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Abstract

ABSTRACT

The p opioid receptor (MOP) is the main therapeutic target for the most clinically useful
class of analgesics for treating severe acute and chronic pain, despite the numerous
associated side effects that limit their use. The property of G protein-coupled receptors
(GPCRs) where different ligands stabilise the receptor into unique active conformations,
which can result in differential activation of cell signalling pathways and, eventually, in
different physiological outcomes is known as biased agonism. Biased agonism is a
natural phenomenon that has been observed at other neuropeptide receptors that, like
the opioid system, have multiple endogenous ligands targeting the same receptor. This
property of GPCRs can be exploited to design drugs that selectively activate signalling
pathways that lead to the desired physiological effects whilst minimising side effects that
are elicited by activation of other signalling pathways.

Quantification of biased agonism of endogenous opioids at MOP across multiple
different signalling pathways using the transduction coefficient ratio [AAlog(t/Ka)]
method was performed in a common cellular background. This has revealed that this
family of peptides possess a diverse range of signalling profiles. Met-enk-RF,
endomorphin-1 and a-neoendorphin in particular showed unique bias profiles when
compared to the synthetic ligand DAMGO, whereas most other endogenous peptides
showed bias profiles more similar to DAMGO. This diversity in bias among endogenous
opioids, may enable the endogenous opioid system to have an unprecedented level of

control to fine-tune MOP mediated physiology.

There are a number of factors that need to be taken into consideration when quantifying
biased agonism, such as the spatiotemporal kinetics of the signalling pathways. The
spatiotemporal kinetics of extracellular signal regulated kinase (ERK) activation by
morphine and DAMGO was examined in dorsal root ganglia neurons. This showed that
morphine stimulates sustained activation of cytosolic ERK via a PKC dependent
pathway, whereas DAMGO stimulates transient activation of cytosolic and nuclear ERK.
Similarly, examination of the kinetics of cAMP inhibition in CHO-MOP cells revealed that
the cAMP kinetic profile of Met-enk-RF is distinct from that of DAMGO and other
endogenous ligands, which results in a significant change in bias of Met-enk-RF
depending on the time point chosen to measure cAMP inhibition. Additionally, bias
between activation of different G protein subtypes was quantified at different time
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points, which showed that the bias of Met-enk-RF and a-neoendorphin changed over
time. Overall, the spatiotemporal characteristics of the signalling pathways can have a
significant impact on the observed bias of a ligand.

The impact of the cellular background on the quantification of bias was also investigated
by quantifying biased agonism of the same ligands in different cell backgrounds. This
revealed that even altering the expression level of a single signalling protein can change
the observed bias of a ligand, where overexpression of GRK2 in CHO-MOP cells
altered the bias of endomorphin-1 between inhibition of cAMP and [-arrestin
recruitment. However, when biased agonism was quantified across multiple signalling
pathways in different cell types, CHO-MOP and AtT20-MOP, despite the fact the overall
bias profiles changed significantly between cell lines, ligands with unique bias profiles
retained unigueness. Thus suggesting that these pluridimensional bias profiles can be

used to predict in vivo bias indirectly via ligand clustering.
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Introduction

1.1 G Protein-Coupled Receptors

1.1.1 Structural Characteristics and Classification

G protein-coupled receptors (GPCRS), also known as 7 transmembrane receptors, are
a superfamily of cell surface receptors that are ubiquitously expressed throughout the
body. There are over 800 members, and they detect very specific stimuli, or “ligands”,
and transmit this information into the cell. GPCRs can detect a diverse array of
extracellular stimuli, including neurotransmitters, metabolites, peptides, hormones, ions
and photons. This versatility in “ligands” enables GPCRs to be involved in control of

virtually every physiological process.

GPCRs are divided into 5 major families based on sequence similarity: A (rhodopsin), B
(secretin), C (glutamate), F (frizzled) and G (adhesion) [1] (Figure 1.1). All GPCRs have
the same basic structure: a single peptide that forms a bundle of 7 a-helical
transmembrane domains (7TMD) joined by alternating intracellular (IL1-3) and
extracellular loops (EL1-3), with an intracellular C-terminal domain (CT) which, in many
GPCRs, contains a small o-helix (helix-8) tethered to the plasma membrane via a
palmitoylation moiety, and an extracellular N-terminal domain (ECD) [2-4] (Figure 1.2).
The most distinctive difference between families is in the size, structure and function of
the ECD. Family A GPCRs are the largest group, with the widest variety of ligand types,
and is further divided into 4 subfamilies and numerous subgroups [1]. They have small
ECDs which mainly function to assist receptor folding and trafficking to the plasma
membrane [5, 6], and in the case of the protease activated receptor subfamily, the ECD

contains the ligand for the receptor [7, 8].

All the remaining families of GPCRs have large ECDs. The structures of these large
ECDs have been determined using crystallography and nuclear magnetic resonance
spectroscopy (NMR). The structure of family B ECDs is highly conserved between
members, and is comprised of an N-terminal a-helix and 2 anti-parallel B-sheets which
are joined together by three disulphide bonds [9, 10]. The ECD acts as the primary
recognition site for the endogenous peptide ligands in order to facilitate ligand binding
[9, 11, 12]. Family C have very large and distinctive ECDs containing a “venus flytrap”
domain, which contains the endogenous ligand binding site [13-15]. Similarly the ECD
of family F GPCRs contains a cysteine rich “frizzled” domain, which serves as the ligand
binding site [16]. GPCRs of family G possess a variety of different types of ECDs, which

are very large and contain various structural domains that facilitate cell interactions [17].
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The structure and function of the non-canonical GPCRs of family F and G are very
different and poorly understood compared to the other GPCR families and will not be

discussed further.

Family A Family B Family C

A

Figure 1.1: Structural model of the main 3 GPCR families, Family A, B and C.

Family A GPCRs, which include the opioid receptor family, detect the widest variety of ligands
and have small extracellular domains (ECDs). Family B GPCRs have large ECDs for
recognition of peptide hormones. The ECD has a highly conserved structure that is stabilised by
3 disulfide bonds. Family C GPCRs have very large ECDs which contains the “venus flytrap”
domain that acts as the ligand binding site for ions and small molecules, and forms a disulphide
bond within dimers.

]

The arrangement of the 7TMD is more similar between the different families. Advances
in crystallography techniques have enabled the generation of high resolution structures
of the 7TMD of a wide variety of GPCRs, including members of family A, B, C and F [3,
18-20]. The 7TMD is ordered in a circular arrangement, anticlockwise when observed
from the extracellular surface, forming a core which is impermeable to ions [21-23]. The
7TMD is held together by the plasma membrane surrounding the hydrophobic residue
core, as well as by a network of polar interactions and hydrogen bonds within the core
[3, 4, 23]. The extracellular ends of the TM domains along with the ELs of the receptor
form a cavity that, in the majority of GPCRs, serves as the binding site for the
endogenous ligand, also known as the orthosteric binding site [24-26]. The main
exception is the family C receptors, where the orthosteric binding site is within the ECD
[15]. The distinct physical and chemical properties of this binding cavity in each GPCR

determine the ligand specificity of the receptor. The arrangement of the TM domains,
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the residues that form the binding site and ELs in different receptors is highly variable,
forming binding sites of a range of sizes and properties to accommodate ligands of any
size from small molecules to whole proteins. TM domains have different lengths and
can be arranged at different angles, and some contain proline residues which bend the
a-helix [27]. The ELs form secondary structures using salt bridges and disulphide
bonds, and in some cases form a lid over the orthosteric binding pocket [28]. The
arrangement of the 7TMD and the residues that make up the orthosteric binding pocket
determine the shape and electrostatic properties of the cavity, ensuring the GPCR only

detects its specific endogenous ligands.

Extracellular
OECLz

Figure 1.2: Crystal structure of the p-opioid
receptor (MOP) from Manglik, Kruse, Kobilka,
Thian, Mathiesen, Sunahara, Pardo, Weis,
Kobilka and Granier [29].

View of MOP crystal structure (blue) bound to an
antagonist B-funaltrexamine (B-FNA) (green) from within
the membrane plane. TM — transmembrane domain, ECL —
extracellular loop.

Helix 8

Intracellular

Similarly, an intracellular cavity formed by the intracellular ends of the TMDs, the ILs
and the CT serve as the site of interaction with intracellular signalling proteins. GPCRs
“transduce” the extracellular signals they receive in the form of ligands, into intracellular
signals by interacting with these intracellular proteins. The family of heterotrimeric
Guanine nucleotide binding proteins known as G proteins, which give the receptors their
name, are the main family of intracellular signalling effectors activated by GPCRs. The
major interaction site between a GPCR and the G protein is IL-2 and intracellular ends
of TM-V and TM-1V [30-33]. However, IL-3 has been shown to be involved in control of
G protein subtype specificity [26, 34]. Additionally, initial recognition of the active
receptor by the G protein is thought to involve changes in conformation of Helix-8 [35-
38].



Introduction

The structural changes behind how ligand binding to a GPCR leads to activation of the
G protein are complex. GPCRs do not simply switch between the inactive and active
state upon ligand binding; they are highly flexible and can adopt a range of different
conformations. Unbound receptors, before ligand or G protein binding, exist in
equilibrium between multiple conformations by switching between several low energy
states [39-43]. Some GPCRs are even known to have “constitutive activity” by
spontaneously adopting active conformations in the absence of ligand [44-46]. Ligand
binding changes the energy landscape of the receptor, resulting in stabilisation of the
receptor into a different range of conformations, depending on the type of ligand.
Inverse agonists stabilise the receptor into the inactive conformation, preventing
constitutive activity. Conversely, full agonists and partial agonists, which activate
intracellular signalling maximally and sub-maximally respectively, shift the equilibrium

towards intermediate and active states of the receptor [41, 43, 47].

Biophysical studies [48] and comparison of active conformations of rhodopsin, (2
adrenergic receptor (B2AR), muscarinic acetylcholine receptor 2 (M2) and p opioid
receptor (MOP) [32, 49-51] bound to an agonist and a G protein and or a G protein
mimetic nanobody have revealed several conserved structural changes upon receptor
activation. Changes in the structural arrangement of the ligand binding site are relatively
small and different for each receptor and ligand [52-55]. These small rearrangements
disrupt the forces holding the GPCR in the inactive conformation, triggering much larger
structural changes at the intracellular regions of the receptors. GPCR activation requires
disruption of the salt bridges, hydrophobic interactions and hydrogen bonds that exist in
the basal state to enable the GPCR to adopt the active state conformation [3, 4, 23].
GPCR activation universally involves disruption of a number of interactions between
TM-IIl and TM-VI which lock the receptor in its inactive conformation [56-58]. These
disrupted interactions include rearrangement of the hydrophobic core residues to allow
movement between TM-II and TM-VI [59], and similarly restructuring of a “polar
network” formed by water molecules hydrogen-bonded to TM-IIl, TM-VI and TM-VII [49,
59, 60]. Receptor activation also typically involves reorganisation of several highly
conserved motifs known as “microswitches”. One such mircoswitch is the “ionic lock”,
which is a highly conserved ionic interaction between a Glu residue in TM-VI and the
Asp-Arg-Tyr motif (E/DRY) located on the intracellular end of TM-III of most family A
GPCRs [61]. The Arg on TM-III forms a salt bridge with a Glu/Asp on TM-VI, or in some

cases a hydrogen bond with a polar residue on TM-VI [49]. Other conserved
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microswitches include the NPxxY motif on TM-VII [62] and the CWxP motif on TM-VI
[40, 42, 53]. Disruption of all these forces holding the receptor in its inactive state,
allows movement of the TM domains. The most highly conserved intracellular TM
domain movements are the large outward movement of TM-VI, with smaller
displacements of TM-lll, TM-V and TM-VII [32, 49-51, 55, 56]. In the active B2AR
structure TM-V and TM-VI interact directly with the co-crystallised G protein [32]. As
these rearrangements of TM-V and TM-VI are so highly conserved among the active
receptor structures described to date, they are considered essential for G protein

activation.

However, agonist binding alone is not enough to achieve stabilisation of the active
conformation [52-55, 63], as the intracellular regions of the receptor, in particular TM-V
and TM-VI, continue to shift between inactive and active states [35, 55, 64-66]. To
achieve stabilisation the active conformation the receptor must form a ternary complex
with its cognate G protein, which increases the affinity of the receptor for its ligand [67].
Upon G protein binding, the equilibrium between receptor states shifts further towards

the active conformations, stabilising the receptor in the active state [35, 68, 69].

The range of conformations of the receptor is not only dependent on the presence of
ligand and G proteins. Virtually everything that interacts with the receptor will influence
the conformations and activity of the receptor. Molecules that modulate receptor activity
via interactions with the receptor at “allosteric sites”, which are spatially distinct from the
orthosteric binding site, are known as “allosteric modulators”. There are numerous
endogenous allosteric modulators in the cellular environment which have been shown to
modulate GPCR activity, including ions [70-72], amino acids [73, 74], membrane lipids
and cholesterols [75-77] and intracellular signalling proteins [69, 78]. The plasma
membrane is composed of a mixture of lipids, cholesterol and other proteins and
molecules, which may alter the conformation of the GPCR within different membrane
compartments. For instance GPCR activity has been shown to be highly dependent on
the presence of cholesterol, which is important for the formation of lipid rafts [75, 79,
80]. Crystal structures have shown that cholesterol interacts directly with the receptor [4,
70, 76], potentially modulating receptor conformational dynamics and activity [77, 81,
82]. The receptor conformation is also dependent on the concentration of Na®* ions in
the extracellular environment. In the inactive conformation, a Na?* ion binds within the
central polar network of water molecules, which inhibits agonist binding and receptor

activation and enhances antagonist affinity [70, 72].
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GPCRs were originally thought to function exclusively as monomers. However, there is
now substantial evidence that GPCRs can function as dimers or even higher order
oligomers. Dimerisation is essential for family C GPCRs, as only dimerised receptors
are fully functional and trafficked to the cell surface [83-85]. They form homodimers and
heterodimers via interactions between the ECDs (usually by formation of a disulphide
bond) and the CT [86, 87]. Whilst monomers of family C GPCRs have been shown to be
capable of activating G proteins, only the dimer is capable of stimulating intracellular
signalling in response to an orthosteric ligand [88]. Evidence for dimerisation of family A
and B GPCRs is less clear [89]. These receptors can fully function as monomers [90,
91], however they are clearly capable of forming homo and heterodimers [29, 92-98].
Unlike family C receptors however, they do not form a covalent bond between the
receptors, hence the dimers most likely form transiently [97, 99-101]. The functional
purpose of GPCR dimerisation in family A receptors is also uncertain, however several
explanations have been proposed. GPCR oligomerisation may be a requirement for
successful folding and trafficking of the receptor [102]. Additionally, there is substantial
evidence that dimerised GPCRs act as allosteric modulators of one another, where
ligand binding to the first receptor modulates the binding affinity and or the intrinsic

efficacy of the ligand for the second receptor [103-107].
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1.1.2 Signalling Mechanisms

GPCRs transduce the extracellular signals they receive in the form of ligands into
intracellular signals via activation of “signalling pathways” involving a plethora of
intracellular proteins known as “signalling effectors”. The initial step in activation of most
known GPCR signalling pathways is the activation of G proteins, which are formed by
the heterotrimer of 3 different subunits, Ga, G and Gy. In its inactive state the Ga
subunit is bound to a guanosine diphosphate (GDP) nucleotide, which is exchanged for
guanosine triphosphate (GTP) when the G protein is activated [108, 109]. The GDP is
bound to the Ras-like GTPase domain, and held in place by the other half of the Ga, the
helical domain [110, 111]. When the G protein binds to the agonist bound receptor, the
two halves of the protein open, changing the conformation of the Ras domain to release
the GDP and allow GTP to bind [111, 112]. This triggers separation of the Ga subunit
from the GBy dimer [113], and the two parts of the G protein subsequently activate other
intracellular signalling effectors. The Ga is inactivated when the GTP is hydrolysed into
GDP by the Ga Ras domain [109], which can be assisted by GTPase activating proteins
(GAPs) such as regulators of G protein signalling (RGS) and other GTPases [114, 115],
allowing reassembly of the heterotrimeric G protein.

Ga subunits are divided into four classes, Gas, Gogi1 (Gag, Gai1, Gaia and Gaus), Gaipo
(Gai, Gao, Gaz, Gog and Gay) and Gaizisz (Gagz and Goys) [116]. Gas, Gagai, Gaip and
Gaizinz are ubiquitously expressed, whereas the other subtypes have tissue specific
expression and functions and will not be discussed further. Most GPCRs predominantly
couple selectively to a subset of Ga subunits, often within a single class, however many
can couple G proteins belonging to multiple classes. Each Ga class is associated with
activation of different signalling pathways (Figure 1.3). The characteristic signalling
pathway activated by Gas is 3,5-Cyclic adenosine monophosphate (cCAMP) signalling.
Gas activates adenylyl cyclase (AC) which generates the second messenger cAMP
from ATP [117, 118]. Likewise the defining signalling pathway of Ga; coupled receptors
is the inhibition of cAMP signalling through inhibition of AC [119]. cAMP signalling is
tightly controlled and compartmentalised in a cell and receptor specific manner by
phosphodiesterases (PDE) and A-kinase anchoring proteins (AKAP) [120, 121]. There
are a number of downstream targets of cCAMP including cyclic nucleotide-gated ion
channels and the small G protein guanine nucleotide exchange factor (Epac) [122, 123],
however the most notable target is protein kinase A (PKA), also known as the cAMP-

dependent protein kinase [124]. PKA executes the cellular effects of cAMP by
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phosphorylating numerous targets, including GPCRs, Ca®" channels and other kinases
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Figure 1.3: Classical GPCR signalling pathways.

Canonical Gay, Gas, Gag, and Gy signalling pathways. Gas and Gay, Stimulate and inhibit
cAMP signalling respectively, Ga, activates phospholipid and C*** signalling, and Gy stimulate
GIRKs and inhibit VGCCs. ERK activation can be mediated by GBy and all Ga subtypes via
multiple different pathways.

Gagy coupled receptors typically activate phosphoinositide signalling. Gag activates
phospholipase CB (PLCB), which hydrolyses a plasma membrane lipid,
phosphatidylinositol 4,5-bisphosphate (PIP2), generating two second messengers,
inositol 1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol (DAG) [127]. IP3; stimulates
release of Ca®" from intracellular stores in the endoplasmic reticulum (ER) via IP3
receptors [128], and can be further converted into other inositol phosphates by various
kinases, which participate in other signalling pathways [129, 130]. Ca** is important for
the control of an enormous number of cellular processes through regulating the activity

of a myriad of enzymes, channels, receptors and other cellular proteins [131]. Similarly
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DAG activates protein kinase C (PKC), a Ser/Thr protein kinase which also has
numerous downstream targets including various cation channels, cytoskeletal proteins,
enzymes and even the GPCRs themselves [132-135]. Many Gaq coupled receptors are
also coupled to Gaj213, Which regulate Rho signalling. Gaaz13 directly activates guanine
nucleotide exchange factors for Rho (RhoGEF), which facilitate exchange of GDP for
GTP on Rho GTPases [136]. The most well characterised function of Rho signalling is
the regulation of cytoskeletal changes required for cell growth, differentiation and
migration, through activation of a number of downstream targets including Rho kinase
[137, 138].

G protein mediated signalling is not limited to the signalling pathways described here,
Ga subunits and their downstream effectors can activate a multitude of different cell-
dependent and receptor specific signalling pathways in order to generate a particular
cellular response. Additionally, many other signalling pathways are stimulated by the
free GBy dimer that is released when it dissociates from the Ga. There are 5 Gf3
subtypes and 12 subtypes of Gy which can form heterotrimers of nearly every
combination of Gafy [116]. Only small differences in coupling to downstream effectors
between the various Gfy combinations have been observed to date [139-141]. GBy
activates inwardly rectifying K* channels (GIRKs) through direct interaction with the
channel [142] and similarly GBy directly inhibits N and P/Q type voltage gated Ca**
channels (VGCCs) [143, 144]. These actions are most often associated with activation
of Gaye-coupled receptors [145, 146]. Several canonical Ga signalling pathways can
also be modulated by Gfy, including inositol phosphate signalling, via stimulation of
PLCB, primarily via Gajo-coupled receptors [147], and activation phosphoinositide-3
kinase (PI3K) [148], as well as modulate cAMP signalling by direct inhibition of certain
AC isoforms [149]. Additionally, GBy is involved in activation of G protein-coupled
receptor kinases (GRK) [150], which play an important role in receptor regulation as

described later.

Gy is also known to mediate activation of mitogen activated protein kinases (MAPK),
such as extracellular signal regulated kinase (ERK). There are numerous complex and
intertwined signalling pathways which lead to ERK1/2 activation in a cell specific and
receptor-dependent manner [151, 152]. However, the classical signalling pathway that
leads to activation of ERK involves transactivation of receptor tyrosine kinase (RTK)
growth factor receptors. Gy and Gagq have been shown to activate non-receptor

tyrosine kinases (non-RTK) such as Src either directly or via PI3K (GBy), and PLC
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and/or PKC (Gag) [153-158] which then stimulates phosphorylation and activation of the
RTK, either directly or via stimulation of matrix metalloproteases (MMP), which
proteolytically cleaves and releases a tethered growth factor, which stimulates auto
phosphorylation of the RTK [159-161]. The activated RTK, in complex with a number of
adaptor proteins and a guanine nucleotide exchange factor, SOS, stimulates activation
of the small GTPase Ras, which in turn triggers activation of the MAPK cascade Raf-
Mek-ERK [162, 163]. GBy and Ga subunits can also stimulate ERK activation via many
other pathways that do not require transactivation of RTKs [164-166], including non G

protein-mediated pathways as described later.

Termination of these signalling pathways is achieved by many processes, including
specific feedback mechanisms within signalling pathways as well as switching off G
protein activity by GTP hydrolysis and reassembly of the heterotrimer [109, 112].
However, the primary mechanism for regulation of signalling at the receptor level,
occurs through phosphorylation of the receptor and subsequent uncoupling from the G
protein and binding of arrestins [167]. This process, known as desensitisation, was
originally shown with rhodopsin and B2AR, but has since been shown to be widely
applicable among GPCRs. Desensitisation renders the GPCR unable to respond to
further stimulation by the agonist, preventing further activation of G protein-mediated
signalling [168-170]. Residues within the ILs and CT of GPCRs can be basally
phosphorylated or undergo agonist-induced phosphorylation [168, 171]. There are
numerous kinases that have been shown to be capable of phosphorylating GPCRs
including PKC, PKA, CaMIIK and ERK, usually associated with heterologous
desensitisation of receptors [172, 173], however it is the GRK family that is most
commonly associated with agonist-induced phosphorylation and homologous
desensitisation [174]. There are 7 GRKs divided into 3 subfamilies, visual GRKs (GRK1
and 7), GRK2 (GRK2 and 3), and GRK4 (GRK4, 5 and 6), of which GRK2, 3, 5 and 6
are expressed ubiquitously [174-178]. Most GRKs are localised at the membrane,
except for GRK2 and 3, which interact with free Gy subunits to stimulate translocation
from the cytoplasm to the plasma membrane upon receptor activation [150, 179, 180].
Binding of the GRK to the receptor inhibits further interaction of G proteins with their
intracellular targets [180-182], and activates the Ser/Thr kinase domain of the GRK
which phosphorylates specific residues of the GPCR, particularly on the CT and IL-3
[183-185].
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The final step in this desensitisation process is the recruitment of arrestins to the
receptor. There are 4 members of the arrestin family, 2 visual arrestins (arrestin-1 and
arrestin-4), and 2 non visual arrestins (B-arrs) B-arrestin 1 (3-arrl) and B-arrestin 2 (-
arr2). The phosphorylated form of the receptor has an enhanced affinity for arrestins,
which compete with the G protein for binding to the receptor, preventing further
activation of the G protein [186-190]. However, the role of arrestins in receptor
regulation and signalling extends beyond decoupling of G proteins from the receptor.
Arrestins act as scaffolds for numerous other proteins to form complexes, which when
recruited to the receptor trigger activation of other receptor regulatory processes and
signalling pathways [191]. Receptor activity can be regulated by removal from the
plasma membrane and sequestration into endosomes [192]. Arrestins target GPCRs for
internalisation into clathrin coated pits by forming a complex with components of the
clathrin/dynamin-dependent internalisation machinery including clathrin and AP-2 [193-
197]. Once internalised, GPCRs can be downregulated by targeting for degradation in
lysosomes, in which case restoration of activity requires synthesis of new receptors
[198]. Alternatively, receptors can be resensitised by dephosphorylation of the receptor,
and returned to the plasma membrane [192, 199].

B-Arrs are also known to mediate activation of numerous G protein-independent
signalling pathways. The most well-known {-arr mediated signalling pathway is ERK
activation [200-202]. B-arrs have been shown to mediate ERK activation from clathrin
coated pits and endosomes [203, 204] by forming a complex with ERK signalling
pathway components including Src and Raf [201, 202, 205]. ERK activated via this
pathway shows a different spatiotemporal profile to that of ERK activated via G protein-
dependent signalling pathways. B-arr-dependent ERK activation typically shows a
delayed onset and is more sustained [206, 207], shows differential localisation within
the cell [205, 206, 208] and is associated with different downstream targets of ERK
[208, 209]. pB-arrs are also involved in activation of a myriad of other signalling
pathways including JNK [210, 211], p38 MAP kinase [212-214], RhoA [215], Akt [216-
218] and NF-kB [219, 220]. Additionally, other signalling pathways such as cAMP, can
also be activated from receptors located in endosomes resulting in differential
downstream effects when compared to activation of the same signalling pathways at the

plasma membrane [221-223].
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1.1.3 Biased Agonism at G Protein-Coupled Receptors

GPCRs were traditionally thought of as simple on/off switches, where the receptor
exists in equilibrium between an inactive and an active conformation. Agonists shift the
equilibrium towards the single active conformation, and inverse agonists shift the
equilibrium towards the inactive conformation whereas neutral antagonists have no
effect on the receptor conformation but simply block the binding site [67, 224, 225]. In
this 2-state model, agonists simply vary in their ability to shift the equilibrium towards
the active state. However, over the last two decades it has been shown that the efficacy
of a ligand can vary between different signalling pathways [226-230]. In the most
extreme cases, a ligand can effectively have no activity at some signalling pathways
while activating other atypical signalling pathways [231, 232]. In such cases the 2-state
model of receptor activation is not sufficient to explain this flexibility in signalling
responses. Instead, it has been proposed that GPCRs can adopt multiple active states,
where different ligands stabilise the receptor in distinct active conformations. This
phenomenon is known as “biased agonism”, and is also referred to as “functional

selectivity”, “ligand-biased signalling” or “stimulus trafficking” [233]. Biased agonism is a
natural phenomenon that has been observed at receptors that possess multiple
endogenous ligands, including B2AR [234], the somatostatin receptor 2A (SSTR2A)
[235], chemokine receptors [236-238] and the melanocortin MC4 receptor [239]. As a
result, biased agonism has been suggested to play an important role in the control of
the physiological effects mediated by the receptor. This is because activation of
particular signalling pathways is linked to specific physiological effects [240-246]. For
example, at the M3 muscarinic acetylcholine receptor (M3R) receptor phosphorylation
and f-arr recruitment have been shown to be important for learning and memory
function [245]. Therefore, biased ligands that selectively activate certain signalling
pathways would be expected to induce different physiological effects, and this has been

widely observed with biased ligands for multiple GPCRs [237, 247-252].

There is a wealth of evidence in support of the multi-state theory of GPCR activation.
The structural changes that are observed upon agonist stimulation have been shown to
be ligand-dependent at numerous GPCRs including the cannabinoid CB; receptor [253],
& opioid receptor (DOP) [47], ghrelin receptor [69], a A adrenergic receptor («2AR) [43],
Bl-adrenergic receptor (B1AR) [254], B2AR [68, 234, 255, 256] and the parathyroid
hormone type 1 receptor (PTHL1R) [257] to name a few. Furthermore, it is becoming

increasingly apparent that the ligand-induced conformations of the receptor are unique
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for every ligand. Comprehensive analysis of the structural movements induced by a
large range of ligands at the B2AR showed that even among ligands with similar
structure and activity, there were several conformational rearrangements that were
highly ligand specific, showing that the overall conformation of the receptor is unique for
each ligand [255]. Each distinct conformation of the receptor will have varying
propensities for activation of particular signalling effectors, potentially resulting in

activation of a unique signalling pattern.

Specific structural rearrangements have been shown to be associated with activation of
particular signalling effectors. The ability of a ligand to stabilise these conformations of
the G protein coupling domains of the receptor is separate from its ability to stimulate (3-
arr recruitment [256-262], hence different ligands will have differing efficacies for
activation of G proteins and recruitment of -arrs. For instance, efficacy for G protein
activation has been linked to stabilisation of the G protein coupling domain on IL-3 of
the receptor [65, 263]. At the a2AR, partial agonists have been shown to stabilise the
IL-3 into a partially active conformation at a different rate compared to full agonists [43,
263]. Similarly, at the B2AR, highly conserved structural rearrangements around the
NPxxY motif, which are required for G protein coupling, have been shown to correlate
with the efficacy of the ligand for activation of G proteins [62, 255]. Overall, this shows
that the efficacy of a ligand for activation of G proteins depends on the ability of the
ligand to induce the active conformation of these patrticular regions of the receptor. In
contrast, conformational rearrangements of the receptor that are associated with
recruitment of B-arrs are distinct from those connected with G protein activation [69,
256-258, 260, 261, 264-267]. This has been clearly demonstrated by studies at the
angiotensin type 1A (ATia) receptor [265], B2AR [207] and PTH1R [258], which have
shown that certain mutations can selectively inhibit G protein activation but not
recruitment of B-arrs, and also by the discovery of ligands that stimulate B-arr
recruitment and receptor internalisation but not G protein activation [268-270]. The
conformational requirements for recruitment of -arrs have been less well defined than
those required for G protein activation. However, enhanced (-arr recruitment has been
frequently associated with conformational changes in TM-VII [260, 271, 272]. For
example, at the vasopressin V2 receptor (V2R), the degree of conformational change
around TM-VII and helix 8 has been shown to correspond with the efficacy of the ligand

for recruitment of B-arrs. Conformational changes around EL-3 [255], TM-IIl [259, 264]
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and the sodium binding site [273] have also been implicated in regulation of B-arr

recruitment.

Biased agonism between G protein activation and B-arr recruitment is the most widely
known form of bias that was first observed at MOP [274] and has since been observed
at numerous GPCRs [206, 234, 269, 275-279]. Several ligands have been discovered
which do not stimulate B-arr recruitment [257, 274, 280] and others that stimulate -arr
recruitment in the absence of G protein activation [247, 265, 266, 270, 280]. Biased
agonism between G proteins and B-arrs has also been shown to result in differential
activation of B-arr-dependent regulation and signalling pathways including receptor
desensitisation, trafficking and MAP kinase activation [266, 274, 276, 277, 280-282].

Recruitment of B-arr is not only dependent on the conformation of the receptor, it is also
dependent on the activation of GRKs and subsequent phosphorylation of the CT of the
receptor [187, 189]. However, ligands activating the same receptor have been shown to
induce different phosphorylation patterns via activation of different GRKs [34, 236, 276,
283-286]. For example, at the chemokine receptor CCR7, the chemokines CCL19 and
CCL21 both stimulate CCR7 phosphorylation via GRK6, however only CCL19
stimulates CCR7 phosphorylation via GRK2 [285]. The combination of unique receptor
conformations and phosphorylation patterns results in stabilisation of different active
states of the B-arr that have been linked to activation of distinct functional outcomes
[262, 284, 285, 287-289]. Specific receptor phosphorylation patterns have frequently
been associated with the ability of a ligand to stimulate desensitisation, internalisation of
the receptor and ERK activation [284, 285, 290-292]. In addition to this, recently Yang,
Yu, Liu, Qu, Gong, Liu, Li, Wang, He, Yi, Song, Tian, Xiao, Wang and Sun [288],
showed that the V2R is able to stabilise B-arrl in a distinct active conformation that was
able interact with clathrin when phosphorylated by GRK2 but not GRK6 [288].
Consequently, the phosphorylation pattern plays a vital role in determining the functions
of the B-arrs recruited to the GPCR [207, 284, 285, 293-298]. Furthermore, this means
that even though multiple ligands may stimulate B-arr recruitment, they may show

divergent activation of subsequent -arr-dependent signalling pathways [299, 300].

A similar principle applies to activation of G proteins. Most GPCRs can couple to
multiple G protein subtypes [301-305], and different ligands can preferentially activate
particular G protein subtypes [286, 301, 306-310]. For example, at the B2AR, most

agonists are able to activate both Gas and Gaj,, whereas another B2AR agonist,
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fenoterol, only activates Gos [309]. Additionally, agonists for receptors that primarily
couple to Gayo, such as the relaxin family peptide receptor 3 (RXFP3) [311], DOP [63],
the serotonin 5-HT1a receptor [312] and the dopamine D2 receptor (D2) [310], have
shown differential coupling to specific Gay, subtypes. Such differential G protein
coupling is associated with divergent activation of downstream signalling pathways
[249, 301, 309, 313]. This has been clearly demonstrated at the 5-HT,a receptor, where
PLC activation and arachidonic acid release are mediated by Gogq and Gay, or Gaiziz
respectively [314, 315]. In addition to bias between G protein subtypes, there is also the
potential for bias between Ga and Gfy signalling. This has been observed at the
oxoeicosanoid receptor (OXE-R), where an allosteric modulator Gue1654 inhibited 5-
ox0-ETE stimulation of GBy but not Gaj, signalling [316]. Overall, this differential
activation of different G protein subunits means that ligands which induce similar levels
of overall G protein activation, may stimulate activation of distinct G protein-mediated

signalling pathways.

Biased agonism is not necessarily limited to differential activation of G protein and B-arr-
dependent signalling pathways. GPCRs are known to directly interact with numerous
other intracellular proteins including GRKs and other kinases, phosphatases, regulators
of G protein signalling (RGS), receptor activity modifying proteins (RAMPS), scaffolding
proteins, calmodulin and more [317-322]. The activity of many of these receptor
interacting proteins is agonist-induced, and they are known to modulate the activity of G
protein and or B-arr-dependent signalling pathways, and in some cases, can actually
activate other signalling pathways which are independent of G protein and B-arrs [323-
326]. For instance, at the ATiaR, agonist-induced phosphorylation and activation of
janus kinase 2 (JAK2) requires direct interaction between JAK2 and the CT of the
receptor, and occurs even in the absence of G protein activation [325, 327, 328].
Therefore, since GPCRs can directly modulate the activity of such signalling proteins,
biased agonism may also be applicable to activation of these signalling effectors.
Altogether, the diverse range of signalling pathways which are subject to differential
activation implies that there is a multitude of potential signalling patterns which can be

activated by each unique conformation of the ligand-receptor complex.
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1.1.4 Quantification of Biased Agonism

For a review of quantification of bias at GPCRs please refer to Chapter 1.3 Novel

GPCR Paradigms at the p-Opioid Receptor
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1.2 Opioid Receptors

1.2.1 The Endogenous Opioid System

Opioid receptors are members of the large family of G protein-coupled receptors
(GPCRSs). There are 3 classical subtypes of opioid receptor; §-opioid receptor (DOR,
DOP, or OP1), k-opioid receptor (KOR, KOP, OP2) and p-opioid receptor (MOR, MOP,
OP3). The fourth member of the opioid subfamily, the nociception receptor (orphanin
FQ peptide receptor, NOP), has high sequence similarity to the other opioid receptors
and some similar physiological roles. Despite these similarities, the binding site of NOP
is structurally very different from the other opioid receptors [329, 330] and as a result
recognises different endogenous and synthetic ligands [331], hence will not be further
discussed. The classical opioid receptors are expressed widely throughout the nervous
system as well as in numerous other tissues. They have a number of physiological roles
that include control of respiration, modulation of addiction and reward pathways, control

of bowel motility and modulation of nociception.

The endogenous ligands for opioid receptors are small peptides that are synthesised by
cleavage of precursor proteins; pro-enkephalin (pENK), pro-dynorphin (pDYN) and pro-
opiomelanocortin (pOMC). These peptides all have the same N-terminal tetrapeptide
sequence Tyr-Gly-Gly-Phe, and have varying affinities for all three opioid receptors, but
none are significantly selective for one receptor subtype Table 1.1 [332, 333]. There are
also two additional putative endogenous peptides; endomorphin-1 (endo-1) and endo-2.
These are structurally unrelated to the typical opioid peptides and are the most selective
and potent for MOP [334]. The gene or genes encoding the precursor proteins of these
peptides are unknown [335], although a de novo synthesis mechanism has been

proposed as an alternative source [336].
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Table 1.1: Endogenous opioid peptide sequences

Peptide

Sequence

PENK derived opioids

Leu-enkephalin (Leu-enk)
Met-enkephalin (Met-enk)

Met-enkephalin-RF (Met-enk-RF)
Met-enkephalin-RGL (Met-enk-RGL)

Metorphamide
BAM 12

BAM 18
BAM 22

Peptide E

Peptide F

Tyr-Gly-Gly-Phe-Leu

Tyr-Gly-Gly-Phe-Met

Tyr-Gly-Gly-Phe-Met-Arg-Phe

Tyr-Gly-Gly-Phe-Met-Arg-Gly-Leu
Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val
Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu
Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-Met-
Asp-Tyr-Gin
Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-Met-
Asp-Tyr-GIn-Lys-Arg-Tyr-Gly
Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-Met-
Asp-Tyr-GIn-Lys-Arg-Tyr-Gly-Gly-Phe-Leu
Tyr-Gly-Gly-Phe-Met-Lys-Lys-Met-Asp-Glu-Leu-Tyr-Pro-Leu-Glu-
Val-Glu-Glu-Glu-Ala-Asn-Gly-Gly-Glu-Val-Leu-Gly-Lys-Arg-Tyr-Gly-
Gly-Phe-Met

pDYN derived opioids

Dynorphin A (DynA)
Dynorphin B

Big Dynorphin
(Dyn A/B 1-32)

Dynorphin A 1-13 (DynA 1-13)
Dynorphin A 1-8 (DynA 1-8)
Dynorphin A 1-6 (DynA 1-6)

Leumorphin

a-Neoendorphin (a-Neo)
B-Neoendorphin

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys-Trp-Asp-
Asn-GIn

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gin-Phe-Lys-Val-Val-Thr
Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys-Trp-Asp-
Asn-GIn-Lys-Arg-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gin-Phe-Lys-Val-
Val-Thr

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys
Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle

Tyr-Gly-Gly-Phe-Leu-Arg
Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gin-Phe-Lys-Val-Val-Thr-Arg-Ser-
GIn-Glu-Asp-Pro-Asn-Ala-Tyr-Tyr-Glu-Glu-Leu-Phe-Asp-Val
Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys
Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro

pOMC derived opioids

a-Endorphin

B-Endorphin (B-Endo)

Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-GIn-Thr-Pro-Val-Thr-Leu

Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-GIn-Thr-Pro-Val-Thr-
Leu-Phe-Lys-Asn-lle-lle-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu

Unknown precursor

Endomorphin 1 (Endo-1)
Endomorphin 2 (Endo-2)

Tyr-Pro-Trp-Phe
Tyr-Pro-Phe-Phe
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1.2.3 Opioid physiology of nociception and gastrointestinal motility

The endogenous opioid system is an integral component of the nociceptive system,
which acts throughout the entire nociception network to provide analgesia by inhibiting
transmission of pain signals [337, 338]. All opioid receptors play important roles in the
control of nociception, however this review is focussed on MOP, as MOP is the main
target of the most effective and widely used analgesics that are currently available, as
shown by the lack of effects in MOP-/- mice [339]. The analgesic effects of MOP are
naturally mediated via stimulation by the endogenous opioids. Identifying regions where
endogenous opioids are expressed and released under normal physiological conditions
is challenging due to the high susceptibility of the peptides to degradation, and also the
high similarity between different peptides. Nonetheless, endogenous opioids have been
shown to be expressed and released from many different tissues, including throughout
nociceptive pathways.

Opioid-induced analgesia is predominantly mediated via receptors in the central
nervous system (CNS), both at the level of the spinal cord (spinal analgesia) and in the
brain (supraspinal analgesia). MOP receptor expression in the spinal cord is highest in
presynaptic C fibre primary afferents (dorsal root ganglia neurons, DRGs) [340-343] and
postsynaptic terminals in laminae | and Il of the dorsal horn (DH) [344-346]. MOP
activation in the DH neurons inhibits spinal withdrawal reflexes, typically measured in
rodents using tail-flick assays [347-349], and modulates transmission of ascending and
descending nociceptive signals to the brain [350-355]. Endogenous opioids including
Dynorphin A (DynA), a-neoendorphin (a-neo), B-endorphin (f-endo) and enkephalins
show overlapping expression with MOP in the DH, and are released in response to
painful stimuli [344, 356-360]. A number of studies have also shown release of
endogenous opioids in the spinal cord indirectly by observing MOP internalisation
induced by endogenous opioids in response to noxious stimuli [361-363]. Endo-1 and
Endo-2 have also been detected in the spinal cord by both immunohistochemical
methods [364-367] and by electrochemical HPLC [368], and is possibly generated
extracellularly [336].

MOP is also involved in supraspinal control of analgesia. MOP is highly expressed in in
numerous areas of the brain [345, 346, 369-371]. These include several regions
involved in descending nociception inhibition pathways, such as the periaqueductal gray
area (PAG) [372-374], the nucleus raphe magnus (NRM) in the rostral ventral medulla
(RVM) [375, 376] and the locus coeruleus (LC) [377, 378] among others [379], which
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have been shown to specifically mediate opioid-induced analgesia. Activation of these
brain regions, which is simulated by MOP via inhibition of inhibitory interneurons in
these regions (disinhibition), results in stimulation of neurons projecting to the DH,
which triggers release of endogenous opioids and inhibition of DH neurons [338, 355,
380, 381]. Similar to the DH, the expression of endogenous opioids overlaps the
expression of MOP in descending inhibition pathways. Enk containing neurons project
between the PAG, NRM, LC and other descending inhibition nuclei as well as neurons
projecting to the spinal cord [344, 358, 382-385]. Enkephalins appear to be the most
highly expressed endogenous peptides in these regions [370, 386], and microinjection
of enkephalins in these areas produces strong analgesia [387], suggesting they are the
predominant peptides mediating opioid-induced descending inhibition. However, both -
endo and dynorphin derived peptides also play important and distinct roles in
descending control of analgesia [388-390]. There are high levels of B-endo in the PAG
and the LC in terminals of neurons originating the hypothalamus [391, 392]. Similarly
endo-1 and endo-2 are also found in the PAG, as well as neurons of the RVM that
project to the DH of the spinal cord [364, 393, 394]. Furthermore, dynorphins are found
in many of the same regions as the enkephalins, predominantly in neurons distinct from
those expressing enkephalins, however it is unknown if MOP is involved in dynorphin
mediated analgesia [386, 395-397].

MOP is also believed to provide analgesia via direct actions on sensory neurons in the
peripheral nervous system. MOP is expressed on the peripheral terminals of primary
afferent neurons [341, 398-400], and endogenous opioids are released from the
peripheral terminals of primary afferent neurons in tissues in response to noxious stimuli
[399, 401-403]. Endogenous opioids appear to play a particularly important role in
peripheral analgesia for inflammatory, neuropathic and cancer pain, as MOP expression
on the terminals is increased in response to inflammation [404-409] and the large
molecular weight opioid peptides also have better access to the nerve terminals under
these conditions [410, 411]. Additionally, immune cells including macrophages,
leukocytes and lymphocytes, synthesise enkephalins, endomorphins and -endo [412-
415], which when recruited in response to inflammation, release the peptides to provide
natural analgesia [398, 416-418]. For example, T lymphocytes have been shown to be
important in control of visceral pain by releasing B-endo in the gastrointestinal tract

(GIT), and increasing (-endo expression in the myenteric plexus [419, 420] . Surgery
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has also been shown to increase dynorphin expression in DRGs of mice [421], and

elevate levels of opioid peptides after abdominal surgery in guinea pigs [422].

The involvement of the MOP at every level of nociceptive control is what endows MOP
agonists with such powerful analgesic properties. Unfortunately, the use of opioids as
analgesics is associated with a large number of side effects that limit their usefulness. A
major issue is the development of tolerance to the analgesic effects after prolonged or
repeated exposure to opioids limits their long term use. Additionally, there are other
undesirable side effects elicited by activation of opioid receptors in other tissues
including respiratory depression, nausea, euphoria, addiction, itch and constipation. The
constipating effects of opioids are the most common and debilitating side effects [423,
424], and unlike most other side effects of opioids, tolerance does not develop to opioid-
induced constipation [425-427]. MOP expression in the GIT varies between species, but
in humans is expressed by both myenteric and submucosal neurons throughout the
small and large intestine [428]. Activation of these receptors inhibits GIT motility by
suppressing longitudinal muscle contractions and fluid secretion from the submucosa
[429-431].

The following is an excerpt from Thompson, Canals and Poole [432] “Biological
redundancy of the endogenous GPCR ligands in the gut and the potential for
endogenous functional selectivity” Front Pharmacol. 5:262 For full article see
Appendix B.

The enkephalins have been the most widely studied opioid peptides in the GIT. Pro-enk
contains four copies of Met-enk and one each of Leu-enk, Met-enk-RF and Met-enk-
RGL, and several additional opioid peptides may be formed by partial processing of the
precursor protein (see Table 1.1) [433]. Expression of at least four enk peptides (Leu-
enk, Met-enk, Met-enk-RF and Met-enk-RGL) in the GIT has been confirmed [434-437].
Immunohistochemical studies demonstrate expression throughout the human GIT, with
highest levels detected in the muscularis externa [438-440]. A similar expression pattern
has been observed in rodents [441]. PENK-derived peptides are mainly found in the cell
bodies of myenteric neurons and in nerve fibers within the myenteric plexus and circular
muscle [358, 442-444]. There is evidence that immunoreactivities for Leu-enk and Met-
enk are expressed by distinct neuronal populations within the enteric nervous system
[435, 445, 446]. The morphology and distribution of Enk-containing myenteric neurons
has been examined in detail. Approximately 23% of myenteric neurons express Enk-
immunoreactivity [442]. These are morphologically Dogiel Type | inhibitory or excitatory
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motor neurons and are also immunoreactive for ChAT and/ or substance P [442, 447-
449]. Leu-enk-positive myenteric neurons of the human intestine have been described
morphologically as ‘stubby neurons’ and are proposed to represent motor neurons or
ascending interneurons [450]. Examples of opioid receptor and enkephalin labeling in

the intestine are presented in Figure 1.4.

/MENK/NOS/Hu /MENK/NOS/HuU  Figure 1.4: Expression of opioid
Al ' receptors and enkephalin in the
enteric nervous system.
(A-B) Distribution of DOP (green), Met-
enk (MENK, red), nitric oxide synthase
(NOS, blue) and the pan-neuronal
marker HuC/D (Hu, magenta) in the
myenteric plexus (arrows) and circular
muscle nerve fibers (arrowheads) of the
mouse distal colon. (C) Example of a
/mENK/CalR MOPr/ DOP-positive ~ submucosal  neuron
(arrow) and association with mENK-
immunoreactive  nerve  varicosities
(arrowheads) in the mouse distal colon.
(D) Overlap between immunoreactivities
for MOP (red) and pENK (proENK,
green) in myenteric neurons of the
guinea pig ileum. Images have been
modified using Imaris 7.4.2 software
(Bitplane). Scale bars are as indicated.

A
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There are a small number of neurons that express enkephalin-immunoreactivity in the
submucosal plexus and fibers in the mucosa [441, 449, 451], and in enteroendocrine
cells [452]. However, it is possible that the enkephalin detected in these regions is due
to detection of dynorphins or dynorphin derived Leu-enk which is highly expressed in
these regions as discussed later in this review. Expression of other enkephalin
derivatives including Met-enk-RF [453] and Met-enk-RGL [454] by enteric neurons has
also been demonstrated. Other sites where proENK and its derivatives are expressed
include enteroendocrine cells [453, 455, 456], extrinsic afferents [457] and immune cells
including CD4+ T cells [458].

There is good evidence that opioid peptides derived from pro-dynorphin (dynorphins),
are present in the GIT. Pre-pro-dynorphin mRNA is expressed in the myenteric and
mucosal layers to varying levels throughout the GIT [459]. Prodynorphin contains three
opioid peptides, dynA, dynB and a-neo, which can all be further processed to shorter

opioid peptides including Leu-Enk (Table 1.1) [460]. Dynorphins have been detected in
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the GIT of various species, including the full length dynA 1-17, dynA 1-13, dynA 1-8),
dynB and a-neo [461-465]. Dynorphins are present in all layers of the GIT wall
throughout the entire human GIT, although information regarding cellular sites of
expression is lacking [466]. Immunohistochemistry studies performed mainly in guinea
pigs indicate that dynorphins are widely expressed by submucosal and myenteric
neurons [457, 461, 462]. Dynorphins are co-expressed with enkephalins in a
subpopulation of Dogiel type | myenteric neurons [448, 451, 457]. It is possible that this
may reflect conversion of dynorphin to Leu-enk in these neurons rather than co-
expression of pro-ENK. There are also reports of pro-DYN expression by

enterochromaffin cells [467].

The endorphins are formed from the precursor peptide POMC, which also contains
several other non-opioid peptide hormones [468]. POMC contains only one opioid
peptide, B-endo, which can be cleaved to form a-endo. Although B-endo has been
detected in the GIT [469, 470], the localisation of B-endo expression still remains
uncertain. There is some evidence of $-endo expression, and of other POMC peptides,
by myenteric neurons, nerve fibers within the circular muscle and enteroendocrine cells
[430, 444, 456, 471, 472]. Another major source of B-endo in the GIT are immune cells,
particularly those associated with inflammatory bowel disease or irritable bowel
syndrome [473, 474]. It should be noted that the distribution of B-endo in the GIT is
controversial, as the specificity of the antisera used in many of these studies has been
guestioned [475]. Hence whilst there is certainly $-endo present in the GIT, the question

of its origin remains unresolved.

Even though the distribution of the different classes of endogenous opioids in the GIT
has been fairly well established, there is very little known about individual levels of the
different peptides within each class. The expression of proteases that synthesize and
degrade endogenous opioids may have varying levels of expression in different cell
types, which would result in different production and degradation rates. As such, the
mixture of opioid peptides derived from the same precursor will be variable in different
cell populations. Differential proteolytic processing of proENK and proDYN peptides
occurs in various regions of the brain and other tissues, leading to variations in the
relative proportions of peptides derived from the same precursors [476-478]. Differential
processing of precursors may also occur in the different cell populations within the GIT.
In rat duodenum, specific antisera against DynA 1-17 and DynA 1-8 stain two distinct

populations of neurons, one which contains both peptides and one with only DynA 1-8,
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indicating that DynA 1-8 may be synthesized via distinct proteases or at varying rates in

distinct neuronal populations [479].

