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Chapter 1:

General Introduction



1.1 Introduction on GPCR signalling and the regulation by arrestins in the light

of drug discovery

1.1.1 Introduction on G protein-coupled receptors (GPCRS)

1.1.2 GPCR signalling: from lock-key model to functional selectivity and
signalling bias

1.1.3 How to evaluate signalling bias

1.1.3.1 True bias versus apparent bias

1.1.3.2 How to detect and quantify bias?

1.1.4 p-arrestins as regulators of GPCR signalling: from desensitizing adaptor
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1.1.4.1 GPCR-Barr contact points

1.1.4.1.a GPCR C-terminal phosphorylation triggers garr recruitment: catching a tiger
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1.1.4.1.b Recent view on arrestin activation

1.1.4.2 GPCR-Barr biased signalling

1.1.4.3 G protein- and Parr-dependent signalling: do these pathways cross again?

1.2 Aims and Outline of this thesis



1.1 Introduction on GPCR signalling and the requlation by arrestins in the light

of drug discovery

1.1.1 Introduction on G protein-coupled receptors (GPCRSs)

G protein-coupled receptors (GPCRs) consist of seven membrane-spanning o-
helices and are therefore often referred to as seven transmembrane receptors
(7"TMRs). They represent the largest and most diverse group of membrane proteins.
More than 800 different GPCRs have been identified, encoded by about 4% of the
genes in the human genome. Roughly half of these 800 GPCRs represent olfactory
and other chemosensory GPCRs, the other half are targeted by endogenous ligands;
they represent the target of nearly one third of the drugs available on the market
today [1, 2]. A ‘phylogenetic classification’ divides the human GPCR superfamily into
five main GPCR families — Rhodopsin (class A), Secretin (class B), Adhesion (class B),
Glutamate (class C) and Frizzled/Taste2 — also shortened to the acronym GRAFS. The
Rhodopsin family represents the largest class and comprises GPCRs that generally bind
their ligands via a binding pocket in the TM regions, with participation of the extracellular
loops and/or the N-terminus [3]. There are multiple examples of GPCRs that have an
important, fundamental role in the homeostasis or regulation of different physiological
processes. An altered regulation and/or expression of these GPCRs is indicative for
pathological conditions, and they can represent biomarkers as well as drug targets
for a variety of disease states [4]. The most ‘famous’ of all is rhodopsin, the
prototypical member of the class A GPCR family, which is activated by light [5]. The
B2-adrenergic receptor (B2AR) was cloned a few years later and belongs to the
adrenergic family of GPCRs, together with the B1AR. They modulate heart rate and
contractility, as well as bronchodilation in the lung, and are involved in the
pathogenesis of heart diseases and asthma. Others include the vasopressin receptor
(V2R) and angiotensin Il type 1 receptor (AT1R), involved in the regulation of blood
pressure, being the targets of blood-pressure regulating drugs. Furthermore, opioid
receptors, such as the p-opioid receptor (LOR), are involved in pain regulation and
are the target of opiate analgesics and opioid drugs. In the brain, the D2 dopamine
receptor (D2R) is one of the major neurological targets of antipsychotic drugs for the
treatment of Parkinson’s disease, schizophrenia and other affective disorders.

Cannabinoid receptors (CB1 and CB2) are drug targets for regulation of pain and
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inflammation, and are most known as targets for (synthetic) cannabinoids as drugs of
abuse [6, 7]. The class of purinergic GPCRs, which will be the focus of this thesis, is
activated by the endogenous nucleoside adenosine and nucleotides ATP, ADP, UTP
and UDP, which represent both the building blocks of DNA as regulators of energy
metabolism [8]. Throughout years, GPCRs have become prototypical examples for
molecular and biochemical research on GPCR structure and signalling, nurturing
future drug research on this highly interesting superclass of membrane receptors.

As the name reveals, all G protein-coupled receptors couple to an intracellular
signalling transducer molecule, named G protein, which is a heterotrimeric protein
consisting of a Ga subunit in complex with a GGy dimeric subunit. The Go subunit
has GTPase activity and upon GPCR activation, GDP in its catalytic domain is
exchanged for GTP, upon which the GGy dimeric subunit dissociates from G, and
each of the subunits can evoke downstream signalling [9, 10]. Many different types of
G protein subunits exist, of which the Ga subunits are generally classified into four
groups — Gas, Gailo, Gag/11 and Ga12/13. The Ga subunits, as well as the Gpy subunits,
couple to a variety of membrane-bound and intracellular primary effector molecules.
Examples are adenylate cyclase (AC; activated or inhibited by Goas and Gai,
respectively), phospholipase C (PLC; activated by Gaq) and Rho guanine nucleotide
exchange factors (coupling to Ga12/13). These effector molecules can activate or
inhibit the production of second messengers such as cAMP (by AC), inositol(1,4,5)-
trisphosphate and diacylglycerol (by PLC), eventually leading to an intracellular rise
of Ca?*, to the activation/generation of transcription factors or the closing/opening of
ion channels, influencing cellular behaviour. GPCR signalling also includes signalling
via other proteins than G proteins. Many other protein cascades link the GPCR to the
nucleus, such as phosphoinositide-3 kinases (PI3Ks) and the family of mitogen-
activated protein kinases (MAPKs) — which are involved in cell cycle progression, cell
survival and proliferation — non-receptor tyrosine kinases such as Src, and receptor
tyrosine kinases [11, 12]. From a drug discovery point of view, a key point of interest
has been to elucidate how GPCRs signal to the inside of the cell via these different
signalling pathways after binding of an endogenous- or drug molecule. For many of
the GPCRs mentioned above, crystal structures have become available. These show
the GPCR in complex with a ligand, revealing important features of structural
rearrangements in the GPCR molecule upon ligand binding. However, equally
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important for drug discovery is the structural change that is brought about in the
signalling complex consisting of a GPCR and signalling molecule(s). Structures of the
GPCR-G protein complex have been reported and complexes with other signalling

proteins, such as arrestins, are only just now being revealed (Figure 1.1).

Figure 1.1: Structures of GPCR signalling complexes: (A) Structure of B2AR with Gs (Protein
Data Bank (PDB) ID: 3SN6; [13]) - (B) Structure of rhodopsin with arrestin-1 (PDB ID: 4ZWJ;
[14]). Red and blue grid represent upper and lower side of the plasma membrane. Image

adopted from the RCSB PDB (www.rcsb.orq).

1.1.2 GPCR signalling: from lock-key model to functional selectivity and

signalling bias

The conceptual framework underlying the well-established pharmacology of GPCRs
has been evolving; during the last decade, distinct molecular features of GPCR
signalling have attracted close attention concerning drug discovery research.
Questions are now being raised on how we can exploit differential GPCR signalling
for the development of new and better therapeutics.

The effect of an external stimulus (light, odour) or extracellular ligand (hormone,
neurotransmitter, drug molecule) on cellular behaviour via a GPCR membrane
protein has classically been described by a ternary complex model. In this model, the
stimulus or ligand binds to the GPCR, evoking a conformational rearrangement in its
structure, leading to the association with and thus the activation of an intracellular G-
protein, by its contact with the cytoplasmic side of the GPCR. In this way, GPCR

activation has been looked at for decades as an ‘on-off phenomenon’; a ligand
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evokes intracellular G-protein mediated signal transduction, leading to an altered
level of second messenger molecules, which ultimately leads to an altered pattern of
enzyme activation, protein expression, or ion levels by affecting ion channels. In that
scenario, if a ligand shows sufficient GPCR selectivity, it binds and activates the
GPCR in a linear way, either inhibiting or stimulating all downstream responses. This
general image has now evolved, or one should rather say surpassed, although the
classical concept still stands to some extent [15].

It is now believed that a ligand, besides showing selectivity for a GPCR, displays an
additional selectivity on the functional level, by stimulating/activating/inhibiting certain
(subsets of) signalling pathways upon receptor binding. By making crucial contact
points with extracellular and/or transmembrane residues of the GPCR, a ligand may
stabilize a very particular GPCR conformation. There is thus not only one ‘active
state’ of a GPCR, but rather a ligand-induced conformational change towards one of
many active or inactive conformational states [2, 16]. Furthermore, a kinetic
interconversion between these different conformational states might exist, rendering
regulation of the interaction with a preferred cytosolic binding partner even more
complex [17]. Ligands may bind to a GPCR and (in)activate a certain signalling
pathway to a certain extent, while leaving other pathways less stimulated or even
untouched. Hence, an agonist may be biased towards a signalling pathway,
displaying selectivity in its signalling (functional selectivity) [16]. Therefore,
classical terms as agonist, antagonist and inverse agonist that were suited for the
original model, must now be interpreted relative to the signalling pathway that is
affected. In the ligand-induced active GPCR conformation, the transmembrane
helices are rearranged, resulting in the opening of a cytoplasmic cavity in the GPCR,
which can accommodate multiple signalling proteins. These mainly belong to three
families; G-proteins, receptor kinases and (-)arrestins [2]. Functional selectivity can

exist towards each of these — as well as towards other — proteins [18-21].

Functional selectivity is not solely orchestrated by the conformation of the receptor
induced by extracellular ligands, but also by intracellular as well as intra-membrane
components that can influence signalling [19]. The expression level of the receptor as
well as its downstream signalling molecules, which can vary depending on cellular

context and under various (patho)physiological states, is also of relevance (see
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below). Besides, functional selectivity can be influenced by allosteric modulation.
Allosteric modulators bind to a site on the GPCR that is different from the orthosteric
site, occupied by the endogenous ligand. An allosteric modulator can negatively or
positively influence the binding of the orthosteric ligand and/or the activity of this
ligand in different signalling pathways, which is referred to as negative or positive
allosteric modulation, respectively. Besides, allosteric ligands might (in)activate the
receptor independent of orthosteric ligand binding, displaying allosteric (ant)agonism
as such [22]. Allosteric modulators have several advantages over orthosteric ligands.
As the orthosteric binding site in GPCRs is well conserved across family members,
design of selective ligands for a certain member of a subfamily is often tedious.
Allosteric modulators with deviating structures can sometimes provide this selectivity,
while potentially displaying better pharmacokinetic properties than the orthosteric
ligands. Further, they often provide a more physiologically-like effect as they can
modulate the function of endogenous ligands, without causing side effects due to
overstimulation of the receptor (as with overdose) or due to receptor desensitization
or downregulation under sustained stimulation, as with chronic therapies [23]. As a
matter of fact, one could even state that G proteins, arrestins and other adaptor
molecules function as allosteric modulators towards the binding of the
orthosteric/allosteric ligand and thus influence functional selectivity in a reciprocal
way [24]. From a drug development point of view, the possibility to activate one (or
certain) pathway(s), with less activation of other pathways, offers unique possibilities

to obtain a beneficial therapeutic profile, possibly reducing or preventing side effects.

1.1.3 How to evaluate signalling bias

1.1.3.1 True bias versus apparent bias

For the evaluation of signalling bias, keeping in mind pharmacological relevance, we
have to describe the consequence of ligand-induced differential receptor
conformations in terms of functional outcome. This has mainly been achieved by
using in vitro functional assays or in vivo animal models. In the in vitro context, ‘bias’
- in the broad sense of the term - occurs when a ligand exhibits different efficacies or
potencies, relative to a reference ligand, for two different signalling pathways. Care

should be taken when interpreting results from assays that monitor different

Chapter 1 7



signalling pathways, in such a way that true bias should be clearly distinguished from
apparent bias, which can occur under multiple circumstances. E.g., apparent bias
may be observed for partial agonists, which can appear as biased agonists when not
strong enough to stimulate a given pathway to a detectable extent, or when different
receptor expression levels are involved. This has to do with the phenomenon of
receptor reserve; only a fraction of the whole receptor population present in a tissue
or cell is necessary to evoke the maximal effect, or there is an excess of receptors on
the cell surface. This means that a partial agonist in a system with low receptor
expression levels can become a full agonist at high receptor expression levels. Vice
versa, a partial agonist at high receptor levels may display insufficient intrinsic activity
to even evoke a response at low receptor expression levels. These considerations
should be taken into account when interpreting results. As a general rule, one can
state that ligand bias can be observed when there is a reversal of the rank order of
efficacy and/or potency between two pathways measured [18]. However, things are
somewhat more complicated than that; quantification of bias by using a system-
independent parameter is important to exclude the system- and observational
component (i.e. the apparent bias) out of the total observed bias. In doing so, only

true ligand bias will be left [25].

1.1.3.2 How to detect and quantify bias?

The answer to the question how to detect signalling bias and how to quantify it in a
reliable and reproducible way, is of relevance for the efforts that are being made in
research on biased signalling. As already mentioned above, the observation of
signalling bias may be influenced by the methods used to characterize this signalling.
For the canonical G protein pathway there’s a multitude of sensitive and selective
functional assays, which are often based on monitoring of the second messengers
downstream of the specific G protein subtype [26, 27]. However, for the second most
studied signalling pathway, via arrestins, there are far fewer functional assays [28,
29]. Generally, these rely on measurement of GPCR phosphorylation, arrestin
functions (i.e. desensitization, internalization and signalling) or arrestin trafficking.
Interpretation of results from desensitization, internalization and signalling, such as
activation of the extracellular-signal regulated kinase (ERK) pathway, is often tedious

as these events can also occur independent of arrestin activation. Therefore,
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arrestin trafficking is the most popular assay. General methods include arrestin
tracking with fluorescence microscopy via tagged arrestins (redistribution assays). To
obtain a more quantifiable result, proximity assays such as fluorescence resonance
energy transfer (FRET) or bioluminescence resonance energy transfer (BRET) might
be used, which detect the interaction between a GPCR and arrestin. One caveat with
these assays is that they suffer from limited sensitivity. This is often a problem for
arrestin measurements because, unlike G protein measurements, there is no signal
amplification, but a rather stoichiometric binding of arrestin to the GPCR. It must be
noted that this signal amplification aspect can also complicate the interpretation for G
protein assays; for example a GTPyS binding assay versus a cAMP accumulation
assay can give different results [15, 30]. More sensitive protein fragment

complementation assays have now been developed.

In order to eliminate cell-type dependent confounding factors - such as the level of
receptors and/or downstream signalling partners present (e.g; G protein or arrestin) -
in the evaluation of functional selectivity, distinct quantitative methods have been
developed to identify and quantify true biased signalling based on mathematical
models. In these models, a ternary signalling complex between ligand, receptor and
transducer/signalling molecule is used, in which the ligand has two primary
properties; its affinity for the receptor, and its efficacy at the signalling complex, i.e.
the ability of the ligand-receptor complex to induce signalling. An example of an
increasingly used mathematical model is the operational model of Black & Leff [31],
in which the pharmacological response of a ligand (A) is expressed in terms of
unconditional ligand affinity (Ka; the equilibrium dissociation constant of ligand-

receptor complex) and intrinsic ligand efficacy (1) (Eq. 1).

Em[A]"T"
[A]*T" + ([A]+Ka) ™

response = (Eq. 1)

This equation is actually a mathematical rearrangement of two equations; that of
agonist concentration by receptor occupancy and that of receptor occupancy by
pharmacological effect. The parameter 1 is determined by the ratio [Ri]/Ke; the
receptor density ([Ri]) and the intrinsic efficacy of the agonist to activate a particular

signalling pathway (Ke; the receptor occupancy needed to produce 50% of the
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system’s maximal effect). Em represents the maximum response of the system and n
the transducer slope of the concentration-response curve. The factors Em and n are
cell-specific and thus shared for all agonists tested in a certain cell type at a certain
pathway. The factor Ka is ligand-receptor specific, while T is both receptor- as well as
cell-specific. For the quantification of functional selectivity, Kenakin and colleagues
assumed that ligand bias is characterized by different affinities (Ka) and efficacies (Ke
or thus 1) [22, 32]. By putting ligand functional dose-response data into this model,
the ratio log(1/Ka) was characterized, which has been referred to as the ‘transduction
coefficient’. This ratio embodies ligand activity in a system-independent way, i.e.
independent of receptor density and/or receptor reserve (i.e. tissue or cell sensitivity),
signal amplification, and assay sensitivity. The relative activity of agonists — for
example a test ligand compared to a reference ligand — in a certain signalling
pathway can be quantified with a ‘normalized’ transduction coefficient Alog(1/Ka).
Furthermore, a ‘bias factor’ can be determined, which can be used to quantitatively

express ‘ligand bias’, as defined as in Eq. 2-4.

bias factor = AAlog(t/Kp) (Eq. 2)
= Alog(t/Ka) pathway 1 — A108(T/Ka) aihway 2 (Ea. 3)
ligand bias = 1022108(t/Ka) (Eq. 4)

It is important to note that the transduction coefficient log(1/Ka) is linear with changing
receptor density (which is cell-type or tissue dependent), and this for different
transducer slopes (n). This means that Alog(1/Ka) for two agonists is constant for
different receptor densities and thus can be used as a measure for comparison of
relative agonism activities between different cell types. Furthermore, if the biased
profile of a ligand between two pathways, shown by AAlog(1/Ka), has an established
link with a certain therapeutic effect, this scale can allow medicinal chemists to
optimize the bias in a delicate way. In contrast, the most commonly used measure of
ligand activity, i.e. the negative logarithm of the ECso, pECso, is only linear for full
agonists with varying receptor densities, but not for partial agonists. Hence, ApEC50
is not constant over changing receptor densities when one of both of the compared
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ligands shows partial agonism, which hampers comparison of ligand activities
between different cell-systems. Yet, another measure of ligand activity, known as
Ehlert’s activity [33] or ‘intrinsic relative activity’ (RA)), i.e. the ratio l0g(EmaxECso), is
also influenced by receptor densities. However, Alog(Emax/ECso) is constant for full as
well as partial agonists when the transducer slope n = 1. This means that this factor
can also be used for comparison of relative agonist activities, at least when the Hill
slope of the concentration-response curve is not different from unity [32, 34].

1.1.4 p-arrestins as requlators of GPCR signalling: from desensitizing adaptor

to scaffolding protein for downstream biased signalling

The by any means best studied interaction partner of G protein-coupled receptors,
besides the G-protein, is the arrestin family of adaptor proteins [2]. This family of
GPCR regulatory molecules has originally been identified as inhibitory adaptor
proteins for the termination of G protein mediated signalling. Their discovery dates
from thirty years ago, in the context of regulation of rhodopsin and adrenergic
receptor signalling. Light converts rhodopsin to photoexcited rhodopsin (R*), which
allows binding of transducin, the G protein of visual cells, thereby activating cGMP
phosphodiesterease (PDEase). In 1986 it was shown that the activation of transducin
and PDEase by phosphorylated R* was quenched, or thus “arrested” by a 48 kDa
protein, rather than via spontaneous slow decay of the photoproduct or hydrolysis of
the transducin-bound GTP [35]. Therefore, this protein was given the name arrestin.
In 1990, similar research was performed for the B-adrenergic receptor (BAR) by the
group of the 2012 Noble Prize in Chemistry Laureate Robert Lefkowitz [36]. In the
human body, the cellular response to neurotransmitters and hormones, such as the
endogenous catecholamines (nor)epinephrine for the BAR system, generally wanes
rapidly despite continuous presence of these stimuli. This was referred to as
‘desensitization’ of the receptor. BAR desensitization after stimulation was shown to
rely on uncoupling of the receptor from stimulatory Gs protein, involving receptor
phosphorylation by protein kinase A (PKA) and BAR kinase (BARK), and an
‘additional cytosolic factor’. The kinetics of the process appeared to be different from
receptor sequestration to vesicles avoid of Gs, or receptor downregulation to
lysosomes. This desensitization causes cAMP levels to plateau or even return to

basal levels within minutes, and substantially diminishes AC activity upon re-
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stimulation with the desensitizing ligand. The additional cytosolic factor involved is
now known as B-arrestin (Barr) [37] and is distinct from visual arrestin. Throughout
the years, the arrestin isoform repertoire has emerged as visual arrestins 1 and 4,
and ubiquitously expressed arrestin 2 (B-arrestinl; Barr1) and arrestin 3 (B-arrestin2;
Barr2), of which the B-arrestins (Barrs) are more highly expressed in sympathically
nerved areas of the brain, in heart and lung, with the link to the aforementioned
discovery. B-arrestins share 78% identity, with main differences in their C-terminal
region [38]. To characterize the role of Barrs in vivo, knock-out mice have been
generated. Barrl/2 double knock-out results in embryonic lethality in mice, while
single knock-outs did not show very abnormal phenotypes, pointing at considerable

redundancy [39].

The recruitment of arrestins to the GPCR is believed to depend on the
phosphorylation of serine and/or threonine residues that are located in the
cytoplasmic sites of the GPCR, i.e. the cytoplasmic loops and/or the C-terminus.
These residues are phosphorylated by kinase enzymes that can be divided into two
groups, related to the desensitization process; second-messenger regulated receptor
kinases, e.g. cCAMP dependent protein kinase A (PKA) and protein kinase C (PKC),
and a family of G protein-coupled receptor kinases (GRKSs), consisting of 7 subtype
members (GRK1-7). Second-messenger regulated kinases can be activated by any
GPCR (or other process) in the cell, leading to agonist-independent phosphorylation
of different GPCRs, thus leading to an altered/diminished cell signalling
(heterologous desensitization). In contrast, GRKs selectively phosphorylate ligand-
activated GPCRs, leading to a more focused, diminished response for that specific
GPCR (homologous desensitization). It is known that GPCRs can also display a
constitutive level of activation, leading to phosphorylation by GRKs independent from
ligand binding. In this thesis, the main focus will be on B-arrestins, as these have

a prominent role in the regulation of non-visual GPCRs [38-41].

Once the p-arrestin molecule is recruited to the GPCR, it is activated by its
interaction with the GPCR, causing a structural rearrangement in the arrestin
molecule and the release of its C-terminal tail. The structural details of this activation

process have been studied extensively and have been subject to discussion; this will
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be described in detail in the next section. Once activated, arrestin can interact with
adaptor proteins of the endocytic machinery; in the 410 amino acid long Parr2
molecule, the clathrin binding region concerns a C-terminal motif (L-I-E-F; residues
373-376 in human Barr2), which binds the clathrin heavy chain, while two arginine
residues upstream of this region bind the B2-adaptin subunit of the clathrin adaptor
(AP-2) complex [42, 43]. This interaction directs the GPCR-arrestin complex towards
clathrin-coated pits for endocytosis. In this way, the GPCR is either internalized
(receptor sequestration) and recycled back to the plasma membrane or is degraded

into lysosomes (receptor downregulation) (Figure 1.2) [39, 40].

Clathrin coated vesicle
GPCR internalization

Barr association

Ligand binding GPCR phosphorylation & GPCR desensitization

Clathrin coated pit

Endosomal vesicle

Resensitization .
7 N Recycling

Downregulation

'U‘Jy Lysosomal vesicle

Figure 1.2: B-arrestin dependent GPCR desensitization, internalization, downregulation and/or
recycling. Upon ligand binding and G protein activation, GRKs (or other kinases)
phosphorylate the GPCR at cytoplasmic regions (C-terminus and/or intracellular loops) and
Barr is recruited. Barr activation and liberation of its C-tail allows association with AP-2 and
clathrin, targeting the GPCR-Barr complex to clathrin-coated pits. The GTPase dynamin
pinches off the clathrin-coated pit, forming a clathrin-coated vesicle. The GPCR can be
internalized into endosomes to be dephosphorylated and recycled to the cell surface, or can
get degraded in lysosomes.

The trafficking of the GPCR-arrestin complex has been reported to occur with
different kinetics, leading to the classification of GPCRs into two classes. Class A

receptors (for example B2AR, pOR, D2R, CBs) show preferential binding to Barr2
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compared with Barr1, and the interaction is rather transient, with a fast dissociation of
Barr from the receptor, and thus fast recycling. Class B receptors (for example V2R,
AT1R) bind Barr1 and Parr2 with equal affinity, giving a more stable receptor
complex. Based on studies with chimeric GPCRs in which the C-terminal tails of two
GPCRs were switched, it has been assumed that this C-terminus is determining for
the behaviour of the GPCR; clusters of serine/threonine would evoke class B
behaviour (see Chapter 3) [44, 45].

Besides targeting the GPCR for endocytosis, the activated arrestin molecule also
exposes adaptor sites for interaction with signalling proteins, and thus can initiate its
own distinct downstream G protein-independent signalling. An ever-increasing list of
proteins downstream of Barr has been identified: interaction with Src-family tyrosine
kinases, scaffolding of ERK1/2 [46], c-Jun N-terminal kinase (JNK) and p38 MAPK
cascades, regulation of the NF-kB pathway [47], scaffolding of PDEases, just to
name a few [48]. Class B GPCRs would give more pronounced cytosolic retention of
ERK than class A GPCRs [30, 38, 39, 49-51]. For non-visual GPCRs, Barr2 is most
involved in GPCR signalling [52]. Moreover, arrestins not only mediate numerous
signalling pathways initiated by activated GPCRs, they also participate in receptor-
independent signalling processes, affecting cell adhesion, motility, survival, and
apoptotic death. Given this role in signal transduction, arrestins have been put on an
equal footing with G proteins, representing a parallel class of GPCR interacting
signalling proteins. However, the structural basis of the interaction of arrestin with
various downstream signalling partners involved in GPCR-(in)dependent arrestin

signalling remains to be elucidated [2].

Given all the above, it is not surprising that in recent years, the arrestin pathway is by
far the most extensively studied G protein-independent signal transduction pathway
for which biased agonism has been thoroughly explored. In the light of drug
discovery, there is a high interest in the challenging concept of biased signalling for
the synthesis of biased drug molecules that specifically (in)activate those signalling
pathways that lead to a desired therapeutic profile with reduced side effects.
Furthermore, the arrestin pathway is also highly interesting with respect to its GPCR
desensitization properties; opportunities may lie here in terms of overdose and/or
drug tolerance [15, 30, 53, 54].
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1.1.4.1 GPCR-Barr contact points

1.1.4.1.a GPCR C-terminal phosphorylation triggers Farr recruitment: catching a tiger

by the tail?

As evolution created GRKs and arrestins to suppress GPCR signalling by G proteins,
it seems convenient that an overlap exists in the cytoplasmic side of the GPCR that
can accommodate all three GPCR interaction partners. Moreover, there are only a
limited number of G protein, GRK and arrestin subtypes that bind hundreds of
different GPCRs. However, there must also be a difference, induced by the binding of
the ligand itself and/or subsequent phosphorylation, creating a non-overlapping
pattern, which distinguishes between G proteins, GRKs and arrestins, and their
subtypes. The structural motifs involved are highly promising to be exploited for
therapeutic purposes. At this very moment, we still don’t know which exact GPCR
conformations or patterns in the cytosolic part of the GPCR favour binding to each
interaction partner. Also important to note is that we do not know if these different
conformations are really fixed, exploitable for biased signalling, or if some state of
equilibrium exists between different conformational states depending on the

environmental and cellular conditions involved [2].

The recruitment of arrestin to a GPCR is generally believed to be triggered, or to
(partly) rely on the phosphorylation of serine/threonine residues in the cytoplasmic
exposed sites - the second and third intracellular loops (IL), or the C-terminus - of the
activated GPCR by receptor kinases [55-57]. In contrast to other kinases (PKA,
PKC), GRKs do not recognize a consensus phosphorylation sequence in the
multitude of different GPCRs they phosphorylate. Therefore, it is tempting to
speculate that the specific position of the serine/threonine residues determines a
pattern of phosphorylation by GRKs. For example, for rhodopsin, the B2AR, the V2R
and the AT1R it was shown that different GRKs generate distinct phosphorylation
patterns [58-61]. Many studies have reported on key phosphorylation sites in the
intracellular loops and/or C-terminus, by mutation and truncation of GPCRs.
However, the results are often highly divergent and not indicative of a consensus
phosphorylation pattern in GPCRs in their contact with arrestins; e.g. the D1

dopamine receptor displays a sequential phosphorylation of the C-terminus, and 3™
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IL [62]. The uOR is also C-terminally phosphorylated [63-65]. The B1AR contains
multiple phosphorylation sites in the 3™ IL and C-terminus, of which two crucial serine
residues in the distal C-terminus that determine Barr2 recruitment [66]. Yang et al.
([67]) have compiled a non-exhaustive list of studies mapping phosphorylation sites
on the C-terminus and/or ILs using different techniques. Based on these
observations, the phospho-barcode hypothesis came to light; ligand-induced patterns
of phosphorylation may constitute a barcode that dictates the interaction with
arrestin, its conformation, and subsequent GPCR downstream signalling. However, it
is still not known how this barcode is deciphered exactly by the arrestin molecule,
because there is so little primary phosphorylation pattern identity among different
receptors. However, there must be some consensus pattern, as there is only a
definite number of arrestin isoforms. For the majority of GPCRs, the C-terminus has
been described as the key site for phosphorylation. However, this is not supported by
all studies; the interaction between the human lutropin receptor and Barr2 is
independent of phosphorylation [68], and the substance P receptor still recruits Barr1
and Barr2, independent of C-terminal truncation [69]. For the A3 adenosine receptor,
neither the C-terminus nor potential phosphorylation sites in the 3 IL are crucial for
recruitment of Barr2, as described in detail in Chapter 3. Therefore, the view on the
role of GPCR phosphorylation in the regulation of arrestin-based desensitization and

signalling has evolved to some kind of controversy in latest years.

The relevance of phosphorylation as an activator of arrestin recruitment and
signalling can be found in the arrestin structure, which can accommodate
phosphorylated residues by an extensively studied mechanism. Crystal structures of
all four arrestin isoforms in their basal conformation (i.e. not bound to a GPCR) have
been available for a while ([70] visual arrestin, [71] Barrl, [72] cone arr, [73] Barr2)
and provided early insights into the conformational changes upon phosphate
recognition. Arrestin is an elongated molecule consisting of an N-terminal and C-
terminal domain, each consisting of a sandwich of 7 B-strands, connected via a
hinge-region. The relative orientation of these domains in the basal arrestin
conformation is supported by two intra-molecular interactions between groups of key
residues, which are conserved in all animal arrestins. These two interactions include

the polar core, a network of five interacting virtually solvent-excluded charged
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residues between the domains, and the three-element interaction, relying on
hydrophobic interactions between the B-strand I, a-helix | and the C-terminus, which
strongly connects the C-terminus with the amino-terminal domain (Figure 1.3). These
two intramolecular ‘locks’ are believed to be unfastened by receptor attached
phosphates, evoking a global change in the arrestin molecule by release of its C-
terminal tail and a rearrangement of the 2 domains relative to each other [48, 55, 57,
74, 75].

Polar core

[[] crathrin binding site

D26, D290, D297 Net? [l AP-2binding site
R393-polar core and
. Il Rico. Raos < AP-2 binding site
D N-Domain (\ N
C-Domain : (
Tl o -~
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Three-element interaction
I 100, L104, L108
- 1386, V387, F388
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Figure 1.3: Intra-molecular interactions in Barr1 (PDB ID 1G4M) holding the molecule in a basal

conformation. Figure adopted from [76].

More valuable information on the receptor-engaged arrestin structure came with the
elucidation of the interaction of a f2AR-V2Rtail chimeric receptor with Barrl by cryo-
electron microscopy (cryo-EM) [77]. This study showed that arrestin could be
‘hanging’ to the GPCR, solely attached via the phosphorylated GPCR C-terminus, or
could fully engage the GPCR by binding to additional cytoplasmic GPCR sites [19].
This was in line with previous observations for the rhodopsin receptor [78]. Thus, it
was assumed that GPCR-arrestin interaction is biphasic, involving two contact sites;
one between the phosphorylated sites of the GPCR and the N-domain of arrestin
(partially engaged complex), and one involving the activated receptor, i.e. exposed
transmembrane helices and cytoplasmic loops (fully engaged complex). It seems that
the fully engaged complex is not always present, and that the partially engaged
complex is already sufficient for some functional outcomes of GPCR-Barr interaction
such as endocytosis and scaffolding of ERK. For example, the arr-biased BAR ligand

carvedilol has only partial association with the GPCR C-terminus (no full
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engagement), while still being of pharmacological relevance as there is no G protein
activation [79]. Furthermore, in 2015, a higher resolution X-ray free electron laser
(XFEL) structure of constitutively active human rhodopsin bound to a pre-activated
mouse visual arrestin was solved [14]. However, the phosphorylated rhodopsin C-
terminus was missing in this structure and was added later [80]. This revealed a
phosphorhodopsin-arrestin interface displaying an intermolecular § sheet together
with an extensive network of electrostatic interactions between positive pockets at
the N-terminal domain of arrestin and phosphates and/or negatively charged side
chains in the C-terminus of rhodopsin; arrestin ‘reads’ the phosphorylation/negative
code on the GPCR through three code-sensing pockets. These positive pockets are
highly conserved among the different arrestin isoforms (also between species), but
show some differences as well, which might contribute to the specificity for GPCRs.
By comparison of the phosphorylation pattern of the rhodopsin and the V2R C-
terminus, two types of ‘phosphorylation codes’ were identified in which the
phosphates should be separated by certain distances (or a certain number of
residues); PxPxxP/E/D (short code) or PxxPxxP/E/D (long code), in which P is a
phospho-serine/threonine and x is any amino acid (except proline in the second xx
occurrence). These structural features were validated by biochemical and biophysical
experiments and computer modelling [80]. The authors noted that certain
phosphorylated residues that had been identified with mass spectrometry, were not
present in the crystal structure. This can be explained by the fact that crystal
structures give a ‘fixed’ image of a GPCR, often stabilized by adaptory proteins, and
thus, for the best possible interpretation, also data from other biochemical

experiments should be taken into account.

Based on the aforementioned resolved structures of different arrestin isoforms, as
well as the pioneering studies on GPCR-arrestin complexes, a theory has emerged
on the structural features of the GPCR-arrestin interaction process. Hereby, inactive
arrestin has its positively charged N-terminal region hidden by intramolecular N-C
domain interactions. The first step upon GPCR activation is the interaction of this
positively charged region with phosphates in the C-terminus or other loops of the
receptor. This breaks the intramolecular N-C lock, thereby releasing the C-terminus
of arrestin, which is now available for interaction with adaptor proteins, and triggering

a 20° rotation between the N and C domains. By this rearrangement, a concave
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surface in arrestin is exposed, which binds the GPCR core more tightly by
repositioning multiple arrestin loops (finger loop, lariat loop, middle loop) in the GPCR
cavity [2, 67, 80-82]. Hence, in this theory, the formation of the GPCR-arrestin
complex is believed to be largely driven by the phosphorylated GPCR C-terminus.

