Ligations
	2.2.3.1 Ligation of DNA fragments with cohesive ends
	2.2.4 Bacterial Transformation
	2.2.5 Small scale isolation and purification of DNA (mini prep)
	2.2.6 Large scale isolation and purification of DNA (maxi prep)

	2.3 Cell Culture
	2.3.1 Cell passaging
	2.3.2 Seeding cells
	2.3.3 Cell freezing and defrosting
	2.3.4 Generation of cell lines
	2.3.4.1 Transfection of HEK293T cells


	2.4 Membrane preparations and labelling
	2.4.1 Membrane preparations
	2.4.2 Terbium labelling of SNAP-tagged receptors

	2.5 Functional assays
	2.5.1 Split luciferase complementation to detect CXCR2-effector interactions

	2.6 Imaging cell surface expression of SNAP-tagged receptors
	2.7 CXCL8-AF647 fluorescent ligand binding assays
	2.7.1 Fluorescent chemokine binding measured using high-content imaging approaches in whole cells
	2.7.2 CXCL8-AF647 binding measured using TR-FRET assays
	2.7.2.1 Association binding kinetics of AF647CXCL8 in whole cells


	2.8 Signal detection and data analysis
	2.8.1 Software
	2.8.2 Split luciferase complementation analysis
	2.8.3 Imaging analysis
	2.8.4 Fitting of ligand binding data
	2.8.5 Statistical analysis


	3. Chapter three: Studying the Effects of Intracellular Negative Allosteric Modulators on CXCR2 Activation using Split Luciferase Complementation Technology
	3.1 Introduction
	3.1.2 GPCR-G protein interactions
	3.1.3 GPCR-arrestin interactions
	3.1.4 In vitro assays to measure GPCR-effector interactions
	3.1.5 Split Luciferase reporter system to study protein-protein interaction in real time
	3.1.6 Modulation of CXCR2 activation and intracellular signalling effector interactions
	3.1.7 Chapter Aims

	3.2 Results
	3.2.1 Characterisation and optimisation of the NanoBiT DNA constructs
	3.2.2 Generation of SNAPCXCR2Lg/ SmBit β-arrestin2 and SNAPCXCR2Lg / SmBit mini Go HEK293T cell lines
	3.2.3 Recruitment of β-arrestin2 and mini Go proteins by CXCR2
	3.2.4 Optimisation of furimazine substrate concentration
	3.2.5 Characterisation of the effect of NAMs on CXCR2 activation
	3.2.6 Investigating the presence of receptor reserve in the CXCR2 NanoBiT assay system

	3.3 Discussion
	3.3.1 NanoBiT mini Go and arrestin assays as a means to monitor CXCR2 activation
	3.3.4 Critical evaluation and future directions
	3.3.5 Conclusions


	4. Chapter four: Studying the Effects of Intracellular Negative Allosteric Modulators on Fluorescent Chemokine Binding at CXCR2 Using High-Content Imaging Approaches and TR-FRET
	4.1 Introduction
	4.1.1 Ligand induced conformational change in GPCR activation
	4.1.2 Technologies used to study ligand binding at GPCRs
	4.1.3 Förster resonance energy transfer (FRET) to study fluorescent ligand binding at GPCRs
	4.1.5 Importance of studying the kinetics of drug binding at GPCRs
	4.1.5 Factors influencing ligand binding at GPCRs
	4.1.6 Considerations in measuring the effects of allosteric ligands on orthosteric ligand binding kinetics
	4.1.7 Aims of the chapter

	4.2 Results
	4.2.1 High-content imaging approaches to monitor fluorescent ligand binding
	4.2.3 Functional characterisation of CXCL8-AF647 in Split Luciferase complementation assay
	4.2.4 CXCL8-AF647 binding to SNAP-CXCR2-His receptors in whole cells detected by TR FRET
	4.2.5 CXCL8-AF647 binding in membrane preparations detected by TR-FRET
	4.2.4 Effect of CXCR2 NAMs on CXCL8-AF647 binding in whole cells and membrane preparations

	4.3 Discussion
	4.3.1 The use of CXCL8-AF647 to develop a TR-FRET binding assay
	4.3.2 The multi-component nature of CXCL8-AF647 binding to CXCR2
	4.3.3 The effect of NAMs in the TR-FRET assay supports a negative allosteric effect on chemokine affinity, potentially by stabilising the inactive CXCR2 conformation.
	4.3.4 Conclusions and future directions


	5. Chapter five: General Discussion
	5.1 Summary of this project
	5.3 Limitations and future directions
	5.4 Challenges and new avenues in targeting the chemokine signalling system
	5.4.1 Is there redundant or selective signalling of the chemokine signalling system?

	5.5. Summary and conclusions