Endogenous opioids play an important regulatory role in normal GIT physiology,
primarily through activation of opioid receptors on enteric neurons [480]. When applied
exogenously, the physiological effects of endogenous opioids are the same as the
effects of other opioids, they hyperpolarize enteric neurons leading to inhibition of GIT
motility and secretion and ultimately cause constipation [430]. On the other hand, the
effects of endogenous peptides when released intrinsically under normal physiological
conditions are unclear. Release of enkephalin- and dynorphin-derived peptides has
been detected in intestinal tissue preparations during peristalsis or after electrical
stimulation. These include Leu-enk, Met-enk, Met-enk-RF, Met-enk-RGL, metorphamide
[481, 482], a-neo [483] and DynA [484, 485]. In addition, studies using opioid
antagonists, mainly naloxone, have shown that inhibition of opioid activity increases
non-propagating intestinal motility [486]. Altogether, this shows that endogenous opioids
play a subtle but important role in control of GIT motility by suppressing activity. There is
also evidence that the endogenous peptides either contribute to, or protect against, the
development of pathophysiological conditions. Levels of endogenous opioids in the GIT
have been shown to increase under pathological conditions, including inflammatory
bowel disease, and not only inhibit gastrointestinal motility, but also provide visceral
antinociception. B-endo levels have been shown to increase in a model of chronic
inflammatory bowel disease in mice, suppressing inflammation-associated
hyperexcitability of colonic primary spinal afferents [420, 474]. In addition, T
lymphocytes can release B-endo and induce expression of -endo in the myenteric
plexus in mice with immunodeficiency-related visceral hyperalgesia [419, 473]. Surgical
intervention has also been shown to increase dynorphin expression in the dorsal root
ganglia of mice [421], and stimulate release of opioid peptides from enteric neurons
after abdominal surgery in guinea pigs [422]. This may contribute in part to post-
operative ileus, although sympathetic pathways are likely to play a more significant role.
A greater understanding of the involvement of endogenous opioids in GIT
pathophysiology is important as the opioid system is not only a potential target for
treatment, but the enhanced production and release of endogenous opioids may also

alter the effectiveness of opioid-based therapeutics.
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End of excerpt from Thompson et al. (2014) “Biological redundancy of the
endogenous GPCR ligands in the gut and the potential for endogenous functional
selectivity” Front Pharmacol. 5:262
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1.2.4 p-Opioid Receptor Signalling

MOP is known to couple to a wide range of intracellular signalling effectors, a summary
of the classical MOP signalling pathways is shown in Figure 1.5. MOPs primarily couple
to most members of the Gaj, class (Gair-z, Gaoi2 and Gay) [302, 487-490], thereby
inhibiting AC [491]. Additionally, the released Gfy subunit stimulates K* conductance
predominantly via GIRKs [146] and inhibits Ca®* conductance via N and P/Q type
VGCCs [492-494], resulting in hyperpolarisation of the cell and inhibition of

synaptosomal release of neurotransmitters [495-499].

Figure 1.5: Classical opioid signalling pathways.

MOP activates G protein-gated inward rectifying K* channels (GIRKs, K*) inhibits voltage-gated
Ca®" channels (VGCCs, Ca®") and inhibits adenylyl cyclase (AC). MOP regulation involves
phosphorylation by GPCR kinases (GRKSs), recruitment of -Arrl/2 and internalisation of the
receptor. MOP can also activate MAP kinases (JNK, ERK and p38) via both G protein and B-arr-
mediated signalling pathways.

MOP can stimulate the activation of MAP kinases including ERK [500] [501], JNK [502-
505] and p38 [506-508]. MOP mediated ERK activation has been studied in the most
detail, but there are only a few examples of ERK activation by MOP in endogenously
expressing cells or tissue [509-512]. However it has been shown in heterologous cell
lines that like other Gaj, coupled receptors, MOP mediates ERK activation primarily via

GBy, and PKC-dependent transactivation of RTKs [512-514]. Belcheva et al have found
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in HEK293 and astrocytes that MOP mediated ERK phosphorylation requires PLC,
PKCe and calmodulin [515, 516], whereas other groups have found in CHOs that ERK
phosphorylation is via a PKC independent pathway that requires PI3K [154, 517]. MOP
has been shown to stimulate 3-arr-dependent ERK activation in heterologous cell lines,
striatal neurons and astrocytes, and in some cases this pathway has been shown to
require MOP internalisation [518], but not in others [501, 519, 520]. More recently, it has
been shown that ERK activation is actually dependent on translocation of MOP from
lipid rafts [520] into clathrin coated pits, where B-arrs mediate ERK activation from the
clathrin coated pits and not endosomes [203]. JNK has also been shown to be activated
by MOP via several different pathways. MOP stimulated JNK activation has been shown
to be by a B-arr2-dependent pathway, which requires activation of Gfy, GRK3, Src
kinase and PI3K [502, 521]. However, MOP has also been shown to activate JNK via a
B-arr independent pathway, which requires PKC activation and Src [503, 504, 521].
Finally, very little is known about MOP-induced p38 activation. However p38 activation
appears to be B-arr2-dependent [508], and has been shown to be activated by chronic
treatment with morphine in DRGs [506], and to mediate morphine-induced apoptosis in
macrophages [507, 508, 522, 523]. Finally, MOP internalisation and resensitisation has
been shown to be dependent on PLD activation, production of DAG and p38 activation
[507, 523, 524].

Similar to most GPCRs, MOP desensitisation typically involves phosphorylation of the
CT and ILs by GRKs and or second messenger kinases [171, 525-529], which facilitates
recruitment of B-arrl and 2 [274, 530, 531], preventing further signalling by G proteins.
Subsequently MOPs can undergo clathrin/dynamin-dependent internalisation [532-535].
Internalised receptors are then either resensitised (i.e. dephosphorylated ) and returned
to the surface, or downregulated by degradation in lysosomes [536]. Recruitment of
different B-arrs can have differential downstream effects, as they can act as scaffolds for
different signalling complexes. p-arrl has been shown to promote MOP
dephosphorylation more rapidly than -arr2, and has also been shown to be required for
MOP ubiquitination [536], which is in turn required for trafficking of MOP to lysosomes
[537].

Receptor phosphorylation patterns play a vital role in receptor desensitisation,
internalisation, trafficking and resensitisation, as well as activation of -arr-dependent
signalling pathways [283, 284, 538]. There are nhumerous phosphorylation sites located

on the intracellular loops and the CT of MOP which have been implicated in control of
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these regulatory and signalling functions (Figure 1.6). Early investigations into MOP
phosphorylation used mutagenesis studies to identify 3 key resides in the CT of mouse
MOP; S%3 T3 and S*®, which are involved in MOP desensitisation [292]. S°7°
phosphorylation, in particular, has been shown to be vital for receptor desensitisation
and -arr recruitment, as it has been shown to undergo agonist-induced
phosphorylation, and mutation of this residue to alanine reduces [D-Ala2, NMe-Phe4,
Gly-ol5]-enkephalin (DAMGO) -induced desensitisation and MOP internalisation [292,
539-541]. More recently, phosphorylation of CT residues has been examined in more
detail by several groups, confirming previous findings in vivo [542], and revealing
numerous other residues in the intracellular regions which are involved in MOP
regulation [184, 543-546]. Apart from the three residues above, these include several
motifs in the CT such as S*°TANT [184, 545], T***SST [544, 547-549] and T3%* [550-
552], most of which have shown agonist-induced phosphorylation and/or constitutive
phosphorylation, and have also been implicated in MOP desensitisation. Lau, Trester-
Zedlitz, Trinidad, Kotowski, Krutchinsky, Burlingame and von Zastrow [545] used
guantitative mass spectrometry to examine phosphorylation of CT residues, and

7
S35

concluded that it is not just phosphorylation, but rather overall phosphorylation of

the S**TANT motif that is required for recruitment of B-arrs and MOP internalisation.
Subsequently, Just, llling, Trester-Zedlitz, Lau, Kotowski, Miess, Mann, Doll, Trinidad,
Burlingame, von Zastrow and Schulz [184], showed that MOP internalisation requires
S375 is
T379.

sequential phosphorylation of the S3*°TANT motif and T°, firstly

-|-370’ T376 and

phosphorylated, which is required for successive phosphorylation of
In contrast, phosphorylation of the T***SST motif does not appear to facilitate
desensitisation via -arrs, but rather this motif has been shown to promote
desensitisation by altering ligand affinity and binding kinetics [549, 553]. Additionally, it

is still uncertain whether T%

undergoes agonist-induced or constitutive
phosphorylation. Nonetheless this residue and the surrounding glutamate residues are
clearly vital for desensitisation [527, 550-552], and this region of the CT also been

shown to be involved in delaying receptor internalisation and resensitisation [552].

350 354 363 370 375 379 383 394

Figure 1.6: Mouse MOP CT phosphorylation sites.
There are 11 Ser and Thr residues on the CT of MOP which can be phosphorylated, and are
known to be involved in MOP regulatory processes.
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Most agonist-induced phosphorylation of MOP has been attributed to the activity of
GRKs. GRK2 and 3, and to a lesser extent GRK5 and 6, have been shown to
phosphorylate S7 [184, 541, 544, 546], whereas only GRK2 and 3 can phosphorylate
T30 [184]. However, other kinases such as PKC, PKA, calcium/calmodulin kinase
(CaMKIl) and ERK have also been shown to be capable of phosphorylating the receptor
either constitutively or in an agonist-induced manner [529, 530, 543, 544, 546, 554-
556]. PKC can stimulate both constitutive and agonist-induced phosphorylation of MOP
[546, 554, 557], as well as phorbol ester-dependent phosphorylation of T3 [557].
Additionally, CaMIIK, which is believed to be involved in desensitisation and the
development of opioid tolerance [558, 559], has also been shown to phosphorylate T3°
[544], and also two Ser residues on IL3 [529]. There is also substantial evidence that
suggests that whilst receptor phosphorylation and B-arr recruitment are clearly involved
in MOP desensitisation, they are not necessarily essential for MOP desensitisation [527,
560-562]. MOP desensitisation has been shown to occur via alternative pathways.
These mechanisms include possible desensitisation via direct interaction of GRKs with
GBy [563], inactivation of Ga; via phosphorylation by PKC [564] as well as an ERK-

dependent desensitisation pathway [517, 556, 562].

MOP has also been shown to activate numerous other, less well characterised,
signalling pathways under certain conditions. Prolonged agonist exposure has been
shown to increase cAMP above basal levels, known as AC superactivation [565]. MOPs
are also known to stimulate PLC activity and inositol phosphate turnover via Gy or
Gausiie, potentiating Gog mediated Ca** release from intracellular stores and PKC
activation [566-569]. Additionally, MOP has been shown to stimulate PLA, and

arachidonic acid release [514], and activate Akt signalling [570].
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1.2.5 Biased Agonism at the p-Opioid Receptor

Opioid receptors have a large binding site [29] and hence different ligands potentially
interact with different components of the binding site, stabilising unique conformations of
the receptor. This has been shown by mutagenesis studies of binding site residues that
identified residues that disrupt binding of some ligands but not others [571-575].
However, it is yet to be shown if these unique ligand-receptor interactions result in
stabilisation of unique receptor conformations and biased agonism. Whilst there is
limited direct evidence of agonist-dependent receptor conformations at the MOP to
date, there is an abundance of indirect evidence to show ligand-dependent signalling at
the MOP. Ligand directed signalling of MOPs was first observed in experiments that
demonstrated agonist-dependent phosphorylation and internalisation of MOP, where
DAMGO, but not morphine, stimulated robust MOP phosphorylation and internalisation
[171, 533]. This was subsequently demonstrated in vivo [535, 576]. Since this
discovery, research in the opioid field has largely focussed on understanding the
mechanisms behind agonist-dependent MOP regulation and its role in desensitisation
and development of opioid tolerance. In addition to agonist-dependent MOP
phosphorylation and internalisation, differential activation of numerous other signalling
events has been observed including B-arr recruitment, receptor trafficking and
resensitisation, MAP kinase activation, receptor movement between plasma membrane
domains, as well as activation of several other second messenger kinases. Whilst there
is increasing evidence that shows that biased agonism at the MOP is pluridimensional,
most descriptions of bias at the MOP to date have been limited to ligands which show a

preference between activation of either G protein-mediated or B-arr-mediated signalling.

It is now widely accepted that morphine, under most conditions, stimulates little to no
internalisation of MOP, whereas most other agonists including DAMGO and
endogenous opioids promote robust receptor internalisation [533, 535, 577, 578].
Similarly, differential activation of other related cellular events has also been observed
between “internalising” and “non-internalising” agonists. Translocation of MOP from lipid
rafts to non-raft domains has only been observed with internalising ligands such as
DAMGO and etorphine [520]. Furthermore, since p38 MAPK and PLD activation are
required for MOP internalisation, morphine would be expected to induce little p38 MAPK
phosphorylation. In agreement with this, Tan, Walwyn, Evans and Xie [508] have shown
that in mouse DRG neurons B-arr2-dependent p38 MAPK activation is required for

DAMGO but not morphine-induced receptor internalisation and desensitisation of VGCC



Introduction

inhibition [508]. Similarly, PLD activation in HEK293 cells has been observed in
response to DAMGO but not morphine [524]. Internalisation is also dependent on the
recruitment of B-arrs, hence internalising ligands such as DAMGO stimulate robust
recruitment of B-arrl and 2. Conversely, non-internalising agonists promote very little 3-
arr recruitment [579-581]; there is very little B-arr2 recruitment in response to morphine
and B-arrl recruitment is undetectable [579]. More recently, several novel ligands have
been discovered which stimulate little to no B-arr recruitment or MOP internalisation.
These include herkinorin, an analogue of the potent KOP agonist salvinorin A, which
does not promote any B-arr recruitment or receptor internalisation [580], and TRV130,
which stimulates less B-arr2 recruitment compared to morphine [581]. Overall there is a
clear distinction between the ability of internalising and non-internalising ligands to
activate several signalling processes, however even among ligands with a similar ability
to internalise MOP, there are differences in the subsequent trafficking and
resensitisation of the receptor. DAMGO desensitised receptors are readily internalised,
dephosphorylated and recycled back to the surface, whereas etonitazene treated
receptors are readily internalised, but are not dephosphorylated nor returned to the
surface [541, 543]. Even though receptors desensitised to morphine remain at the
surface, they are still dephosphorylated efficiently at the plasma membrane [543].
Altogether, differential activation of these regulatory events; receptor phosphorylation,
B-arr recruitment and receptor internalisation and trafficking, can have significant effects
on the activation of downstream signalling pathways as well as desensitisation and the
development of tolerance.

Differential -arr recruitment and MOP internalisation has been linked to stimulation of
different phosphorylation patterns on the CT of the receptor. Agonists that robustly
stimulate receptor internalisation, DAMGO, etonitazene and fentanyl, strongly stimulate
multi-site phosphorylation of the CT motif required for MOP internalisation (T*"° and the
S®*TANT motif), whereas the weakly internalising morphine only stimulates weak
phosphorylation of S’ and little to no phosphorylation of T3°, T3¢ and T3'° [184, 543,
544]. In line with this, mutation of these residues inhibits agonist-induced [-arr2
recruitment to clathrin coated pits and MOP internalisation [184, 545]. Differences in
agonist-induced receptor phosphorylation are mainly a result of selective engagement
of different kinases. MOP phosphorylation on the S*°TANT motif stimulated by
DAMGO, etonitazene and fentanyl is mediated by GRK2 and 3 but not GRK5 [184, 530,
546]. Conversely morphine appears to poorly stimulate MOP phosphorylation by GRK2
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or 3, and instead induces S*”° phosphorylation via GRK5 [546]. The lack of morphine-
induced GRK2 activation appears to underlie the inability of morphine to stimulate -
arrl recruitment and MOP internalisation, as overexpression of GRK2 enables
morphine to stimulate B-arrl recruitment and MOP internalisation [274, 525, 579, 582].
There is also the potential for differential receptor phosphorylation to be mediated by
activation of second messenger kinases. This has been observed in membrane
preparations, where morphine and B-endo stimulated MOP phosphorylation in the
presence of PKA whereas DAMGO and Met-enk did not [555]. Altogether, the
differential activation of multiple kinases by MOP ligands results in stimulation of
different receptor phosphorylation patterns, which regulates internalisation and
potentially regulates activation of other signalling pathways.

In addition to differential receptor phosphorylation, numerous studies have shown that
desensitisation and the development of tolerance to DAMGO, morphine and other
agonists is also dependent on activation of different kinases [503, 583, 584]. For
instance, tolerance to fentanyl but not morphine appears to be GRK3-dependent, as
acute analgesic tolerance to fentanyl is attenuated in GRK3 -/- mice, whereas tolerance
to morphine is unaffected [503, 585], except in the hippocampus where tolerance to
morphine is attenuated [585]. Similarly, DAMGO and Met-enk utilise a GRK2/B-arr2-
dependent desensitisation pathway in LC neurons [562, 583, 584, 586], and other cell
types [526, 531]. However, activation of GRK2/B-arr2 in response to morphine is only
associated with the development of tolerance in response to chronic treatment, but not
acute desensitisation in LC neurons [584, 587]. Instead, desensitisation and tolerance
induced by morphine have been shown to be dependent on activation of PKC [503, 530,
588-592]. Morphine stimulates activation of PKC [564, 593], which phosphorylates Ga;,
to prevent further G protein mediated signalling [564]. Numerous studies have shown
that morphine-induced desensitisation and tolerance is attenuated by inhibition of PKC
activity in LC neurons and HEK?293 cells, and is enhanced by PKC activation [530, 590].
Surprisingly, not all ligands which normally induce GRK2/B-arr2-dependent
desensitisation show the same propensity for activation of the PKC-dependent pathway.
Fentanyl has been shown to activate PKC, and stimulate desensitisation simultaneously
via both PKC and GRK2/B-arr2-dependent mechanisms. However, desensitisation to
Met-enk is unaffected by PKC inhibition but is enhanced by PKC activation [590].

MAP kinases ERK and JNK have also been implicated in agonist-dependent

mechanisms of MOP desensitisation and tolerance. DAMGO, but not fentanyl-induced



Introduction

nociceptive tolerance has been shown to be dependent on ERK activation [594]. MOP
agonists have been shown to preferentially activate ERK via different pathways.
DAMGO, fentanyl and etorphine have been shown to stimulate ERK activation via a
GRK2/3 and f-arr2-dependent pathway, [208, 511, 593], whereas morphine and
methadone activate ERK via a G protein mediated pathway that is dependent on PKC
[208]. ERK activated via these different pathways was also shown to target different
substrates. ERK activated via the G protein-dependent pathway remained in the cytosol
and activated 90RSK and CREB, whereas ERK activated via the B-arr-dependent
pathway translocated to the nucleus where it activated ELK-1 [208]. DAMGO has been
shown to activate JNK via the GBy/PI3K pathway [502], whereas morphine activation of
JNK is PKC-dependent [503, 504]. However, only JNK activated in response to
morphine appears to contribute to desensitisation, as JNK inhibition prevents
desensitisation and the development of tolerance to morphine, but not to fentanyl or
DAMGO [503, 504, 589]. Furthermore, this JINK-mediated desensitisation mechanism is
also potentially dependent on f-arr2, as JNK-mediated desensitisation to morphine is
absent in B-arr2-/- mice [504]. Overall, MOP ligands differentially activate multiple
desensitisation pathways, including both receptor phosphorylation-dependent and -
independent mechanisms, via activation of various kinases and other signalling

effectors.

Most biased agonism at the MOP receptor observed so far has been between G protein
and B-arr mediated signalling, or in some cases differential activation of various B-arr-
dependent events. The potential for bias between activation of multiple G protein-
mediated signalling pathways has remained largely unexplored. This is due to the fact
that the G protein activation efficacy of a ligand has always been assumed to equate to
its efficacy for activation of G protein-mediated signalling. However this is not
necessarily the case, as changes in the rank order of efficacy between G protein
activation and G protein-mediated signalling in different studies has been observed
[595-601], although these have not yet been confirmed by quantification of bias.
Additionally, agonists have been shown to display different profiles of intracellular Ca*
flux in HEK293 cells [602], which most likely occurs via G protein-dependent
mechanisms [566]. Furthermore, differential activation of Gaj, subtypes at MOP has
also been examined by several groups, and several MOP agonists have shown
preferences, albeit small, for activation of specific subtypes [603-606], which may lead
to differential activation of G protein mediated signalling pathways.
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Altogether, studies of biased agonism at the MOP have shown that MOP ligands display
an assorted array of signalling patterns. However, up till now, all studies examining
biased agonism at the MOP have been limited to examination of a small number of
signalling endpoints and only a handful of synthetic opioids, and have predominantly
based their conclusions on the responses of ligands at a single concentration.
Extending biased agonism studies to include a more diverse range of MOP ligands will
likely uncover even more variety in MOP signalling patterns. One class of opioids that
has been largely omitted from biased agonism studies is the endogenous peptides. All
endogenous opioids possess an identical pharmacophore, the Tyr-Gly-Gly-Phe
tetrapeptide, which is essential for opioid receptor binding and activation [332, 607].
Similarly the putatively endogenous ligands, endo-1 and endo-2 have tripeptide
pharmacophores, Tyr-Pro-Trp and Tyr-Pro-Phe respectively [332]. Ligands with
identical pharmacophores would normally be expected to stabilise the receptor into
similar conformations, however this is not necessarily the case. The highly variable C-
terminal residues of the endogenous opioids, which determine the selectivity between
opioid receptor subtypes [607], may also enable endogenous opioids to stabilise unique
conformations of the receptor. The CT residues may achieve this either via unique
interactions with other residues in the orthosteric binding site or other extracellular
regions of the receptor, and/or by altering the conformation of the tetrapeptide
pharmacophore. Interactions with the extracellular loops have been shown to be
particularly important for binding and selectivity of peptide ligands but not other ligands
[608-610], however unique interactions between particular endogenous opioids are yet
to be discovered. The potential for the tetrapeptide to adopt multiple conformations at
the same receptor has been shown recently. The potential binding pose of Leu-enk has
been determined by docking Leu-enk into the recently published crystal structures of
MOP and DOP in the inactive state [29, 611]. This revealed two potential conformations
of Leu-enk when bound to DOP. Thus it is clear that the endogenous opioid
pharmacophore is capable of adopting multiple conformations, which, if they can be
differentially adopted by different endogenous opioids, could each stabilise the receptor
in unique active conformations resulting in biased agonism. With the exception of Met-
enk, relatively very little is known about the signalling pathways activated by
endogenous opioids at the MOP. Not surprisingly however, endogenous opioid
signalling tends to mimic that of the Met-enk analog DAMGO, rather than that of
morphine [597]. Only a handful of studies have examined biased agonism of a small

number of endogenous opioids [596, 612-614], and so far have observed very little
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diversity in biased agonism. The only exception is endo-2 which has been shown to be
biased towards recruitment of B-arr2 over G protein activation and stimulate stronger
MOP phosphorylation [596, 615, 616]. In addition to this, Yu, Zhang, Yin, Sun, Uhl and
Wang [597] discovered that a-neo does not stimulate detectable MOP phosphorylation,
which is in contrast to most other endogenous ligands that stimulate robust MOP
phosphorylation and internalisation [576, 596, 597, 617, 618].

To enable design of a novel biased opioid that selectively activates signalling pathways
that produce analgesia with minimal activation of pathways responsible for producing
side effects, the contribution of each signalling pathway to specific physiological effects
needs to be established. It is well established that the MOP exerts its acute analgesic
effects primarily through the inhibition of neurotransmitter release, which, depending on
the cell type, is achieved via G protein-mediated effects on AC, K* and Ca?* channels
[123, 498, 619, 620]. For instance, in LC neurons MOP is predominantly coupled to
GIRKs and VGCCs [620-623], whereas as in DRGs MOP couples to VGCCs and AC
[123, 624-627]. In line with this, the efficacy of an agonist to activate G proteins
correlates well with its analgesic efficacy [601]. However, there is evidence that MOP
ligands produce analgesia at least partly via divergent signalling pathways [628-631].
For example, the analgesic effects of morphine, levorphanol and buprenorphine, but not
fentanyl or methadone, have been shown to be dependent on stimulation of Na* K*-
ATPase activity, possibly via inhibition of AC which results in less PKA phosphorylation
of Na*,K*-ATPase [629]. This indicates that there may be the potential for increasing
analgesic efficacy by tweaking ligand bias towards particular G protein-mediated
signalling pathways. Precise determination of the physiological roles of other signalling
pathways activated by MOP has proved to be difficult. Since MAP kinases have so
many potential downstream targets, they appear to have multiple physiological roles.
Apart from their involvement in the development of tolerance already described, MAP
kinase activation has also been associated with reduced analgesia in response to

morphine [632, 633], but also enhanced analgesia in response to DAMGO [594].

Unfortunately, most side effects to MOP analgesics, including respiratory depression
and inhibition of GIT motility, are also mediated via activation of the same G protein-
mediated signalling pathways in different tissues [429, 634, 635], so simply designing
ligands that are biased towards G protein activation may not result in generation of
fewer side effects. However, this is not necessarily the case with activation of signalling

pathways that are involved in desensitisation and the development of tolerance. This is
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in part because these signalling events appear to be highly tissue specific. Some MOP
ligands have been shown to stimulate MOP desensitisation via different mechanisms in
some cell types. For instance morphine, which does not stimulate GRK2/3 or MOP
internalisation, does stimulate MOP internalisation in dendrites of neurons of the
nucleus accumbens (NA) [636], and morphine-induced tolerance is reduced in the
hippocampus of GRK3-/- mice [585]. Oxycodone has also been shown to stimulate
MOP internalisation in HEK293 cells [503] but not in LC neurons [618]. Furthermore, the
development of tolerance to morphine appears to be independent of ERK activation
[503, 637], except tolerance is inhibited in the PAG [638] and enhanced in the spinal
cord and DRGs by ERK activation [639]. Additionally, increased expression or activity of
kinases involved in MOP desensitisation, have also been shown to alter desensitisation
mechanism induced by some ligands. Overexpression of GRK2 enhances the ability of
morphine to stimulate recruitment of B-arrs and internalise the receptor and reduces AC
inhibition [525]. Likewise, increased PKC activity induced by phorbol esters or
concomitant activation of a Gag coupled receptor, enhances desensitisation to Met-enk
[590]. Overall this suggests that the natural variations in expression and activity of these
kinases in different cell types will alter the mechanisms of desensitisation used by these
ligands.

Tissue specific regulation induced by morphine has been demonstrated by the effects of
morphine in B-arr2-/- mice [640]. These mice are more resistant to morphine-induced
respiratory depression and constipation, but conversely morphine-induced analgesia is
enhanced and analgesic tolerance is reduced [579, 640-643]. Interestingly, the
attenuation of analgesic tolerance was greater for supraspinal analgesia than for spinal
analgesia [643]. Overall this suggests that B-arr2 may play differential roles in
desensitisation and the development of tolerance to morphine in different tissues.
Additionally, these effects are not observed with other agonists such as methadone,
fentanyl, etorphine and oxycodone [579, 640-642], which shows that activation of the
same signalling effector by different ligands may not necessarily result in activation of
the same downstream signalling events. Nonetheless, several groups have begun
searching for ligands which stimulate less -arr2 recruitment compared to morphine in
the hope that they will mimic the effects of morphine in B-arr2-/- mice and produce
enhanced analgesia with reduced side effects. This has led to the development of a G
protein biased compound TRV130, which has been shown to produce less respiratory
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and gastrointestinal side effects, and is currently in phase Il clinical trials [581, 644,
645].

For a review on quantification of bias at MOP please refer to chapter 1.3 Novel
GPCR Paradigms at the p-Opioid Receptor
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1.3.1 Abstract

Opioids, such as morphine, are the most clinically useful class of analgesic drugs for the
treatment of acute and chronic pain. However, the use of opioids is greatly limited by
the development of severe adverse side effects. Consequently, drug discovery efforts
have been directed towards improving the therapeutic profile of opioid-based
treatments. Opioid receptors are members of the family of GPCRs. As such, the recent
GPCR paradigms of biased agonism and allosterism may provide novel avenues for
more effective analgesics. Biased agonism (or functional selectivity) has been described
for all the opioid receptor family members. Furthermore, the first allosteric modulators of
opioid receptors have very recently been described. However, identification and
guantification of biased agonism in a manner that is informative to medicinal chemists
and drug discovery programmes still remains a challenge. In this review, we examine
the progress, to date, towards identification and quantification of biased agonism and
allosterism at the p-opioid receptor in the context of its implications for the discovery of

better and safer analgesics.
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1.3.2 Introduction

GPCRs can mediate a spectrum of acute signalling and longer-term regulatory
behaviours that can be modulated in a ligand-specific manner. Such functional
versatility cannot be explained by a simple ‘on—off’ switch model of receptor activation,
and is more compatible with dynamic and flexible structures. Indeed, during the last
decade, we have witnessed the experimental confirmation of previously theoretical
concepts demonstrating that GPCRs exist in many, temporally related, micro-
conformations [646, 647]. Approaches such as NMR spectroscopy have provided
evidence that GPCRs are highly dynamic proteins that exist in several functionally
relevant conformational states [52, 647]. Two paradigms that are fundamentally linked
to such inherent plasticity of GPCRs are biased agonism (or functional selectivity) and

allosterism.

Biased agonism describes the phenomenon whereby the binding of different ligands to
the same receptor in an identical cellular background results in differential activation of
cell signalling pathways and, eventually, in different physiological outcomes [233]. At a
molecular level, this is a consequence of the fact that different agonists do not activate
receptors through stabilisation of the same active state; rather, they can stabilise
different functionally active states that lead to the engagement of a limited subset of
intracellular effectors, and in turn, the activation of specific signalling pathways. The
ability of distinct GPCR-agonist complexes to differentially activate intracellular signals
provides new avenues for the development of drugs that are not only receptor-specific,
but also ‘pathway-specific’, and has opened the way to the discovery of ligands that
selectively activate signalling pathways mediating the desired physiological effects while
minimizing ‘on-target’ side effects that are elicited by activation of other signalling
pathways via the same receptor. However, although this concept is very attractive, there
are significant challenges to its translation from the field of medicinal chemistry into
effective therapies. On the one hand, the identification of the signalling pathways
responsible for therapeutic effects and of those responsible for the deleterious side
effects is not straightforward; on the other hand, analytical tools for the detection and
guantification of biased agonism are becoming available for drug development efforts
aimed in this direction [648].

The phenomenon of allosterism is also a consequence of the conformational plasticity
of GPCRs. Allosteric ligands influence receptor activity by binding to sites that are

topographically distinct from the site where the endogenous (orthosteric) ligand binds.
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Classical models of allosterism already postulated the need for multiple conformational
states in the absence of ligand as a fundamental characteristic of allosteric proteins
[649]. These states exist in a dynamic equilibrium, and the binding of a ligand to an
allosteric protein stabilises some states at the expense of others [650]. As such,
allosteric ligands mediate their effects by promoting conformational changes in the
GPCR protein that are transmitted from the allosteric binding pocket to the orthosteric
site, or directly to the effector sites. In terms of drug development, allosteric GPCR
ligands offer significant advantages over targeting of the orthosteric site. First, because
of the lack of evolutionary pressure on sites other than that where the endogenous
ligand binds, allosteric sites have not necessarily been conserved and therefore offer
greater potential for receptor subtype selectivity. Second, in the absence of intrinsic
efficacy, allosteric modulators will only exert their effect when and where the
endogenous ligand is present, therefore tuning cellular responses and maintaining the
temporal and spatial characteristics of endogenous signals. Furthermore, as the effect
of an allosteric ligand is limited by its cooperativity, such class of ligands may become

safer therapies with fewer on-target overdosing risks.

Studies on opioid receptors have provided prototypical examples of ligand-dependent
signalling and regulation [651], and recently, allosteric modulators of the MOP have
been described [652]. In this review, we examine the progress, to date, towards
identification and quantification of biased agonism and allosterism at the MOP, in the
context of its implications for the discovery of better and safer analgesics.

1.3.3 Ligand-Dependent Effects at the u-Opioid Receptor

Opioids have been used for millennia for the treatment of moderate to severe pain, and
remain the most effective and widely used analgesics to date. Of the four subtypes of
opioid receptors, the MOP subtype is the therapeutic target for most currently used
opioids as the analgesic effects of morphine were abolished in a MOP knockout mouse
[339]. However, it is well known that opioid analgesics, including morphine, oxycodone
and fentanyl, suffer from very limiting side effects such as tolerance, dependence and
addiction, respiratory depression, and constipation, which severely limit their clinical
use. Therefore, there is a need for new compounds that provide effective analgesia, but

without the serious side effects.

As mentioned previously, biased agonism offers such potential, and there are clear

indications of the existence of ligand-specific effects on MOP signalling and regulation
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[see 651, 653]. Two key observations on the actions of morphine triggered most of the
studies on biased agonism at the MOP. First, morphine induces relatively less MOP
internalisation, in spite of its efficacy in mediating G-protein activation [533, 535].
Second, morphine-induced respiratory depression and constipation are dramatically
attenuated in a -arr2 knockout mouse while analgesia is enhanced [640]. This latter
result also provided clear evidence of the tissue-specific mechanisms of receptor
activity and regulation. Taken together, these reports have sparked the search for the
potentially different signalling mechanisms that mediate the diverse physiological
actions of MOP agonists as well as for ligands that exploit such mechanisms. However,
most descriptions of biased agonism at the MOP have been based on qualitative
comparisons between ligands. The number of studies quantifying bias is still very low
(see later). Yet, in order to apply biased agonism therapeutically and effectively, it is
necessary to incorporate parameters that describe the degree of bias in a manner that

can inform future drug development.

1.3.4 Quantifying Biased Agonism

Although biased agonism is now widely accepted, the majority of studies to date on
biased agonism have used largely qualitative observations, such as reversals in agonist
potency orders or maximal agonist effects between different pathways, as indicators of
biased agonism. However, such approaches are not optimal. The observed response of
an agonist at a given pathway is not only the result of unique ligand-induced receptor
conformations, but is also affected by ‘system bias’, which reflects the differing coupling
efficiencies of the receptor to a given signalling pathway, and by ‘observation bias’,
which results from differing assay sensitivity and conditions [648]. It is the bias imposed
by the ligand on the receptor that is the only source of bias that can be chemically
optimised to improve the therapeutic profile of a drug. It is therefore important to
guantify signalling bias in such a way that it excludes system and observation bias, in

order to reveal the unique signalling profile that is induced by the ligand.

The potency of a ligand is determined by both its affinity for the receptor state coupled
to that particular pathway, as well as its intrinsic efficacy for generating a response in
that pathway. In contrast, the maximal effect of a ligand at saturating concentrations is
only determined by intrinsic efficacy. In addition, contributors to system bias, signal
amplification and receptor expression need to be taken into account as they have

markedly different effects on potencies and efficacies of differently efficacious ligands.
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Therefore, a rigorous and useful analysis of bias should take into account both potency
and maximal effect of a ligand, eliminate the effects of system and observation bias,
and should be broadly applicable to routinely derived concentration—-response data.
Such analysis would not only allow the signalling bias profiles of ligands in different cell
types to be compared, but would also aid the efforts of medicinal chemists to discover

new biased ligands.
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Figure 1.7: Quantification of biased agonism using relative transduction ratios.

In order to quantify the signalling bias of a set of ligands, it is necessary to measure bias in an
identical cellular background across several signalling end points. Full concentration—response
curves for each pathway are fitted to the Black—Leff operational model to estimate a
transduction coefficient (log[t/Ka] ) for each agonist (in the example, solid lines for pathway 1
and dotted lines for pathway 2). Next, the effects of system and observation bias are removed
by adjusting these values to a reference ligand to yield the Alog[t/K,]. Finally, the relative
transduction ratio (AAlog[t/K,] ) is obtained by subtraction of the Alog[t/K,] value of two
pathways one from another. The AAlog[t/Ka] values represent ligand bias on a linear scale,
which is amenable to statistical analysis. [A], agonist concentration; K,, operational affinity; T,
efficacy; n, slope of the fitting parameter; Em, maximal response of the system. For a step-by-
step method to measure bias, see van der Westhuizen, Breton, Christopoulos and Bouvier
[654].

Several analytical approaches have been described to quantify biased agonism [see

648]. Of these, the relative transduction ratio [AAlog(t/K,) ] is one of the most robust
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and widely applicable method for bias quantification. This method applies the
operational model of agonism first derived by Black and Leff [655]. Application of this
model to concentration—response curves estimates a ‘transduction coefficient’ log(t/Ka)
which is comprised of the functional equilibrium dissociation constant (operational
affinity, Ka), a measure of the affinity for the receptor coupled to a particular effector
protein or signalling pathway, which is different from the affinity of the ligand for the bare
receptor determined in radioligand binding experiments (see later); and t which
encompasses both the intrinsic efficacy of the agonist in activating a particular signalling
response and receptor density. The log(t/Ka) is thus an overall measure of the relative
‘power’ of an agonist to induce a response. In order to eliminate the effects of system
and observation bias, the log(t/Ka) is normalised to a reference agonist, yielding values
of Alog(t/Ka). Finally, these values can be compared across two signalling pathways for
a given agonist to obtain the relative transduction ratio AAlog(t/Ka) as measures of

agonist bias (Figure 1.7).

1.3.5 Quantification of Biased Agonism at the p-Opioid Receptor

The effects of morphine in the B-arr2 knockout mice [640] together with the substantial
evidence of the distinct effects of morphine in MOP desensitisation and internalisation
[530, 587] suggest that ligands that display bias towards G-protein-mediated pathways
and away from f-arr2 recruitment, may have improved therapeutic profiles as
analgesics. Such ligands offer the potential to provide pain relief with less adverse
effects normally associated with the opioid agonists, including tolerance, dependence
and addiction, constipation, nausea, and respiratory depression. For this reason, most
of the studies focused on detection and quantification of biased agonism have utilised
these two pathways, G-protein activation and B-arr2 recruitment, albeit using different
approaches for such determinations [596, 598, 612, 615, 656].

Using bioluminescence resonance energy transfer (BRET) approaches, Molinari, Vezzi,
Sbraccia, Gr, Riitano, Ambrosio, Casella and Costa [612] investigated the ability of
MOP and DOP to activate G proteins and recruit B-arrs [612]. G protein activation by a
wide range of opioid ligands was measured as changes in the BRET signal in between
the receptor and the B1 subunit of the G protein in cell membranes while arrestin
recruitment to the receptor was performed in whole cells. Plotting the relative intrinsic
activities (i.e. the maximal response of a given ligand relative to the maximal response

of a reference agonist) of all ligands in the two signalling endpoints revealed a
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hyperbolic relationship between the two. This is in line with the fact that most of the
tested ligands displayed full agonism for G protein activation and intrinsic activities fail
to differentiate between full agonists [657]. A number of ligands including morphine,
oxymorphone and ethylketocyclazocine clustered as ligands with low intrinsic activities
for B-arr2 recruitment and high intrinsic activities for G protein activation. Indeed, this
result is also expected when the coupling efficiency of different pathways is taken into
consideration, as the response of partial agonists will be lower in less efficiently coupled
signalling pathways such as -arr2 recruitment. Estimation of the bias factor AAlog(t/Ka)
relative to etorphine of the corresponding concentration—response curves reveals that
different intrinsic activities (such as oxymorphone vs. etorphine, endo-2 or lofentanyl) do

not necessarily translate into significant ligand bias (Figure 1.8A).

As bias is an intrinsic characteristic of a ligand, it follows that metabolites of a given
ligand do not necessarily have to mimic the bias of the original compound. Interestingly,
this has been evaluated in vitro for morphine and its metabolites [656] using Forster
Resonance Energy Transfer (FRET) approaches to detect Gaj; activation and (-arr2
recruitment. Comparison of relative efficacies of all the metabolites to morphine,
suggested that only 3 metabolites (normorphine, 6-acetylmorphine, morphine-6-
glucuronide) showed bias towards (-arr2 recruitment. However, when using morphine
as the reference ligand to estimate AAlog(t/Ka) values, nearly all the metabolites are
significantly biased towards {-arr2 compared with morphine (Figure 1.8B). This
illustrates additional information that can be obtained by application of the operational
model of agonism to detect and quantify bias because, as mentioned previously,
comparison of relative efficacies fails to distinguish between full agonists as their activity
is limited by the system. In this case, the signalling bias of higher-efficacy agonists may
be overlooked or may be mistakenly considered as biased when they are in fact not.
Therefore, in the case of the higher-efficacy agonists, a scale that incorporates both the
maximal response and potency, such as the transduction coefficient, is required. Such
results also suggest that morphine metabolites possess divergent signalling bias, an
aspect that will need to be taken into consideration when interpreting the effects of
morphine signalling in vivo. Finally, it should be noted that in these experiments, GRK2
was only overexpressed when measuring -arr2 recruitment, and as described later, the
cellular content of relevant proteins or other agents can also play a role in the direction
of bias. It would therefore be very informative to quantify bias of morphine metabolites

under similar conditions across different signalling pathways.
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Figure 1.8: Quantification of signalling bias between G protein and gB-arr interactions at
MOP.

(A) Relative transduction ratios estimated for data from Molinari, Vezzi, Sbraccia, Gr, Riitano,
Ambrosio, Casella and Costa [612] between assays for GB1 and (-arr2 interactions using
etorphine as the reference ligand showed no significant bias between ligands (B) Relative
transduction ratios between Gai1 and B-arr2 recruitment estimated using data from Frolich,
Dees, Paetz, Ren, Lohse, Nikolaev and Zenk [656] using morphine as the reference ligand
shows that most morphine metabolites are significantly biased towards recruitment of B-arr2
compared with morphine (C) Relative transduction ratios between GTPyS binding and B-arr2
recruitment from McPherson, Rivero, Baptist, Llorente, Al-Sabah, Krasel, Dewey, Bailey,
Rosethorne, Charlton, Henderson and Kelly [596] estimated using Leu-enk as the reference
ligand show that in addition to endo-2, endo-1, etorphine and several other ligands are biased
towards B-arr2 recruitment. The two-tailed t-test was used to determine whether transduction
ratios were statistically different from the reference ligand * P<0.05, **P<0.01, ***P<0.001,
AP<0.05.

In a systematic approach to evaluate biased agonism at the MOP, McPherson, Rivero,
Baptist, Llorente, Al-Sabah, Krasel, Dewey, Bailey, Rosethorne, Charlton, Henderson
and Kelly [596] examined the signalling bias of a wide range of ligands including
endogenous opioid peptides and synthetic opioids [596, 615]. As in the previous
reports, G-protein activation and B-arr2 recruitment were measured by [**S]GTPyS
binding, and an enzymatic complementation assay respectively. In these studies, endo-
2 was the only ligand that showed statistically significant bias towards [-arr2
recruitment. Agonist bias was determined by fitting concentration—response curves to
the Black—Leff operational model to estimate the efficacy parameter t. However, instead
of estimating the functional affinity of the ligand-bound receptor in each particular
pathway, the affinity parameter in these calculations remained constant across
pathways and was determined from radioligand binding experiments [658]. Given that a
ligand can have differing affinities for distinct receptor states (e.g., for the G-protein-
bound and unbound states), such differing affinities have to be taken into account when
measuring biased agonism. Although in some situations, the binding affinity and the
functional affinity can be very similar, this will not always be the case [see 648, 659].

When the dissociation constant is obtained from concentration—response curves using
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the Black—Leff operational model and bias factors are estimated, it becomes apparent
that other ligands, apart from endo-2 also show significant bias towards -arr2
recruitment when compared with Leu-enk as a reference ligand (Figure 1.8C).
Interestingly, some ligands used in this analysis had previously been used in other
studies. However, the relative transduction ratio analysis suggests that morphine-6-
glucuronide, 6-acetyl-morphine and normorphine did not show significant bias towards
B-arr2 recruitment when compared with morphine in contrast to previous reports Frolich,
Dees, Paetz, Ren, Lohse, Nikolaev and Zenk [656]. Similarly, this analysis also
revealed a significant difference between etorphine and endo-2 that had not been
detected by Molinari, Vezzi, Sbraccia, Gr, Riitano, Ambrosio, Casella and Costa [612]
(Figure 1.8).

Finally, the ability of different ligands to mediate G-protein activation, receptor
desensitisation and receptor internalisation has been examined using inhibition of
calcium channel currents (Ica) and immunocytochemistry, respectively, as functional
readouts [598]. The relative efficacies of DAMGO, morphine, methadone and
pentazocine were measured for acute inhibition of calcium currents, for homologous
desensitisation of these currents and for receptor endocytosis. Importantly, relative
efficacies were calculated using functional affinity constants determined experimentally
from receptor depletion experiments. These experiments revealed that the efficacy for
lca Inhibition did not correlate with the efficacy of desensitisation or receptor
internalisation, suggesting that morphine and, potentially, pentazocine are biased,
relative to DAMGO, and that acute desensitisation is not dependent on receptor

internalisation.

Overall, these studies have provided valuable insight into biased signalling of opioids at
MOP although it still remains to be seen whether they are able to predict differential
responses in vivo. These studies also illustrate the importance of a number of factors
that influence the identification and quantification of biased agonism such as cellular
content, the pluridimensionality of efficacy and the choice of a reference agonist. It is
important to consider these key aspects when interpreting information obtained from

studying biased signalling in vitro.
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1.3.6 Effect of Cellular Content on Biased Agonism

The content of signalling effectors among different cells is not identical. As a
consequence, biased agonism across different cellular systems is likely to change. This
has important implications in vivo as, for instance, the effect of the same ligand in
primary cells isolated from different tissues can show opposite bias. One relevant
example in the case of the MOP-biased agonism is the effect of the levels of GRK2
expression. Overexpression of GRK2 has sometimes been used as a strategy to
increase the sensitivity of the detection of B-arr2 recruitment to several GPCRs
including the MOP [656, 660, 661]. However, there is substantial evidence to
demonstrate that receptor phosphorylation is also subject to bias (ligand-dependent)
and that this phosphorylation can have downstream consequences such as differential
engagement of signalling kinases or differential receptor regulation [184, 283, 538, 546].
Thus, overexpressing a particular kinase may have differential effects on the efficacy of
distinct ligands, thus changing the bias profile of the entire set of ligands. One approach
to minimize such artificial introduction of bias is to evaluate all the signalling end points
under exactly the same cellular conditions and content, for example overexpressing

GRK2 when investigating all the pathways in addition to B-arr2 recruitment.

However, the issue of differential contents of effector and regulatory proteins in different
tissues still remains. For example, high levels of GRK2 are found in brain, leukocytes,
heart and spleen, followed by lung and kidney [662]. Thus, quantification of signalling
bias in recombinant cells can be used to reveal ligands with unique signalling profiles
that can then be used as pharmacological tools for studying the consequences of
biased agonism in vivo. It is therefore important to adopt a global perspective on the
concept of bias, that is as an indicator of differential behaviours, fingerprints or activity
profiles across ligands at the same receptor that can ultimately translate to different

physiological outcomes.

1.3.7 Efficacy is Pluridimensional

Most of the descriptions of biased agonism to date have focused on the differential
activation of G-protein-mediated events and (-arr2 recruitment. However, it is evident
that most GPCRs pleiotropically couple to a myriad of signalling effectors. The ability of
compounds to promote unique, ligand-selective conformations of GPCRs that are able
to engage different transduction pathways or regulatory events underlies the

mechanism for the pluridimensionality of efficacy [663]. As such, the detection of bias
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should be extended beyond differences between G protein activation and f-arr2
recruitment. Additionally, it is now clear that signalling efficacy through GPCRs is not
linear, and that multiple mechanisms control the responsiveness of receptor systems
such as desensitisation and internalisation, resulting from receptor phosphorylation
[664]. It is now established in several GPCR models, including the MOP, that not all
ligands with similar apparent efficacy towards a given signalling pathway display a

similar propensity to trigger these regulatory events [535].

The MOP has been shown to couple to many signalling effectors via G proteins and -
arrs [see 319, 651, 665]. Furthermore, the MOP has also been shown to directly interact
with phospholipase D2 [666], and with proteins that control its localisation in lipid raft
microdomains [667]. As such, limiting bias studies to these two proximal events directly
limits the detection of biased agonism. In addition, there is now evidence of biased
activation of G protein subunits by the MOP, which is not detected in proximal G protein
activation assays (such as cAMP inhibition), but may differentially affect downstream
signalling [603-605]. Similarly, biased effects on B-arr activity are not completely
captured in B-arr recruitment assays. -arrs have a diverse range of functions that affect
signalling and receptor regulation, which are dependent on both cellular content and the
ligand itself. The strength of interaction between the receptor and B-arr, as measured in
a B-arr recruitment assay, is not necessarily indicative of the subsequent effects on

downstream signalling and receptor regulation.

The systematic analysis of many signalling end points will maximize the information
obtained from biased signalling studies in vitro as such approaches will provide
‘textures’ of ligands in cellular models. Different ‘textures’ in vitro may be indicative of
distinct physiological fingerprints when translating bias into physiologically relevant

systems.

1.3.8 Relevance of the Reference Ligand

As mentioned earlier, signalling bias is a relative measure; it is always in comparison
with another ligand. As such, choosing a reference ligand is a key aspect of the
guantification. The reference ligand itself is not unbiased (there is no such thing), but
ideally, the reference ligand should show activity in most pathways as well as possess a
signalling profile similar to the endogenous ligand or to most ligands that target that
particular GPCR. It can be misleading to use a reference agonist such as morphine,

which is known to exhibit differential signalling when compared with most endogenous
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opioid peptides. Under most conditions, morphine will be biased towards G-protein-
mediated signalling, so if it is used as a reference agonist, most other ligands will be
clustered as B-arr biased. This is illustrated in Figure 1.9 where bias between G-protein
activation and f-arr2 recruitment measured by [656], is quantified using two different
reference ligands. As shown earlier, when morphine is used as the reference ligand to
estimate values of AAlog(t/Kp), nearly all the morphine metabolites are biased towards
B-arr2 recruitment. However, when an agonist with higher efficacy in the B-arr2
recruitment assay, such as normorphine, is used as the reference agonist, the
calculated bias for many of the metabolites appears to change. This shows that the
majority of the metabolites are similar to normorphine, whereas morphine becomes
significantly G-protein-biased and there are now only three metabolites that are biased
towards B-arr2 recruitment. However, it is important to note that while the absolute bias
factors ascribed to an agonist will change depending upon the ligand designated as
reference, whether or not a significant difference exists between any ligand pair will not
change regardless of which ligand is designated as reference. In order to make direct
comparisons of signalling bias among different studies, it is important that the same
ligand is used as a reference for quantification. The reference ligand is also very
important when attempting to predict bias in vivo. As mentioned earlier, ligand bias is
cell-dependent, making predictions of in vivo bias difficult. However, extensive
knowledge of the physiological activity and signalling by the reference ligand, will allow
links between signalling profiles and physiological effects to be made. Hence, the
reference should ideally be a ligand that has been very widely studied. The obvious
choice in most cases would be to use the endogenous ligand however, that is not
straightforward with opioid receptors because of the existence of many endogenous
opioid peptides. As DAMGO and Met-enk have been the ligands most widely studied in
MOP biology, these two ligands would potentially be ideal ‘universal’ candidates.
However, the choice of reference ligands will always depend on the question that a

particular study is trying to address.
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Figure 1.9: Quantification of bias using different reference ligands.
Concentration—response curves from Frolich, Dees, Paetz, Ren, Lohse, Nikolaev and Zenk
[656] for G-protein activation and B-arr2 recruitment were fitted to the operational model to
estimate values of AAlog(t/K,) between the two pathways using either morphine or normorphine
as the reference ligand. When morphine is used as the reference ligand most morphine
metabolites are biased towards B-arr2 recruitment. When normorphine is used as the reference,
morphine becomes G-protein-biased and its derivatives, 6-acetyl-morphine (6-acetyl-Mo), Mo-3-
sulfate and Mo-6-sulfate are B-arr2-biased. The two-tailed t test was used to determine whether
transduction ratios were statistically different from the reference ligand, morphine *P < 0.05, **P
< 0.01, ***P < 0.001 or normorphine AP < 0.05, AAP < 0.01.

1.3.9 Use of Biased Agonism in Drug Discovery to Improve Pharmacological Profiles of
Analgesics

Quantification and determination of bias in vitro can guide medicinal chemists towards
the design of biased GPCR ligands for those receptors where the signalling cascades
responsible for therapeutic versus side effects are known. Structure—activity relationship
(SAR) studies at the angiotensin AT1 receptor have resulted in a B-arr2-biased ligand
(TRV120027) that is currently in clinical trials for acute decompensated heart failure
[668]. Similarly, at the dopamine D2 receptor, biased partial agonists have been
identified by exploring the structure of the antipsychotic aripiprazole through a
combinatorial chemistry approach [661] and, more recently, by classical SAR studies
supplemented with parameters of bias and functional affinity determined using the

transduction coefficient method [659].