1.1.4.1.b Recent view on arrestin activation

Some recent papers further complexed the view on arrestin activation. In a very
recent study of Eichel et al. ([83]), a distinct mechanism of Barr activation has been
reported for BARs, being possibly C-terminus independent. It involves a transient
engagement with the GPCR core; this destabilizes a conserved inter-domain charge
network in Barr and promotes its capture at the plasma membrane and subsequent
accumulation in clathrin-coated endocytic structures (CCSs). The experiments in this
study were based on total internal reflection fluorescence (TIRF) microscopy. Upon
stimulation with isoproterenol, Barr2 showed rapid accumulation in CCSs, without co-
accumulation of B1AR. In contrast, f2AR did co-accumulate with Barr2 in CCSs, but
this was not solely receptor-dependent, as Parr2 also trafficked into CCSs upon
receptor immobilization. The C-terminus of the B1AR as well as that of the 2AR was
not required to induce Barr2 trafficking. Other GPCRs tested, among which the D2R
and uOR also showed a discrete trafficking of Barr2. The authors hypothesized that a
transient interaction with the GPCR core is sufficient to activate Barr trafficking; in line
with this, a core mutation of the D2R, which has a short C-terminus, prevented parr2
trafficking. They stated that three charged residues in the ‘finger-loop-proximal’
region of arrestin function as part of an extensive network of polar residues that form
an N- and C- intradomain network. This network stabilizes arrestin in its inactive
conformation (as mentioned above), and is destabilized by interaction with the GPCR
core, activating arrestin. After dissociation from the GPCR, it was shown that arrestin
is stabilized by non-GPCR interactions with membrane phosphoinositides and CCS-
lattice proteins. Thus, the GPCR core seems to act catalytically in arrestin activation.
Remarkably, this phosphoinositide stabilizing determinant was not required for
accumulation of Barr2 in CCSs by a f2AR-V2R chimeric receptor. For this receptor,
the phosphorylated C-terminus sufficiently stabilized the arrestin molecule at the

plasma membrane. Thus, phosphoinositide binding seems crucial for parr2 trafficking
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after GPCR dissociation, but not when Barr is bound in a sufficiently stable complex
by a highly phosphorylated GPCR C-terminus. This ‘action at a distance’ behaviour
seems widespread and introduced a totally new concept in arrestin activation;
transient GPCR core engagement can act catalytically or scaffold-driven. The
tendency of a GPCR to act by either of the two mechanisms (catalytically or scaffold-
driven, to a certain extent) is regulated by the state of phosphorylation of the GPCR

C-terminus.

In fact, and even stronger, it was shown by Latorraca et al. ([84]) that the activated
GPCR core and cytoplasmic tail can each independently and individually stabilize the
active arrestin conformation, and binding of both further stabilizes this, which is
indicative of an allosteric interaction between both. Thus, not both core and C-
terminal sites have to be engaged simultaneously to activate arrestin (Figure 1.4).
These authors tried to reveal the rhodopsin-arrestinl interaction through extensive
atomic-level simulations from the crystal structure, in which either the GPCR
phosphorylated C-terminus (Rp) was removed, (leaving only the GPCR core), or the
receptor core (leaving only the Rp tail). The 20° twist angle between the arrestin N-
and C-domain, amongst other conformational changes, was used as a measure of
arrestin activation. It was concluded that the GPCR core cytoplasmic loops (mainly
IL2 and IL3) seem to be the main determinants for arrestin activation by interaction
with the arrestin ‘body’ (N-C domain interaction), rather than the rearrangement of
the arrestin finger loop in the GPCR core, which was until now believed to be a major
trigger for arrestin activation. They also found that arrestin frequently adopts the
active arrestin conformation in absence of an activating GPCR, which might explain
the arrestins’ ability to remain active after GPCR dissociation. This supports the

above catalytically-driven theory as well.
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Figure 1.4: Schematic representation of G protein and arrestin interaction with the activated
GPCR. Both signalling proteins seem to require an outward shift of GPCR TM6 to
accommodate a cavity in the GPCR transmembrane bundle. The paradigm on arrestin
activation has changed a lot throughout recent years. Phosphorylated residues in the C-
terminus (or cytoplasmic loops) have always been considered as a major trigger for arrestin
activation; this led to the phospho-barcode-hypothesis. During the last few years, a more
important role has been assigned to the activated GPCR core in arrestin activation. Initially, it
was thought that both phospho-sites and core were required to obtain high affinity binding, in
a step-wise manner. However, the most recent studies (mutational functional studies — non-
exhaustive overview given in [84] —, structural studies and computer modelling) state that both
the GPCR core and the C-terminus are able to independently activate arrestin. Until now, it is
not known if there are functional consequences of the arrestin binding/activation mode on

GPCR trafficking or arrestin downstream signalling.

1.1.4.2 GPCR-Barr biased signalling

There has been an increasing focus in GPCR drug discovery on the identification of
biased ligands that selectively activate the G protein- or B-arrestin signalling pathway
[85, 86]. Most research has been on ligands that show an extreme case of ligand
bias: herein, stimulation of one pathway occurs without (detectable) stimulation of the
other pathway. Some important discoveries have been made for the angiotensin
receptor system, the [-adrenergic receptor system, the dopaminergic receptor
system, the opioid receptor system and the cannabinoid receptor system [15, 30, 53].

These are highlighted in depth in Chapter 6. Biased ligands that exhibit bias to a
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certain degree (imperfect bias) are also of high interest. Unfortunately, there is no
such thing as a pattern in receptor features that are required for stimulating G protein
without or with less activation of -arrestin, or vice versa. The aforementioned studies
on the GPCR-arrestin interaction highlight the knowledge gaps and the relevance of
ongoing research on this topic with the eye on elucidating key molecular features for
biased signalling [54, 87, 88].

While the exact molecular mechanism of G protein versus arrestin biased GPCR
signalling is still not clear, it has recently been explored by comparison of the crystal
structure of the B2AR-Gs protein complex [13] with that of the rhodopsin-arrl complex
[14, 81]. For class A GPCRs, the GPCR-G protein interface has been reported for
the B2AR (with Gs) and the A2aAR (with mini-Gs) [13, 89]. Both structures show the
interaction of the C-terminal domain of the Gus subunit with the cavity that opens up
on the cytoplasmic side of the activated GPCR by the outward movement of the
cytoplasmic end of (TM5), TM6 and IL3. The crystal structure of pre-activated Barrl
with a C-terminal phosphopeptide of the V2R revealed an interaction between the
receptor C-terminus and the N-terminal B strand of arrestin, and additional charge
interactions between the phosphates and the positive residues in both strands,
respectively [90]. Upon agonist binding, there is a C-terminal extension of TM5,
accompanied by an outward movement of TM6 and IL3, which opens an intracellular
pocket in the GPCR transmembrane bundle, which can accommodate both G protein
and arrestin. It is observed that for accommodating G protein there is a larger
outward movement of TM6 (14 A) than for arrestin (8 A); thus, remarkably, the
difference in GPCR conformation between G protein- and arrestin-bound state is
relatively small. However, it is the phosphorylation and conformational change in the
GPCR C-terminus that is characteristic for arrestin binding [80]. It also seems that, at
least in the case of rhodopsin, the interaction of the GPCR C-terminus to the N
domain of arrestin results in a conformational change, which may help TM7 and helix

8 in their association with arrestin to achieve full arrestin engagement [81].

In the meantime, structures of GPCR-G protein complexes have increasingly been
reported; the structure of the B2AR-Gs protein complex [13] has been supplemented

with the structure of the A2aAR in complex with mini-Gas, resolved by crystallography
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[89], as well as in complex with an engineered heterotrimeric G protein complex,
including mini-Gas and a stabilizing nanobody, resolved by cryo-EM [91]. With respect
to Gi-coupling GPCRs, the structures of pOR-Gi1 [92], A1AR-Gi2 [93], the 5HT1B
receptor-Go [94], and light-rhodopsin-Gi1 [95] have been reported. All these structures
reveal a GPCR-G protein interface consisting of the outward movement of TM6 to a
larger (for Gs) or smaller (for Gi) extent, via which the GPCR pocket can
accommodate the G protein C-terminal a5 helix. Based on these data, it has been
suggested that GPCR specificity towards signalling proteins, either G protein,
arrestin, or other signalling molecules, might rely on ‘pocket complementarity’ rather
than on the interaction with specific conserved amino acids. In this model, the
structural rearrangement in the GPCR upon activation induces a pocket region that is

conducive to the binding of G protein subtypes or arrestin subtypes [96].

We are very close to the elucidation of key structural features of the GPCR binding
interface that distinguishes between selectivity towards G protein and arrestin, but at
the same time, a lot of structural similarities are found as well. Fitting all these
structural studies together with functional studies on GPCR-G protein and -arrestin
coupling will provide new insights that could help in the design of biased ligands for
drug development. Obviously, assessment of candidate biased ligands as

therapeutic leads will still require testing in the biological setting (in vivo models).

1.1.4.3 G protein- and Barr-dependent signalling: do these pathways cross again?

Despite the efforts to dissect G protein- versus arrestin-dependent pathways with the
eye on biased signalling, it was not clear if both signalling pathways could occur fully
independently, i.e. if arrestin signalling is possible without any G protein activity
present or vice versa. This has been addressed by recent studies [97-101].
Grundmann et al. ([99]) used the genome-editing CRISPR/Cas9 technology for
depletion of Barrs or G proteins, in combination with pharmacological G protein
inhibition by specific G protein inhibitors (such as pertussis toxin for Gino), creating
“zero G protein” or “zero arrestin” HEK293 cells. Special emphasis was placed on
ERK1/2 phosphorylation, as this pathway downstream of G protein or arrestin is

known to be critical for cell survival, growth and proliferation, and generally receives
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considerable attention in high-throughput drug screens for biased ligands that display
arrestin-(in)dependent signalling. A sustained Parr recruitment, but a loss of ERK1/2
phosphorylation, was observed upon genomic elimination of G protein signalling.
Therefore, it was concluded that G proteins and not arrestins act as main drivers for
ERK signalling, and this for the B2AR, the AT1R and the V2R, as well as for three
other GPCRs. For the B2AR, it had already been shown that initiation of ERK
signalling was rather Barr-independent, with critical involvement of Gs protein, and
that depletion of Barr enhanced ERK signalling [98]. These studies mainly point at
arrestins acting as scaffolds for stabilization of the ERK signalling cascade, critically
regulating ERK signal amplitude and duration; an action that implies arrestin
activation downstream — but not independent — of G proteins.

Mechanistically, the existence of so-called ternary ‘supercomplexes’, including the
GPCR, arrestin and G protein, fit in this view of interplay between G proteins and
arrestins in GPCR signalling [97]. Within this conceptual framework, it is possible that
a biased ligand induces a receptor conformation that can simultaneously
accommodate both G protein and arrestin, and for which all interacting partners in
the complex allosterically influence the GPCR conformation. Concrete studies on this
have appeared for the B1AR and the AT1R [102, 103]. The use of genome-edited cell
lines might be of relevance for future assessment of the relative contribution of
certain signalling pathways to the variable(s) ultimately measured when evaluating a
biased ligand. However, it seems that the effects of arrestins on GPCR
desensitization, internalization and (ERK) signalling are different concerning G
protein-(in)dependence, and also differ between GPCRs and cellular backgrounds.
Additionally, deletion of both Barrs is possible in an in vitro setting, but not readily in
an in vivo setting, again questioning the relevance of genome-edited cell systems.
Therefore, one must stay cautious with extrapolating in vitro results to other GPCRs,

and definitely to native systems [101].
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1.2 Aims and Outline of this thesis

Biased signalling has emerged as a new, challenging concept in current drug
discovery research targeting G protein-coupled receptors (GPCRs). Tremendous
efforts have been made during the last decade to discover the molecular features of
G protein versus arrestin coupling, and to evaluate if there is a consensus in the
binding sites for all or subsets of GPCRs. Knowledge on this will aid in the directed
design of highly selective, biased ligands, introducing a new chapter in drug
discovery. These biased ligands could represent safer therapeutics, with less on-
target side effects, or with less risk for drug tolerance or drug overdose. Besides the
synthesis of new compounds, existing drug molecules might be fine-tuned according
to these new findings. At the moment, there is no comprehensive molecular model
available for the prediction of specificity towards G protein or arrestin signalling.
However, continuous research has been performed for prototypical GPCR models,
including rhodopsin, the adrenergic receptors, opioid receptors, the vasopressin
receptor and purinergic receptors. The structural paradigm on arrestin activation has
evolved substantially during the last decade; the phosphorylated GPCR C-terminus
as a trigger for arrestin coupling has now been supplemented with a role for the
GPCR core. The structural basis relies on pioneer studies on crystallography, cryo-
EM, computer homology modelling, and many more techniques. Besides, functional
assays have shown to be highly valuable as they evaluate confounding factors such

as receptor expression level and cellular context.

For the aforementioned prototypical GPCR systems, biased ligands that exploit or
avoid the arrestin pathway have shown promising results for future drug therapies
with possible clinical relevance (discussed in Chapter 6). However, for purinergic
receptors, functional selectivity is only just being reported — an overview is given in
Chapter 2 — but is scarce with respect to B-arrestin (Barr) signalling. Therefore, the

aim of Chapter 3 and Chapter 5 was to explore the human As adenosine receptor

(AsAR) and the P2Y2 receptor, members of the adenosine receptor (P1) and P2Y

receptor subfamily, respectively, for their contact sites with Barr2, to see if we could
find any similarities with the current view on arrestin coupling. p-arrestin coupling is

evaluated in a HEK293T cell line, using a live-cell reporter system based on the
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functional complementation of the bioluminescent nanoluciferase (NanoLuc)

enzyme (Figure 1.5).

In Chapter 4, the assay set-up is transferred to a stable HEKT293T cell line for
screening of a panel of (newly synthesized) synthetic AsAR ligands. The activity
profiles obtained for Barr2 recruitment are compared to those for Gi protein-
dependent cAMP signalling in order to elucidate a possible functional selectivity

relationship.

Firefly Renilla XLuc

\ 4

Small Bit Small Bit + Large Bit

Figure 1.5: Depiction of the small NanoLuc luciferase (19 kDa) - compared to Firefly luciferase
(61 kDa) and Renilla luciferase (36 kDa) - and its splitted parts for fusion to two interacting
proteins of interest: the GPCR and Barr2. Picture partly altered from Promega Company and
[104] Copyright © 2015 American Chemical Society
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2.1 Introduction on purinergic receptors

2.1.1 Classification and endogenous ligands

Purinergic receptors are generally divided into two major classes; P1 receptors,
better known as adenosine receptors (ARs), which contain four members that are
activated by the nucleoside adenosine, and P2 receptors, which are activated by
adenosine 5'-triphosphate (ATP), and related nucleotides (ADP, UTP, UDP). The P2
receptors are subdivided into the subclass of ligand-gated ion channels or ionotropic
P2X receptors, and the subclass of metabotropic P2Y receptors (P2YRs). The P2Y
receptors and P1 adenosine receptors belong to the superclass of G protein-coupled
receptors (GPCRs) [1] (Figure 2.1). This chapter provides an overview on the
functional selectivity of the signalling by these G protein-coupled purinergic

receptors, with a particular focus on the pB-arrestin (Barr) pathway.

Adenosine is an endogenous molecule that is present in each cell and in all
extracellular fluids of the human body. It has a classical “helper” role in the protection
of cells against stressful conditions, by enabling them to reduce energy-consuming
activities. Under normal physiological conditions, extracellular adenosine levels are
low (20 - 300 nM), rising to low uM levels under extreme physiological situations (e.g.
intensive exercise) and about 30 uM levels under conditions of cellular stress:
oxidative stress, inflammation, ischemia, hypoxia, or when cell damage occurs.
When present extracellularly, adenosine exerts its effect mainly by binding to ARs at
the cell surface. These are widespread throughout the human body, both in the
central nervous system (CNS) and in peripheral tissues. The main effect evoked by
adenosine has led to a sub-classification into four subtypes of ARs; the A1AR and
AsAR, which mainly couple to Gi protein, while the A2aAR and A2sAR mainly couple
to Gs protein [2-4]. The sequence similarity between ARs, both intra- and inter-
species, is relatively high; human A2aAR/A28AR have a sequence identity of 46%,
and the similarity between A2a and A1 receptors is 37%, and 31% for AsAR. However,

the difference in amino acid sequence between human and rat AsAR is 30% [1].

ATP is released into the extracellular space as an autocrine/paracrine molecule in

response to neuronal stimulation, platelet aggregation, stress, mechanical stimulation
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and other mechanisms. The concentration of nucleotides required in the extracellular
space for P2Y receptor activation ranges from 0.1 to 10 uM. In contrast, millimolar
concentrations exist intracellularly, but because of their net negative charge,
nucleotides require active transport over the plasma membrane (PM). Extracellular
nucleotides  trigger numerous  (patho)physiological  functions, including
neurotransmission, (cardiac) muscle contraction, inflammation, pain initiation,
vascular tone, platelet activation in haemostasis and thrombosis, and more.

The P2Y purinergic receptor class consists of eight GPCR subtypes; P2Y1R, P2Y2R,
P2Y4R, P2Y6R, P2Y11R, P2Y12R, P2Y13R, and P2Y14R, in which the numbering
reflects the chronological order of cDNA cloning. These subtypes can be divided
pharmacologically into: (i) adenine nucleotide-preferring receptors, responding to
ATP and/or ADP (P2Y1R, P2Y11R, P2Y12R, and P2Y13R), (ii) uracil nucleotide-
preferring receptors, responding to UTP and/or UDP (P2Y4R and P2Y6R), (iii) a
receptor of mixed selectivity, responding to UTP and ATP (P2Y2R), and (iv)
receptors responding to sugar nucleotides UDP-glucose and -galactose (P2Y14R).
Besides, a division can be made based on sequence similarity, presence of amino
acid motifs important for ligand binding, and primary G protein coupling. The P2Y1R,
P2Y2R, P2Y4R, P2Y6R, and P2Y11R share moderate (28-52%) sequence homology
and principally couple to Gga11, whereas the P2Y12R, P2Y13R, and P2Y14R share

45-50% sequence homology and principally couple to Gio [1, 5, 6].

Figure 2.1:
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2.1.2 (Patho)physiological role as drug targets

The (patho)physiological role of the different adenosine and P2Y receptors in their
native expression systems, and their potential as biomarkers and/or drug targets for
various states of disease has been the topic of several excellent recent reviews.
Multiple ligands with potential therapeutic value have been developed, which are
currently entering/in clinical trials and/or are already used in the clinical setting [4, 7-
9]. We only provide a sneak-peak on the topic, emphasizing the (patho)physiological

role of the receptors that has (possible) relevance for therapeutic application.

2.1.2.1 Adenosine receptors

In the atria of the heart, the A1AR has a cytoprotective role and holds therapeutic
potential for the treatment of cardiac diseases. Adenosine as such is a long-term
clinically used drug in the diagnosis and treatment of paroxysmal supraventricular
tachycardia, and neladenoson is in Phase Il clinical trials for the treatment of heart
failure [10]. In white adipose tissue, the A1AR inhibits lipolysis and insulin secretion,
and stimulates glucose uptake in adipocytes. In airway epithelium and smooth
muscle the A1AR evokes bronchoconstriction; clinically used antagonists include
theophylline, doxofylline, and bamifylline [4]. The central A2aAR is involved in
Parkinson’s, Huntington’s, and Alzheimer’s disease (AD); the antagonist istradefylline
is available in Japan as co-adjuvant in the treatment of Parkinson’s disease. In the
periphery, the A22AR is expressed in leucocytes and blood platelets, where it
regulates the onset of vasodilation and inhibits platelet aggregation. Adenosine as
such is used for coronary artery imaging, based on its action via this receptor
subtype [4]. The A28AR is present at high levels in the periphery in the intestine and
bladder, but at very low levels in the CNS. Not much is known about the functional
significance of this receptor; it has been implied in allergic and inflammatory
disorders, with some controversy about the pro- versus anti-inflammatory effects of
A28AR stimulation. The AsAR, topic of Chapter 3 and 4, is highly expressed in
various inflammatory cells (mast cells, eosinophils, neutrophils, monocytes,
macrophages, dendritic cells, lymphocytes), where its anti-inflammatory effects can
aid in the treatment of inflammatory disorders. Clinically relevant agonists, such as

the prototypical IB-MECA (CF101; Piclidenoson), have been developed for the
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treatment of psoriasis and rheumatoid arthritis (RA). Upregulation of AsAR that
occurs in RA [11] likely represents an endogenous compensatory mechanism to
counteract the inflammatory status [12, 13]. The AsAR also mediates airway
inflammation; antagonists have been developed for the treatment of asthma and
chronic obstructive pulmonary disease (COPD). Together with the A1AR, the AsAR
has been identified as an interesting drug target to address cardiac/cerebral
ischemia, although its exact location in the heart has not yet been reported. As the
A3AR is highly expressed in tumour cells versus normal cells, it might represent a
valuable target for the treatment of cancer, or a promising cancer biomarker. The
agonist 2-CI-IB-MECA (CF102; Namodenoson) has been developed for the treatment
of hepatocellular carcinoma [3, 14-17].

2.1.2.2 P2Y receptors

Because of diverse expression in brain, immune cells, epithelial and endothelial cells,
(vascular) smooth muscle and many other tissues, P2YRSs receptors hold therapeutic
potential for the treatment of neurological [18], inflammatory, cardiovascular
disorders [19, 20], and cancer [21].

Both the P2Y1R and P2Y12R are expressed in platelets [22]. Platelets express four
P2R subtypes — P2Y1R, P2Y12R, P2Y14R, and P2X1R; the former two synergize to

achieve platelet activation by the action of endogenous ADP; the P2Y1R initiates

platelet activation, while the P2Y12R is responsible for completion of the
aggregation. The P2Y12R is the target for antithrombotic drugs in clinical use, while
the P2Y1R and P2X1R are at a preclinical stage [23]. The P2Y12R is the target of
the thienopyridine class of antithrombotic drugs, such as the prodrugs clopidogrel,
ticlopidine, and prasugrel, which irreversibly bind the P2Y12R, as well as of two new
(classes of) molecules; the orally active, reversible nucleoside antagonist ticagrelor
and the intravenous short-lived ATP-derived antagonist cangrelor [24]. Moreover, it is
now recognised that platelets have functions important for haemostasis as well as for
inflammatory processes; purinergic signalling might be involved in platelet activation
during atherosclerosis, sepsis, asthma and other inflammatory conditions [25].
Multiple studies have pointed at the role of the P2Y2R in the pathogenesis and/or

treatment of inflammatory (autoimmune) conditions, atherosclerosis, cystic fibrosis
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[26, 27], dry eye disease [28], cancer, and neurodegenerative disorders such as AD
[5, 23, 29]. Up4U (INS365; diquafosol) was the first P2Y2R agonist to be approved
(April 2010) and was launched in Japan [30]. In the intestine, the epithelial response
to nucleotides is mainly mediated by the P2Y4R, with a contribution of the P2Y2R,

whereas in the airways it involves mainly the P2Y2R [1, 23].

2.1.3 Structure of purinergic receptor ligands

Newly synthesized ligands are often evaluated via receptor binding experiments and
functional assays of GPCR signalling. Nowadays, these are often preceded and/or
accompanied by computer-based modelling and ligand docking, using resolved
GPCR structures or homology models based on closely related GPCRs. The
structure of quite some members of the purinergic receptor family has been resolved
during the last decade; the A2aAR [31-33], the P2Y12R [34], the P2Y1R [35], and the
recently resolved Ai1AR [36]. These can serve homology modelling purposes for
ligand discovery of other purinergic receptor subtypes and will undoubtedly nourish

the development of new therapeutic agents targeting purinergic receptors [37, 38].

2.1.3.1 Adenosine receptors

The structure-activity relationship (SAR) of high affinity agonists, antagonists and
allosteric modulators for each of the AR subtypes has been extensively reviewed [39-
45], which provides a fundament for the rational design of (ant)agonists with high
affinity binding to certain AR subtypes, and high efficacy and/or potency in
downstream AR signalling pathways. Most prototypical AR agonists are analogues of
the endogenous ligand adenosine, and thus contain a ribose group connected to a
purine ring. The ribose group (mainly the hydroxyl functions) is especially important
for stabilization of the agonist in the adenosine receptor binding pocket and
subsequent receptor activation. By modification of the adenosine backbone structure
— e.g. substitutions at the adenine base and/or ribose group, and/or introduction of a
rigid bicyclo[3.1.0]hexane (methanocarba) ring system instead of the ribose moiety —
the affinity and selectivity for the different AR subtypes has been fine-tuned (Figure
2.2 upper panel). Not surprisingly, most AR antagonists thus lack the ribose group

and generally possess a mono-, bi- or tricyclic core structure, with caffeine as a
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prototypical non-selective antagonist having a xanthine as a core structure.

Furthermore, AR agonists have been developed with a non-nucleoside structure

(Figure 2.2 mid panel) that bind the orthosteric site or an allosteric site on the

receptor. Also, bitopic ligands have been developed which combine structural

features of orthosteric and allosteric ligands (Figure 2.2 lower panel). Members of

each of the ligand groups depicted in Figure 2.2 have been reported with respect to

(therapeutically relevant) functional selectivity at ARs (see section 2.2).
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Figure 2.2: Overview of 3 common
structural classes of AR ligands that
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adenosine derivatives in green, non-
nucleoside derivatives in blue, bitopic
ligands (combination of an orthosteric
pharmacophore via a linker with an
allosteric pharmacophore) in grey,
allosteric agonists /modulators in
orange. Ligands discussed in this
chapter are subdivided in their

respective group.

Considerable progress has been made regarding the SAR for ligands of the P2Y1R
and P2Y12R, and to a lesser extent for P2Y2R, P2Y4R, P2Y6R and P2Y13R [18, 40,
46-48]. ADP is the preferred ligand at the P2Y1R, P2Y12R and P2Y13R; ATP is a
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weak partial agonist at P2Y1R and P2Y13R, and has been reported as an antagonist
in platelets at the P2Y12R [25]. Molecular modelling and SAR studies have allowed
the generation of ATP-derived, as well as non-nucleotide P2Y12R antagonists [49,
50]. P2Y1R antagonism only results in moderate prolongation of bleeding time, which
might represent an option to achieve greater therapeutic safety [25]. At these ADP-
preferring P2Y receptors, nucleotide modifications are generally tolerated at the 2-
and 8-position (e.g. 2-methylthio-ADP (2-MeSADP)), and ring-constrained (N)-
methanocarba nucleotides confer high potency and selectivity at multiple subtypes
[51], e.g. MRS2365, the (N)-methanocarba analogue of 2-MeSADP, which is a potent
P2Y1R agonist [1, 5, 52].

The P2Y2R is fully activated by equivalent concentrations of UTP and ATP, but not
by the corresponding diphosphates UDP and ADP. UTPyS and ATPyS also act as
full agonists at this receptor; terminal thiophosphate modification likely increases
stability towards enzymatic degradation by ectonucleotidases. UTP analogues with
modifications at the ribose and base moiety have been developed to distinguish
between P2Y2R and P2Y4R. 2-thio-UTP and analogues are highly selective and
potent P2Y2R agonists [30, 53-55]. Besides, dinucleoside polyphosphates such as
Ap4A and Up4U (diquafosol) are used clinically as agonists for the P2Y2R [30]. UTP
is an agonist at the human P2Y4R, but ATP acts as an antagonist. However, the rat
P2Y4R is activated equipotently by UTP and ATP; this challenges pharmacological
discrimination between the P2Y2R and P2Y4R. The P2Y6R is activated by UDP,
much more than UTP. The potency of ATP at the P2Y11R is relatively low (ECso in
the 5-100 uM range) compared to the potency of other natural ligands at P2YRs
(ECso in the 10-500 nM range) [1, 23].

The SAR of purinergic receptors is mainly expressed with respect to their primary,
best-studied G protein dependent signalling pathways, i.e. CAMP measuring assays
for Gs- and Gi coupled receptors, or IP and/or Ca?* accumulation assays for Gq
coupled receptors. For drug discovery purposes, this has been the general way of
screening and for ranking compound libraries, or hits from molecular docking studies,
according to efficacy and potency. Actually, it may be more appropriate to refer to a
‘structure functional selectivity relationship’ (SFSR), which includes the evaluation of

agonist activity in a specific pathway.
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2.2 Functional selectivity in purinergic receptor signalling

Since purinergic receptors are constantly influenced by endogenous levels of
adenosine and nucleotides, there is high interest in their downstream signalling and
the processes that regulate this signalling. During the last decade, it has become
clear that besides classical coupling to G proteins, GPCRs can additionally couple to
a variety of adaptor proteins. This means that besides the selectivity for the receptor,
ligands may display an extra selectivity towards certain signalling pathways; a
concept known as functional selectivity or biased signalling [56, 57] (see Chapter 1
for an introduction on functional selectivity). Knowledge about biased signalling at
purinergic receptors may serve as a basis for the design of new molecules with
therapeutic potential that make use of or avoid certain receptor signalling pathways in
a selective way, to obtain a therapeutic profile which is mostly devoid of side effects.
Furthermore, existing molecules can be re-evaluated in order to fine-tune their

therapeutic properties.

Excellent reviews exist on the signalling properties of purinergic receptors; for ARs
[3, 4, 16, 58, 59], as well as for P2Y receptors [5, 6]. These describe the canonical G
protein coupling, as well as the coupling to other G protein (in)dependent pathways,
pointing at functional diffraction downstream of each receptor. Below, we will discuss
what is known about functional selectivity for purinergic receptors, in particular with
therapeutic relevance. In section 2.3, we will focus on biased signalling with respect

to the arrestin pathway.

2.2.1 Adenosine receptors

The AiAR and AsAR mainly couple to pertussis toxin (PTX) sensitive Gi protein,
giving an inhibition of adenylate cyclase (AC) and a decrease in 3,5-cyclic
adenosine monophosphate (cCAMP) levels. The A2aAR and A2sAR couple to Gs
protein, which stimulates AC and gives an increase in CAMP. The A1AR additionally
couples to Gs and Gq protein. Coupling to Gq leads to activation of phospholipase C
(PLC), producing the second messengers inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG), giving an increase in Ca?* and an activation of protein kinase C
(PKC), respectively [4, 16]. The A28AR also couples to Gqand Gi proteins. The AsAR
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additionally couples to Gq, especially at high agonist concentrations. The Gi mediated
reduction in cAMP inhibits the nuclear factor k-light-chain-enhancer of activated B
cells (NF-kB) pathway. This has been shown to mediate the anti-inflammatory and
anticancer effects of AsAR agonists [4, 16]. All ARs have been shown to stimulate
extracellular signal-regulated kinases (ERK1/2), members of the mitogen-activated
protein kinase (MAPK) family. ERK1/2 can be activated by both G protein-dependent
— A3AR ERK1/2 activation is Gi-mediated in CHO cells — and G protein-independent
pathways, such as the one mediated by p-arrestin (Barr) [60]. This can happen with
different kinetics; the G protein pathway seems to give rapid and transient ERK1/2

activation, while that via Barr is more delayed and sustained [16, 61-63].

Functional selectivity at ARs has been extensively reviewed in the past [16, 64], and
more recently for biased modulation [65]. With the emergence of a substantial
number of studies indicative of AR functional selectivity, the question arises as to
where we stand with the observation of biased signalling, and whether this observed

bias has (already) been linked to certain therapeutic effects?

The A1AR

In the past decade, subtle patterns of functional selectivity have been observed for
A1AR ligands in the additional coupling to PTX-insensitive Gs and Gga1 proteins,
besides the classical Gi coupling. The non-selective agonist NECA showed higher
intrinsic efficacy, although with low potency, compared to Ai-selective agonists CPA
and R-PIA in Gs mediated cAMP accumulation and Gq mediated formation of inositol
phosphates (IP). A1AR expression levels needed to be high to observe this bias, as
under low expression levels AiAR selective agonists were not able to activate Gs-
and Gq proteins, and NECA seemed to ‘additionally’ activate these G proteins,
distorting the functional selectivity pattern [66]. A series of CPA and NECA analogues
were identified which even broadened the G protein activation potential. 8-
alkylamino-substituted CPA analogues (MeCPA and CPCPA) were almost
completely inactive in Gsiq protein signalling, while still being full agonists for G..
These partial — or better said biased — agonists were developed as potential anti-
lipolytic agents with reduced cardiovascular side effects for the treatment of non-
insulin-dependent diabetes mellitus. They were readily tested two decades ago in

vivo [67, 68]. Substituting the 5'N-position of NECA with cycloalkyl groups of
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increasing size, gave a sequential reduction in efficacy at PTX-insensitive G proteins
pathways. Hence, a small change in substituents of the adenosine backbone gives a
pathway-specific reduction in efficacy [69] (Figure 2.2 & 2.3).

Functional selectivity for the A1AR with more therapeutic relevance is being explored
with regard to the cytoprotective effects of A1AR ligands in ischemia-reperfusion
injury (IRI), where a decreased blood supply in combination with pro-inflammatory
reperfusion can cause serious tissue damage. Until now, therapeutic targeting of
A1AR for treatment of IRI has been largely unsuccessful, as high concentrations of
the prototypical Ai1AR agonists evoke significant haemodynamic side effects,
particularly bradycardia. Partial A1AR ligands have been developed in the past, which
rather seem to hold a pattern of functional selectivity; this has mostly been explored
for the ERK1/2 pathway, previously reported to be involved in cardioprotective A1AR
effects [70, 71]. For the A1AR, it is not yet known if the ERK1/2 pathway is activated
by G protein-(in)dependent mechanisms. Besides, cross regulation of other
(adenosine) receptors is involved [72-75]. Different classes of allosteric modulators
(e.g. 2A3BTs) have been shown to act as biased allosteric agonists as such,
displaying a differential Gi- versus ERK1/2 mediated signalling compared to the
orthosteric ligand R-PIA, and to allosterically modulate the signalling of R-PIA in
different pathways [76, 77] (Figure 2.2 & 2.3).

Baltos et al. (2016) provided proof of concept of potential therapeutically useful
biased A1AR agonists with the atypical, bitopic (hybrid orthosteric/allosteric) agonist
VCP746 and the non-nucleoside agonist capadenoson (BAY 68-4986); agonists that
both mediate cardioprotection with minimal effects on the heart rate. VCP746 was
synthesized prospectively with the purpose of biased signalling [78], while the
signalling profile of capadenoson had not been investigated yet [79]. Capadenoson
has previously entered Phase Il clinical trials for treatment of angina pectoris [80],
and atrial fibrillation [81] but failed to reach its primary endpoint of heart rate
reduction. Upon testing the ability of ligands to modulate ERK1/2 phosphorylation, Gi
mediated inhibition of cAMP accumulation and Gq mediated Ca?* mobilization, Baltos
et al. found that VCP746 and capadenoson were significantly biased away from
A1AR-mediated Ca?* mobilization, relative to the reference agonist NECA, while

prototypical AiAR agonists CPA and R-PIA were not biased at any of the
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investigated signalling pathways [82]. The bitopic VCP746 is a bivalent molecule
consisting of an orthosteric adenosine pharmacophore, connected via a linker to an
allosteric 2A3BT pharmacophore (Figure 2.2). Thus, a biased agonist profile was
generated by combining the aforementioned allosteric bias potential with orthosteric
ligand activity. Recently, modifications were made to the orthosteric adenosine
pharmacophore, the linker, and the allosteric 2A3BT pharmacophore to further
explore the SFSR of these clinically promising bitopic biased A1AR ligands [83]. For
capadenoson, a structure-based mechanism of bias has not yet been elucidated; its
structure, containing an amino 3,5-dicyanopyridine core, differs from classical
nucleoside-based AR agonists. It is not known if it has allosteric or bitopic properties.
Meibom et al. (2017) synthesized a prodrug which is a derivative of capadenoson;
neladenoson bialanate hydrochloride is now in clinical trials for heart failure without

giving central side effects or reduction of the heart rate [84] (Figure 2.2 & 2.3).

CPA

R-PIA
VCP746 MeCPA 2A3BTs
capadenoson CPCPA
NECA
1
G G,

ol ./

l ERK1/2
l.,

Ca cAMP

Figure 2.3: Functional selectivity at the AjAR: the A;AR classically couples to G; protein, and
besides to Gs and Gq. Gq and the Ggy-subunits from G; activate PLC, giving an increase in Ca?*.
Activation of ERK1/2 occurs via G protein- as well as Barr dependent pathways. NECA is more
biased towards Gsq than AiAR-selective CPA and R-PIA. 8-alkylamino-substituted CPA
analogues MeCPA and CPCPA are biased to G; and away from Gsq. 2A3BTs both act as
allosteric agonists and as allosteric modulators. The bitopic agonist VCP746 and non-

nucleoside capadenoson are biased away from Ca?* compared to NECA.
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The A22AR and A2sAR
Although it is speculated that the A2aAR holds potential to engage different G protein-

(in)dependent signalling pathways due to its remarkably long C-terminus (see below),
no (pharmacologically relevant) biased ligands for the A2aAR have been identified

that might regulate these pathways [16].

Biased A2sAR ligands have long stayed unidentified, until recently. Because both
pro- and anti-inflammatory effects have been associated with the A2s8AR, the possible
link with functional selectivity has been explored [16]. Gao et al. (2014) evaluated
four prototypical classes of AR agonists — three groups of substituted adenosine
derivatives and one group of non-nucleoside amino 3,5-dicyanopyridine compounds,
including the agonists LUF5833 and BAY60-6583 (Figure 2.2) — for biased signalling
in four signalling pathways downstream of the A2sAR, and this in multiple cell lines
[85]. Pathways evaluated were Gs mediated cAMP accumulation, Gq mediated Ca?*
mobilization, ERK1/2 activation, and Parr2 recruitment (see section 2.3.1). Of all
ligands tested, the non-nucleoside agonists LUF5833 and BAY60-6583 were more
ERKZ1/2-biased (Figure 2.4). The authors noted that the observed activation (potency
and especially efficacy) was influenced by the cell line used, i.e. receptor expression
levels (biased agonism was mainly evaluated using HEK293 cells overexpressing

A28AR), levels of downstream signalling proteins as well as coupling efficiency.

Especially BAY60-6583 was identified as a A2sAR agonist with a unique signalling
profile relative to the reference agonist NECA; it had already been reported with a
partial agonist profile [86], which was confirmed (in cells with low receptor
expression) and supplemented with a biased agonist profile (in cells with high
receptor expression) in the study of Gao et al. [85]. It is the only available potent and
selective hA2sAR agonist so far, now reaching preclinical-phase investigation for
treatment of angina pectoris. Other non-nucleoside derivatives based on an amino
3,5-dicyanopyridine core are also being explored [87] and seem to display less
species-dependent AR stimulation. These compounds are highly promising for the

treatment of different heart diseases.

The above mentioned bitopic ligand VCP746 and the non-nucleoside based

capadenoson have now also been identified as biased agonists for the A2sAR.
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VCP746 was characterized by a higher affinity and potency than BAY60-6583; it
activates both Gs and Gq downstream of A2s8AR, rather than the naturally seen
preference of Gs over Gq signalling of orthosteric ligands [88]. Capadenoson was
biased towards cAMP signalling compared to the reference agonist NECA [89].
These ligands appear to stimulate anti-fibrotic A2sAR signalling and could serve
further investigation of the cardioprotective role of the A2sAR in the attenuation of
myocardial fibrosis in the treatment of heart failure [90]. Therefore, the dual A1/A2s8AR
agonism of VCP746 and capadenoson may represent a new therapeutic approach
for modulating both myocardial fibrosis and hypertrophy in the treatment of heart
failure [88, 89]. In the lung, the A2s8AR could represent an interesting ‘biasable’ target

for the treatment of lung diseases [91] (Figure 2.4).

VCP746

capadenoson
LUF5833
BAY60-6583

ERK1/2
cAMPA 4

Figure 2.4: Functional selectivity for the AgAR: the A2sAR generally couples to Gs, and besides
to Gq (and possibly Gj). There is substantial ERK1/2 activation. Prototypical agonists signal to
Gs and ERK1/2, but give less pronounced activation of G4 and G;. The non-nucleoside amino
3,5-dicyanopyridine agonists LUF5833 and BAY60-6583 are ERK1/2-biased, capadenoson is
more Gs-biased, and VCP746 activates both Gs and Gq, as well as ERK1/2.
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The AsAR

Bias at the AsAR has been reported for G protein-dependent pathways [92], and with
respect to the Barr pathway (see section 2.3.1), for ligands that bind the orthosteric
site, as well as for allosteric modulators [93, 94] (Figure 2.5).

Clear patterns of biased agonism for the human AsAR (hAsAR) have long remained
unknown, until recently. Baltos et al. (2016) reported on the assessment of a panel of
agonists for their ability to promote cell survival, phosphorylate ERK1/2, stimulate
Ca?* mobilization, and inhibit cAMP signalling in CHO cells stably expressing the
hAsAR [92]. They quantified the bias profile for a number of prototypical adenosine
derivatives and (N)-methanocarba 5’-uronamide adenosine derivatives, containing
modifications at the N®- and/or C2 positions (Figure 2.2). Compared to the reference
agonist IB-MECA, each compound behaved as a full agonist in the inhibition of cCAMP
signalling. The majority of compounds also were full agonists in ERK1/2
phosphorylation and Ca?* mobilization; an example of an exception is the partial
agonism of MRS5679, an (N)-methanocarba derivative containing an extended C2-
biphenyl-substituent. A significant positive correlation was found between the length
of the C2-substituent and the bias towards cell survival. Homology models, based on
hybrid A22AR-B2AR or A2aAR-opsin  templates, suggest that extended C2-
substituents promote a progressive outward displacement of transmembrane helix 2,
likely to be involved in the stabilization of a unique AsAR conformation responsible for
a pattern of biased signalling towards cell survival. The bias conferred by N©
substitution is more complex. Although a bias towards cell survival was observed in
this study, there was no preferential coupling to ERK1/2 pathway, which has
relevance with respect to cytoprotection for other AR subtypes. The authors
suggested a possible involvement for the Barr pathway. Very recently, this pathway
has been explored in HEK293T cells for a panel of ((N)-methanocarba) adenosine
derivatives [95], amongst which MRS5967 behaved as a partial agonist for Barr2
recruitment (see Chapter 4).

The discovery of ligands with bias towards cell protection/survival might be of clinical
interest in the protection of cardiac and lung IRl [96, 97]. Paradoxically, there have
been reports about a biphasic effect of AsAR activation on cell growth and survival,
inhibiting apoptosis at low concentrations, while promoting apoptosis and having anti-
proliferative effects at high concentrations. Since very high ligand concentrations are
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often used in studies on cell growth, care must be taken when making conclusions
about biased effects. It is unclear if the observations at higher concentrations are due
to stimulation of different AsAR pathways, rapid receptor desensitization, non-
selective activation of other ARs, or a combination of these [16]. Therefore, ligands
that are biased towards pro-survival pathways may promote cell-survival and prevent
apoptosis at higher concentrations.

The positive allosteric modulator (PAM) LUF6000 (Figure 2.2 and section 2.3.1),
acted as an allosteric agonist and showed anti-inflammatory effects, mediated by the
NF-xB pathway, similarly as described for other AsAR agonists that are used for
inflammatory disorders (e.g. IB-MECA) [98]. Furthermore, it was shown that the anti-
rheumatic drug methotrexate enhanced AsAR levels in RA, sensitizing the effect of
AsAR agonists [99].

LUF6000
2-CI-IB-MECA

IB-MECA

MRS541

NECA
MRS5679 CCPA
CGS21680
MRS542

A AR MRS3558

ERK1/2 cAMPY

NF-KB

|
|
v

Proliferation/cell survival <-> apoptosis

Figure 2.5: Functional selectivity for the AzAR: the AzAR generally couples to G;, and besides to
Gq. Adenosine derivative MRS5679 is biased towards cell survival; a feature that might be
attributed to the extended C2-substituent on the adenosine scaffold. LUF6000 acts as an
allosteric agonist, having anti-inflammatory effects via the NF-kB pathway, and as a PAM.
NECA, CGS21680, and highly potent MRS3558 are full agonists in both the G; and Barr2
pathway, while MRS541 is a partial agonist in both pathways. AsAR selective agonist 2-Cl-IB-
MECA and IB-MECA have partial activity in the Barr2 pathway, in contrast to the G; pathway.
CCPA and MRS542 are antagonists in the G; pathway, but partial agonists in the Barr2 pathway.
DBXRM was a full agonist in the G; pathway, but a partial agonist in the Barr2 pathway.
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2.2.2 P2Y receptors

The P2Y1,2,4,6,11 receptors couple to Gga1, activating PLCpB, leading to an increase
in Ca?* and an activation of PKC. On the other hand, P2Y12,13,14 receptors couple
to Gin, inhibiting AC and decreasing cCAMP levels. The P2Y2R additionally couples to
PTX-sensitive Gio protein; studies have reported that coupling to Go requires
interaction with avBsss integrins via a three amino acid integrin-binding domain (RGD)
in the first extracellular loop [100, 101]. Furthermore, this integrin-interaction is also
needed for coupling to Giz [102]. Both Go and Gi2 are involved in cytoskeletal
rearrangements that regulate cell migration and chemotaxis, which could be of
relevance in P2Y2R-mediated inflammatory responses [1, 6, 23]. Few reports exist
about biased signalling for P2Y receptors, especially when considering therapeutic

relevance.

The P2Y1R

Biased allosteric activation/modulation has been reported for the purinergic receptor
family. However, biased (allosteric) antagonism is a less explored phenomenon. Gao
& Jacobson (2017) reported biased antagonism by an orthosteric antagonist
(MRS2500) and a negative allosteric modulator (BPTU) [103]. The influence on the
agonism of three structurally diverse agonists was evaluated at various signalling
pathways; Gg-mediated IP production, GTPyS binding to Gq, Gg- or Barr2-mediated
(by adding a PKC-inhibitor) ERK1/2 stimulation, Barr2 recruitment, and parr2-
mediated P2Y1R internalization. BPTU evoked a rightward shift in the concentration
response curves of two agonists, without affecting the agonist Emax, in ERK1/2
stimulation, but suppressed the Emax in GTPyS binding, Barr2 recruitment and
receptor internalization. However, when using a different agonist, BPTU suppressed
the Emax insurmountably at all signalling pathways. By comparison, the orthosteric
antagonist MRS2500 behaved as a surmountable antagonist, shifting concentration-
response curves of all agonists in all signalling pathways. Hence, allosteric
antagonism might be surmountable (competitive) or insurmountable (non-
competitive), depending on the signalling pathway and agonist evaluated,
representing a hallmark for functional selectivity. The authors suggested that the
different degree of antagonism at different signalling pathways, induced by different
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agonists, renders BPTU with functional selective allosteric modulating antagonist

properties, which might be interesting for therapeutic purposes.

The group of Page & Pitchford were the first to identify ‘biased’ signalling for the
P2Y1R that controls leucocyte recruitment during inflammation, but that does not
affect haemostasis. Purinergic nucleotides have shown signalling at P2Y1Rs to Rho-
GTPases under inflammatory conditions, evoking formation of platelet-leukocyte
complexes and migration/recruitment of inflammatory cells [104, 105]. Rho-GTPases
seem to play a minor role in platelet aggregation, but do link P2Y1R activation to
platelet functions in inflammatory processes. The authors evaluated the contribution
of PLC- compared to Rho-GTPase signalling in P2Y1R-induced platelet aggregation
(applicable to haemostasis), and in platelet-motility and platelet-induced neutrophil
chemotaxis (PINC) (immune regulating). The P2Y1R selective agonist MRS2365 had
a strongly induced platelet chemotaxis and PINC in comparison with the endogenous
agonist ADP. Hence, it seems that canonical Gq mediated PLC activation leads to
platelet aggregation, while Rho-GTPase activation evokes motility and interactions
with neutrophils [106]. The manner of P2Y1R signalling might depend on the
inflammatory conditions involved, illustrating the influence of micro-environmental

conditions on functional selectivity.

The P2Y2R

Gabl et al. (2015) showed that ATP induces different signalling downstream of the
human P2Y2R (hP2Y2R) in neutrophils, depending on its interaction with the
intracellular actin cytoskeleton; the conformational change in the P2Y2R upon
activation by ATP only gave a transient Ca?* response, and other signalling pathways
were blocked [107]. Disruption of the actin cytoskeleton leads to a Ca?* response
concomitant with activation of the superoxide-generating NADPH oxidase. It remains
to be determined if this is effectively occurring in human cells. Hence, this is an
example of functional selectivity for the P2Y2R conveyed by an intracellular
component, which might serve future research on the design of drugs affecting

immune reactivity and/or inflammatory processes for the P2Y2R.
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The P2Y11R

White et al. (2003) suggested that UTP might be a biased agonist at the P2Y11R,
increasing cytosolic Ca?* but not IP, whereas ATP increases both [108]. However,
how UTP evoked this differential signalling remained elusive. Hence, Morrow et al.
(2014) tried to characterize Ca?* and IP signalling of ATP and UTP at the P2Y11R in
1321N1 cells [109]. UTP did not evoke a concentration dependent rise in Ca?* and
IPs, not even at high concentrations. Furthermore, UTP also did not have any
antagonist properties. Therefore, UTP cannot be considered as a biased P2Y11R

(ant)agonist, putting a question mark behind its P2Y11R signalling properties.

2.3 B-arrestins in functional selectivity of purinergic receptor signalling

Quite some studies on purinergic receptor signalling have focused on receptor
phosphorylation, desensitization and internalization; these processes are involved in
the regulation of different signalling pathways. The attenuation of receptor signalling
in either pathway can be of particular relevance when there is a continuous, high
level of receptor stimulation, which is likely to occur in a physiological setting
(sustained levels of adenosine or nucleotides), as well as in the therapeutic setting,
for example in the case of chronic drug therapy or drug overdose. Many of these
studies were performed before the concept of functional selectivity was introduced.
Within this concept, quite some attention has been given towards the inhibitory
adaptor protein B-arrestin (Barr), originally characterized for its role in inhibitory
GPCR-regulating processes. In this section, we mention early reports on parr
interaction for the different subclasses of purinergic receptors, and the link with
patterns of phosphorylation/internalization for regulation of receptor signalling.
Besides, we discuss more recent studies that explore biased signalling for the Barr
pathway and G protein-(in)dependent signalling pathways, and we provide a view on
the techniques and assay systems used to study the interplay between these

receptors and Barr.

2.3.1 Adenosine receptors

Studies on the regulation of AR signalling by receptor phosphorylation,

desensitization, and internalization have been summarized in extensive reviews [15,
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16, 110]; discussing this in detail would be beyond the scope of this section.
However, some observations are worth mentioning because they have relevance

with respect to Barr signalling.

The A1AR and AsAR
The inhibitory A1AR and AsAR have subtype-specific kinetics of receptor

phosphorylation, desensitization and internalization, suggested to occur by their
differential sensitivity for phosphorylation of their C-terminus by G protein-coupled
receptor kinases (GRKs). Studies have been performed for the human A1AR (hA1AR)
and the rat AsAR (rAsAR), which differ substantially in terms of the presence of
potential C-terminal phosphorylation sites; the rAsAR contains six serine/threonine
residues, while these are absent in the hA1AR C-terminus (Figure 2.6). The rAsAR
shows much faster desensitization of Gi-mediated AC inhibition (order of minutes)
than the hA1AR (several hours); switching the C-terminal part of the hA1AR, distal to
its predicted palmitoylation site, with the corresponding part of the rAsAR, results in a
chimeric hA1AR-CTraszar With equally fast phosphorylation and desensitization as the
native rAsAR [111-113]. It was shown that threonine residues 307, 318 and 319 —
especially the latter two — in the rAsAR were crucial for this rapid phosphorylation,
desensitization and internalization [114, 115] (Figure 2.6). This chimeric hA1AR-
CTrasar also showed Parr2-GFP recruitment that was indistinguishable from the
rAsAR upon 30 min stimulation with 1uM R-PIA in CHO cells. Surprisingly, the
internalized receptor showed no colocalization with parr2. A Cys3023% rAzAR mutant,
in which the potential palmitoylation sites are removed, showed significantly faster
kinetics of internalization and was able to recycle to the PM, but showed no
difference in Barr2 translocation pattern. A Cys3% hA1AR mutant had an unchanged,
lack of internalization. The authors suggested that receptor palmitoylation might
control the accessibility of the C-terminus to phosphorylation by GRKs [116].
However, in a rat basophilic leukaemia cell 2H3 cell line, endogenously expressing
the rAsAR, neither of both Barrs redistributed upon stimulation with 100 uM NECA
[117]. The authors noted that they could not exclude Barr recruitment below the limit
of detection or that the recruitment might be agonist-selective. Hence, the distinct
results for rAsAR-Barr interaction might be due to the fact that different agonists were

used (R-PIA versus NECA); this might point at functional selectivity for this pathway.
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astrocytoma cells [118, 119]. All these early reports suggested that phosphorylation,
desensitization, internalization, as well as pBarr recruitment is different for hA1AR and

Similar rapid kinetics of desensitization and internalization were shown for the
hAsAR, stably expressed in CHO cells, as well as natively expressed in human

Figure 2.6: Alignment of the C-terminal part (Helix 8 and C-terminus) of ARs from different

species: predicted palmitoylation cysteines are marked in yellow, serine and threonine

residues are marked in green and the ones discussed in the text are marked in blue.
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rAsAR because of their sensitivity for C-terminal phosphorylation — or thus the
presence of S/T residues — and possibly the presence of palmitoylation sites.
Although the rAsAR and hAsAR C-terminus are quite alike (Figure 2.6), none of the
rat or human AsAR S/T residues is located within a fixed distance to the
palmitoylation Cys. Therefore, the importance of C-terminal phosphorylation might be
found in a pattern of phosphorylation, rather than in the specific location of the

residues.

For the hAsAR it is only more recently that structural patterns have been identified
which have a role in Barr recruitment and/or -coupling. Stoddart et al. (2014) showed
that Trp (W6.48) in TM6 — known to act as an activating switch for the movement of
TM6 upon receptor activation [120] — is important for Barr2 interaction and receptor
internalization [121]. This group also reported on the use of a new fluorescent agonist
for monitoring receptor internalization and colocalization with Barr2 [122]. Very
recently, we reported that C-terminal truncation of the hAsAR did not hamper Barr2
recruitment, pointing at the fact that additional motifs, such as the conserved ‘DRY’
motif at the boundary of TM3 and IL2, are important for Barr2 recruitment in a
complementary or synergistic way [123] (see Chapter 3).

The ERK1/2 pathway might be involved in the regulation of inhibitory AR signalling.
In stably transfected CHO cells, stimulation with 10 uM NECA showed that ERK1/2
might regulate hAsAR receptor desensitization and internalization by positive
feedback of GRK2 activity, probably controlling its association with the receptor and
receptor phosphorylation [124]. In Syrian hamster ductus deferens smooth muscle
tumour (DDT1 MF-2) cells, stimulation of the A1AR with 1 uM R-PIA resulted in rapid
(within 30 minutes) PM translocation of PBarr1, accompanied by transient ERK1/2
activation. The authors suggested that the parr/ERK pathway is involved in the
physiological role of the A1AR, the termination of A1AR signalling (desensitization and
downregulation), and receptor synthesis as a positive feedback regulation of A1AR
expression [125].

Since Barr-mediated ERK1/2 signalling might contribute to the cytoprotective effect of
the A1AR after IRI [70, 71], Langemeijer et al. (2013) explored functional selectivity
for the hA1AR by screening over 800 known AR ligands for Barr recruitment, and

comparing the activity with the G protein pathway [126]. For the measurement of Barr
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recruitment, a commercially available Tango™ADORA1-bla U20S cell line was used.
This reporter assay cell system contains an engineered A1AR, fused at its C-terminus
to an exogenous transcription factor via a protease cleavage site, and contains a
protease-tagged Parr. The cell line also contains the B-lactamase (bla)-reporter gene
responsive to the transcription factor. Upon Barr recruitment, the cleavage site is
recognized by the protease, the transcription factor is liberated and expression of (3-
lactamase occurs, which can cleave a FRET-enabled substrate that will produce blue
fluorescence instead of green. Compared to previous studies, mainly using
microscopy for evaluation of Barr trafficking, this system more readily allows
guantification of Barr recruitment. GTPyS assays were performed on membranes of
both CHO cells and U20S cells, giving a similar rank order of ECsos as well as Emax.
Modification of adenosine derivatives at the N® and C2 position affected efficacy in
both Barr and G protein pathways, and elongation of the 5'C position decreased parr
recruitment significantly. Interestingly, these positions were also crucial for Barr2 and
G protein activity in studies by Gao et al. [93] and Storme et al. [95] (see Chapter 4).
However, Langemeijer et al. concluded that all tested A1AR ligands showed little to
no functional selectivity, and that functionally selective ligands for the hA1AR must be
rare, if not absent. However, some aspects of the Tango™ Barr assay set-up should
be taken into account. To start with, ligands were initially screened at a concentration
of 10 uM, and cells were incubated for 5 hours, with an additional 2 hours of
substrate incubation. Although ligand panels for ARs are routinely screened at
concentrations as high as 10 uM (especially for G protein mediated signalling), this
concentration might be too high to observe differences in Barr recruitment, especially
when aimed at being representative for the physiological setting. It is also important
to note that there was no real-time measurement of Barr recruitment, but rather a
cumulative image over several hours was monitored. This is in contrast with other
Barr recruitment assays, discussed below. Second, the AiAR in the assay was
engineered by the supplier to contain the final 26 amino acids of the V2 vasopressin
receptor, instead of the final 15 amino acids of the A1AR; the A1AR C-terminus went
from containing none to 11 S/T residues. The authors note that there is likely to be an
overestimation of Parr recruitment. Hence, one may wonder to what extent these
observations represent what is happening at the native A1AR, taking into account the
aforementioned observations for the chimeric hA1AR-CTrazar.
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Gao et al. (2008) were the very first to show the effective coupling of the hA3AR to
Barr2 and to explore biased signalling for this pathway; they tested a structurally
diverse panel of ligands for Barr2 recruitment to the hAsAR and compared activities at
this pathway with previously reported activity for Gi-mediated inhibition of CAMP in
CHO cells [93]. They used a PathHunter™ (DiscoverX) CHO cell reporter assay
system, which relies on the functional complementation of the p-galactosidase
enzyme. It contains the AsAR, fused at its C-terminus to a small enzyme donor
fragment (called ProLink™), and a fusion protein of Barr2 with a larger, N-terminal
deletion mutant of B-galactosidase (the enzyme acceptor). Activation of the AsAR
results in recruitment of Barr2 and subsequent functional complementation of the two
enzyme fragments, with formation of an active 3-galactosidase enzyme. Cells are
lysed for read-out by addition of a buffer containing a substrate, which is hydrolysed
by the B-galactosidase enzyme to generate a chemiluminescent signal. In this assay
system, cells are treated with agonists for 60 minutes (or time points chosen),
followed by an additional 60 minutes of incubation with detection reagent at room
temperature. Most of the tested compounds were full agonists in both pathways, with
similar although not identical potency and efficacy; examples are the non-selective
reference agonists NECA and IB-MECA, AsAR selective reference agonist 2-Cl-IB-
MECA, CGS21680, CPA, and the highly potent compound MRS3558. Né-benzyl- and
N6-(3-iodobenzyl)-adenosine (MRS541) were partial agonists in both assays.
However, differences between the two pathways (Gi-mediated inhibition of cAMP
versus Parr2 recruitment) were found as well. Several compounds that were
antagonists in the cAMP assay, amongst which CCPA, and MRS542, behaved as
partial agonists for Barr2 recruitment. Conversely, the xanthine 7-riboside DBXRM, a
full agonist in the Gi-mediated pathway, was only partially efficacious in Barr2
recruitment. The (to a certain degree) reversed activities in the two pathways
examined here are clear indications of functional selectivity for the hAsAR.

Recently, we tested a panel of AsAR ligands — amongst which some that had been
tested by Gao et al. (2008) [93] — using a NanoBit® reporter assay system (Promega)
in a stable HEK293T cell system [95] (see Chapter 4). The NanoBit® reporter assay
system is somewhat analogous to the functional complementation used in the
PathHunter™ system, but makes use of the NanoLuc luciferase enzyme [127]. This

is a small 19 kDa enzyme, producing high intensity, glow-type luminescence by
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conversion of the cell-permeable substrate furimazine. The hAsAR is fused at its C-
terminus to the large part of nanoluciferase (LgBit; 18 kDa) and the Barr2 at its N-
terminus to the small part (SmBit; 1 kDa). The interaction between the hAsAR and
Barr2 can be monitored in a kinetic, real-time, live-cell set-up. In this assay system,
luminescence is measured during substrate equilibration before agonist addition, and
continuously after agonist addition for the desired time points at room temperature.
The tested ligand panel consisted of (N)-methanocarba adenosine derivatives, in
which the N¢-, C2, and 5’'C-positions were explored for substitution. The efficacy of
Barr2 recruitment was mainly dependent on substitution of the N6- and C2-positions.
(N)-methanocarba 5’-uronamide adenosine derivatives reached very high potency in
cAMP signalling as well as Barr2 recruitment compared to reference agonists NECA
and 2-Cl-IB-MECA. Remarkably, none of these compounds surpassed the efficacy of
NECA in any of the pathways.

When comparing the PathHunter™ (Gao et al 2008) and NanoBit® systems ([95], see
Chapter 4), the results were quite similar, except for the reference agonist 2-ClI-IB-
MECA and IB-MECA; these agonists showed only partial agonist efficacy in the
NanoBit® system, compared to full efficacy, equal to that of NECA, in the
PathHunter™ system. This was rather surprising and might be related to receptor
expression levels. Presumably, both the receptor and Barr2 are over-expressed in
the PathHunter™ as well as the NanoBit® system. The artificial nature of the systems
might also affect AsAR-mediated Barr recruitment, and it is difficult to make a
statement as to how these findings may translate to the real physiologic situation.
Therefore, it will be important to examine if the patterns of biased agonism observed
here are consistent in cells or tissues endogenously expressing the AsAR. Then,
these patterns could be used as a starting point for the rational design of novel AsAR
agonists. Additionally, it is highly important that the pharmacological actions of these
A3AR ligands can be reconciled with particular signalling pathways, which requires
the use of in vivo experiments.

In the aforementioned study of Stoddart et al. (2014), signalling bias was observed
upon W243F mutation in TM6 of the hAsAR in CHO-K1 cells for cAMP signalling,
ERK1/2 phosphorylation, Barr2 interaction and receptor internalization, by agonists
NECA and HEMADO [121]. Barr2 interaction was evaluated using a venus YFP
(VYFP) based bimolecular fluorescence complementation (BiFC) approach, in which
the interaction of Barr2-vYnL (residues 1-173 of vYFP) with AsAR-vYc (residues 155-
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238 of vYFP) was monitored with confocal microscopy. The complementation
between the two fragments is regarded as irreversible; the authors note that this
could lead to ‘trapping’ of the AsAR-Barr2 complex, stimulating receptor
internalization. NECA was able to induce W243F-AsAR internalization, while
HEMADO did not evoke any internalization, but was still able to bind the mutated
receptor. Furthermore, HEMADO had a lower efficacy than NECA for AsAR-Barr2
interaction, and W243F mutation further reduced this efficacy. In the ERK1/2 and
cAMP pathway, both NECA and HEMADO had a reduced efficacy at the W243F-
AsAR compared to wild type AsAR. Hence, the W243F-AsAR mutant shows
functional selectivity in the signalling of different agonists. The authors therefore
suggest that conformational changes in TM6 in the region of W6.48 might have a link

with functional selectivity for the AsAR.

Functional selectivity in allosteric modulation was evaluated for the PAM LUF6000
[128]. In a GTPyS binding assay — which uses cell membranes from CHO cells stably
expressing the AsAR (reconstituted with Gai subunits) — the Emax of 2-CIl-IB-MECA
was only half that of NECA. LUF6000 enhanced the Emax of 2-CI-IB-MECA to a larger
extent than that of NECA, likely because of the intrinsic efficacy of NECA already
being high. In a follow-up study, the agonist-enhancing effects of LUF6000 seemed
to differ for the various signalling pathways evaluated (CAMP, membrane
hyperpolarization, Ca?* mobilization assay). However, in Barr2 translocation, the

agonist-enhancing effect of LUF6000 was not pronounced [129].

The A2aAR and A2sAR
The A2aAR has a 122 amino acid long C-terminus, which is remarkably long

compared to the C-termini of other ARs, which are usually about 30-40 amino acids
in length; it represents the perfect anchoring spot for intracellular signalling proteins
[16, 130, 131]. The engagement of this C-terminus in A22aAR phosphorylation,
desensitization and internalization has been addressed by different groups. Deleting
the last 96 amino acids of the canine A2aAR C-terminus, containing 11 possible
phosphorylation sites, did not hamper desensitization of the A2aAR upon treatment
with NECA in CHO cells [132]. However, a T298A mutation just upstream of the
deleted part (see Figure 2.6) attenuated receptor short-term (30 min) but not long-

term (24h) agonist-induced desensitization. This was rather surprising, as parr
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recruitment is more reported to require clusters of phosphates [133] (see Chapter 1).
However, phosphorylation of T298 might be sufficient to cause a receptor
conformational change, disrupting G protein coupling but not influencing Parr
recruitment; hence, no definitive conclusions can be made with respect to Parr
contact. Early studies also provided evidence for the involvement of GRK2 in the
desensitization of the rat A2aAR (rA2aAR) [134, 135]. Receptor internalization has
been reported for the rA2aAR [136] and human A2aAR [137]. Important to note is that,
while the rA2aAR adenosine receptor has 19 potential phosphorylation sites in its C-
terminus (of which multiple are clustered), the human and canine A2aAR have only
13 potential phosphorylation sites in their C-terminus. It is conceivable that
desensitization and internalization of the A2aAR require different regions in the C-
terminus, or that the regulation of these processes is species-dependent, involving

Barr-dependent as well as Barr-independent processes.

The effective A2aAR-Barr interaction has been reported for the rA2aAR in a study
evaluating the role of the actin cytoskeleton in rA2aAR internalization [136]. Both
Barrl-GFP and Barr2-GFP showed rapid (2 min) translocation to the cell surface
upon stimulation with 200 nM of the A2aAR selective agonist CGS21680 in HEK293
cells. Also, a truncated A2aAR failed to cluster and internalize upon agonist exposure,
suggesting that association with actinin is a prerequisite for internalization. Interaction
of Barrs with the truncated receptor was not explored. Barr recruitment to the hA2aAR
has only been shown by Khoa et al. (2006) [138]; the effect of cytokine TNF-a
pretreatment on CGS21680-dependent A22AR desensitization and redistribution of
GRK2 and parrl was examined. Cytokine pre-treatment diminished agonist-
dependent translocation of GRK2 as well as parrl to the PM.

For the rat A2s8AR (rA2sAR), evidence has been provided for agonist-induced
desensitization, although with differential results for involvement of GRK2 [110, 134].
Mathura et al. (2001) explored desensitization, internalization, and recruitment of
Barr2 to the rA2sAR by step-wise truncation and mutation of the receptor [139].
Phe328 and GIn325 stop mutants did neither desensitize nor internalize and showed
no recruitment of Barr2 upon stimulation with 10 uM NECA compared to native
A2sAR. The authors concluded that a single S329G point mutation was critical for

rapid (<1h) agonist-induced desensitization and internalization, and that the rate,
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extent and mechanism (e.g. arrestin dependence) of internalization depends on
specific sites in the C-terminus. A C-terminal ‘Type Il postsynaptic density, disc large
and zo-1 protein’ (PDZ) motif would have an influence on the trafficking of the rA2sAR
[140]. This x-@-x-@ motif — in which x stands for any amino acid and @ for a bulky
hydrophobic reside — includes the last 4 amino acids of the A2s8AR (Ser-Leu-Ser-Leu
in rat and Gly-Val-Gly-Leu in human), and binds to proteins that have a role in the
assembly of signalling complexes, controlling GPCR trafficking. Removal of the PDZ
motif (i) switched internalization from an arrestin/clathrin-dependent pathway to an

arrestin/clathrin-independent pathway, and (ii) inhibited receptor recycling.

Gao et al. (2014) explored functional selectivity for the mouse A2s8AR (see section
2.2.1) and evaluated the Parr2 pathway using an aforementioned PathHunter™
(DiscoverX) CHO cell system, expressing mouse A2sAR. The authors comment their
choice for the mouse receptor because the human A2sAR did not produce a robust
response. Barrs were involved in the desensitization and trafficking of the human
A28AR, endogenously expressed in HEK293 cells, upon stimulation with 100 uM
NECA [141]. The Barr isoforms translocate with different kinetics to the receptor in
HEK293 cells [142] and in airway smooth muscle cells, which endogenously express
the receptor [143].

2.3.2 P2Y receptors

Studies on the involvement of Barrs in P2YR internalization, desensitization and
signalling are scarce compared to those on ARs. Hoffmann et al. (2008) investigated
six fluorescently tagged human P2YRs for internalization and recruitment of
fluorescently tagged Barrl and Barr2 with confocal microscopy upon stimulation with
agonists (100 uM, 15 min) [144]. The agonists used were ADP (P2Y1R), UTP
(P2Y2R), UTP (P2Y4R), UDP (P2Y6R), ATP (P2Y11R) and ADP (P2Y12R).
Internalization was observed for all six receptors, but for the P2Y6R, P2Y11R and
P2Y12R only upon co-transfection of GRK2. The P2Y1R, P2Y2R and P2Y4R
showed rapid translocation of Barrl and Barr2 to the PM. The P2Y1R showed
pronounced recruitment of Barr2, and only modest recruitment of Barrl. The P2Y4R

exhibited equally strong translocation for parrl and Parr2. The P2Y6R, P2Y11R and
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P2Y12R did not show any translocation of Barrs. When GRK2 was co-transfected,
only the P2Y6R and P2Y11R showed some recruitment of Barr2, and even slighter
recruitment of Barrl. The P2Y12R did not show any recruitment of Barrs, although
Barr2 interaction was observed with FRET, pointing at the possibly higher sensitivity
of this detection method for GPCR-Barr interaction. Based on these results, P2Y1R,
P2Y6R and P2Y11R would be classified as class A GPCRs with respect to Barr
recruitment, and the P2Y4R as a class B GPCR [145]. Interestingly, the P2Y2R

showed a Barr recruitment depending on the agonist used (see below).

The P2Y1R and P2Y12R

P2Y1R and P2Y12R desensitization and internalization seem to be regulated by

different kinases introducing different patterns of phosphorylation. The group of Poole
and Mundell showed that the P2Y1R and P2Y12R are internalized via clathrin-coated
pits (CCPs) in human 1321N1 astrocytoma cells. The P2Y1R showed PKC-
dependent internalization and recycling that was not dependent on Barrl nor GRKSs,
the P2Y12R trafficked to a different type of CCPs, in a pBarrl- and GRK dependent
way [146-148]. For the P2Y1R, these findings were in contrast with studies showing
internalization of the human P2Y1R in a Barr-dependent way, with more involvement
of Barr2 than Barrl [144, 149]. For the P2Y12R, Hoffmann et al. (2008) did observe
receptor internalization and a very slight interaction with Barr2, but not with parrl,
upon co-transfection of GRK2, suggesting at least some involvement of the

phosphorylation status of the receptor [144].