Given the phenotype of the B-arr2 knockout mouse and the accumulated evidence of
ligand-directed signalling at the MOP, SAR approaches for the biased activation of this
receptor have also been developed and have vyielded promising compounds with

analgesic function and improved side effect profile [581, 669]. Recently, nhew MOP
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ligands (low MW compounds and endo-1 derivatives) that produce analgesia with less
gastrointestinal dysfunction and respiratory depression have been reported. One of
these compounds, TRV130, is the result of SAR screening studies by Trevena, Inc.
focused on the discovery of G-protein-biased (as opposed to B-arr2 biased) ligands at
the MOP [670]. In vitro, and compared with morphine, TRV130 displayed markedly
different responses when assessed by two different signalling end points — inhibition of
forskolin-induced cAMP and -arr2 recruitment. Additionally, TRV130 showed
decreased phosphorylation of the receptor at Ser375 and failed to internalise receptors.
The authors examined bias between adenylate cyclase inhibition and (-arr2 recruitment
by comparison of relative intrinsic activities [658] of TRV130 and morphine, and showed
that TRV130 was biased towards adenylate cyclase inhibition. However, statistical
comparison of bias using this method was hampered by the low efficacy of TRV130 in
B-arr2 recruitment. As an alternative approach, the authors constructed a ‘bias plot’,
where the normalised responses as changes in cCAMP were shown as a function of the
corresponding response in B-arr recruitment [648, 671]. Bias plots are useful graphical
tools for visualizing bias of ligands between two pathways, but they incorporate all three
types of bias, observation, system bias and ligand bias. This means ligand bias can only
be observed when there are extreme differences between ligands, and also makes bias
plots unsuitable for quantifying bias. Estimation of the bias factor using the operational
model of agonism described above showed that the relative transduction ratio of
TRV130 was not statistically different from morphine. The reduced B-arr2 recruitment
observed with TRV130 in HEK cells could be attributed to the fact that it is a low-
efficacy agonist and hence, poorly stimulates signalling pathways with low coupling
efficiency. However, this moderate difference in the bias factors is very likely to be more
relevant in vivo, which accounts for the improved pharmacological profile of TRV130. A
more comprehensive analysis of bias of TRV130 across many signalling pathways, and
compared with other opioid ligands will reveal more information about its unique bias

profile, and provide insight into how TRV130 exerts its effects in vivo.

Finally, it is worth noting that most of the SAR studies performed so far that were
focused on the discovery of biased ligands, have utilised differences between G-protein
and B-arr-mediated pathways. However, it is tempting to anticipate that, in the coming
years, there will be an increase in the number of studies that investigate a more diverse

array of signalling end points that will reveal differential ‘textures’ of GPCR ligands.
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1.3.10 Allosterism at the p-Opioid Receptor

Although topographically distinct, druggable, allosteric sites have been postulated to be
present in all GPCRs [672, 673], the discovery of allosteric ligands that bind to the
opioid receptors has remained a challenge until recently. Allosteric ligands induce
conformational changes that are transmitted from the allosteric binding pocket to the
orthosteric binding site. They offer the potential of improved subtype selectivity,
decreased risk of overdose and maintained spatial and temporal activity of the target
receptor [674]. All these pharmacological characteristics are of particular relevance for
opioid-based therapies, as they may offer the potential to overcome the tolerance and
dependence developed upon chronic/prolonged receptor activation. However, several
considerations need to be taken into account regarding the effects of allosteric

modulators on GPCRs.

The classical view of GPCR allosterism has focused on the change elicited on the
properties of the orthosteric ligand; however, the conformational changes induced by
the binding of an allosteric modulator can have similar consequences when considering
the cytosolic proteins that interact with the receptor and mediate signal transduction.
More importantly, this effect can vary depending on the different intracellular effectors.
Macroscopically, this translates in some pathways being modulated, in either a positive
or negative direction, at the expense of others. Finally, allosteric ligands can also
display efficacy in their own right, and as such, they can potentially activate signalling
pathways that are distinct from those activated by the orthosteric ligands. It is therefore
important that the characterisation of allosteric ligands includes the assessment of many
relevant signalling pathways as well as the intrinsic efficacy of allosteric ligands on their

own.

Interestingly, compared with other family A GPCRs, there have been significantly fewer
allosteric ligands discovered for the opioid receptors. This is in contrast with the several
descriptions of ‘allosteric interactions’ across opioid receptor dimers, whether
homodimers or heterodimers [675-678]. With regards to the MOP subtype, the crystal
structure of the MOP already suggests an oligomeric arrangement of this receptor [29],
and allosteric interactions have been described between MOP and mGIuR5, CB1, DOP
and KOP [678-681].

In terms of — low MW allosteric modulators, Burford et al 2013 [652] recently discovered

the first allosteric modulators of the MOP using high throughput screening with a
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complementation approach to measure (-arr2 recruitment. This screening resulted in
the identification of two positive allosteric modulators (PAMs) and two silent allosteric
modulators (which bind to the allosteric site of the receptor but have neutral
cooperativity with the orthosteric ligand). BMS-986121 and BMS-986122 positively
modulated the binding of DAMGO to the MOP and potentiated the effects of endo-1,
DAMGO and morphine in -arr2 recruitment, G-protein activation and cAMP inhibition.
This exciting discovery has provided the tools to investigate the effects of allosterism on
ligand-dependent effects at the MOP. For example, how do PAMs affect MOP
regulation by different agonist? Do PAMs differently affect synthetic versus endogenous
opioid ligands? It will also be extremely interesting to investigate whether PAMs can
potentiate the analgesic effects of current opioid drugs or endogenous opioids, without

potentiation of the side effects.

1.3.11 Concluding Comments

Although GPCRs are coupled to a plethora of signalling pathways, most descriptions of
biased agonism have been based on the comparison of two signalling events across
different ligands. It is therefore quite likely that the ‘relevant’ signalling event has been
omitted by the initial selection of signalling end points. Additionally, it is unlikely that a
response derives from the activation of a very distinct signalling pathway. Rather,
physiological responses are likely to reflect complex outputs from a tightly controlled
and selective activation of a particular group of intracellular signals. Such a holistic view
represents a major challenge for pharmacologists and medicinal chemists. One
potential approach to predict physiological outcomes is the thorough investigation of
many signalling end points in simple cellular models to generate ligand activity profiles.
Subsequently these specific fingerprints can be related to more complex physiological
responses. This approach requires not only a robust and systematic quantification
method, but also the validation of signalling profiles in more relevant systems. However,
once obtained, these fingerprints will represent a framework that will offer the potential

to predict the physiological outcome from a novel drug.

Parallel with the discovery of new biased MOP ligands with improved therapeutic
windows, the discovery of opioid receptor allosteric modulators will also open new
avenues to overcome the current limitations of opioid ligands as analgesics. As such,
the evaluation of this new class of compounds in vivo will be extremely informative in

terms of whether allosterism can be exploited to generate better and safer analgesics.



Introduction

1.4 Summary and Aims

The MOP receptor remains one of the key targets for management of pain, despite the
numerous side effects associated with their use. The therapeutic profile of MOP
agonists could be improved by optimisation of their biased agonism profile, enabling
maximisation of the analgesic effects with minimal the side effects. The improved side
effect profile of the recently described biased MOP ligand TRV130 as well as the
reduced side effects of morphine in B-arr2 knockout mice certainly indicates that this is
possible. However, despite extensive research into biased signalling at MOP both in
recombinant cell lines and primary cells using predominantly synthetic opioids, clear
links between activation of particular signalling pathways and specific physiological
effects are yet to be established, hence the bias profile required to produce analgesia
with reduced side effects is unknown. Whilst there is evidence that the therapeutic
profile of opioids can be improved by optimising ligand bias towards G protein activation
over B-arr2 recruitment, there is also clear evidence of the existence of multiple
mechanisms of desensitisation and tolerance which are both ligand and tissue specific.
Futhermore, there is also a number of discrepancies between studies examining bias of
the same ligands between the same or similar signalling pathways. This has raised the
qguestion whether in vitro studies of biased agonism can truly predict bias in vivo.
Consequently, a more comprehensive, and quantitative, approach to bias optimisation
is required. To date, studies of biased agonism at MOP have been predominantly
gualitative assessments of biased agonism by small number of synthetic ligands, the
endogenous opioids have been largely overlooked. As a receptor with multiple
endogenous ligands, bias is highly likely to play an important role in the normal control
of MOP-mediated physiological processes. Additionally, the endogenous opioids have
been shown to be able to produce analgesia with fewer side effects. Hence these
peptides are ideal candidates for studies of biased signalling at MOP, as they are likely
to possess novel biased agonism profiles which may assist in establishing the ideal bias
profile required for optimisation of the therapeutic profile of opioid analgesics.
Accordingly, the aims of the work described in this thesis are:

1. Characterise the biased agonism profile of endogenous ligands at MOP across
multiple different signalling pathways

2. Determine the factors that affect the quantification of biased agonism at MOP
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Il  Biased Agonism of Endogenous Opioid Peptides at the u-Opioid Receptor
2.1 Abstract

Biased agonism is having a major impact on modern drug discovery and describes the
ability of distinct GPCR ligands to activate different cell signalling pathways, and to
result in different physiological outcomes. To date, most studies of biased agonism have
focussed on synthetic molecules targeting various GPCRs, however many of these
receptors have multiple endogenous ligands, suggesting that “natural” bias may be an
unappreciated feature of these GPCRs. MOP is activated by numerous endogenous
opioid peptides, remains an attractive therapeutic target for the treatment of pain, and
exhibits biased agonism in response to synthetic opiates. The aim of this study was to
rigorously assess the potential for biased agonism in the actions of endogenous opioids
at MOP in a common cellular background, and compare these to the effects of the
agonist DAMGO. We investigated activation of G proteins, inhibition of cAMP
production, ERK1/2 phosphorylation, -arrl/-2 recruitment and MOP trafficking, and
applied a novel analytical method to quantify biased agonism. Whilst many endogenous
opioids displayed signalling profiles similar to that of DAMGO, a-neo, Met-enk-RF and
the putatively endogenous peptide, endo-1, displayed particularly distinct bias profiles.
These may represent examples of natural bias if it can be shown that they have
different signalling properties and physiological effects in vivo compared to other
endogenous opioids. Understanding of how endogenous opioids control physiological
processes through biased agonism can reveal vital information required to enable
design of biased opioids with improved pharmacological profiles and treat diseases
involving dysfunction of the endogenous opioid system.
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2.2 Introduction

Opioids are the most widely used and most effective analgesics available. However,
their use is associated with a large array of side effects [682]. Opioids that are currently
used as therapeutics, such as morphine, predominantly exert both their analgesic
effects and undesirable effects through activation of MOP [683, 684]. It is now accepted
that chemically distinct ligands binding to the same GPCR can stabilise the receptor in
multiple active conformations, which result in differential activation of cell signalling
pathways and, eventually, in different physiological outcomes, a phenomenon known as
biased agonism [685]. Biased agonism can be exploited to design drugs that selectively
activate signalling pathways leading to the desired physiological effects whilst
minimising on-target side effects elicited by activation of other signalling pathways via
the same receptor subtype [248, 686, 687].

Biased agonism at the MOP has been extensively studied [596, 615, 616, 651, 653,
688-690]. However, evidence of biased agonism at the MOP is mostly limited to
gualitative analyses of two signalling events with a limited number of ligands. Evidence
of the involvement of B-arr2 in the mediation of the adverse effects of morphine has
prompted the search for opioids that do not induce (-arr2 recruitment. Indeed,
enhanced morphine analgesia with reduced respiratory and gastrointestinal side effects
was reported in B-arr2 knockout mice [640, 641, 691]. Recently, ligands with impaired -
arr2 recruitment have been reported to provide potent analgesia with less severe side
effects [580, 581, 644]. However, the improved pharmacological profiles of these
ligands may still be due to their partial agonism, with lower overall efficacy than

morphine, rather than true “bias” away from (-arr2 recruitment [616].

In order to guide discovery efforts to generate drugs with therapeutically relevant biased
agonism profiles, it is necessary to quantify this phenomenon. In any system, the
observed biased agonism can be confounded by “system bias”, which reflects the
differing coupling efficiencies of the receptor for each signalling pathway, and by
“observational bias”, which results from differing assay sensitivities and conditions [648].
Bias imposed by the ligand on the conformation of the receptor is the only source of
bias that can be chemically optimised to improve its therapeutic profile. Therefore, it is
important to quantify biased agonism in such a way that excludes system and
observational bias, to reveal the unique signalling profile that is induced by the ligand.
Several analytical methods to quantify biased agonism have been developed. The

method recently described by Kenakin, Watson, Muniz-Medina, Christopoulos and
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Novick [685], based on the Black and Leff (1983) operational model can be applied to
concentration-response curves to obtain a single parameter that describes bias
between signalling pathways in a system independent manner.

Several studies have quantified biased agonism at the MOP, but these have been
limited to comparison of efficacies for G protein activation versus B-arr2 recruitment
[596, 612, 615, 656]. However, differential activation of other signalling events including
receptor internalisation, MAP kinase and PKC activation has been reported [653], but
these signalling events are rarely considered when describing bias of the MOP, or when
attempting to link biased agonism with physiological effects. Moreover, bias between G
protein activation and B-arr recruitment may not necessarily predict differential activation
of such downstream signalling events. Therefore, it is important to study biased
agonism at multiple signalling pathways in order to encompass multiple aspects of the

signalling properties of a ligand.

To date, descriptions of biased agonism have mainly focused upon the actions of
synthetic ligands. However, the existence of multiple endogenous ligands targeting the
same GPCR suggests the potential for “endogenous” biased agonism. Indeed, biased
agonism by endogenous peptide ligands has been observed at several GPCRs [235,
237, 692]. Such observations may explain, in part, the apparent redundancy of such
systems. However, the potential for bias within the endogenous opioid system has not
been explored extensively. The endogenous ligands for opioid receptors are small
peptides generated by cleavage of precursor proteins; pENK, pOMC and pDYN. PENK
and pOMC derived peptides, enkephalins and endorphins respectively, are generally
localised to regions with MOP or DOP expression and are involved in the numerous
physiological processes mediated by these receptors. Similarly, the pDYN-derived
peptides, the dynorphins and neoendorphins, are generally localised to similar regions
as the KOP, however it is likely that in some regions dynorphins may also activate
MOP. All the opioid peptides have varying affinities for all three opioid receptors, and
none are significantly selective for one receptor subtype [332, 333]. Finally, the
precursor genes for endo-1 and endo-2 are still unknown and therefore these two
ligands remain “putatively endogenous”, however, they are the most selective and
potent opioid peptides for MOP [334]. Such diversity in the endogenous opioid system
suggests that biased agonism may play a role in control of normal MOP mediated
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physiological processes. The understanding of the fundamental basis for ligand bias at
the MOP and determining whether differences in the expression and release of
endogenous opioids can underlie the development and maintenance of disease may
offer promising avenues to address and to provide mechanistic insight for the

development of safer opioid-based therapies.

In the current study we investigated the existence of biased agonism at the MOP by
endogenous and putatively endogenous opioids. The ability to activate several signal
transduction pathways for a range of opioid peptides and three reference ligands was
assessed. Bias between each signalling pathway was quantified to obtain unique biased
agonism profiles for these ligands. The results show that whilst most endogenous
opioids possess similar biased agonism profiles to one another, a-neo and the putative
endogenous opioid endo-1 display unique biased agonism profiles. Our studies also
provide a foundation for future studies aimed at linking these profiles to physiology of

the opioid system.
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2.3 Materials and Methods

2.3.1 Materials

Chinese hamster ovary (CHO) Flpin cells and Dulbecco’'s modified Eagle's medium
(DMEM) were purchased from Invitrogen (Mulgrave, VIC, Australia). Foetal bovine
serum (FBS) was purchased from ThermoTrace (Melbourne, Australia). Hygromycin-B
was purchased from Roche Applied Science (Dee Why, NSW, Australia). Sure-Fire
cellular ERK1/2 assay kits were a generous gift from TGR BioSciences (Adelaide, SA,
Australia). AlphaScreen reagents for ERK1/2 assays, [*°S]Guanosine 5'-O-[y-
thio]triphosphate ([**S]GTPyS; >1000 Ci/mmol), [°*H] Diprenorphine and Ultima Gold
scintillation cocktail were purchased from PerkinElmer Life Sciences (Melbourne,
Australia). All endogenous opioid peptides were purchased from Mimotopes
(Melbourne, Australia). All other chemicals were purchased from SigmaAldrich.
Morphine HCI was from GlaxoSmithKline (Boronia, Victoria, Australia). Renilla
luciferase tagged MOP (MOP-RLuc) was a kind gift of Prof. Laura Bohn (Scripps
Research Institute, Florida, USA).

2.3.2 Cell Culture and Generation of Stable Cell Line

Cells were maintained and cultured in high-glucose DMEM containing 10% FBS and
600 pg/ml hygromycin B at 37°C under a humidified atmosphere containing 5% CO..
cDNA encoding the wild-type human MOP was obtained from the Missouri University of
Science and Technology (http://www.cdna.org) and was provided in pcDNA3.1+.
Sequence of the human MOP was amplified by polymerase chain reaction and cloned
into the Gateway entry vector pENTR/D-TOPO, using the pENTR directional TOPO
cloning kit, according to the manufacturer’s instructions (Mulgrave, VIC, Australia). The
construct was subsequently transferred into the Gateway destination vector
pEF5/frt/VV5/dest using the LR Clonase enzyme mix (Invitrogen), and the constructs
were used to transfect Flpin CHO cells (Invitrogen) which ensure constant expression of
MOP across a cell population Cells were selected using 600 pug/ml hygromycin B to

generate cell lines stably expressing MOP.

2.3.3 Membrane Preparation

Cells from 10 175cm? flasks were grown until approximately 90% confluence and
harvested using 2mM EDTA in phosphate-buffered saline (PBS, 137mM NaCl, 2.7mM
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KCI, 4.3mM Nay;HPO4, and 1.5mM KH,PO,). Cells were pelleted by centrifugation for 10
minutes at 1200g, and the pellets resuspended in 20ml of PBS containing 20mM
HEPES and 10mM EDTA at pH 7.4. All subsequent steps were performed at 4°C. The
cell suspension was homogenized using a Polytron homogenizer (PT 1200 CL;
Kinematica, Basel, Switzerland), with three 10-second bursts separated by cooling on
ice. The cell homogenate was centrifuged for 5 minutes at 1700g, and the supernatant
was transferred to new tubes and further centrifuged (90 minutes, 38000g). The pellet
was resuspended in 5ml of buffer (20mM HEPES and 0.1mM EDTA, pH 7.4) and briefly
homogenized to ensure uniform consistency. Membranes were aliquoted and stored at -
80°C. The protein concentration was determined using a Bradford assay and bovine

serum albumin as a standard.

2.3.4 Saturation Radioligand Binding Assay

Cell membranes (20pg) were incubated in buffer (50mM Tris, 100mM NaCl, 3mM
MgCl,, pH7.4) containing increasing concentrations of [H] Diprenorphine (0.01-10nM),
at 25°C for 60min. The reaction was terminated by rapid filtration through glass fibre
filters (GF/B) with a Brandel cell harvester and washing with cold saline. Non-specific
binding was determined using 1mM naloxone and radioactivity was determined by liquid
scintillation counting using Ultima Gold scintillation cocktail, and a Tri-Carb 2900TR

liquid scintillation counter (Perkin Elmer).

2.3.5 [**S]GTPYyS Binding Assay

Cell membranes (10ug) were incubated in buffer (20 mM HEPES, 100 mM NacCl, 4 mM
MgCl,, pH7.4) containing 1um GDP, 0.01% bovine serum albumin (BSA), protease
inhibitors (1uM captopril, 1uM phosphoramidon and 1uM amastatin) and increasing
concentrations of agonist for 30min at 30°C. A 100pl volume of [**S]GTPyS (0.1nM final
concentration) was then added, and the incubation was continued for a further 30min.
The reaction was terminated by rapid filtration through glass fibre filters (GF/B) with a
Brandel cell harvester and washing with cold saline. Radioactivity was determined by
liquid scintillation counting using Ultima Gold scintillation cocktail, and a Tri-Carb
2900TR liquid scintillation counter (Perkin Elmer). All experiments were performed in

triplicate.

2.3.6 Inhibition of Forskolin-Induced cAMP Levels
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The ability of ligands to inhibit forskolin-induced cAMP production was assessed in Flpin
CHO-MORP cells transiently transfected to express the CAMYEL cAMP bioluminescence
resonance energy transfer (BRET) biosensor [693]. FIpln CHO-MOP cells were grown
overnight in 10cm dishes. Transient transfection was performed using polyethylenimine
(PEI) at a 6:1 ratio of DNA. 24h after transfection FIpin CHO-MOP cells were seeded in
white 96-well plates (Culturplates, Perkin Elmer) and incubated overnight. The following
day cells were rinsed and pre-incubated in Hank’s Balanced Saline Solution (HBSS)
with 0.01% BSA and protease inhibitors (1uM captopril, 1uM phosphoramidon and 1M
amastatin) for 30min at 37°C. Cells were then incubated with the RLuc substrate
coelenterazine-h, final concentration 5uM, for 5min, followed by a further 5min
incubation with increasing concentrations of agonists. Forskolin was added to a final
concentration of 10uM. After 5min the YFP and the RLuc emissions were measured
using a LUumiSTAR Omega instrument (BMG Labtech, Ortenberg, Germany) that allows
for sequential integration of the signals detected at 475 + 30 and 535 + 30nm, using
filters with the appropriate band pass. Data are presented as a BRET ratio, calculated
as the ratio of YFP to RLuc signals, and expressed as the percentage of the forskolin-
induced signal.

2.3.7 Bioluminescence Resonance Energy Transfer Assays

Agonist-induced recruitment of p-arrs to the MOP and MOP proximity to the plasma
membrane maker KRas were examined using a BRET-based method. Parental Flpin
CHO cells were transfected to co-express MOP C-terminally tagged with RLuc, and B-
arrl-, B-arr2-YFP or KRas-Venus at a 1:4 DNA ratio. The assay was performed as
described above for the cAMP BRET-based assay. For (-arr recruitment assays,
agonists were added after 5min of pre-incubation with coelenterazine-h, and then
incubated for an additional 5min and the BRET ratio was determined. For receptor
trafficking (KRas BRET) assays, cells were incubated with agonists for 60mins in the
presence of protease inhibitors, and coelenterazine h added 10mins prior to detection of
BRET. Data is expressed as DAMGO response for B-arr assays, and % vehicle

response for KRas assays.

2.3.8 ERK 1/2 Phosphorylation Assay

Cells were seeded at 4x10* cells/well in clear 96 well plates and grown for 5hr. Cells
were washed twice with 200ul of phosphate-buffered saline and incubated in serum-free
DMEM overnight at 37°C in 5% CO,. ERK1/2 phosphorylation (pERK) was detected
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using the AlphaScreen ERK1/2 SureFire protocol (TGR Biosciences). The assay was
performed at 37°C, cells were preincubated with 0.01% BSA and protease inhibitors
(LuM captopril, 1uM phosphoramidon and 1uM amastatin) followed by addition of
ligands to a final volume of 200 pl. Time course experiments were initially performed to
determine the time at which maximal pERK was detected following agonist stimulation
(5min). Ligand-stimulated pERK was terminated by removal of media and drugs,
followed by the addition of 100ul of SureFire lysis buffer per well and agitation of lysates
for 5min at room temperature. 5ul of lysate were added in a 384-well white ProxiPlate
(PerkinElmer). A mixture of SureFire activation buffer, SureFire reaction buffer, and
AlphaScreen beads was prepared in a ratio of 100:600:3 (v/v/v) and added to the lysate
for a lysate:mixture ratio of 5:8 (v/v). Plates were incubated for 1-1.5 hr. at 37°C before
the florescence signal was measured on a Fusion-a plate reader (PerkinElmer) using
standard AlphaScreen settings. For all experiments, 10uM DAMGO (100%) and vehicle

(0%) were used to normalise pERK curves.

2.3.9 Data Analysis

Agonist concentration—-response curves were fitted empirically to a three-parameter
logistic equation using Prism 6.0 (GraphPad Software Inc.) where bottom and top are
the lower and upper plateaus, respectively, of the concentration-response curve, [A] is
the molar concentration of agonist, and ECsy is the molar concentration of agonist

required to generate a response halfway between the top and the bottom.

fop — bottom

Y = bottom +
1+ 10(105'. ECsp—log[A]) (1)

To compare agonist profiles and to quantify stimulus bias, agonist
concentration—-response data were fitted to the following form of the operational model
of agonism [655]
(E —basal){T]n[A]”
m K

A

. Y (2)
[A]”(KTJ +(1+5<]j

where E, is the maximal possible response of the system, basal is the basal level of

Y =basal +

response, Ka denotes the functional equilibrium dissociation constant of the agonist (A)
for the receptor , t is an index of the signalling efficacy of the agonist and is defined as

R1/Kg, where Ry is the total number of receptors and Kg is the coupling efficiency of
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each agonist-occupied receptor, and n is the slope of the transducer function that links
occupancy to response. The analysis assumes that the maximal system
responsiveness (En) and the transduction machinery utilised for a given cellular
pathway are the same for all agonists, such that the E,, and transducer slope (n) are
shared between agonists. Data for all compounds for each pathway were fit globally to
determine values of Ka and .

The ratio 1/Ka was determined as a logarithm (i.e., log(t/Ka)) and is referred to herein as
the transduction coefficient which represents a single fitted parameter sufficient to
describe agonism and bias for a given pathway (i.e., biased agonism can result from
either a selective affinity (Ka) of an agonist for a given receptor state(s) and/or a
differential coupling efficacy (t) toward certain pathways).

To cancel the impact of cell-dependent effects on the observed agonism at each
pathway, the log(t/Ka) values were then normalised to that determined for DAMGO at
each pathway to yield a normalised transduction coefficient, Alog(t/Ka), which was

calculated as follows

og —— |=1og —log| —— 3
K, Ky Jes K, DAMGO )

compound

Finally, to determine the actual bias of each agonist between different signalling
pathways, the Alog(t/K,) values were evaluated statistically between the pathways. The

ligand bias of an agonist for one pathway, j1, over another, j2, is given as

Qﬁlog(T-'IKA )__1_ L= glog(K—TJ - &log{KiJ (4)
J 1 .

47/ 4/ 5

A lack of biased agonism as compared to the reference agonist DAMGO will result in
values of AAlog(t/Ka ) not significantly different from O between pathways. To account
for the propagation of error associated with the determination of composite parameters

using egs 3 and 4, the following equation was used

Pooled_SEM=+(SE/1) +(SEf2) 5)

All potency (pECso) and transduction ratio (AAlog(t/Ka)) parameters were estimated as
logarithms. When fold-changes in bias are described, this was calculated by first

converting values of AAlog(t/Ka) to the corresponding antilog value.
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Bias = IOMIUg"K;'“ (6)
The distribution of antilog values does not conform to a normal (Gaussian) distribution,
whereas the logarithm of the measure is approximately Gaussian [694-696]. Thus, as
the application of t tests and analyses of variance assume Gaussian distribution,
estimating the parameters as logarithms allows valid statistical comparison. All results
are expressed as the mean + SEM. Statistical analysis was performed using a two-way
unpaired Student’s t test to make pairwise comparisons between bias factors for a given

ligand and DAMGO, where P<0.05 was considered to be statistically significant.

To visualise bias between multiple pathways at once, webs of bias were constructed.
AAT/Ka values between a reference pathway, cAMP, and all other pathways were

obtained using DAMGO as the reference ligand as follows

AT/KA — T/Ka test compound (7)
T/Ka pAMGO

A’L’/KA].1

A‘L’/KA].Z

AAT/KA =

(8)

2.3.10 Principal Component Analysis

Principal component analysis (PCA) is a dimensionality reduction method that uses
transformations to project a high-dimensional set of data into a lower dimensional set of
variables called principal components (PCs). The PCs extract the important information
from the data, revealing its internal structure in a way that best explains its variance
[697]. PCs are ranked according to the percentage of total variance in the data they
explain. The first PC explains a maximal amount of total variance in the data. Each
succeeding PC explains a maximal amount of the remaining variation, without being
correlated with the preceding components. PCA was applied using singular value
decomposition as implemented in the package scikit-learn [698], the script used for the
analysis and plotting can be found at https://github.com/thomas-coudrat/pca_analysis.
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2.4 Results

The ability of MOP to activate several signal transduction pathways in response to ten
endogenous opioid peptides, endo-1, endo-2 and three synthetic ligands was assessed
in FIpIn CHO cells stably expressing the human MOP. Receptor expression levels were
determined by saturation binding assays with [*H]diprenorphine (Bmax 0.72 +0.04
pmol/mg protein, Figure A.1). The selected opioid peptides included members of all 3 of
the main classes of endogenous opioids; enkephalins, dynorphins and endorphins, as
well as the putative endogenous ligands the endomorphins (Table 2.1). Quantification of
bias between each pathway was performed using DAMGO as the reference ligand.
Morphine was included as an additional control ligand, as the literature suggests that it
may be a biased agonist at MOP compared to DAMGO [651, 653, 690] and, finally, the

signalling profile of the peripherally restricted MOP agonist, loperamide, was also

investigated. All incubations in the different signalling assays were performed in the

presence of endopeptidase inhibitors (see Materials and Methods), to prevent peptide

degradation.

Table 2.1: Endogenous peptides used in this study

Peptide Sequence
Enkephalins
Leu-enk Tyr-Gly-Gly-Phe-Leu
Met-enk Tyr-Gly-Gly-Phe-Met
Met-enk-RF Tyr-Gly-Gly-Phe-Met-Arg-Phe
Dynorphins
DynA Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-GlIn
DynB Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gin-Phe-Lys-Val-Val-Thr
DynA 1-13 Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys
DynA 1-8 Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle
DynA 1-6 Tyr-Gly-Gly-Phe-Leu-Arg
a-neoendorphin Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys
Endorphins
B-endorphin Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-GIn-Thr-Pro-Val-Thr-Leu-Phe-

Lys-Asn-lle-lle-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu

Endomorphins

Endo-1
Endo-2

Tyr-Pro-Trp-Phe
Tyr-Pro-Phe-Phe
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2.4.1 Endogenous Opioids Differentially Inhibit AC and Recruit B-Arrestin 2

MOPs are primarily coupled to Ga; G proteins that mediate inhibition of adenylyl cyclase
(AC), resulting in a decrease in the levels of intracellular cAMP. The ability of ligands to
inhibit forskolin-induced cAMP production was assessed in FlpIn CHO-MOP cells
transiently transfected to express the CAMYEL cAMP BRET-based biosensor (Figure
2.1A-B, Table A.1). All ligands inhibited forskolin-induced cAMP stimulation. Such
inhibition was abolished by incubation of the cells with pertussis toxin (data not shown)
demonstrating the Ga;-dependence of this effect. However, concentration-response
curves could not be obtained for dynA and dynA 1-13. Although these two peptides
stimulated the production of cCAMP at high concentrations (Figure 2.1B), this effect was
not mediated by MOP as it was not blocked by the MOP antagonist naloxone, and was
still observed in untransfected Flpin CHO cells (Figure A.2). We then examined
recruitment of B-arr2 to MOP using a BRET assay. CHO FlpIn cells were co-transfected
with MOP-RLuc and YFP-tagged B-arr2 (B-arr2-YFP). All endogenous opioids as well as
DAMGO and loperamide stimulated recruitment of f-arr2. In contrast, morphine
displayed partial agonism by only stimulating 28% of the DAMGO-mediated response
(Figure 2.1C-D, Table A.1). In order to quantify biased agonism at these two signalling
pathways, bias factors were calculated as described in Materials and Methods (Figure
2.1E,Table A.2). Both loperamide and the endogenous opioid, a-neo, showed
significant bias towards inhibition of AC over recruitment of B-arr2 compared to the
reference ligand DAMGO. Morphine and all the other opioid peptides tested were not
significantly biased compared to DAMGO.
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Figure 2.1: Biased agonism of endogenous opioids between inhibition of forskolin-

induced cAMP and B-arr2 recruitment.

(A-B) Inhibition of forskolin-induced cAMP in CHO-MOP cells. (C-D) Recruitment of -arr2 in
Flpin CHO cells. Data normalised to the 10uM DAMGO response. Data expressed as mean *
SEM of at least 3 separate experiments. (E) Bias factors for all agonists between cAMP and $-
arr2 recruitment (Table A.2). *p<0.05 **p=<0.005, different from DAMGO, as determined by two-
tailed t-test. Bias factors for dynA and dynA 1-13 not shown as log[t/Ka] values could not be

calculated for the cAMP assay (NC= not calculable)
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2.4.2 Differential Recruitment of B-Arrestin Isoforms by Opioid Ligands

Morphine has previously been shown to preferentially stimulate recruitment of -arr2
over B-arrl [579]. Differential recruitment of arrestins may have significant effects on
downstream signalling as different -arr isoforms have different functions [284, 699]. We
examined the potential for endogenous opioids to stimulate differential recruitment of §3-
arr isoforms to MOP. For this, B-arr recruitment assays were repeated using YFP-
tagged B-arrl. All the ligands tested stimulated recruitment of -arrl, with the exception
of morphine, which did not stimulate any detectable recruitment (Figure 2.2A-B, Table
A.1). Of note, the BRET signal was much lower for the (-arrl assays compared to the
BRET signal obtained for B-arr2. Although this could be interpreted as a compromised
recruitment of -arrl for all the ligands, we cannot exclude the possibility that this is due
to lower BRET efficiency between the different arrestin isoforms and MOP-RLuc. Bias
factors between recruitment of -arrl and (-arr2 showed that in addition to morphine,
endo-1 differentially recruits B-arrs in comparison to the reference ligand DAMGO
(Figure 2.2C,). Endo-1 showed significant bias towards recruitment of B-arr2 over -
arrl. Since morphine did not stimulate any detectable B-arrl recruitment, a bias factor
could not be calculated. However, this does not necessarily indicate that morphine is
biased towards B-arr2 recruitment. Since all the ligands showed a lower response in the
B-arrl assay than for B-arr2, a partial agonist such as morphine is expected to stimulate
little to no response in the B-arrl assay. Hence our results suggest that bias between 3-
arr isoforms can be due to the lower sensitivity of f-arrl assays and/or lower coupling

efficiency of B-arrl recruitment to MOP.
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Figure 2.2: Bias between gB-arrl and B-arr2 recruitment.

(A-B) Recruitment of $-arrl in Flpin CHO cells. Data normalised to the 10uM DAMGO response
and expressed as means + SEM of 3 separate experiments. (C) Bias factors for all agonists
between B-arrl and B-arr2. *p <0.05 **p<0.005, different from DAMGO as determined by two-
tailed t-test. NC = not calculable
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2.4.3 Biased ERK1/2 Phosphorylation Correlates with Bias Between cAMP and f3-
Arrestin Recruitment

Next, we examined activation of extracellular regulated kinases 1 and 2 (ERK1/2).
Agonist-induced stimulation of ERK1/2 phosphorylation (pERK) was measured in Flpin
CHO-MORP cells using the Alpha-Screen phospho ERK1/2 assay. All agonists strongly
stimulated pERK in CHO-MOP cells (Figure 2.3, A and B,Table A.1). This effect was
blocked by naloxone and was absent in untransfected CHO cells (data not shown). Bias
factors between pERK and all the previous signalling pathways (inhibition of cAMP
production, B-arrl and (-arr2 recruitment) were calculated (Figure 2.3, C and D, Table
A.2). There were several ligands that displayed biased agonism towards cAMP
inhibition over pERK compared to DAMGO, including morphine, loperamide, endo-1, a-
neo and dynB. In line with this result, there was also a strong correlation between bias
towards cAMP inhibition over pERK and the bias toward cAMP inhibition over B-arr2
recruitment (Pearson r = 0.893, p< 0.0001; Figure 2.3E). However, [-arr-dependent
pERK may not be specifically mediated via B-arr2 only, as a similar correlation was
observed for bias between pERK and B-arrl recruitment (Figure A.3). The lack of bias
between pERK and B-arrl or 2 recruitment for nearly all of the ligands suggests that a
component of pERK in CHO cells is B-arr-dependent. The only exception to this was

morphine, which was biased towards 3-arr2 and cAMP and away from pERK.
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Figure 2.3: Bias towards B-arr recruitment determines pERK bias.

(A-B) pERK in Flpin CHO-MOP cells. Data normalised to the 10% FBS response and expressed
as means = SEM of at least 3 separate experiments. Bias factors between pERK and cAMP (C)
and B-arr2 (D). *p<0.05 **p<0.005, as determined by two-tailed t-test compared to DAMGO. (E)
Two-tailed Pearson correlation was calculated between bias factors for cCAMP-B-arr2 in Figure
1E and cAMP-pERK excluding morphine. NC = not calculable
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2.4.4 Differential Activation of G Protein-Mediated Signalling

Although we used the inhibition of AC as a measure of G protein-mediated signalling,
AC activity is regulated by numerous other signalling effectors in addition to Ga;
subunits. These include Ca**, GBy subunits and A-kinase anchoring protein (AKAP). In
addition to this, AC is differentially regulated by various Ga subunits [700], which in turn
are differentially modified by regulators of G protein signalling (RGS) [701]. We
measured direct G protein activation in Flpin CHO-MOP membrane preparations using
[**S]GTPyS binding assays and quantified bias between [**S]GTPyS binding and
inhibition of forskolin-induced cAMP (Figure 2.4). Several ligands showed bias towards
cAMP over [**S]GTPyS binding in comparison to DAMGO, including morphine, Met-enk,
endo-1, endo-2 and a-neo. Interestingly some of these, endo-1 and a-neo, consistently
showed bias towards cAMP over all other signalling pathways, whereas Met-enk and
endo-2 did not. This suggests that bias towards cAMP by these two sets of ligands may
be driven by different effectors. Modulation of AC activity by Gy subunits and AKAP did
not contribute to bias between the cAMP and [**>S]GTPyS binding as inhibitors for these
proteins had no effect on endo-1 or DAMGO inhibition of cAMP stimulation (Figure A.4).
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Figure 2.4: Bias between G protein activation and AC inhibition.

(A-B) Agonist-induced [**S]GTPyS binding in CHO-MOP membrane preparations. Data
normalised to the 10uM DAMGO response and expressed as means + SEM of 3 separate
experiments. (C) Bias factors between cAMP and GTPyS assays. *p <0.05 **p<0.005, as
determined by two-tailed t-test compared to DAMGO. NC = not calculable
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2.4.5 Receptor Localisation/Trafficking

The inability of morphine to induce MOP internalisation was the first indication of
differential actions of MOP agonists [171, 533]. It is now apparent that this compromised
internalisation is associated with different modes of desensitisation for internalising vs
non-internalising agonists. MOP trafficking was examined using BRET to measure the
proximity between MOP-RLuc and a Venus-KRas construct, used as a plasma
membrane marker. Before stimulation with agonists, MOP and KRas are in close
proximity allowing BRET to occur. Upon MOP activation, receptor redistribution,
clustering and internalisation the distance between these two proteins increases and
result in a reduction in the BRET signal. A time course experiment was initially
performed to determine the time at which a maximal reduction in BRET was observed
following agonist stimulation, which occurred at 60min (data not shown). All ligands
except morphine induced a reduction in BRET between MOP and KRas at 60min,
(Figure 2.5, Table A.1).

Bias between receptor trafficking and the other signalling pathways for Met-enk-RF
could not be quantified since a full concentration response curve could not be obtained
for this ligand in the KRas BRET assay. As Met-enk-RF gave similar responses to Met-
enk in all the signalling pathways interrogated previously, this result suggests that Met-
enk-RF is biased away from this pathway. Since receptor trafficking is dependent on
recruitment of B-arrs, bias factors were calculated between KRas BRET and (-arrl and
2 recruitment. No ligands showed bias between KRas BRET and recruitment of p-arrl.
Only endo-1 showed significant bias towards recruitment of (-arr2 and away from
receptor trafficking. This result is in line with the fact that this ligand had previously
shown significant bias towards B-arr2 over (-arrl when these two pathways were

compared (Figure 2.2)

We next compared the bias between KRas BRET and other signalling pathways. Endo-
1 and a-neo, which previously showed bias towards cAMP inhibition over B-arrl and 2
recruitment, now displayed significant bias towards cAMP over receptor trafficking
(Figure 2.5E). Surprisingly, endo-2, which previously showed no bias between cAMP
and recruitment of B-arrs, was now biased towards cAMP over KRas BRET. This shows
that endo-2 is slightly biased towards -arr recruitment over receptor trafficking, and this
has significant consequences on downstream signalling. Bias between recruitment of 3-

arrs and KRas BRET indicates that the pB-arrs recruited to endo-2 activated MOP
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receptors may be mediating activation of an alternative signalling pathway that has not
been captured by the signalling pathways interrogated in this study. Interestingly, the
differences in bias between cAMP and KRas BRET or [**S]GTPyS and KRas BRET
track with the bias between cAMP and [**S]GTPyS binding (Figure 2.5, E and F, Figure
2.4C). Therefore these results highlight that the bias between G protein signalling and
receptor trafficking depends on the endpoint measured for G protein signalling.
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Figure 2.5: Endogenous opioids decrease the association of MOP with KRas.

(A-B) BRET between MOP-RIuc and KRas-Venus. Data expressed as percentage of vehicle,
and expressed as means = SEM of at least 3 separate experiments. Bias factors between KRas
BRET (trafficking) and (C) B-arrl, (D) pB-arr2, (E) cAMP and (F) GTPyS. *p <0.05 **p<0.005, as
determined by two-tailed t-test compared to DAMGO. NC = not calculable
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2.4.6 Comprehensive Biased Agonism Profiles

In the context of biased agonism, given the complex signalling pathways that lie
downstream of the MOP, it is evident that the comparison of ligand action between two
pathways gives only a limited picture of drug action. Thus, to allow visualisation of the
action of different ligands across all the pathways tested in this study, “webs of bias”
were generated. These webs of bias allow the clustering of ligands into different activity
profiles across the entire data set. For this, bias factors between cAMP and all other
pathways were calculated using DAMGO as the reference ligand (AAt/Ka) and
represented in a single multi-axial graph. Morphine and loperamide are already known
to possess different signalling properties compared to DAMGO, hence they were
included in this study as positive controls to validate our analytical tools. As expected,
morphine, and loperamide each showed characteristic fingerprints, different to that of
DAMGO (Figure 2.6A). Importantly, two additional opioids, endo-1 and a-neo also
displayed unique signalling profiles, and showed bias across multiple different signalling
pathways when compared to DAMGO. Met-enk and endo-2 also showed bias compared
to DAMGO, but were similar to one another. Met-enk-RF also displayed a unique
signalling profile. Despite its bias profile being very similar to DAMGO at most signalling
pathways, Met-enk-RF only stimulated a very small response in the KRas BRET assay,
which indicates that Met-enk-RF is biased away from receptor trafficking, however the
degree of bias could not be quantified. All other endogenous ligands displayed activity
profiles that were very similar to DAMGO (Figure 2.6B).

Another method to visualise and evaluate the overall signalling profiles is to perform
principal component analysis (PCA) (see Materials and Methods). PCA identifies values
in the data set that contribute the most variability, the principal components, which in
this case are the bias factors that reveal the largest differences between ligands.
Ligands that show similar biased agonism to one another will cluster together. PCA of
all the bias factors (Figure 2.6C, Table A.2) showed that most of the endogenous
ligands cluster closely with DAMGO. In contrast, loperamide, a-neo and endo-1, and to
a smaller extent Met-enk and endo-2, are separated, indicating that these ligands
display an overall unique pattern of bias, consistent with their signalling profiles in the
webs of bias. Of note, the first principal component (PC1) of the analysis, which
accounts for the greatest source of variability between ligands, only accounts for 56% of
the variability (Figure 2.6C,Table A.3). PC2 contributes 26%, to the variability between
ligands. Indeed, PC1 and PC2 together only account for 82% of the variability.
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Figure 2.6: Webs of bias of endogenous opioid peptides and reference ligands at the
MOP.

(A) Ligands with profiles similar to DAMGO (B) ligands with profiles that differ from that of
DAMGO. 1/K, values were normalised to the reference ligand DAMGO, and to the cAMP assay.
Statistically significant differences (p<0.05) are denoted by black circles as determined by two-
tailed t-test. For the purposes of visualisation only, a t/K, for Met-enk-RF in the internalisation
assay was estimated using the incomplete KRas concentration response curve. (C) Principal
component analysis (PCA) of all bias factors excluding morphine, DynA, DynA 1-13 and Met-
enk-RF.

Interestingly, both the first two principal components are comprised mainly of bias

factors between G protein and B-arr-mediated signalling endpoints (Table A.4). This
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shows that bias between G protein activation and B-arr recruitment is a major
determinant of the biased agonism characteristics of a ligand. However, as these bias
factors are separated into two uncorrelated principal components, this also means that
there is a diverse spectrum of bias between G protein and B-arr mediated signalling
pathways. Altogether this highlights the multidimensional nature of biased agonism and
the fact that quantification of bias should be expanded beyond examination of only two
pathways such as G proteins vs (-arrs, in order to cover the whole spectrum of possible

signalling characteristics.
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2.5 Discussion

The data presented here show that endogenous opioids acting on the MOP can exhibit
diverse signalling profiles. Examining bias across multiple pathways has highlighted the
complex nature of biased agonism at MOP, and has revealed another level of
complexity of bias that extends beyond differential activation of G proteins and B-arr
recruitment. Several endogenous opioids including a-neo, Met-enk, Met-enk-RF, and
the putative endogenous opioids endo-1 and endo-2, displayed biased agonism
compared to DAMGO across multiple signalling pathways, whereas the rest of the
endogenous ligands displayed profiles that were similar to that of DAMGO. In particular,
endo-1 and a-neo displayed markedly different signalling profiles. a-Neo is considered a
KOP agonist and, as such, no studies have examined its actions at the MOP. The
physiological actions and signalling of endo-1 at MOP, conversely, have been
extensively studied [702]. Endo-1 produces similar physiological effects to most opioids,
such as analgesia, inhibition of gut motility, respiratory depression and the development
of tolerance [703-706]. Differences between the physiological effects of endo-1 and
endo-2 have been described. However, these differences are usually small and it
cannot be ruled out that they are due to different degradation rates of the peptides
rather than biased agonism [707, 708]. Interestingly, endo-1 has been shown to
produce antinociceptive cross-tolerance to morphine whereas endo-2 does not,
suggesting potential differences in the mechanisms of tolerance produced by these two
ligands. As both endo-1 and 2 stimulate receptor internalisation [578], they would both
be expected to produce tolerance via a similar mechanism to that of DAMGO. This
suggests that tolerance produced by endo-1 and 2 may involve differential activation of
signalling pathways unrelated to receptor internalisation, or alternatively, that the

mechanisms of development of tolerance to these ligands are cell type-dependent.

Few other studies have examined biased agonism of endogenous opioids, and the
results from these different studies are not consistent. Morse, Tran, Sun, Levenson and
Fang [613] examined a range of endogenous and exogenous opioids in HEK293 cells
using dynamic mass redistribution to measure MOP global responses. In that study, all
endogenous opioids, except dynA 1-13, exhibited similar profiles. Our analysis suggests
that whilst dynA 1-13 displayed some bias compared to the other endogenous ligands,
this is limited evidence to suggest that dynA 1-13 is particularly unique compared to the
other endogenous opioids. Rivero, Llorente, McPherson, Cooke, Mundell, McArdle,

Rosethorne, Charlton, Krasel, Bailey, Henderson and Kelly [615] quantified bias
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between [**S]GTPyS binding and B-arr2 recruitment in HEK293 cells for some
endogenous ligands, and found that endo-1 and endo-2 were biased towards B-arr2
recruitment compared to leu-enk [596, 615, 616]. In our study only endo-1 was biased
towards B-arr2 over [**S]GTPyS binding (Figure A.5). Various reasons can explain the
different results. First, the different methodologies and time points used to measure 3-
arr2 recruitment may affect bias, since at later time points differential rates and modes
of desensitisation may affect the level of B-arr2 recruitment. In addition, the different cell
backgrounds used in each study may also change the bias of a ligand, as the
expression levels of the various proteins involved in the activation of the signalling
pathways examined may differ across cell lines and have an impact in the measures of
bias [616].

Morphine is often described as a ligand with compromised ability to recruit -arrs [274,
525, 544, 579, 612]). As a partial agonist, morphine is expected to give a lower
response in signalling pathways with low coupling efficiency and/or assays with low
sensitivity. However, to understand whether these observations refer to a biased action,
requires systematic quantification of biased agonism. In our study, morphine did not
show significant bias between B-arr2 and cAMP, although it was significantly biased
towards B-arr2 when compared to [**S]GTPyS binding. This is similar to results
obtained by Rivero, Llorente, McPherson, Cooke, Mundell, McArdle, Rosethorne,
Charlton, Krasel, Bailey, Henderson and Kelly [615], where morphine was slightly

biased towards B-arr2, although not significantly [616].

We observed a correlation between pERK and B-arr recruitment, suggesting that p-arr
recruitment is involved in pERK in CHO cells. This correlation was seen with both B-arrl
and B-arr2, indicating that both B-arrs are capable of mediating a component of ERK
activation. B-arr-dependent pERK has also been shown previously in transgenic cell
lines and primary cells [510, 511]. The one exception to this correlation was morphine.
This indicates that morphine stimulates pERK via different pathway that is independent
of B-arrs. A likely candidate is PKC, as morphine stimulated pERK in HEK293 cells has
a been suggested to be PKC-dependent [208]. However, to date this has not been

demonstrated in CHO cells.

In our study, endo-1 preferentially recruited -arr2 over -arrl. Differential recruitment of
B-arrs to the MOP by endo-1 has not been shown previously, but has been

demonstrated for morphine, which promotes recruitment of B-arr2 and little or no
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recruitment of B-arrl [525, 579, 580]. However, as mentioned previously, as all ligands
gave a lower response in the B-arrl assay, a partial agonist is expected to have very
low to undetectable signal. Biased activation of $-arrs may result in differential activation
of downstream signalling, as different B-arrs can act as scaffolds for different signalling
complexes [284, 699]. B-arrl but not 2 is required for MOP ubiquitination, and has also
been shown to promote MOP dephosphorylation more rapidly than B-arr2 [536]. In
addition, the downstream functions of g-arrs may vary with different ligands. Differential
engagement of G protein receptor-coupled kinases (GRKs) and different patterns of
ligand-induced MOP phosphorylation have been demonstrated previously [511, 525,
541, 543-545, 585]. These receptor phosphorylation patterns play a vital role in
determining receptor interactions with B-arrs and may direct -arr functions [285]. The
differential role of B-arr2 recruitment in response to morphine compared to other opioids
has been shown in the B-arr2 KO mice, where the improved pharmacological profile is
only observed with morphine [640, 641]. Whilst morphine-induced {-arr recruitment
results in activation of different signalling pathways, whether the differential recruitment
of B-arrs induced by endo-1 mediates biased activation of signalling pathways

downstream of B-arr is still unknown.

Agonists were assessed for bias between G protein activation and inhibition of AC, a
classical downstream G protein-mediated effect. Several ligands showed bias towards
inhibition of AC over [*®S]GTPyS binding in comparison to DAMGO, indicating
differential activation of G protein-mediated signalling pathways. There are not many
examples where [**S]GTPyS assays have been performed in conjunction with cAMP
assays in the same cellular background to assess MOP function [595, 709]. Zaki, Keith,
Brine, Carroll and Evans [595] reported differing relative potencies of some agonists
between the two assays but concluded that this was due to the different coupling
efficiencies. There is also some evidence of ligand dependent engagement of different
Ga subunits with MOP [603-605, 710]. However, these differences are small and since
most methods used in these studies require overexpression or addition of purified G
proteins, the real preferences for different subunits may be masked by differences in
stoichiometry between receptor and G proteins. It is also possible that the bias
observed between these signalling effectors is due to differences in signalling kinetics.
As measurements for [®°S]GTPyS binding assays are usually taken after longer
incubations with the ligand than for cAMP assays, ligands with slower association

kinetics or that stimulate different rates of desensitisation can display bias between two
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signalling endpoints. Further experiments are required to elucidate whether bias
between [**S]GTPyS binding and AC inhibition or other signalling pathways is due to
differential regulation of G protein-mediated signalling pathways, different signalling
kinetics or different ligand association/dissociation rates.

The bias between cAMP inhibition and [**S]JGTPyS also correlates with the bias
observed between MOP trafficking and these signalling pathways. Several ligands
showed bias between trafficking and cAMP, but not between trafficking and
[*S]GTPyS. Morphine and possibly Met-enk-RF may also be biased towards cAMP
inhibition and [**S]GTPyS binding over trafficking. However as bias factors could not be
quantified for morphine and Met-enk-RF between trafficking and other signalling
pathways, we cannot exclude the possibility that these ligands simply have lower
efficacy, in which case the lower response in a low sensitivity assay, such as trafficking,
is to be expected. There were no ligands showing significant bias between trafficking
and recruitment of B-arrl, and only endo-1 was biased towards B-arr2 over receptor
trafficking. This result is in line with the fact that receptor trafficking is highly dependent

on recruitment of B-arrs.