P2Y1R desensitization and internalization was shown to be mediated by differential
C-terminal phosphorylation [149]. Human P2Y1R and Barr2 (Barrl was not tested;
the authors alluded to [144]) were C-terminally fused to a fluorescent protein, and
trafficking of both was monitored with confocal microscopy in HEK293 cells upon
stimulation with 100 uM ADP. Rapid receptor internalization, accompanied by Barr2
trafficking was observed for wild type P2Y1R and P2Y1Rs lacking potential
phosphorylation sites in IL3 and in the proximal C-terminus, but not when lacking
phosphorylation sites in the distal C-terminus (Ser352 and Thr358; see Figure 2.7).
In contrast, PKC-mediated receptor desensitization (based on the PKC activator

phorbol 12-myristate 13-acetate (PMA)) was not affected by mutation of the distal

Chapter 2 62



phosphorylation sites, but was affected by mutation of the proximal phosphorylation
sites. Qi et al. (2011) confirmed this for endogenous canine P2Y1R as well as for
recombinant hP2Y1R (by retroviral transduction), which internalized in a PKC-
independent manner, relying on C-terminal Ser352 and Ser354 (Figure 2.7). The
levels of recombinant P2Y1R did not adversely affect the internalization machinery
[150].
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Figure 2.7: Alignment of the C-terminal part (Helix 8 and C-terminus) of selected P2YRs from
different species: serine and threonine residues are marked in green and the ones discussed

in the text are marked in blue.

In a study by Nisar et al. (2012), it was shown that an interaction with the PDZ-
domain containing Na*/H* exchanger regulatory factor (NHERF) is required for
P2Y12R internalization [151]. Prior to agonist stimulation, there already is a direct
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interaction of NHERF1 with a PDZ-motif in the C-terminus of P2Y12R. Upon agonist
stimulation, arrestin serves as an adaptor to further promote NHERF1 interaction and
P2Y12R internalization. Thus, NHERFL1 is required for P2Y12R internalization by

forming a tertiary complex consisting of P2Y12R, arrestin and NHERF1.

Platelets activated by ADP become refractory to re-stimulation; this has been
attributed to P2Y1R desensitization and internalization [152, 153]. Besides, it was
shown that P2Y1Rs and P2Y12Rs on human platelets rapidly resensitize, which
allows platelets to maintain responsiveness [154]. Schaff et al. (2012) evaluated the
role of Barr1 and Barr2 in agonist-induced platelet activation, P2Y1R and P2Y12R
desensitization, haemostasis and experimental thrombosis. Although Barr1 and Barr2
have been shown to interact with the P2Y1R and P2Y12R, it was not clear whether
they regulate desensitization in platelets. The results showed that Barr1 and Barr2 did
not directly regulate P2Y1R/P2Y12R desensitization. P2Y1R desensitization and
platelet refractoriness to ADP still occurred in Barr1-/- and Parr2-/- platelets —
although a compensatory mechanism between the two isoforms could not be
excluded. It was observed that platelets activated by ADP were unable to fully re-
aggregate in response to a second challenge, as a result of P2Y1R but not P2Y12R
desensitization [155]. Hence, P2Y1R desensitization might occur by an arrestin-
independent mechanism, for example by phosphorylation by PKC, as mentioned

earlier.

Gao & Jacobson (2017) (see section 2.2.2) evaluated the effect of orthosteric and
allosteric antagonism on agonist-induced parr2 recruitment to the P2Y1R, as well as
Barr2 dependent receptor internalization, using two PathHunter™ U20S cell systems
(DiscoverX) [103]. Each cell line expressed a fusion protein of Barr2 to the enzyme
acceptor. For the Barr2 recruitment assay, the cell line additionally contained the
P2Y1R, fused at its C-terminus to a ProLink™ tag, and for the internalization assay
the cell line contained untagged P2Y1R and a ProLink™ tag that was localised to
endosomes. Cells were treated with antagonists (20 min) prior to addition of agonists
(60 min), subsequently followed by incubation with detection reagent (60 min) at
room temperature. For internalization assays, the agonist incubation time was 180
min instead of 60 min. Interestingly, the negative allosteric modulator BPTU showed
different potencies and patterns of antagonism in different Barr2-mediated events
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induced by the agonists tested. The authors suggested that this modulator must
influence the P2Y1R conformation in such a way that different arrestin conformations
are induced that have different functional outcomes. This is an example of functional
selectivity even within the arrestin pathway and nicely demonstrates the multiple

functions of the arrestin molecule.

The P2Y2R

In a study of Otero et al. (2000), P2Y2R desensitization was investigated in human
1321N1 astrocytoma cells, transfected with murine P2Y2R, and human colonic
adenocarcinoma HT-29 cells, endogenously expressing hP2Y2R [156]. A 5 min
exposure to UTP caused P2Y2R desensitization in both cell lines. Full receptor
responsiveness returned 5-10 min after UTP removal. A C-terminal P2Y2R truncation
mutant, which had two of three potential consensus phosphorylation sites for PKC
eliminated (344Thr and 350Ser in murine P2Y2R; see Figure 2.7) still showed
desensitization by the PKC activator PMA but did no longer show UTP-induced
desensitization. This suggested that phosphorylation of the murine P2Y2R C-
terminus by kinases other than (PMA-sensitive) PKCs mediate agonist-induced
receptor desensitization. These findings were in line with those of Flores et al. (2005)
in human 1321N1 cells; mutation of three potential GRK/PKC phosphorylation sites
in IL3 and the C-terminus of the P2Y2R (S243A, T344A, and S356A) did not affect
Ca?* mobilization, though extinguished UTP-induced receptor phosphorylation,
reduced the efficacy of UTP to desensitize the P2Y2R, and impaired receptor
internalization. Activation of PKC isoforms with PMA that caused heterologous
receptor desensitization did not increase levels of P2Y2R phosphorylation [157].
These results indicate that agonist-mediated (homologous) P2Y2R desensitization
must involve protein kinases other than PMA-activated PKC isoforms (such as GRKs
or PMA-insensitive PKC isoforms), and that PKC-mediated (heterologous) P2Y2R
desensitization might involve phosphorylation of signalling molecules other than the

receptor.
Regarding the involvement of Barrs, Hoffmann et al. (2008) showed a parr

recruitment pattern to the hP2Y2R that was dependent on the agonist used; UTP

gave pronounced Barrl and Barr2 recruitment (class B behaviour), while ATP
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recruited pBarr2 more than Parrl (class A behaviour). This was also reflected in
ERK1/2 signalling; ATP-induced ERK1/2 phosphorylation was prolonged, while UTP
gave transient stimulation [144]. The authors state that this was the first notion of
biased signalling reported for the P2Y2R. We recently explored the coupling of the
hP2Y2R with Barr2 using the NanoBit® reporter assay in HEK293T cells (see
Chapter 5). C-terminal truncation of the P2Y2R did not hamper Barr2 recruitment
upon stimulation of the receptor with UTP, ATP and the P2Y2R-selective agonist 2-
thio-UTP, though seemed to have an influence on the kinetics of Barr2 recruitment. In
studies by Morris et al. (2011, 2012), endogenous P2Y2Rs in rat arterial smooth
muscle cells (ASMC) showed involvement of Barr1 and GRK2 in desensitization and
agonist-stimulated ASMC migration, a key process in vascular remodeling and
progression of vascular disease [158, 159]. Recently, it was shown that P2Y2R
homodimer formation in transfected HEK293T and 1321N1 cells influenced Barr2
recruitment; certain cysteine to alanine mutants in the extracellular domains of the
P2Y2R abrogated Parr2 recruitment. The assay used was based on functional
complementation of B-galactosidase; cells were stimulated with UTP for 1h at 37°C,
followed by 40 min incubation with reagents [160].

The P2Y4R and P2Y6R
In an early study by Robaye et al. (1997), the P2Y4R and the P2Y6R were reported
to desensitize fast upon stimulation with UTP, or slow upon stimulation with UDP,

respectively, in transfected human 1321N1 astrocytoma cells [161]. The authors
noted that this might be due to the presence of four potential phosphorylation sites in
the P2Y4R, compared to only one in the P2Y6R. The fast kinetics of P2Y4R
desensitization were accompanied by pronounced receptor internalization, but also
by fast receptor recovery on the cell surface after removal of agonist. In contrast, the
P2Y6R only internalized upon extended agonist incubation, but hardly showed
receptor recovery. The processes appear to occur independent of PKC or other
second messenger related kinases. Regarding potential phosphorylation sites, it was
shown that two serine residues in the P2Y4R C-terminus (Ser333 and Ser334; see
Figure 2.7) are involved in agonist-dependent phosphorylation, desensitization and
internalization of the P2Y4R [162]. Comparing these findings with those from

Hoffmann et al. (2008), in which Barr recruitment to and internalization of the P2Y6R
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could only be observed upon co-transfection of GRK2, the above-mentioned slow

kinetics of P2Y6R internalization might be because of a lack of sufficient GRK2 [144].

The P2Y11R

The P2Y11R has shown internalization when forming a heterodimer with the P2Y1R
[163]; P2Y11R dimerizes with P2Y1R when both are expressed recombinantly in
1321N1 astrocytoma cells, but also when P2Y1R is present at endogenous levels in
HEK293 cells. Moreover, pharmacological analysis revealed that ligand specificity of
the P2Y11R differed when only P2Y11R was expressed in 1321N1 cells, compared
to when both receptors are present in HEK293 cells. This might be indicative of a role

for receptor dimerization in functional selectivity.

2.4 Conclusive thoughts

For P1 or adenosine receptors (ARs) and P2Y receptors (P2YRs) — the GPCRs of
the purinergic receptor family — first steps have been taken in the field of functional
selectivity towards the development of biased ligands with a possibly beneficial
pharmacological profile for application in the clinical setting. These ligands could
separate wanted, on-target pharmacological effects from on-target but unwanted side
effects when acting on their purinergic receptor. Molecular determinants that govern
this bias have remained unknown for a long time and are only just now arising. For
ARs, biased ligands have been developed for the AiAR and/or A2sAR with a
promising therapeutic profile for the treatment of heart failure and angina pectoris.
Also, for the AsAR there is arising research exploring biased signalling profiles of
existing and newly developed ligands. Some of these biased AR ligands bind the
orthosteric binding site of the receptor, others bind an allosteric site, showing
signalling bias as such (allosteric agonists) or modulating the signalling profile of
orthosteric ligands (allosteric modulators). Besides, bitopic ligands have been
developed that combine orthosteric and allosteric binding features. The advantage of
functional selectivity by allosteric modulation is the capability to target areas where
levels of the endogenous ligand are increased; in the case of adenosine, this
involves areas of inflammation, ischemia/hypoxia or tumour sites, while areas with
low adenosine levels are refractory to allosteric modulation. Fewer reports exist on

functional selectivity for P2YRs. Biased signalling might hold therapeutic potential at
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platelet-P2YRs; differential signalling at P2Y1R and P2Y12R might regulate platelet
refractoriness after ADP stimulation, platelet aggregation and/or platelet-induced

migration of inflammatory cells under inflammatory conditions.

The coupling to B-arrestin (Barr) is still one of the most popular pathways for which
functional selectivity is explored. This pathway might hold therapeutic potential in the
light of drug tolerance and/or overdose, although a clear link with the
pathophysiological setting is still missing for purinergic GPCRs. This chapter shows a
growing body of evidence for both P1 and P2Y receptors on the role of Barrs in
receptor desensitization, internalization, as well as Parr-dependent signalling.
However, some of these processes (densensitization, internalization) might also
occur in a parr-independent manner. Therefore, functional assays that directly
evaluate the interaction of the GPCR with Parr are of equal or even bigger
importance; when applicable in the high throughput setting, these can foster future
development of biased purinergic ligands. In general, distinct techniques are used to
study the Barr pathway; fluorescence microscopy-based Barr or receptor trafficking,
as well as proximity assays and protein complementation assays, the latter often
allowing more sensitive monitoring/quantification of signal. Most of the data originate
from experiments in cell lines (e.g. CHO, 1321N1 and HEK293 cell lines) using
(often) single, very high agonist concentrations up to 10 uM or 100 uM for P1 and
P2Y receptors, respectively. Although concentrations that high may arise in the
human body under stressful or pathologic conditions, it is also expedient that (lower)

concentration ranges are tested to evaluate dose-dependent effects.
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Chapter 3:

Molecular dissection of the human As adenosine receptor coupling with B-arrestin2






Abstract

Besides classical G protein coupling, G protein-coupled receptors (GPCRs) are
nowadays well known to show significant signalling via other adaptor proteins, such
as B-arrestin2 (Barr2). The elucidation of the molecular mechanism of the GPCR-
Barr2 interaction is a prerequisite for the structure-activity based design of biased
ligands, which introduces a new chapter in drug discovery. The general mechanism
of the interaction is believed to rely on phosphorylation sites, exposed upon agonist
binding. However, it is not known whether this mechanism is universal throughout the
GPCR family or if GPCR-specific patterns are involved. In recent years, promising
orally active agonists for the human Az adenosine receptor (AsAR), a GPCR highly
expressed in inflammatory and cancer cells, have been evaluated in clinical trials for
the treatment of rheumatoid arthritis, psoriasis, and hepatocellular carcinoma. In this
study, the effect of cytoplasmic modifications of the AsAR on Barr2 recruitment was
evaluated in transiently transfected HEK293T cells, using a live-cell split-reporter
system (NanoBit®, Promega), based on the structural complementation of NanoLuc
luciferase, allowing real-time Barr2 monitoring. The AsAR-selective reference agonist
2-Cl-IB-MECA vyielded a robust, concentration dependent (5 nM to 1 uM) recruitment
of Barr2 (logeC50: -7.798 + 0.076). The role of putative phosphorylation sites,
located in the C-terminal part and cytoplasmic loops, and the role of the ‘DRY’ motif
was evaluated. It was shown that the AsAR C-terminus was dispensable for Barr2
recruitment. This contrasts with studies in the past for the rat AsAR, which pointed at
crucial C-terminal phosphorylation sites. When combining truncation of the AsAR with
modification of the ‘DRY’ motif to ‘AAY’, the Barr2 recruitment was drastically
reduced. Recruitment could be partly rescued by back-mutation to ‘NQY’, or by
extending the C-terminus again. In conclusion, other parts of the human AsAR, either
cytosolic or exposed upon receptor activation, rather than the C-terminus alone, are

responsible for Barr2 recruitment in a complementary or synergistic way.

Mutate
DRY to AAY

Truncate
a C-terminus
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3.1 Introduction

In recent years, the class of purinergic adenosine receptors undoubtedly has earned
its place amongst the group of most intensively studied druggable macromolecular
targets, known as G protein-coupled receptors (GPCRs). Mammalian adenosine
receptors (ARs) have been cloned and characterized for different species and
include 4 subtypes; the A1, A2a, A2s and As receptors, of which A2aAR and A2sAR
generally stimulate adenylate cyclase through coupling to the Gs family of G proteins,
whereas A1AR and AsAR couple to the Gi family. Adenosine is the main endogenous
agonist for all four adenosine receptors. It is present in the extracellular space at a
basal level, but can increase substantially under conditions of stress or when cell
damage occurs [1-5]. With its 318 amino acid length, the human AsAR is the smallest
AR subtype and is widely distributed in the human body with high expression levels
in lung and liver, and moderate to low expression levels in heart, brain and eyes [6-
9]. Remarkably, the AsAR is highly expressed in a variety of inflammatory and cancer
cells (human tumour cell lines and primary tissue), compared to a more basal
expression in other cell types, which makes this AR subtype a potentially interesting
therapeutic target [10-12]. In recent years, promising orally active AsAR agonists,
such as the prototypical compounds IB-MECA, NB&-(3-iodobenzyl)-5-N-methyl-
carboxamidoadenosine, and its 2-chloro analogue 2-CI-IB-MECA, have been
evaluated in clinical trials for the treatment of rheumatoid arthritis, psoriasis, and
hepatocellular carcinoma, respectively [3, 13-16]. On the other hand, antagonists are
being investigated for the treatment of asthma/COPD and glaucoma [17, 18].
Noteworthy, different studies have pointed at the rather enigmatic role of the AzAR
under different pathophysiologic conditions, displaying a twofold nature of effects, i.e.
being protective/harmful under ischemic conditions, pro/anti-inflammatory, and
pro/antitumoural, depending on the altered level of adenosine in vivo, or the organ or

the cell type studied in vitro [12].

Agonist-induced signalling of the AsAR is primarily Gi-mediated by inhibition of
adenylate cyclase activity, causing a decrease in CAMP levels. The AsAR also
displays other signalling, such as the coupling with phospholipase C, which causes a
Ca?* increase in several cellular models, and with members of the Rho GTPase and

mitogen-activated protein kinase (MAPK) family, as well as with ATP-sensitive
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potassium ion channels [7, 9, 12]. In general, the classic view on GPCR signalling
has been reoriented from a merely G protein mediated, linear concept of on/off
receptor pharmacology, towards a complex, multidimensional phenomenon of
coupling to a network of downstream signalling proteins. This finding is nowadays
well-established as functional selectivity or biased agonism, which is defined as the
ability of a ligand to selectively activate a particular (panel of) signalling pathway(s)
with a certain efficacy, leading to a delineated physiological response or possibly
favoured therapeutic effect [19-22]. The most extensively studied G protein-
independent signal transduction pathway for which biased agonism has been
thoroughly explored, is the coupling to the arrestin adaptor protein family [23-25]. Of
the four arrestin isoforms that have been identified (arrestin 1 - 4), arrestin 1 and 4
are expressed in the visual system, whereas arrestin 2 (B-arrestin1) and arrestin 3 (-
arrestin2) are ubiquitously expressed. B-arrestins were originally discovered as
inhibitory adaptor proteins that could “switch-off” GPCR signalling, a process well-
described as GPCR desensitization. Their originally depicted function is thus
considered to be protective, balancing the physiologic effect under sustained agonist
stimulation. After short- or long-term agonist stimulation, B-arrestin is recruited to the
GPCR, where it adapts its active conformation and sterically inhibits further
interaction with the G protein [26, 27]. Once activated, p-arrestin takes up its second
role as an adaptor for internalization proteins, directing the GPCR-arrestin complex
towards clathrin-coated pits for endocytosis [28, 29]. Following internalization,
GPCRs can either be recycled back to the plasma membrane, be targeted to larger
endosomes and more slowly recycled, or even be degraded in lysosomes, the latter
representing the onset for GPCR downregulation. Finally, one of the most striking
features of activated arrestin is the ability to initiate its own distinct downstream G
protein-independent signalling [30, 31], with B-arrestin2 (Barr2) serving a prominent
role for the regulation of non-visual GPCRs [28, 32]. The exact molecular mechanism
linking an agonist-induced GPCR conformation to the coupling and activation of Barr2
remains to be elucidated. Although to date, no consensus motif has been identified
for Barr2 binding in the varying sequence of GPCRs, it is generally assumed that
Barr2 recruitment is triggered by phosphorylation of serine/threonine residues by G
protein-coupled (GRKs) or 2" messenger regulated kinases after agonist binding.
These putative phosphorylation sites are distributed throughout the cytoplasmic

exposed parts of the GPCR, primarily considered to be the C-terminus and
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intracellular loops [20, 33, 34]. Besides, the highly conserved ‘DRY’ motif is known to
be involved in G protein interaction, possibly serving an additional role in arrestin
binding [35, 36].

For the human AsAR, the exact molecular features of Barr2 coupling have remained
fully unexplored. Studies in the past have shown phosphorylation, desensitization
and internalization for the rat AsAR, pointing at crucial C-terminal phosphorylation
sites [37-42]. However, the nature of Barr2 interaction with the human AsAR has not
been elucidated, leaving the role of the C-terminus and/or additional cytoplasmic
sites undefined. Here, the effect of cytoplasmic modifications of the AsAR on Barr2
recruitment was studied, using a live-cell split-reporter system (NanoBit®, Promega)
based on the structural complementation of the NanoLuc luciferase, allowing real-
time Barr2 monitoring. The role of putative phosphorylation sites, located in the C-
terminal part and cytoplasmic loops, and the role of the ‘DRY’ motif was evaluated.

3.2 Materials & Methods

3.2.1 Chemicals and reagents

HEK293T cells (passage 20) were kindly provided by Prof. O. De Wever (Laboratory
of Experimental Cancer Research, Department of Radiation Oncology and
Experimental Cancer Research, Ghent University Hospital, Belgium). The human
A3AR construct (NM_000677.2, transcript variant 2 of the ADORA3 gene) and human

Barr2 construct (NM_004313) were purchased from Origene Technologies (Rockville,

MD, USA). The NanoBit® vectors were kindly provided by Promega (Madison, WI,
USA). Self-designed primers were synthesized by Eurofins Genomics (Ebersberg,
Germany). Restriction enzymes, Phusion High-Fidelity PCR Master Mix with HF
buffer (containing a Phusion™ polymerase with low error rate for high-fidelity PCR),
T4 DNA ligase, Phusion Site-Directed Mutagenesis Kit, and One Shot® Mach1™ T1
Phage-Resistant Chemically Competent E. coli were from Thermo Fisher Scientific
(Pittsburg, PA, USA). Water for Molecular Biology (Sterile, RNase-free, DNase-free,
Protease-free, Ca?*-free, Mg?**-free, RT-PCR tested) was from Merck-Millipore
(Merck KGaA, Darmstadt Germany). E.Z.N.A.® MicroElute Cycle-Pure kit, E.Z.N.A.®
MicroElute Gel Extraction kit and E.Z.N.A.® Plasmid DNA Mini/Midi kit were from
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VWR International (Radnor, PA, USA). GelRed was from Biotium (Fremont, CA,
USA). Luria Bertani Broth and Agar were from Lab M (Heywood, UK). GoTaq® DNA
Polymerase, Thermosensitive Alkaline Phosphatase (TSAP), Fugene® HD
transfection reagent and Nano-Glo® Live Cell reagent were purchased from Promega
(Madison, WI, USA). Sanger DNA sequencing was performed by GATC Biotech
SARL (Mulhouse, France). Dulbecco’s Modified Eagle medium (DMEM), Opti-MEM®
| Reduced Serum Medium, penicillin/streptomycin, Dulbecco's phosphate-buffered
saline (DPBS) amphotericin B, glutamine and Trypsin-EDTA (0.05%), and 4',6-
diamidino-2-phenylindole dihydrochloride were from Thermo Fisher Scientific
(Pittsburg, PA, USA). Fetal bovine serum (FBS), poly-D-lysine, formaldehyde solution
(36.5-38% in H20), ampicillin sodium salt, agarose High Resolution for molecular
biology, and DMSO suitable for cell culture were purchased from Sigma Aldrich
(Steinheim, Germany). Reference agonists 2-CI-IB-MECA and NECA were from
Tocris Bioscience (Bio-techne, Abingdon, UK).

3.2.2 Development of AsAR- and Barr2 NanoBit® plasmid constructs

The NanoBit® system (Promega) was implemented for the generation of fusion
proteins consisting of the human AsAR or Barr2 connected via a peptide linker with
the split subunits of NanoLuc luciferase. In these fusion proteins, the larger 18 kDa
part of Nanoluc (Large Bit, LgBit) or the smaller 1 kDa part (Small Bit, SmBit) was C-
terminally coupled to the AsAR, or N- or C-terminally coupled to Barr2. Two full-length
AsAR-containing fusion constructs were developed: AsAR-LgBit and AsAR-SmBIt.
Four different Barr2-containing fusion constructs were developed: Barr2-LgBit, Barr2-
SmBit, LgBit-Barr2 and SmBit-Barr2. The different inserts were constructed by
performing a PCR reaction on the human AsAR coding sequence, or Barr2 coding
sequence (as described previously by our research group [43]), with primers
containing a specific restriction site and a Kozak sequence. The reaction was
performed with the Phusion High-Fidelity PCR Master Mix according to the
manufacturer’s instructions, using 200 pg plasmid DNA template and 0.5 uM final
concentration of forward and reverse primers. A 3-step PCR cycling protocol was
performed with a Mastercycler™ Nexus Thermal Cycler (Eppendorf, Hamburg,
Germany) at the following conditions: initial denaturation (98°C - 30s), denaturation

(98°C - 10s), annealing (Tm — 30s), extension (72°C — time depending on the length
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of the coding sequence), final extension (72°C - 5min), for 35 cycles. The PCR
product was run on agarose gel and purified with a MicroElute Gel extraction kit, to
ensure that no original template plasmid DNA could interfere with subsequent cloning
steps. The amplified coding sequence and the vector of destination were both cut
with the specific restriction enzyme, and purified with a MicroElute Cycle Pure Kit or
Gel extraction kit , respectively. Finally, the resulting insert was ligated using T4 DNA
Ligase into the digested vector, which was dephosphorylated at the 5 end in
advance, to avoid re-ligation. All primers, PCR conditions, and restriction enzymes
used are given in Table 3.1. Subsequently, the ligation product was transformed into
One Shot Mach E. coli. After plating, ampicillin-resistant colonies were PCR-
screened with Tag-polymerase for containing the insert of interest in the right
direction. Colonies that contained the correct constructs were grown in LB with
ampicillin (100 pg/mL) and plasmid DNA was isolated with a Plasmid DNA mini/midi
kit. The length of the fusion constructs was evaluated by RE digest and coding

sequences were sequence-verified by Sanger sequencing.

Table 3.1: PCR conditions (a-c) and restriction enzymes (RE) used for development of NanoBit®

fusion constructs
Ext.

Template . . Y a m - Fusion
Sequence Primers (F: forward — R: reverse) ccp tg;? RE T
AzAR- and Barr2 NanoBit® plasmid construct development
F ACTCAAGAGCTCACCATGCCCAACAACAGC 605 Sacl AARLGBIL
AAR R ACTCAAGAGCTCCCTCAGAATTCTTCTCAATGC : - sAlhe
¢ F ACTCAACTCGAGACCATGCCCAACAACAGC 6 hol AAR.STBL
R ACTCAACTCGAGCCCTCAGAATTCTTCTCAATGC :
F  ACTCAAGAATTCACCATGGGGGAGAAACCCGGGACC Barr2-LgBit
R ACTCAAGAATTCCCGCAGAGTTGATCATCATAGTCG '+t ; arr2<-§8 Bt
Bar2 A CTCAAGAATTCAATGGGGGAGAAACCCGGGACC 35 BeoRl | iBit-parr2
R ACTCAAGAATTCTCAGCAGAGTTGATCATCATAGTCG 97 E
SmBit- Barr2
Truncation of the AsAR C-terminus
F ACTCAAGAGCTCACCATGCCCAACAACAGC 1 ART™
R ACTCAAGAGCTCCCAAAGAATCAGAGGGATGGC : g
F ACTCAAGAGCTCACCATGCCCAACAACAGC I
AsAR R ACTCAAGAGCTCCGGGATGGCAGACCACACAGG 725 25 Sacl AART™LgBIt
F ACTCAAGAGCTCACCATGCCCAACAACAGC > R
R ACTCAAGAGCTCCGACCACACAGGCTTTGAGG < 9

a: Primers (5’->3’) containing the specific restriction site (underlined), Kozak sequence (bold italic)
and coding sequence of interest (italic).

b: Annealing temperature.

c: Extension time.

A stop codon (bold) or extra nucleotides (marked grey) to ensure a correct reading frame were added
when necessary.
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3.2.3 Modifications of the AsAR: truncation of the C-terminus, mutation of

phosphorylation sites in IL3, and mutation of the ‘DRY’ motif

The combination AsAR-LgBit / SmBit-Barr2 was the set-up of choice for
implementation of modifications in the AsAR sequence. All developed fusion
constructs described below were selected and sequence-verified as described

above.

Three AsAR C-terminal truncation mutants (Figure 3.1; AsART30, AzART3%,
A3ART3%?) were generated from the AsAR-LgBit plasmid as described above,

following the conditions described in Table 3.1.

VYAYKIKKFKE YLLILKACVVCHP

hAsART?="?

B2 L i T AT NI ¥YEE)t HPSDSLDTSIEKNSE

Figure 3.1: Alignment of the human and rat AsAR C-terminal part: rAsAR: rat AsAR, hAzAR:
human AzAR, hA3ART309: truncated human AzAR (residues 1-309), hAsART305: truncated
human AzAR (residues 1-305), hAsART302: truncated human AzAR (residues 1-302). Serine and
threonine residues are depicted in black, with potential phosphorylation sites predicted by
NetPhos server (score > 0.5) marked by an asterisk. The predicted palmitoylation C3% is

marked with a dotted line. Positions for truncation are indicated by scissors.
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The original NanoBit® linker connecting the AzAR and LgBit in the AsAR-LgBit and
A3ART392-| gBit fusion constructs was adjusted through deletion of a part of its
sequence (‘GAQGNSGSSGGGGSGGGGSSG’ -> ‘GAQGNGGGG). A 3- or 2-step
PCR cycling protocol with primers containing a 5’ phosphate was performed on the
AsAR-LgBIt fusion construct; phosphorylated primers and PCR conditions are given
in Table 3.2. The PCR-amplified linear fusion construct was gel purified, and
religated with T4 DNA Ligase in rapid ligation buffer, using a site-directed
mutagenesis kit according to the manufacturer’s instructions. The linker of the
A3ART392-| gBit construct was adjusted by RE digest of AsART32-LgBit and AsARL-
LgBit, and recombination to AsARLT32-LgBit.

Table 3.2: PCR conditions (a-c) used for adjustment of the NanoBit® linker sequence

Template Primers Tm Ext.
sequence Linker Sequence (F: forward — R: reverse)® coyp (mitrmic)C Fusion construct
Adjustment of the Linker sequence —-GAQGNSGSSGGGGSGGGGSSG-
AzAR- F GGTGGAGGTGGTGTCTTCACAC . -
LgBit GAQGNGGGG R ATTCCCCTGAGCTCCOTC 66.7 2:15 AzARL-LgBit

a: 5’ phosphorylated primers (5’P->3’), b: annealing temperature, c: extension time.

One serine and one threonine residue in the third intracellular loop (IL3) of AsART302
were mutated to alanine (S215A and T228A), to create the mutated, truncated AsAR
construct AsARLT302M12-LgBit. The aspartic acid and arginine residue of the ‘DRY’
motif were modified step-wise in the full length AsAR and AsART30?. Mutations to
uncharged amino acids with similar polarity (D107N and R108Q) were introduced in
a single or combined way (AsARLNRY-LgBit, AsARLDQY-LgBit, and AsARLT3°NQY-
LgBit). Mutations to hydrophobic alanine residues were introduced as well
(AsARLARY-LgBit, AsARLDAY-LgBit, AsARLAAY-LgBit, AsARLT32AAY-LgBit).
Phosphorylated primers and PCR conditions for site-directed mutagenesis to

construct all mentioned modified fusion constructs are given in Table 3.3.
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Table 3.3: PCR conditions (a-c) used for introduction of AsAR mutations in IL3 and the ‘DRY’
motif
Ext.

Primers (F: forward — R: reverse)? (;I'(rgb time Fusion construct
(min:sec)®

Template
sequence

Mutation of phosphorylation sites in the AsAR IL3
GGGAGTTCAAGGCAGCTAAGTCCTTG

. F .
302_ . 302019
ASARLT®- gBit = T OO AAAAT G AT T T GG 68.4 2:05 ASARLT®2M2-L gBit
. F  AACTTATCTAACGCTAAAGAGACAGGTGC )
302\ 19 5Ll . 302 N
AARLT?M2-LgBIt 1 CACAC A G e AT Ot 72 2:15 ASARLT®2M12-L gBit
Mutation of the AsAR DRY motif
F ATCGCTGTGGACCAATACTTGCG 015 AARLDQY-LgBit
R GGCCAGCAAGGACATGATGG '
F ATCGCTGTGAACCGATACTTGC A;ARLNRY-LgBit
R CAGCAAGGACATGATGGAGGCGTGGG
AARLLGBIL F  GCCATCGCTGTGGACGCATACTTGCGG AARLDAY-LgBit
: g R CAGCAAGGACATGATGGAGGCGTGGG 140
F GCCATCGCTGTGGCCCGATACTTGCG : )
& AsARLARY-LgBit
R CAGCAAGGACATGATGGAGGCGTGGG
F GCCATCGCTGTGGCCGCATACTTGCG L
R CAGCAAGGACATGATGGAGGCGTGGG 2 AARLAAY-LgBIt
F ATCGCTGTGGACGCATACTTGC oA |
R GGCCAGCAAGGACATGATGG AARLTTDAY-LgBIt
. F GCCATCGCTGTGGCCGCATACTTGCG )
302_ ASAA=—1S7 302 3
AARLTTELGBIL o CAGCAAGGACATGATGGAGGCGTGGG o1 TR TS 2
F  GCCATCGCTGTGAACCAATACTTGCGG : v
R CAGCAAGGACATGATGGAGGCGTGGG AR AN A2l
. F ATCGCTGTGGACGCATACTTGC AsARLT®2M12DAY-
302 N 5L 3
AR ANRZLOE GGCCAGCAAGGACATGATGG LgBit

a: 5 phosphorylated primers (5’P->3’) with mutated nucleotides (underlined), (mutated) DRY maotif is
shown in bold.

b: Annealing temperature.

c: Extension time.

3.2.4 AsAR NanoBit® Barr2 reporter assay in HEK293T cells

Human embryonic kidney (HEK) 293T cells were cultured in full DMEM (DMEM
supplemented with 10% heat-inactivated FBS, 2mM of glutamine, 100IU/ml of
penicillin, 200pg/ml of streptomycin and 0.25ug/ml of amphotericin B) and maintained
at 37°C, 5% CO2, under humidified atmosphere.

The day before transfection, cells were seeded on 6-well plates at a density of 5x10™
cells/well in 2 mL full DMEM. The next day, cells were transiently transfected using
FUGENE® HD reagent according to the manufacturer’s instructions, with a ratio of
FUGENE:DNA 3:1. Transfection mixes contained 1.65 pg of AsAR and Barr2-
construct each. On the third day, cells were treated with trypsin/EDTA and reseeded
on precoated, white 96-well plates at 5x10™ cells/well and incubated overnight (37°C,
5% COy). Plate coating was performed by incubation with 50 pL of a 0.1 mg/mL poly-
D-lysine solution per well for 1h (37°C, 5% COz2), subsequent removal of the solution

and drying to air. This coating was indispensable to avoid cell loss in subsequent
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washing steps, minimizing the well-to-well variation in luminescence signal during
read-out caused by differences in cell number.

On day 4, i.e. 48 hours after transfection and after recovery from trypsin treatment,
the read-out was performed at room temperature (RT): cells were washed twice with
Opti-MEM® 1, and 90 L of this reduced serum medium was placed on the cells. The
Nano-Glo Live Cell detection reagent was freshly prepared by dilution of the cell-
permeable furimazine substrate (Nano-Glo Live Cell substrate) in aqueous buffer
(Nano-Glo LCS Dilution buffer) that ensures similar tonicity to commonly used cell
culture buffers. Twenty-five pL of this reagent was added to each well and
luminescence was monitored in a GIoOMAX96 or Navigator luminometer (Promega)
until the signal stabilized (equilibration period of 15-20 minutes). Once a stable signal
was observed, monitoring was interrupted for addition of 20 pL 6.75x concentrated
agonist solution in Opti-MEM® | and luminescence was monitored for at least 90
minutes. The final in-well concentration ranged from 0.1 nM up to 100 pM agonist
(maximum 0.1% DMSO). A solvent control (blank sample) of 0.0001-0.1% DMSO in

Opti-MEM® | was each time included.

3.2.5 Immunofluorescence microscopy

For immunofluorescence microscopy, a (2xHA)-tag was inserted N-terminally to the
AsAR, using phosphorylated primers and a 2-step PCR protocol (Table 3.4), for the
generation of the following constructs: (2xHA)-AsARL-LgBit, (2xHA)-AsARLT3%?-LgBit,
and (2xHA)-AsARLT3%2AAY-LgBit. The PCR-amplified linear tagged constructs were

processed using the site-directed mutagenesis kit, as described above.

Table 3.4: PCR conditions (a-c) used for insertion of the (2xHA)-tag

Ext.

Template Primers Tm time Fusion
sequence (F: forward — R: reverse)? (°C)® (min:sec)® construct
. (2xHA)-
AsARL-LgBit g TACCCATACGATGTTCCAGATTACGCTATGCCCAA AARL-LOBi
3 gBit
CAACAGC (2xHA)
X -
AARLT®%2-| gBit AARL T2
72 1:50 LgBit
R AGCGTAATCTGGAACATCGTATGGGTACATGGTG (2xHA)-
LgBit

a: 5’ phosphorylated primers (5’P->3’), b: annealing temperature, c: extension time.
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The day before transfection, cells were seeded on poly-D-lysine-coated coverslips at
a density of 1.25x10™ cells in 2 mL full DMEM. The next day, cells were transiently
transfected with 3.3 pg of one of the above mentioned AsAR-constructs using
FUGENE® HD reagent according to the manufacturer’s instructions. On the third day,
cells were washed once with Opti-MEM® | and incubated for 25 minutes (37°C, 5%
CO2) with primary purified anti-HA.11 Epitope Tag (Clone 16B12) mouse antibody
(Biolegend, San Diego, CA), diluted 1/2000 in Opti-MEM® I. Following aspiration of
the medium, the cells were fixated with 3.7% formaldehyde in PBS (15 minutes at
RT). Subsequently, coverslips were washed 3 times with wash buffer (140 mM NacCl,
25 mM Tris, 2.7 mM KCI, 1 mM CaClz, adjusted to pH 7.4 with HCI) and incubated
with 200 pL Blotto with Triton (30 mg/mL dry milk, 0.1% Triton X-100, 1 mM CaClz,
50 mM Tris HCI pH 7.5) for 20 minutes at RT. Following washing, coverslips were
incubated with the secondary Alexa Fluor 594 goat anti-mouse IgG (H+L) antibody
(Invitrogen™ Molecular Probes™, Thermo Fisher Scientific Pittsburg, PA, USA)
1/500 in Blotto for 20 minutes at RT in the dark. After washing, cell nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI) 1/500 in Blotto for 5 minutes at RT
in the dark. After a last washing cycle, coverslips were mounted using 10 pL of
mounting medium and stored at 4°C in the dark until imaging. Conventional
fluorescence microscopy was performed on a Zeiss Axiovert 200 M microscope with
a 63x oil-immersion objective, images were captured using an AxioCam MRm

camera, and processed on AxioVision Rel. 4.6 software.

3.2.6 Data analysis

Concentration-response (area under the curve; AUCs) were calculated, where the
absolute signals were corrected for solvent control samples, and for inter-well
variability. For calculation of logeC50 values, a sigmoidal curve was fitted by
analysing concentration-response data using GraphPad Prism software (San Diego,
CA, USA). A non-linear regression model (variable slope) was fitted for the
normalized responses. Statistics were performed using analysis of variance
(ANOVA), followed by post-hoc analysis (Tukey) to detect statistical difference
among groups (P < 0.05).
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3.3 Results

3.3.1 Development of the A3AR NanoBit® reporter assay for real-time

monitoring of B-arrestin? recruitment in HEK293T cells

For the development of an AsAR NanoBit® reporter assay for Barr2 recruitment, an
optimal assay set-up was selected by evaluation of different combinations for AsAR-
and Barr2 fusion constructs in HEK293T cells. This cell line was chosen because of
its rapid growth characteristics and high transient transfection efficiency. As the AsAR
and Barr2 are membrane-bound and cytosolic, respectively, the LgBit- or SmBit part
of Nanoluc can be coupled C-terminally to the AsAR, and N- or C-terminally to Barr2,
resulting in four different set-ups of the assay (Figure 3.2). For the two set-ups in
which LgBit was attached to the AsAR, and SmBit was either N- or C-terminally
attached to Barr2, a clear rise in signal was observed immediately after addition of
the AsAR selective reference agonist 2-Cl-IB-MECA at a concentration of 100 nM,
which was sustained for at least 90 minutes. Set-up A in Figure 3.2, in which LgBit is
attached to the C-terminus of the AsAR, and SmBit is attached to the N-terminus of

Barr2, was chosen as optimal configuration set-up for further experiments.

The chosen set-up yielded a concentration-dependent effect of 2-CI-IB-MECA,
starting at about 5 nM and reaching a maximum at about 1 uM (Figure 3.3). Higher
concentrations caused a severe drop in signal — possibly owing to toxicity. Up to
0.1% of DMSO, which was used for preparation of stock solutions of the reference
agonist, caused no discernible solvent effect. Analysis of the concentration-response
curve with non-linear regression provided a logeC50 of -7.798 + 0.076 (Figure 3.5).
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Figure 3.2: Selection of the optimal AsAR NanoBit® reporter assay set-up: 4 combinations of
AzAR- and Barr2 fusion constructs were evaluated: A;AR-LgBit / SmBit-BArr2, AsAR-LgBit /
BArr2-SmBit, AzAR-SmBIt / LgBit-BArr2 and AsAR-SmBiIt / BArr2-LgBit. A concentration of 100
nM 2-Cl-IB-MECA was added (arrow) and luminescence was measured during 2 90 minutes
(black lines). A solvent control of 0.0001% DMSO was included (grey lines). Measurements of

duplicate wells in a 96-well plate are shown for one representative experiment (n=3).
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Figure 3.3: Concentration-dependence of Barr2 recruitment in the As;AR NanoBit® reporter
at the time point (indicated by the arrow) and luminescence was measured for > 90 minutes. A
solvent control of 0.1% DMSO was included. — Inserted: Concentration-response (AUCs). Mean
AUCs + SEM of duplicate wells are shown for one representative experiment (n=3).

Chapter 3 94



3.3.2 Truncation of the AzAR C-terminus

The influence of C-terminal phosphorylation of the AsAR on Barr2 recruitment was
evaluated by truncation of the AsAR C-terminus. Focusing on the short C-terminal
part delineated by the palmitoylation C3°3, three truncated AszARs (AsART) were
evaluated in the assay (Figure 3.1). AsART3% is missing terminal residues 310-318 of
the AsAR-sequence, but two serine residues beyond C303 are still present. The
shorter AsART3% still contains the predicted palmitoylation C3%3, but is missing all five
C-terminal serine/threonine residues. In the shortest AsART30?, C3% is removed as
well. All three AsARTS, of which AsART3%? is depicted in Figure 3.4, were still able to
recruit Barr2 following stimulation with 100 nM 2-CI-IB-MECA, giving a signal
comparable with that of the full length AsAR. Therefore, AsART3%? was used for

further elucidation of crucial contact points for Barr2 interaction.

To rule out a possible role of serine residues in the standard 21 amino acid linker
with sequence ‘GAQGNSGSSGGGGSGGGGSSG’, connecting AsAR and LgBit in
the AsAR-LgBit and AsART3%2-LgBit fusion constructs, this linker sequence was
modified. Although only one serine residue (underlined) gave a score >0.5 using
NetPhos server, the linker was shortened to ‘GAQGNGGGG’. This did not influence
the assay read-out; 2-Cl-IB-MECA as well as the non-selective agonist NECA
triggered PBarr2 recruitment, the latter showing an even faster onset (Figure 3.4). A
concentration dependent effect was obtained with 2-CI-IB-MECA (Figure 3.5;
logEC50 of -7.657 + 0.065). When the new linker was combined with AsART3%2, the
resulting AsARLT3%2-LgBit fusion construct again gave very robust results in the
assay, with a logeC50 of -7.884 + 0.058 (Figure 3.4-3.5). All subsequent

modifications of the AsAR were based on constructs with the new shortened linker.
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Figure 3.4: Evaluation of Barr2 recruitment in the AsAR NanoBit® reporter assay. Panels A-D: Truncation
of the human AsAR C-terminus: A3AR: native AsAR (original linker), ASART32 truncated AsAR (original
linker), ASARL: native AsAR (adjusted linker), ASARLT3%?; truncated AsAR (adjusted linker). Panels E-G:
Mutation of IL3 phosphorylation sites and the ‘DRY’ motif: ASARLT32M12: truncated AsAR with IL3
mutations S215A & T228A (adjusted linker), ASARLAAY: A3AR with ‘DRY’ -> ‘AAY’ (adjusted linker),
A3ARLT302AAY: truncated AzAR with ‘DRY’ -> ‘AAY’ (adjusted linker). Panels H-I: Restoration of response:
A3ARLT32NQY: truncated AszAR with ‘DRY’ -> ‘NQY’ (adjusted linker), ASARLT3%AAY: truncated AsAR
(C303 present) with ‘DRY’ -> ‘AAY’ (adjusted linker). Boxed panels F’, G’, I': zoomed graphs for clarity. A
concentration of 100 nM 2-Cl-IB-MECA (black lines) or non-selective NECA (dotted lines) was added and
luminescence was measured during 2 90 minutes. A solvent control of 0.1% DMSO was included (grey

lines). Measurements of duplicate wells are shown for one representative experiment (n23).
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3.3.3 Mutation of phosphorylation sites in intracellular loop 3 and mutation of
the ‘DRY’ motif

Since the C-terminal serine/threonine residues were found to be dispensable for
Barr2 recruitment, other putative phosphorylation sites in the AsAR cytoplasmic loops
were evaluated. Although no obvious serine/threonine clusters are present, two
residues in intracellular loop 3 (IL3), S215 and T228, could serve as (part of) a
pattern-wise phosphorylation motif (NetPhos >0.5). Mutating both residues to alanine
in AsARLT3%? gave the AsARLT302M12-LgBit construct, which still provided a good
Barr2 recruitment, with a logeC50 of -7.889 + 0.023 upon stimulation with 2-CI-IB-
MECA (Figure 3.4-3.5).

150- logEC50 + SEM
2 o = AAR 7.798£0.076  —
= = AARL -7.657 + 0.065
[«7]
2 %07 - AARLT? -7.884 + 0.058 .
E *
S o0- . . . . - A.ARLT32M12 -7.889 + 0.023
= 0 9 8 7 6 5 .
50l 2-CI-IB-MECA (logM) i gRLAR -8.189+x0.107 1

Figure 3.5: Analysis of the sigmoidal dose-response curves with non-linear regression:
logeC50 * SEM are given. Values are calculated based on 23 experiments performed in
duplicate. Statistical significance is depicted, using analysis of variance (ANOVA), followed by
post-hoc analysis (Tukey) (*P< 0.05).

The role of the AsAR D07R108Y109 motif was evaluated by site-directed mutagenesis
of the D and R residue in a step-wise manner to uncharged amino acids with similar
polarity, yielding D107N and R108Q mutants, respectively. These ‘NRY’- and ‘DQY’-
mutants provided an unchanged response in the assay in comparison with the native
DRY motif (data not shown). Subsequently, non-conservative mutations to
hydrophobic alanine residues were introduced. Mutation of the ‘DRY’ motif to ‘AAY’
(Figure 3.4: A3ARLAAY) largely preserved concentration dependence of the Barr2
coupling, though was characterized by lower absolute values in the assay read-out,
giving a logeC50 of -8.189 + 0.107, which differed significantly (P<0.05) from that for
full length AsAR (Figure 3.5). Although significant, the difference is small and thus
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possibly of limited scientific value. When combined with C-terminal truncation
(A3ARLT302AAY), this modification completely abolished the response to 2-Cl-IB-
MECA: no rise in signal, nor a concentration-dependent effect could be observed
upon agonist addition (Figure 3.4). Interestingly, the response of the ABARLT30?2AAY
construct could be fully rescued by mutating the 1st two residues of the ‘DRY’ motif
back to ‘NQY’ (A3ARLT3%°NQY). When the ‘AAY’ modification was maintained, and
the C-terminus was extended again beyond the palmitoylation C3% (ASARLT3%°AAY),

a slight recovery of the signal was obtained as well (Figure 3.4).

3.3.4 Immunofluorescence microscopy

Immunofluorescence microscopy was used to confirm that the AsARLT3%2AAY-mutant
was still correctly expressed. To this end, HEK293T cells were transiently transfected
with (2xHA)-tagged AsAR-LgBit fusion constructs, followed by immunofluorescence

microscopy with an anti-HA antibody (Figure 3.6). The images support the cell
surface expression of the (2xHA)-AsARL-LgBit (A), (2xHA)-AsARLT3%2-LgBit (B), and
(2xHA)-AsARLT3?AAY-LgBit (C) fusion constructs.

Figure 3.6: Cell surface expression of (2xHA)-tagged AsAR-LgBit fusion constructs with
immunofluorescence microscopy. HEK293T cells were transiently transfected with 3.3 ug of
(2xHA)-AsARL-LgBit (panel A), (2xHA)-AsARLT3%-LgBit (panel B), or (2xHA)-AsARLT3?2AAY-
LgBit (panel C) and incubated with mouse anti-HA antibody. After fixation, cells were incubated
with secondary Alexa Fluor 594 goat anti-mouse antibody and cell nuclei were stained with
DAPI.

Chapter 3 98



3.4 Discussion

In this study, we used a functional complementation approach to study the coupling
between the human As adenosine receptor (AsAR) and the B-arrestin2 (Barr2)
protein. Via step-wise modifications in the cytoplasmic portions of the AsAR, we could
delineate regions that were essential or dispensable for Barr2 recruitment. Originally
discovered as an inhibitory adaptor protein mediating GPCR desensitization and
endocytosis, Barr2 has now been established as a true signalling protein [26-31].
Biased agonists that preferentially signal via the G protein or Barr2 mediated pathway
have been (re)discovered for different GPCR systems [19-22]. In the process of drug
development, the oriented, structure-activity based design of biased ligands for
GPCRs such as the AsAR, could provide promising opportunities with respect to a
favoured therapeutic profile that is devoid of side effects. However, the exact
molecular aspects of the GPCR-Barr2 contact are only just emerging. Given the fact
that a multitude of GPCRs all couple to only two Barrs, it has been hypothesized that
certain cytoplasmic GPCR portions might be conserved to a certain extent amongst
non-visual GPCRs [33, 34, 44]. The general image of GPCR-Barr interaction has
been based on the rhodopsin-visual arrestin model, and has served as a template for
all mammalian arrestins [45, 46]. B-arrestin recruitment to GPCRs would be induced
by two driving forces: an agonist-induced conformational rearrangement of the
receptor, exposing key cytoplasmic contact sites, and the phosphorylation of
(exposed) clusters of serine/threonine residues located in the C-terminal tail and/or
throughout cytoplasmic loops, by GRKs or 2" messenger regulated kinases.
Complementary, arrestins contain an ‘activation-sensor’ and a ‘phosphorylation-
sensor’, which should both be triggered in a sequential or synergistic way to allow
Barr recruitment, high affinity binding and eventually full activation of the Barr
molecule. Destabilisation of intramolecular Barr interactions by phosphorylated
residues and other parts of the activated GPCR has been proposed as a driving force
for a conformational rearrangement in the arrestin molecule, thereby liberating the
arrestin C-terminal tail, which may serve as a docking site for internalization proteins
[33, 34, 44]. Thus, part of the arrestin molecule engaged in GPCR binding is now
well-defined, by resolution of the X-ray structures of all four arrestins and of GPCRs
in complex with (ant)agonists, G proteins, or recently with arrestin [47-52]. However,

the above mentioned binding site(s) in the GPCR remain ill-defined and have only
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been specified for a few GPCRs [53, 54]. To date, there is no consensus on which
GPCR residues are crucial for arrestin contact, in which cytoplasmic exposed parts
they are located, and to which extent they are conserved throughout the

heterogeneous GPCR family.

For the human AsAR, the exact molecular features of Barr2 coupling have remained
unexplored. In this study, the effect of cytoplasmic modifications of the AsAR on Barr2
recruitment was evaluated. For live-cell monitoring of the AsAR-Barr2 interaction, the
NanoBit® technology from Promega was implemented [55]. This split-reporter based
system depends on the structural complementation of the NanoLuc luciferase
enzyme. The Nanoluc luciferase is a small (19.1 kDa) enzyme, producing high
intensity, glow-type luminescence by conversion of the coelenterazine-derived cell-
permeable substrate furimazine. The splitted Nanoluc parts, called Large Bit (LgBit;
18 kDa) and Small Bit (SmBit; 1 kDa), can be fused to two proteins of interest,
making a reversible interaction possible. In our application, the interaction between
the human AsAR and Barr2 can be monitored in a kinetic way, under physiological
conditions in living cells. This system was developed in parallel with a cannabinoid
receptor system in our research group [43].

The AsAR selective agonist 2-Cl-IB-MECA was used as a reference agonist in the
assay. In the optimal assay set-up, AsAR-LgBit / SmBit-Barr2, a clear rise in signal
was observed immediately after the addition of 2-CI-IB-MECA, which was detectable
for at least 90 minutes. The response in the assay was concentration-dependent,
starting at about 5 nM and reaching a maximum around 1 puM. Analysis of the
sigmoidal concentration-response curve gave a logeC50 of -7.798 + 0.076. This
value is very similar to the one reported by Gao et al. (logeC50: -7.97 + 0.14), who
were the first to report on the interaction of Barr2 with the human AsAR, using the
PathHunter system (DiscoverX) in CHO cells. However, in this system the cells are
incubated with the agonist for 60 minutes, not using real-time monitoring of Barr2
recruitment. The rapid onset of Barr2 recruitment they observed is consistent with the
kinetics reported here with the NanoBit® assay. Interestingly, the logEC50 value of 2-
CI-IB-MECA for Barr2 recruitment is somewhat distinct from the logeC50 value
reported for activation of the G protein pathway (-8.55) [56, 57].
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At first sight, the cytoplasmic part of the human AsAR does not reveal any obvious
clusters of serine/threonine residues that are highly indicative for phosphorylation by
GRKs or other kinases. A closer look at the C-terminal part shows six
serine/threonine residues, of which one is located before and five are located beyond
the predicted palmitoylation C303 (S306, S308 T381l S312° and S317) (Figure 3.1). Of
these five residues, only T311/S312 were predicted as putative phosphorylation sites by
NetPhos (score>0.5). The role of the AsAR C-terminus in desensitization and
internalization has been limited to studies performed on the rat AsAR, but is unknown
for the human AsAR. Studies by Palmer et al. showed very rapid phosphorylation,
desensitization and internalization for the rat AsAR, in the order of minutes [37-42].
This is a unique feature in the AR field, as the A2aAR and A2sAR desensitize in <1h
and the A1AR only over a time-span of several hours. An explanation for these
differences was sought in the C-terminus of the rat AsAR, containing 6
serine/threonine residues, where the human Ai1AR contains no potential
phosphorylation sites in this corresponding region. Exchange of the C-terminal tails
reversed the kinetics. The residues crucial for these observations were T3%7, T318 and
T319 for the rat AsAR. Further, it has been suggested that C-terminal cysteine
residues, present in the rat and human AsAR, represent possible palmitoylation sites,
and that these are relatively conserved among all GPCRs. These sites could regulate
the accessibility of the C-terminal domain to activated GRKs [40]. As the sequence of
the C-terminus of rat and human AsAR is very alike, the C-terminal tail is considered
a maijor trigger for B-arrestin recruitment. The rapid desensitization and internalization
kinetics -in the order of minutes- were confirmed for the human AsAR in a stable
CHO cell line, and at the endogenous level in a human astrocytoma cell line [58, 59].
However, no mechanism with respect to Barr2 recruitment has been explored.
Moreover, with respect to rodent modelling, possible differences between rat and
human AsAR cannot be ruled out, as there is only 72% shared identity between
human and rat AsAR sequence [4, 17, 60-62].

Therefore, the role of the C-terminal part was evaluated by truncating the human
AsAR. Surprisingly, full truncation of the C-terminal part, including removal of the
predicted palmitoylation C3°3, had no negative influence on the recruitment of Barr2 in
our complementation assay (logeC50 of -7.884 = 0.058). Therefore, in this context,

the human AsAR C-terminus can be regarded as dispensable for Barr2 recruitment.
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Remarkably, this contrasts with studies in the past for the rat AsAR, which pointed at
crucial C-terminal phosphorylation sites with respect to receptor desensitization and
internalization [37-42]. Although C-terminal phosphorylation has been reported as a
major trigger for Barr interaction, there are examples of GPCRs that do not require
phosphorylation [34]. In general, concerning the presence of C-terminal
serine/threonine clusters, two classes of GPCRs have been identified with respect to
Barr recruitment. Class A GPCRs, lacking obvious C-terminal phosphorylation
clusters, show a transient interaction with Barr2, which leads to rapid GPCR
recycling. Class B GPCRs do contain multiple C-terminal phosphorylation clusters,
providing a stable GPCR-Barr complex that is mostly internalized and degraded [63].
From our study, it seems that the human AsAR could be classified as class A GPCR
with respect to Parr2 interaction. To further evaluate a role of possible putative
phosphorylation sites, two residues were mutated in the third intracellular loop
(S215A and T228A). Although highly predictive for phosphorylation (NetPhos >0.5),
also these mutations did not hamper Barr2 recruitment (logeC50 of -7.889 + 0.023).
Thus, phosphorylation of cytoplasmic residues does not seem to play a crucial role in

Barr2 recruitment for the human AszAR.

Besides putative phosphorylation sites in the intracellular loops, other motifs crucial
for arrestin binding can be exposed upon conformational rearrangement of the
GPCR. Such a candidate motif is the ‘DRY’ motif, located at the boundary of TM helix
3 with IL2. The ‘DRY’ motif is highly conserved amongst class A GPCRs of the
rhodopsin family, having a well-known role in G protein signalling, and has previously
been reported to be involved in B-arrestin interaction [35, 54, 64]. In this study,
mutation of the ‘DRY’ motif to ‘AAY’ clearly challenged, yet did not abolish the
coupling of the AsAR to Barr2. However, when introducing this non-conservative
mutation in the truncated AsAR, no increase in signal or concentration-dependent
effect could be observed anymore. The fact that truncation of the AsAR C-terminus
alone did not influence Barr2 recruitment in the assay, but that the recruitment is
drastically reduced by combining this truncation with mutation of the ‘DRY’ motif to
‘AAY’, could fit in the general image of B-arrestin ‘scanning’ the GPCR, based on
multiple activation sensors in the arrestin molecule. Interestingly, Barr2 recruitment
was fully rescued by back-mutating the ‘AAY’ residues to the conservatively mutated

residues ‘NQY’, in the truncated AsAR. To conclude, it can be said that other parts of
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the human AsAR, either cytosolic or exposed upon receptor activation, rather than
the C-terminus alone, are responsible for Barr2 recruitment in a complementary or

synergistic way.
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Chapter 4:
Probing Structure-Activity Relationship in B-Arrestin2 Recruitment of Diversely

Substituted Adenosine Derivatives






Abstract

In the adenosine receptor (AR) subfamily of G protein-coupled receptors (GPCRS),
biased agonism has been described for the human A1AR, A2sAR and AsAR. While
diverse AsAR agonists have been evaluated for receptor binding and Gi-mediated
cAMP signalling, the B-arrestin2 (Barr2) pathway has been left largely unexplored.
We screened nineteen diverse adenosine derivatives for Barr2 recruitment using a
stable hAsAR-NanoBit®-Barr2 HEK293T cell line. Their activity profiles were
compared with a cAMP accumulation assay in stable hAsAR CHO cells. Structural
features linked to Barr2 activation were further investigated by the evaluation of an
additional ten AsAR ligands. The AsAR-selective reference agonist 2-Cl-IB-MECA,
which is a full agonist in terms of cAMP inhibition, only showed partial agonist
behaviour in Barr2 recruitment. Highly AsAR-selective (N)-methanocarba 5'-
uronamide adenosine derivatives displayed higher potency in both cAMP signalling
and Barr2 recruitment than reference agonists NECA and 2-CI-IB-MECA. Their AsAR-
preferred conformation tolerates C2-position substitutions, for increased parr2
efficacy, better than the flexible scaffolds of ribose derivatives. The different amino
functionalities in the adenosine scaffold of these derivatives each seem to be
important for signalling as well. In conclusion, we have provided insights into ligand
features that can help to guide the future therapeutic development of biased AsAR

ligands with respect to G-protein and Barr2 signalling.
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4.1 Introduction

The family of purinergic adenosine receptors (ARs) is involved in different
(patho)physiological processes in the human body via modulation of the nervous
system, immune response, vascular function and metabolism. The endogenous
agonist adenosine, at resting physiological concentrations of less than 1 uM, may
bind the four AR subtypes (A1, A2a, A2s and As). The elevation of adenosine levels
due to acute stress or ischemic conditions can benefit cellular adaptation. Under
pathological conditions, sustained levels of excess adenosine can contribute to the
development and/or progression of various diseases [1-3]. The human A3AR (hAsAR)
is highly expressed in lung, liver and immune cells, with lower expression levels in
the heart, brain and eye [4]. In recent years, the AsAR has attracted interest as a
therapeutic target due to its role in the pathogenesis of heart and vascular diseases,
autoimmune inflammatory disorders, COPD and asthma, along with different types of
cancer [5-8]. AsAR expression is upregulated in various tumour cells, modulating
tumour growth depending on the tumour type, the other AR subtypes present, the
surrounding immune cells and micro-environmental conditions involved [9, 10]. More
recently, targeting of the AsAR has been suggested as a promising, safe and
effective therapeutic approach for the management of chronic neuropathic pain of

various etiologies [11-13].

Given the delicate role of adenosine in tissue homeostasis and the plethora of
therapeutic opportunities, significant work has been done in synthetic ligand design
to target the human AsAR. Structure-based molecular modeling has led to the
rational design of an impressive panel of potent, highly-selective AsAR ligands [8].
For therapeutic application, these synthetic ligands must display good
pharmacokinetic properties, as well as excellent AsAR binding affinity, selectivity,
efficacy and potency [14, 15]. Currently, functional evaluation of these AsAR ligands
relies mainly on the measurement of Gi protein-mediated signalling using cAMP
accumulation assays. However, as with all GPCRs, the As3AR couples to other
downstream signalling proteins besides the G protein. There has been increased
interest in designing and developing GPCR agonists that show biased signalling
towards certain signalling pathway(s). In recent years, one of the most studied non-

G-protein signalling pathways in GPCR systems has been that involving the adaptor
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protein B-arrestin2 (Barr2) [16, 17]. Barr2 can induce both downstream signalling and
GPCR desensitization, thus influencing the duration of a therapeutic effect and/or
tolerance in a physiological setting. The biased activation of Gi-dependent or Barr2-
dependent signalling pathways in AsAR agonism has remained insufficiently
explored. The application of functional assays to expand the structure-activity
relationships of AsAR ligands may help link desired therapeutic profiles to in vivo
models in the future. Furthermore, this could allow for the reorientation of the

therapeutic profiles of previously synthesized ligands.

Here, we report on the development of a stable hAsAR HEK293T cell assay system,
which allows real-time monitoring of Barr2 recruitment by application of NanoBit®
technology (Promega). This technology relies on the functional complementation of
the NanoLuc luciferase enzyme. The applicability of the system to study hAsAR-Barr2
interaction was previously demonstrated by our research group, using transiently
transfected HEK293T cells [18]. After establishing that the stable cell line provided a
reproducible and concentration-dependent response with a known AsAR agonist (2-
Cl-IB-MECA), we compared the Barr2 activity profiles of nineteen compounds with
those for cCAMP signalling, which were obtained with a cAMP accumulation assay
performed in CHO cells stably transfected with the hAsAR. Structural features linked
to Barr2 activity were further investigated via the evaluation of an additional panel of
ten AsAR ligands, providing insight into the structure-activity relationship of AsAR

agonists with respect to Barr2 recruitment.

4.2 Materials & Methods

4.2.1 Chemicals and reagents

HEK293T cells (passage 20) were kindly provided by Prof. O. De Wever (Laboratory
of Experimental Cancer Research, Department of Radiation Oncology and
Experimental Cancer Research, Ghent University Hospital, Belgium). The human
A3AR construct (NM_000677.2, transcript variant 2 of the ADORA3 gene) and human

Barr2 construct (NM_004313) were purchased from Origene Technologies (Rockville,
MD, USA). DOTAP Liposomal Transfection Reagent was purchased from Sigma
Aldrich (Steinheim, Germany), and the anti-dNGFR antibody was purchased from
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Chromaprobe (Maryland Heights, MO, USA). Reference agonists 2-Cl-IB-MECA, IB-
MECA, CGS21680 and NECA were purchased from Tocris Bioscience (Bio-techne,
Abingdon, UK). All other chemicals and reagents used were purchased from the
same suppliers as described previously [18] or synthesized at NIDDK, National

Institutes of Health as reported [19-33].

4.2.2 Development of a stable AsAR-NanoBit®-Barr2 HEK293T cell line by

retroviral transduction

4.2.2.1 Production of retrovirus using the PhoenixA packaging cell line

To generate retroviral expression vectors, the coding sequences for the AsAR-LgBit
and SmBit-Barr2 fusion proteins (reported in [18]) were transferred to the retroviral
vectors pLZRS-IRES-EGFP and pLZRS-pBMN-link-I-dNGFR, respectively, using
standard cloning procedures, as described previously [18]. Primers, PCR conditions
and restriction enzymes used are given in Table 4.1. The resulting retroviral
expression vectors lead to co-expression of the fusion proteins AsAR-LgBit and
SmBit-Barr2 with enhanced green fluorescent protein (EGFP) and truncated human
nerve growth factor (dNGFR), respectively, in the cell line of choice (in this case
HEK293T cells).

The retroviral vectors, as well as the protocol for production of retrovirus, were
adapted from the research group of Prof. Bruno Verhasselt (Department of Clinical
Chemistry, Microbiology, and Immunology, Ghent University, Belgium). The Phoenix-
AMPHO (®NX-A) packaging cell line was cultured in Iscove’s Modified Dulbecco’s
Medium (IMDM) (Thermo Fisher Scientific, Pittsburgh, PA, USA) supplemented with
10% heat-inactivated FBS, 2 mM glutamine, 100 IU/mL penicillin, 100 pg/mL
streptomycin and 0.25 pg/mL amphotericin B (full IMDM) under humidified
atmosphere at 37°C, 5% CO2. Twenty-four h before transfection, cells were seeded
at a density of 10° cells/6 cm dish in full IMDM. The next day, cells were transiently
transfected using the Calcium Phosphate Transfection method (Thermo Fisher
Scientific, Pittsburgh, PA, USA) according to the manufacturer’s instructions, using
20 pg of retroviral expression vector DNA. Five min prior to transfection, chloroquine

(Sigma Aldrich, Steinheim, Germany) was added to the cells at a final concentration
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of 25 uM, followed by dropwise addition of the transfection mixture. After overnight
incubation, the medium was refreshed. Forty-eight h after transfection, the first viral
supernatant was harvested, centrifuged (10 min, 350%xg, 4°C), aliquoted on ice
without disturbing the pellet, and stored at -80°C. After the first harvest, puromycin
selection (2 pg/mL) (Sigma Aldrich, Steinheim, Germany) was carried out for 3
rounds of 48 h, punctuated each time with a 48-h incubation in puromycin-free full
IMDM. The day before the last viral harvest, the medium was again refreshed. The
second viral supernatant was harvested, centrifuged and stored as was done for the

first harvest.

Table 4.1: PCR conditions (a-c) and restriction enzymes (RE; d) used to construct the retroviral
expression vectors*

Ext.

Szt Primers (F: forward — R: reverse)? ob time RE Ret_rovwal .
Sequence (°C) (s)° expression vector
F ACTCAAGGATCCACCATGCCCAACAACAGC BamHI .
AAR-LgBit 69.5 40 - PR ALl
3 R  ACTCAATACGTATTAGCTGTTGATGGTTACTCGG ' SnaBl IRES-EGFP
F  ACTCAAGGATCCACCATGGTGACCGGCTACCG BamHI LZRS-SmBit-Barr2-
SmBit-Barr2 R ACTCAAGCGGCCGCTCAGCAGA 74 38 - P IRES-dNGFR
GTTGATCATCATAGTCG Notl

a: primers containing the specific restriction site (underlined), Kozak sequence (bold italic) and coding
sequence of interest (italic).

b: Annealing temperature.

c: Extension time.

A stop codon (bold) to ensure a correct reading frame was added where necessary.

4.2.2.2 Retroviral transduction of HEK293T cells

HEK293T cells were seeded in a 96-well plate at 10* cells/well in full DMEM and
incubated overnight. For retroviral transduction, the medium was replaced by
retroviral supernatant, pre-incubated with DOTAP Liposomal Transfection Reagent
according to the manufacturer’s instructions, consisting of a 1:1 mixture of both
AsAR- and Barr2-sequence containing retroviruses. Subsequently, the plate was
centrifuged for 90 min at 950xg (32°C) to increase transduction efficiency. After
overnight incubation, the medium was refreshed, and cells were further cultured in
full DMEM. Forty-eight h after transduction, expression efficiency was evaluated with
flow-cytometry by measuring the level of EGFP or dNGFR (by pre-incubation with a
Allophycocyanin-linked anti-dNGFR antibody), which are co-expressed with the

AsAR- and Barr2-fusion proteins, respectively.
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4. 2.2.3 Cell sorting of stably transduced HEK293T cells

After routine culture of the stably transduced HEK293T cells for 3 passages, cell
sorting was performed with a BDFACSAria 1l cell sorter (BD Biosciences). In this
stage, co-expression of EGFP and dNGFR was used to select a subpopulation of
cells with the desired expression levels of AsAR- and Barr2 fusion proteins,
respectively. Cells were maintained in full DMEM medium. Stability of the cell line

was monitored every 3 to 5 passages by flow cytometry, as described above.