In summary, we have performed a systematic quantitative analysis of biased agonism at
the MOP by endogenous and putatively endogenous opioid peptides across multiple
different signalling pathways. This work has revealed that opioid peptides display a
variety of different biased agonism profiles, some of which are unique. a-Neo and endo-
1 display particularly distinct biased agonism profiles, and may have different signalling
properties and physiological effects in vivo compared to other endogenous opioids.
Biased agonism profiles, combined with different degradation rates, expression patterns
in the body, and differing selectivities for opioid receptor subtypes, may engender
tremendous diversity in endogenous opioid activity and lead to finely tuned physiological
processes. Although the impact of MOP biased agonism in the control of normal
physiological processes still remains to be explored, our findings provide a
pharmacological framework to progress our understanding on ligand redundancy of the
opioid system. A greater understanding of how endogenous opioids control
physiological processes through biased agonism will reveal vital information required to
enable design of biased opioids with improved pharmacological profiles.
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3.2 Abstract

Biased agonism describes the ability of distinct G protein—coupled receptor (GPCR)
ligands to stabilise distinct receptor conformations leading to the activation of different
cell signalling pathways that can deliver different physiologic outcomes. This
phenomenon is having a major impact on modern drug discovery as it offers the
potential to design ligands that selectively activate or inhibit the signalling pathways
linked to therapeutic effects with minimal activation or blockade of signalling pathways
that are linked to the development of adverse on-target effects. However, the explosion
in studies of biased agonism at multiple GPCR families in recombinant cell lines has
revealed a high degree of variability on descriptions of biased ligands at the same
GPCR and raised the question of whether biased agonism is a fixed attribute of a ligand
in all cell types. The current study addresses this question at the MOP. Here we have
systematically assessed the impact of differential cellular protein complement (and
cellular background), signalling kinetics and receptor species on our previous
descriptions of biased agonism at MOP by several opioid peptides and synthetic
opioids. Our results show that all these factors need to be carefully determined and
reported when considering biased agonism. Nevertheless, our studies also show that,
despite changes in overall signalling profiles, ligands that previously showed distinct
bias profiles at MOP retained their uniqueness across different cell backgrounds.
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3.3 Introduction

GPCRs are involved in the control of virtually every physiological process. They are a
major target of currently used medicines, and represent valuable targets for the design
of new therapeutics. However, most GPCRs are ubiquitously expressed in multiple
tissues and exert their effects through activation of wide variety of signalling pathways.
Many drugs that target GPCRs produce side effects mediated through the activation of
‘unwanted” signalling pathways by the GPCR of interest, or by the activation of the
same GPCR in different non-target tissues. The former “on-target” side effects can be
minimised by designing drugs that selectively activate the signalling pathways required
to produce the therapeutic response. This pathway-specific drug design is based on a
property of GPCRs known as “biased agonism”, “ligand-directed signalling” or
“functional selectivity” [711]. Biased agonism describes how chemically distinct ligands
targeting the same GPCR in an identical cellular background, stabilise the receptor in
different conformations, resulting in differential activation of downstream signalling,
which in turn can induce different physiological effects. Therefore, biased agonism
offers the potential to design ligands that selectively activate or inhibit the signalling
pathways linked to the desired therapeutic effects with minimal activation or blockade of

signalling pathways that are linked to the development of side effects.

In order to develop strategies to design a biased ligand with the desired selectivity for
particular signalling pathways, methods for quantifying biased agonism are essential. To
achieve this, it is important to consider that the observed response that is induced by a
ligand at a particular signalling pathway is not solely determined by the affinity and
intrinsic efficacy of such ligand. Rather, the differing coupling efficiencies of the
signalling pathways, and the different conditions and sensitivities of the detection
methods, also contribute to the overall observed response, and are termed “system
bias” and “observational bias”, respectively [648]. Therefore, biased agonism
engendered solely by conformational effects of the ligand-receptor interaction, must be
guantified using a method that excludes both system and observational bias. Although
several analytical methods to quantify biased agonism have been developed, most can
only be applied in specific circumstances (as reviewed in [648]). The method recently
described by Kenakin, Watson, Muniz-Medina, Christopoulos and Novick [685], or
“transduction coefficient” method, based on the Black and Leff (1983) operational model

of agonism, can be applied to concentration-response curves to obtain a single
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parameter that describes bias between signalling pathways in a system independent

manner [648].

In the last decade, biased agonism has been quantified at numerous GPCRs including;
opioid receptors [615, 712-714], chemokine receptors [237, 238, 685], adrenoceptors
[654, 715], and many others [716-719]. Most studies have focused on discovery of
ligands with differential receptor signalling versus regulation characteristics, specifically
by quantifying bias between G protein-mediated signalling and B-arr recruitment or
receptor internalisation [237, 615, 712, 714]. However, it has become increasingly
apparent that biased agonism can result in the differential activation of a plethora of
signalling pathways downstream of receptor activation, not only G protein activation and
B-arr recruitment, supporting the concept of the pluridimensionality of efficacy [229]. For
this reason, more recent studies are extending assessment of bias to a wider array of
signalling pathways to obtain comprehensive descriptions of ligand action that can
predict the differential effects of ligands [238, 654, 713, 717].

Most descriptions of biased agonism have been initially based on studies in
recombinant cell systems, where consistent and robust responses of different signalling
pathways can be obtained, ensuring a high degree of accuracy and sensitivity.
However, it is still unclear whether quantification of biased agonism in recombinant cell
lines can truly predict biased agonism in vivo [720]. The potential for inconsistencies in
biased agonism determinations is exemplified by conflicting results reported in different
studies of the same GPCR that have examined this phenomenon in different cell
backgrounds. At the MOP, for instance, several studies have examined bias between G
protein activation and B-arr recruitment [612, 615, 616, 713]. Most notably, endo-2 may
exhibit differential bias towards B-arr2 recruitment and away from G protein activation in
different studies [615, 616, 713]. Similar discrepancies have been observed for bias of
aripiprazole between extracellular signal regulated ERK1/2 phosphorylation and AC
inhibition at the dopamine D, receptor [719, 721], and bias between receptor
internalisation and G protein-mediated signalling pathways mediated by CCL4 and
CCL3L1 at CCR5 receptors [237, 685]. Altogether, such discrepancies between studies
raise important questions about the determination and quantification of biased agonism,

specifically, is biased agonism a fixed attribute of a ligand in all cell types?

Because GPCR function is determined by at least three molecular partners, i.e. ligand,

receptor, and transducer or effector protein, it follows that an agonist-bound active
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receptor state cannot be defined outside the context of a specific receptor—transducer

interaction [722]. Such an active receptor state will be dependent on the cellular
complement of transducers (or intracellular effector proteins) of a particular cell type.
Thus, altering the cellular complement of intracellular binding proteins by
overexpressing specific signalling components, or changing cell background, will likely
affect bias. When the change in expression of a signalling effector(s) has equal effects
on the agonism of all ligands, this results in a change in “system bias” which is
eliminated when quantifying bias relative to the reference ligand using the “transduction
coefficient method” (see above and [685]). However, altered expression of signalling
effectors may have unequal effects on different ligands and, as a consequence, the
observed biased agonism will not necessarily be maintained in different systems.
Ligands may preferentially activate different isoforms of signalling effectors that are
expressed in different cell types such as G protein subunits or GRKs). Moreover, in
addition to potentially altering ligand bias, the cell background also dictates which
signalling pathways can be practically used to quantify bias. GPCRs will be more
efficiently coupled to some signalling pathways more than others (system bias). This
may require alterations of assay conditions to optimise detection of poorly coupled
signalling pathways, and may entail changing the signalling effectors examined
altogether. This makes it prohibitively difficult to measure the same signalling events
under identical conditions in different cells, increasing the likelihood of obtaining
different results when quantifying bias in different cell backgrounds. Alterations in the
assays conditions may include overexpression of a signalling effector to enhance
detection of the desired signalling pathway, such as the overexpression of a GRK to
enhance B-arr recruitment [660, 661]. Altering the balance between signalling effectors
that are in competition with each other, such as G proteins and B-arrs or different GRK
isoforms, may enhance interactions with signalling effectors that a ligand-receptor
complex naturally has little affinity for. This change in signalling effector expression may

again affect the descriptions of biased agonism.

Quantifying bias in a different cell background may alternatively require substitution of a
poorly coupled signalling pathway for another closely related signalling pathway, such
as different G protein-mediated signalling pathways. However, even closely related
signalling pathways are differentially regulated by distinct signalling effectors, and
therefore are subject to the same limitations in determining biased agonism. For

example, differential activation of G protein-mediated signalling pathways can occur as
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a result of differential activation of G protein subunits [723], which may preferentially

activate some signalling pathways, and may in turn be differentially controlled by RGS
[724-726]. Additionally, different G protein-mediated signalling pathways, such as AC

stimulation or inhibition, are regulated by numerous other signalling effectors [120].

Finally, another factor that may alter observed bias when measured under different
experimental conditions is the kinetics of all processes involved; ligand binding,
activation and desensitisation of the signalling pathways [727]. Biased agonism is
generally described as a difference in the magnitude of activation of signalling pathways
compared to a reference ligand, when measured at its peak or steady state activation.
However, this limited measure of biased agonism largely excludes the differential
effects biased agonists may have on the spatiotemporal properties of the signalling
pathways. Every signalling pathway has different activation and desensitisation kinetics
that will be differentially regulated by different ligands, i.e ligands may have similar bias
when considering the maximal response of the signalling pathway, but due to differential
desensitisation their bias may change at later time points. This means that the observed
bias of a ligand will be time dependent, and consequently different results may be
obtained when measuring the same signalling pathway using different assay techniques

that require different incubation times [727].

Altogether, cell background and signalling kinetics add additional layers of complexity to
defining the biased agonism of a ligand, and to ascertain the profile that is required to
produce the desired therapeutic effects. Previously, we systematically quantified biased
agonism of a range of both exogenous and endogenous opioids at MOP across multiple
different signalling pathways in CHO cells [713]. This study revealed a number of
ligands that possess unique biased agonism profiles, including the endogenous ligands
Met-enk-RF and a-neo. Here, we have used this initial characterisation to extend our
studies towards understanding the impact of cell background and signalling dynamics
on the detection and quantification of bias. Our results illustrate that when assessing
biased agonism, both of these factors need to be taken under consideration. However,
our studies at MOP also show that, despite changes in directions of bias, and overall
signalling profiles, ligands with distinct bias profiles retained their differentiation across
different cell backgrounds.
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3.4 Methods

3.4.1 Materials

Chinese hamster ovary (CHO) Flpin cells and Dulbecco's modified Eagle's medium
(DMEM) were purchased from Invitrogen (Mulgrave, VIC, Australia). Foetal bovine
serum (FBS) was purchased from ThermoTrace (Melbourne, Australia). Hygromycin-B
was purchased from Roche Applied Science (Dee Why, NSW, Australia). All
endogenous opioid peptides were purchased from Mimotopes (Melbourne, Australia).
Morphine HCI was from GlaxoSmithKline (Boronia, Victoria, Australia). All other
chemicals were purchased from SigmaAldrich (Castle Hill, NSW, Australia). AtT20 and
AtT20-FLAG-MOP cells were a gift from Prof. Macdonald Christie (University of Sydney,
Australia). MOP-RLuc was a gift of Prof. Laura Bohn (Scripps Research Institute,
Florida, USA).

3.4.2 Cell Culture and Generation of Stable Cell Line

Cells were maintained and cultured in high-glucose DMEM containing 10% FBS and
600 pg/ml hygromycin B for CHO-MOP cells, and 500ug/ml G418 for AtT20-MOP, at
37°C under a humidified atmosphere containing 5% CO,. cDNA encoding the wild-type
human MOP was obtained from the Missouri University of Science and Technology
(http://www.cdna.org) and was provided in pcDNA3.1+. Sequence of the human MOP
was amplified by polymerase chain reaction and cloned into the Gateway entry vector
PENTR/D-TOPO, using the pENTR directional TOPO cloning kit, according to the
manufacturer's instructions (Invitrogen, Mulgrave, Australia). The construct was
subsequently transferred into the Gateway destination vector pEF5/frt/V5/dest using the
LR Clonase enzyme mix (Invitrogen), and the constructs were used to transfect FlpIn
CHO cells (Invitrogen). Cells were selected using 600 ug/ml hygromycin B to generate
cell lines stably expressing MOP. AtT20 cells stably expressing a FLAG tagged MOP

were generated as described previously [598].

3.4.3 Inhibition of Forskolin-Induced cAMP Levels

The ability of ligands to inhibit forskolin-induced cAMP production was assessed in
AtT20-MOP and Flpln CHO-MOP cells transiently transfected to express the CAMYEL
cAMP BRET biosensor [693]. CHO-MOP cells were grown overnight in white 96-well

plates (Culturplates, Perkin Elmer, Melbourne Australia). Transient transfection of Flpin
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CHO-MORP cells was performed using polyethylenimine (PEI, Polysciences, Warrington,

PA, USA) at a 6:1 ratio of DNA. AtT20-MOP cells were grown in 10cm dishes and
transient transfection of cells was performed using lipofectamine (Invitrogen). After 24h
AtT20-MOP cells were transferred to white 96-well plates. 48h after transfection cells
were rinsed and pre-incubated in Hank’s Balanced Saline Solution (HBSS) with 0.01%
BSA and protease inhibitors (1uM captopril, 1uM phosphoramidon, 1uM amastatin, 1uM
actinonin and 1uM Diprotin A) for 30min at 37°C. Cells were then incubated with the
Rluc substrate coelenterazine-h, final concentration 5uM, for 5min, followed by a further
5min incubation with increasing concentrations of agonists. Forskolin was then added to
a final concentration of 10uM. After 5min the YFP and the Rluc emissions were
measured using a LUmiISTAR Omega (BMG Labtech, Ortenberg, Germany) that allows
for sequential integration of the signals detected at 475 + 30 and 535 + 30nm, using
filters with the appropriate band pass. For CAMP kinetic experiments baseline readings
were taken every 30s for 3min before addition of forskolin, and measurements taken
every 30s for 30min after addition of forskolin. Data are presented as a BRET ratio,
calculated as the ratio of YFP to Rluc signals, and expressed as the percentage of the
forskolin-induced signal.

3.4.4 Bioluminescence Resonance Energy Transfer Assays

Agonist-induced recruitment of B-arrs to the MOP was examined using a BRET-based
method. AtT20 cells and parental Flpin CHO cells were transfected as described above
to co-express MOP C-terminally tagged with Rluc, G protein coupled receptor kinase 2
(GRK2) and B-arrl- or B-arr2-YFP, at a 1:2:4 DNA ratio. To measure G protein
activation in Flpln CHO cells, 1x10° cell were seeded in white 96 well plates. The next
day cells were transfected using PEI as above with 1ug MOP, 1.2 ug GB1, and either
1.35ug Gy-Venus with 0.6ug of Gaj-Rluc8, Gaj-Rluc8 or Gaiz-Rluc8, or 0.6 ug Gy2-
Venus with 0.14 pg Gaep-Rluc8. For B-arr recruitment assays, agonists were added after
5min of pre-incubation with coelenterazine-h, and then incubated for an additional 5min
before the BRET ratio was determined. For G protein assays, agonists were added after
10min pre-incubation with coelenterazine-h, and readings were taken after 5min
incubation with the ligand. For G protein assays with 60min agonist stimulation,
coelenterazine-h was added 10min prior to detection. Data is expressed as the
percentage of the maximum DAMGO response for -arr assays, and the maximum

Loperamide response for G protein assays.
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3.4.5 Membrane Potential

Agonist-induced membrane hyperpolarisation in AtT20-MOP cells was measured using
the FLIPR membrane potential assay kit (Molecular devices, CA, USA). AtT20-MOP
cells were plated in clear bottom black half area 96-well plates (Corning, Clayton,
Australia). Cells were allowed to adhere, the media was changed to low serum media
(1% FBS), and cells allowed to grow overnight. 1 bottle of red membrane potential dye
was dissolved in 10ml K* free HBSS (0.388mM NaHPO,, 4.17mM NaHCO3, 0.441mM
KH,PO4, 145mM NaCl, 22mM HEPES, 0.407mM MgSQO4, 0.493mM MgCl,, 1.26mM
CaCl, and 5.56mM glucose). Dye was added to cells to a 1:1 ratio of dye to low serum
media, and cells allowed to recover for 30min. Membrane hyperpolarisation was
measured at 37°C using a Flexstation®3 (Molecular Devices; Sunnyvale, CA, USA).
Fluorescence was detected for every 2s for 90s at 530 nm excitation and 565 nm
emission. Baseline readings were taken for 30s before addition of agonists. Data is
expressed as AMP, which is the area under the curve units normalised to the maximum
response obtained with DAMGO.

3.4.6 Receptor Internalisation

AtT20-MORP cells were plated and grown overnight in 48-well culture plates. Cells were
incubated with increasing concentrations of agonists in DMEM for 30min, then washed
gently 3 times with TBS and fixed in 3.7% v/v paraformaldehyde. Surface or total FLAG-
MOP receptors were detected in intact or (Nonidet P-40 equivalent)-detergent
permeabilised cells, respectively, using the mouse anti-FLAG antibody (1:2000)
followed by HRP-conjugated goat anti-mouse 1gG (1:2000). After washing with TBS, the
peroxidase substrate (SIGMAFAST™ OPD, SigmaAldrich) was added at a final
concentration of 0.4 mg/ml, and the reaction was terminated by the addition of 1 M HCI.
The coloured reaction product was detected at 490 nm in a multi-label plate reader
(EnVision, PerkinElmer Life Sciences). The absorbance values for transfected cells
were normalised to those of mock-transfected cells, and receptor density was reported

relative to vehicle-treated wells.

3.4.7 Data Analysis

Quantification of bias was performed as described in section 2.3.9.
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3.4.8 Principal Component Analysis

Principal component analysis (PCA) is a dimensionality reduction method that uses
transformations to project a high-dimensional set of data into a lower dimensional set of
variables called principal components (PCs). The PCs extract the important information
from the data, revealing its internal structure in a way that best explains its variance
[697]. PCs are ranked according to the percentage of total variance in the data they
explain. The first PC explains a maximal amount of total variance in the data. Each
succeeding PC explains a maximal amount of the remaining variation, without being
correlated with the preceding components. PCA was applied using singular value
decomposition as implemented in the package scikit-learn [698], the script used for the

analysis and plotting can be found at https://github.com/thomas-coudrat/pca_analysis.
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3.5 Results

We recently quantified biased agonism at the MOP in FIpln CHO cells stably expressing
the human MOP [713] and identified several opioids that display unique biased agonism
profiles compared to the reference ligand DAMGO. These include morphine, endo-1
and endo-2, which had previously been reported to display biased agonism at MOP
[615, 616], the peripherally restricted MOP agonist, loperamide, as well as three
endogenous opioids, Met-enk, Met-enk-RF and a-neo. In the current study, we
investigated whether the biased agonism profiles for these eight MOP ligands remain
consistent across different cell lines, examined the effect of different cellular protein

complement on bias, and assessed the time dependency of biased agonism.

3.5.1 Opioids Show Differential Ga Subunit Activation

To investigate the effect of the different G protein complement on biased agonism we
have examined the activation of different G proteins. MOPs are primarily coupled to G
proteins containing Ga; or Go, subunits, and there is some evidence that opioid ligands
show differential preference for some subtypes [603-605]. The ability of ligands to
activate G proteins was assessed using a BRET-based assay. CHO Flpin MOP cells
were co-transfected with Gy,-Venus, GB; and either RLuc8-tagged Gai;, Gaj, Gajz or
Gagp. All ligands activated the four G protein subtypes after 5min in a concentration-
dependent manner (Figure 3.1). The greatest changes in BRET were observed with
Gaj; and Gagp (data not shown), which may indicate that MOP has a greater ability to
couple to G proteins containing Gaj; or Gag, subunits, however we cannot exclude the
possibility that this is due to differences in BRET efficiency between the different RLuc8-
Ga constructs and the Gy-Venus. DAMGO and Met-enk stimulated most Ga subtypes
to at least 80% of the response to loperamide at 5min, whereas morphine, endo-1,
endo-2, Met-enk-RF and a-neo were, in general, less efficacious than loperamide
(Figure 3.1).

Bias factors (AAlog(t/Ka), see materials and methods) between activation of different
Ga subtypes were quantified for all ligands using DAMGO as the reference ligand
(Figure 3.2, Table 3.1). When compared to DAMGO, Met-enk-RF and a-neo were
biased away from Ga;j; activation relative to at least one of the other Ga subunits (Figure
3.2A-C). This is largely due to the fact that DAMGO-stimulated MOP is more efficiently

coupled to Gaj; than to the other Ga subunits, which is apparent when comparing the
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log(t/Ka) values of DAMGO vs other ligands for each Ga subunit (Table 3.1).

Additionally, Met-enk-RF, which exhibited similar activation of Gaj1, Gaiz and Goaop
relative to DAMGO, showed increased Ga;z activation when compared to DAMGO at
5min, resulting in bias towards Gaiz over Gaj; (Figure 3.2B). This bias is partly
attributable to a small increase in the Ka of Met-enk-RF for Goyz (Table 1). Interestingly,
no ligands showed bias between Gaj; and Gajz, Gajz and Goag, or Gaiz and Gayyp, (Figure

3.2D-F).
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Figure 3.1: Activation of Ga;, subunits by MOP agonists.
(A-D) Activation of Gaj;, Gaip, Gayz and Gayp, in Flpin CHO cells after 5min of agonist stimulation.
Data normalised to the 1uM Loperamide response. Data expressed as mean £ SEM of at least

3 separate experiments.

We next quantified bias between activation of the Ga subunits and recruitment of (-arr2
(Figure 3.2G). a-neo showed bias towards Gaj; which is in line with previous results that
showed a-neo was biased towards inhibition of cAMP production when compared to 3-
arr2 [713]. In addition to this, morphine and endo-1 were biased towards (-arr2 over
Gaj; and Gaiz respectively. This was unexpected since morphine and endo-1 previously
showed no bias between inhibition of CAMP production and B-arr2. The different bias

observed when comparing B-arr2 to either inhibition of CAMP production or G protein
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activation illustrates that the level of G protein activation is not always indicative of the

level of activation of downstream G protein-mediated signalling.

A ;-E B ;-E
= 0.51 G = 0.57 G..
5 T il e T @il
9 0.0 S 0.0 T
PV \NNRDIN I PO\
S -1.01 S 1.0
O O
L -1.51 Fk I -1.51 *
i Gz
% ‘2 0 T T T T T (Il|2 % '2 O L) T T T U;
CE 00 -(\e’ 4 0:\ v (\\*" X &* H_J (90 -(\Q' N o oq' (& Q‘('( &*
&L VN & & & RTINS
g \}0& & &S eé‘\,@o o Na é\o@ @ &S @\,ef‘ o«
C = hd N D2 N A\
e e
E Lk GCLH E e GuiZ
o)) o
S 0.01 9 1.01
05 &
é] 0.5 é] 0.0 T R.E &
L 151 L -1.01
2 50 Gyob 2 15 Gais
Iva) R @SSP v} P f DS E P
FF & PP F IS
Ov?“\ o‘é\ Q}fb@ <& S é\e\ ,@& & ng o‘é\ @{b@ <& S \K\e\ &
—_ A — N
E 3 F 5
% 1.5- G.is :g; 1.51 Gyi2
3 10' 3 10'
= 0.5 ﬁ 0.5-
f 0.0- = O'O-JVT-M
o ]
-'g -0.51 g -0.51
w -1.04 =L -1.01
@ 151, — Suob L — Soob
o O & . N O & K& 0 o O & & N 0V & & O
(G NR 60 bO ¥ ,Q' ’e@ ©) &S 60 60 ’Q,-{\ 9' léq’
0?\&\ 0&"\ e;&@ 2K %\Q} 6(*' & O\SX\ éé\@\'b& 23K .é\?s} ’0(\\*' &
N & v S &
G ,-& N 'é\ A é\
< 15 B-Arr2
s * o DAMGO
o 1.01 5 * A& Morphine
0.51 ) O Loperamide
3 S IO SO S S = Endo-1
5 Endo-2
+ -0.51 Met-enk
S 40l ? 8 4 7 Met-enk-RF
o _1'5 . i . .G“ A o-Neo
o Guit Ggiz  Guiz  Guob

Figure 3.2: Quantification of biased agonism of MOP agonists between activation of
different Ga;, subunits.

(A-F) Bias factors for all agonists between Gai;, Gaip, Gajiz and Gogp, activation after 5min of
agonist stimulation. (G) Bias factors between B-arr2 recruitment and Gaj;, Gai, Gaiz and Gagp
activation after 5min agonist stimulation. Data expressed as means + SEM of at least 3
separate experiments. *p<0.05 **p<0.005, different from DAMGO as determined by one-way
ANOVA with Dunnett’'s multiple comparison test.
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Table 3.1: Quantification of biased agonism between activation of different G

Systematic Analysis of Factors Influencing Observations of Biased Agonism at the u-Opioid

Transduction coefficients [Log(t/Ka)], normalised transduction coefficients [ALog(t/Ka)] and
Log(bias factors) [AALog(t/Ka)]. Values represent the mean + SEM of three to five independent
experiments. *p <0.05 **p<0.005, different from DAMGO as determined by ANOVA with
Dunnett’s multiple comparison test. ¥ p <0.05 as determined by two-tailed t-test compared to
same ligand at 5min. NC: not calculated due to full agonism.

5mins 60mins

logKa SEM Logr/K, SEM Alogi/K, SEM logKa SEM Logr/K, SEM Alogi/K, SEM

DAMGO NC NC 8.575 0.150 | 0.000 0.212 -6.89 0.29 (7759t 0.110 [ 0.000 0.155
Morphine NC NC 7.686 0.149 | -0.889 0.211 -6.76 0.26 7.445 0.157 | -0.315 0.191
Loperamide NC NC 9.082 0.128 | 0.507 0.197 NC NC 8.948 0.092 | 1.189 0.143
Endo-1 -7.89 0.32 8.813 0.157 | 0.239 0.217 NC NC 8.516 0.107 | 0.756 0.153

Gai Endo-2 -7.85 0.29 8.309 0.221 | -0.266 0.267 NC NC 8.328 0.153 | 0.569 0.188
Met-enk -7.56 0.36 8.781 0.153 | 0.207 0.214 -7.21 0.32 (8.001t 0.151 | 0.242 0.187
Met-enk-RF| NC NC 8.448 0.200 | -0.127 0.250 -6.78 0.33 (7543t 0.138 | -0.217 0.176
a-Neo -6.58 0.32 7.238 0.201 | -1.336 0.251 | -6.79 0.30 | 7.767t 0.140 | 0.007 0.178

DAMGO -7.01 0.36 7908 0.138 | 0.000 0.195 | -6.74 0.40 7.619 0.120 | 0.000 0.170
Morphine -6.57 0.31 7.396 0.149 | -0.512 0.203 NC NC 7.293 0.112 | -0.326 0.164
Loperamide NC NC 9.147 0.113 | 1.239 0.178 NC NC 8.816 0.096 | 1.198 0.154

G Endo-1 -7.89 0.28 8.790 0.115 | 0.883 0.179 -7.85 0.28 8.599 0.135 | 0.980 0.181
a2 1 Endo-2 | -791 022 | 8424 0.156 | 0516 0.208 | -7.74 028 | 8428 0.171 | 0.809 0.209
Met-enk NC NC 8.368 0.119 | 0.460 0.182 NC NC 8.517 0.133 | 0.898 0.179
Met-enk-RF| -7.38 0.31 8.178 0.153 | 0.270 0.206 | -7.08 0.31 (7589t 0.171 | -0.030 0.209
a-Neo -7.19 0.26 7.734 0.177 | -0.174 0.224 -6.75 0.33 | 7.226% 0.218 | -0.392 0.249

DAMGO NC NC 8.006 0.128 | 0.000 0.181 -7.30 0.33 7.970 0.167 | 0.000 0.237
Morphine -7.15 0.36 8.021 0.192 | 0.015 0.231 -7.22 0.27 7.627 0.196 | -0.343 0.258
Loperamide NC NC 9.107 0.132 | 1.102 0.184 NC NC 8.969 0.132 | 0.999 0.213
Endo-1 NC NC 8.746 0.131 | 0.741 0.183 -7.65 0.29 8.224 0.157 | 0.254 0.230

Gaia Endo-2 -8.31 0.27 8.952 0.181 | 0.946 0.222 -8.08 0.34 (8.369t 0.278 [ 0.399 0.324
Met-enk NC NC 8.354 0.161 | 0.348 0.206 | -7.47 0.35 8.107 0.193 | 0.137 0.255
Met-enk-RF| -7.76 0.39 8.564 0.205 | 0.559 0.242 -7.30 0.39 (7835t 0.218 | -0.135 0.275
a-Neo -6.86 0.33 7.593 0.184 | -0.413 0.225 -7.35 0.31 7.691 0.235 | -0.279 0.289

DAMGO NC NC 8.037 0.128 | 0.000 0.181 | -6.94 0.38 8.099 0.145 | 0.000 0.204
Morphine NC NC 7546 0.179 | -0.491 0.220 -6.73 0.29 7.460 0.185 | -0.639 0.235
Loperamide] NC NC 8.946 0.126 | 0.910 0.180 NC NC 8.959 0.140 | 0.860 0.201
Endo-1 NC NC 8.626 0.134 | 0.590 0.186 -7.47 0.28 8.300 0.152 | 0.201 0.209

Gaob Endo-2 NC NC 8.584 0.147 | 0.547 0.195 -7.85 0.23 8.423 0.179 | 0.324 0.230
Met-enk NC NC 8.508 0.139 | 0471 0.189 -7.62 0.27 8.525 0.160 | 0.426 0.216
Met-enk-RF| NC NC 8.2890 0.182 | 0.252 0.223 -7.00 0.32 7.905 0.149 | -0.194 0.208
a-Neo NC NC 7.622 0.145 | -0.415 0.193 -6.77 0.26 7.542 0.169 | -0.557 0.223

Gait - Gai2 Guait - Gaiz Gait - Goob Gaiz - Gaiz Gui2 - Gaob Gaiz - Goob
AALogr/K, SEM|AALogr/K, SEM |AALogr/K, SEM|AALogr/K, SEMJAALogr/K, SEM|AALogr/K, SEM

DAMGO 0.000 0.288 0 0.279 | 0.000 0.279 | 0.000 0.266 | 0.000 0.266 | 0.000 0.256
Morphine | -0.377 0.293 | -0.904 0.313 | -0.398 0.305 | -0.527 0.307 | -0.021 0.299 | 0.506 0.319
Loperamide] -0.732 0.266 | -0.594 0.270 | -0.402 0.267 | 0.138 0.256 | 0.330 0.253 | 0.192 0.257
5mins Endo-1 -0.644 0.282 ] -0.109 0.284 | -0.351 0.286 | 0.535 0.274 | 0.293 0.258 | -0.242 0.261
Endo-2 -0.782 0.338 | -0.824 0.347 | -0.813 0.330 | -0.043 0.317 | -0.031 0.285 | 0.012 0.295
Met-enk | -0.254 0.281 | -0.534 0.297 | -0.264 0.286 | -0.280 0.256 | -0.011 0.262 | 0.270 0.279
Met-enk-RF| -0.397 0.323 | -1.073* 0.347 | -0.379 0.335 | -0.676 0.304 | 0.018 0.303 | 0.694 0.329
a-Neo -1.162** 0.337 | -0.923 0.337 | -0.921* 0.317 | 0.239 0.317 ] 0.241 0.296 | 0.002 0.296

DAMGO 0.000 0.230 | 0.000 0.283 ]| 0.000 0.257 | 0.000 0.292 |} 0.000 0.266 | 0.000 0.313
Morphine | 0.011 0.252 | 0.028 0.321 | 0.324 0.303 | 0.017 0.306 | 0.313 0.287 | 0.296 0.349
Loperamide] -0.009 0.210 | 0.190 0.257 | 0.329 0.247 | 0.199 0.263 | 0.338 0.253 | 0.139 0.293
60mins Endo-1 -0.224 0.237 | 0502 0.276 | 0555 0.260 | 0.726 0.292 | 0.779 0.277 | 0.053 0.311
Endo-2 -0.241 0.281 ] 0.169 0.375 ] 0.245 0.297 | 0.410 0.386 | 0.48 0.311 ] 0.076 0.397
Met-enk | -0.657 0.259 | 0.104 0.316 | -0.184 0.285 ] 0.761 0.312 | 0.473 0.280 | -0.288 0.334
Met-enk-RF| -0.187 0.273 | -0.082 0.327 | -0.023 0.272 | 0.105 0.345 ] 0.164 0.295 | 0.059 0.344
a-Neo 0.400 0.306 | 0.286 0.339 | 0.564 0.285 ] -0.114 0.381 ] 0.164 0.334 | 0.278 0.364
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3.5.2 Changes in GRK2 Expression Levels Alter the Bias Between (-Arrestin 1 and 3-
Arrestin 2

Recruitment of B-arrs to MOP is dependent on preceding phosphorylation of the
receptor. Different GRKs and other kinases such as PKC have been shown to
phosphorylate different residues on the receptor, and several studies have
demonstrated that phosphorylation of the CT of MOP is ligand-dependent [184, 546]. As
diverse cell types express different kinase levels, this may, in turn, change the ability of
ligands to recruit B-arrs in different cells. Indeed, overexpression of GRK2 has been
shown to enhance recruitment of B-arrs to MOP [525]. We have found that endo-1 is
biased towards recruitment of -arr2 over B-arrl in CHO-MOP cells with endogenous
levels of GRKs [713]. To investigate whether this bias was altered upon changes in
GRK expression levels, we repeated this experiment with overexpression of GRK2.
CHO Flplin cells were co-transfected with GRK2, RLuc-tagged MOP and YFP-tagged f3-
arrl or B-arr2. Upon overexpression of GRK2, all the ligands tested stimulated
recruitment of B-arrl and B-arr2 in CHO-MOP-GRK2 cells (Figure 3.3A-B, Table 3.2),
and all stimulated greater B-arr recruitment than measured previously in CHO-MOP
cells with endogenous levels of GRKs [713]. In agreement with previous reports, even
the weak partial agonist morphine was now able to significantly recruit -arrs to MOP.
Quantification of bias factors between recruitment of -arrl and B-arr2 upon GRK2
overexpression showed that under these conditions, endo-1 no longer differentially

recruits B-arrs when compared to the reference ligand DAMGO (Figure 3.3C).

Next, we investigated whether different levels of GRK2 expression affect the biased
agonism between recruitment of B-arrs and G protein-mediated signalling that we had
previously observed for some opioid ligands (loperamide, endo-1 and «-neo).
Enhancing B-arr recruitment would be expected to correlate with a decrease in G
protein activation. However, this change may not affect all ligands equally. To test this
we measured the MOP-induced inhibition of AC in CHO-MOP-GRK2 cells using a
cAMP BRET biosensor and compared this to our results upon endogenous GRK2
expression levels [713](Figure 3.3D-F). All ligands inhibited forskolin induced cAMP
production, however, the maximum response was greatly reduced upon GRK2
overexpression, when compared to endogenous levels of GRK2 (less than 30%
inhibition compared to 58% inhibition by DAMGO) (Figure 3.3D, Table 3.2). Despite this,
calculation of bias factors between cAMP and B-arrl and B-arr2 in CHO-MOP-GRK2

cells showed that the bias of most ligands in these cells was similar to the bias they



showed in CHO-MOP cells (Figure 3.3E-F, Table 3.2). The only exception was endo-1,
which showed a significant reduction in the bias between cAMP and {-arrl in the CHO-
MOP-GRK2 cells (Figure 3.3E). This means that overexpression of GRK2 caused a
greater reduction in the inhibition of cAMP induced by endo-1 than expected. This
could, in part, be due to the enhanced recruitment of B-arrl detected upon GRK2

overexpression.

Table 3.2: Quantification of biased agonism upon overexpression of GRK2.
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Transduction coefficients [Log(t/Ka)], normalised transduction coefficients [ALog(t/Ka)]

and bias factors [AALog(t/Ka)]. Values represent the mean = SEM of three to five

independent experiments.

B-Arr1 + GRK2 B-Arr2 + GRK2 cAMP + GRK2
Logi/K, SEM Alog/K, SEM |Logr/K, SEM Alog’K, SEM |Log/K, SEM Alogi/K, SEM
DAMGO 7.410 0.113 0.000 0.160 7.599 0.097 0.000 0.137 7.309 0.267 0.000 0.377
Morphine | 6.437 0.205 | -0.973 0.234 6.721 0.131 | -0.878 0.163 6.943 0.363 | -0.366  0.450
Loperamide| 7.458 0.128 0.048 0.171 7.831 0.096 0.232 0.137 8.251 0.227 0.942 0.351
Endo-1 7.381 0.128 | -0.029 0.170 7.529 0.111 | -0.070 0.147 7.783 0.105 0.474 0.287
Endo-2 7.587 0.128 0.177 0.171 7.755 0.110 | 0.156 0.146 7.818 0.105 0.509 0.287
Met-enk 7.564 0.128 0.154 0.171 7.564  0.097 | -0.035 0.137 7.664  0.262 0.355 0.374
Met-enk-RF| 7.370 0.128 | -0.040 0.170 7.875 0.109 0.276 0.146 7.674  0.105 0.365 0.287
a-Neo 6.530 0.128 | -0.880 0.171 6.703 0.110 [ -0.896  0.147 7.263 0.215 [ -0.047 _ 0.343
B-Arr2 + GRK2 - B-Arr1 + GRK2 cAMP + GRK2 - 3-Arr1 + GRK2 cAMP + GRK2 - B-Arr2 + GRK2
AALogr/Ka SEM AALogr/K, SEM AALog1/K, SEM
DAMGO 0.000 0.211 0.000 0.410 0.000 0.402
Morphine 0.095 0.285 0.607 0.508 0.512 0.479
Loperamide 0.184 0.218 0.894 0.390 0.710 0.376
Endo-1 -0.041 0.225 0.503 0.334 0.544 0.322
Endo-2 -0.021 0.225 0.332 0.334 0.353 0.322
Met-enk -0.189 0.219 0.201 0.411 0.390 0.399
Met-enk-RF 0.316 0.224 0.405 0.334 0.089 0.322
a-Neo -0.016 0.225 0.833 0.383 0.849 0.373
B-Arr1 + GRK2 B-Arr2 + GRK2 cAMP + GRK2
LogeC50 SEM Emax SEM |LogeC50 SEM Emax SEM [LogeC50 SEM Emax SEM
DAMGO -7.39 0.12 93.3 4.2 -7.59 0.09 95.4 2.9 -7.00 0.24 16.2 1.8
Morphine -6.73 0.16 58.4 4.0 -6.92 0.13 72.4 3.8 -6.73 0.28 125 1.8
Loperamide| -7.73 0.16 81.3 4.5 -7.73 0.12 103.6 4.0 -7.92 0.32 19.6 2.8
Endo-1 -7.34 0.14 88.3 4.3 -7.65 0.13 88.0 3.8 -7.88 0.13 29.7 1.6
Endo-2 -7.54 0.17 93.0 5.4 -7.81 0.08 88.1 2.2 -7.86 0.18 28.9 21
Met-enk -7.77 0.16 78.5 3.9 -7.78 0.11 87.9 33 -7.19 0.31 16.8 2.3
Met-enk-RF| -7.30 0.13 93.5 4.3 -7.90 0.12 88.9 31 -7.80 0.23 27.0 2.9
a-Neo -6.63 0.15 86.5 5.2 -6.74 0.11 88.7 3.4 -7.20 0.26 16.9 2.2
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Figure 3.3: Overexpression of GRK2 changes bias between recruitment of g-arrs and AC
inhibition.

Recruitment of (A) B-arr2 and (B) B-arrl in FIpin CHO-MOP-GRK2 cells. Data normalised to the
10uM DAMGO response and expressed as means + SEM of at least 3 separate experiments.
(C) Bias factors between recruitment of B-arrl and B-arr2 in CHO-MOP-GRK2 cells. (D)
Inhibition of fsk- induced cAMP in FIpIn CHO-MOP-GRK2 cells. Data expressed as the % fsk-
induced cAMP response in the absence of agonist, and expressed as means = SEM of 2-3
separate experiments. Bias factors between cAMP and (E) B-arrl and (F) B-arr2 in CHO-MOP
[713] and CHO-MOP-GRK2 cells. *p <0.05, as determined by one-way ANOVA with Dunnett’s
multiple comparison test compared to bias factor for same ligand in CHO-MOP. NC = not
calculable
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3.5.3 The Differential Kinetics of AC Inhibition by Opioids Changes Bias

Most quantifications of biased agonism are calculated at a single time point for each
signalling pathway which usually corresponds to the maximum activation of that
pathway, or when the signal reaches a steady state. As such, this time point can
significantly vary across different signalling pathways. However, it is now apparent that
ligands can elicit differential kinetics of activation and deactivation of each signalling
pathway. MOP activation results in inhibition of AC which is detectable within minutes,
and is also known to produce prolonged inhibition of AC [728, 729]. Inhibition of cAMP
production is usually measured using accumulation assays, requiring long incubation
times, up to 60min, thereby detecting both acute and prolonged signalling. However, the
kinetics of AC inhibition over this time period may vary significantly for different
agonists, which means bias between cAMP and other signalling pathways can also
change over time. To test this we examined the inhibition of AC using the CAMYEL
BRET biosensor for 30min. An initial experiment using ECsy concentrations of the
ligands (Figure 2.1) showed that most ligands inhibit AC with a similar profile to that of
DAMGO, where maximum AC inhibition is reached 5 to 10min after forskolin (fsk)
addition, and remains constant for up to 30min (Figure 3.4A). However, we observed
that whilst Met-enk-RF also reached maximum AC inhibition between 5 and 10min, by
30min such inhibition was no longer detected (Figure 3.4A). This effect was not due to
degradation of the peptide, as protease inhibitors used in all experiments (see Materials
and Methods) provided adequate protection from proteases, and the same effect was

observed in the presence of a protease inhibitor cocktail (Figure 3.4A).

We then examined the AC inhibition kinetics for Met-enk-RF, DAMGO, loperamide and
endo-1 at a full range of concentrations (Figure 3.4C-F). DAMGO, loperamide and
endo-1 showed the same cAMP kinetic profiles regardless of concentration, they all
reached their maximum signal at 5min and remained constant for the duration of the
experiment. However, Met-enk-RF only displayed this profile at the highest
concentrations tested (1-10uM), and at lower concentrations the AC inhibition was
gradually lost over time. This difference in the kinetics of AC inhibition could impact the
quantification of bias between AC inhibition and other signalling pathways, especially if
AC inhibition is measured at different times and/or by different methods. We plotted
concentration response curves using the BRET values obtained at 5min and 30min, and

guantified bias between these two time points (Figure 3.4G-H). As expected from its
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Figure 3.4: Kinetics of AC inhibition.

(A-F) Kinetic profiles of agonist-induced inhibition of fsk-induced cAMP production in Flpin CHO-
MOP up to 30min after fsk addition. Kinetic traces of ligands at (A) EC50 concentrations, (B)
Met-enk-RF in the presence of protease inhibitor mix (Pls; See Materials and Methods) or
protease inhibitor cocktail (PIC, SigmaAldrich) and (C-F) increasing concentrations of DAMGO,
Met-enk-RF, Loperamide and endo-1. Data expressed as the %fsk induced cAMP response
(mean fsk response between 10-30min) in the absence of agonist, and expressed as means +
SEM of 3 separate experiments. (G) Concentration response curves of inhibition of fsk-induced
CAMP production at 5min and 30min post fsk addition constructed from kinetic profiles. (H) Bias
factors between inhibition of fsk-induced cAMP production at 5min and 30min. *p<0.05, as
determined by one-way ANOVA with Dunnett’s multiple comparison test compared to DAMGO.
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observed kinetic profile, Met-enk-RF demonstrated relatively greater efficacy for

inhibition of AC at 5min versus 30min that lead to altered bias with respect to DAMGO
for this pathway across the two time points. Consequently, the bias of Met-enk-RF, but
not the other ligands, will change when quantifying bias between cAMP and other

signalling pathways, depending on the time point chosen to measure AC inhibition.

3.5.4 Differential G Protein Desensitisation Alters Bias

Since the kinetics of a G protein-mediated signalling pathway are ligand dependent, it
follows that G protein activation kinetics may also be ligand dependent. It is also well
established that neither the initial level of G protein activation, nor the level of
desensitisation of G protein-mediated signalling of MOP correlate with the level B-arr
recruitment and receptor internalisation [598]. Therefore, quantifying bias between
acute G protein activation and receptor regulatory events reveals only limited
information about the differential desensitisation mechanisms initiated by different
ligands. Alternatively, quantifying bias between G protein activation and regulatory
events at the same time point can reveal ligands that have divergent mechanisms of
receptor regulation. Additionally, the divergent mechanisms of receptor desensitisation
and regulation initiated by different ligands can potentially have differential effects on
Ga subtypes thereby altering bias between various Ga subtypes at different time points.
To examine this, the G protein assays described above were repeated after 60min of
agonist stimulation (Figure 3.5). As expected, most ligands stimulated less Ga subunit
activation at 60min compared to 5min, which is apparent in the reduction of log(t/Ka)
values at 60min (Table 3.1), however only small changes were observed with Gogp.
Interestingly, the greatest reductions in relative efficacy between 5 and 60min for all Ga
subunits were observed for Met-enk-RF. This enhanced desensitisation of Met-enk-RF
induced Ga subunit activation is in line with the increased desensitisation of the
inhibition of cCAMP production observed at later time points (Figure 3.4G). DAMGO and
Met-enk also showed a significant reduction in activation of Gaj; at 60min, whereas a-
neo surprisingly showed an increase in activation of Ga;;. Calculation of bias factors
between each G protein at 60min showed that a-neo and Met-enk-RF were no longer
biased between Gaj; and Gaiy, Gaiz or Gaop. (Figure 3.6, Table 3.1). Together these
results show the variability in the level of desensitisation of different Ga subunits by

different ligands.
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Figure 3.5: Activation of Ga;, subunits by MOP agonists at 60min.

Activation of (A) Gai;, (B) Gaiz, (C) Gajz and (D) Gaep in Flpin CHO cells after 60min agonist
stimulation. Data normalised to the 1uM Loperamide response. Data expressed as mean + SEM
of at least 3 separate experiments.

Next we examined the effect of G protein desensitisation on bias between G protein
activation and receptor trafficking. Previously, we measured MOP trafficking at 60min
using a BRET assay to measure the reduction in MOP proximity to the membrane
marker KRas, which revealed that endo-1, endo-2 and a-neo were all biased towards
the acute inhibition of cAMP production (at 10min) over MOP trafficking at 60min [713].
In order to identify whether these ligands are still G protein biased after desensitisation
of G protein activation, we quantified bias between G protein activation and receptor
trafficking when both pathways were measured at 60min. Endo-1, and Met-enk showed
bias towards activation of Gai, over receptor trafficking (Figure 3.6E). Surprisingly, Met-
enk-RF, which showed the greatest reductions in G protein activation at 60min, also
stimulated very little receptor trafficking, as a result a bias factor could not be quantified.
This may suggest that desensitisation and trafficking induced by Met-enk-RF are
completely independent mechanisms. Alternatively, the rapid desensitisation of CAMP
inhibition by Met-enk-RF observed at 30min (Figure 3.4), suggests that the kinetics of
receptor trafficking induced by Met-enk-RF may also be more rapid than for the other
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ligands, and no longer detectable at 60min due to rapid receptor recycling. Altogether,
qguantifying bias between the G protein activation and receptor trafficking at the same
time point has revealed ligands that may have differential desensitisation mechanisms
or kinetics.
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Figure 3.6: Quantification of biased agonism of MOP agonists between activation of
different Gaj,, subunits at 60min.

(A-D) Bias factors for all agonists between activation of Gaj;, Gayp, Gajz and Goyy, after 60min
agonist stimulation (Table 3.1). (E) Bias factors between MOP trafficking measured using BRET
between MOP-RIuc and KRas-Venus [713] and activation of Gaj;, Gap, Gaiz and Goop after
60min agonist stimulation. Data expressed as means + SEM of at least 3 separate experiments.
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3.5.5 Impact of Cell Background in Determinations of Biased Agonism at MOP

We next investigated whether the biased agonism detected in CHO Flpin hMOP cells
was retained at the mMOP, and whether such biased agonism changes in a different
cell background, where different endpoints and assay conditions may be necessary to
obtain robust signals. For this we determined comprehensive biased agonism profiles
for the same eight ligands in AtT20 mouse pituitary tumour cells stably expressing
mMOP.

We first quantified bias between inhibition of AC and recruitment of g-arrl and -arr2. §3-
arrl and B-arr2 recruitment was measured using BRET in cells co-transfected with
GRK2 (Figure 3.7A-B), as B-arr recruitment in AtT20-mMORP cells was barely detectable
in the absence of this kinase. Loperamide, endo-1, endo-2 and a-neo stimulated less -
arrl recruitment compared to DAMGO and the other ligands (75-85%). Morphine only
stimulated 39.9% of DAMGO induced -arrl recruitment. All ligands stimulated a similar
level of B-arr2 recruitment as DAMGO, except a-neo and morphine, which only
stimulated 81% and 62%, respectively. In agreement with the bias profiles obtained in
CHO MORP cells overexpressing GRK2, no ligands were biased between the two (-arrs
(Figure 3.7C, Table 3.3).

Inhibition of cAMP production was measured using the CAMYEL BRET-based
biosensor (Figure 3.7D), without additional co-transfection of GRK2 as this would
compromise the cAMP response as shown in the CHO cells. All ligands produced
between 55%-65% inhibition of forskolin-induced cAMP production. Our previous study
in CHO-hMOP cells showed that endo-1 was biased towards cAMP over recruitment of
B-arrl, while loperamide and a-neo were biased towards cAMP over B-arrl and (-arr2
when compared to the reference ligand DAMGO (Thompson et al., 2015). In contrast, in
AtT20-mMOP cells, no ligands showed significant bias towards cAMP over B-arrl or 8-
arr2 (Figure 3.7E.F, Table 3.3). This may be due, in part, to the fact that GRK2 needed
to be overexpressed in -arr recruitment assays but not the cCAMP assays. Moreover, in
AtT20 cells and relative to DAMGO, loperamide, endo-1 and a-neo are less efficacious
at inhibiting cAMP production than in CHO cells (which is apparent when comparing the
Alog(t/Ka) values for the cAMP assays between these cell lines). Such changes in
efficacy, thus, may explain the loss of bias towards cAMP of these ligands in AtT20

cells.
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Figure 3.7: Bias between AC inhibition and recruitment of B-arrs is cell dependent.
Recruitment of (A) B-arrl and (B) B-arr2 in AtT20-mMOP-GRK2 cells. Data normalised to the
10uM DAMGO response and expressed as means + SEM of 3 separate experiments. (C) Bias
factors for all agonists between B-arrl and B-arr2 (Table 3.4). (D) Inhibition of fsk-induced
CAMP in AtT20-mMOP cells. Data expressed as the %fsk-induced cAMP response in the
absence of agonist, and expressed as means + SEM of at least 3 separate experiments. Bias
factors for all agonists between cAMP and (E) B-arrl and (F) B-arr2 in AtT20 cells is shown in
(Table 3.4).
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FLAG-MOP internalisation after 30min of agonist exposure was measured using anti-

FLAG ELISA. All ligands, except morphine, induced a reduction in MOP at the cell
surface after 30min in AtT20 cells (Figure 3.8A). Bias factors were calculated between
internalisation and inhibition of cAMP production, B-arrl and B-arr2 (Figure 3.8B-C,
Table 3.4). Loperamide, Met-enk and Met-enk-RF all showed significant bias towards
receptor internalisation over inhibition of cAMP, -arrl and B-arr2. This is in contrast to
our previous results in CHO-MOP cells where these ligands showed no bias towards
receptor trafficking. The bias towards internalisation of Met-enk-RF is particularly
surprising, since Met-enk-RF stimulated very little receptor trafficking in CHO-MOP
cells. However, this result is difficult to interpret as this discrepancy may be due to the
use of different methods (membrane localisation vs ELISA) or time points in the two

cells types.