4.2.3 Screening of synthetic AsAR ligands

4.2.3.1 AsAR NanoBit® Barr2 assay

In total, a panel of twenty-nine synthetic ligands was subjected to the stable AsAR-
NanoBit®-Barr2 HEK293T cell line, using a 2-day assay protocol. On the first day,
cells were seeded on PDL-pre-coated, white 96-well plates at 5x10* cells/well and
incubated overnight (37°C, 5% CO32). On day 2, the assay read-out was performed at
room temperature, as described previously [18]. Briefly, following 2 washing steps, 90
ML of Opti-MEM | reduced serum medium was added to the cells, followed by
addition of 25 pL of freshly prepared detection reagent and monitoring of
luminescence equilibration. Once a stable signal was observed, 20 uL of 6.75x
concentrated agonist solution in Opti-MEM | was added, and Iluminescence
monitored for at least 90 min. All stock solutions of synthetic ligands were DMSO-
based. The final in-well concentrations were (100 pM) - (500 pM) - 1 nM — (2 nM) — (5
nM) —10nM-50nM -100 nM — 1 uM — (2 uM) - 5 uM — (10 pM) - (25 uM) agonist
(maximum 0.5% DMSO). A solvent control (blank sample) of 0.001-0.5% DMSO in
Opti-MEM | was included each time.

4.2.3.2 cAMP assay

The levels of intracellular 3',5'- cyclic AMP (cAMP) were measured by modification of
the originally described competitive protein binding method [34, 35], which is widely
used. Briefly, CHO cells stably expressing the human AzAR were treated with the

synthetic ligands in the presence of rolipram (10 uM) and adenosine deaminase (3
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units/ml). After 30 min, forskolin (10 uM) was added to the medium, and incubation
was continued for an additional 15 min. The reaction was terminated by removing the
supernatant, and cells were lysed by addition of 0.1 M ice-cold HCI. The cell lysate

was resuspended and stored at -20°C until analysis by enzyme immunoassay.

4.2.3.3 Binding assay

Binding experiments were performed as described previously [26, 28, 36], using
[12°1]-N8-(4-amino-3-iodobenzyl)adenosine-5’-N-methyluronamide  ([*?°1]I-AB-MECA)
as a radioligand. Briefly, membranes were prepared from CHO cells stably
expressing the human AsAR. Cells were detached and resuspended in 50 mM Tris
HCI buffer (pH 8.0) containing 10 mM MgCl;, and 1 mM EDTA prior to
homogenization with an electric homogenizer (10s), and re-centrifugation at 20,0009
for 20 min (4 °C). The membrane pellets were resuspended in buffer in the presence
of adenosine deaminase (3 U/mL), and suspensions were stored at -80°C until the
binding assay. For competition experiments, each tube contained 100 pL of
membrane suspension (x20 ug protein), 50 uL of [*?°1]I-AB-MECA (concentration 0.2
— 1 nM), and 50 pL of increasing concentrations of compounds in Tris—HCI buffer (50
mM, pH 8.0) containing 10 mM MgClz, 1 mM EDTA. Non-specific binding was
determined using 10 uM 2-CI-IB-MECA. The mixtures were incubated at 25°C for 60
min. Binding reactions were terminated by filtration through Whatman GF/B filters
under reduced pressure using an MT-24 cell harvester (Brandell). Filters were
washed three times with ice-cold buffer. Radioactivity was determined in a Beckman
5500B y-counter. ICso values were obtained from competition curves and converted

to Ki values using the Cheng-Prusoff equation [37].

4.2.4 Data analysis

Concentration-responses (area under the curve; AUCs) were calculated, where the
absolute signals were corrected for solvent control, and for inter-well variability. For
calculation of logECso values, a sigmoidal curve was fitted to the normalized
responses by analysing concentration-response data using GraphPad Prism software
(San Diego, CA, USA). Data points for the highest agonist concentrations were

excluded when the signal height showed more than 20% reduction compared to the
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maximum signal of the closest lower concentration. A non-linear regression model

(Hill Slope 1) was fitted to the normalized responses.

4.3 Results

4.3.1 Development of a stable AsAR reporter assay for real-time monitoring of

Barr2 recruitment

The originally-described reporter system for evaluation of Barr2 coupling to AsAR [18]
was characterized by a transient assay set-up with a 4-day protocol, in which the
transfection efficiency varied between different assays, complicating inter-day
comparisons. In order to obtain a system that could serve high-throughput screening
and would more easily allow comparative analysis of a panel of compounds, a stable
AsAR-Barr2 reporter cell line was developed by retroviral transduction, reducing the
assay protocol to 2 days. Moreover, a stable expression level of both fusion proteins
can be ensured by monitoring the level of co-expressed markers (EGFP and dNGFR)
using flow cytometry. If needed, an additional advantage is that cells can be sorted
into subpopulations with certain expression levels of both constructs. A subpool was
selected with the highest expression levels of both AsAR and Barr2 fusion proteins. A
clear concentration-dependent response to the reference agonist 2-CIl-IB-MECA,
starting at ~2 nM and reaching a maximum at 1 uM, was obtained with this cell line
(Figure 4.1).

4.3.2 Screening of AzAR ligands for Barr2 recruitment and cAMP signalling

A panel of nineteen synthetic AsAR ligands was evaluated for Barr2 recruitment,
using the stable hAsAR-NanoBit®-Barr2 HEK293T cell line, and G-protein dependent
CcAMP signalling, using a cCAMP accumulation assay in stable hAsAR CHO cells. In
Table 4.2, the maximal efficacy (Emax) and potency (logECso) of these compounds is
shown for both signalling pathways, as well as their AsAR binding Ki values and
structures. To gain more insight into their Barr2-related activity profiles, an additional
ten structural analogues were tested with the hAsAR-Barr2 cell line (Table 4.3). The

sigmoidal concentration-response curves depicted in Figure 4.2 show different
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extents of maximal Barr2 recruitment for all compounds tested, relative to reference

agonists NECA and 2-CI-IB-MECA (black curves).
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Figure 4.1: Concentration-dependent effect of reference Az:AR agonist 2-Cl-IB-MECA on Barr2
recruitment in a stable hAs;AR-NanoBit®-Barr2 HEK293T cell line. 1, 2, 5, 10, 30, 50, 80, 100, 500
nM and 1 pM 2-CI-IB-MECA was added at the time point indicated by the arrow, and

luminescence was measured for >90 min. A solvent control of 0.01% DMSO was included.

Insert: Concentration-response (AUCs). AUCs (x SEM) of quadruplicate wells are shown for a

representative experiment (n=3).
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Table 4.2: Structures, efficacies (Emax), potencies (IlogECso), and hAsAR binding affinities (Ki) of nineteen known A3AR ligands. Data for Barr2 recruitment were

obtained with the stable hAs;AR-NanoBit®-Barr2 HEK293T cell line, and those for cAMP inhibition were obtained with a stable hAz;AR CHO cell line.

/R1

HN

N Xy
/4
<N | N/)\ R2

OH OH
Compound series A and B

HN/R1 R‘I

XX T X
N Y/)\RZ N & R2
R3 R3

7 7

OH OH OH OH
Compound series F

|
Y

Compound series C, D and E

Stable AsAR Stable AsAR
Compound R R? R? X Y z NanoBit® HEK293T cell line? CHO cell line® Ki (nM) = SEM
Emax (%) LogECs, + SEM Emax (%) LogECs
A. Ribose 5-OH analogues
CPA cyclopentyl H CH,OH N - - 56.9+3.7 -5.82+0.11 97+4 -6.91 72+£12
CCPA cyclopentyl Cl CH,OH N - - 335+27 -6.08 £ 0.15 0 NA 38+6
R-PIA /Ci)@ H CH,OH N - - 56.6 + 1.9 -6.35 + 0.06 102+ 6 -7.57 8.7+0.9
S-PIA /CQ/Q H CH,OH N - - 51.0+14 -5.72 £ 0.04 97 +3 -6.68 68 £ 12
ADAC ) rcoor~()-crcomcrpn H CH,OH N - - 73731 -6.61+0.12 103+ 4 -7.00 13.3+3.0
B. Ribose 5-amide analogues
NECA H H CONHC;Hs N - - 100 £ 2.5 -6.99 + 0.05 103 -7.42 35+12
CGS21680 H S CONHCHs N - - 99.0+55 5.87+0.10 985 -6.62 114+ 16
IB-MECA 3-l-benzyl H CONHCH; N - - 784 +25 -7.87 £ 0.07 100 -8.44 1.8+0.7
2-Cl-IB-MECA 3-I-benzyl Cl CONHCHg; N - - 56.1+1.1 -7.53+£0.04 100 -8.55 1.4+0.3
C. Methanocarba, C2-C
MRS3558 3-Cl-benzyl Cl CONHCHs; N N N 100.9 + 3.7 -8.12 + 0.08 1037 -9.42 0.29 £ 0.04
MRS1873 H Cl CH,OH N N N 13.0+1.6 -6.44 £ 0. 31 41+5 -6.1 353+54
MRS5127 3-l-benzyl Cl H N N N 52+04 -7.61+0.13 44 +6 -7.9 1.44 +0.6
MRS5474 dicyclopropylmethyl Cl H N N N 98+12 -5.57 £ 0.17 56.0+ 4.8 -5.86 £ 0.15 470 £ 15
D. Methanocarba, 5-amides, C2-extended
MRS5698 3-Cl-benzyl (3,4-F,-phenyl)ethynyl CONHCH; N N N 835+4.6 -6.98 + 0.07 95.7+6.4 8.3 3.49+1.84
MRS5917 CH; (thien-2-yl)ethynyl CONHCHg; N N N 91.6+34 -8.51+0.10 97.3+29 -9.38 0.57 £0.10
E. Methanocarba, deaza-adenine
MRS7144 CH,CH3; (5-Cl-thien-2-yl)ethynyl CONHCHs; CH N N 74.4+23 -7.27 £ 0.06 95.5+2.3 -8.82 1.7+04
MRS7299 CHs (5-Cl-thien-2-yl)ethynyl CO,CzHs N N CH NA NA 1+7 NA 448 + 13
F. Methanocarba, 5-amides, lacking 6-NH
MRS7195 CHs (5-Cl-thien-2-yl)ethynyl CONHCH3 N N N 84.5+6.4 -6.24 £ 0.19 107 £ 26 -7.9 42,2 +17.3
MRS7220 H (5-Cl-thien-2-yl)ethynyl CONHCH3 N N N 68.4 +5.3 -5.52+£0.11 97.8+0.1 -7.57 60 + 19

A. Emaxis relative to that of reference agonist NECA - B. Emax is relative to that of reference agonist NECA at 10 uM - NA, not significantly active at 10 pM



Table 4.3: Structures, efficacies (Emax), potencies (IogECsp), and hA3AR binding affinities (K;) of ten additional structural analogs tested in the stable hAszAR-
NanoBit®-Barr2 HEK293T cell line.

R R?
HN™ HN™
N AN Z ~
~ ~
N N RZ N Y RZ
R3 R®
” 7
OH OH OH OH

Compound series A Compound series D and E

Stable A;AR
Compound R? R? R3 X Y z NanoBit® HEK293T cell line? Ki (nM) = SEM
Emax (%) LogECso + SEM
A. Ribose 5-0OH analogues

DCCA cyclopentyl Cl CH,OH CH - - 58+0.2 -5.83£0.07 244 + 37
Neé-benzyl-adenosine benzyl H CH,OH N - - 349+23 -6.07 £ 0.13 41.7+5.3
Né-phenyl-adenosine phenyl H CH,OH N - - 75.8 £ 3.0 -6.23+£0.0 149+3.1

D. Methanocarba, 5-amides, C2-extended

MRS5679 3-Cl-benzyl (4-phenyl-phenyl)ethynyl CONHCHj; N N N 46.8 £ 3.3 -5.92+0.11 3.06 £ 1.35
MRS5967 CHs (2-CH30-phenyl)ethynyl CONHCH3 N N N 925+24 -8.33+£0.06 0.77 £0.17
MRS5663 CHs (2-Cl-phenyl)ethynyl CONHCHg N N N 101.7 £ 3.6 -8.25 £ 0.08 0.58 + 0.04
MRS5980 CHs (5-Cl-thien-2-yl)ethynyl CONHCH; N N N 95.0 + 4.0 -8.71+0.11 0.7+0.11

MRS7154 (CH2)2CHa (5-Cl-thien-2-yl)ethynyl CONHCH; N N N 945+4.8 -7.67 £0.11 1.1+0.3

E. Methanocarba, deaza-adenine

MRS7173 CHs (5-Cl-thien-2-yl)ethynyl CONHCH3 N CH N 78.2+138 -7.26 £ 0.04 1.56+0.2

MRS7232 CHs (5-Cl-thien-2-yl)ethynyl CO,C;Hs N N N 136+ 1.6 -7.30£0.17 5.38 + 0.03

A. Emax is relative to that of reference agonist NECA
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4.4 Discussion

The human As adenosine receptor is gaining interest in the field of drug discovery as
a therapeutic target for inflammatory diseases and cancer [4]. Two AsAR agonists,
IB-MECA (CF101, Piclidenoson) and 2-CI-IB-MECA (CF102, Namodenoson) have
shown safety and efficacy in Phase | and Il clinical trials. The former is entering
Phase Il for treatment of rheumatoid arthritis and psoriasis [38], while its 2-chloro
analogue is currently in Phase Il for treatment of nonalcoholic steatohepatitis (NASH)
and hepatocellular carcinoma [39, 40]. Given the AsAR’s therapeutic potential, highly
selective and potent ligands have been synthesized, and their structure-activity
relationship (SAR) has been extensively explored and reviewed [8, 19, 41-43]. This
SAR is based on an evaluation of the ligands’ binding affinities, as well as their
efficacies and potencies in activating downstream AsAR signalling pathways.
Radioligand binding assays are originally carried out with membranes from AR-
overexpressing mammalian cells, from which the affinities at different AR species
homologues can be compared [36]. The availability of an AsAR homology model,
which uses an agonist-bound A2aAR X-ray structure [44], but not the recently solved
antagonist-bound A1AR [45], as a template, as well as opsin and the B2AR receptor,
has enabled additional prediction of nucleoside binding interactions at the AsAR [46-
48]. However, how this binding is translated into differential signalling has remained

elusive.

Although the AsAR generally couples to the Gi protein, inhibiting adenylate cyclase
and leading to a decrease in CAMP levels, there is substantial coupling to Ggy and
possibly Ggq, leading to activation of phospholipase C (PLC) and a downstream rise in
intracellular calcium [4, 8]. Furthermore, other signalling mediators have been
described, such as the nuclear factor kappa B (NF-«xB) and the Wnt signalling
pathways. For multiple other GPCRs, biased ligands have been developed that
preferentially activate a certain subset of signalling pathway(s) in order to obtain a
desired therapeutic profile. One of the most explored crossroads for signalling bias in

GPCR drug development is the one between the G protein and Barr2 [49-55].

In the AR field, the first steps towards a favoured profile of biased agonism have
recently been set for the AiAR, the A2sAR, and AsAR [56-60]. However, so far,

Chapter 4 126



evaluation of the Barr2 pathway and a possible bias versus the G-protein pathway,
has largely remained unexplored for the human AsAR. First reports of the interaction
of the human AsAR with Barr2 were based on experiments using the PathHunter
system (DiscoverX), which records activity at a single time point after 2 h of agonist
incubation [61, 62]. We recently reported on the development of a live-cell assay
system for real-time monitoring of Parr2 recruitment, based on the functional
complementation of the Nanoluc luciferase enzyme [18]. Here, we report on the
development of a stable hAsAR-NanoBit®-Barr2 HEK293T cell line that was used to
screen a panel of nineteen synthetic ligands for Barr2 recruitment to the hAsAR. The
resulting Barr2-recruitment activity profiles and those obtained for Gi protein coupling
(Table 4.2), using the cAMP accumulation assay in stable AsAR CHO cells, were
compared (Figure 4.3). Ten additional structural analogues of this parent compound
panel were evaluated for the confirmation or more in-depth analysis of SAR features
related to the Barr2 pathway (Table 4.3, Figure 4.2). The efficacies reported are
expressed relative to the non-selective AR reference agonist NECA, for consistency
with respect to previous results reported for AsAR signalling. NECA is considered to
be a full agonist in multiple AsAR signalling pathways — including the cAMP- and
Barr2-pathways, as well as AsAR mediated membrane hyperpolarization and
intracellular Ca?* mobilization [62]. The AsAR-selective reference agonist 2-Cl-IB-
MECA has also been reported as a full agonist in the cAMP- and Barr2-pathways
based on the aforementioned PathHunter system, but as a partial agonist in
membrane hyperpolarization and Ca?* mobilization (58% and 55% relative to NECA)
[62]. Interestingly, in this study, 2-Cl-IB-MECA displayed a partial agonist Emax of only
56% relative to NECA in the Barr2-recruitment assay. The difference in Emax for Barr2
recruitment, when comparing these results with previously published data, might
arise from several factors. First, previous data relate to a single time-point readout
(PathHunter system), while this study implements a more comprehensive kinetic
readout using AUCs (NanoBit® system). Second, we cannot dismiss the possibility
that AsAR expression levels in the different assays may have varied and influenced
the signal measured. However, with the NanoBit® system, we also evaluated Barr2
recruitment for 2-Cl-IB-MECA in CHO-K1 cells; potencies did not differ substantially
between HEK293T cells (logeECso of -7.53 + 0.04) and transiently transfected
(logECso of -7.26 = 0.08) as well as stably-transduced (logECso of -7.24 + 0.05) CHO-
K1 cells. The Emax of 2-Cl-IB-MECA in CHO-K1 cells was 61% relative to NECA.
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Whilst the similar results obtained in different cell lines for 2-CI-IB-MECA do indicate
that the data obtained for our Barr2 recruitment assay are not confined to a single cell
system, it is difficult to predict to what extent this can be extrapolated to the complete
panel of compounds. The Barr2-recruitment activity profiles of the ligands tested here
were generally similar to the structure-activity relationship for cAMP activity, which
has been fine-tuned over years by step-wise structural modification, with differences
as described below. In general, we observed a consistent difference of one log unit

between logECsos for cAMP signalling and Barr2 recruitment (Figure 4.3B).
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Figure 4.3: Comparison of the Emax relative to that of NECA (arbitrarily set at 100%) (A) and
negative logECs (B) of nineteen synthetic AsAR ligands tested with the stable hA;AR-NanoBit®-
Barr2 HEK293T cell line (Barr2) versus the stable hA;AR CHO cell line (CAMP).

Several N6 substituted adenosine derivatives were tested, as they are known to be
quite potent AsAR ligands from G-protein-dependent signalling experiments [61, 63].
N6-cyclopentyladenosine (CPA), an A:iAR-selective agonist, and the N®&-
phenylisopropyl R- and S-diastereomers R-PIA and S-PIA, which have demonstrated
stereoselectivity in binding at the A1AR, A2aAR and AsAR [19], show only patrtial
agonist efficacy in Barr2 recruitment, in contrast to full agonism in cAMP signaling
(Table 4.2; Figure 4.2A; Figure 4.3A). These compounds also have a low potency in
Barr2 recruitment (logECsos of around -5.8), although R-PIA is more potent than S-
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PIA (logECso of -6.35), as is also the case in cAMP signalling (Table 4.2; Figure
4.3B). The 2-chloro analogue of Né-cyclopentyladenosine (CCPA) is a full antagonist
in the cAMP assay, but a partial agonist in Barr2 recruitment (Emax of 34%; Table 4.2).
The 1-deaza analogue of CCPA, DCCA, showed a further reduced 6% efficacy in
Barr2 recruitment (Table 4.3), suggesting an importance of the 1-position ring
nitrogen in Barr2-pathway activation. Furthermore, substitution of N with a benzyl or
phenyl group instead of a cyclopropyl group (as in CPA) reduces or stimulates Barr2
recruitment, respectively (Table 4.3). The Nf-chain elongated adenosine congener
N6-[4-[[[4-[[[(2-aminoethyl)amino]carbonyl]methyl]anilino]-
carbonylmethyl]phenylladenosine (ADAC), an agonist with selectivity for human
A1AR and AsAR, has been studied for enhanced AsAR-selectivity upon conjugation to
a nanocarrier [64]. Amongst the ribose-5’-OH analogues, this compound performs
substantially well in Barr2 recruitment (Table 4.2; Figure 4.3A). Overall, the Né-
substituted adenine 9-riboside (4’-CH20H) derivatives mentioned here all have
intermediate potency for Barr2 recruitment (logECsos of around -6) compared to
reference agonists NECA or 2-CI-IB-MECA (logECsos of around -7).

A series of 5-alkyluronamide adenosine derivatives was developed as selective
AsAR agonists, and substitutions at the C2- and/or N°- positions were explored [20].
Focusing on the structure of NECA, these substitutions preserved efficacy and
influenced potency of cCAMP signalling. The A2aAR-selective agonist CGS21680 [61]
contains an extended C2-substituent, decreasing the potency in cAMP signalling, by
roughly one log unit (logeCso from -7.42 to -6.62), as well as Barr2 recruitment
(logeCso from -6.99 to -5.87) (Table 4.2; Figure 4.2B). Introduction of a shorter
methyluronamide group was reported to favour AsAR binding compared to larger
alkyl groups. An Nb-halobenzyl group maintains affinity at the AsAR while reducing
AiAR and A22AR affinity, to increase AsAR selectivity. Examples include the
prototypical agonists IB-MECA [8] and 2-CI-IB-MECA (Figure 4.2B; Figure 4.3, black
curves) [21]. These agonists display high potency in both cAMP signalling and Barr2
recruitment (logECsos of around -8.5 and -7.5, respectively) (Table 4.2). However, the
combination of the N6-halobenzyl group in IB-MECA with a C2-substituent, as in 2-Cl-
IB-MECA, reduces the Emax of Barr2 recruitment (Table 4.2; Figure 4.2B). Thus, for
(5’-uronamide) adenosine derivatives, the Emax Of Barr2 recruitment can be fine-tuned

by substitution of the N6- and C2-positions.
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Numerous highly AsAR-selective (N)-methanocarba nucleoside ligands were
developed that include a rigid bicyclo[3.1.0]hexane ring system in place of the flexible
ribose, stabilizing the favoured adenosine receptor-bound isomer conformation [22].
Combining this (N)-methanocarba modification with a 5'-uronamide group has been
reported to yield a good efficacy and potency in AsAR activation, which are otherwise
reduced when utilizing selectivity-enhancing Né- and/or C2-substituents [23, 24]. This
was observed for MRS3558, which shows high efficacy and potency in both cAMP
signalling and Barr2 recruitment (logECsos of -9.42 and -8.12, respectively) (Table
4.2). Exchanging the 5’-uronamide group, as in the adenosine-like 4’-CH20OH
derivative MRS1873 [19] and the truncated 4’-H MRS5127, drastically lowered the
Emax and potency towards both signalling pathways (Table 4.2; Figure 4.2C).
MRS5127 has well-suited antagonist-like properties for radioligand binding assays
but partial agonist activity in some functional assays [25, 26, 65]. The Nb-iodobenzyl
group of MRS5127 tends to preserve potency more than, for example, the NS-
dicyclopropylmethyl group of MRS5474 [27] in Barr2 recruitment as well as in CAMP
signalling (Table 4.2; Figure 4.2C; Figure 4.3, blue curves).

In SAR studies with (N)-methanocarba 5’-uronamide derivatives, the AsAR binding
site appeared to be very flexible in its ability to accommodate extended C2-
substituents, such as C2-ethynyl and arylethynyl groups that further increased AsAR
selectivity [8, 26, 28]. This is demonstrated with MRS5698, which contains a 3,4-
difluorophenylethynyl group at the C2 position [28, 29], notwithstanding a somewhat
reduced signalling potency compared to MRS3558 (Table 4.2; Figure 4.2D; Figure
4.3, red curves). To further evaluate C2-extension, the Barr2 activity profile of
analogue MRS5679, containing a biphenyl substituent at the C2-position, was tested.
Interestingly, this compound showed much lower potency (logECso of -5.92), and only
half the Emax of MRS5698 (Table 4.3; Figure 4.2D). This might be explained by the
characteristics of transmembrane helix 2 (TM2). When relying solely on the A2aAR
structure as a template for the generation of an AsAR homology model, there are
three cysteine bridges present in the extracellular regions, which restrict the flexibility
of the TM helices. However, there is only one cysteine bridge present in the AsAR
and the extracellular part of TM2 is expected to be more flexible. Sensibly, a hybrid

model basing the TM2 conformation on the activated Bz2-adrenergic receptor and
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rhodopsin, better accommodated the ligands with extended C2-substituents [28, 30,
47]. The proposed outer displacement of TM2 logically requires overcoming a greater
energy barrier, which might be reflected here in the lower potency of MRS5679. Once
this has occurred, a maximal effect can still be obtained, at least comparable to that
of 2-CI-IB-MECA (47%). Known to favour human AsAR association [28, 30], the N6-
methyl substitution in derivatives MRS5967 and MRS5663 also promoted Barr2
recruitment (Table 4.3; Figure 4.2D). Both compounds, only differing slightly at the
ortho-position of the C2-phenylethynyl group, display equally good efficacy and
potency as the highly potent MRS3558 (logECsos of around -8.3). They have more
pronounced activities than compounds bearing NS6-benzyl substitutions, a
modification that is mostly made to obtain species-independent AsAR selectivity.
Thus, in contrast to ribose analogs, (N)-methanocarba 5’-uronamide adenosine
derivatives seem to occupy the AsAR binding site in a manner that maintains efficacy

for Barr2 recruitment when certain C2 modifications are present.

(N)-Methanocarba 5-methyluronamide adenosine derivatives containing 2-
arylethynyl groups have been screened in an in vivo mouse pain model, surpassing
the effect of MRS5698 [30]. Compound MRS5917 showed very high potency in both
cAMP signalling and Barr2 recruitment (logECso of -9.38 and -8.5, respectively)
(Table 4.2; Figure 4.2D). By testing two additional 5-chlorothien-2-yl analogues,
MRS5980 and MRS7154 [31], it was confirmed that a small methyl group at the N&-
position favours Barr2 signalling (Table 4.3). MRS5917 and its arylethynyl congeners
are highly promising orally active AsAR agonists for the treatment of chronic pain,
displaying a prolonged in vivo effect [30], independent of endogenous opioid or
endocannabinoid pathways [12]. In cell systems, the AsAR is subject to
desensitization and downregulation [66], which is known to be correlated with Barr2
recruitment. However, protection in animal models of pain results from prolonged
AsAR agonist action, which can be prevented by coadministration of an AsAR
antagonist [12]. Despite potential AsAR downregulation, animal models have already
revealed the persistent anti-inflammatory and anticancer effects of AsAR agonists.
Thus, the roles of G-protein versus Parr2-recruitment signalling pathways and
receptor desensitization in the downstream inhibition of key regulatory proteins
involved in inflammation/tumour growth and in pain, i.e. the targeted mechanism of

action, warrant further investigation [13].
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From the structures of the above-mentioned compounds, some final SAR
conclusions can be drawn. The 1-deaza analogue MRS7144 shows that the N*-group
is more dispensable for Barr2 recruitment, although it is characterized by a somewhat
reduced but still substantially good logECso of approximately -7.3 (Table 4.2; Figure
2E; Figure 4.3, purple curve). Thus, the more stabilized AsAR interaction of (N)-
methanocarba 5'-methyluronamide adenosine derivatives tends to compensate for
the loss of N1 in Barr2 recruitment, as well as cAMP signalling [31]. Also, the
additionally tested 3-deaza analogue MRS7173 was fully efficacious in recruiting
Barr2 (Table 4.3). Replacement of the 5'-N-methyluronamide with an ethyl ester
group, as in the 7-deaza analogue MRS7299, completely abolishes cAMP signalling
as well as Barr2 recruitment (Table 4.2; Figure 4.2E; Figure 4.3, bright blue curve)
[33]. When re-introducing the amino group (MRS7232), Barr2 recruitment was
partially restored (Table 4.3; Figure 4.2E). The necessity of N7 is a well-described
feature in literature concerning AsAR binding activation, reflecting its proposed
function as a H-bond acceptor with Asn250 (6.55). The same residue accepts a H-
bond from the 6-amino group (bidentate ligand coordination). However, it was shown
that a suitable combination of stabilizing interactions in these kind of hypermodified
AsAR-selective ligands can partially compensate for the lack of an exocyclic amine,
an otherwise important contributor to recognition in the AsAR binding site [32]. This is
demonstrated by the sustained AsAR activity of MRS7195 and MRS7220 in cAMP
signalling as well as in Barr2 recruitment (Table 4.2; Figure 4.2F; Figure 4.3, mustard
curves), although MRS7220 has a substantially reduced Emax and logECso compared

to those of other (N)-methanocarba 5'-methyluronamide derivatives.

In summary, the screening of a panel of synthetic nucleosides as AsAR ligands using
a Barr2-recruitment assay, and comparison with the Gi-mediated cAMP-pathway, has
provided us insight into ligand features that can be of meaning for future
development of biased AsAR ligands. A next step will be to elucidate which of these
pathways is key for a certain therapeutic profile that is (mostly) devoid of side effects;
in doing so, the role of G-protein versus Parr2 signalling, as well as AsAR

desensitization, remains to be determined for the different therapeutic applications.
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Chapter 5:
The P2Y2 receptor C-terminal tail modulates but is dispensable for B-arrestin2

recruitment






Abstract

This study evaluates the effect of cytoplasmic modifications of the human P2Y2
receptor (P2Y2R) on B-arrestin2 (Barr2) recruitment, using a live-cell split-reporter
system (NanoBit®, Promega) in HEK293T cells, based on structural complementation
of NanoLuc luciferase.

Upon stimulation with the nucleotides UTP, ATP and the P2Y2R-selective agonist 2-
thio-UTP, a concentration dependent (100 nM to 100 uM) recruitment of Barr2 was
observed. Interestingly, removal of the P2Y2R C-terminus did not hamper Barr2
recruitment upon stimulation with these agonists. Also the additional mutation of
three serine/threonine residues in the third intracellular loop (T232, S233 and S243),
representing potential phosphorylation sites, did not jeopardize Barr2 recruitment to
the truncated P2Y2R upon stimulation with UTP. Remarkably, a clear difference in
profile was observed for the time curve of Barr2 recruitment, which was more
plateau-like for the full length P2Y2R, compared to more transient for the truncated
P2Y2R. Phosphorylation of extracellular regulated kinase (ERK) showed that the
truncated P2Y2R was still functional.

This study shows that the P2Y2R C-terminus is not crucial for Barr2 recruitment,
although it does modulate Barr2 interaction in some kind of way. This P2Y2R-Barr2
NanoBit® reporter system can be used for the evaluation of Barr2 recruitment to the
P2Y2R to gain insight into the coupling of Barr2 to the P2Y2R.
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5.1 Introduction

The human P2Y2R belongs to the P2Y family of G-protein coupled purinergic
receptors and is activated in the human body by the endogenous nucleotides uridine-
5'-triphosphate (UTP) and adenosine-5'-triphosphate (ATP), which show full agonist
activity in the midnanomolar range. These nucleotides are released basally by cells,
or by exocytosis of secretory vesicles from e.g. nerve terminals, immune cells or
platelets, and their release is intensified under conditions of stress, infection or
apoptosis. The P2Y2R is widely expressed, in heart and skeletal muscle, in epithelial
and endothelial cells, immune cells, in the intestine, spleen, and at lower levels in the
kidney, lung, and different regions of the brain [1-6]. Because of the presence and/or
generation of purinergic nucleotides under various conditions, the P2Y2R is involved
in a variety of physiological processes such as inhibition of bone formation and
mineralization, immune cell recruitment and inflammatory processes, regulation of
vascular tone, blood pressure and intraocular pressure, epithelial K*/CI~ secretion,
pancreatic and renal functions, liver regeneration and more [3, 6, 7].
Correspondingly, the P2Y2R is involved in pathological processes, and there is
therapeutic potential for P2Y2R agonists in a variety of diseases. The long acting
P2Y2R agonist P,P4-di(uridine-5')-tetraphosphate (Up4U), known as diquafosol, is
available on the Japanese market for the symptomatic treatment of dry eye disease
[8]. Stimulation of the P2Y2R is speculated to compensate for the abnormal sodium,
chloride and water transport across respiratory epithelium in cystic fibrosis, caused
by a genetic defect in the cystic fibrosis transmembrane conductance regulator
(CFTR) [9, 10]. P2Y2R agonists also have cardioprotective effects by reduction of
postischemic myocardial damage [11], and have neuroprotective effects in
neurodegenerative disorders such as Alzheimer [12]. P2Y2R antagonists can be
useful as anti-inflammatory therapy in atherosclerosis, psoriasis and inflammatory

airway diseases, and as anti-metastatic cancer therapy [13, 14].

Activation of the P2Y2R by endogenous ATP, UTP or synthetic (ant)agonists mainly
occurs via coupling to Gq protein. This activates phospholipase C (PLC), which
evokes a rise in inositol triphosphate (IP3) and diacylglycerol (DAG), leading to an
increase in cytosolic Ca?* and the activation of protein kinase C (PKC), respectively.

Besides, coupling to other G protein subtypes as well as to other signalling proteins
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has been described [15, 16]. Some of these pathways have shown their relevance
towards aimed therapeutic effects evoked by synthetic P2Y2R drug candidates.
However, little is known about the signalling repertoire underlying beneficial
therapeutic effects or side effects. In this way, biased signalling might be a way of
targeting specific signalling pathways, to ameliorate the therapeutic profile and the
safety and/or potential of drugs and drug candidates. An interesting signalling partner
is the desensitizing adaptor protein arrestin. It has been reported that the P2Y2R
shows rapid desensitization [17] and internalization [18], which is regulated by [3-
arrestins (Barrs). The fast kinetics and extent of these processes might influence
therapeutic outcomes of P2Y2R agonists in a positive or negative way;
overstimulation by the agonist might be avoided, but on the other hand, the
therapeutic effect might be diminished or tolerance might appear upon chronic drug
treatment. Therefore, it might be of interest to prolong the therapeutic effect by
specific design of P2Y2R selective ligands that preferentially activate the G-protein

mediated- or other pathways, and leave the Barr pathway untouched, or vice versa.

In Chapter 3, we reported on the development of a bioassay based on functional
complementation of the Nanoluc luciferase for evaluation of Barr2 recruitment to the
human As adenosine receptor [19]. In this study, we evaluated the role of the C-
terminus and third intracellular loop (IL3) of the P2Y2R for coupling to Barr2, by
truncation and mutation of the receptor, using the agonists UTP and ATP, as well as
the more P2Y2R selective agonist 2-thio-UTP. A distinct kinetic pattern was observed
with respect to Barr2 recruitment. Furthermore, phosphorylation of extracellular
regulated kinase (ERK) as part of the mitogen-activated protein kinase (MAPK)
signalling pathway was evaluated, to test if the modified P2Y2R was still functional.
This pathway is known to be both G protein- and Barr-mediated [20, 21]. Hence, we

provide insights in the coupling characteristics between the human P2Y2R and Barr2.

5.2 Materials & Methods

5.2.1 Chemicals and reagents

HEK?293T cells (passage 20) were kindly provided by Prof. O. De Wever (Laboratory
of Experimental Cancer Research, Department of Radiation Oncology and

Experimental Cancer Research, Ghent University Hospital, Belgium). The human
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P2Y2R construct (NM_002564.3, transcript variant 2 of the P2RY2 gene) was a kind
gift from Prof. L. Erb (Department of Biochemistry, Life Sciences Center, University of

Missouri-Columbia, Columbia, USA). Hank’s balanced salt solution (HBSS) was from
Thermo Fisher Scientific (Pittsburg, PA, USA). Reference agonists UTP and ATP,
and B-glycerol phosphate disodium salt pentahydrate were purchased from Sigma
Aldrich (Steinheim, Germany). 2-thio-UTP was from Tocris Bioscience (Bio-techne,
Abingdon, UK). Licor blocking agent, secondary goat anti-rabbit IRDye680RD (926-
32221) and goat anti-mouse IRDye800CW (926-322210) were from LI-COR
Biosciences (Lincoln, NE 68504 USA). Mouse anti-HA.11 Tag antibody (clone
16B12) was from BioLegend (San Diego, CA 92121). Rabbit anti-phospho-p44/42
MAPK antibody (T202/Y204) and mouse anti-p44/p42 MAPK antibody (L34F12) were
from Cell Signalling Technology (Leiden, The Netherlands). All other chemicals and
reagents used were purchased from the same suppliers as described previously in
Chapter 3 [19].

5.2.2 Development of P2Y2R NanoBit® plasmid constructs

The NanoBit® system (Promega) was implemented for the generation of fusion
proteins consisting of the human P2Y2R connected via a peptide linker
(‘GAQGNSGSSGGGGSGGGGSSG’) with one of the split subunits of NanoLuc
luciferase (LgBit or SmBit), generating the two full length P2Y2R-containing
constructs P2Y2R-LgBit and P2Y2R-SmBit. To exclude a role of the serine residues
in the linker sequence, the linker was shortened to ‘GGGG’, giving the P2Y2RL-LgBit
construct. Subsequently, the P2Y2R was truncated C-terminally after proline 322
(Figure 5.1), in both P2Y2R-LgBit as well as P2Y2RL-LgBit. In a next step, three
serine/threonine residues — T232, S233 and S243 — in IL3 of P2Y2RLT-LgBit were
mutated to alanine, to create the mutated, truncated P2Y2R construct P2Y2RLT-
AAA-LgBIt. All experimental conditions were similar as described previously in
Chapter 3 [19] and primers, PCR conditions, and restriction enzymes used are given
in Table 5.1. All resulting fusion constructs were sequence-verified by Sanger

sequencing.
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SOUDOYDHOVIROBOIDD <« Figure 5.1: P2Y2R snake plot
,,@'3 (constructed on gpcrdb.org):

& Deleted  C-terminal  part in
o FBRy, truncation mutant P2Y2RT s
& & & shown in grey.

o S (R) Serine/threonine residues in IL3

that have been mutated to alanine
(T232, S233, S243) are shown in
purple.

Table 5.1: PCR conditions (a-c) and restriction enzymes (RE: d) used for development of
NanoBit® fusion constructs*

Ext.

Template ’ . Y a o\b - d Fusion
Sequence Primers (F: forward — R: reverse) Tm (°C) tzrsr;(ce RE TS
P2Y2R NanoBit® plasmid construct development
F ACTCAACTCGAGACCATGGCAGCAGACC P2Y2R-LgBit
P2Y2R 71.9 30 Xhol &
R ACTCAACTCGAGCCCAGCCGAATGTCC P2Y2R-SmBit
Template . . o a orb Ext. time Fusion
Sequence Phosphorylated primers (F: forward — R: reverse) Tm (°C) (min:sec)® construct*
Insertion HA-tag - Adjustment of the Linker sequence — Truncation of the C-terminus — Mutation of phosphorylation sites in IL3
P2Y2R- F GGTGGAGGTGGTGTCTTCACAC . .
LgBit R CAGCCGAATGTCCTTAGTGTTCTCG 67.6 1:40 FAEN TS
P2Y2R- F GGCTCGAGCGGTGGTGGCG . .
LgBit R TGGCTTGGCATCTCGGGCAAAGC 675 1:35 P2Y2RT-LgBIt
P2Y2R- F GGTGGAGGTGGTGTCTTCACAC 68.3 135 P2Y2RLT-
LgBit R TGGCTTGGCATCTCGGGCAAAGC ’ ) LgBit
PoY2RLT- T T AGG GCC AAG CGC AAG GCC GTG CGC P2Y2RLT-
LgBit R GG CAG GCC GCC CGC GGC CCC GTA GG 72 (2-step) 137 Tz%’;fﬁ”‘
E TACCCATACGATGTTCCAGATTACGCTATGGCAGCAG
P2Y2R- ACCTGG 72 (2-step) 150 (2xHA)-
LgBit R AGCGTAATCTGGAACATCGTATGGGTACATGGTCTCG P ' P2Y2R-LgBit
AGCCAGAATTCC
(2xHA)- F GGTGGAGGTGGTGTCTTCACAC
) (2xHA)-
P2Y2R- 67.6 1:40 P2Y2RL-LaBit
LgBit R CAGCCGAATGTCCTTAGTGTTCTCG 9
(2xHA)- F GGCTCGAGCGGTGGTGGCG
P2Y2R- 675 1:35 (2XHA)-
LgBit R TGGCTTGGCATCTCGGGCAAAGC ’ : P2Y2RT-LgBit
(2xHA)- F GGTGGAGGTGGTGTCTTCACAC (2xHA)-
P2Y2R- 68.3 1:35 P2Y2RLT-
LgBit R TGGCTTGGCATCTCGGGCAAAGC LgBit
F T AGG GCC AAG CGC AAG GCC GTG CGC (2xHA)-
() P2Y2RLT
P2Y2RLT- 72 (2-step) 1:37 )
LgBit R GG CAG GCC GCC CGC GGC CCC GTA GG T232A-S233A-
S243A

a: Primers (5’->3’) containing the specific restriction site (underlined), Kozak sequence (bold italic) and coding
sequence of interest (italic).

b: Annealing temperature.

c: Extension time.

Extra nucleotides (marked grey) to ensure a correct reading frame were added when necessary.
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5.2.3 P2Y2R NanoBit® Barr2 reporter assay in HEK293T cells

The protocol of the reporter assay is similar as described in Chapter 3 [19]. Human
embryonic kidney (HEK) 293T cells were seeded in 6-well plates (5x10™ cells/well) in
full DMEM (DMEM supplemented with 10% heat-inactivated FBS, 2mM of glutamine,
100IU/ml of penicillin, 100pg/ml of streptomycin and 0.25pg/ml of amphotericin B)
and transiently transfected the next day using FUGENE® HD reagent, with a ratio of
FUGENE:DNA 3:1. Transfection mixes contained 1 pg of P2Y2R and Barr2-construct
each, and 1.3 pg of pcDNA3.1. On the third day, cells were reseeded in poly-D-lysine
coated, white 96-well plates at 5x10™ cells/well and incubated overnight (37°C, 5%
CO2). On day 4, the read-out was performed: cells were washed twice with HBSS,
and 90 uL of HBSS was placed on the cells. Twenty-five uL of Nano-Glo® Live Cell
detection reagent, consisting of the cell-permeable furimazine substrate in aqueous
buffer, was added to each well and luminescence was monitored in a Tristar
Luminometer (Berthold) until the signal stabilized. Once a stable signal was
observed, 20 pL 6.75x% concentrated agonist solution in HBSS was added and
luminescence was monitored for at least 90 minutes. As an alternative to furimazine,
we also used a more stable substrate, in which a protecting group is added to
furimazine to protect against (non-)enzymatic turnover, i.e. the Nano-Glo® Live Cell
Vivazine™ substrate (Promega). A 1/1000 solution of this DMSO-based custom
product in HBSS was placed upon the cells (100 uL/well) after the washing steps and
luminescence was monitored until stabilization. Subsequently, 20 pL 6x concentrated
agonist solution in HBSS was added. The final in-well concentration ranged from 100
nM agonist up to 100 uM or 500 puM agonist. A solvent control of H20 in HBSS was

each time included.

5.2.4 ERK phosphorylation

HEK?293T cells were seeded at 1,2*1076 cells/T25 falcon in full DMEM. The next day,
the cells were transfected with the same ratios of DNA as described above, using
HA-tagged P2Y2R constructs, with a total of 8.8 ug DNA. On the third day, cells were
transferred to a 6-well plate and seeded at a density of 4.5*10"5 cells/well. The cells
were serum-starved overnight using DMEM without FBS. On day 4, cells were

stimulated with agonist UTP or ATP for the indicated times (2 min, 5 min, 10 min, 20
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min). A solvent control was included, as well as untransfected cells, which were
stimulated with the agonists for the time that provided maximum response for UTP or
ATP (i.e. 10 min). Following stimulation, the reaction was stopped by washing the
cells with 2 mL ice-cold PBS, and cells were lysed by scraping in 100 pL RIPA buffer
(with freshly added phosphatase inhibitor B-glycerol phosphate). The cell lysate was
transferred to an Eppendorf and was rotated for 2 hours at 4°C. After centrifugation
at 8000 rpm (10 min, 4°C), 20 pl of supernatant was mixed with 5 pl of Laemmli 4x
(pH 6.8, containing bromophenolblue and 50 pL/mL B-mercapto-ethanol) and
analysed via Western Blot. Blots were blocked with PBS/Licor for 1h and incubated
overnight with primary rabbit anti-phospho-p44/42 MAPK antibody (1/2000 in PBS) to
detect phosphorylated MAPK. The next day, blots were washed and incubated with
secondary goat anti-rabbit IRDye680 (1/10000) for 1h in the dark. Following
visualisation, blots were incubated for 3h with mouse anti-p44/p42 MAPK antibody
(1/2000 in PBS) to demonstrate equal protein loading, followed by secondary goat
anti-mouse IRDye800 (1/10 000) for 1h in the dark, and visualised. Finally, blots were
incubated with anti-HA antibody (1/2000). For quantification, the phospho-p44/42
MAPK signal was normalized against total p44/42 MAPK signal using ImageJ

software.

5.2.5 Data analysis

Concentration-response cruves were generated, with calculation of the area under
the curve (AUC), where the absolute signals were corrected for solvent control
samples, and for inter-well variability. For calculation of logECso values, a sigmoidal
curve was fitted by analysing concentration-response data using GraphPad Prism
software (San Diego, CA, USA). A non-linear regression model (Hill Slope 1) was
fitted for the normalized responses. Statistics were performed using analysis of
variance (ANOVA), followed by post-hoc analysis (Tukey) to detect statistical

difference among groups (P < 0.05).
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5.3 Results

5.3.1 Development of the P2Y2R NanoBit® reporter assay for real-time

monitoring of B-arrestin? recruitment in HEK293T cells

For the development of a P2Y2R NanoBit® reporter assay for Barr2 recruitment, an
optimal assay set-up was selected by evaluation of different combinations for
P2Y2R- and Barr2 fusion constructs. For the two set-ups in which LgBit was attached
to the P2Y2R, and SmBit was either N- or C-terminally attached to Barr2, a clear rise
in signal was observed upon addition of reference agonist UTP at a concentration of
100 uM, which was sustained for more than 2 hours. Set-up A in Figure 5.2, in which
LgBit is attached to the C-terminus of the P2Y2R, and SmBit is attached to the N-

terminus of Barr2, was chosen as the optimal configuration for further experiments.

A B
P2Y2R-LgBit / SmBit-parr2 P2Y2R-LgBit / parr2-SmBit
5%10°- 5%106-
4105 4x10°4
o 3105 o 3%10%
- y -
E  f50 % 2x108]
1108+ 12108+
L} * T 1 T vA!‘_—_‘_I—‘_— 1
-50 0 50 100 -50 0 50 100
Time (min) Time (min)
C . . D . .
P2Y2R-SmBit / LgBit-parr2 P2Y2R-SmBit / farr2-LgBit
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4x108 4x%105-
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2 7
\fw?/\ 2,(105-
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Figure 5.2: Selection of the optimal P2Y2R NanoBit® reporter assay set-up: 4 different
combinations of P2Y2R- and Barr2 fusion constructs were evaluated: P2Y2R-LgBit/SmBit-
Barr2, P2Y2R-LgBit/Barr2-SmBit, P2Y2R-SmBit/LgBit-Barr2 and P2Y2R-SmBit/Barr2-LgBit. 100
UM UTP was added (arrow) and luminescence was measured during at least 90 min (black
lines). A solvent control was included (grey lines). Measurements are shown for one

representative experiment (n = 3).
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In this set-up, UTP caused a concentration-dependent Barr2 recruitment, starting at
about 100 nM and reaching a maximum at 500 pM (Figure 5.3A). At very high
agonist concentrations (500 uM), the curve showed a rather plateau-like course; this
caused a deviation in the fitting of the sigmoidal curve when plotting the data points;
hence, only data points from O up to 100 uM were included, and the 500 uM data
point was left out in the sigmoidal curves that were fitted to obtain ECso values for
stimulation with UTP (Figure 5.4A) and ATP (Figure 5.4B).

A P2Y2R e B P2Y2RL — Bank
1.5x106 — 100 nM UTP 1.5%106 — 100 nM UTP
— 500 nM UTP — 500 nM UTP
— 1uMUTP — 1pM UTP
— 2uM UTP — 2uM UTP
5uMUTP 5uM UTP
~ 10 M UTP (It - 10 uMUTP
100 M UTP 100 M UTP
1.0%10° 500 pmuTP 1.0x10%; B0 MR
3 3
T 74

5.0%10%

100 .20 0 20 40 60 80 100
Time (min) Time (min)

=20

Figure 5.3: Concentration-dependence of Barr2 recruitment in the P2Y2R NanoBit® reporter
assay: A: native P2Y2R (P2Y2R-LgBit/SmBit-Barr2) and B: native P2Y2R with adjusted linker
(P2Y2RL-LgBit/SmBit-Barr2). 100 nM up to 500 yM UTP was tested and luminescence was
measured for 90 minutes. A solvent control (blank) was included. Data are representative of

one experiment performed in triplicate (n=3).

The concentration-response was independent of the presence of serine residues in
the linker sequence between the P2Y2R and the LgBit protein (Figure 5.3B). This is
also reflected by the similar logECsos of P2Y2R and P2Y2RL for UTP (Figure 5.4C),
ATP (Figure 5.4D) and 2-thio-UTP (logECsos of -6.271 + 0.036 and -6.020 = 0.062,

respectively; curve not shown).
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Figure 5.4: Sigmoidal concentration-response curves fitted with non-linear regression. Agonist concentrations up to 500 uM are included. Data

points shown are mean AUCs + SEM of duplicate wells of three independent experiments (n=3).



5.3.2 Truncation of the P2Y2R C-terminus and mutation of phosphorylation

sites in intracellular loop 3 does not compromise Barr2 recruitment

The influence of C-terminal P2Y2R phosphorylation on Barr2 recruitment was
evaluated by truncation of the P2Y2R C-terminus. Also the fusion construct with
adjusted linker (P2Y2RL-LgBit) was tested to ensure that serine residues present in
the original linker sequence would not function as a substitute for C-terminal
serine/threonine residues. The truncated P2Y2Rs (both with original and shortened
linker sequence) were still able to recruit Barr2, giving a signal comparable with that
of the full length P2Y2R, upon stimulation with UTP (Figure 5.4E) and ATP (Figure
5.4F). For both UTP and ATP, the logECsos did not differ significantly between
P2Y2R, P2Y2RL and P2Y2RT (P>0.05). However, for the construct with the
truncated P2Y2R fused to LgBit via the adjusted linker, which did not contain any
serine residues, (P2Y2RLT), the logECso was significantly different (P < 0.01) from
that of the other constructs (P2Y2R, P2Y2RL, P2Y2RT). In a next step, three
additional residues in IL3 were mutated to alanine, creating the P2Y2RLT-AAA-LgBIt
construct, which still provided a good Barr2 recruitment (Figure 5.4E). The logECso of
P2Y2RLT-AAA for UTP was again significantly different (P<0.001) from the logECsos
of the other constructs (P2Y2R, P2Y2RL, P2Y2RT), but did not differ significantly
from that of P2Y2RLT (P = 0.1884).

Interestingly, a closer look at the time profiles of Barr2 recruitment revealed that the
full length P2Y2R more has a plateau shape (especially at high concentrations) as
opposed to a more transient profile for truncated P2Y2R (Figure 5.5A; P2Y2RL and
P2Y2RLT). This difference was also observed with the original linker (data not

shown) and when using a more stable furimazine variant (Figure 5.5B).

Figure 5.5 (next page): Concentration-dependence of Barr2 recruitment in the P2Y2R NanoBit®
reporter assay with furimazine substrate (A) and with Nano-Glo® Live Cell Vivazine™ substrate
(B): P2Y2RL-LgBit/SmBit-Barr2 and P2Y2RLT-LgBit/SmBit-Barr2. 100 nM up to 500 uM UTP
(upper plots) or ATP (lower plots) was tested and luminescence was measured for 90 minutes.
A solvent control (blank) was included. Data are representative of one experiment performed in

triplicate (n=3).
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5.3.3 ERK phosphorylation

ERK phosphorylation was chosen as a means to evaluate general functionality of the
receptor constructs. To this end, HA-tagged P2Y2RL and P2Y2RLT constructs were
used to transiently transfect HEK293T cells prior to stimulation. For Western Blot
analysis, lysates were loaded of transfected cells (P2Y2RL(T)-LgBit/SmBit-Barr2)
that were left unstimulated or were stimulated for 2, 5, 10, or 20 minutes, as well as
of untransfected cells that were stimulated for 10 minutes with 100 uM UTP or ATP
(Figure 5.6A and B). Blots were analysed for phospho-p44/p42 ERK, followed by
total p44/p42 ERK; the ratio is plotted in Figure 5.7. Both UTP and ATP caused a
time dependent phosphorylation of ERK, irrespective of whether the receptor was

truncated or not, suggesting that overall functionality of the truncated receptor was

not impaired.
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Figure 5.6: Western Blots of HEK293T cells transfected with P2Y2RL-LgBit/SmBit-Barr2
(P2Y2RL) or P2Y2RLT-LgBit/SmBit-Barr2 (P2Y2RLT), unstimulated (Transf 0) or stimulated for
2,5, 10, or 20 minutes (Transf 2 = 5 — 10 — 20) with 100 pM UTP (A) or ATP (B). Untransfected
HEK293T cells stimulated for 10 minutes (UT 10) with 100 uM UTP/ATP were included as well.
Blots were developed with anti-phospho-p44/p42 ERK antibody, followed by anti-p44/p42 ERK
antibody (for total ERK), and anti-HA antibody (boxed regions) to visualize HA-tagged P2Y2Rs.
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Figure 5.6 (continued).
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Figure 5.7: Ratios of phospho-p44/p42 ERK to total ERK, analysed via Western Blot. HEK293T
cells transfected with P2Y2RL-LgBit/SmBit-Barr2 (P2Y2RL) or P2Y2RLT-LgBit/SmBit-Barr2
(P2Y2RLT) were left unstimulated (Blank; set to unity) or were stimulated for 2, 5, 10, or 20
minutes with 100 uM UTP (A) or ATP (B). Untransfected cells stimulated for 10 minutes with

100 uM UTP/ATP were included. Values are representative for one blot performed in triplicate.
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5.4. Discussion

Although the structure of the P2Y2R is not available yet, structures of the P2Y1R and
P2Y12R subtypes have led to P2Y2R homology models that can aid in the
development of selective P2Y2R ligands [22, 23]. Compounds acting on P2Y2Rs
have been proposed as interesting therapeutic agents for a range of inflammatory,
cardiovascular and neurodegenerative diseases [13, 14]. Selective targeting of
different downstream P2Y2R signalling pathways might offer opportunities to achieve
distinct therapeutic outcomes, or to obtain a therapeutic profile without side effects.
Therefore, exploring functional selectivity at the P2Y2R will be of importance in future
(re)design of (existing or new) P2Y2R ligands. P2Y2R ligands are mostly derivatives
of the endogenous nucleotide UTP, and are generally characterized by a low oral
bioavailability and susceptibility to enzymatic degradation by ectonucleotidases.
Some dinucleotide tetraphosphates have been developed that have an equal number
of negative charges and are more resistant to enzymatic degradation. Hence, despite
their extensive therapeutic application potential, only a discrete number of selective
P2Y2R agonists and even fewer antagonists are available for clinical use today [24,
25]. To keep the number of ligands going into clinical trials growing, a better insight
into the signalling downstream of the P2Y2R is warranted. Implementing functional
assays may help to achieve this. The P2Y2R primarily couples to Gq protein, but also
to Go and Gai2 by interaction with avfsss integrins. Activation of Go leads to activation
of RhoA, whereas activation of Gi2 leads to activation of Rac and the Rac guanine
nucleotide exchange factor (RacGEF), Vav2. These proteins are important in
modulation of cytoskeletal rearrangement involved in cell migration and
phagocytosis. Furthermore, P2Y2R coupling to ion channels, as well as crosstalk and
dimerization with other GPCRs have been described [16, 26, 27].

The P2Y2R undergoes desensitization and internalization by contact with B-arrestins
(Barrs) [16, 18, 28-30]. The effectiveness of P2Y2R signalling might be influenced by
desensitization and/or downregulation of the receptor, which can have an impact on
the therapeutic value of P2Y2R (ant)agonists. Different reports exist about the
involvement of both Barr isoforms in regulation of the P2Y2R. In this study, the
characteristics of the human P2Y2R-Barr2 coupling were explored in a P2Y2R

NanoBit® Barr2 reporter assay in HEK293T cells. In this assay, Barr2 recruitment is
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evaluated by functional complementation of two split parts of the NanoLuc luciferase
enzyme, a Large Bit (LgBit) and a Small Bit (SmBit), fused via a linker to the C-
terminus of P2Y2R and the N-terminus of Barr2, respectively. A solvent control was
included in each read-out, as a correction for the influence of nucleotides
spontaneously released by cells in response to stress such as mechanic stimulation
[31].

Surprisingly, removal of the 55 amino acid long P2Y2R C-terminal tail did not hamper
Barr2 recruitment upon stimulation with UTP, ATP, or the P2Y2R-selective agonist 2-
thio-UTP. Therefore, we conclude that the P2Y2R C-terminus is not crucial for Barr2
recruitment. Also additional mutation of three serine/threonine residues in IL3 (T232,
S233 and S243), representing potential phosphorylation sites, did not jeopardize
Barr2 recruitment to the truncated P2Y2R upon stimulation with UTP. It was noted,
however, that the logECsos for Barr2 recruitment upon stimulation with UTP/ATP
differed significantly (P < 0.01) for the truncated P2Y2R, when fused via a short linker
not containing any serine residues, compared to a linker that contained multiple
serine clusters. We hypothesize that this may be related to a reduced flexibility or a
less ideal orientation of LgBit to accommodate SmBit, in the context of the truncated
receptor. Furthermore, a clear difference in profile was observed for the time curve of
Barr2 recruitment, which was more plateau-like for the full length P2Y2R (especially
at high agonist concentrations), compared to more transient for the truncated P2Y2R,
and this independent of the linker or substrate used. Together, these observations
indicate that, while the C-terminal tail is not required for Barr2 recruitment, it may still
modulate Barr2 binding. Only little is known about the features of Barr coupling to
P2YRs. However, there have been reports for the hP2Y1R, pointing at a differential
role for potential phosphorylation sites in IL3 and the C-terminus. Fluorescently-
tagged P2Y1R showed internalization, accompanied by translocation of
fluorescently-tagged Barr2 to the plasma membrane in HEK293 cells, also in the
presence of Ser/Ala, Thr/Ala (or Tyr/Ala) mutations in IL3 and the proximal C-
terminus, but with crucial involvement of one serine and one threonine in the distal
P2Y1R C-terminus [32, 33]. Although these specific Ser/Thr residues are highly
conserved between species for the P2Y1R, they are not conserved in the P2Y2R. As
the authors of this article also noted, it seems that for each GPCR, different regions

can have a contribution in Barr interaction, as well as in Barr dependent
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functionalities such as GPCR desensitization, internalization and Parr-dependent
signalling.

Hoffmann et al. (2008) reported a different recruitment pattern of bovine Barr1 and
Barr2 to the human P2Y2R upon stimulation with 100 uM UTP or ATP in HEK293
cells [18]. Both P2Y2R and Barrs were C-terminally tagged with fluorescent proteins,
and their trafficking was evaluated using confocal microscopy and fluorescence
resonance energy transfer (FRET). The assumed endogenous expression of P2Y2R
in untransfected HEK293 cells did not seem to evoke Barr recruitment upon
stimulation with UTP or ATP. In transfected cells, UTP recruited Barr1 and Barr2 to
the same extent, which would classify the P2Y2R as a class B GPCR, while ATP
showed less pronounced recruitment of Barr1 than Barr2, classifying the receptor as
class A [34]. Furthermore, a differential behavior was observed in the ERK
phosphorylation pathway; ATP-induced ERK phosphorylation was prolonged, while
that of UTP was rather transient (showing a maximum at 10 minutes). The authors
hypothesized that UTP and ATP induce different P2Y2R conformations, which may
behave differently with respect to Barr recruitment and ERK phosphorylation. In our
study, only Barr2 was evaluated, which gave a comparable recruitment in response
to UTP and ATP. In contrast to Hoffmann et al. (2008), we did not observe a distinct
time pattern for ERK phosphorylation upon stimulation with UTP versus ATP. Also
truncation of the P2Y2R did not influence the kinetics of the ERK phosphorylation
pattern. When stimulating untransfected HEK293 cells with agonists for 10 min,
substantial ERK phosphorylation was observed as well, equivalent with the signal
obtained after 2 min stimulation of transfected cells, but lower than stimulation for 5
min. This points at considerable activation of endogenous P2YRs in HEK293 cells by
UTP, ATP, or their degradation products UDP and ADP. This is not surprising, as
HEK293 cells have been reported to endogenously express different P2YR subtypes
(P2Y1R, P2Y2R, P2Y4R, P2Y1l1R, and P2Y12R) [35-37]. Anyway, the time-
dependent ERK stimulation in cells transfected with full length as well as truncated

P2Y2R indicates that the receptor is still functional upon truncation.
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5.5 Conclusions

The P2Y2R represents an interesting therapeutic target next to other members of the
P2Y purinergic receptor family for the treatment of inflammatory, neurodegenerative,
respiratory and (cardio)vascular disorders. Yet, (ant)agonists in clinical use have
been limited due to inherently unfavorable features of highly polar nucleotide-derived
P2Y2R ligands in the physiological setting. In addition, there is a need for
fundamental knowledge on the role played by different signalling pathways in the
different therapeutic goals of P2Y2R-based therapies. With this study, we present a
human P2Y2R-Barr2 reporter system, which cannot only be used for the evaluation
of Barr2 recruitment to the P2Y2R, to gain insight into the coupling of Barr2 to the
P2Y2R, but which may also serve to screen for (biased) ligand activity. From our
findings we conclude that neither the C-terminus nor potential phosphorylation sites
in IL3 are crucial for Barr2 recruitment to the P2Y2R, although we did observe a

difference in the profile of the time curve for the truncated P2Y2R.
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Chapter 6:

Broader international context, relevance and future perspectives






G protein-coupled receptors (GPCRs) are amongst the most common targets of
modern drug therapy, and tremendous research has been invested in the
development of highly selective drug compounds with therapeutic potential for
application in the clinical setting. It is now recognized that a compound not only has
to display selectivity for the aimed GPCR subtype, but additionally has to reach a
higher level of selectivity in the way it activates distinct GPCR signalling pathways.
This phenomenon is known as ‘functional selectivity’ or ‘ligand bias’ and describes
the extent to which a ligand selectively stimulates one or more signalling pathways
downstream of the activated GPCR. Selective stimulation of a (subset of) signalling
pathway(s) might provide a safer and better tolerated therapeutic profile with less
adverse effects. Biased signalling has mostly been evaluated for the G protein-

versus the arrestin pathway; the arrestin protein acts both as a regulator of GPCR

signalling, controlling overstimulation of 80 -
the receptor, and as a signalling protein 70 -
as such [1, 2]. A growing body of %60 I
evidence illustrates the promise of G é jg |
protein- or arrestin-biased ligands as %3(),
novel drug compounds at different T 20 -
GPCR systems [3, 4] (Figure 6.1); some 12 |

examples of prototypical GPCR systems

that are the targets of major classes of

(non-)therapeutically used drugs are Figure 6.1: Number of publications that appeared
. bel during the last decade by using the key terms
given below. ‘GPCR AND biased’ in PUbMED search engine.

Important to note is that functional selectivity and ligand bias in essence delineate
different concepts. Functional selectivity refers to a differentiated pharmacological
profile, which is very broad as it can be achieved through distinct mechanisms, at the
level of pharmacokinetics, receptor subtype selectivity, receptor binding affinity,
intrinsic efficacy, or intrinsic ligand bias. These mechanisms ultimately drive in vivo
pharmacology. Intrinsic ligand bias is solely related to the stabilization of (subsets of)
receptor conformation(s), and not to upstream or downstream factors. Hence,
functional selectivity is influenced by cell- or tissue-related factors, while ligand bias
is more system-independent. Receptor conformation(s) stabilized by ligand bias are

evaluated in terms of ligand activity in a specific signalling pathway; bias occurs
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when a ligand exhibits a difference in efficacy, potency or another parameter that
quantifies the effective coupling with the receptor, relative to a reference ligand. By
convention, the reference ligand, usually the endogenous agonist or a validated drug,
is defined as unbiased, although this is not always truly the case. When measured
appropriately, in vitro assays are able to identify intrinsic bias. This explains the
relevance of translating data from overexpressed transfected receptor systems to in

vivo differentiation of biased and unbiased ligands [1, 2, 5].

6.1 Examples of GPCR systems for which arrestin bias holds promise for

therapeutic application

Angiotensin Il type 1 receptor (AT1R)

The angiotensin Il type 1 receptor (AT1R) is probably one of the best-studied
examples for which biased ligands have been developed. Angiotensin Il (Angll) is a
vasoconstrictive peptide and agonist at the AT1R and signals through both the Gg-
pathway and the Barr pathway. The AT1R regulates blood pressure and electrolyte
homeostasis by vasoconstriction and fluid retention and is the target for the treatment
of hypertension with angiotensin converting enzyme (ACE) inhibitors, or with
angiotensin-receptor blockers (ARBs). However, the latter are known to reduce
cardiac output as well [1, 6, 7]. Bias towards the Barr-pathway provides the desired
reduction in blood pressure, while improving cardiac contractility and protecting
against cardiac cell apoptosis [8]. This improved cardiac contractility is thus not
driven by Ca?* mobilization as such, but rather by a Barr-dependent enhanced
sensitivity to Ca?* by post-translational modification of cardiac myofilaments [2]. Such
biased ligands have increasingly been reported for the development of better
cardiovascular drugs, for example for the treatment of acute heart failure [9]. A Tyrd
and Phe8 isoleucine substituted Angll derivative [Sar!,lle 1le®]-Angll (SIl) [10, 11],
and a peptide analogue of angiotensin, Sar-Arg-Val-Tyr-lle-His-Pro-D-Ala-OH
(TRVO027 or TRV120027) [6] both stimulate Barr-recruitment and Barr-mediated
cytoprotective ERK activation, in the apparent absence of detectable Gq signaling.
However, substantially weak coupling of the AT1R to Gq and/or coupling to other G
proteins, e.g. for the biased agonist SlI, has been reported for the AT1R (see
Chapter 1) [12, 13]. TRV027 entered Phase Ilb clinical studies to determine safety,

efficacy and optimal dose for treatment of acute heart failure by IV infusion but failed
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to show any benefit compared to placebo [14], in contrast to the benefit for treatment
of chronic heart failure (Phase lla). Therefore, more studies are required to decide if
one should further invest in TRV027 or related biased AT1R agonists.

f-adrenergic receptors (SARS)

The Gs/Gi-coupled B1- and 2-adrenergic receptor (31AR and B2AR) are known for
the regulation of heart rate and contractility by endogenous catecholamines. BAR
agonists can act as positive inotropes for the acute treatment of systolic ventricular
dysfunction. BAR antagonists, referred to as B-blockers, are used for the treatment of
hypertension, arrhythmia and heart failure [15]. The B2AR has been a model system
for structural characterization of GPCR activation and (biased) signalling [4]. In an
evaluation of clinically relevant B-blockers, only carvedilol selectively stimulated Barr-
mediated signalling at the B2AR [16] and the B1AR [17], while not activating Gs-
mediated signalling. However, a contributing role for Ga signalling cannot be ruled
out, again emphasizing more of a scaffolding function for Barr rather than stating
clear signalling (see Chapter 1) [18]. Via the B1AR, carvedilol stimulates Barrl to
translocate to the nucleus and regulate miRNA processing, which is involved in
cardioprotection and cardiomyocyte survival [19]. Remarkably, for the B1-selective 3-
blocker metoprolol, the Barr-pathway was associated with development of cardiac
fibrosis [20]. This example underscores the importance of biased signalling in
preclinical evaluation. All together, these studies show that B-blockers not simply
provide a beneficial therapeutic profile by simply blocking all signalling pathways
downstream of the BARs. B2AR agonists are used as therapy for respiratory disease,
particularly asthma, providing short- or long-term bronchodilation of airway smooth
muscle, an effect achieved via the Gs-pathway. The rationale of long-acting
bronchodilators (salmeterol) and short-acting bronchodilators (salbutamol) might be
related to the Barr pathway [21]. Two racemic fenoterol stereocisomers are
therapeutically used as Gs-biased B2AR agonists for the treatment of bronchial
asthma and COPD [22].

Dopaminergic receptor D2 (D2R)
The Gin-coupled D2 dopamine receptor (D2R) represents one of the most validated
drug targets for the treatment of neurologic and psychiatric disorders such as

Parkinson’s disease and schizophrenia. With the exception of aripiprazole, clinically
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used antipsychotics for the treatment of schizophrenia traditionally are unbiased D2R
antagonists; this antagonism underlies the therapeutic effect in the treatment of
psychotic symptoms, but also evokes serious extrapyramidal side effects
(dyskinesias) [5, 15]. Selective targeting of the Parr-pathway has appeared as a
strategy to improve antipsychotic efficacy and uncouple this from the on-target
motoric side effects [3]. Chen et al. ([23]) studied the SFSR, starting from
aripiprazole, as a proof-of-concept for the discovery of Barr-biased D2R agonists.
Their study was based on functional assays, i.e. ligand binding, cCAMP signalling and
Barr-recruitment, and on in vivo antipsychotic effects, evaluated in Barr2 knock-out
mice. UNC9975 and UNC9994 were inactive towards Gio-regulated cAMP production
but were partial agonists for Parr2 interaction, which was linked with their
antipsychotic drug-like activity without motoric side effects. Barr contributed to the
antipsychotic in vivo effect by evaluation of these ligands in Barr2-knock-out mice
[24]. Interestingly, biased ligands with opposite pharmacology, i.e. biased to the G
protein pathway, have been identified as well [25, 26]. As both G-protein-biased and
Barr-biased D2R agonists have shown to be effective as antipsychotic agents, further
studies are required to completely understand the relevant contributions of each of
these signalling pathways to the antipsychotic efficacy and motoric side effects [4].
Functionally selective G protein-biased ligands may also result in improved therapies
for neuropsychiatric disorders which require D2R stimulation, such as Parkinson’s

disease [3].