We next examined the bias between activation of two canonical G protein-mediated
signalling pathways; inhibition of cCAMP production (predominantly Gaj,-mediated) and
cell hyperpolarisation (predominantly GBy-mediated) [146]. Hyperpolarisation in AtT20-
mMmMOP cells was measured using the FLIPR membrane potential assay [730]. Opioids
hyperpolarise AtT20 cells primarily through G protein mediated activation of G protein-
gated inwardly rectifying K* channels (GIRKs). In agreement with this, all ligands
stimulated AtT20-mMOP hyperpolarisation (Figure 3.8-E). Quantification of bias factors
between hyperpolarisation (AMP) and inhibition of cAMP production showed that no
ligands were significantly biased between these two signalling pathways compared to
DAMGO (Figure 3.8F, Table 3.4). In agreement with this, the bias between receptor
internalisation and AMP was very similar to bias between internalisation and cAMP
(Table 3.4), with loperamide and Met-enk being significantly biased towards
internalisation. The only exception was Met-enk-RF, which was no longer significantly

biased towards internalisation when compared to AMP.

Finally, we assessed whether biased agonism between hyperpolarisation and -arrlor
B-arr2 recruitment also reflected the results obtained when using inhibition of CAMP as a
G protein-mediated pathway (Figure 3.7E-F, Figure 3.8G and Table 3.4). Interestingly,

Met-enk was biased towards cell hyperpolarisation (Figure 3.8G and Table 3.4).
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Figure 3.8: Quantification of biased agonism in AtT20 cells.

(A) FLAG-mMORP internalisation in AtT20 cells. Data expressed as percentage of vehicle, as
means + SEM of at least 3 separate experiments. Bias factors between internalisation (Int) and
(B) cAMP and (C) B-arr2. (D) Representative kinetic trace of AtT20 cell hyperpolarisation
measured using FLIPR membrane potential kit. Data expressed as %change in relative
fluorescence units. (E) Concentration-response curves of cell hyperpolarisation (AMP) in AtT20-
mMMOP cells. Data normalised to the area under the curve of the 1uM DAMGO response and
expressed as meanst SEM of at least 3 separate experiments. Bias factors between AMP and
(F) cAMP and (G) B-arr2. *p<0.05, **p=<0.005, ***p<0.001 one-way ANOVA with Dunnett’s
multiple comparison test compared to DAMGO. NC = not calculable
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3.5.6 Ligand Clustering by Biased Agonism Profiles in AtT20 Cells

As shown above, quantification of bias in different cell lines requires the use of different
assay conditions and signalling endpoints. Thus, directly comparing individual bias
factors between two pathways obtained in two different cell lines can be difficult to
interpret. For this reason, an overall bias profile of the ligands across all of the signalling
pathways can provide information about ligand clustering and, consequently allow the
comparison of different clusters across cell lines. To obtain an overall picture of the bias
profiles of the ligands in AtT20-mMOP cells we constructed webs of bias. For this, the
bias factors between AMP and all of the other signalling pathways were calculated
(AAT/Kp) and plotted on a single multiaxial graph (Figure 3.9A). This shows that
morphine, loperamide and Met-enk are biased compared to DAMGO at one or more
signalling pathways, and that no ligands under study show the same pattern of bias as
one another. Importantly, these results also highlight that although the bias of each
ligand between individual signalling pathways has changed compared to the bias that
we had previously determined in CHO cells [713], the clustering of ligands with unique

bias profiles remains across different cell lines.

The overall bias profile of a ligand can also be visualised using Principal Component
Analysis (PCA). PCA identifies which bias factors are correlated with one another, and
collectively contribute the greatest variation in bias between the ligands, called principal
components. PCA of all the bias factors revealed that the bias between receptor
internalisation and recruitment of -arrl and -arr2 contributes the greatest variability in
bias between all the ligands, contributing to 54% of the overall observed bias. Bias
between G protein-mediated signalling and B-arr recruitment and internalisation only
contributed to ~37% of the observed bias. When these principal components are plotted
against one another ligands with similar bias will cluster together (Figure 3.9B). PCA
analysis of our data in AtT20 cells showed that loperamide, Met-enk and Met-enk-RF
are separated from DAMGO, and hence have unique patterns of bias, whereas endo-1,
endo-2 and a-neo cluster more closely to DAMGO. These results are in contrast to our
previous data in CHO cells, where endo-1 and a-neo did not cluster with DAMGO, while
Met-enk did. This illustrates that biased agonism profiles have not changed uniformly
across the group of ligands, but, rather, that the impact of cell background on bias

determinations is different for each agonist.
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Figure 3.9: Biased agonism profiles of MOP agonists in AtT20-mMOP cells.

(A) Webs of bias for all ligands. t/K, values were normalised to the reference ligand DAMGO,
and to the cAMP assay. Statistically significant differences (p<0.05) are denoted by black circles
as determined by two-tailed t-test. (B) Principal component analysis (PCA) of all bias factors.
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3.6 Discussion

In the present study we have extended our determinations of biased agonism at MOP to
systematically assess the impact of differential cellular protein complement, signalling
kinetics and receptor species. We show that despite changes in directions of bias and
overall signalling profiles, ligands with distinct bias profiles at MOP in CHO cells (e.g.
endo-1, met-enk-RF and a-neo) still displayed unique bias fingerprints, different from
that of DAMGO, when evaluated in a different cell background. However, our results
also highlight the importance of the experimental conditions used for the measurement
of activation of various signalling pathways and show that these conditions need to be

carefully and systematically determined when reporting biased agonism at GPCRs.

Examination of biased agonism at MOP across multiple different signalling pathways in
two different cell backgrounds, one expressing hMOP and the other mMOP, has shown
that although the biased agonism profiles of most ligands changed dramatically
between the different cell types, ligands that displayed distinct bias profiles were still
unique across different cell backgrounds. Our previous study in CHO cells showed that
ligands such as loperamide, endo-1, Met-enk-RF and a-neo displayed signalling profiles
different to that of DAMGO [713]. In the present study, such ligands still generate
signalling profiles that are different from the same reference agonist. This is illustrated
by the individual bias factors across different pathways (Figures 3.2, 3.3, 3.6 and 3.8) as

well as by the web of bias presented in Figure 3.9.

We illustrate how biased agonism is influenced by the cellular protein complement by
altering the expression of receptor kinases involved in the regulation of MOP. The bias
of endo-1 between inhibition of cAMP and -arrl/2 recruitment changed when the levels
of GRK2 expression were increased in CHO cells. In addition to this, all ligands tested
showed bias compared to DAMGO between activation of different Gaj, Subunits,
indicating that the overall level of G protein activation, and consequently bias between
G protein-mediated signalling and other signalling pathways will change depending on
the G protein subunit content in a particular cell type. This shows that changes in the
expression of a single protein can change the relative bias of a set of ligands, hence the
direction of biased agonism can change in different cell types. Notably, changes in
proteins other than intracellular signalling effectors can also determine changes in
biased agonism. For instance, opioid receptors and other GPCRs have been shown to
form homo- or heterodimers. It could be envisaged that the formation of oligomeric
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structures in specific cell types, could lead to differences in the observed biased

agonism.

The temporal dependence of biased agonism is demonstrated by the unusually rapid
desensitisation of cAMP inhibition induced by Met-enk-RF. Whilst the different cAMP
kinetic profile may not directly result in significantly different physiological effects, the
differential kinetics may be an indicator of differential activation of other signalling
pathways that will produce distinctive physiological effects. There are numerous factors
that could contribute to the altered cAMP kinetics of Met-enk-RF. Different signalling
kinetics could result from differing association and dissociation rates of the ligand (which
is currently unexplored at MOP) or from unique conformations of the receptor induced
by the ligand which possess altered receptor-effector activation dynamics. As
mentioned earlier, differential receptor trafficking may also alter the cAMP kinetic profile.
Indeed, receptor endocytosis has been shown to affect the initial cAMP inhibition
kinetics at DOP [731].

Another factor that can affect the kinetic profile of CAMP signalling is the activation of
other signalling effectors that regulate or desensitise cCAMP signalling. Such signalling
effectors include Ca®*, PKC and several other kinases [120]. Differential activation of
these signalling pathways by Met-enk-RF has not been examined to date, however Ca?*
mobilisation and PKC activation have been shown to be differentially activated by MOP
ligands [530, 602]. In addition to this, CAMP assays typically measure total AC activity
throughout the whole cell, but cAMP signalling can occur selectively in spatially distinct
regions of the cell such as at the membrane or cytosol or even from internalised
receptors in endosomes [221, 732]. Regulation of AC activity, and consequently the
kinetics of cCAMP signalling, can vary between different areas of the cell [733], hence
differential activation of cAMP in different cellular compartments may also result in
different cAMP signalling kinetics.

To quantify bias between G protein activation and other signalling pathways, measuring
G protein activation directly using GTPyS or BRET/FRET based assays is thought to be
the most direct approach that avoids complex signalling kinetics of downstream
signalling effectors. However, nearly all ligands examined in this study, showed a
change in bias between activation of different Ga subunits in CHO-MOP, when
comparing acute activation of G proteins at 5min to G protein activation at 60min (time

point at which substantial levels of receptor regulatory processes can be detected). This
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suggests that G protein activation and deactivation kinetics are also ligand-dependent,

hence measuring G protein activation directly instead of measuring downstream
signalling pathways may only provide a partial picture of the differential signalling
mechanisms. Altogether, the ligand-dependent kinetics of G protein activation and
downstream G protein-mediated signalling indicate that bias is likely to be frequently
observed between these two signalling endpoints. This was observed previously
between cAMP and G protein-activation measured by [**S]JGTPyS binding assays in
CHO-MORP [713], and to a lesser extent between cAMP and AMP in AtT20-MOP, in the
current study. This has shown that the level of G protein activation does not necessarily
have to be indicative of the level of activation of G protein-mediated downstream
signalling, and that the level of activation of one G protein-mediated pathway is not

necessarily representative of all G protein-mediated signalling.

Another factor that may contribute to bias between G protein activation and G protein-
mediated signalling pathways is the bias between activation of different subtypes of G
protein subunits. All ligands showed some bias compared to DAMGO between
activation of different Gaj, subtypes in CHO-MOP after 5min or 60min of agonist
stimulation. Small differences in the level of activation of different Ga;,, Subtypes at MOP
by endo-1, endo-2 and morphine have also been reported previously [603-606],
however none of these reports are consistent with the bias observed in this study. Such
inconsistencies could be due to differences in the cell background, measurement of G
protein activation at different time points, or factors related to the different experimental
conditions. Selective G protein activation could cause unequal activation of downstream
signalling pathways, as not all Ga subtypes have the same downstream effectors.
Different Gaj, subtypes have been shown to differentially inhibit AC isoforms [734-736],
and are more susceptible to inactivation by different RGS subtypes [724-726].
Altogether, the differential activity and regulation of Gaj, subunits could contribute to
bias between G protein-mediated signalling pathways. Additionally, selective activation
of particular Gaj, subtypes and differential interactions with signalling effector isoforms
will depend on the expression of specific subtypes/isoforms and their localisation in

signalling complexes.

The dependence of biased agonism on the cellular protein content was also clearly
demonstrated by the change in bias of endo-1 between cAMP and -arrl/2 recruitment
in CHO-MOP when GRK2 was overexpressed. As a consequence, biased agonism of

endo-1 is likely to change in different tissues which express different levels of GRK2,
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and be cAMP biased in some tissues and B-arr biased in others. It remains to be seen

whether this change in bias is significant enough to produced marked differences in
physiological effects. However, different cell types typically show altered expression of
numerous signalling effectors, since changing the expression of a single protein can
cause such a notable change in bias, it is likely that the cumulative effects of all
changes in protein expression could induce considerable differences in bias across

different cell types.

Altogether, the impact of the cellular complement on determinations of biased agonism,
combined with the kinetics of the signalling pathways suggest that caution must be
taken when interpreting bias quantifications in different cell backgrounds. The altered
expression and localisation of proteins in a different cell background can result in
changes in signalling kinetics, as well as changes in experimental conditions required to
obtain concentration-response curves. Microarray analysis of genes expressed in AtT20
cells have shown that these cells have a very limited range of signalling proteins
compared to other commonly used cell lines [737]. AtT20 cells only express detectable
levels of GRK2, B-arr2, and Ga;,, and also a very limited number of RGS subtypes and
AC isoforms. With only a single GRK isoform and no endogenously expressed (-arrl,
there will be less variation in receptor phosphorylation patterns that govern subsequent
MOP regulation and trafficking events. Additionally, the expression of a single Gayj,
subtype, Gai,, and the low levels of a small subset of AC isoforms and RGS subtypes
indicates that the level AC inhibition induced by the ligands and regulation of AC activity
in these cells is likely to be different from that observed in the CHO cells. Overall, this
may account for many of the changes in bias compared to CHO-MOP observed for
endo-1, loperamide and a-neo between cAMP, B-arrl/2 recruitment and receptor
internalisation. Moreover, the difference between biased agonism in AtT20 and CHO
cells may also be due to the difference in species, mouse and human MOP, as has
been recently observed at KOP [738]. Overall, this indicates that ligands will not only
exhibit different biased agonism characteristics in different tissues, but that this can also
change due to cellular adaptions that cause changes in protein expression and

localisation, such as during the development of opioid tolerance.

Since the unique conformations of the receptor induced by the ligand are more likely to
be consistent between cell types, some studies have bypassed the complications of
signalling kinetics and cell background by directly measuring receptor conformational
changes using BRET or FRET-based sensors [739]. Whilst this approach can identify
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novel biased ligands that stabilise the receptor into unique conformations, there is still a

requirement to link these unique conformations to specific signalling characteristics, and
hence cell specific complications of biased agonism remain. However, the cell-
dependent aspect of biased agonism may be an advantage in some cases, such as
when the therapeutic effects and the side effects are mediated by activation of the same
signalling pathways in different tissues. In such cases, a ligand that displays a distinct
bias profile in different cells can selectively activate the desired signalling pathways in
the desired tissue. In the case of MOP, a ligand which shows marked cell-dependent
bias may produce less desensitisation and tolerance in cells involved in nociception and
more in other cell types which are linked to limited side effects (those controlling
respiration or gut motility), even if the mechanisms of desensitisation and tolerance are

the same in different cells.

In summary the data presented here demonstrate the complex nature of biased
agonism. Biased agonism is not an absolute quality, it is a dynamic and multi-faceted
phenomenon; it is always relative to a reference ligand, and it is dependent on both
cellular protein complement as well as the spatiotemporal properties of the different
signalling pathways [727]. Our results highlight that biased agonism cannot be
described in isolation of conformational, kinetic and cellular context. As mentioned
above, it is vital to use a reference ligand that is likely to be subject to the same kinetic
and cellular context than the other ligands. Ideally, such reference ligand is an
endogenous agonist, although when multiple endogenous agonists exist, one may need
to consider the potential of biased agonism and the effect of the so-called

conformational and kinetic context among these.

Nevertheless, guantification of biased agonism in different cell backgrounds has also
shown that despite the dramatic changes in the biased agonism profiles of the ligands
between the cell backgrounds, the ligands under study still possessed distinct biased
agonism profiles. This shows that despite such caveats, the diversity of biased agonism
characteristics can be captured by examining bias across several signalling pathways.
Ultimately, in order to establish links between distinct biased agonism traits and specific
physiological responses, a greater understanding about biased signalling in native
tissue and in vivo is essential. This complexity in biased agonism determinations
presents a significant challenge when attempting to predict biased signalling in vivo.

However the cell-dependent characteristics of biased agonism may prove to be an
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advantage in the development of biased ligands, as this facilitates the design of drugs

that are more targeted to specific tissues.
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4.1 Abstract

Differential regulation of MOP contributes to the clinically limiting effects of opioid
analgesics, such as morphine. However, whether differential regulation of MOP impacts
on the spatiotemporal characteristics of receptor activation is unclear. Here we used
biophysical approaches to quantify MOP spatiotemporal signalling. Morphine caused a
Gp,-dependent increase in membrane-localised PKC activity, which restricted the
distribution of MOP within the plasma membrane and induced sustained cytosolic ERK.
In contrast, DAMGO allowed receptor redistribution, transient increases in cytosolic and
nucERK, and then receptor internalisation. Following inhibition of Gpy-subunits, PKCa
or mutation of a key phosphorylation site, the morphine-activated MOP is released from
its restricted localisation and stimulates a transient increase in cytosolic and nucERK in
the absence of B-arr recruitment and internalisation. Thus, ligand-induced redistribution
of MOP at the plasma membrane, and not internalisation, controls its spatiotemporal

signalling.
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4.2 Introduction

GPCRs are the largest family of cell surface signalling proteins encoded by the human
genome. They allow cells to respond to structurally diverse endogenous and
environmental signals, and are the target of over 30% of marketed drugs. It is
increasingly recognised that the uniform elevation of second messengers throughout
the cell cannot explain the diversity of GPCR-mediated effects. Rather, spatial (location)
and temporal (duration) control of signalling plays an important role [221, 740]. Spatial
compartmentalisation of signalling can be achieved by the formation of GPCR-
dependent protein complexes, which ultimately restrict second messenger diffusion to
induce extremely localised signals [741]. In addition, multiple regulatory mechanisms
(including receptor phosphorylation, desensitisation and internalisation) control the
duration of GPCR activation. Therefore, the spatial and temporal distribution of both
receptors and signalling effectors are critical for the generation of distinct and highly

specialised GPCR-mediated responses.

MOP has been extensively studied due to its physiological importance in mediating the
effects of endogenous opioids, and its prominence as the target of opioid analgesics,
such as morphine. Despite this, chronic use of opioid analgesics is still clinically limited
by the development of tolerance, addiction, constipation and respiratory depression
[742]. At a cellular level, stimulation of MOP by all opioids activates the same G protein-
dependent signalling pathways. MOP activates Ga;, proteins leading to an inhibition of
cAMP, increased ERK phosphorylation, activation of G protein-regulated inwardly
rectifying potassium channels, and inhibition of voltage-gated calcium channels [688].
However, different MOP agonists induce distinct patterns of receptor regulation and
internalisation. In particular, morphine causes limited receptor phosphorylation and B-arr
recruitment, which results in compromised receptor internalisation and resensitisation
[184, 274, 525, 533, 561]. These observations have prompted intensive studies of the
ability of MOP ligands to differentially activate G proteins and B-arrs, in an effort to

explain their divergent biological effects [580, 581, 641].

It is now apparent that the spatiotemporal characteristics of a signal can specify the
outcome of receptor activation [221, 740]. Most opioids, including morphine, elicit
cytosolic ERK phosphorylation (cytoERK) [208, 520, 593]. However, unlike other
opioids, morphine is unable to promote nucERK phosphorylation (hucERK) [208]. Taken

together with its impaired internalisation of MOP, this suggests that morphine may
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stimulate a unique spatiotemporal cellular response. To investigate this, we used
complimentary biophysical techniques and super-resolution microscopy. We report that
morphine and DAMGO activate distinct spatial and temporal signalling profiles that are
controlled by the plasma membrane localisation of MOP induced by the two ligands.
Subcellular-targeted FRET biosensors showed that only morphine stimulation of MOP
induced sustained cytoERK and plasma membrane-localised PKC activation, which
restricted MOP localisation. In contrast, DAMGO caused MOP redistribution within the
plasma membrane and transient activation of cytosolic and nucERK. Thus, not only do
morphine and DAMGO stimulate different signalling pathways, they activate signals in
distinct subcellular compartments with unique temporal profiles. Importantly, we can
alter the spatiotemporal signalling profile of morphine to mimic that of DAMGO, by
allowing redistribution of MOP within the plasma membrane in the absence of B-arr
recruitment or receptor internalisation. Thus, receptor localisation within the plasma
membrane determines the spatiotemporal signals activated by MOP in response to

different ligands.
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4.3 Materials and methods

4.3.1 Materials

DAMGO was from Mimotopes (Victoria, Australia); Morphine and M2-anti-FLAG
antibody were from Sigma Aldrich; Coelenterazine h was from Promega; -arrl and -
arr2 siRNA were from GE-Dharmacon; mouse anti-EEA1 antibody was from BD
Transduction Laboratories; rabbit anti-MOP (UMB-3) was from Abcam, mouse anti-§3-
tubulin for confocal imaging was from Merck Millipore, Alexa-conjugated goat anti-
mouse secondary antibodies were from Jackson ImmunoResearch; anti-caveolin 1,
anti-B-actin and anti-clathrin heavy chain antibodies were from Abcam; anti-B-tubulin
antibody for immunoblotting was from Santa Cruz Biotechnology; anti-B-arrl/2
antibodies were from Cell Signalling Technology; fluorescent IRDye-conjugated goat
anti-rabbit (800 channel) and anti-mouse (680 channel) secondary antibodies were from
LI-COR Biotechnology.

KRas-Venus, Rabba-Venus, GFP-dynamin and GFP-dynamin K44E have been
previously described [743-745]. MOP-RLuc was from L. Bohn, FLAG-MOP was from M.
Christie, B-arr2-YFP was from M. Caron and FLAG-MOP 11ST/A was from S. Schulz.
The following constructs were obtained from Addgene: cytoEKAR GFP/RFP (plasmid
18680), cytoEKAR Cerulean/Venus (plasmid 18679), nucEKAR GFP/RFP (plasmid
18681) and nucEKAR Cerulean/Venus (plasmid 18681) [746]; cytoCKAR (plasmid
14870) and pmCKAR (plasmid 14862) [747]. MOPr S375A has a mutation of the
essential site governing hierarchical phosphorylation (human S377A, mouse S375A)
[184], and was generated using QuikChange. RLuc8-tagged MOPr were generated by
subcloning into the pcDNA3-RLuc8 vector.

4.3.2 Cell Culture and Inhibitors

HEK293 cells were grown in DMEM supplemented with 5% v/v FBS. Cells were
transfected using linear polyethyleneimine (PEI) [745]. For siRNA, cells were
transfected with 25 nM scrambled or combined B-arrl and B-arr2 SMARTpool ON-
TARGETplus siRNA with Lipofectamine 2000 24 h prior to transfection with receptor

and biosensors.

Cells were pre-treated with inhibitors for 30min at 37°C, except for Filipin Ill, MBCD or

MBCD/cholesterol complexes (45min) or PTx (16h). MBCD/cholesterol complexes were
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formed as described previously [748]. Inhibitors were used at the following

concentrations: 30uM PitStop2 or inactive PitStop2, 10uM NF023, 100ng/mL PTx, 5uM
MSIRK or mSIRK L9A, 1uM GF109203X or G06983, 10nM G06976, 10uM Myr-
EAVSLKPT-OH (inhibitory PKCe peptide, iPKCg), 1ug/mL Filipin 11l, 10mM MBCD, 2mM
MBCD with 0.2mM cholesterol (MBCD/cholesterol complexes).

All experiments were performed in live cells at 37°C. For all regulation and trafficking
experiments cells were stimulated with an ECs, concentration of DAMGO or morphine
(both 1uM) defined by B-arr2 concentration-response curves (Figure A.7A). For all
signalling experiments cells were stimulated with an ECso concentration of DAMGO
(10nM) or morphine (100nM) defined by AlphaScreen pERK assays (Figure A.6).

4.3.3 DRG Isolation and Culture

All procedures involving mice were approved by the Monash Institute of Pharmaceutical
Sciences animal ethics committee. DRG neurons were isolated and nucleofected with
600ng of cytoEKAR Cerulean/Venus, nucEKAR Cerulean/Venus or pmCKAR using the
Nucleofector system (Lonza) (see [749] for detailed protocols of DRG isolation and

nucleofection).

4.3.4 Bioluminescence Resonance Energy Transfer

HEK293 cells were transfected with 1ug MOP-RLuc and 4ug KRas-Venus, Rabb5a-
Venus or B-arr2-YFP. For co-expression, cells were transfected with an additional 2ug
of BARKct, GFP-dynamin or GFP-dynamin K44E. After 24h cells were plated in poly-D-
lysine-coated 96-well plates (CulturPlate, PerkinElmer) and allowed to adhere. 48h
post-transfection, cells were equilibrated in HBSS then stimulated with vehicle (0.1%
DMSO), DAMGO or morphine for 30min. Coelenterazine h (Promega) was added at a
final concentration of 5uM and cells were incubated for 10min. BRET measurements
were obtained using a PHERAstar Omega (BMG Labtech, Germany) that allows
sequential integration of the signals detected at 475+30 and 535+30nm using filters with
the appropriate band pass. Data are presented as a BRET ratio (calculated as the ratio

of YFP to RLuc signals) corrected for vehicle.
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435 FRET

HEK293 cells were transfected with 55ng/well MOP and 40ng/well cytoEKAR GFP/RFP,
nucEKAR GFP/RFP, cytoCKAR or pmCKAR. For co-expression, cells were transfected
with an additional 50ng/well BARKct, GFP-dynamin or GFP-dynamin K44E.
Experiments co-expressing GFP-dynamin or GFP-dynamin K44E used the
Cerulean/Venus FRET sensors. FRET was measured using a high-content GE
Healthcare INCell 2000 Analyzer (see [749] for detailed protocols). Briefly, fluorescence
imaging was performed using a Nikon Plan Fluor ELWD 40x (NA 0.6) objective and
FRET module. For GFP/RFP emission ratio analysis, cells were sequentially excited
using a FITC filter (490/20) with emission measured using dsRed (605/52) and FITC
(525/36) filters, and a polychroic optimised for the FITC/dsRed filter pair (Quad4). For
CFP/YFP or Cerulean/Venus emission ratio analysis, cells were sequentially excited
using a CFP filter (430/24) with emission measured using YFP (535/30) and CFP
(470/24) filters, and a polychroic optimised for the CFP/YFP filter pair (Quad3). HEK293
cells were imaged every 1min, allowing image capture of 14 wells per min; DRG
neurons were imaged every 1min with four fields of view per well, allowing capture of 3
wells per min. At the end of every experiment, the same cells were stimulated with the
positive control (200nM phorbol 12,13-dibutyrate for ERK or 200nM phorbol 12,13-
dibutyrate with phosphatase inhibitor cocktail 2 (Sigma Aldrich) for PKC) for 10min to
generate a maximal FRET change, and positive emission ratio images were captured

for 4min.

Data were analyzed using the FIJI distribution of ImageJ [750]. The three emission ratio
image stacks (baseline, stimulated, positive) were collated and aligned using the
StackCreator script [749]. Cells were selected and fluorescence intensity measured
over the combined stack. Background intensity was subtracted, then FRET data plotted
as the change in FRET emission ratio relative to the maximal response for each cell
(FRET ratio/maximum FRET ratio; F/Fyax). For HEK293, only cells that showed more
than a 10% change relative to baseline following stimulation with the positive control
were considered for analysis. For DRG neurons, all cells that showed more than a 3%
change relative to baseline following stimulation with the positive control were

considered for analysis.
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Ratiometric pseudocolour images were generated according to [751]. The Green Fire
Blue LUT was applied, and the Brightness and Contrast range was set to the minimum
and maximum FRET ratios within the image stack (0.13-0.23).

4.3.6 GSD/TIRF Microscopy

HEK293 cells and DRG neurons were stimulated with vehicle (0.1% DMSO), DAMGO
or morphine as indicated, fixed in 4% paraformaldehyde (20min, 4°C), washed for
15min with PBS, blocked in PBS with 1% Normal goat serum and 0.1% saponin (1h,
RT), and incubated overnight at 4°C with mouse anti-FLAG antibody (1:1000) for
HEK293 or rabbit anti-MOP (UMB-3, 1:250) and anti-tubulin BIII (1:1000) for DRG
neurons. Cells were washed and incubated with Alexa568- or Alexa647-conjugated
goat anti-mouse or anti-rabbit secondary antibodies (1:400, 2 hours, RT). Coverslips
were mounted on a concave slide containing 100mM cysteamine (MEA) and sealed.
Cells were observed with a Leica GSD microscope with HCX PL APO 160x (NA 1.43)
objective, SuMo stage, Andor iXon Ultra 897 camera and LAS AF software. Pumping
occurred at 100% laser power until the frame correlation dropped to 0.25. Data were
acquired at 50% laser power, and up to 30,000 frames captured. TIRF penetration was
at 110nm. Only neurons with positive staining for B-tubulin were analysed. Images were
analysed in FIJI [750]. Individual particles were selected using Find Maxima (noise
tolerance 5) to generate a binary output of the single points. The average distance
between events was calculated by creating a centroid list using the Analyse Particles
command, and processed by the Nearest Neighbour Distance (NND) macro (Yuxiong

Mao). Euclidean distance maps were generated from the single point binary
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4.4 Results

4.4.1 Ligand-Dependent Spatiotemporal Signalling of MOP

To gain spatial and temporal resolution of MOP signalling in live cells, we used FRET
biosensors for ERK and PKC (EKAR and CKAR, respectively) localised to different
subcellular compartments [746, 747]. In HEK293 cells co-transfected with MOP and
either a cytosolic or nucERK biosensor (cytoEKAR, nucEKAR), ECsy concentrations of
DAMGO (10nM) or morphine (100nM; Figure A.6A) caused distinct temporal ERK
profiles. DAMGO caused a transient increase in cytoERK, whereas morphine induced a
sustained increase (Figure 4.1A and B). Moreover, only DAMGO caused a transient
increase in nuceERK (Figure 4.1C and D). Ligand-dependent responses were also
observed when assessing direct activation of PKC. In cells co-transfected with MOP
and a plasma membrane PKC biosensor (pmCKAR) only morphine caused a sustained
increase in PKC activity (Figure 4.1E). DAMGO did not affect plasma membrane PKC
activity, even at maximal concentrations (1uM; Figure A.6B), and neither ligand affected
cytosolic PKC (Figure 4.1F).

The distinct internalisation profiles of MOP in response to DAMGO and morphine [274,
533], were quantified using a BRET assay that detects the proximity between BRET
partners in defined subcellular compartments in live cells [743, 752]. In agreement with
previous reports, incubation with DAMGO (1uM, Figure A.7A) induced MOP
internalisation as shown by the increase in the BRET signal between MOP-RLuc and a
Venus-tagged marker of early endosomes (Rab5a-Venus) (Figure 4.1A). In contrast,
morphine produced no detectable change in BRET (Figure 4.2A and Figure A.7B).
These results were validated by automated, high-content image analysis (Figure A.7C).
DAMGO-mediated MOP endocytosis was unaffected by Gaj, inhibition using NFO23 or
pertussis toxin (PTx) [753, 754] but was abolished by the clathrin-dependent
endocytosis inhibitor PitStop2 [755], expression of a dominant negative dynamin (K44E)
[756] or by knockdown of -arrs (combined B-arrl and B-arr2 siRNA; Figure 4.1A and B
and Figure A.7 D and H). This shows that $-arr recruitment and MOP endocytosis are

independent of Gaj, coupling.
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Figure 4.1: Ligand-dependent spatiotemporal signalling of MOP.
(A-D) Spatiotemporal activation of ERK following vehicle, DAMGO or morphine stimulation. (A)
CytoERK (416-606 cells). (B) Representative pseudocolour ratiometric images of cytoEKAR. (C)
NucERK (561-810 cells). (D) Representative pseudocolour ratiometric images of nucEKAR.
Pseudocolour scale as in B. (E-F) Spatiotemporal activation of PKC following vehicle, DAMGO
or morphine stimulation. (E) Plasma membrane-localised PKC (155-220 cells). (F) Cytosolic
PKC (45-115 cells). Symbols represent means, error bars SEM.
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Figure 4.2: Effect of Gai;, protein inhibition, B-arr knockdown or inhibition of endocytosis
on cytosolic and nucERK activation by MOP.

(A-B) MOP trafficking to early endosomes (n>3) in response to 30min vehicle, DAMGO or
morphine in the presence of (A) the clathrin-mediated endocytosis inhibitor PitStop2 (PS2) or
inactive control, or upon expression of wild-type (WT) dynamin or dominant negative dynamin
K44E or (B) with and without knockdown of (-arrs or pre-incubation with Gai/o protein inhibitors.
(C-F) Spatial activation of ERK following vehicle, DAMGO or morphine stimulation, with and
without knockdown of B-arrs, Gai/o protein inhibition, in the presence of PS2 or inactive control,
or upon expression of WT or K44E dynamin. (C) CytoERK (19-168 cells) with Gai/o protein
inhibition or knockdown of B-arrs. (D) CytoERK (35-245 cells) following inhibition of endocytosis.
(E) NuceRK (52-258 cells) with Gai/o protein inhibition or knockdown of B-arrs. (F) NucERK
(51-306 cells) following inhibition of endocytosis. Bars/symbols represent means, error bars
SEM. *p<0.05, **p<0.01, ***p<0.001 versus vehicle control, two-way ANOVA with Tukey’s
multiple comparison test. AUC, area under the curve; scram., scrambled
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Previous studies have linked activation of PKC to cytoERK, and B-arr to increased
nucERK, to conclude that G protein- and B-arr-dependent pathways activate distinct
ERK signalling [208]. By inhibiting Gaj, proteins, we now directly demonstrate that
cytoERK in response to DAMGO and morphine is dependent on Gaj, (Figure 4.2C). In
agreement with previous studies, cytoERK was unaffected by knockdown of (B-arrs
(Figure 4.2C). However, inhibition of receptor endocytosis by PitStop2 or dynamin K44E
transformed the profile of DAMGO-induced cytoERK from a transient to a sustained
signal, consistent with MOP retention at the plasma membrane (Figure 4.2D and Figure
A.71to J). As expected, the increase in nucERK in response to DAMGO was dependent

on B-arrs and receptor internalisation (Figure 4.2E and F).

Thus, our results show that Gaj, activation by MOP mediates increases in cytoERK in
response to DAMGO and morphine, and confirm that the increases in nucERK in

response to DAMGO are dependent on B-arrs and receptor endocytosis.

4.4.2 PKC Activation Controls the ERK Spatiotemporal Profile of Morphine

Inhibition of Gay, (NFO23 or PTx) or GBy (mSIRK or expression of BARKct) [757, 758]
abolished the plasma membrane PKC response to morphine (Figure 4.3A, Figure A.8A)
There was no effect of knockdown of B-arrs, or negative controls (inactive mSIRK L9A,
scrambled siRNA; Figure 4.3A, Figure A.8A).

Thus, the sustained increase in plasma membrane PKC induced by morphine is
mediated by Gaio-GBy. Previous studies have reported that PKC activity mediates
increased cytoERK in response to morphine [208]. We therefore investigated whether
the Gajo,-GBy-PKC pathway influences the unique ERK spatiotemporal signalling
profiles of MOP. Rather than decreasing ERK, and in contrast to previous reports,
inhibition of GBy or PKC (GF109203X, G66983) [759, 760] transformed the temporal
profile of morphine-stimulated cytoERK to resemble the transient response induced by
DAMGO (Figure 4.3B, Figure A.8A and C). Moreover, inhibition of the Gpy-PKC
pathway also allowed morphine to increase nucERK (Figure 4.3C and D). Previous
studies have implicated PKCa, y and ¢ as the isoforms that contribute to morphine
signalling and the development of morphine tolerance [557, 584, 592, 593, 761]. Of
these, only PKCa and PKCe are expressed in our HEK293 cell line (Figure 4.3D).
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Figure 4.3: Role of PKC activation by morphine in the spatiotemporal control of ERK
activity.

(A) The effect of G protein inhibitors or inactive controls on plasma membrane PKC activity in
HEK293 cells determined with the pmCKAR FRET biosensor. Data are means + SEM of 39 to
229 cells from 3 experiments. (B-D) Analysis of MOP-stimulated spatiotemporal activation of
ERK in cells in which Gy or PKC signalling was inhibited. (B) Analysis of cytoERK (31 to 101
cells) and (C) nucERK (74 to 126 cells) activity over time. Data are means + SEM from 3
experiments. (D) NucERK activity was analysed as the AUC. Data are means + SEM of 22 to
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360 cells from 3 experiments. (E and F) MOP trafficking was monitored in HEK293 cells in the
presence or absence of the indicated GBy and PKC inhibitors. (E) Analysis of BRET between
MOP-RLuc and Rab5a-Venus. Data are means + SEM of 3-7 experiments. (F) Analysis of
BRET between MOP-RLuc and KRas-Venus. Data are means + SEM of 3-7 experiments. (G-I)
Effect of the indicated phosphorylation site mutations on MOP trafficking and nucERK activity.
(G) Analysis of BRET between MOP-RLuc8 and -arr2—YFP. Data are means + SEM of three to
seven experiments. (H) Analysis of BRET between MOP-RLuc8 and Rab5a-Venus. Data are
means + SEM of 3 or 4 experiments. (1) Analysis of nucERK activity over time. Data are means
+ SEM of 87 to 359 cells from 3-5 experiments. *P<0.05, **P<0.01, and **P<0.001 versus
vehicle control. Data were analysed by two-way ANOVA with Tukey’s (A and D) or Dunnett’s (E-
I) multiple comparison tests. GFx, GF109203X

Inhibition of PKCa (G66976: targets PKCa and PKCp;) [762] but not PKCe (iPKCsg, a
cell-permeable PKCe-inhibitory peptide) [763] transformed the temporal profile of
morphine-stimulated cytoERK and facilitated an increase in nuceRK (Figure A.8E and
F). There was no effect of inactive controls or of these inhibitors on the response to

DAMGO (Figure 4.3B to D, Figure A.8C and F).

As expected, inhibition of GBy or PKC had no effect on DAMGO induced p-arr2
recruitment or MOP internalisation, determined by BRET (Figure 4.3E, Figure A.8G to
). In contrast, upon inhibition of GBy or PKC, morphine activation of MOP resulted in a
decrease in BRET between MOP-RLuc and the plasma membrane marker KRas-Venus
(Figure 4.3F) suggesting an increase in the distance between these two proteins. In the
absence of MOP internalisation (Figure 4.3E, Figure A.8G and H), the morphine-
stimulated change in MOP- KRas BRET may indicate movement of the receptor away
from KRas within the plasma membrane. Thus, the transient activation of cyto and
nucERK elicited by morphine does not require MOP internalisation but may instead
depend on MOP translocation within the plasma membrane.

The importance of MOP localisation within the plasma membrane for the control of
spatiotemporal signalling was also supported by the effects observed upon expression
of a phosphorylation-impaired MOP mutant (S375A) [541]. MOP S375A still recruited -
arr2 in response to DAMGO, but was unable to internalise as determined by high-
content imaging or Rab5a BRET (Figure 4.3G to H, Figure A.8G and H). There was no
change in MOP S375A-KRas BRET in response to DAMGO or morphine (Figure A.8J).
However, stimulation of MOP S375A by both DAMGO and morphine induced transient
increases in cytosolic and nucERK (Figure 4.3, Figure A.8K). To confirm that receptor
phosphorylation was key for the control of MOP plasma membrane localisation and
spatiotemporal signalling, we used a phosphorylation-deficient MOP mutant in which all
the CT Ser and Thr residues have been mutated to Ala (11ST/A) [184]. Consistent with
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previous reports, MOP 11ST/A was unable to internalise as determined by Rab5a
BRET, or recruit B-arr2 in response to DAMGO (Figure 4.3G and H). However,
stimulation of MOP 11ST/A by both DAMGO and morphine induced a transient increase
in nucERK, with no change in KRas BRET (Figure 4.3I, Figure A.8J). Phosphorylation of
Ser375 therefore appears critical for the control of MOP spatiotemporal signalling in
response to morphine. Taken together, these data show that the impaired trafficking of
MOP mutants results in an altered signalling profile and support the hypothesis that the
plasma membrane localisation of MOP, and not f-arr recruitment or receptor

internalisation, plays a key role in the spatiotemporal control of receptor signalling.

4.4.3 Ligand-Dependent Redistribution of MOP Within the Plasma Membrane

To investigate the changes in MOP distribution elicited by morphine upon inhibition of
the GPy-PKCa pathway, we assessed receptor localisation at the plasma membrane by
confocal microscopy and subcellular fractionation. After 10min stimulation of MOP
(which causes activation of all signalling pathways) there was no colocalisation between
the receptor and immunolabeled clathrin by confocal microscopy under any condition
tested (Figure A.9A and B). However, after 60min, stimulation with DAMGO but not
morphine caused significant colocalisation between MOP and clathrin (Figure A.9C). In
contrast, activation of the fast internalising B2AR by isoprenaline caused significant
receptor-clathrin colocalisation after 10min (Figure A.9A to C). Similarly, there was no
effect of DAMGO or morphine stimulation on the location of FLAG-MOP within non-lipid-
rich (Triton X-100 soluble) plasma membrane domains using basic lipid fractionation
(Figure A.9D). Therefore, the distinct spatiotemporal signalling profiles of morphine and
DAMGO do not reflect ligand-dependent MOP clustering in clathrin-coated pits nor
translocation to different lipid domains.
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Figure 4.4: DAMGO induces a unique MOP distribution at the plasma membrane.

Plasma membrane distribution of FLAG-MOP in response to 10min vehicle, DAMGO or
morphine using GSDI/TIRF (n=3-9). (A) Representative GSD/TIRF images and Euclidean
distance maps (EDM) under control conditions. Scale bar 1um. (B) Average distance to nearest
neighbour under control conditions and (C) following Gy inhibition. (D) Representative
GSD/TIRF images and EDM following Gpy inhibition. Scale bar 1um, pseudocolour scale as in
A. (E) Representative GSD/TIRF images and EDM of wild-type MOP (WT) or MOP S375A
under basal conditions. Scale bar 1um, pseudocolour scale as in A. (F) Average distance to
nearest neighbour. Bars represent means, error bars SEM. ***p<0.001 versus vehicle control,
one-way ANOVA with Dunnett’s multiple comparison test (B,C) or unpaired t-test (E).

To investigate MOP localisation within the plasma membrane with increased resolution,
we used ground state depletion (GSD) super-resolution microscopy in total internal
reflection fluorescence (TIRF) mode. GSD/TIRF allows the detection of events within
the plane of the plasma membrane to an axial resolution of 100nm. This approach can
measure the distance between an event (receptor or receptor clusters) and its nearest
neighbour across a population. Stimulation of FLAG-MOP with DAMGO (10min)
increased the average distance between detected events (Figure 4.4A-B), suggesting
MOP redistribution within the plasma membrane. This increase in distance occurs prior
to and is independent of receptor internalisation, as there was no effect of expression of
dominant negative dynamin K44E (Figure A.9E to F). Morphine stimulation of FLAG-

MOP (10min) did not change the average distance between events (Figure 4.4A-B).
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However, following inhibition of GBy morphine increased the distance between detected
MOP events (Figure 4.4C-D, Figure A.9E to G), suggesting that activation of this
pathway by morphine normally restricts MOP localisation. Interestingly, the distance
between MOP events under basal conditions following expression of MOP S375A was
also increased when compared to the wild-type receptor (Figure 4.4E-F). This increase
in distance between events was not due to decreased receptor expression at the
plasma membrane (MOP S375A 570,000 sites per cell, MOP wild-type 140,000 sites
per cell measured by whole cell [*H]-diprenorphine binding), confirming that MOP
S375A was differentially distributed compared to the wild-type receptor. Thus, our
results suggest that activation of MOP by morphine restricts receptor localisation,
whereas DAMGO stimulation allows MOP redistribution within the plasma membrane.
Disruption of the GBy-PKCa-phosphorylation pathway allows morphine to stimulate a
DAMGO-like redistribution of MOP but does not result in receptor internalisation. This
receptor redistribution precedes (DAMGO), or can occur independently of (morphine),
endocytosis and appears to control the ability of MOP to transiently activate cytoERK
and nucERK.

4.4.4 Disruption of Plasma Membrane Organisation Alters MOP Spatiotemporal
Signalling

To confirm the Iimportance of membrane organisation in the control of
compartmentalised MOP signalling, we depleted cholesterol from the plasma
membrane using methyl-B-cyclodextrin (MBCD) [764] or Filipin 11l [765]. There was no
effect of these treatments on MOP internalisation, as determined by high-content
imaging (Figure A.10A and B). However, both MBCD and Filipin 11l abolished the distinct
spatiotemporal signalling profiles of morphine and DAMGO (Figure 4.5, Figure A.10).
Upon cholesterol depletion, both morphine and DAMGO increased PKC activity at the
plasma membrane and caused a transient increase in cytosolic and nucERK (Figure
4.5, Figure A.10C to F). Importantly, membrane cholesterol replenishment by incubation
of the cells with MBCD/cholesterol complexes, completely restored the original
spatiotemporal signalling profiles of DAMGO and morphine (Figure 4.5, Figure A.10).
Thus, disruption of membrane organisation alters the spatiotemporal signalling profiles
of MOP, with no change in the ability of the receptor to internalise, confirming that
plasma membrane localisation of MOP plays an important role in determining its

spatiotemporal signalling.
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Figure 4.5: Disruption of membrane architecture alters MOP signalling profiles.
Spatiotemporal activation of PKC and ERK following vehicle, DAMGO or morphine stimulation,
with and without pre-treatment with MBCD or MBCD/cholesterol complexes (MBCD/choles.). (A)
Plasma membrane PKC in response to DAMGO (40-174 cells). (B) CytoERK in response to
DAMGO (30-167 cells). (C) NucERK in response to DAMGO (68-230 cells). (D) Plasma
membrane PKC in response to morphine (41-195 cells). (E) CytoERK (32-194 cells) and (F)
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4.45 MOP Compartmentalised Signalling in Dorsal Root Ganglia Neurons

To confirm the physiological relevance of the spatiotemporal signalling patterns of MOP
when expressed in HEK293 cells, we nucleofected isolated neurons from mouse DRG
with the FRET biosensors. DRG neurons are the principal mediators of nociception from
the periphery to the spinal cord and activation of endogenous MOP in these neurons

partially mediates the analgesic actions of opioids [766].

Activation of MOP in DRG neurons stimulated ERK and PKC activity with
spatiotemporal profiles that were identical to those observed in HEK293 cells. DAMGO
caused a transient increase in both cytosolic and nucERK, whereas morphine elicited a
sustained increase in cytoERK and plasma membrane PKC (Figure 4.6A-B). Inhibition
of PKC decreased the percentage of neurons that exhibited a sustained cytoERK
response to morphine (from 75% to 49%), and increased the percentage of neurons
that exhibited a transient cytoERK response (from 25% to 51%) (Figure 4.6D-E). There
was no effect of PKC inhibition on the temporal profile of cytoERK following stimulation
with DAMGO (Figure 4.6D-E). As observed in HEK293 cells, inhibition of PKC allowed
morphine to activate nuceERK (Figure 4.6F).

We also assessed the distribution of endogenous MOP at the plasma membrane of
DRG neurons (Figure 4.6G) using GSD/TIRF microscopy. As in HEK293 cells,
stimulation of endogenous MOP in DRG neurons with DAMGO increased the distance
between detected events at the plasma membrane (Figure 4.6H-I). In contrast, there

was no change in the distance between MOP events in response to morphine.

Thus, in DRG neurons, as in HEK293 cells, receptor redistribution at the plasma
membrane correlates with transient increases in cytosolic and nucERK in response to
DAMGO. Moreover, inhibition of PKC allows morphine to cause transient increases in
cytosolic and nucERK. As such, the spatiotemporal regulation of MOP activation and
signalling identified in recombinant expression systems also occurs in DRG neurons

endogenously expressing this receptor.
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Figure 4.6: Spatiotemporal signalling of endogenous MOP in DRG neurons.

Spatiotemporal activation of (A) CytoERK (56-120 neurons), (B) NucERK (45-64 neurons) and
(C) Plasma membrane-localised PKC (40-55 neurons) following vehicle, DAMGO or morphine
stimulation. (D) Effect of PKC inhibition on cytoERK (86-99 neurons). (E) Population analysis of
the temporal profile of cytoERK, with the number of neurons in each group indicated. (F) Effect
of PKC inhibition on nucERK (25-73 neurons). (G-l) Plasma membrane distribution of
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endogenous MOP in response to 10min vehicle, DAMGO or morphine using GSD/TIRF (n=9-
15). (G) Isolated DRG neuron immunostained for MOP (green) and tubulin Bl (magenta). Scale
bar 10um. (H) Representative GSD/TIRF images and Euclidean distance maps (EDM). Scale
bar 1um. (I) Average distance to nearest neighbour. Bars/symbols represent means, error bars
SEM. *p<0.05; **p<0.01 and ***p<0.001 versus vehicle control, two-way ANOVA with Tukey’s
multiple comparison test (F) or one-way ANOVA with Dunnett's multiple comparison test (1).
AUC, area under the curve.



Plasma Membrane Localisation of the p-Opioid Receptor Controls Spatiotemporal Signalling
4.5 Discussion

The use of biophysical approaches to assess MOP signalling in real time and in live
cells has revealed a new mechanism that contributes to the control of differential MOP
activation. Here we show that DAMGO activation of MOP triggers receptor translocation
within the plasma membrane. This translocation precedes receptor trafficking to
clathrin-containing domains and internalisation and is likely dependent on receptor
phosphorylation (Figure 4.7A). This MOP translocation, not receptor internalisation,
determines the transient cytoERK profile and the activation of nucERK (Figure 4.7A). In
contrast, morphine activates plasma membrane-localised PKCa, via Gg,-subunits, which
prevents receptor translocation within the plasma membrane. This results in sustained
cytoERK and no nucERK activity (Figure 4.7B). Inhibition of this Gpy-PKCa-
phosphorylation pathway allows the morphine-activated MOP to translocate within the
plasma membrane and transforms its spatiotemporal signalling profile (Figure 4.7B).
Importantly, this new signalling profile mimics that of the internalising ligand DAMGO
(i.e. transient cytosolic and nucERK) but occurs in the absence of B-arr2 recruitment

and without receptor internalisation.

These results add essential detail to previous descriptions of ligand-dependent
differences in ERK signalling [208, 520, 593]. Previous studies using immunoblotting
showed that etorphine-induced ERK phosphorylation was dependent on p-arrs,
whereas morphine activated ERK via a PKC-dependent pathway [208]. However, we
show that upon PKC inhibition, morphine can still induce ERK phosphorylation, although
this signal has different temporal dynamics and occurs both in the cytosol and the
nucleus (Figure 4.3 and Figure 4.7B). Therefore, the activation of cytoERK by morphine
is not PKC-dependent but rather PKC, by controlling MOP localisation, dictates the
dynamics and location of this response. It is interesting to consider that in the context of
a whole cell following solubilisation (with a relatively greater contribution of cytosolic
compared to nuckERK), this altered temporal profile could appear as an apparent
decrease in morphine stimulated ERK. This illustrates the extra mechanistic detail that
can be obtained by resolving spatial and temporal signalling dynamics in live cells. We
therefore propose that plasma membrane organisation of MOP, not just p-arr
recruitment and internalisation, dictates the spatiotemporal outcome of receptor
activation. Importantly, these mechanisms operate in nociceptive neurons, and may

thus contribute to the analgesic actions of opioids.
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Figure 4.7: Plasma membrane localisation controls MOP spatiotemporal signalling.

(A) DAMGO causes recruitment of GRK2 and B-arr2 (i), facilitating MOP redistribution across
the plasma membrane and transient activation of Gaoy,-mediated cytoERK and Gayp-
independent nucERK (ii). Upon prolonged stimulation of MOP, DAMGO triggers MOP clustering
and receptor internalisation via clathrin-coated pits (iii) to early endosomes (iv). (B) Morphine
stimulates plasma membrane-localised GBy-PKCa that prevents receptor translocation within
the plasma membrane. This causes a sustained activation of Gay,-mediated cytoERK (i).
Inhibition of the GBy-PKCa-pathway, or alteration of plasma membrane organisation facilitates
MOP translocation and activation of nucERK by morphine (ii) without receptor internalisation.
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The ability of DAMGO, but not morphine, to cause receptor redistribution may relate to
differential patterns of MOP phosphorylation. While all opioids cause phosphorylation of
MOP at Ser375, this is mediated by different kinases depending on the ligand [184,
543]. Previous studies have shown that the DAMGO-activated MOP is phosphorylated
by GRKs 2 and 3 and that internalising ligands drive higher-order phosphorylation of
flanking residues that result in efficient B-arr recruitment and receptor internalisation
[184]. Here we show that recruitment of B-arr2, MOP translocation and activation of
nuceERK in response to DAMGO precede receptor internalisation. As such, we
hypothesise that differential recruitment of regulatory proteins (GRKs, B-arrs) to MOP
may underlie receptor redistribution at the plasma membrane, and thus indirectly control
spatiotemporal signalling. This is supported by the fact that mutation of the key
hierarchical phosphorylation site of MOP (MOP S375A) affects the localisation of the
receptor within the plasma membrane and its spatiotemporal signalling. In this context,
B-arrs are increasingly recognised as scaffolding proteins for signalling complexes, in
addition to their traditional roles in the regulation of receptor desensitisation and
internalisation [767]. Furthermore, recent evidence suggests that GRKs can also have
important scaffolding functions, particularly for the control of ERK activation [768, 769].
We hypothesise that differential assembly of receptor kinases and other signalling
mediators in response to morphine versus DAMGO stimulation of MOP determines
receptor redistribution, transient signalling profiles and activation of nucERK.
Importantly, this entails that the responses of opioid ligands will be highly dependent on

the specific protein content of opioid-responsive cells [274, 525, 636, 770].

Our results also highlight the importance of PKCa in governing MOP spatiotemporal
signalling profiles. Previous studies have shown that phosphorylation and
desensitisation of MOP following morphine stimulation is partially dependent upon PKC
[530, 543, 771]. Moreover, there are strong indications that PKC plays a significant role
in the initiation and maintenance of tolerance to morphine analgesia [772, 773]. To date,
evidence for morphine-induced activation of PKC comes from co-immunoprecipitation
studies showing recruitment of over-expressed PKCe to MOP [593] and increased PKC
activity in cell lysates [774]. By measuring endogenous PKC activity at the subcellular
level, we directly demonstrate that morphine, but not DAMGO, stimulates a sustained
activation of PKC at the plasma membrane. While PKC can phosphorylate MOP directly
[554, 557], it can also phosphorylate proteins that participate in MOP signalling such as
Ga; [564] or GRK2 [775] and could therefore restrict receptor redistribution by
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modulating the function and/or association of such signalling and scaffolding proteins
with MOP.

It is clear that plasma membrane organisation plays a critical role in the control of MOP
spatiotemporal signalling. Whether MOP resides within biochemically-defined lipid-rich
plasma membrane regions is controversial [776-778]. However, and in line with our
findings, previous studies have provided evidence for a restricted plasma membrane
localisation, and agonist-regulated plasma membrane diffusion of the MOP [779-782].
Protein-protein interactions were hypothesised to mediate the restricted and slow
diffusion of agonist-stimulated non-internalising MOP [783]. Together with the results
presented here, this suggests that the dynamic organisation of MOP within the plasma
membrane, rather than MOP association with a pre-defined lipid-rich domain, may
control ligand-dependent receptor redistribution and unique spatiotemporal signalling
profiles. The dependence of MOP signalling on plasma membrane localisation extends
recent studies demonstrating distinct control of spatiotemporal signalling by
endosomally-localised GPCRs [221, 744]. In the context of MOP, mechanistic insight
into the actions of morphine at the cellular level is of particular therapeutic relevance
due to the severe side-effects induced by this opiate. Whether chronic exposure to
opiates differentially alters spatiotemporal signalling and/or the plasma membrane

distribution of MOP remains to be investigated.
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CHAPTER 5
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The phenomenon of biased agonism at GPCRs presents an invaluable approach for
designing drugs with fewer “on-target” side effects. Design of a biased ligand requires
delineation of the signalling pathways that produce the desired and unwanted
physiological effects. Unfortunately, at the MOP this has proven to be an incredibly
complicated task. These processes are both ligand-dependent and tissue-dependent,
making it difficult to precisely establish the optimal pharmacological profile required to
produce an improved analgesic devoid of side effects and with limited analgesic
tolerance. Whilst there is evidence that the therapeutic profile of opioids can be
improved by optimising ligand bias towards G protein activation over 3-arr2 recruitment,
a more comprehensive approach to bias optimisation, involving multiple signalling
pathways, is required to truly maximise the benefits of a biased MOP ligand. Hence, a
clearer understanding of how biased agonism can be used to fine tune MOP mediated
physiological processes is required.

Up till now, studies of biased agonism have predominantly focussed on synthetic
opioids, whereas the potential for bias within the endogenous opioid system has been
overlooked. With such a large number of ligands targeting a few classical opioid
receptors, the endogenous opioid peptides are ideal candidates for establishing how
MOP naturally employs biased agonism to control the normal functioning of opioid-
mediated physiological processes. A comprehensive analysis of biased agonism of the
endogenous ligands at the MOP was examined in chapter 2. The most diversity in
biased agonism profiles, compared to the reference ligand DAMGO, is seen in the
enkephalins and endomorphins, whereas the dynorphins and -endo showed very little
diversity in biased agonism profiles at the MOP, compared to DAMGO. This is not
surprising since pharmacological and anatomical evidence clearly points to the
enkephalins and the putatively endogenous endomorphins as being the primary
mediators of MOP physiology. These endogenous peptides have the highest affinities
and selectivities for the MOP [333, 334], and their distribution in the CNS and PNS
overlaps very closely with the expression of the MOP [702, 784, 785]. With such
variability between only a few enkephalins, it is likely that the other pENK derived
peptides that were not included in this study, such as Met-enk-RGL and metorphamide

(Table 1.1) may also possess unique biased agonism profiles at the MOP.

Interestingly, nearly all the Leu-enk based endogenous peptides, including Leu-enk and
all pDYN derived peptides except a-neo, showed the same biased agonism profile

compared to DAMGO. This is possibly due to the fact that, as shown by Wieberneit,
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Korste, Albada, Metzler-Nolte and Stoll [611], Leu-enk may only be able to bind to the
MOP in a single conformation. This is in contrast to the DOP, where Leu-enk was
shown to adopt two conformations, suggesting that these opioids may display unique
bias profiles at DOP. Additionally, since the distribution of the pDYN derived peptides
mainly overlaps with the expression of KOP, dynorphins are also likely to show more
diversity at this receptor subtype. Whilst pDYN is predominantly expressed in regions
distinct from those expressing MOP, there are areas where MOP and pDYN expression
overlap, such as in the medulla, the DH of the spinal cord and myenteric neurons in the
Gl tract [338, 448, 784, 786], where dynorphins, and in particular a-neo with its unique
bias profile, may play a distinctive role in control of MOP mediated physiology. A similar
study to that presented here examining biased agonism of endogenous peptides at
DOP and KOP needs to be performed to establish a complete picture of biased

agonism within the opioid system.

Altogether, the heterogeneity in biased agonism profiles within the endogenous opioid
peptides, combined with their differing selectivities and potencies for the various opioid
receptors, discrete expression patterns, different degradation rates and the potential of
differential proteolytic processing of precursor proteins in different tissues [476, 478],
indicates that particular endogenous opioids may play specific roles in regulating opioid
receptor-mediated physiology. To validate this, and establish links between specific
signalling pathways and physiological effects, the biased agonism profiles of
endogenous opioids need to be confirmed in vivo. However, there are many difficulties
involved in in vivo validation of biased agonism profiles obtained in recombinant cell
lines [720]. These difficulties include variables that can affect the quantification of
biased agonism in different systems and were explored in detail in chapter 3.
Quantification of biased agonism in different cell backgrounds revealed the cell-
dependent nature of biased agonism, where even alteration of the expression of a
single signalling effector altered the biased agonism profile of a ligand. This feature of
biased agonism will be particularly problematic when attempting to optimise the bias
profile of a ligand, as the bias profile may change in different tissues due to different
expression of effector and regulatory proteins. Despite this added complexity, the cell-
dependent nature of biased agonism could also be an advantage. When both the
desired physiological effects and the side effects are produced via the same or similar
signalling pathways in different tissues, a ligand with a highly cell-dependant bias profile

may be exactly what is required to obtain a tissue-specific response.
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In some cases, changes in bias between cell backgrounds were relatively small, such
as the bias observed between activation of different Ga subtypes, where bias factors of
around 0.5 AAlog(t/Kp) ie ~3-fold, were common for most ligands. Although this still
remains to be tested, a ligand with such a small bias factor would not be expected to
produce significantly different physiological effects compared to the reference ligand in
vivo [247, 251, 719]. However, it needs to be considered that these experiments
required overexpression of individual G protein subunits in recombinant cells. Since, in
similar experiments where GRK2 overexpression resulted in loss of endo-1 bias
between AC inhibition and B-arr, this suggests that overexpression of a signalling
effector may artificially obscure the bias of a ligand. In addition to this, small differences
in G protein subtype activation may be amplified in some cell types due to the G protein
subtype specific regulation, such as subtype specific AC inhibition or deactivation by
distinct RGSs [701, 787]. Consequently biased G protein-activation may have a more
significant impact on downstream signalling in primary cell types than anticipated,
although to date there is very little evidence to support this [710, 723, 788]. Thus, the
potential for differential activation of downstream signalling effectors by G protein
subtypes needs further investigation. In any case, the small degree of bias observed
between activation of Ga subtypes in this study may be enough to have a significant
impact on the quantification of bias in different cell backgrounds, thereby influencing the

selection of lead compounds when screening for biased ligands.

Another factor that may significantly affect the physiological outcomes of biased
agonism is the spatiotemporal characteristics of the distinct signalling pathways. “When”
and “where” a signalling effector is activated has a significant effect on the overall
cellular response. The spatiotemporal activation of ERK and PKC by morphine and
DAMGO previously characterised in HEK293 cells [789] was validated in cultured DRGs
in chapter 4. Since ERK activation in different cellular compartments is associated with
phosphorylation of different ERK substrates [208], and is also involved in ligand-
dependent and tissue specific MOP desensitisation and tolerance [594, 633, 638], these
differential patterns of ERK activation are likely to have a significant impact on the
physiological effects of the ligands. This clearly demonstrates that the activation of the
same signalling effector by different ligands doesn’t necessarily result in production of
the same overall cellular effects. The same principle may also apply to the activation of
other signalling pathways where ligands show differential spatiotemporal signalling,
such as the differential cAMP inhibition kinetics by Met-enk-RF observed in chapter 3.
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As biased agonism is most commonly examined at single time-points, the ligand-
dependent spatiotemporal patterns of bias may be obscured. Such an important facet of
the consequences of biased agonism is generally overlooked.

Biased agonism and signalling kinetics are also known to be dependent on the binding
kinetics of the ligand [727, 790-792]. Unfortunately there is very limited information
about binding kinetics of endogenous opioids for MOP, hence any connection between
differential binding kinetics and biased agonism by endogenous opioids remains to be
established. Of particular interest, will be the effect of binding kinetics on receptor
trafficking and endosomal signalling. Efficient MOP recycling has been proposed as a
potential mechanism that protects against the development of tolerance [653, 793, 794].
Receptor recycling requires dissociation of the ligand-receptor-B-arr complex [795, 796],
and it has been well established that ligands with slow dissociation rates stimulate
prolonged receptor internalisation and signalling [222, 797, 798], which is most likely the
explanation for the prolonged duration of action and MOP internalisation that is

observed with loperamide [799].

It is unknown whether all endogenous opioids are co-internalised with the receptor,
however since endo-1 and synthetic opioid peptides are internalised with the receptor,
this is most likely to be the case [800-802]. At other neuropeptide receptors endosomal
trafficking of the receptor has been shown to be controlled by the membrane
metalloendopeptidase endothelin-converting enzyme 1 (ECE-1) which degrades the
neuropeptide ligand enabling recycling and resensitisation of the receptor [235, 803,
804]. Furthermore, at the SSTR2A the endogenous ligands somatostatin-14 and -28
have been shown to stimulate different rates of SSTR2A recycling as a result of
differential susceptibility to degradation by ECE-1 [235]. Therefore, differential
degradation of endogenous opioids by ECE-1 or other endosomal peptidases to control
MOP recycling and resensitisation may be another mechanism for controling MOP

function.

There are also several aspects of biased agonism at MOP which remain to be explored
that may further complicate translation of in vitro bias studies in vivo. These aspects
include the potential for species specificity of biased agonism, such as that observed at
KOP [738]. Another important aspect of biased agonism at MOP that remains to be
established is how the development of cellular tolerance affects biased agonism. Since

ligands differentially stimulate mechanisms of tolerance, potentially in a tissue specific
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manner, the bias of a ligand is likely to change significantly in tolerant cells and tissue.
In addition to this, some MOP splice variants show different signalling properties, for
instance MOP1, MOP1A, and MOP1B recycle at different rates [729, 805], hence the
presence of different MOP splice variants in various tissues may alter observations of
biased agonism. Similarly, MOP is reported to form heterodimers with several GPCRs
including DOP and a2AR among others in specific tissues [806, 807], and these
interactions have been shown to alter MOP ligand binding and signalling properties
[807-809]. As a result, the presence of these heterodimers in different tissues may

affect biased agonism.

There are currently other strategies being explored in addition to biased agonism to
achieve MOP-mediated analgesia with fewer side effects. These strategies include
agonists that specifically target MOP heterodimers involved in nociception, such as the
MOP/DOP heterodimer specific ligand CYM51010, which produces similar analgesic
properties to morphine but with less analgesic tolerance [810]. Similarly, mixed efficacy
ligands such as those with MOP agonist and DOP antagonist activity also show the
potential to produce analgesia with less dependence and tolerance [811, 812]. Another
alternative being investigated is to directly inhibit signalling pathways that mediate the
side effects. For example, it has been demonstrated in knock-in mice expressing a
RGS-insensitive Ga, that inhibition of RGS GAP activity may enhance morphine-
induced analgesia [813]. Finally, the recent discovery of allosteric modulators of MOP
presents another promising strategy to improve opioid therapeutics. Allosteric
modulators at MOP could reduce the unwanted side effects by selectively enhancing (or
inhibiting) particular signalling pathways activated by orthosteric drugs, or by enhancing
the activity of the endogenous opioid system [652, 814]. In any case, biased agonism
should always be an important consideration when designing improved opioid

analgesics using each of these approaches.

Altogether, these aspects considered above will make it very complex to predict the
actions of biased ligands in vivo. One way to minimise complications arising from many
of these factors that affect biased agonism observations is to expand the number
signalling pathways examined when quantifying biased agonism. With such
pluridimensional bias profiles, the unique signalling characteristics of a ligand are far
more likely to be captured in the study. Unfortunately, the cell-dependent nature of
biased agonism means we cannot directly predict biased agonism in vivo in every tissue

from in vitro assays in recombinant cells. However, whilst pluridimensional bias profiles
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change in different cell backgrounds and under different experimental conditions, the
unigueness of the ligands can be maintained across different systems. Therefore, bias
profiles can instead be used to predict in vivo bias indirectly through ligand clustering.
To do this, the in vivo bias of ligands that produce enhanced analgesia with less side
effects need to be clearly established. The endogenous opioids are ideal candidates for
this as they have shown great diversity in biased agonism profiles, further investigation
into how endogenous opioids naturally use biased agonism to control opioid physiology
will hopefully reveal an endogenous ligand that mainly mediates analgesia with little
activation of side effects. Such a ligand could then be used as a reference ligand to
screen for new compounds with similar bias profiles, enabling optimisation of safer and

more effective opioid analgesics.

In summary, this study has illustrated that the opioid family of peptides possess a
diverse range of signalling profiles at MOP. The diversity in bias among endogenous
opioids may enable the endogenous opioid system to have an unprecedented level of
control to fine-tune MOP mediated physiology. This enhanced understanding of biased
agonism within the endogenous opioid family will assist with identification of the optimal
biased agonism profile required to design improved opioid analgesics. This study has
also provided valuable insights into the complexities involved in quantification of biased
agonism at GPCRs, including the spatiotemporal kinetics of the signalling pathways and
cell-dependant nature of biased agonism, which will have implications on the design of
future studies of biased agonism at GPCRs.
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APPENDIX A SUPPLEMENTARY DATA

A.1 Supplementary Data From “Biased Agonism of Endogenous Opioid

Peptides at the p-Opioid Receptor”

Table A.1: Summary of potencies for reference ligands and endogenous opioids in CHO-
MOP

[JSS]

cAMP pERK B-Arrl B-Arr2 KRas
GTPYyS

LogeEC50 SEM LogEC50 SEM LogEC50 SEM LogEC50 SEM LogEC50 SEM LogEC50 SEM

DAMGO -850 0.11 -737 0.10 -839 010 -6.54 0.11 -6.60 0.13 -6.98 0.21
Morphine -7.80 0.12 -849 0.14 -7.40 0.12 NC NC -729 035 NC NC
Loperamide -9.84 0.10 -6.99 0.13 -885 0.10 -6.96 0.11 -7.04 0.15 -7.32 0.30
Leu-enk -8.09 014 -703 0.11 -789 0.06 -599 021 -6.01 0.10 -6.55 0.30
Met-enk -831 0.16 -762 0.12 -834 008 -6.21 013 -6.65 0.08 -6.26 0.27
Met-enk-RF -8.71 0.16 -7.29 0.13 -8.86 0.10 -6.73 0.16 -7.02 0.07 NC NC
Endo-1 -8.16 0.07 -681 0.08 -887 010 -647 022 -738 015 -6.69 0.30
Endo-2 -8.11 0.14 -7.03 0.19 -875 010 -7.13 0.11 -713 0.09 -6.36 0.21

a-Neo -7.71 012 -859 0.16 -7.25 0.05 -547 0.15 -550 011 -6.34 041
B-Endo -855 017 -811 0.14 -7.71 0.09 -552 0.15 -6.24 010 -6.68 0.30
DynA -8.33 0.15 NC NC -752 008 -565 0.17 -599 0.12 -6.48 0.46

DynA 1-13 -8.04 0.11 NC NC -766 0.07 -6.03 022 -648 0.12 -6.14 0.26
DynA1-8 -810 0.12 -686 0.12 -788 0.07 -6.04 021 -6.07 0.16 -552 0.24
DynA1l6 -860 0.10 -7.37 0.12 -816 0.07 -6.34 0.17 -6.04 0.12 -6.04 0.22

DynB -8.06 011 -694 0.12 -750 010 -582 0.13 -589 0.08 -6.27 0.40

NC = LogECS50 value for not calculated as a full concentration response curve could not

be obtain
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Table A.3: Percentage contribution to the overall variance by principle components
PC1 =56.09 %

PC2 =25.83 %
PC3=12.82 %
PC4 =4.55%
PC5=0.69 %
PC6 =0.0 %
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Figure A.1: [*H] Diprenorphine saturation binding in FlpIn CHO-MOP membrane

Parental Fipin CHO

120+

100+
- Dynorphin A
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Figure A.2: DynA and DynA 1-13 increase cAMP production in Parental Flpln CHO cells
and this response is not blocked by Naloxone.
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Figure A.3: Bias towards B-arr recruitment determines pERK bias.
(A) BIAS FACTORS BETWEEN PERK AND B-ARR1 IN CHO-MOP. NC = NOT

CALCULABLE (B) TWO-TAILED PEARSON CORRELATION WAS CALCULATED
BETWEEN BIAS FACTORS FOR CAMP-B-ARR1 AND CAMP-PERK EXCLUDING
MORPHINE.
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Figure A.4: cAMP assays in FlpIn CHO-MOP.

Cells were pre incubated with inhibitors for 45mins with 20uM Stearated Ht31 (AKAP inhibitor)
or control peptide, 30mins with 5uM mSIRK (GBy inhibitor) or control peptide, or overnight with
25ng/ml PTx. n=1 in triplicate
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Figure A.5: Bias factors between g-arr2 recruitment and [**S]GTPyS binding in CHO-MOP
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A.2 Supplementary Data From “Plasma Membrane Localisation of the

pn-Opioid Receptor Controls Spatiotemporal Signalling”
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Figure A.6: (A) Concentration-response curves for activation of pERK using the AlphaScreen
assay (n=3). (B) Plasma membrane-localised PKC activity in response to a high concentration
of DAMGO (71-79 cells). Symbols represent means, error bars SEM; vehicle is shown in black,
DAMGO in red, morphine in blue.
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Figure A.7: (A) Concentration-response curves for 3-arr2 recruitment (n=3). Timecourse of (B)
BRET between MOP-RLuc and Rab5a-Venus (n=3). And (C) MOP-GFP internalisation (n = 4-
6). Inset: representative images. Scale bar 10um. (D) Knockdown of B-arrs using siRNA. (E)
MOP-GFP internalisation following knockdown of B-arrs or Ga;, protein inhibition (n=4-6). (F)
Representative images from E. Scale bar 10pm. (G) MOP-GFP internalisation following
inhibition of endocytosis (n=4-12). (H) Representative images from G. Scale bar 10um. (I) Effect
of inhibition of dynamin on the cytoERK response to DAMGO (22-57 cells). (J) Effect of
inhibition of dynamin on the cytoERK response to morphine (22-61 cells). Bars/symbols
represent means, error bars SEM; vehicle is shown in black, DAMGO in red, morphine in blue.
Arrowheads indicate cell surface MOP, arrows intracellular MOP. **p<0.01 and ***p<0.001
versus vehicle control, two-way ANOVA with multiple comparison tests. Scram., scrambled; IB,
immunoblot; PS2, PitStop2.
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Figure A.8: (A) Effect of B-arr knockdown on plasma membrane PKC activity (37-86 cells). (B)
Effect of PKC inhibition on the cytoERK response to morphine (22-108 cells). (C) Effect of GBy
inhibition on the cytoERK response to DAMGO (26-69 cells). (D) MOP-GFP internalisation
following inhibition of GBy or PKC, or over-expression of MOPphos (n=3). (E) MOP-RLuc B-
arr2-YFP BRET following inhibition of GRy or PKC, or over-expression of MOPphos-RLuc (n=3).
(F) Representative images from D. Scale bar 10um. (G) CytoERK activation by MOPphos (63-
116 cells). Bars/symbols represent means, error bars SEM; vehicle is shown in black, DAMGO
in red, morphine in blue. Arrowheads indicate cell surface MOPr, arrows intracellular MOPr.
*p<0.05, **p<0.01 and ***p<0.001 versus vehicle control, two-way ANOVA with multiple
comparison tests. Scram., scrambled; GFx, GF109203X.
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Figure A.9: (A) Representative images showing colocalisation of MOP-GFP or B2AR-GFP
(green) with clathrin (purple). Scale bar 10um. Inset line scan showing pixel intensity across the
indicated section following 10min stimulation with 1yM DAMGO or Isoprenaline. (B)
Colocalisation of MOP-GFP or B2AR-GFP with clathrin following 10min stimulation. (C)
Colocalisation of MOP-GFP or B2AR-GFP with clathrin following 60min stimulation. (D) FLAG-
MOP localisation in Triton X-100 soluble or insoluble membrane domains following fractionation
and western blotting. Caveolin 1 and B-tubulin were used as markers for Triton X-100 insoluble
and soluble domains, respectively. (E-G) FLAG-MOPr distribution at the plasma membrane
using GSD/TIRF. (E) Average distance to nearest neighbour following inhibition of dynamin-
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dependent endocytosis or GBy-subunits (n=3). (F) Representative GSD/TIRF images and
Euclidean Distance maps following inhibition of dynamin-dependent endocytosis. Scale bar
1um. (G) Representative GSD/TIRF images and Euclidean Distance maps following inhibition of
GBy-subunits. Scale bar 1um. Pseudocolour scale as in E. Bars/symbols represent means,
error bars SEM; vehicle is shown in black, DAMGO in red, morphine in blue. Arrowheads
indicate cell surface MOPr, arrows intracellular MOPr. ***p<0.001 versus vehicle control, two-
way ANOVA with multiple comparison tests. TX-100, triton X-100; V, vehicle; D, DAMGO; M,
morphine; 1B, immunoblot; Dyn, dynamin; EDM, Euclidean distance map.
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Figure A.10: (A) MOPr-GFP internalisation following disruption of the plasma membrane
architecture (n=3). (B) Representative images from A. Scale bar 10um. (C) Plasma membrane-
localised PKC activation following disruption of the plasma membrane architecture (44-192
cells). (D) NuckERK activity following disruption of the plasma membrane architecture (80-233
cells). (E) CytoERK activity in response to DAMGO in the presence of Filipin Il (30-167 cells).
(F) CytoERK activity in response to morphine in the presence of Filipin Il (32-194 cells).
Bars/symbols represent means, error bars SEM; vehicle is shown in black, DAMGO in red and
morphine in blue. Arrowheads indicate cell surface MOPr, arrows intracellular MOP. *p<0.05,
**p<0.01 and ***p<0.001 versus vehicle control, two-way ANOVA with multiple comparison
tests. AUC, area under the curve; MBCD/choles., MBCD/cholesterol complexes.
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This review focuses on the existence and function of multiple endogenous agonists
of the somatostatin and opioid receptors with an emphasis on their expression in the
gastrointestinal tract. These agonists generally arise from the proteolytic cleavage of
prepropeptides during peptide maturation or from degradation of peptides by extracellular
or intracellular endopeptidases. In other examples, endogenous peptide agonists for the
same G protein-coupled receptors can be products of distinct genes but contain high
sequence homology. This apparent biological redundancy has recently been challenged
by the realization that different ligands may engender distinct receptor conformations
linked to different intracellular signaling profiles and, as such the existence of distinct
ligands may underlie mechanisms to finely tune physiological responses. We propose that
further characterization of signaling pathways activated by these endogenous ligands will
provide invaluable insight into the mechanisms governing biased agonism. Moreover, these
ligands may prove useful in the design of novel therapeutic tools to target distinct signaling
pathways, thereby favoring desirable effects and limiting detrimental on-target effects.
Finally we will discuss the limitations of this area of research and we will highlight the
difficulties that need to be addressed when examining endogenous bias in tissues and in

171

animals.

Key is: biased ag
receptor, opioid, opioid receptor

ENDOGENOUS BIASED AGONISM

The last decade has witnessed the experimental confirmation of
previous theoretical concepts demonstrating that GPCRs exist
in many temporally related micro-conformations (Deupi and
Kobilka, 2010). Mechanistically, this inherent plasticity is in line
with recent biophysical studies indicating that GPCRs can adopt
multiple active states that can be differentially stabilized by chem-
ically distinct classes of ligands (Hofmann etal., 2009; Bokoch
etal, 2010). Such plasticity allows GPCRs to mediate a spectrum
of acute signaling and longer-term regulatory behaviors that can be
activated in a ligand-specific manner. Indeed, it is now established
that different agonists do not uniformly activate all cellular signal-
ing pathways linked to a given receptor. Rather, different ligands
binding to the same receptor stabilize distinct receptor confor-
mations linked to different signaling pathways and physiological
outcomes. This paradigm whereby different ligands, binding to
the same GPCR in an identical cellular background, promote dis-
tinct receptor conformational states linked to a different functional
outcome has been termed biased agonism or functional selectiv-
ity. Therapeutically, biased agonism provides new avenues for the
development of drugs that are not only receptor-specific but also
‘pathway-specific.” As such it has opened the field to the discovery
of ligands that selectively activate signaling pathways mediating
desired physiological effects whilst minimizing ‘on-target’ side-
effects that are elicited by activation of other signaling pathways
via the same receptor.

enteric nervous sy , G p i led

To date, most descriptions of biased agonism have focused
on the differential effects of synthetic drugs. However, there
are several functionally important GPCR families that bind to
multiple endogenous agonists [for example chemokine, somato-
statin (SST), and opioid receptors (ORs)]. Although this has been
traditionally attributed to the redundancy of some biological sys-
tems, biased agonism could represent an added layer of control
to engender finely tuned physiological responses. Indeed, recent
reports have already highlighted the potential for functional selec-
tivity across the chemokine receptor family (Rajagopal etal., 2013;
Zweemer etal., 2014).

In this focused review we provide an overview of the exist-
ing literature regarding two of these GPCR families with multiple
endogenous peptide ligands, opioids and SST, in the context of the
gastrointestinal tract (GIT). The opioid system is a prototypical
example of potential biological redundancy, and it also represents
one of the first examples where functional selectivity of synthetic
drugs has been reported in the context of gut physiology. On the
other hand, SST receptors are therapeutic targets in treating GI
disease (e.g., diarrhea, bleeding varices, neuroendocrine tumors)
and SSTs and related peptides also represent a well-characterized
system where multiple endogenous ligands of the same recep-
tor exist within the GIT (Zhao etal., 2013). Importantly, these
two receptor systems also reveal different mechanisms that can
explain distinct physiological outcomes derived from activation of
the same receptor by different ligands.
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THE SOMATOSTATIN SYSTEM OF THE GUT

There are five members of the SST receptor family (SSTR) —5) and
their distribution in the GIT has been recently reviewed (Van Op
den Bosch etal., 2009).

Somatostatin, originally known as somatotropin release-
inhibiting factor (SRIF), was first identified and characterized as a
cyclic tetradecapeptide (Brazeau etal., 1973). It was predicted that
SST-14 was a product of a larger peptide precursor and that other
forms with potential biological activity were likely to exist. Indeed,
itis now known that SST arises from maturation of preprosomato-
statin (PPSST), and that all PPSST derivatives originate from the
SST gene. The removal of a 24 amino acid signal sequence forms
prosomatostatin (PSST), which is further C-terminally cleaved to
form the biologically active peptides SST-14, SST-25, and SST-28
(Bohlen et al., 1980; Esch etal., 1980; Brazeau etal., 1981). SST-28,
the longest peptide, was identified and characterized as an N-
terminally extended variant of SST-14 (Pradayrol et al., 1978, 1980;
Bohlen etal., 1980) and biological conversion of SST-28 to SST-14
was later confirmed (Zingg and Patel, 1983). Other cleavage prod-
ucts arising from PSST processing include PSST(1-32; Schmidt
etal., 1985) and PSST(1-64; Bersani etal., 1989), for which little
information regarding function and expression is available.

N-terminal cleavage of PSST also occurs, but the resulting pep-
tides do not contain the SST-14 sequence and are therefore not
considered to be SSTs (Benoit etal., 1990). These include SST-
28(1-12) and antrin, which contains amino acids 1-10 of PSST
[PPSST(25-34)]. Antrin, first identified in the gastric antrum
(Benoit etal., 1987), is present in all SST-producing tissues. How-
ever, a functional role for this peptide has yet to be ascribed.
Most recently, a bioinformatics approach predicted the exis-
tence of a novel 13mer PPSST cleavage product [PPSST(31-43)],
which was subsequently confirmed by immunoaffinity purifica-
tion and called neuronostatin (Samson et al., 2008). Neuronostatin
is encoded by PSST and is highly conserved across vertebrates.
Unlike SST and cortistatin (CST, see below), neuronostatin is not
cyclic and is amidated at the C-terminus.

Biological activity of SST variants is conferred through a com-
mon Phe-Trp-Lys-Thr (FWKT) motif within the C-terminus
(amino acids 7-10; Patel and Srikant, 1997). This sequence is
also present in non-SST peptides that share a high-degree of
sequence homology with SST. These include CST and thrittene.
CST and SST are encoded by distinct genes, and genetic dele-
tion of SST has no effect on the expression of CST. CST is a
derivative of the 112 amino acid preproCST (PPCST) precur-
sor (de Lecea etal., 1996), which is converted to proCST by
signal peptide cleavage, resulting in the formation of hCST17
and hCST29 (Puebla etal., 1999). CST shares 11 amino acids
in common with SST-14 including residues required for inter-
action with SSTRs and two key cysteines that enable formation of
the cyclic peptide structure (Francis etal., 1990). Although they
share sequence homology, structure, and affinity for SSTRs, there
are clear differences in the ability of CST and SST-14 to stimu-
late SSTR2 endocytosis and signaling (Liu etal., 2005). Notably,
CST is significantly less effective at inhibiting cAMP production
and promoting SSTR2 endocytosis. Furthermore, CST does not
exclusively interact with SST receptors and can also activate the
MrgX2 and GHS-R1a receptors. Whether there are CST variants

or a CST-specific GPCR is unknown. Another endogenous pep-
tide that shares extensive sequence homology with SST is thrittene
[SST28(1-13)]. As with CST, thrittene is not derived from PSST
and is a product of a distinct gene, as supported by the presence of
thrittene-like immunoreactivity in PSST deficient mice (Ensinck
etal., 2003). Moreover, thrittene and SST are expressed by distinct
cell populations and their release is triggered in response to dif-
ferent stimuli (Ensinck etal., 2002). With the exception of these
initial studies nothing is known of the functional role of thrit-
tene, nor if thrittene plays an analogous or discrete role to that
of SST. A summary of SST and SST-like peptides is presented in
Table 1.

DISTRIBUTION OF ENDOGENOUS SSTR LIGANDS IN THE GI TRACT

The GIT is the major source of SST and SST is a regulator of many
digestive functions. SSTRs are an important therapeutic target in
the treatment of digestive disease. In addition to its established role
as a neurotransmitter, SST also acts in a hormonal and paracrine
manner to regulate gut function (Low, 2004; Van Op den Bosch
etal., 2009).

Somatostatin is expressed by D-cells of the stomach and plays
a well-defined role in the control of acid secretion. SST negatively
regulates gastrin release from antral G cells and histamine release
from enterochromaffin-like cells, and acts directly on parietal cells
leading to an SSTR2-dependent inhibition of acid release (Walsh,
1988; Lloyd etal., 1997; Low, 2004). SST-14 within the intesti-
nal wall is mainly expressed by enteric neurons and potentially
by extrinsic primary spinal afferents (Traub etal., 1999), although
this is still debated (Keast and De Groat, 1992). SST-14 is also
produced by macrophages during infection or inflammation as
part of an immunoregulatory circuit with SSTR2 (Weinstock and
Elliott, 2000). SST-28- distribution appears to be more restricted
and is primarily expressed by enteroendocrine D-cells (Ravazzola
etal., 1983; Baskin and Ensinck, 1984), consistent with the pre-
dominant release of SST-28 from the mucosa (Baldissera etal.,
1985).

Mpyenteric SST-immunoreactivity is localized to a subclass of
descending inhibitory interneuron, where it is co-expressed with
choline acetyltransferase (Portbury etal., 1995; Song etal., 1997).
Physiologically, SST is involved in the migrating myoelectric
complex in the jejunum (Abdu etal., 2002) and propagating con-
tractions of the colon (Grider, 2003). These actions are mediated
through the SSTR2 receptor, which is expressed by NOS-positive
inhibitory motor neurons or descending interneurons (Allen etal.,
2002). SST is also an inhibitor of gastric emptying and of gall
bladder contractility. SST is expressed by submucosal choliner-
gic secretomotor/ non-vasodilator neurons (Mongardi Fantaguzzi
etal.,, 2009) and hyperpolarizes submucosal neurons (Shen and
Surprenant, 1993) probably via SSTR1 and SSTR2 (Foong etal.,
2010). In the human intestine SST is expressed by putative intrinsic
primary afferent neurons of the submucosal plexus (Beyer etal.,
2013).

There is limited information regarding the distribution of ‘non-
SST’ peptides in the gut. Relatively high mRNA expression for
CST has been detected through the human GIT (Dalm etal,,
2004). However, it should be noted that with the exception of
pancreatic delta islet cells (Papotti etal., 2003) and potentially
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Table 1 | Endog in (SST) peptid. q (*seq not confirmed).
Precursor Peptide Sequence
Prosomatostatin (PSST) SST-28 Ser-Ala-Asn-Ser-Asn-Pro-Ala-Met-Ala-Pro-Arg-Glu-Arg-Lys-Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-
Lys-Thr-Phe-Thr-Ser-Cys
SST-14 Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys-OH

Neuronostatin (PPSST(31-43))
Antrin (SST-25-34)

Leu-Arg-GIn-Phe-Leu-GIn-Lys-Ser-Leu-Ala-Ala-Ala-Ala-NH2
Ala-Pro-Ser-Asp-Pro-Arg-Leu-Arg-GIn-Phe-OH

SST-25 Ser-Asn-Pro-Ala-Met-Ala-Pro-Arg-Glu-Arg-Lys-Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-
Thr-Ser-Cys

SST-28(1-14) Ser-Ala-Asn-Ser-Asn-Pro-Ala-Met-Ala-Pro-Arg-Glu-Arg-Lys

SST-28(1-12) Ser-Ala-Asn-Ser-Asn-Pro-Ala-Met-Ala-Pro-Arg-Glu

PPST 1-64 Ala-Pro-Ser-Asp-Pro-Arg-Leu-Arg-GIn-Phe-Leu-GIn-Lys-Ser-Leu-Ala-Ala-Ala-Ala-Gly-Lys-GIn-Glu-
Leu-Ala-Lys-TyrPhe-Leu-Ala-Glu-Leu-Leu-Ser-Glu-Pro-Asn-GIn-Thr-Glu-Asn-Asp-Ala-Leu-Glu-
Pro-Glu-Asp-Leu-Ser-GIn-Ala-Ala-Glu-GIn-Asp-Glu-Met-Arg-Leu-Glu-Leu-GIn-Arg

PSST 1-32 Ala-Pro-Ser-Asp-Pro-Arg-Leu-Arg-GIn-Phe-Leu-GIn-Lys-Ser-Leu-Ala-Ala-Ala-Ala-Gly-Lys-GIn-Glu-

Leu-Ala-Lys-TyrPhe-Leu-Ala-Glu-Leu

Preprocortistatin Cortistatin-14 (rat)
Cortistatin-17 (human)

Cortistatin-29

Pro-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Ser-Ser-Cys-Lys
Asp-Arg-Met-Pro-Cys-Arg-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Ser-Ser-Cys-Lys
H-Glu-Gly-Ala-Pro-Pro-GIn-GIn-Ser-Ala-Arg-Arg-Asp-Arg-Met-Pro-Cys-Arg-Asn-Phe-Phe-Trp-

Lys-Thr-Phe-Ser-Ser-Cys-Lys-OH

Unknown Thrittene (SST28(1-13))

Ser-Ala-Asn-Ser-Asn-Pro-Ala-Met-Ala-Pro-Arg-Glu-Arg*

activated inflammatory cells (Gonzalez-Rey etal., 2006), the dis-
tribution of CST within the gut remains unknown. Thrittene-like
immunoreactivity has been detected in enteroendocrine cells and
enteric neurons and this distribution is distinct to that for SST-
14 and SST-28 (Ensinck etal., 2002). This is supported by the
differential release of thrittene and SST in response to feeding
(Ensinck etal., 2003). Antrin expression was originally believed
to be restricted to gastric D-cells, where it is localized to SST-
28(1-12) containing secretory granules (Ravazzola etal., 1989;
Benoit etal., 1990). However, this was contradicted by Rabbani
and Patel (1990), who demonstrated comparable expression of
antrin in the jejunal mucosa and pancreas by radioimmunoassay
and HPLC.

EVIDENCE FOR DIFFERENCES IN FUNCTION

At present there is little evidence for significant differences in
the effects of endogenous SSTs on GI function, although this
may reflect the limited endpoints that have been assayed. Expo-
sure of enteric neurons to SST results in activation of inwardly
rectifying K+ currents and to hyperpolarization, leading to inhi-
bition of contractile and secretory activity (Van Op den Bosch
etal., 2009). Direct electrophysiological recordings demonstrate
no apparent difference in the acute effects of SST-14 and SST-28
on submucosal neurons, with exposure to either agonist lead-
ing to hyperpolarization and to rapid desensitization of responses
(Shen and Surprenant, 1993). Similarly, there was no significant
difference in the SST-14, SST-25, and SST-28 mediated inhibition
of contractile activity. These agonists cross-desensitized responses
to each other, but not to acetylcholine, suggesting actions at the

same receptor (McIntosh etal., 1986). However, there is evidence
for differences in the in vivo effects of SST-14 and SST-28 on
both the stomach and intestine. For example, studies examin-
ing the direct effects of SSTR activation on gut function showed
that SST-14 is significantly more potent at inhibiting gastric acid
secretion than SST-28, despite the longer plasma half-life of SST-
28 (Hirst etal., 1982; Seal etal., 1982). Zhao etal. (2013) recently
demonstrated that although SST-14 and SST-28 both stimulated
endocytosis of SSTR2A in myenteric neurons, there were clear dif-
ferences in receptor recycling. The apparent retention of SSTR2A
following treatment of neurons with SST-28 was attributed to the
greater resistance of this peptide to degradation by the endoso-
mal endopeptidase endothelin-converting enzyme 1 (ECE-1). This
study did not determine the consequences of this retention or pro-
longed endosomal SSTR2A signaling on gut function. Moreover,
the possible biological activity of SST cleavage products result-
ing from ECE-1 activity was not examined. Intermediate products
of both SST-14 (SST-1-10) and SST-28 (SST-1-24) retained the
Phe-Trp-Lys-Thr motif at the extreme N-terminus and may rep-
resent novel SSTR agonists produced locally within endosomes.
However, absence of a key N-terminal Cys residue suggests that
these peptides lack the cyclopeptide structure characteristic of
SSTs.

The existence of endogenous ligand bias has been examined at
the SSTR2A. Comparison of the responses of SST-14, SST-28 and
cortistatin has not showed any evidence of functional selectivity
at this receptor. However, potential ligand bias has been suggested
for the small molecule ligands that bind SSTR2A, albeit the quan-
tification of this bias is lacking (Nunn et al., 2004; Liu etal., 2008;
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Cescato etal., 2010). More recently, we have shown that SST-14 and
SST-28 show distinct profiles of receptor trafficking upon internal-
ization (Zhao etal., 2013). After incubation with SST-14, SSTR2A
recycled to the plasma membrane, which required the activity of
the endosomal peptidase ECE-1, and an intact Golgi. In contrast,
SSTR2A activated by SST-28, octreotide, lanreotide, or vapreotide
was retained within the Golgi and did not recycle. Although ECE-1
rapidly degraded SST-14, SST-28 was resistant to degradation, and
ECE-1 did not degrade the synthetic SST analogs. Thus, although
no apparent bias was observed at the level of receptor signaling
events, SST-14 and SST-28 differ in the trafficking of the receptor
upon internalization. The differential regulation of SSTR2A may
explain the different physiological effects of endogenous agonists
and could account for the long-lasting therapeutic actions and side
effects of clinically used agonists.

THE OPIOID SYSTEM IN THE GUT

Opioids and opiates are agonists of the mu, delta and kappa ORs
(MOPr, DOPr, and KOPr). The nociceptin receptor (NOPr) was
the last ORs to be cloned and is grouped with the ORs based on
their high degree of sequence homology and its low level bind-
ing of opioids. The pharmacology and function of ORs has been
reviewed extensively and will not be covered in detail in this review
(Waldhoer etal., 2004). All receptors are expressed by enteric neu-
rons and other cell types in the GIT and are major regulators of
gut function (Wood and Galligan, 2004; Galligan and Akbarali,
2014)

The endogenous ligands for ORs are a large family of at least
20 different small peptides. The endogenous peptides have been
detected throughout the central and peripheral nervous system
as well as in other tissues, with similar distribution to the ORs.
They are involved in numerous physiological processes including
nociception, reward processing, and GIT motility and secretion.
The distribution and physiological effects of endogenous opioids
in the GIT have been the most extensively studied. However,
identifying regions where endogenous opioids are expressed and
released under normal physiological conditions has been challeng-
ing due to the high susceptibility of the peptides to degradation.
Additionally, most studies have used antibody-based methods
that may not reliably distinguish between different opioid pep-
tides due to their high structural similarity, or HPLC-based
methods which provide no detail of the specific cell types that
express these peptides. Further complications arise due to inter-
specific differences and region-dependent variations in expression
along the GIT. Nonetheless, most of the endogenous opioids
are present in the GIT, and in some cases the distribution and
release from discrete regions of the GIT has been thoroughly
characterized.

There are three major classes of endogenous opioids
(enkephalins, dynorphins, and endorphins), which are synthesized
by proteolytic cleavage of precursor proteins; pro-enkephalin, pro-
dynorphin, and pro-opiomelanocortin (POMC), respectively. The
peptides range from 5 to 30 amino acids in length, and share
a common N-terminal tetrapeptide sequence Tyr-Gly-Gly-Phe,
with either a Leu or Met in the fifth position. These peptides
have varying affinities for all three ORs, but none are highly
selective for one receptor subtype (Mansour etal., 1995; Janecka

etal., 2004). There are also two additional putative endogenous
peptides; endomorphin-1, and endomorphin-2, which are struc-
turally unrelated to the typical opioid peptides and are most
selective and potent for MOPr (Zadina etal., 1997). The gene
or genes encoding the precursor proteins of endomorphins are
unknown (Terskiy etal., 2007), although a de novo synthesis
mechanism has been proposed as an alternative source (Ronai
etal., 2009). The presence of endomorphins in the GIT has
not been reported and will not be discussed further in this
review.

DISTRIBUTION OF ENDOGENOUS OPIOID RECEPTOR LIGANDS IN THE
GI TRACT

Screening of the longitudinal muscle-myenteric plexus of the
guinea pig ileum by HPLC identified expression of enkephalins
(enk: Leu-enk, Met-enk, Met-enk-Arg-Gly-Leu, Met-enk-
Arg-Phe, Metorphamide, and BAM-18) and dynorphins [a-
neoendorphin, B-neoendorphin, dynorphin A(1-8), and dynor-
phin B]. No detectable beta endorphin was present in these
preparations (Corbett etal., 1988).

Enkephalins
The enkephalins have been the most widely studied opioid pep-
tides in the GIT. Pro-enkephalin contains four copies of Met-enk
and one each of Leu-enk, Met-enk-Arg-Phe, and Met-enk-Arg-
Gly-Leu, and several additional opioid peptides may be formed
by partial processing of the precursor protein (see Table 2; Noda
etal., 1982). Expression of at least four enkephalin peptides (Leu-
enk, Met-enk, Met-enk-Arg-Phe, and Met-enk-Arg-Gly-Leu) in
the GIT has been confirmed (Hughes etal., 1977; Linnoila etal.,
1978; Tang etal., 1982; Giraud etal., 1984). Immunohistochem-
ical studies demonstrate expression throughout the human GIT,
with highest levels detected in the muscularis externa (Polak et al.,
1977; Ferri etal., 1986, 1988). A similar expression pattern has
been observed in rodents (Keast etal., 1985). Enkephalin-derived
peptides are mainly found in the cell bodies of myenteric neurons
and in nerve fibers within the myenteric plexus and circular muscle
(Elde etal., 19765 Jessen etal., 1980; Schultzberg et al., 1980; Fur-
ness etal., 1983). There is evidence that immunoreactivities for
Leu-enk and Met-enk are expressed by distinct neuronal popu-
lations within the enteric nervous system (Linnoila etal., 1978;
Larsson etal., 1979; Larsson and Stengaard-Pendersen, 1982).
The morphology and distribution of Enk-containing myenteric
neurons has been examined in detail. Approximately 23% of
myenteric neurons express Enk-immunoreactivity (Furness etal.,
1983). These are morphologically Dogiel Type I inhibitory or exci-
tatory motor neurons and are also immunoreactive for ChAT and/
or substance P (Furness etal., 1983; Bornstein et al., 1984; Costa
etal,, 1985; Pfannkuche etal., 1998). Leu-enk-positive myenteric
neurons of the human intestine have been described morpholog-
ically as ‘stubby neurons’ and are proposed to represent motor
neurons or ascending interneurons (Brehmer etal., 2005). Exam-
ples of OR and enkephalin labeling in the intestine are presented
in Figure 1.

There are a small number of neurons that express enkephalin-
immunoreactivity in the submucosal plexus and fibers in the
mucosa (Furness etal.,, 1985; Keast etal., 1985; Pfannkuche
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Table 2 | End

opioid peptid

Precursor

Peptide

Sequence

Pro-Enkephalin

Pro-Dynorphin

Pro-Opiomelanocortin

Unknown

Leu-enkephalin
Met-enkephalin
Met-enkephalin-Arg-Phe
Met-enkephalin-Arg-Gly-Leu
Metorphamide

BAM 12

BAM 18

BAM 22

Peptide E

Peptide F

Dynorphin A
Dynorphin B
Big Dynorphin (Dyn A/B 1-32)

Dynorphin A 1-13
Dynorphin A (1-8)
Dynorphin A (1-6)
Leumorphin

a-neoendorphin
B-neoendorphin
a-endorphin
p-endorphin

Endomorphin 1
Endomorphin 2

Tyr-Gly-Gly-Phe-Leu

Tyr-Gly-Gly-Phe-Met

TyrGly-Gly-Phe-Met-Arg-Phe

Tyr-Gly-Gly-Phe-Met-Arg-Gly-Leu

Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val

Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu
Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-Met-Asp-Tyr-Gin
Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-Met-Asp-TyrGIn-Lys-Arg-Tyr-Gly
Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-Met-Asp-Tyr-GIn-Lys-Arg-Tyr-Gly-Gly-
Phe-Leu
Tyr-Gly-Gly-Phe-Met-Lys-Lys-Met-Asp-Glu-Leu-Tyr-Pro-Leu-Glu-Val-Glu-Glu-Glu-Ala-Asn-Gly-Gly-
Glu-Val-Leu-Gly-Lys-Arg-Tyr-Gly-Gly-Phe-Met
Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-GIn
Tyr-Gly-Gly-Phe-Leu-Arg-Arg-GIn-Phe-Lys-Val-Val-Thr
Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-GIn-Lys-Arg-TyrGly-Gly-Phe-
Leu-Arg-Arg-GIn-Phe-Lys-Val-Val-Thr

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys

TyrGly-Gly-Phe-Leu-Arg-Arg-lle

Tyr-Gly-Gly-Phe-Leu-Arg
Tyr-Gly-Gly-Phe-Leu-Arg-Arg-GIn-Phe-Lys-Val-Val-Thr-Arg-Ser-GIn-Glu-Asp-Pro-Asn-Ala-Ty - Ty
Glu-Glu-Leu-Phe-Asp-Val

Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys

Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro
Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-SerGIn-Thr-Pro-Val-Thr-Leu
Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-GIn-Thr-Pro-Val-Thr-Leu-Phe-Lys-Asn-lle-lle-Lys-Asn-Ala-
TyrLys-Lys-Gly-Glu

Tyr-Pro-Trp-Phe

Tyr-Pro-Phe-Phe

175

etal.,, 1998), and in enteroendocrine cells (Mimoda et al., 1998).
However, it is possible that the enkephalin detected in these
regions is due to detection of dynorphins or dynorphin derived
Leu-enk which is highly expressed in these regions as dis-
cussed later in this review. Expression of other enkephalin
derivatives including Met-enk-Arg-Phe (Bu'Lock etal., 1983) and
Met-enk-Arg-Gly-Leu (Wang and Lindberg, 1986) by enteric
neurons has also been demonstrated. Other sites where pre-
proenkephalin and its derivatives are expressed include enteroen-
docrine cells (Bu'Lock etal.,, 1983; Nihei and Iwanaga, 1985;
Kokrashvili etal., 2009), extrinsic afferents (Steele and Costa,
1990) and immune cells including CD4+ T cells (Boue etal.,
2014).

Dynorphins

There is good evidence that opioid peptides derived from
pro-dynorphin (dynorphins), are present in the GIT. Pre-pro-
dynorphin mRNA is expressed in the myenteric and mucosal layers

to varying levels throughout the GIT (Yuferov etal., 1998). Pro-
dynorphin contains three opioid peptides, dynorphin A, dynor-
phin B, and a-neoendorphin, which can all be further processed to
shorter opioid peptides including Leu-Enk (see Table 2; Horikawa
etal., 1983). Dynorphins have been detected in the GIT of various
species, including the full length Dyn A (1-17), Dyn A (1-13), Dyn
A (1-8), Dyn B, and a-neoendorphin (Vincent etal., 1984; Wolter,
19865 Steele etal., 1989; Murphy and Turner, 1990; Spampinato
etal,, 1992). Dynorphins are present in all layers of the gut wall
throughout the entire human GIT, although information regard-
ing cellular sites of expression is lacking (Spampinato etal., 1988).
Immunohistochemistry studies performed mainly in guinea pigs
indicate that dynorphins are widely expressed by submucosal and
myenteric neurons (Vincent etal., 1984; Wolter, 1986; Steele and
Costa, 1990). Dynorphins are co-expressed with enkephalins in a
subpopulation of Dogiel type I myenteric neurons (Costa etal.,
1985; Furness etal., 1985; Steele and Costa, 1990). It is possible
that this may reflect conversion of dynorphin to Leu-enk in these
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)Pr/mENK/NOS/Hu

FIGURE 1 | Expression of opioid receptors (ORs) and enkephalin in the
enteric nervous system. (A,B) Distribution of the delta opioid receptor
(DOPr, green), met-enkephalin (MENK, red), nitric oxide synthase (NOS,
blue), and the pan-neuronal marker HUC/D (Hu, magenta) in the myenteric
plexus (arrows) and circular muscle nerve fibers (arrowheads) of the mouse
distal colon. (C) Example of a DOPrpositive submucosal neuron (arrow) and
association with mENK-immunoreactive nerve varicosities (arrowheads) in
the mouse distal colon. (D) Overlap between immunoreactivities for the
Mu opioid receptor (MOPr, red) and proenkephalin (proENK, green) in
myenteric neurons of the guinea pig ileum. Images have been modified
using Imaris 74.2 software (Bitplane). Scale bars are as indicated

neurons rather than co-expression of pro-enkephalin. There are
also reports of dynorphin expression by enterochromaffin cells
(Cetin, 1988).