The w-opioid receptor (4OR)

The p-opioid receptor (uWOR) is the target of the legal opiate analgesics morphine and
codeine, the opioid analgesic fentanyl, the illegal opioid drug heroin and many other
synthetic opioid drugs. In addition, tOR antagonists such as naloxone are used for
the treatment of drug overdose. uOR agonists provide powerful analgesia via Gi-
mediated inhibition of ion channels to hyperpolarize nociceptive fibers. However,
typical opioid on-target adverse effects (nausea, vomiting, constipation, respiratory
depression, sedation, dependence) may hamper sufficient dose-escalation to
adequately relieve pain in the clinical setting [2]. The nOR was the first receptor
shown to exhibit negative Barr-biased signalling; morphine stimulates the parr

pathway less than the Gi-mediated pathway. However, in Barr2-knock-out mice,
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morphine-induced analgesia was amplified and prolonged, indicating that morphine
still gives some Parr-mediated receptor desensitization [1, 27]. There has been
growing interest in these G protein-biased - thus Barr negatively biased - opioid
ligands for opioid drug discovery, as these appear to potentiate the opiates’ analgesic
effect and reduce some of the side effects (nausea, constipation, respiratory
depression and tolerance) [28-30]. The influence of the PBarr-pathway on more
subjective opioid effects, i.e. dependence and withdrawal, is less clear, which
complicates the prediction of the value of Barr-bias on opioid abuse [2]. In 2007, a
novel non-nitrogen containing nOR agonist was discovered, named herkinorin, which
was more negatively Barr2 biased than morphine [7, 15, 31]. In 2012, a completely
different biased structure was developed, TRV130 or oliceridine [32], which has now
finished Phase Il clinical trials for the treatment of moderate to severe acute pain
and is waiting for approval from the U.S. Food and Drug administration [4, 30, 33].
Therefore, this compound might represent an early clinical translation of ligand bias
in a new chapter for GPCR drug discovery. Screening and structural studies are

putting extensive effort in the discovery of biased uOR agonists [30, 34, 35].

Cannabinoid receptors (CBs)

The two major cannabinoid receptor subtypes, CB1 and CB2, are important drug
targets for the regulation of neurotransmission, pain and inflammation. In the body,
they are activated by the endocannabinoid lipids anandamide and 2-
arachidonoylglycerol. Despite the long history of medical and recreational use of
phyto-cannabinoids — the psychoactive constituent A9-tetrahydrocannabinol (THC)
and the non-psychoactive constituent cannabidiol of marijuana — there are significant
gaps in our understanding of the pharmacodynamic signalling of these ligands. CB1
is mainly expressed in the CNS and to a lesser extent in the periphery, whereas CB2
is expressed in the immune system and during inflammation injury in the CNS. CB1
selective ligands have been investigated as treatments for the management of pain,
addiction, obesity, movement disorders including Huntington disease, Parkinson
disease, multiple sclerosis, and other neurodegenerative and psychiatric disorders.
Ligands for CB2 hold promise for treating neuro-inflammatory diseases (multiple
sclerosis), cancer, and hypertension [36-38]. Nonetheless, CB(1) ligands have a

propensity to induce on-target adverse psycho-behavioral effects. CB receptors
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primarily couple to Gio proteins, and additionally to Gs and Gq, and ligand bias has
been reported mainly between these different G protein subtypes [36, 37]. Studies
revealed Parr recruitment to CB1 and CB2 [38-40], and bias towards the Barr
pathway has also been studied for CB1 [41, 42] and CB2 [43-46]. However, if or how
the biased properties of CB ligands correlate to therapeutic effects or unwanted side
effects remains to be determined [4, 37]. For now, reports are mainly from
heterologous expressing CB systems, and there is a lack of data from in vivo

experiments or systems that endogenously express CB receptors.

6.2 Contemporary relevance & future perspectives for this research project

6.2.1 Project overview and critical observations

The consideration of ligand bias will continue to change the way scientists approach
GPCR-targeted drug discovery in the future. Knowledge on ligand features to
selectively stimulate the G protein and/or arrestin pathway would be of tremendous
value in this discovery process. However, this knowledge has been a subject of
controversy in latest years. To date, we do not know if the coupling to arrestin is
based on a consensus mechanism or not; it is likely that it includes a barcode system
with at least some level of consensus in the form of a phosphorylation pattern in the
C-terminus or intracellular loops, or a pattern in the GPCR core. An open view on this

is given in Chapter 1.

In Chapter 2, we provide an overview of what is known on biased signalling for G
protein-coupled purinergic receptors, i.e. adenosine (P1l) receptors and P2Y
receptors (P2YRs). The focus is on functional selectivity with therapeutic relevance,
and the arrestin pathway is discussed more in detail. In general, this pathway has
been insufficiently explored for purinergic receptors, in contrast to the
aforementioned GPCR systems, in which bias of the arrestin pathway has proven to
hold therapeutic promise/relevance. Exploring the fundamental features of arrestin
coupling to a GPCR is interesting in a prospective way for future development of
biased purinergic ligands. Once adverse or toxic effects would appear in animal

models, it would be interesting to modulate ligand structure in a discrete way,
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exploring bias to the G protein- or arrestin pathway, without losing therapeutic effect
due to major structural changes.

For two subtypes of the purinergic GPCR subfamily, the A3 adenosine receptor
(AsAR) (a P1 receptor) and the P2Y2 receptor (P2Y2R), we evaluated the coupling to
Barr2 in detail, as described in Chapter 3 and Chapter 5 of this thesis. These
subtypes were chosen because there is a high interest in clinically relevant ligands
for both subtypes. The coupling to Barr2 was characterized for the C-terminally
truncated and mutated receptors, by monitoring of Barr2 recruitment using a live-cell
reporter assay system, based on the functional complementation of the
bioluminescent NanoLuc (NL) luciferase enzyme; a NanoBit® technology provided by
the Promega company. In Chapter 4, a stable AsAR Barr2 NanoBit® HEK293T cell
line was used for the screening of a panel of 19 synthetic adenosine derivatives, and
comparison of their activity profiles with those for cAMP signalling to provide insight
into a possible SFSR. Although no extreme patterns of ligand bias were observed,
the highly AsAR-selective (N)-methanocarba 5’-uronamide adenosine derivatives
showed great tolerance for substitution at the C2-position due to their preferred
conformation at the AsAR, giving very high potency and efficacy in both the cAMP
and Barr2 pathway.

The bioluminescent NL-based assay system used in this research project has
several advantages; it provides a fast read-out with the possibility of downscaling and
high-throughput purposes, the signal is quantifiable with high sensitivity, the system
is very flexible to adjustment of the GPCR and/or arrestin, and this is possible within
a live-cell set-up. However, there are some intrinsic limitations of this assay as well.
First of all, both receptor and arrestin are modified by fusion to the split parts of NL.
This gives a high chance of influencing the normal behavior of these proteins.
Besides, it is important to realize that Barr2 recruitment as such is evaluated in this
assay, rather than a Parr-related functional outcome, e.g. receptor desensitization,
internalization or ERK signalling. Hence, it would be premature to draw conclusions
concerning arrestin ‘activation’. However, patterns of recruitment are likely to be
reflected in arrestin activation, and thus may give a preliminary SAR. Furthermore,
recent findings on GPCR-arrestin interaction have pointed at a catalytic behaviour of
the GPCR towards trafficking (and possibly downstream signalling) of arrestin.
Hence, partial contact (e.g. as shown for the biased agonist carvedilol [47]), or
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transient contact with the GPCR might be of equal relevance (see Chapter 1). A
transient GPCR-arrestin interaction can perfectly be monitored with the assay system
used here.

The NL luciferase is a bright, glow-type luciferase and is smaller (19 kDa) than other
luciferases, such as Firefly luciferase (FL; 61 kDa), Renilla luciferase (RL; 36 kDa),
and Gaussia luciferase (GL; 20 kDa) [48, 49]. The size of the luciferase is of
importance when it is used as a split reporter to evaluate Barr recruitment to a GPCR,
as smaller luciferases give less sterical hindrance. In this thesis, we opted for a
bioluminescent reporter technology. Other Barr proximity assays rely on fluorescent
reporters. There are inherent advantages and disadvantages when comparing
bioluminescence to fluorescence imaging for in vitro use. Bioluminescence generally
has lower background signal as cells can display substantial autofluorescence.
Furthermore, there is an enzymatic amplification of the imaging signal with
bioluminescent imaging. These two aspects increase the sensitivity of the technique.
On the other hand, fluorescence lends itself towards simultaneous detection of a
wider array of spectrally distinct fluorescent proteins or dyes. Therefore, there is a
need for different luciferases with distinct spectral properties or luciferase substrates
that provide these distinct spectral properties to image multiple processes in the
same cell [50, 51]. Proximity assays can use only fluorescence (such as fluorescence
resonance energy transfer (FRET)) or can use bioluminescence to evoke the
fluorescent signal (bioluminescence resonance energy transfer (BRET)). In general,
FRET gives a stronger signal than BRET, but the excitation of the donor can give
substantial acceptor excitation, and the technique is not suited for light-sensitive
cells. BRET generally gives a weaker signal, that however can be detected with
sensitive equipment or by integration of the signal over a longer period of time. The

advantage is that it does not give photo-bleaching nor autofluorescence problems.

Proximity assays such as the bioluminescent protein complementation NanoBit®
assay used in this thesis, as well as fluorescent BRET assays — for example
NanoBRET™ [52] — also hold potential for in vivo use in animal models. Animal
models are inevitable to see if the findings will match with the in vivo setting, and to
provide a link with therapeutic effect. However, certain things should be taken into
account. With respect to bioluminescence imaging, the spectral properties are of
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importance; with furimazine as a substrate, NL has an emission peak at 460 nm and
thus emits blue light, which is preferentially absorbed and scattered by tissues. This
challenges the visualization of deeper tissues, though the visualization is still
substantially good. Luciferases with more red-shifted emission, such as FL with
emission >500-600 nm, will better serve in vivo imaging. The advantage is that the
distinct spectral properties of FL and NL, or for any other pair of luciferases, make
dual bioluminescence in vivo imaging possible [50]. Furthermore, it would be a
possibility to use a more red-shifted furimazine substrate [53], or even a red-shifted

furimazine-modified-NL pair [54].

In vivo imaging has also been described with BRET. Alcobia et al. ([55]) reported on
bioluminescent as well as fluorescent imaging in mice, using NanoBRET™ (based on
NL), making use of a N-terminal NL-tagged GPCR and a fluorescently-tagged GPCR
ligand. It is by all means challenging - but not impossible - to say that the NanoBit®
system used here could be transferred to the in vivo setting, and this in a couple of
ways. The system could be stably transfected into cancer cells and injected into mice
to evaluate the influence of in vivo parameters on Barr2 recruitment, as well as to
evaluate the influence of modifications at the receptor on tumour evolution. As a
furimazine substrate, a more red-shifted analogue should better be used then.
However, if one would like to first monitor (tumour) tissue expression of the receptor,
this one should be coupled to fully functional NL, rather than only to LgBit, and a
NanoBRET™-approach could be used by linking arrestin with a suitable acceptor-
molecule. In a next step, it would even be possible to include a G protein that is
coupled with another acceptor molecule in this set-up. Obviously, evaluating native
expression levels adds another level of complexity, as genome editing is required in
this case. The use of different furimazine substrates that either give blue or red
emission, could then evoke excitation of arrestin or G protein, if these are in close
proximity with the receptor. However, one should take in mind that for both
bioluminescence as well as for BRET-based systems in vivo, substrates need to be
injected intravenously, and this might harbor substantial toxicity; while luciferin has

shown to be non-toxic [56], furimazine has shown toxicity [57].
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6.2.2 Seeking a link of purinergic (biased) signalling with the clinical setting

There are numerous examples of biased signalling and/or functional selectivity at
different GPCR systems. However, it is not always known a priori which signalling
pathway has therapeutic relevance in the pathophysiological setting; this has
definitely been the case for purinergic GPCRs. For both the AsAR and the P2Y2R, it
is not fully known which signalling pathways are important to obtain the clinically

relevant therapeutic effects, nor if the Barr pathway is involved in this to any extent.

The AsAR is upregulated in almost all cells of the immune system and in cancer cells
compared to normal cells due to the high levels of adenosine and cytokines in the
tumor- and/or inflammatory microenvironment. Adenosine might regulate the
expression of its own receptors via an autocrine pathway. The pro-inflammatory
cytokine tumor necrosis factor-a (TNF-a) binds to its receptor, resulting in
upregulation of protein kinase B (PKB)/Akt and the nuclear factor k-light-chain-
enhancer of activated B cell (NF-kB) pathway, providing transcription of ADORA3 by
the cAMP response element binding protein (CREB) transcription factor [58, 59].
Both pro- and anti-inflammatory effects, as well as pro- and anti-proliferative effects
have been described by modulation of the AsAR, depending on the cell type involved
and (ant)agonist concentrations used. The AsAR contributes to neutrophil chemotaxis
and migration by a polarized distribution on the neutrophil membrane [60, 61], while
in breast cancer cells it arrests cell motility by stimulating migration in opposite
directions [62]. Both AsAR agonists and antagonists have been studied for a potential
anticancer effect, often with contrasting results. However, only AsAR agonists have
shown therapeutic utility, supported by in vivo studies for colon, prostate, melanoma
and hepatocellular carcinoma [59]. The anti-inflammatory and anticancer effect of
AsAR agonists has mainly been attributed to a modulation of the NF-kB pathway and
the Wnt pathway, resulting in a decrease in levels of factors involved in cell cycle
progression and cell growth (Figure 6.2) [58, 63, 64]. The prototypical agonist IB-
MECA (CF101), piclidenoson, is entering phase Il clinical trials for the treatment of
inflammatory autoimmune disorders such as psoriasis and rheumathoid arthritis (RA)
[63, 65]. The molecular mechanism involves the inhibition of the NF-kB pathway and
consequent inhibition of release of pro-inflammatory cytokines, such as TNF-q,
interleukin 1 (IL-1), and interleukin 6 (IL-6) [58, 66]. The AsAR is upregulated in
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possible marker for cancer [64, 67]. Although not expressed at high levels in the
heart, the AsAR has cardioprotective effects when large amounts of adenosine are
released during cardiac ischemia. Signalling might happen through activation of PKC
and subsequent phosphorylation and thus inactivation of glycogen synthase kinase-
3B (GSK-3B), reducing cardiac myocyte death [58]. Furthermore, regulation of
sarcolemmal or mitochondrial Katp channels via PKC might be involved [58]. More
recently, the AsAR has been involved in the treatment of chronic neuropathic pain.
However, IV administration of adenosine is associated with serious cardiac side

effects. Hence, separating antinociceptive from cardiovascular effects is important in
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developing adenosine-based therapeutics. Highly AsAR selective (N)-methanocarba
adenosine derivatives, such as MRS5698, have been developed for this purpose [68,
69]. The AsAR acts by reducing downstream neuro-inflammatory events, leading to
an overall reduction in pro-inflammatory cytokines (TNF and IL1B) [68]. Hence, AsAR
agonists might provide dual anticancer and anti-nociceptive benefits in the treatment
of a variety of cancer-related pain states. Remarkably, the anti-nociceptive effects
have been shown to result from prolonged AsAR stimulation and AsAR agonists are
thus not subject to analgesic tolerance. For autoimmune disorders and for cancer as
well, chronic administration of AsAR agonists maintains anti-inflammatory/anticancer
effects even during AsAR downregulation. Hence, a possible role for G protein and/or
Barr signalling in AsAR therapeutic effects remains subject to debate.

Some P2Y2R signalling features have been linked to the therapeutic effect of P2Y2R
agonists in clinical trials or already in use. The P2Y2R agonist P*,P*-di(uridine-5')-
tetraphosphate (Up4U), known as diquafosol (or INS365), is available on the
Japanese and Korean market for the symptomatic treatment of dry eye disease and
is also recommended for retinal detachment. The intracellular Ca?* increase by
P2Y2R stimulation is thought to open CI- channels in the apical membrane, followed
by CI- flux and water transport [70]. A similar P2Y2R signalling mechanism might be
of relevance in the treatment of cystic fibrosis (CF) [71]. In CF, a genetic defect in the
cystic fibrosis transmembrane conductance regulator (CFTR) Cl- channel results in
abnormal sodium, chloride and water transport across the respiratory epithelium.
Stimulation of the P2Y2R is speculated to compensate for the malfunctioning of the
CFTR, by the coordinated inhibition of an epithelial Na* channel (ENaC) and
stimulation of a Ca?* dependent ClI- channel (CaCC), resulting in increased CI-
secretion [72]. However, the exact signalling mechanism needs further exploration.
The P2Y2R agonist P!-(Uridine-5)-P#-(2’-deoxycytidine-5’)-tetraphosphate (Up4dC),
or denufosol (INS37217) [73], has made it far into clinical trials for CF [74, 75], but
failed in phase Il studies [76, 77]. Purinergic signalling also has a role in
inflammatory airway diseases; increased amounts of extracellular ATP have been
found in lungs of patients with asthma and COPD, leading to increased airway
inflammation and bronchoconstriction, mediated via P2 receptors. There is clinical
interest in the development of highly selective antagonists that inhibit specific

signalling pathways of P2R subtypes [78]. Given the possible benefit of nucleotides
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in the treatment of airway diseases both in an agonistic and antagonistic way, the
development of P2Y subtype-selective ligands is needed. The P2Y2R also has a
contributive neuroprotective role in the management of neurological disorders [79],
next to other purinergic receptors, such as the P2X7R and the A2aAR [80, 81].
Particularly in the early stages of disease where neuro-inflammatory responses may
play a role in tissue repair, P2Y2R activation has been shown to promote
neuroprotective responses [82]. Relevant in this context is a study by Camden et al.
([83]), who showed that P2Y2Rs enhanced a-secretase-dependent amyloid
precursor protein processing to a non-amyloidogenic product in astrocytoma cells.
This prevents the processing via [B- and y-secretase to amyloid-B, the main
component of the plaques associated with Alzheimer’s disease. On the other hand,
P2Y2R antagonism might be useful as anti-metastatic cancer therapy and as anti-
inflammatory therapy to treat psoriasis and atherosclerosis. By its expression on
endothelial cells, P2Y2R activation opens the endothelial barrier, and the receptor is
highly expressed in the tumor micro-environment by cancer cells, as well as by

infiltrating immune cells [84-86].

6.2.3 Concluding aspects for this project in drug development and drug

screening

o X-ray structures and X-ray derived homology models are routinely used for
molecular docking of compound libraries to discover new lead compounds [87-
89]. It is important to not only rely on crystal structures of receptors bound to
(biased) (ant)agonists, but also in complex with their coupling effectors, i.e. G-
proteins and arrestins [90]. As these structures represent a static snapshot
and ligand bias may arise from an ensemble of receptor conformations,
insights derived from these structures should be interpreted in conjunction with
data on ligand efficacy and/or potency, originating from binding assays and
functional assays [5, 91]. Furthermore, it is important that functional assays
not only monitor one single time-point but also evaluate kinetic properties, as
these can influence the bias profile. The assay applied in this thesis could
definitely serve this purpose, as it evaluates kinetic properties as well; ideally,

it is performed in parallel with G protein dependent functional assays.
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o The assay we developed is highly flexible to elucidate structural features of
Barr2 coupling and for screening purposes of ligand panels to deduct SAR or
SFSR relationships. Interestingly, use of the assay presented here is not
solely restricted to screening for drug development, but can also be used for
drug detection. There is a substantial contribution of Barr2 to the psychomotor
and rewarding effects of addictive drugs [92]. This was exploited by the
development of a CB and a yOR NanoBit® system for the screening of drugs
of abuse in the toxicological/forensic setting in our laboratory. These assays
can be used for characterization of SAR of pure compounds as well as for the
screening for the presence of drugs in biological samples [93-96]. By
specifically modifying the parr2 molecule, the sensitivity was substantially
improved; two PBarr2 truncation mutants, parr2T382 AND Parr2T366, lacking
the clathrin adaptor protein site and the restricting C-tail, respectively, gave an
increased recruitment to the CB receptor and were implemented in these
assays [97]. It was also tempting to increase the selectivity of the assay by
mutating the ‘DRY’ motif to ‘AAY’, as this had been shown in literature to
increase bias towards the Barr pathway and away from the G protein pathway

[98]. However, this was without any result.

o While it is possible to evaluate known drug molecules used in the clinical
setting for possible bias to associate pre-existing but unknown functional
selectivity with a beneficial profile of activity in humans, this research project
on purinergic GPCRs rather maps the Barr-coupling features and functional
selectivity profile in a prospective way. In a next step, once a lead compound
has been identified that displays a beneficial therapeutic profile in mice, minor
SAR-adjustments can be introduced to guide lead optimization and to
determine whether bias offers a therapeutic advantage or can be used to fine-
tune the therapeutic profile.

Biased signalling and functional selectivity are two challenging concepts in an
exciting, though complicated area of research that holds a lot of opportunities for
present and future drug discovery. However, if ligands can be ‘biased’, ligand
classification as agonists, antagonists or inverse agonists becomes assay

dependent, which requires more nuanced screening approaches. This implies the
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use of a panel of assays that evaluate ligand activity in each of the signalling
pathways of interest. Examples are G protein dependent assays and Barr dependent
assays, such as the cAMP assay and the NanoBit® assay, described in Chapter 4,
respectively. Performing such assays in parallel by means of high throughput
screening is not trivial, because it necessitates the generation of dose-response
curves; hence, these assays have to be low-cost and easily upscalable. Current
models for quantification of bias are available, based on the dose-response deducted
system Emax and ligand ECso (see Chapter 1), and practical examples of large scale
screening studies are arising [99]. The quantified bias then represents a code for the
complex phenotypic cellular response. However, at this moment, there is still a lack
of information on the degree of bias that should be reached in each pathway to
obtain a desired physiologic/therapeutic effect. Only for GPCR systems that have
been studied for many decades, e.g. the yOR system, the target product profile is
sufficiently clear to allow the development of clinically useful biased agonists [100,
101]. Hence, screening assays should be seen as a cost-effective way to identify
compounds that can go from screening to more complex (in vivo) assays [102].

Because biased ligands exert a signalling profile different from that of endogenous
ligand(s), unexpected effects might show up in the in vivo setting. Besides, once a
biased ligand is introduced in the body, additional factors, such as pharmacokinetic
bias (in drug absorption and metabolism) complicate the aimed effect at the targeted
receptor. It is difficult if not impossible to predict how the biological effects of biased
ligands might differ from those of unbiased ligands. Therefore, one must try to link
results from in vitro screening (identifying intrinsic ligand bias) with in vivo biological
response (which encompasses many confounding factors that influence the final
functional selectivity of a biased compound) [100, 101]. The usual way to do this is by
using mouse (or other animal) models. Both Barr knock-out mouse models as well as
biased receptor mutants have been used to predict this. However, both approaches
do not correctly mimic the action of biased ligands, as the observed effect can result
from enhanced G protein activation or simply the loss of arr-dependent signalling.
Hence, bias can best be evaluated in vivo in a wild-type animal setting [100]. Very
recent is the use of genetically encoded biosensors for use as screening systems to
measure spatiotemporal (biased) signalling at the whole organ level in the in vivo

setting [103]. The NanoBit® assay might also have a place in this. To further
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complicate matters, the measured/observed bias might not directly be translatable
from one species to another. Hence, species bias can exist. Even stronger, as levels
of signalling proteins differ between cell types, these can also change with disease
states (giving rise to ‘dynamic bias’) and even between individuals [101]. Therefore, it
will be of continuous importance to screen for candidate biased ligands using
functional assays; these candidates then can be used in physiological systems to
eventually obtain biased therapeutic lead compounds.

Taking all the above into account, it can be said that despite all the efforts, there is
one question concerning the quest for biased ligands in drug discovery; is the chase
worth the catch, or is it just too soon to choose a path? In the context of GPCR
signalling, it is safe to say that the more we know, the more we realize there is so
much we don’t know. Nevertheless, it seems that the quest for biased signaling is
worth an effort but also requires increasing attention to the translation of in vitro bias

to the in vivo setting (whole cell and body systems) [102, 104].
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Conclusion & Summary of this thesis






G protein-coupled receptors (GPCRs) represent the largest class of membrane
proteins in the human body and are the target of approximately one third of drugs
available on the drug market today. For decades, GPCR activation has been looked
at as simple as the on/off-switching of intracellular signalling via G proteins, driven by
the binding of ligands to the GPCR, e.g. hormones, neurotransmitters or exogenous
drug molecules. However, since the mid-nineties, this paradigm has totally been
changed and evolved towards a complex, dynamic process in which signalling can
occur towards multiple intracellular signalling pathways. A pathway that has achieved
utmost attention, not only for its role in ending and thereby controling GPCR
signalling, but also as a signalling protein as such, is the one mediated by (B-)
arrestin. An important finding regarding the multiple signalling pathways triggered by
GPCRs is that they can be activated to a different extent by different GPCR ligands,
a concept that is referred to as ‘biased signalling’ or ‘functional selectivity’. By means
of this biased signalling, a beneficial therapeutic profile might be obtained that is
characterized by less or even no side effects. An open view on this is given in

introductory Chapter 1 of this thesis.

The nucleoside adenosine and nucleotides UTP, UDP, ATP, and ADP are the
endogenous ligands of the P1 and P2Y receptor subclasses of purinergic GPCRs,
respectively. In the human body, their levels are orchestrated by physiologic
conditions (stress, inflammation) as well as pathologic disorders. Out of these two
purinergic GPCR classes, two GPCR subtypes were chosen, the A3 adenosine
receptor (AsAR) belonging to the P1 receptor class, and the P2Y2 receptor (P2Y2R)
belonging to the P2Y receptor class, for elucidation of their coupling properties with
Barr2. These receptors represent interesting therapeutic targets for inflammatory,
neurodegenerative as well as neoplastic pathological conditions, with several newly
developed ligands now entering and/or progressing in clinical trials. Nevertheless,
biased signalling for these receptors, and for the purinergic GPCR class in general,
has long remained in the dark and is only now being explored; an overview can be

found in Chapter 2.

The molecular characteristics of the AsAR and P2Y2R coupling to Parr2 were
explored in Chapters 3 and 5, respectively, using a live-cell, real-time reporter assay

in HEK293T cells that is based on the functional complementation of the split
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NanoLuc luciferase enzyme, developed using the NanoBit® technology (Promega). In
this assay, a big part of NanoLuc is attached to the receptor and a complementary
small peptide is attached to Barr2. Upon Barr2 recruitment to the GPCR, the two
parts reconstitute the functional enzyme and bioluminescence can be observed by
addition of a cell-permeable substrate. For both the AsAR and P2Y2R, it was shown
that the C-terminus is dispensable for Barr2 recruitment, although differences in
kinetic profile were revealed upon truncation of the P2Y2R. For the AsAR, the ‘DRY’
motif (located at the boundary of TM3 and IL2) seemed to have a role in the coupling,

together with the C-terminus.

In Chapter 4, an AsAR ligand panel of synthetic adenosine derivatives was tested in
a stable form of the reporter assay (stable HEK293T cell line). Profiles of Barr2-
activity were compared to profiles of G protein activity using results from a cAMP
accumulation assay. Although there were ligands with a pronounced bias towards
one of the examined signalling pathways, it was found that stable bicyclic adenosine
derivatives represent a good starting point for further design of highly AsAR-selective
and potent compounds in the G protein as well as the Barr pathway, and a good

back-bone for fine-tuning modifications towards G protein or Barr activity.

For many GPCR systems, there are high hopes for clinically promising biased ligands
(see Chapter 6). As of today, no consensus has been found in the coupling
characteristics of Barr to GPCRs, each GPCR system should be looked at and
evaluated separately. Emphasis has mostly been on the role of the phosphorylated
C-terminus for recruitment, contact and/or activation of arrestins. The question
however is whether we should go with the flow or also investigate other contact sites
at the (cytosolic) site of the GPCR. Molecular modelling techniques, relying on
structural computer models, in vivo (knock-out) animal models, as well as
fundamental functional GPCR studies should be combined, to clear the path towards
the development of biased ligands with a hopefully beneficial therapeutic profile,
devoid of or with reduced side effects. However, for many GPCR systems, as is the
case for purinergic GPCRs, it is still not clear which turn to take to end up with a
clinically relevant profile. The work within this thesis can be seen in this context,
aiming to have contributed a piece to the large and complex puzzle of biased

signalling and functional selectivity.
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G proteine-gekoppelde receptoren (GPCRs) zijn de grootste klasse van
membraaneiwitten aanwezig in het menselijk lichaam. Deze receptoren zijn een
therapeutisch doelwit voor ruim één derde van de vandaag op de markt beschikbare
geneesmiddelen. Sinds jaar en dag werd de signalisatie via deze receptoren gezien
als een soort sleutel-slot mechanisme, waarbij de binding van liganden - zoals
hormonen, neurotransmitters of exogene geneesmiddelmolecules - de koppeling met
en signalisatie via het zogenaamde G proteine initieert. Sinds de jaren '90 echter,
hebben nieuwe inzichten deze visie zodanig bijgestuurd dat GPCR signalisatie
tegenwoordig aanzien wordt als een complexer, dynamischer gebeuren, waarbij
naast koppeling met G proteines ook koppeling met andere cytosolische adaptor-
proteines kan voorkomen. Tot de meest bestudeerde signalisatie-proteines behoren
ongetwijfeld de (B-)arrestines - waarin niet toevallig de term ‘arrest’ onthuld wordt,
gezien ze de GPCR signalisatie begrenzen. Elk van de verschillende types
signalisatie-proteines (of dus signalisatie-wegen) kunnen in verschillende mate
geactiveerd worden na binding van een ligand met de GPCR, zodat een differentieel
signalisatieprofiel ontstaat dat gelinkt is aan deze specifieke ligand. Zo zal de
signalisatie uitgaande van een bepaald (exogeen) ligand anders zijn - dus een
bepaalde mate van ‘bias’ bezitten - dan deze veroorzaakt door een ander
(bijvoorbeeld endogeen) ligand van de GPCR. Dit concept is een relatief iets en
wordt aangeduid met de term ‘biased signalisatie’ of ‘functionele selectiviteit’. Onder
invloed van deze differentiéle (of ‘biased’) signalisatie ter hoogte van de GPCR,
wordt gehoopt een farmacologisch-therapeutisch profiel te bekomen dat op
selectieve wijze (het) gewenste therapeutisch(e) effect(en) verwezenlijkt, terwijl
neveneffecten afgezwakt of in het beste geval vermeden worden. Hoe de koppeling
van GPCRs met het G proteine en/of arrestine kan bijdragen tot dit fenomeen en
welk onderzoek hier reeds naar verricht werd, wordt in detail besproken in
Hoofdstuk 1.

Dit fundamentele onderzoeksproject heeft zijn focus op de koppeling van purinerge
GPCRs met B-arrestine 2 (Barr2). Het nucleoside adenosine en de nucleotides UTP,
UDP, ATP, en ADP zijn de endogene liganden van de purinerge P1 (of adenosine)
en P2Y receptoren. In het lichaam kunnen de concentraties van deze molecules
sterk toenemen onder (patho)fysiologische condities zoals stress, inflammatie,

ischemie en/of hypoxie. Uit deze twee purinerge receptor subklasses werden twee
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receptoren gekozen, de As adenosine receptor (AsAR) en de P2Y2 receptor
(P2Y2R), waarvoor de koppelingskarakteristieken met Barr2 onderzocht werden.
Beide GPCRs zijn betrokken in de pathofysiologie van inflammatoire,
neurodegeneratieve alsook neoplastische aandoeningen; de laatste tien jaar
verschenen dan ook verschillende purinerge ‘lead compounds’ die momenteel verder
geévalueerd worden in klinische studies of reeds hun intrede deden in de klinische
setting. Het onderzoek naar de mogelijks differentiéle signalisatie van deze en
toekomstige purinerge liganden staat nog in de kinderschoenen maar lijkt een
snelgroeiende, veelbelovende onderzoekstak naar een toekomstig therapeutisch,
efficiént en bovenal veilig purinerg geneesmiddelengebruik. Een overzicht wordt

gegeven in Hoofdstuk 2.

Het doel van Hoofdstuk 3 en Hoofdstuk 5 was na te gaan welke cytoplasmatische
delen van de AsAR en de P2Y2R, respectievelijk, verantwoordelijk zijn voor
koppeling van de receptor met Barr2. Hiertoe werd een reporter assay in HEK293T
cellen ontwikkeld, gebaseerd op de functionele complementatie van het
nanoluciferase enzym, gebruik makend van de NanoBit® technologie (Promega). In
deze assay is een groot deel van het nanoluciferase gekoppeld aan de receptor en
een complementair klein peptide aan PBarr2. Bij rekrutering van Barr2 naar de GPCR,
reconstitueren de twee delen opnieuw het functionele enzym en kan een
bioluminescent signaal gemonitord worden na toevoeging van een celpermeabel
substraat. Voor zowel de AsAR als de P2Y2R werd aangetoond dat de C-terminus
niet cruciaal is voor rekrutering van Barr2 naar de receptor, alhoewel het verwijderen
van de C-terminus van de P2Y2R een verschillend kinetisch profiel onthulde. Voor de
A3AR leek het ‘DRY’ motief, in combinatie met de C-terminus, meer cruciaal voor

koppeling met Barr2.

In Hoofdstuk 4 werd een panel synthetische adenosine derivaten getest met
dezelfde hierboven vermelde reporter assay, dit keer in een stabiele HEK293T cellijn.
De profielen van Barr2-activatie werden vergeleken met deze van G proteine-
activatie, gebaseerd op de resultaten van een cAMP accumulatie assay. Hoewel
geen grote verschillen werden opgemerkt in de activatie-profielen, bleek een
subgroep van bicyclische adenosine derivaten een goed uitgangspunt te zijn voor

toekomstig design van hoog-selectieve, potente liganden voor de AszAR, welke dan
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stapsgewijs gemodificeerd kunnen worden door het invoeren van specifieke
functionele groepen, om zo een meer selectieve activatie van Barr- of G proteine te

verkrijgen.

Voor verschillende andere GPCRs, zoals de angiotensine Il type 1 receptor en de p-
opioid receptor, werden reeds ‘biased liganden’ ontwikkeld waarvoor een differentieel
signalisatieprofiel aanleiding geeft tot klinisch gunstige, nauw therapeutisch
afgelijnde effecten voor de behandeling van verschillende aandoeningen (zie
Hoofdstuk 6). Gezien tot op heden geen consensus werd gevonden wat betreft
GPCR-Barr koppelingskarakteristieken, dient elk GPCR systeem voorlopig zoveel
mogelijk afzonderlijk benaderd te worden. Tot op heden werd de nadruk vooral
gelegd op de rol van de gefosforyleerde C-terminus voor Barr rekrutering, -contact
en/of -activatie. De vraag is echter of dit meer in detail moet bekeken worden, dan
wel of er dient nagegaan te worden of er ook bijkomende (cytosolische)
contactpunten met de GPCR van belang kunnen zijn. Modelleertechnieken die zich
baseren op computer-gegenereerde GPCR structuren, in vivo (knock-out)
diermodellen, alsook fundamentele, functionele GPCR platformen zoals de assay
voorgesteld in deze thesis, kunnen hiertoe bijdragen. In deze context trachtte het
werk voorgesteld in deze thesis een stukje bij te dragen aan de grote en complexe
puzzel van functionele selectiviteit en ‘biased’ (purinerge) liganden met een gunstig

therapeutisch profiel.
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