Endorphins

The endorphins are formed from the precursor peptide POMC,
which also contains several other non-opioid peptide hormones
(Eipper and Mains, 1978). POMC contains only one opioid pep-
tide, B-endorphin, which can be cleaved to form a-endorphin.
Although B-endorphin has been detected in the GIT (Orwoll and
Kendall, 1980; DeBold etal., 1988), the localization of endorphin
expression still remains uncertain. There is some evidence of -
endorphin expression, and of other POMC peptides, by myenteric
neurons, nerve fibers within the circular muscle and enteroen-
docrine cells (Schultzberg etal., 1980; Leander et al., 1984; Wolter,
1985b; Kokrashvili et al., 2009; Miller and Hirning, 2010). Another
major source of B-endorphin in the gut are immune cells, particu-
larly those associated with inflammatory bowel disease or irritable
bowel syndrome (Verma-Gandhu et al., 2006; Hughes et al., 2013).
It should be noted that the distribution of B-endorphin in the
GIT is controversial, as the specificity of the antisera used in
many of these studies has been questioned (Sundler etal., 1981).

Hence whilst there is certainly B-endorphin present in the GIT, the
question of its origin remains unresolved.

Other OR agonists are also produced endogenously in the GIT.
These include morphine and codeine-like compounds (Schulz
etal., 1977; Laux-Biehlmann et al., 2013) and the pre-dermorphin
derivatives dermorphin and dermenkephalin (Mor etal., 1989,
1990).

Even though the distribution of the different classes of endoge-
nous opioids in the GIT has been fairly well established, there is
very little known about individual levels of the different peptides
within each class. The expression of proteases that synthesize and
degrade endogenous opioids may have varying levels of expression
in different cell types, which would result in different production
and degradation rates. As such, the mixture of opioid peptides
derived from the same precursor will be variable in different cell
populations. Differential proteolytic processing of pro-enkephalin
and pro-dynorphin peptides occurs in various regions of the brain
and other tissues, leading to variations in the relative proportions
of peptides derived from the same precursors (Cone etal., 1983;
Zamir etal., 1984; Yakovleva et al., 2006). Differential processing of
precursors may also occur in the different cell populations within
the GIT. In rat duodenum, specific antisera against Dyn A (1-17)
and Dyn A (1-8) stain two distinct populations of neurons, one
which contains both peptides and one with only Dyn A (1-8),
indicating that Dyn A (1-8) may be synthesized via distinct pro-
teases or at varying rates in distinct neuronal populations (Wolter,
1985a).

FUNCTION OF ENDOGENOUS OPI0ID RECEPTOR LIGANDS IN THE GI
TRACT

Endogenous opioids play an important regulatory role in normal
gut physiology, primarily through activation of ORs on enteric
neurons (Wood and Galligan, 2004). When applied exogenously,
the physiological effects of endogenous opioids are the same as
the effects of other opioids, they hyperpolarize enteric neurons
leading to inhibition of GIT motility and secretion and ulti-
mately cause constipation (Miller and Hirning, 2010). On the
other hand, the effects of endogenous peptides when released
intrinsically under normal physiological conditions are unclear.
Release of enkephalin- and dynorphin-derived peptides has been
detected in intestinal tissue preparations during peristalsis or
after electrical stimulation. These include Leu-enk, Met-enk,
Met-enk-Arg-Phe, Met-enk-Arg-Gly-Leu, metorphamide (Schulz
etal., 1977; Corbett etal., 1991), a-neoendorphin (Majeed etal.,
1987) and Dyn A (Kromer etal., 1981; Donnerer etal., 1984).
In addition, studies using opioid antagonists, mainly nalox-
one, have shown that inhibition of opioid activity increases
non-propagating intestinal motility (Sanger and Tuladhar, 2004).
Altogether, this shows that endogenous opioids play a subtle
but important role in control of GIT motility by suppressing
activity. There is also evidence that the endogenous peptides
either contribute to, or protect against, the development of
pathophysiological conditions. Levels of endogenous opioids in
the GIT have been shown to increase under pathological con-
ditions, including inflammatory bowel disease, and not only
inhibit gastrointestinal motility, but also provide visceral antinoci-
ception. B-endorphin levels have been shown to increase in a
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model of chronic inflammatory bowel disease in mice, suppress-
ing inflammation-associated hyperexcitability of colonic primary
spinal afferents (Hughes etal., 2013; Valdez-Morales etal., 2013).
In addition, T Lymphocytes can release B-endorphin and induce
expression of B-endorphin in the myenteric plexus in mice with
immunodeficiency-related visceral hyperalgesia (Verma-Gandhu
etal., 2006, 2007). Surgical intervention has also been shown
to increase dynorphin expression in the dorsal root ganglia of
mice (Romero etal., 2012), and stimulate release of opioid pep-
tides from enteric neurons after abdominal surgery in guinea
pigs (Patierno etal,, 2005). This may contribute in part to
post-operative ileus, although sympathetic pathways are likely
to play a more significant role. A greater understanding of the
involvement of endogenous opioids in GIT pathophysiology is
important as the opioid system is not only a potential target for
treatment, but the enhanced production and release of endoge-
nous opioids may also alter the effectiveness of opioid-based
therapeutics.

Although the global physiological effects of endogenous opi-
oids in the GIT have been widely studied, the role of individual
peptides in the control of normal GIT functions or pathophys-
iological conditions in discrete regions is still not clear. There
are specific distributions of endogenous opioids throughout the
GIT. However, since all endogenous opioids can activate all ORs,
the specific ORs through which endogenous opioids exert their
actions or the specific signaling mechanisms behind these func-
tions is unknown. The physiological significance of such diversity
and structural organization of opioid peptides suggests that indi-
vidual endogenous peptides may serve distinct physiological roles.
The diversity in physiological effects can in part be achieved by
activation of the different ORs. However, as there are far more
endogenous opioids than there are receptors and little recep-
tor selectivity, it is probable that the diversity in endogenous
opioids exists to fine tune OR-mediated effects through biased
agonism.

BIASED AGONISM AT THE OPIOID RECEPTORS

Opioid receptors are prototypical GPCRs where biased agonism
displayed by synthetic and exogenous ligands has been widely
explored. Indeed, this reflects the extensive knowledge of opi-
oid physiology and the desire to generate opioid-based analgesics
devoid of limiting side effects such as respiratory depression or
constipation.

In addition to the ideal separation of therapeutic and clini-
cally limiting side effects, two key observations in the actions of
morphine at MOPr have sparked the search for biased agonists at
this receptor. First, morphine is relatively poor at inducing MOPr
internalization, in spite of its efficacy in mediating G-protein
activation, and second, morphine-induced respiratory depres-
sion and constipation were attenuated in a B-arrestin knock-out
mouse, while analgesia was enhanced. Altogether these reports
have sparked the search for potentially different signaling mech-
anisms that mediate the diverse physiological actions of ORs.
Similarly, reports of biased agonism by exogenous ligands have
also been described for the other OR subtypes, DOPr (Charfi
etal,, 2014), and KOPr (Melief etal., 2010). However, the poten-
tial for endogenous bias at the OR family has not received much

attention. This is despite the fact that, as highlighted above, there
is significant biological redundancy in the opioid system. In a
systematic approach to evaluate biased agonism at the mu-OR,
McPherson etal. (2010; Rivero etal., 2012) examined the sig-
naling bias of a wide range of ligands including endogenous
opioid peptides and synthetic opioids. In these and subsequent
studies, endomorphin-2 as well as endomorphin-1 showed statis-
tically significant bias toward B-arrestin2 recruitment and away
from G protein activation. However, as neither the gene nor the
precursor protein of endomorphinl and two has yet been identi-
fied, their classification as endogenous opioids is still a matter of
debate.

Opioid receptors have also been reported to form homo-
and hetero-dimers. Importantly, it has been suggested that these
dimers may indeed form a new signaling entity where the intra-
cellular signaling resulting from the activation of heterodimers
may be different from that elicited by the individual protomers
or homodimers (Waldhoer etal., 2005; Rozenfeld and Devi, 2007;
Gomes etal., 2013). Moreover, some of these dimers have been
demonstrated to exist in vivo (Massotte, 2014). Although such
mechanisms of engendering distinct intracellular signals would
not fall into the definition of biased agonism, it is another
paradigm to take into account in the context of the differential
actions of endogenous opioid peptides.

IDENTIFICATION AND QUANTIFICATION OF BIASED
AGONISM: CHALLENGES AND LIMITATIONS

Although biased agonism offers the potential of safer and more
effective therapeutics, there are still significant limitations for its
detection, quantification and, importantly, its translation into
differential physiological responses.

QUANTIFICATION OF BIASED AGONISM

Analytical tools for the detection and quantification of biased
agonism are necessary in order to effectively inform future drug
development efforts aimed in this direction. The majority of
studies to date on biased agonism have used largely qualitative
observations, such as reversals in agonist potency orders or max-
imal agonist effects between different pathways. However, such
approaches are not optimal. The potency of a ligand is deter-
mined by both its affinity for the receptor state coupled to that
particular pathway as well as its intrinsic efficacy for generating
a response in that pathway. In contrast, the maximal effect of a
ligand at saturating concentrations is only determined by intrinsic
efficacy. In addition, contributors to system bias, signal ampli-
fication, and receptor expression need to be taken into account
as they have markedly different effects on potencies and effica-
cies of differently efficacious ligands. Therefore, the observed
response of an agonist at a given pathway is not only the result
of unique ligand-induced receptor conformations, rather it is
affected by “system bias,” which reflects the differing coupling
efficiencies of the receptor to a given signaling pathway, and by
“observation bias,” which results from differing assay sensitivity
and conditions (Kenakin etal., 2012; Kenakin and Christopou-
los, 2013a). It is the bias imposed by the ligand on the receptor
that is the only source of bias that allows the signaling bias
profiles of ligands in different cell types to be compared. It is
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therefore important to quantify signaling bias in such a way
that it excludes system and observation bias, in order to reveal
the unique signaling profile that is induced by the different
ligands.

Several analytical approaches have been described to quantify
biased agonism (reviewed by Kenakin and Christopoulos, 2013b).
The relative transduction ratio (Kenakin etal., 2012) is one of the
most robust and widely applicable methods for bias quantifica-
tion. This method applies the operational model of agonism first
derived by Black and Leff (1983) to concentration-response curves
and estimates a “transduction coefficient” which is comprised of
the functional equilibrium dissociation constant (a measure of
the affinity for the receptor coupled to a particular effector pro-
tein or signaling pathway) and the intrinsic efficacy of the agonist
in activating a particular signaling response and receptor den-
sity. This coefficient is thus an overall measure of the relative
‘power’ of an agonist to induce a response. In order to elimi-
nate the effects of system and observation bias, normalization to a
reference agonist is required. Finally, these normalized transduc-
tion coefficients can be compared across two signaling pathways
for a given agonist to obtain the “relative transduction ratio” as
measures of agonist bias. It is, however, important to highlight
that key factors need to be considered [reference ligand, cellu-
lar content and pluridimensionality of efficacy, (Thompson etal.,
2014)] which influence the identification and quantification of
biased agonism and that need to be taken into account when
interpreting information obtained from studying biased signaling
in vitro.

EXAMINATION OF ENDOGENOUS BIAS IN A PHYSIOLOGICAL SETTING
Potentially insurmountable difficulties may prevent the exami-
nation of endogenous ligand bias in tissues and in vivo. First
and foremost, multiple agonists for the same receptor exist, and
these may be coexpressed (e.g., enkephalins), precluding differ-
ential release protocols. Selective stimulation of release may be
possible in cases where agonists are expressed by distinct cells
or neuronal subtypes (e.g., enteric neurons vs. enteroendocrine
cells). Peptides may differ with respect to their susceptibility to
degradation, complicating interpretation of studies of duration
or magnitude of effects. Furthermore, these peptides may vary
in their relative affinities to receptors of interest. The endpoints
that are measured are often indirect and result from activation
of complex reflex pathways involving a number of transmitters.
For example, suppression of electrically evoked intestinal con-
tractions, such as occurs in response to OR agonists (Wood and
Galligan, 2004) may not reveal subtle agonist-dependent differ-
ences. Most of the current descriptions of biased agonism rely
on direct measurements from cells (e.g., pERK1/2, cAMP accu-
mulation, B-arrestin-recruitment), which are difficult to assay in
enteric neurons. Moreover, the effects of exogenous agonist appli-
cation may not reflect what occurs physiologically, as location
of receptors and ligands may mean that such interactions never
occur.

Other factors to consider when translating data derived from
heterologous cell lines to enteric neurons, tissues, or in vivo stud-
ies include not only species, but also regional differences, and
the relative expression of key regulatory proteins in the cellular

environment examined. These factors are most apparent in the
case of the ORs. The distribution of ORs in the gut differs between
species. For example, there is limited evidence for functional DOPr
expression in the guinea pig ileum (Johnson etal., 1987), whereas
there is prominent DOPr expression in the mouse ileum (Poole
etal., 2011). There may also be differences in the regional distribu-
tion of ORs with respect to both the relative numbers of positive
neurons and in the neuronal types that express these receptors, as
we have previously demonstrated for the DOPr (Poole etal.,2011).
Interestingly, this does not appear to be the case for MOPr expres-
sion in the guinea pig ileum and colon where similar neuronal
populations express the receptor (Poole etal., unpublished). It is
worth noting that these differences in distribution are unlikely to
have an effect in the detection of bias, as measurements are likely
to be performed in the same tissue preparation. However, species
and regional differences in OR expression will affect the potential
for heterodimerization of ORs, which may influence the pharma-
cological profiles of any responses to agonists (Rozenfeld and Devi,
2007). Perhaps of greater importance is the relative expression of
key modulatory proteins including B-arrestins and GRKs, which
influence OR signaling in enteric neurons. This is highlighted
by a number of recent studies using knockout mice. B-arrestin
2 deficient mice exhibit reduced constipatory effects of mor-
phine and loperamide based on assays of fecal output and colonic
transit (Raehal etal., 2005). Similarly, GRK6~/~ mice also dis-
play significantly diminished opiate-induced inhibition of colonic
transit relative to wildtype mice (Rachal etal., 2009). Deletion
of either B-arrestin 2 or GRK6 did not affect morphine-induced
inhibition of small intestinal transit, suggesting region-dependent
regulation of neuronal MOR. B-arrestins are also integral to the
development of opiate tolerance in the intestine, with deletion
of B-arrestin 2 promoting acute morphine tolerance in the colon
(Maguma etal., 2012; Akbarali etal., 2014). These studies high-
light that OR regulation and physiological function can differ
markedly between regions of the GIT and the difficulty in trans-
lating data obtained from model cell systems to the physiological
setting.

In summary, we have provided an overview of the expression
and distribution of endogenous ligands for two major therapeu-
tically relevant classes of GPCRs in the GIT. We have provided
evidence for functional selectivity of these ligands and have dis-
cussed potential issues related to translation of cell line-derived
data to the organ and whole animal levels. Therapeutically, the
targeting of selective release of endogenous peptides is probably
nota realistic goal. However, understanding the fundamental basis
for ligand bias and determining whether differences in the expres-
sion and release of endogenous ligands underlie the development
and maintenance of disease may be more promising avenues to
address and to provide mechanistic insight for the development
of safer therapies.
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Opioids, such as morphine, are the most clinically useful class of analgesic drugs for the treatment of acute and chronic pain.
However, the use of opioids is greatly limited by the development of severe adverse side effects. Consequently, drug discovery
efforts have been directed towards improving the therapeutic profile of opioid-based treatments. Opioid receptors are
members of the family of GPCRs. As such, the recent GPCR paradigms of biased agonism and allosterism may provide novel
avenues for more effective analgesics. Biased agonism (or functional selectivity) has been described for all the opioid receptor
family members. Furthermore, the first allosteric modulators of opioid receptors have very recently been described. However,
identification and quantification of biased agonism in a manner that is informative to medicinal chemists and drug discovery
programmes still remains a challenge. In this review, we examine the progress, to date, towards identification and
quantification of biased agonism and allosterism at the p-opioid receptor in the context of its implications for the discovery of

better and safer analgesics.

LINKED ARTICLES

This article is part of a themed section on Opioids: New Pathways to Functional Selectivity. To view the other articles in this

section visit http://dx.doi.org/10.1111/bph.2015.172.issue-2

Abbreviations

DAMGO, [D-Ala?, NMe-Phe?, Gly-ol°]-enkephalin; DOR, 8-opioid receptor; GRK2, GPCR kinase 2; KOR, k-opioid
receptor; MOR, p-opioid receptor; PAM, positive allosteric modulator; SAR, structure-activity relationship

GPCRs can mediate a spectrum of acute signalling and
longer-term regulatory behaviours that can be modulated in
a ligand-specific manner. Such functional versatility cannot
be explained by a simple ‘on-off’ switch model of receptor
activation, and is more compatible with dynamic and flexible
structures. Indeed, during the last decade, we have witnessed
the experimental confirmation of previously theoretical con-
cepts demonstrating that GPCRs exist in many, temporally
related, micro-conformations (Deupi and Kobilka, 2010).
Approaches such as NMR spectroscopy have provided
evidence that GPCRs are highly dynamic proteins that
exist in several functionally relevant conformational states
(Hofmann et al., 2009; Bokoch et al., 2010). Two paradigms
that are fundamentally linked to such inherent plasticity of
GPCRs are biased agonism (or functional selectivity) and
allosterism.

© 2014 The British Pharmacological Society

Biased agonism describes the phenomenon whereby the
binding of different ligands to the same receptor in an iden-
tical cellular background results in differential activation of
cell signalling pathways, and eventually, in different physi-
ological outcomes (Kenakin, 2011). At a molecular level, this
is a consequence of the fact that different agonists do not
activate receptors through stabilization of the same active
state; rather, they can stabilize different functionally active
states that lead to the engagement of a limited subset of
intracellular effectors, and in turn, the activation of specific
signalling pathways. The ability of distinct GPCR-agonist
complexes to differentially activate intracellular signals
provides new avenues for the development of drugs that are
not only receptor-specific, but also ‘pathway-specific’, and
has opened the way to the discovery of ligands that selec-
tively activate signalling pathways mediating the desired

British Journal of Pharmacology (2015) 172 287-296 287
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physiological effects while minimizing ‘on-target’ side effects
that are elicited by activation of other signalling pathways via
the same receptor. However, although this concept is very
attractive, there are significant challenges to its translation
from the field of medicinal chemistry into effective therapies.
On the one hand, the identification of the signalling path-
ways responsible for therapeutic effects and of those respon-
sible for the deleterious side effects is not straightforward; on
the other hand, analytical tools for the detection and quan-
tification of biased agonism are becoming available for drug
development efforts aimed in this direction (Kenakin and
Christopoulos, 2013).

The phenomenon of allosterism is also a consequence of
the conformational plasticity of GPCRs. Allosteric ligands
influence receptor activity by binding to sites that are topo-
graphically distinct from the site where the endogenous
(orthosteric) ligand binds. Classical models of allosterism
already postulated the need for multiple conformational
states in the absence of ligand as a fundamental characteristic
of allosteric proteins (Monod ef al., 1965). These states exist
in a dynamic equilibrium, and the binding of a ligand to an
allosteric protein stabilizes some states at the expense of
others (Canals ef al., 2011). As such, allosteric ligands mediate
their effects by promoting conformational changes in the
GPCR protein that are transmitted from the allosteric binding
pocket to the orthosteric site, or directly to the effector sites.
In terms of drug development, allosteric GPCR ligands offer
significant advantages over targeting of the orthosteric site.
First, because of the lack of evolutionary pressure on sites
other than that where the endogenous ligand binds, allosteric
sites have not necessarily been conserved and therefore offer
greater potential for receptor subtype selectivity. Second, in
the absence of intrinsic efficacy, allosteric modulators will
only exert their effect when and where the endogenous
ligand is present, therefore tuning cellular responses and
maintaining the temporal and spatial characteristics of
endogenous signals. Furthermore, as the effect of an allosteric
ligand is limited by its cooperativity, such class of ligands
may become safer therapies with fewer on-target overdosing
risks.

Studies on opioid receptors have provided prototypical
examples of ligand-dependent signalling and regulation
(Raehal et al., 2011), and recently, allosteric modulators of the
p-opioid receptor (MOR; receptor nomenclature follows
Alexander et al., 2013) have been described (Burford et al.,
2013). In this review, we examine the progress, to date,
towards identification and quantification of biased agonism
and allosterism at the MOR, in the context of its implications
for the discovery of better and safer analgesics.

Ligand-dependent effects at the MOR

Opioids have been used for millennia for the treatment of
moderate to severe pain, and remain the most effective and
widely used analgesics to date. Of the four subtypes of opioid
receptors, the MOR subtype is the therapeutic target for most
currently used opioids as the analgesic effects of morphine
were abolished in a MOR knockout mouse (Kieffer and
Gavériaux-Ruff, 2002). However, it is well known that opioid
analgesics, including morphine, oxycodone and fentanyl,

288 British Journal of Pharmacology (2015) 172 287-296

suffer from very limiting side effects such as tolerance,
dependence and addiction, respiratory depression, and con-
stipation, which severely limit their clinical use. Therefore,
there is a need for new compounds that provide effective
analgesia, but without the serious side effects.

As mentioned previously, biased agonism offers such
potential, and there are clear indications of the existence of
ligand-specific effects on MOR signalling and regulation (see
Raehal ef al., 2011; Williams et al., 2013). Two key observa-
tions on the actions of morphine triggered most of the
studies on functional selectivity at the MOR. First, morphine
induces relatively less internalization of MORs internaliza-
tion, in spite of its efficacy in mediating G-protein activation
(Keith et al., 1996; Sternini et al., 1996). Second, morphine-
induced respiratory depression and constipation are dramati-
cally attenuated in a B-arrestin2 knockout mouse while
analgesia is enhanced (Raehal ef al., 2005). This latter result
also provided clear evidence of the tissue-specific mecha-
nisms of receptor activity and regulation. Taken together,
these reports have sparked the search for the potentially dif-
ferent signalling mechanisms that mediate the diverse physi-
ological actions of MOR agonists as well as for ligands that
exploit such mechanisms. However, most descriptions of
biased agonism at the MOR have been based on qualitative
comparisons between ligands. The number of studies quan-
tifying bias is still very low (see later). Yet, in order to apply
biased agonism therapeutically and effectively, it is necessary
to incorporate parameters that describe the degree of bias in
a manner that can inform future drug development.

Quantifying biased agonism

Although biased agonism is now widely accepted, the major-
ity of studies to date on functional selectivity have used
largely qualitative observations, such as reversals in agonist
potency orders or maximal agonist effects between different
pathways, as indicators of biased agonism. However, such
approaches are not optimal. The observed response of an
agonist at a given pathway is not only the result of unique
ligand-induced receptor conformations, but is also affected
by ‘system bias’, which reflects the differing coupling efficien-
cies of the receptor to a given signalling pathway, and by
‘observation bias’, which results from differing assay sensitiv-
ity and conditions (Kenakin and Christopoulos, 2013). It is
the bias imposed by the ligand on the receptor that is the
only source of bias that can be chemically optimized to
improve the therapeutic profile of a drug. It is therefore
important to quantify signalling bias in such a way that it
excludes system and observation bias, in order to reveal the
unique signalling profile that is induced by the ligand.

The potency of a ligand is determined by both its affinity
for the receptor state coupled to that particular pathway, as
well as its intrinsic efficacy for generating a response in that
pathway. In contrast, the maximal effect of a ligand at satu-
rating concentrations is only determined by intrinsic efficacy.
In addition, contributors to system bias, signal amplification
and receptor expression need to be taken into account as they
have markedly different effects on potencies and efficacies of
differently efficacious ligands. Therefore, a rigorous and
useful analysis of bias should take into account both potency
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Quantification of biased agonism using relative transduction ratios. In order to quantify the signalling bias of a set of ligands, it is necessary to
measure bias in an identical cellular background across several signalling end points. Full concentration-response curves for each pathway are
fitted to the Black-Leff operational model to estimate a transduction coefficient (log[t/Ka] ) for each agonist (in the example, solid lines for
pathway 1 and dotted lines for pathway 2). Next, the effects of system and observation bias are removed by adjusting these values to a reference
ligand to yield the Alog[t/Ka]. Finally, the relative transduction ratio (AAlog[t/Ka] ) is obtained by subtraction of the Alog[t/Ka] value of two
pathways one from another. The AAlog[t/Ka] values represent ligand bias on a linear scale, which is amenable to statistical analysis. [A], agonist
concentration; K,, operational affinity; t, efficacy; n, slope of the fitting parameter; E,,, maximal response of the system. For a step-by-step method

to measure bias, see Appendix 1 or van der Westhuizen et al. (2014).

and maximal effect of a ligand, eliminate effects of system
and observation bias, and should be broadly applicable to
routinely derived concentration-response data. Such analysis
would not only allow the signalling bias profiles of ligands in
different cell types to be compared, but would also aid the
efforts of medicinal chemists to discover new biased ligands.

Several analytical approaches have been described to
quantify biased agonism (see Kenakin and Christopoulos,
2013). Of these, the relative transduction ratio [AAlog(t/Ka) |
is one of the most robust and widely applicable method for
bias quantification. This method applies the operational
model of agonism first derived by Black and Leff (1983).
Application of this model to concentration-response curves
estimates a ‘transduction coefficient’ log(t/Ks) which is com-
prised of the functional equilibrium dissociation constant
(operational affinity, K,), a measure of the affinity for the
receptor coupled to a particular effector protein or signalling
pathway, which is different from the affinity of the ligand for
the bare receptor determined in radioligand binding experi-
ments (see later); and t which encompasses both the intrinsic
efficacy of the agonist in activating a particular signalling
response and receptor density. The log(t/K,) is thus an overall
measure of the relative ‘power’ of an agonist to induce a
response. In order to eliminate the effects of system and
observation bias, the log(t/K,) is normalized to a reference
agonist, yielding values of Alog(t/K,). Finally, these values can
be compared across two signalling pathways for a given

agonist to obtain the relative transduction ratio AAlog(t/Ka)
as measures of agonist bias (Figure 1 and Appendix 1 for a
step-by-step method to measure bias).

Quantification of biased agonism
at MOR

The effects of morphine in the B-arrestin2 knockout mice
(Raehal et al., 2005) together with the substantial evidence of
the distinct effects of morphine in MOR desensitization and
internalization (Johnson etal.,, 2006; Dang etal., 2011)
suggest that ligands that display bias towards G-protein-
mediated pathways and away from B-arrestin2 recruitment,
may have improved therapeutic profiles as analgesics. Such
ligands offer the potential to provide pain relief with less
adverse effects normally associated with the opioid agonists,
including tolerance, dependence and addiction, constipa-
tion, nausea, and respiratory depression. For this reason,
most of the studies focused on detection and quantification
of biased agonism have utilized these two pathways,
G-protein activation and B-arrestin2 recruitment, albeit using
different approaches for such determinations (Borgland,
2003; McPherson et al., 2010; Molinari et al., 2010; Frolich
etal., 2011; Rivero et al., 2012).

Using a BRET approach, Molinari et al. (2010) investigated
the ability of MOR and $-opioid receptor (DOR) to activate
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G-proteins and recruit B-arrestins. G-protein activation by a
wide range of opioid ligands was measured as changes in the
BRET signal between the receptor and the B1 subunit of the
G-protein in cell membranes, while B-arrestin recruitment to
the receptor was performed in whole cells. Plotting the rela-
tive intrinsic activities (i.e. the maximal response of a given
ligand relative to the maximal response of a reference
agonist) of all ligands, using the two signalling end points,
revealed a hyperbolic relationship between the two path-
ways. This is in line with the fact that most of the tested
ligands displayed full agonism for G-protein activation and
that comparison of intrinsic activities fails to differentiate
between full agonists (Stallaert et al., 2011). A number of
ligands, including morphine, oxymorphone and ethylketo-
cyclazocine clustered as ligands with low intrinsic activities
for B-arrestin2 recruitment and high intrinsic activities for
G-protein activation. Indeed, this result is also expected
when the coupling efficiency of different pathways is taken
into consideration, as the response of partial agonists will be
lower in less efficiently coupled signalling pathways such as
B-arrestin2 recruitment. Estimation of the bias factor AAlog(t/
K,) relative to etorphine of the corresponding concentration—
response curves reveals that different intrinsic activities (such
as oxymorphone vs. etorphine, endomorphin-2 or lofenta-
nyl) do not necessarily translate into significant ligand bias
(Figure 2A).

As bias is an intrinsic characteristic of a ligand, it follows
that metabolites of a given ligand do not necessarily have to
mimic the bias of the original compound. Interestingly, this
has been evaluated in vitro for morphine, and its metabolites
(Frolich et al., 2011) using FRET approaches to detect Goy
activation and B-arrestin2 recruitment. Comparison of
relative efficacies of all the metabolites with morphine,
suggested that only three metabolites (normorphine,
6-acetylmorphine, morphine-6-glucuronide) showed bias
towards B-arrestin2 recruitment. However, when using mor-
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phine as the reference ligand to estimate AAlog(t/K,) values,
nearly all the metabolites are significantly biased towards
B-arrestin2 compared with morphine (Figure 2B). This illus-
trates additional information that can be obtained by appli-
cation of the operational model of agonism to detect and
quantify bias because, as mentioned previously, comparison
of relative efficacies fails to distinguish between full agonists
as their activity is limited by the system. In this case, the
signalling bias of higher-efficacy agonists may be overlooked
or may be mistakenly considered as biased when they are in
fact not. Therefore, in the case of the higher-efficacy agonists,
a scale that incorporates both the maximal response and
potency, such as the transduction coefficient, is required.
Such results also suggest that morphine metabolites possess
divergent signalling bias, an aspect that will need to be taken
into consideration when interpreting the effects of morphine
signalling in vivo. Finally, it should be noted that in these
experiments, GRK2 was only overexpressed when measuring
B-arrestin2 recruitment, and as described later, the cellular
content of relevant proteins or other agents can also play a
role in the direction of bias. It would therefore be very
informative to quantify bias of morphine metabolites under
similar conditions across different signalling pathways.

In a systematic approach to evaluate biased agonism at
the MOR, McPherson ef al. examined the signalling bias of a
wide range of ligands including endogenous opioid peptides
and synthetic opioids (McPherson et al., 2010; Rivero et al.,
2012). As in the previous reports, G-protein activation and
B-arrestin2 recruitment were measured by [**SJGTPyS binding,
and an enzymatic complementation assay respectively. In
these studies, endomorphin-2 was the only ligand that
showed statistically significant bias towards p-arrestin2
recruitment. Agonist bias was determined by fitting
concentration-response curves to the Black-Leff operational
model to estimate the efficacy parameter 1. However, instead
of estimating the functional affinity of the ligand-bound

(63 GTPyS

Quantification of signalling bias between G-protein and B-arrestin interactions at the MOR. (A) Relative transduction ratios estimated for data from
Molinari et al. 2010 between assays for GB1 and B-arrestin2 interactions using etorphine as the reference ligand showed no significant bias
between ligands (B) Relative transduction ratios between Go;1 and B-arrestin2 recruitment estimated using data from Frélich et al. (2011) using
morphine as the reference ligand shows that most morphine metabolites are significantly biased towards recruitment of B-arrestin2 compared with
morphine (C) Relative transduction ratios between GTPyS binding and B-arrestin2 recruitment from McPherson et al. (2010) estimated using
Leu-enkephalin as the reference ligand show that in addition to endomorphin-2, endomorphin-1, etorphine and several other ligands are biased
towards B-arrestin2 recruitment. The two-tailed t-test was used to determine whether transduction ratios were statistically different from the
reference ligand * P < 0.05, **P < 0.01, ***P < 0.001, *P < 0.05.

290 British Journal of Pharmacology (2015) 172 287-296



receptor in each particular pathway, the affinity parameter
in these calculations remained constant across pathways
and was determined from radioligand binding experiments
(Rajagopal et al., 2011). Given that a ligand can have differing
affinities for distinct receptor states (e.g., for the G-protein-
bound and unbound states), such differing affinities have to
be taken into account when measuring biased agonism.
Although in some situations, the binding affinity and the
functional affinity can be very similar, this will not always be
the case (see Kenakin and Christopoulos, 2013; Shonberg
et al., 2013). When the dissociation constant is obtained from
concentration-response curves using the Black-Leff opera-
tional model and bias factors are estimated, it becomes appar-
ent that other ligands, apart from endomorphin-2 also show
significant bias towards B-arrestin2 recruitment when com-
pared with Leu-enkephalin as a reference ligand (Figure 2C).
Interestingly, some ligands used in this analysis had previ-
ously been used in other studies. However, the relative trans-
duction ratio analysis suggests that morphine-6-glucuronide,
6-acetyl-morphine and normorphine did not show signifi-
cant bias towards B-arrestin2 recruitment when compared
with morphine in contrast to previous reports (Frolich et al.
(2011). Similarly, this analysis also revealed a significant dif-
ference between etorphine and endomorphin2 that had not
been detected by Molinari et al. (2010; Figure 2C).

Finally, the ability of different ligands to mediate
G-protein activation, receptor desensitization and receptor
internalization has been examined using inhibition of
calcium channel currents (Ic,) and immunocytochemistry,
respectively, as functional readouts (Borgland, 2003). The
relative efficacies of [D-Ala?, NMe-Phe?, Gly-ol°|-enkephalin
(DAMGO), morphine, methadone and pentazocine were
measured for acute inhibition of calcium currents, for
homologous desensitization of these currents and for
receptor endocytosis. Importantly, relative efficacies were
calculated using functional affinity constants determined
experimentally from receptor depletion experiments. These
experiments revealed that the efficacy for I, inhibition did
not correlate with the efficacy of desensitization or receptor
internalization, suggesting that morphine and, potentially,
pentazocine are biased, relative to DAMGO, and that acute
desensitization is not dependent on receptor internalization.

Overall, these studies have provided valuable insight into
biased signalling of opioids at MOR although it still remains
to be seen whether they are able to predict differential
responses in vivo. These studies also illustrate the importance
of a number of factors that influence the identification and
quantification of biased agonism such as cellular content, the
pluridimensionality of efficacy and the choice of a reference
agonist. It is important to consider these key aspects when
interpreting information obtained from studying biased sig-
nalling in vitro.

Effect of cellular content on biased agonism

The content of signalling effectors among different cells is not
identical. As a consequence, biased agonism across different
cellular systems is likely to change. This has important impli-
cations in vivo as, for instance, the effect of the same ligand in
primary cells isolated from different tissues can show oppo-
site bias. One relevant example in the case of the MOR-biased
agonism is the effect of the levels of GRK2 expression. Over-
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expression of GRK2 has sometimes been used as a strategy to
increase the sensitivity of the detection of B-arrestin2 recruit-
ment to several GPCRs including the MOR (Hoffmann et al.,
2008; Allen et al., 2011; Frolich et al., 2011). However, there is
substantial evidence to demonstrate that receptor phosphor-
ylation is also subject to bias (ligand-dependent) and that this
phosphorylation can have downstream consequences such as
differential engagement of signalling kinases or differential
receptor regulation (Tobin et al., 2008; Butcher et al., 2011;
Doll etal., 2011; Just etal., 2013). Thus, overexpressing a
particular kinase may have differential effects on the efficacy
of distinct ligands, thus changing the bias profile of the entire
set of ligands. One approach to minimize such artificial intro-
duction of bias is to evaluate all the signalling end points
under exactly the same cellular conditions and content, for
example overexpressing GRK2 when investigating all the
pathways in addition to B-arrestin2 recruitment.

However, the issue of differential contents of effector and
regulatory proteins in different tissues still remains. For
example, high levels of GRK2 are found in brain, leukocytes,
heart and spleen, followed by lung and kidney (Aragay et al.,
1998). Thus, quantification of signalling bias in recombinant
cells can be used to reveal ligands with unique signalling
profiles that can then be used as pharmacological tools for
studying the consequences of biased agonism in vivo. It is
therefore important to adopt a global perspective on the
concept of bias, that is as an indicator of differential behav-
iours, fingerprints or activity profiles across ligands at the
same receptor that can ultimately translate to different physi-
ological outcomes.

Efficacy is pluridimensional
Most of the descriptions of biased agonism to date have
focused on the differential activation of G-protein-mediated
events and B-arrestin2 recruitment. However, it is evident
that most GPCRs pleiotropically couple to a myriad of signal-
ling effectors. The ability of compounds to promote unique,
ligand-selective conformations of GPCRs that are able to
engage different transduction pathways or regulatory events
underlies the mechanism for the pluridimensionality of effi-
cacy (Galandrin et al., 2007). As such, the detection of bias
should be extended beyond differences between G-protein
activation and B-arrestin2 recruitment. Additionally, it is now
clear that signalling efficacy through GPCRs is not linear, and
that multiple mechanisms control the responsiveness of
receptor systems such as desensitization and internalization,
resulting from receptor phosphorylation (Kenakin, 2007). It
is now established in several GPCR models, including the
MOR, that not all ligands with similar apparent efficacy
towards a given signalling pathway display a similar propen-
sity to trigger these regulatory events (Sternini et al., 1996).
The MOR has been shown to couple to many signalling
effectors via G-proteins and B-arrestins (see Law, 2011; Raehal
etal., 2011; Georgoussi et al., 2012). Furthermore, the MOR
has also been shown to directly interact with phospholipase
D2 (Koch et al., 2003), and with proteins that control its
localization in lipid raft microdomains (Ge et al., 2009). As
such, limiting bias studies to these two proximal events
directly limits the detection of functional selectivity. In addi-
tion, there is now evidence of biased activation of G-protein
subunits by the MOR, which is not detected in proximal
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G-protein activation assays (such as cAMP inhibition), but
may differentially affect downstream signalling (Massotte
etal., 2002; Clark and Traynor, 2006; Saidak et al., 2009).
Similarly, biased effects on B-arrestin activity are not com-
pletely captured in B-arrestin recruitment assays. B-arrestins
have a diverse range of functions that affect signalling and
receptor regulation, which are dependent on both cellular
content and the ligand itself. The strength of interaction
between the receptor and p-arrestin, as measured in a
B-arrestin recruitment assay, is not necessarily indicative of
the subsequent effects on downstream signalling and recep-
tor regulation.

The systematic analysis of many signalling end points will
maximize the information obtained from biased signalling
studies in vitro as such approaches will provide ‘textures’ of
ligands in cellular models. Different ‘textures’ in vitro may be
indicative of distinct physiological fingerprints when trans-
lating bias into physiologically relevant systems.

Relevance of the reference ligand

As mentioned earlier, signalling bias is a relative measure; it is
always in comparison with another ligand. As such, choosing
a reference ligand is a key aspect of the quantification. The
reference ligand itself is not unbiased (there is no such thing),
but ideally, the reference ligand should show activity in most
pathways as well as possess a signalling profile similar to the
endogenous ligand or to most ligands that target that par-
ticular GPCR. It can be misleading to use a reference agonist
such as morphine, which is known to exhibit differential
signalling when compared with most endogenous opioid
peptides. Under most conditions, morphine will be biased
towards G-protein-mediated signalling, so if it is used as a
reference agonist, most other ligands will be clustered as
B-arrestin biased. This is illustrated in Figure 3, where bias

between G-protein activation and B-arrestin2 recruitment
measured by Frolich et al. (2011), is quantified using two
different reference ligands. As shown earlier, when morphine
is used as the reference ligand to estimate values of AAlog(t/
Ka), nearly all the morphine metabolites are biased towards
B-arrestin2 recruitment. However, when an agonist with
higher efficacy in the B-arrestin2 recruitment assay, such as
normorphine, is used as the reference agonist, the calculated
bias for many of the metabolites appears to change. This
shows that the majority of the metabolites are similar to
normorphine, whereas morphine becomes significantly
G-protein-biased and there are now only three metabolites
that are biased towards B-arrestin2 recruitment. However, it is
important to note that while the absolute bias factors
ascribed to an agonist will change depending upon the ligand
designated as reference, whether or not a significant differ-
ence exists between any ligand pair will not change regardless
of which ligand is designated as reference.

In order to make direct comparisons of signalling bias
among different studies, it is important that the same ligand
is used as a reference for quantification. The reference ligand
is also very important when attempting to predict bias in vivo.
As mentioned earlier, ligand bias is cell-dependent, making
predictions of in vivo bias difficult. However, extensive knowl-
edge of the physiological activity and signalling by the refer-
ence ligand, will allow links between signalling profiles and
physiological effects to be made. Hence, the reference should
ideally be a ligand that has been very widely studied. The
obvious choice in most cases would be to use the endogenous
ligand; however, that is not straightforward with opioid
receptors because of the existence of many endogenous
opioid peptides. As DAMGO and Met-enkephalin have been
the ligands most widely studied in MOR biology, these two
ligands would potentially be ideal ‘universal’ candidates.

I Normorphine as reference [ Morphine as reference
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Quantification of bias using different reference ligands. Concentration-response curves from Frélich et al. 2011 for G-protein activation and
B-arrestin2 recruitment were fitted to the operational model to estimate values of AAlog(t/Ka) between the two pathways using either morphine
or normorphine as the reference ligand. When morphine is used as the reference ligand most morphine metabolites are biased towards -arrestin2
recruitment. When normorphine is used as the reference, morphine becomes G-protein-biased and its derivatives, 6-acetyl-morphine (6-acetyl-
Mo), Mo-3-sulfate and Mo-6-sulfate are B-arrestin2-biased. The two-tailed t test was used to determine whether transduction ratios were
statistically different from the reference ligand, morphine *P < 0.05, **P < 0.01, ***P < 0.001 or normorphine “P < 0.05, ~*P < 0.01.
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However, the choice of reference ligands will always depend
on the question that a particular study is trying to address.

Use of biased agonism in drug
discovery to improve pharmacological
profiles of analgesics

Quantification and determination of bias in vitro can guide
medicinal chemists towards the design of biased GPCR
ligands for those receptors where the signalling cascades
responsible for therapeutic versus side effects are known.
Structure-activity relationship (SAR) studies at the angioten-
sin AT, receptor have resulted in a B-arrestin2-biased ligand
(TRV120027) that is currently in clinical trials for acute
decompensated heart failure (Boerrigter et al., 2011). Simi-
larly, at the dopamine D, receptor, biased partial agonists
have been identified by exploring the structure of the antip-
sychotic aripiprazole through a combinatorial chemistry
approach (Allen et al., 2011) and, more recently, by classical
SAR studies supplemented with parameters of bias and func-
tional affinity determined using the transduction coefficient
method (Shonberg et al., 2013).

Given the phenotype of the B-arrestin2 knockout mouse
and the accumulated evidence of ligand-directed signalling at
the MOR, SAR approaches for the biased activation of this
receptor have also been developed and have yielded promis-
ing compounds with analgesic function and improved side
effect profile (Varamini et al., 2012; DeWire etal., 2013).
Recently, new MOR ligands (low MW compounds and
endomorphin-1 derivatives) that produce analgesia with less
gastrointestinal dysfunction and respiratory depression have
been reported. One of these compounds, TRV130, is the result
of SAR screening studies by Trevena, Inc. focused on the
discovery of G-protein-biased (as opposed to B-arrestin2
biased) ligands at the MOR (Chen et al., 2013). In vitro, and
compared with morphine, TRV130 displayed markedly
different responses when assessed by two different signall-
ing end points - inhibition of forskolin-induced cAMP
and B-arrestin2 recruitment. Additionally, TRV130 showed
decreased phosphorylation of the receptor at Ser*”* and failed
to internalize receptors. The authors examined bias between
adenylate cyclase inhibition and B-arrestin2 recruitment by
comparison of relative intrinsic activities (Rajagopal et al.,
2011) of TRV130 and morphine, and showed that TRV130
was biased towards adenylate cyclase inhibition. However,
statistical comparison of bias using this method was ham-
pered by the low efficacy of TRV130 in B-arrestin2 recruit-
ment. As an alternative approach, the authors constructed a
‘bias plot’, where the normalized responses as changes in
cAMP were shown as a function of the corresponding
response in B-arrestin recruitment (Gregory etal., 2010a;
Kenakin and Christopoulos, 2013). Bias plots are useful
graphical tools for visualizing bias of ligands between two
pathways, but they incorporate all three types of bias, obser-
vation, system bias and ligand bias. This means ligand bias
can only be observed when there are extreme differences
between ligands, and also makes bias plots unsuitable for
quantifying bias. Estimation of the bias factor using the
operational model of agonism described above showed that
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the relative transduction ratio of TRV130 was not statistically
different from morphine. The reduced B-arrestin2 recruit-
ment observed with TRV130 in HEK cells could be attributed
to the fact that it is a low-efficacy agonist and hence, poorly
stimulates signalling pathways with low coupling efficiency.
However, this moderate difference in the bias factors is very
likely to be more relevant in vivo, which accounts for the
improved pharmacological profile of TRV130. A more com-
prehensive analysis of bias of TRV130 across many signalling
pathways, and compared with other opioid ligands will reveal
more information about its unique bias profile, and provide
insight into how TRV130 exerts its effects in vivo.

Finally, it is worth noting that most of the SAR studies
performed so far that were focused on the discovery of biased
ligands, have utilized differences between G-protein and
B-arrestin-mediated pathways. However, it is tempting to
anticipate that, in the coming years, there will be an increase
in the number of studies that investigate a more diverse array
of signalling end points that will reveal differential ‘textures’
of GPCR ligands.

Allosterism at the MOR

Although topographically distinct, druggable, allosteric sites
have been postulated to be present in all GPCRs (May et al.,
2007; Gregory etal., 2010b), the discovery of allosteric
ligands that bind to the opioid receptors has remained a
challenge until recently. Allosteric ligands induce conforma-
tional changes that are transmitted from the allosteric
binding pocket to the orthosteric binding site. They offer the
potential of improved subtype selectivity, decreased risk of
overdose and maintained spatial and temporal activity of the
target receptor (Keov et al., 2011). All these pharmacological
characteristics are of particular relevance for opioid-based
therapies, as they may offer the potential to overcome
the tolerance and dependence developed upon chronic/
prolonged receptor activation. However, several considera-
tions need to be taken into account regarding the effects of
allosteric modulators on GPCRs.

The classical view of GPCR allosterism has focused on the
change elicited on the properties of the orthosteric ligand;
however, the conformational changes induced by the
binding of an allosteric modulator can have similar conse-
quences when considering the cytosolic proteins that interact
with the receptor and mediate signal transduction. More
importantly, this effect can vary depending on the different
intracellular effectors. Macroscopically, this translates in
some pathways being modulated, in either a positive or nega-
tive direction, at the expense of others. Finally, allosteric
ligands can also display efficacy in their own right, and as
such, they can potentially activate signalling pathways that
are distinct from those activated by the orthosteric ligands. It
is therefore important that the characterization of allosteric
ligands includes the assessment of many relevant signalling
pathways as well as the intrinsic efficacy of allosteric ligands
on their own.

Interestingly, compared with other family A GPCRs, there
have been significantly fewer allosteric ligands discovered for
the opioid receptors. This is in contrast with the several
descriptions of ‘allosteric interactions’ across opioid receptor
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dimers, whether homodimers or heterodimers (Jordan and
Devi, 1999; Wang, 200S; Milligan, 2009; Yekkirala et al.,
2012). With regards to the MOR subtype, the crystal structure
of the MOR already suggests an oligomeric arrangement of
this receptor (Manglik ef al., 2012), and allosteric interactions
have been described between MOR and mGIluRS, CB;, DOR
and k-opioid receptors (Yekkirala et al., 2011; Metcalf et al.,
2012; Akgiin et al., 2013; Le Naour et al., 2013).

In terms of — low MW allosteric modulators, Burford et al.
(2013) recently discovered the first allosteric modulators of
the MOR using high throughput screening with a comple-
mentation approach to measure B-arrestin2 recruitment. This
screening resulted in the identification of two positive allos-
teric modulators (PAMs) and two silent allosteric modulators
(which bind to the allosteric site of the receptor but have
neutral cooperativity with the orthosteric ligand). BMS-
986121 and BMS-986122 positively modulated the binding
of DAMGO to the MOR and potentiated the effects of
endomorphin-1, DAMGO and morphine in p-arrestin2
recruitment, G-protein activation and cAMP inhibition. This
exciting discovery has provided the tools to investigate the
effects of allosterism on ligand-dependent effects at the MOR.
For example, how do PAMs affect MOR regulation by differ-
ent agonist? Do PAMs differently affect synthetic versus
endogenous opioid ligands? It will also be extremely interest-
ing to investigate whether PAMs can potentiate the analgesic
effects of current opioid drugs or endogenous opioids,
without potentiation of the side effects.

Concluding comments

Although GPCRs are coupled to a plethora of signalling path-
ways, most descriptions of biased agonism have been based
on the comparison of two signalling events across different
ligands. It is therefore quite likely that the ‘relevant’ signal-
ling event has been omitted by the initial selection of signal-
ling end points. Additionally, it is unlikely that a response
derives from the activation of a very distinct signaling
pathway. Rather, physiological responses are likely to reflect
complex outputs from a tightly controlled and selective acti-
vation of a particular group of intracellular signals. Such a
holistic view represents a major challenge for pharmacolo-
gists and medicinal chemists. One potential approach to
predict physiological outcomes is the thorough investigation
of many signaling end points in simple cellular models to
generate ligand activity profiles. Subsequently these specific
fingerprints can be related to more complex physiological
responses. This approach requires not only a robust and sys-
tematic quantification method, but also the validation of
signaling profiles in more relevant systems. However, once
obtained, these fingerprints will represent a framework that
will offer the potential to predict the physiological outcome
from a novel drug.

Parallel with the discovery of new biased MOR ligands
with improved therapeutic windows, the discovery of opioid
receptor allosteric modulators will also open new avenues to
overcome the current limitations of opioid ligands as analge-
sics. As such, the evaluation of this new class of compounds
in vivo will be extremely informative in terms of whether
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allosterism can be exploited to generate better and safer
analgesics.
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Appendix 1

Step-by-step quantification of bias using the operational
model of agonism.

1. Concentration-response data should be normalized to the
response of a reference ligand.

2. The operational model is used to determine the transduc-
tion ratios (t/K,) for the different agonists using the fol-
lowing equation which derives from the standard form of
the operational model shown in Figure 1 [for a complete
derivation, see van der Westhuizen et al. (2014)]

(En — Basal)

[A] o
+1
14] (moxh J
1008R 4]

E = Basal +

where E is the response of the ligand, [A] is the concentra-
tion of agonist, E,, is the maximal possible response of the
system, Basal is the basal level of response in the absence of
agonist, logK, denotes the logarithm of the functional
equilibrium dissociation constant of the agonist, n is the
slope of the transducer function that links occupancy to
response, and logR is the logarithm of the ‘transduction
coefficient’ (or ‘transduction ratio’), 7/Ks, where 7 is an
index of the coupling efficiency (or efficacy) of the agonist.
For the analysis, all families of agonist curves at each
pathway are globally fitted to the model with the param-
eters, Basal, Ey, and n shared between all agonists. For full
agonists, the logK, should be constrained to a value of zero,
whereas for partial agonists this is directly estimated by the
curve fitting procedure (van der Westhuizen et al., 2014).
The logR [i.e. log(7/K,) ] parameter is estimated as a unique
measure of activity for each agonist.

3. Elimination of system and observation bias is achieved by
comparing ligand activity at a given signalling pathway
with that of a reference compound. As such, the difference
between the log7/K, of an agonist and the reference ligand
is calculated using the equation:

T ¥ T
Alog(K—A)= log(K—Al - log(K—A)n
igand eference

4. Ligand bias is finally calculated as the difference between
the Alog(7/K,) values obtained from the previous equation
at two different pathways

T T (3
AAlog(—):Alog(—)p —Alog(—l
Ka Ka athway 1 Ka athway 2
5. The bias factor is then the anti-logarithm of AAlog(7/Ka).

bias factor = IOMIOE(’TA}

6. For complete GraphPad Prism equations and fitting
parameters, see van der Westhuizen ef al. (2014).
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ABSTRACT

Biased agonism is having a major impact on modern drug dis-
covery, and describes the ability of distinct G protein-coupled
receptor (GPCR) ligands to activate different cell signaling path-
ways, and to result in different physiologic outcomes. To date,
most studies of biased agonism have focused on synthetic
molecules targeting various GPCRs; however, many of these
receptors have multiple endogenous ligands, suggesting that
“natural” bias may be an unappreciated feature of these GPCRs.
The p-opioid receptor (MOP) is activated by numerous endog-
enous opioid peptides, remains an attractive therapeutic target
for the treatment of pain, and exhibits biased agonism in re-
sponse to synthetic opiates. The aim of this study was to rigor-
ously assess the potential for biased agonism in the actions of
endogenous opioids at the MOP in a common cellular back-
ground, and compare these to the effects of the agonist b-Ala2-
N-MePhe4-Gly-ol enkephalin (DAMGO). We investigated activation

of G proteins, inhibition of cAMP production, extracellular
signal-regulated kinase 1 and 2 phosphorylation, B-arrestin 1/2
recruitment, and MOP trafficking, and applied a novel analytical
method to quantify biased agonism. Although many endog-
enous opioids displayed signaling profiles similar to that of
DAMGO, a-neoendorphin, Met-enkephalin-Arg-Phe, and the
putatively endogenous peptide endomorphin-1 displayed
particularly distinct bias profiles. These may represent exam-
ples of natural bias if it can be shown that they have different
signaling properties and physiologic effects in vivo compared
with other endogenous opioids. Understanding how endog-
enous opioids control physiologic processes through biased
agonism can reveal vital information required to enable the
design of biased opioids with improved pharmacological profiles
and treat diseases involving dysfunction of the endogenous
opioid system.

Introduction

Opioids are the most widely used and most effective
analgesics available. However, their use is associated with
a large array of side effects (Benyamin et al., 2008). Opioids
that are currently used as therapeutics, such as morphine,
predominantly exert both their analgesic effects and undesir-
able effects through activation of the p-opioid receptor (MOP)
subtype (Matthes et al., 1996; Cox et al., 2015). It is now
accepted that chemically distinct ligands binding to the same
G protein—coupled receptor (GPCR) can stabilize the receptor
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in multiple active conformations, which results in differential
activation of cell signaling pathways and, eventually, in
different physiologic outcomes, a phenomenon known as
biased agonism (Kenakin et al., 2012). Biased agonism can
be exploited to design drugs that selectively activate signaling
pathways, leading to the desired physiologic effects while
minimizing on-target side effects elicited by activation of
other signaling pathways via the same receptor subtype
(Gesty-Palmer et al., 2009; Walters et al., 2009; Valant et al.,
2014).

Biased agonism at the MOP has been extensively studied
(McPherson et al.,, 2010; Al-Hasani and Bruchas, 2011;
Raehal et al., 2011; Pradhan et al., 2012; Rivero et al., 2012;
Kelly, 2013; Williams et al., 2013; Thompson et al., 2015).
However, evidence of biased agonism at the MOP is mostly
limited to qualitative analyses of two signaling events with
a limited number of ligands. Evidence of the involvement of
B-arrestin 2 (B-arr2) in the mediation of the adverse effects of
morphine has prompted the search for opioids that do not
induce B-arr2 recruitment. Indeed, enhanced morphine

ABBREVIATIONS: AC, adenylyl cyclase; BRET, bioluminescence resonance energy transfer; BSA, bovine serum albumin; CHO, Chinese hamster
ovary; DAMGO, p-Ala2-N-MePhe4-Gly-ol enkephalin; DMEM, Dulbecco’s modified Eagle’s medium; dynA, dynorphin A; endo-1, endomorphin-1;
endo-2, endomorphin-2; GPCR, G protein—coupled receptor; GTPyS, guanosine 5'O-(y-thio)triphosphate; Met-enk, Met-enkephalin; MOP,
p-opioid receptor; a-neo, a-neoendorphin; PC, principal component; PCA, principal component analysis; pERK, ERK1/2 phosphorylation; PKC,
protein kinase C; Rluc, Renilla Luciferase; YFP, yellow fluorescent protein.
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analgesia with reduced respiratory and gastrointestinal side
effects was reported in B-arr2 knockout mice (Bohn et al.,
1999; Raehal et al., 2005; Maguma et al., 2012). Recently,
ligands with impaired B-arr2 recruitment have been reported
to provide potent analgesia with less severe side effects (Groer
et al, 2007; DeWire et al., 2013; Soergel et al., 2014).
However, the improved pharmacological profiles of these
ligands may still be due to their partial agonism, with lower
overall efficacy than morphine, rather than true “bias” away
from B-arr2 recruitment (Thompson et al., 2015).

To guide discovery efforts to generate drugs with therapeu-
tically relevant biased agonism profiles, it is necessary to
quantify this phenomenon. In any system, the observed
biased agonism can be confounded by “system bias,” which
reflects the differing coupling efficiencies of the receptor for
each signaling pathway, and by “observational bias,” which
results from differing assay sensitivities and conditions
(Kenakin and Christopoulos, 2013). Bias imposed by the
ligand on the conformation of the receptor is the only source of
bias that can be chemically optimized to improve its thera-
peutic profile. Therefore, it is important to quantify biased
agonism in such a way that excludes system and observa-
tional bias to reveal the unique signaling profile that is
induced by the ligand. Several analytical methods to quantify
biased agonism have been developed. The method recently
described by Kenakin et al. (2012), based on the Black and
Leff (1983) operational model, can be applied to concentration-
response curves to obtain a single parameter that describes
bias between signaling pathways in a system-independent
manner.

Several studies have quantified biased agonism at the
MOP, but these have been limited to comparison of efficacies
for G protein activation versus B-arr2 recruitment (McPherson
et al., 2010; Molinari et al., 2010; Frolich et al., 2011; Rivero
et al., 2012). However, differential activation of other signaling
events including receptor internalization, mitogen-activated
protein kinase, and protein kinase C (PKC) activation has been
reported (Williams et al., 2013), but these signaling events are
rarely considered when describing bias of the MOP, or when
attempting to link biased agonism with physiologic effects.
Moreover, bias between G protein activation and pB-arrestin
recruitment may not necessarily predict differential activation
of such downstream signaling events. Therefore, it is important
to study biased agonism at multiple signaling pathways to
encompass multiple aspects of the signaling properties of
a ligand.

To date, descriptions of biased agonism have mainly focused
upon the actions of synthetic ligands. However, the existence
of multiple endogenous ligands targeting the same GPCR
suggests the potential for “endogenous” biased agonism.
Indeed, biased agonism by endogenous peptide ligands has
been observed at several GPCRs (Zidar, 2011; Rajagopal et al.,
2013; Zhao et al., 2013). Such observations may explain, in
part, the apparent redundancy of such systems. However, the
potential for bias within the endogenous opioid system has
not been explored extensively. The endogenous ligands for
opioid receptors are small peptides generated by cleavage of
precursor proteins: pro-enkephalin, pro-opiomelanocortin, and pro-
dynorphin. Pro-enkephalin—derived and pro-opiomelanocortin—
derived peptides, enkephalins, and endorphins, respectively,
are generally localized to regions with MOP or §-opioid
receptor expression and are involved in the numerous

physiologic processes mediated by these receptors. Similarly,
the pro-dynorphin—derived peptides, the dynorphins and
neoendorphins, are generally localized to similar regions as
the k-opioid receptor; however, it is likely that, in some
regions, dynorphins may also activate the MOP. All of the
opioid peptides have varying affinities for all three opioid
receptors, and none are significantly selective for one recep-
tor subtype (Mansour et al., 1995; Janecka et al., 2004).
Finally, the precursor genes for endomorphin-1 (endo-1) and
endomorphin-2 (endo-2) are still unknown, and therefore,
these two ligands remain “putatively endogenous”; however,
they are the most selective and potent opioid peptides for the
MOP (Zadina et al., 1997). Such diversity in the endogenous
opioid system suggests that biased agonism may play a role in
control of normal MOP-mediated physiologic processes. Un-
derstanding the fundamental basis for ligand bias at the MOP
and determining whether differences in the expression and
release of endogenous opioids can underlie the development
and maintenance of disease may offer promising avenues to
address and provide mechanistic insight for the development
of safer opioid-based therapies.

In the current study, we investigated the existence of biased
agonism at the MOP by endogenous and putatively endoge-
nous opioids. The ability to activate several signal trans-
duction pathways for a range of opioid peptides and three
reference ligands was assessed. Bias between each signaling
pathway was quantified to obtain unique biased agonism
profiles for these ligands. The results show that, although
most endogenous opioids possess similar biased agonism pro-
files to one another, a-neoendorphin (a-neo) and the putative
endogenous opioid endo-1 display unique biased agonism
profiles. Our studies also provide a foundation for future
studies aimed at linking these profiles to physiology of the
opioid system.

Materials and Methods

Chinese hamster ovary (CHO) FlpIn cells and Dulbecco’s modified
Eagle’s medium (DMEM) were purchased from Invitrogen (Mulgrave,
VIC, Australia). Fetal bovine serum was purchased from Thermo-
Trace (Melbourne, VIC, Australia). Hygromycin-B was purchased
from Roche Applied Science (Dee Why, NSW, Australia). Sure-Fire
cellular extracellular signal-regulated kinase 1/2 (ERK1/2) assay kits
were a generous gift from TGR BioSciences (Adelaide, SA, Australia).
AlphaScreen reagents for ERK1/2 assays, [*°S]guanosine 5'-O-[y-thio]
triphosphate ([3551GTP73; >1000 Ci/mmol), [3H]diprenorphine, and
Ultima Gold scintillation cocktail were purchased from PerkinElmer
Life Sciences (Melbourne, VIC, Australia). All endogenous opioid
peptides were purchased from Mimotopes (Melbourne, VIC, Australia).
All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Morphine HCl was from GlaxoSmithKline (Boronia, VIC, Australia).
Renilla Luciferase (Rluc)-tagged MOPr (MOP-Rluc) was a gift from
Laura Bohn (Scripps Research Institute, Jupiter, Florida).

Cell Culture and Generation of Stable Cell Line. Cells were
maintained and cultured in high-glucose DMEM containing 10% fetal
bovine serum and 600 pg/ml hygromycin B at 37°C under a humidified
atmosphere containing 5% COs. cDNA encoding the wild-type human
MOP was obtained from the Missouri University of Science and
Technology (http://www.cdna.org) and was provided in pcDNA3.1+.
Sequence of the human MOP was amplified by polymerase chain
reaction and cloned into the Gateway entry vector pENTR/D-TOPO,
using the pENTR directional TOPO cloning kit, according to the
manufacturer’s instructions (Life Technologies, Mulgrave, VIC,
Australia). The construct was subsequently transferred into the
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Gateway destination vector pEF5/frt/V5/dest using the LR Clonase
enzyme mix (Invitrogen), and the constructs were used to transfect
FlpIn CHO cells (Invitrogen), which ensure constant expression of the
MOP across a cell population. Cells were selected using 600 pg/ml
hygromycin B to generate cell lines stably expressing MOP.

Membrane Preparation. Cells from 10 175-cm® flasks were
grown until approximately 90% confluence and harvested using 2 mM
EDTA in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl,
4.3 mM Na,HPOy,, and 1.5 mM KH,PO,). Cells were pelleted by
centrifugation for 10 minutes at 1200g, and the pellets were
resuspended in 20 ml of phosphate-buffered saline containing
20 mM HEPES and 10 mM EDTA at pH 7.4. All subsequent steps
were performed at 4°C. The cell suspension was homogenized using
a Polytron homogenizer (PT 1200 CL; Kinematica, Basel, Switzerland),
with three 10-second bursts separated by cooling on ice. The cell
homogenate was centrifuged for 5 minutes at 1700g, and the super-
natant was transferred to new tubes and further centrifuged
(90 minutes, 38,000g). The pellet was resuspended in 5 ml of buffer
(20 mM HEPES and 0.1 mM EDTA, pH 7.4) and briefly homogenized
to ensure uniform consistency. Membranes were aliquoted and stored
at —80°C. The protein concentration was determined using a Bradford
assay and bovine serum albumin as a standard.

Saturation Radioligand Binding Assay. Cell membranes
(20 ug) were incubated in buffer (50 mM Tris, 100 mM NaCl, 3 mM
MgCly, pH 7.4) containing increasing concentrations of [*H]diprenorphine
(0.01-10 nM) at 25°C for 60 minutes. The reaction was terminated
by rapid filtration through glass fiber filters (GF/B) with a Brandel
cell harvester (Brandel Inc, Gaithersburg, MD) and washing with
cold saline. Nonspecific binding was determined using 1 mM naloxone,
and radioactivity was determined by liquid scintillation counting using
Ultima Gold scintillation cocktail and a Tri-Carb 2900TR liquid
scintillation counter (PerkinElmer).

[**SIGTPyS Binding Assay. Cell membranes (10 pg) were
incubated in buffer (20 mM HEPES, 100 mM NaCl, 4 mM MgCly,
pH 7.4) containing 1 um GDP, 0.01% bovine serum albumin (BSA),
protease inhibitors (1 uM captopril, 1 ©M phosphoramidon, and 1 uM
amastatin), and increasing concentrations of agonist for 30 minutes
at 30°C. A 100-ul volume of [**S]JGTPyS (0.1 nM final concentration)
was then added, and the incubation was continued for a further
30 minutes. The reaction was terminated by rapid filtration through
glass fiber filters (GF/B) with a Brandel cell harvester and washing
with cold saline. Radioactivity was determined by liquid scintillation
counting using Ultima Gold scintillation cocktail and a Tri-Carb
2900TR liquid scintillation counter (PerkinElmer). All experiments
were performed in triplicate.

Inhibition of Forskolin-Induced cAMP Levels. The ability of
ligands to inhibit forskolin-induced cAMP production was assessed in
FlpIn CHO-MOP cells transiently transfected to express the
CAMYEL cAMP bioluminescence resonance energy transfer (BRET)
biosensor (Jiang et al., 2007). FlpIn CHO-MOP cells were grown
overnight in 10-cm dishes. Transient transfection was performed
using polyethylenimine at a 6:1 ratio of DNA. Twenty-four hours after
transfection, FlpIn CHO-MOP cells were seeded in white 96-well
plates (Culturplates; PerkinElmer) and incubated overnight. The
following day, cells were rinsed and preincubated in Hanks’ balanced
saline solution with 0.01% BSA and protease inhibitors (1 uM
captopril, 1 uM phosphoramidon, and 1 M amastatin) for 30 minutes
at 37°C. Cells were then incubated with the Rluc substrate
coelenterazine-h, final concentration 5 pM, for 5 minutes, followed
by a further 5-minute incubation with increasing concentrations of
agonists. Forskolin was added to a final concentration of 10 uM. After
5 minutes, the yellow fluorescent protein (YFP) and the Rluc
emissions were measured using a LumiSTAR Omega instrument
(BMG Labtech, Ortenberg, Germany), which allows for sequential
integration of the signals detected at 475 + 30 and 535 + 30 nm, using
filters with the appropriate band pass. Data are presented as a BRET
ratio, calculated as the ratio of YFP to Rluc signals, and expressed as
the percentage of the forskolin-induced signal.
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BRET Assays. Agonist-induced recruitment of B-arrestins to the
MOP and MOP proximity to the plasma membrane maker KRas were
examined using a BRET-based method. Parental FlpIn CHO cells were
transfected to coexpress MOP C-terminally tagged with Rluc and
B-arrl-Venus, B-arr2-Venus, or KRas-Venus at a 1:4 DNA ratio. The
assay was performed as described earlier for the cAMP BRET-based
assay. For B-arrestin recruitment assays, agonists were added after
5 minutes of preincubation with coelenterazine-h and then incubated
for an additional 5 minutes, and the BRET ratio was determined. For
receptor trafficking (KRas BRET) assays, cells were incubated with
agonists for 60 minutes in the presence of protease inhibitors, and
coelenterazine-h added 10 minutes prior to detection of BRET. Data are
expressed as D-Ala2-N-MePhe4-Gly-ol enkephalin (DAMGO) response
for B-arrestin assays and percent vehicle response for KRas assays.

ERK1/2 Phosphorylation Assay. Cells were seeded at 4 x 10*
cells/well in clear 96-well plates and grown for 5 hours. Cells were
washed twice with 200 ul of phosphate-buffered saline and incubated
in serum-free DMEM overnight at 37°C in 5% CO,. ERK1/2
phosphorylation (pERK) was detected using the AlphaScreen ERK1/2
SureFire protocol (TGR Biosciences). The assay was performed at
37°C, and cells were preincubated with 0.01% BSA and protease
inhibitors (1 uM captopril, 1 M phosphoramidon, and 1 xM amastatin)
followed by addition of ligands to a final volume of 200 ul. Time
course experiments were initially performed to determine the time
at which maximal pERK was detected following agonist stimulation
(5 minutes). Ligand-stimulated pERK was terminated by removal of
media and drugs, followed by the addition of 100 ul of SureFire lysis
buffer per well and agitation of lysates for 5 minutes at room
temperature. Five microliters of lysate was added in a 384-well white
ProxiPlate (PerkinElmer). A mixture of SureFire activation buffer,
SureFire reaction buffer, and AlphaScreen beads was prepared in
aratio of 100:600:3 (v/v/v) and added to the lysate for a lysate:mixture
ratio of 5:8 (v/v). Plates were incubated for 1-1.5 hours at 37°C before
the fluorescence signal was measured on a Fusion-a plate reader
(PerkinElmer) using standard AlphaScreen settings. For all experi-
ments, 10 M DAMGO (100%) and vehicle (0%) were used to normalize
PERK curves.

Data Analysis. Agonist concentration-response curves were fitted
empirically to a three-parameter logistic equation using Prism 6.0
(GraphPad Software Inc., La Jolla, CA) where bottom and top are the
lower and upper plateaus, respectively, of the concentration-response
curve, [A] is the molar concentration of agonist, and ECj5 is the molar
concentration of agonist required to generate a response halfway
between the top and the bottom:

top — bottom

Y = bottom + 17 1000eECo0 —ToglD’

(1)
To compare agonist profiles and to quantify stimulus bias, agonist
concentration-response data were fitted to the following form of the
operational model of agonism (Black and Leff, 1983):

(E, —basal)(g;)"[A]"
ArE)" + (1 + %)

where E,, is the maximal possible response of the system, basal is the
basal level of response, K4 denotes the functional equilibrium
dissociation constant of the agonist (A) for the receptor, 7 is an index
of the signaling efficacy of the agonist and is defined as R7/Kg (where
Rrpis the total number of receptors and K, is the coupling efficiency of
each agonist-occupied receptor), and n is the slope of the transducer
function that links occupancy to response. The analysis assumes that
the maximal system responsiveness (E,) and the transduction
machinery used for a given cellular pathway are the same for all
agonists, such that the E,, and transducer slope (n) are shared
between agonists. Data for all compounds for each pathway were fit
globally to determine values of K4 and 7.

Y = basal + 2)
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The ratio /K, was determined as a logarithm [i.e., log(7/K,)] and is
referred to herein as the transduction coefficient which represents
a single fitted parameter sufficient to describe agonism and bias for
agiven pathway [i.e., biased agonism can result from either a selective
affinity (K,) of an agonist for a given receptor state(s) and/or a
differential coupling efficacy () toward certain pathways].

To cancel the impact of cell-dependent effects on the observed
agonism at each pathway, the log(7/K,) values were then normalized
to that determined for DAMGO at each pathway to yield a normalized
transduction coefficient, Alog(7/K,), which was calculated as follows:

Alo (l) =1lo (L> ~lo (l) . 3)
g K, g Ky test g K, SikiGo

compund
Finally, to determine the actual bias of each agonist between
different signaling pathways, the Alog(7/K,) values were evaluated
statistically between the pathways. The ligand bias of an agonist for
one pathway, j1, over another, j2, is given as:

AAlog(r/Ka); ;5 = Alog<KLA) — Alog (é) i @)
i j2

A lack of biased agonism as compared with the reference agonist
DAMGO will result in values of AAlog(/K4) not significantly different
from 0 between pathways. To account for the propagation of error
associated with the determination of composite parameters using egs.
3 and 4, the following equation was used:

Pooled_S.EM. = \/(S.Ej1)? + (S.Ej2) (5)

All potency (pEC50) and transduction ratio [AAlog(7/K,)] parame-
ters were estimated as logarithms. Fold changes in bias were
calculated by first converting values of AAlog(7/K,) to the correspond-
ing antilog value:

Bias = 10°%¢(). ®)

The distribution of antilog values does not conform to a normal
(Gaussian) distribution, whereas the logarithm of the measure is
approximately Gaussian (Motulsky and Ransnas, 1987; Leff et al.,
1990; Christopoulos, 1998). Thus, as the application of ¢ tests and
analyses of variance assume Gaussian distribution, estimating the
parameters as logarithms allows valid statistical comparison. All
results are expressed as the mean + S.E.M. Statistical analysis was
performed using a two-way unpaired Student’s ¢ test to make
pairwise comparisons between bias factors for a given ligand and

DAMGO, where P < 0.05 was considered to be statistically
significant.

To visualize bias between multiple pathways at once, webs of bias
were constructed. AA7/K, values between a reference pathway, cAMP,
and all other pathways were obtained using DAMGO as the reference
ligand as follows:

T/ KA test compound

e[y =T @
Ar/K,
AAT/Ey = A:;KZ" 8)
\2

Principal Component Analysis. Principal component analysis
(PCA) is a dimensionality reduction method that uses transforma-
tions to project a high-dimensional set of data into a lower di-
mensional set of variables called principal components (PCs). The PCs
extract the important information from the data, revealing the data’s
internal structure in a way that best explains its variance (Wold et al.,
1987). PCs are ranked according to the percentage of total variance in
the data they explain. The first PC explains a maximal amount of
total variance in the data. Each succeeding PC explains a maximal
amount of the remaining variation, without being correlated with the
preceding components. PCA was applied using singular value
decomposition as implemented in the package scikit-learn (Pedregosa
et al., 2011); the script used for the analysis and plotting can be found
at https:/github.com/thomas-coudrat/pca_analysis.

Results

The ability of the MOP to activate several signal trans-
duction pathways in response to 10 endogenous peptides,
endo-1, endo-2, and three synthetic ligands was assessed in
FlpIn CHO cells stably expressing the human MOP. Receptor
expression levels were determined by saturation binding
assays with [*H]diprenorphine (Bnax 0.72 +0.04 pmol/mg
protein; Supplemental Fig. 1). The selected opioid peptides
included members of all three of the main classes of
endogenous opioids (enkephalins, dynorphins, and endor-
phins) as well as the putative endogenous ligands, the
endomorphins (Table 1). Quantification of bias between each
pathway was performed using DAMGO as the reference
ligand. Morphine was included as an additional control
ligand, as the literature suggests that it may be a biased

TABLE 1
Endogenous and selective opioid peptides used in this study
Peptide Sequence
Enkephalins
Leu-enk Tyr-Gly-Gly-Phe-Leu
Met-enk Tyr-Gly-Gly-Phe-Met
Met-enk-RF Tyr-Gly-Gly-Phe-Met-Arg-Phe
Dynorphins

Dynorphin A (DynA)

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-
Gln

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-Val-Thr

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys

Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys

Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-Val-Thr-Leu-

Phe-Lys-Asn-Ile-Ile-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu

Dynorphin B
DynA 1-13
DynA 1-8 Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile
DynA 1-6 Tyr-Gly-Gly-Phe-Leu-Arg
a-Neo
Endorphins
B-Endorphin
Endomorphins
Endo-1 Tyr-Pro-Trp-Phe
Endo-2 Tyr-Pro-Phe-Phe
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agonist at the MOP compared with DAMGO (Raehal et al.,
2011; Pradhan et al., 2012; Williams et al., 2013), and finally,
the signaling profile of the peripherally restricted MOP
agonist loperamide was also investigated. All incubations in
the different signaling assays were performed in the presence
of endopeptidase inhibitors (see Materials and Methods) to
prevent peptide degradation.

Endogenous Opioids Differentially Inhibit Adenylyl
Cyclase and Recruit B-Arrestin 2. MOPs are primarily
coupled to Ga; G proteins that mediate inhibition of adenylyl
cyclase (AC), resulting in a decrease in the levels of
intracellular cAMP. The ability of ligands to inhibit
forskolin-induced cAMP production was assessed in Flpln
CHO-MOP cells transiently transfected to express the
CAMYEL cAMP BRET-based biosensor (Fig. 1, A and B;
Supplemental Table 1). All ligands inhibited forskolin-
induced cAMP stimulation. Such inhibition was abolished
by incubation of the cells with pertussis toxin (unpublished
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data) demonstrating the Ge; dependence of this effect. How-
ever, concentration-response curves could not be obtained
for dynorphin A (dynA) and dynA 1-13. Although these two
peptides stimulated the production of cAMP at high concen-
trations (Fig. 1B), this effect was not mediated by the MOP, as
it was not blocked by the MOP antagonist naloxone, and was
still observed in untransfected FlpIn CHO cells (Supplemen-
tal Fig. 2).

We then examined recruitment of g-arr2 to the MOP using
a BRET assay. CHO Flpln cells were cotransfected with
Rluc-tagged MOP and YFP-tagged B-arr2. All endogenous
opioids as well as DAMGO and loperamide stimulated re-
cruitment of B-arr2. In contrast, morphine displayed partial
agonism by only stimulating 28% of the DAMGO-mediated
response (Fig. 1, C and D; Supplemental Table 1).

To quantify biased agonism at these two signaling path-
ways, bias factors were calculated as described in Materials
and Methods (Fig. 1E; Supplemental Table 2). Both loperamide

8 6

log10 [ligand] M

Fig. 1. Biased agonism of endogenous opioids
between inhibition of forskolin-induced ¢cAMP and
B-arr2 recruitment. (A and B) Inhibition of forskolin
(Fsk)-induced cAMP in CHO-MOP cells. (C and D)
Recruitment of B-arr2 in FlpIn CHO cells. Data
normalized to the 10 uM DAMGO response. Data are
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expressed as the mean * S.E.M. of at least three
separate experiments. (E) Bias factors for all
agonists between cAMP and B-arr2 recruitment
(Supplemental Table 2). *P = 0.05; **P = 0.005,

v DynA 1-8 different from DAMGO, as determined by two-tailed
t test. Bias factors for DynA and DynA 1-13 not
* DynA1-6  shownas log[r/K4] values could not be calculated for
the cAMP assay. NC, not calculable.
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* a-Neo
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and the endogenous opioid, a-neo, showed significant bias
toward inhibition of AC over recruitment of B-arr2 compared
with the reference ligand DAMGO. Morphine and all the
other opioid peptides tested were not significantly biased
compared with DAMGO.

Differential Recruitment of p-Arrestin Isoforms by
Opioid Ligands. Morphine has previously been shown to
preferentially stimulate recruitment of p-arr2 over B-arrl
(Bohn et al., 2004). Differential recruitment of arrestins may
have significant effects on downstream signaling, as different
B-arrestin isoforms have different functions (DeWire et al.,
2007; Nobles et al., 2011). We examined the potential for
endogenous opioids to stimulate differential recruitment of
B-arrestin isoforms to the MOP. For this, B-arrestin re-
cruitment assays were repeated using YFP-tagged B-arrl. All
the ligands tested stimulated recruitment of B-arrl, with the
exception of morphine, which did not stimulate any detectable
recruitment (Fig. 2, A and B; Supplemental Table 1). Of note,
the BRET signal was much lower for the B-arrl assays
compared with the BRET signal obtained for g-arr2. Although
this could be interpreted as a compromised recruitment of
B-arrl for all the ligands, we cannot exclude the possibility
that this is due to lower BRET efficiency between the different
arrestin isoforms and the Rluc-tagged receptor. Bias factors
between recruitment of B-arrl and B-arr2 showed that, in
addition to morphine, endo-1 differentially recruits B-arrestins
in comparison with the reference ligand DAMGO (Fig. 2C;
Supplemental Table 2). Endo-1 showed significant bias
toward recruitment of B-arr2 over B-arrl. Since morphine
did not stimulate any detectable B-arrl recruitment, a bias
factor could not be calculated. However, this does not

A _ B _
¢ 21
£8 E8
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a% 38
42 0 8 6 -4 10 8 6
log10 [ligand] M log10 [ligand] M
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C
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Fig. 2. Bias between B-arrl and B-arr2 recruitment. (A and B) Re-
cruitment of B-arrl in FlpIn CHO cells. Data are normalized to the 10 uM
DAMGO response and expressed as means = S.E.M. of three separate
experiments. (C) Bias factors for all agonists between B-arrl and B-arr2
(Supplemental Table 2). *P = 0.05, different from DAMGO as determined
by two-tailed ¢ test. NC, not calculable.

necessarily indicate that morphine is biased toward B-arr2
recruitment. Since all the ligands showed a lower response in
the B-arrl assay than for B-arr2, a partial agonist such as
morphine is expected to stimulate little to no response in the
B-arrl assay. Hence, our results suggest that bias between
B-arrestin isoforms can be due to the lower sensitivity of
B-arrl assays and/or lower coupling efficiency of B-arrl
recruitment to the MOP.

Biased ERK1/2 Phosphorylation Correlates with Bi-
as between cAMP and B-Arrestin Recruitment. Next,
we examined activation of ERK1/2. Agonist-induced stimula-
tion of pERK was measured in FlpIn CHO-MOP cells using
the AlphaScreen phospho ERK1/2 assay. All agonists strongly
stimulated pERK in CHO-MOP cells (Fig. 3, A and B;
Supplemental Table 1). This effect was blocked by naloxone
and was absent in untransfected CHO cells (unpublished
data). Bias factors between pERK and all the previous
signaling pathways (inhibition of ¢cAMP production, B-arrl
and pB-arr2 recruitment) were calculated (Fig. 3, C and D;
Supplemental Table 2). There were several ligands that
displayed biased agonism toward cAMP inhibition over pERK
compared with DAMGO, including morphine, loperamide,
endo-1, a-neo, and dynorphin B. In line with this result, there
was also a strong correlation between bias toward cAMP
inhibition over pERK and the bias toward cAMP inhibition
over B-arr2 recruitment (Pearson r = 0.893, P < 0.0001;
Fig. 3E). However, B-arrestin-dependent pERK may not be
specifically mediated via B-arr2 only, as a similar correla-
tion was observed for bias between pERK and p-arrl re-
cruitment (Supplemental Fig. 3). The lack of bias between
pERK and B-arrl or 2 recruitment for nearly all of the
ligands suggests that a component of pERK in CHO cells is
B-arrestin—dependent. The only exception to this was mor-
phine, which was biased toward B-arr2 and cAMP and away
from pERK.

Differential Activation of G Protein-Mediated Sig-
naling. Although we used the inhibition of AC as a measure
of G protein—mediated signaling, AC activity is regulated by
numerous other signaling effectors in addition to Ga;
subunits. These include Ca®*, GBy subunits, and A-kinase
anchoring protein. In addition to this, AC is differentially
regulated by various Ga subunits (Willoughby and Cooper,
2007), which in turn are differentially modified by regulators
of G protein signaling (Traynor, 2012). We measured direct G
protein activation in FlpIn CHO-MOP membrane prepara-
tions using [**S]GTPyS binding assays and quantified bias
between [**SJGTPyS binding and inhibition of forskolin-
induced cAMP (Fig. 4). Several ligands showed bias toward
cAMP over [*°S]GTPyS binding in comparison with DAMGO,
including morphine, Met-enkephalin (Met-enk), endo-1, endo-2,
and a-neo. Interestingly, some of these, endo-1 and a-neo,
consistently showed bias toward cAMP over all other signaling
pathways, whereas Met-enk and endo-2 did not. This suggests
that bias toward cAMP by these two sets of ligands may be
driven by different effectors. Modulation of AC activity by
By subunits and A-kinase anchoring protein did not con-
tribute to bias between the cAMP and [**S]GTPyS binding,
as inhibitors for these proteins had no effect on endo-1 or
DAMGO inhibition of cAMP stimulation (Supplemental
Fig. 4).

Receptor Localization/Trafficking. The inability of
morphine to induce MOP internalization was the first
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indication of differential actions of MOP agonists (Arden
et al., 1995; Keith et al., 1996). It is now apparent that this
compromised internalization is associated with different
modes of desensitization for internalizing versus noninternal-
izing agonists. MOP trafficking was examined using BRET
to measure the proximity between the Rluc-tagged MOP and
Venus-tagged KRas construct, used as a plasma membrane
marker. Before stimulation with agonists, MOP and KRas are
in close proximity, allowing BRET to occur. Upon MOP
activation, receptor redistribution, clustering, and internali-
zation, the distance between these two proteins increases and
results in a reduction in the BRET signal. A time-course
experiment was initially performed to determine the time at
which a maximal reduction in BRET was observed following
agonist stimulation, which occurred at 60 minutes (unpub-
lished data). All ligands except morphine induced a reduction
in BRET between the MOP and KRas at 60 minutes (Fig. 5;
Supplemental Table 1). Bias between receptor trafficking and
the other signaling pathways for Met-enkephalin-Arg-Phe
(Met-enk-RF) could not be quantified since a full concentration-
response curve could not be obtained for this ligand in the KRas

BRET assay. As Met-enk-RF gave similar responses to Met-enk
in all the signaling pathways interrogated previously, this
result suggests that Met-enk-RF is biased away from this
pathway. Since receptor trafficking is dependent on re-
cruitment of B-arrestins, bias factors were calculated between
KRas BRET and B-arrl and 2 recruitment. No ligands showed
bias between KRas BRET and recruitment of B-arrl. Only
endo-1 showed significant bias toward recruitment of B-arr2
and away from receptor trafficking. This result is in line with
the fact that this ligand had previously shown significant bias
toward B-arr2 over B-arrl when these two pathways were
compared (Fig. 2; Supplemental Table 2).

We next compared the bias between KRas BRET and other
signaling pathways. Endo-1 and a-neo, which previously
showed bias toward cAMP inhibition over B-arrl and 2
recruitment, now displayed significant bias toward cAMP
over receptor trafficking. Surprisingly, endo-2, which pre-
viously showed no bias between cAMP and recruitment of
B-arrestins, was now biased toward cAMP over KRas BRET.
This shows that endo-2 is slightly biased toward B-arrestin
recruitment over receptor trafficking, and this has significant
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Fig. 4. Bias between G protein activation and AC inhibition. (A and B)
Agonist-induced [**S]GTPyS binding in CHO-MOP membrane prepara-
tions. Data are normalized to the 10 xM DAMGO response and expressed
as means = S.E.M. of three separate experiments. (C) Bias factors
between cAMP and GTPyS assays. *P = 0.05; **P = 0.005, as determined
by two-tailed ¢ test compared with DAMGO. NC, not calculable; resp.,
response.

consequences on downstream signaling. Bias between re-
cruitment of B-arrestins and KRas BRET indicates that the
B-arrestins recruited to endo-2—-activated MOP receptors may
be mediating activation of an alternative signaling pathway
that has not been captured by the signaling pathways
interrogated in this study. Interestingly, the differences in
bias between cAMP and KRas BRET or [*>S]GTPyS and KRas
BRET track with the bias between ¢cAMP and [*°SIGTPyS
binding. Therefore, these results highlight the fact that the
bias between G protein signaling and receptor trafficking
depends on the endpoint measured for G protein signaling.
Comprehensive Biased Agonism Profiles. In the con-
text of biased agonism, given the complex signaling pathways
that lie downstream of the MOP, it is evident that the
comparison of ligand action between two pathways gives only
a limited picture of drug action. Thus, to allow visualization of
the action of different ligands across all the pathways tested
in this study, “webs of bias” were generated. These webs of
bias allow the clustering of ligands into different activity
profiles across the entire data set. For this, bias factors
between cAMP and all other pathways were calculated using
DAMGO as the reference ligand (AA7/K,) and represented in
a single multiaxial graph. Morphine and loperamide are
already known to possess different signaling properties
compared with DAMGO; hence, they were included in this
study as positive controls to validate our analytical tools. As
expected, morphine and loperamide each showed character-
istic fingerprints, different from that of DAMGO (Fig. 6B).
Importantly, two additional opioids, endo-1 and a-neo, also
displayed unique signaling profiles, and showed bias across
multiple different signaling pathways when compared with
DAMGO. Met-enk and endo-2 also showed bias compared with
DAMGO, but were similar to one another. Met-enk-RF also

displayed a unique signaling profile. Despite its bias profile
being very similar to DAMGO at most signaling pathways,
Met-enk-RF only stimulated a very small response in the KRas
BRET assay, which indicates that Met-enk-RF is biased away
from receptor trafficking; however, the degree of bias could not
be quantified. All other endogenous ligands displayed activity
profiles that were very similar to DAMGO (Fig. 6A).

Another method to visualize and evaluate the overall sig-
naling profiles is to perform PCA (see Materials and Methods).
PCA identifies values in the data set that contribute the most
variability, the principal components, which in this case are
the bias factors that reveal the largest differences between
ligands. Ligands that show similar biased agonism to one
another will cluster together. PCA of all the bias factors (Fig.
6C; Supplemental Table 2) showed that most of the endoge-
nous ligands cluster closely with DAMGO. In contrast,
loperamide, a-neo and endo-1, and to a smaller extent Met-
enk and endo-2 are separated, indicating that these ligands
display an overall unique pattern of bias, consistent with their
signaling profiles in the webs of bias. Of note, the first prin-
cipal component (PC1) of the analysis, which accounts for the
greatest source of variability between ligands, only accounts
for 56% of the variability (Fig. 6C; Supplemental Table 3).
PC2 contributes 26% to the variability between ligands.
Indeed, PC1 and PC2 together only account for 82% of the
variability. Interestingly, both of the first two principal
components are composed mainly of bias factors between G
protein— and B-arrestin-mediated signaling endpoints (Sup-
plemental Table 4). This shows that bias between G protein
activation and B-arrestin recruitment is a major determi-
nant of the biased agonism characteristics of a ligand. How-
ever, as these bias factors are separated into two uncorrelated
principal components, this also means that there is a di-
verse spectrum of bias between G protein— and B-arrestin—
mediated signaling pathways. Altogether, this highlights
the multidimensional nature of biased agonism and the fact
that quantification of bias should be expanded beyond exam-
ination of only two pathways, such as G proteins versus
B-arrestins, to cover the whole spectrum of possible signaling
characteristics.

Discussion

The data presented here show that endogenous opioids
acting on the MOP can exhibit diverse signaling profiles.
Examining bias across multiple pathways has highlighted the
complex nature of biased agonism at the MOP, and has
revealed another level of complexity of bias that extends
beyond differential activation of G proteins and B-arrestin
recruitment. Several endogenous opioids, including a-neo,
Met-enk, Met-enk-RF, and the putative endogenous opioids
endo-1 and endo-2, displayed biased agonism compared with
DAMGO across multiple signaling pathways, whereas the
rest of the endogenous ligands displayed profiles that were
similar to that of DAMGO. In particular, endo-1 and a-neo
displayed markedly different signaling profiles. a-Neo is
considered a k-opioid receptor agonist, and as such, no studies
have examined its actions at the MOP. The physiologic
actions and signaling endo-1 at the MOP, conversely, have
been extensively studied (Fichna et al., 2007). Endo-1
produces physiologic effects similar to most opioids, such as
analgesia, inhibition of gut motility, respiratory depression,
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and the development of tolerance (Goldberg et al., 1998;
Tonini et al., 1998; Lonergan et al., 2003; Yu et al., 2007).
Differences between the physiologic effects of endo-1 and
endo-2 have been described. However, these differences are
usually small, and it cannot be ruled out that they are due to
different degradation rates of the peptides rather than biased
agonism (Sakurada et al., 2002; Terashvili et al., 2007).
Interestingly, endo-1 has been shown to produce antinocicep-
tive cross-tolerance to morphine whereas endo-2 does not,
suggesting potential differences in the mechanisms of
tolerance produced by these two ligands. As both endo-1 and
endo-2 stimulate receptor internalization (McConalogue
et al., 1999), they would both be expected to produce tolerance
via a similar mechanism to that of DAMGO. This suggests
that tolerance produced by endo-1 and endo-2 may involve
differential activation of signaling pathways unrelated to
receptor internalization, or alternatively, that the mecha-
nisms of development of tolerance to these ligands are cell
type—dependent.

Few other studies have examined biased agonism of
endogenous opioids, and the results from these different
studies are not consistent. Morse et al. (2011) examined

arange of endogenous and exogenous opioids in HEK293 cells
using dynamic mass redistribution to measure MOP global
responses. In that study, all endogenous opioids, except dynA
1-13, exhibited similar profiles. Our analysis suggests that,
although dynA 1-13 displayed some bias compared with the
other endogenous ligands, this is limited evidence to suggest
that dynA 1-13 is particularly unique compared with the
other endogenous opioids. Rivero et al. (2012) quantified bias
between [*°S]GTPyS binding and B-arr2 recruitment in
HEK293 cells for some endogenous ligands, and found that
endo-1 and endo-2 were biased toward B-arr2 recruitment
compared with leu-enkephalin (McPherson et al., 2010;
Rivero et al., 2012; Thompson et al., 2015). In our study, only
endo-1 was biased toward B-arr2 over [**S|GTPyS binding
(Supplemental Fig. 5). Various reasons can explain the
different results. First, the different methodologies and time
points used to measure B-arr2 recruitment may affect bias,
since at later time points differential rates and modes of
desensitization may affect the level of B-arr2 recruitment. In
addition, the different cell backgrounds used in each study
may also change the bias of a ligand, as the expression levels
of the various proteins involved in the activation of the
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signaling pathways examined may differ across cell lines and
have an impact in the measures of bias (Thompson et al., 2015).

Morphine is often described as a ligand with compromised
ability to recruit B-arrestins (Whistler and von Zastrow, 1998;
Bohn et al., 2004; Molinari et al., 2010; Chen et al., 2013). As
a partial agonist, morphine is expected to give a lower
response in signaling pathways with low coupling efficiency
and/or assays with low sensitivity. However, understanding
whether these observations refer to a biased action requires
systematic quantification of biased agonism. In our study,
morphine did not show significant bias between B-arr2 and
cAMP, although it was significantly biased toward pB-arr2
when compared with [??SJGTPyS binding. This is similar to
results obtained by Rivero et al. (2012), where morphine was
slightly biased toward B-arr2, although not significantly
(Thompson et al., 2015).

We observed a correlation between pERK and B-arrestin
recruitment, suggesting that B-arrestin recruitment is in-
volved in pERK in CHO cells. This correlation was seen with
both B-arrl and B-arr2, indicating that both B-arrestins are
capable of mediating a component of ERK activation.
B-Arrestin—dependent pERK has also been shown previously
in transgenic cell lines and primary cells (Macey et al., 2006;
Miyatake et al., 2009). The one exception to this correlation
was morphine. This indicates that morphine stimulates pERK
via a different pathway that is independent of B-arrestins. A
likely candidate is PKC, as morphine-stimulated pERK in
HEK293 cells has been suggested to be PKC-dependent (Zheng
et al., 2008). However, to date this has not been demonstrated
in CHO cells.

In our study, endo-1 preferentially recruited B-arr2 over
B-arrl. Differential recruitment of B-arrestins to the MOP by

endo-1 has not been shown previously, but has been
demonstrated for morphine, which promotes recruitment of
B-arr2 and little or no recruitment of B-arrl (Bohn et al., 2004;
Groer et al., 2007). However, as mentioned previously, as all
ligands gave a lower response in the B-arrl assay, a partial
agonist is expected to have a very low to undetectable signal.
Biased activation of B-arrestins may result in differential
activation of downstream signaling, as different B-arrestins
can act as scaffolds for different signaling complexes (DeWire
et al., 2007; Nobles et al., 2011). B-Arrl, but not B-arr2, is
required for MOP ubiquitination, and has also been shown to
promote MOP dephosphorylation more rapidly than B-arr2
(Groer et al., 2011). In addition, the downstream functions of
B-arrestins may vary with different ligands. Differential
engagement of G protein receptor—coupled kinases and
different patterns of ligand-induced MOP phosphorylation
have been demonstrated previously (Schulz et al., 2004; Doll
etal,, 2011; Lau et al., 2011; Chen et al., 2013). These receptor
phosphorylation patterns play a vital role in determining
receptor interactions with pB-arrestins and may direct
B-arrestin functions (Zidar et al., 2009). The differential role
of B-arr2 recruitment in response to morphine compared with
other opioids has been shown in the B-arr2 knockout mice,
where the improved pharmacological profile is only observed
with morphine (Bohn et al., 1999; Raehal et al., 2005).
Although morphine-induced B-arrestin recruitment results in
activation of different signaling pathways, whether the
differential recruitment of B-arrestins induced by endo-1
mediates biased activation of signaling pathways down-
stream of B-arrestin is still unknown.

Agonists were assessed for bias between G protein
activation and inhibition of AC, a classic downstream G
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protein—mediated effect. Several ligands showed bias toward
inhibition of AC over [*’S|GTPyS binding in comparison with
DAMGO, indicating differential activation of G protein—
mediated signaling pathways. There are not many examples
where [**S]GTPyS assays have been performed in conjunction
with cAMP assays in the same cellular background to assess
MOP function (Zaki et al., 2000; Vigano et al., 2003). Zaki
et al. (2000) reported differing relative potencies of some
agonists between the two assays, but concluded that this was
due to the different coupling efficiencies. There is also some
evidence of ligand-dependent engagement of different G,
subunits with MOP (Sanchez-Blazquez et al., 2001; Massotte
et al., 2002; Clark et al., 2006; Saidak et al., 2006). However,
these differences are small, and since most methods used in
these studies require overexpression or addition of purified G
proteins, the real preferences for different subunits may be
masked by differences in stoichiometry between receptor and
G proteins. It is also possible that the bias observed between
these signaling effectors is due to differences in signaling
kinetics. As measurements for [*>S]GTPyS binding assays are
usually taken after longer incubations with the ligand than
for cAMP assays, ligands with slower association kinetics or
that stimulate different rates of desensitization can display
bias between two signaling endpoints. Further experiments
are required to elucidate whether bias between [*>SIGTPyS
binding and AC inhibition or other signaling pathways is due
to differential regulation of G protein-mediated signaling
pathways, different signaling kinetics, or different ligand
association/dissociation rates.

The bias between cAMP inhibition and [*’S]GTPyS also
correlates with the bias observed between MOP trafficking
and these signaling pathways. Several ligands showed bias
between trafficking and cAMP, but not between trafficking
and [*°S]GTPyS. Morphine and possibly Met-enk-RF may
also be biased toward cAMP inhibition and [**S]GTPyS
binding over trafficking. However, as bias factors could not
be quantified for morphine and Met-enk-RF between traffick-
ing and other signaling pathways, we cannot exclude the
possibility that these ligands simply have lower efficacy, in
which case the lower response in a low-sensitivity assay, such
as trafficking, is to be expected. There were no ligands
showing significant bias between trafficking and recruitment
of B-arrl, and only endo-1 was biased toward B-arr2 over
receptor trafficking. This result is in line with the fact that
receptor trafficking is highly dependent on recruitment of
B-arrestins.

In summary, we have performed a systematic quantitative
analysis of biased agonism at the MOP by endogenous and
putatively endogenous opioid peptides across multiple differ-
ent signaling pathways. This work has revealed that opioid
peptides display a variety of different biased agonism profiles,
some of which are unique. a-Neo and endo-1 display partic-
ularly distinct biased agonism profiles, and may have different
signaling properties and physiologic effects in vivo compared
with other endogenous opioids. Biased agonism profiles,
combined with different degradation rates, expression pat-
terns in the body, and differing selectivities for opioid receptor
subtypes, may engender tremendous diversity in endogenous
opioid activity and lead to finely tuned physiologic processes.
Although the impact of MOP-biased agonism in the control of
normal physiologic processes still remains to be explored, our
findings provide a pharmacological framework to progress our
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understanding of ligand redundancy of the opioid system. A
greater understanding of how endogenous opioids control
physiologic processes through biased agonism will reveal vital
information required to enable the design of biased opioids with
improved pharmacological profiles.
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Biased agonism describes the ability of distinct G protein-coupled receptor (GPCR) ligands to stabilise
distinct receptor conformations leading to the activation of different cell signalling pathways that can
deliver different physiologic outcomes. This phenomenon is having a major impact on modern drug
discovery as it offers the potential to design ligands that selectively activate or inhibit the signalling
pathways linked to therapeutic effects with minimal activation or blockade of signalling pathways that
are linked to the development of adverse on-target effects. However, the explosion in studies of biased
agonism at multiple GPCR families in recombinant cell lines has revealed a high degree of variability
on descriptions of biased ligands at the same GPCR and raised the question of whether biased agonism
is a fixed attribute of a ligand in all cell types. The current study addresses this question at the
mu-opioid receptor (MOP). Here, we have systematically assessed the impact of differential cellular pro-
tein complement (and cellular background), signalling kinetics and receptor species on our previous
descriptions of biased agonism at MOP by several opioid peptides and synthetic opioids. Our results show
that all these factors need to be carefully determined and reported when considering biased agonism.
Nevertheless, our studies also show that, despite changes in overall signalling profiles, ligands that pre-
viously showed distinct bias profiles at MOP retained their uniqueness across different cell backgrounds.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction of “unwanted” signalling pathways by the GPCR of interest, or by

the activation of the same GPCR in different non-target tissues.

G protein-coupled receptors (GPCRs) are involved in the control
of virtually every physiological process. They are a major target of
currently used medicines, and represent valuable targets for the
design of new therapeutics. However, most GPCRs are ubiquitously
expressed in multiple tissues and exert their effects through acti-
vation of a wide variety of signalling pathways. Many drugs that
target GPCRs produce side effects mediated through the activation

Abbreviations: AC, adenylyl cyclase; o-neo, a-neoendorphin; g-arr1 and p-arr2,
B-arrestin 1 and 2; BRET, bioluminescence resonance energy transfer; CHO, Chinese
hamster ovary; DAMGO, p-Ala2-N-MePhe4-Gly-ol enkephalin; endo, endomorphin;
PERK, extracellular signal regulated kinases 1/2 phosphorylation; GIRK, G protein-
gated inwardly rectifying K* channel; GPCR, G protein-coupled receptor; GRK, G
protein-coupled receptor kinase; enk, enkephalin; MOP, p-opioid receptor; PKC,
protein kinase C; PCA, principal component analysis; RGS, regulator of G protein
signalling; RLuc, renilla luciferase; YFP, yellow fluorescent protein.
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The former “on-target” side effects can be minimised by designing
drugs that selectively activate the signalling pathways required to
produce the therapeutic response. This pathway-specific drug
design is based on a property of GPCRs known as “biased agonism”,
“ligand-directed signalling” or “functional selectivity” [1]. Biased
agonism describes how chemically distinct ligands targeting the
same GPCR in an identical cellular background, stabilise the recep-
tor in different conformations, resulting in differential activation of
downstream signalling, which in turn can induce different physio-
logical effects. Therefore, biased agonism offers the potential to
design ligands that selectively activate or inhibit the signalling
pathways linked to the desired therapeutic effects with minimal
activation or blockade of signalling pathways that are linked to
the development of side effects.

In order to develop strategies to design a biased ligand with the
desired selectivity for particular signalling pathways, methods for
quantifying biased agonism are essential. To achieve this, it is
important to consider that the observed response that is induced
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by a ligand at a particular signalling pathway is not solely deter-
mined by the affinity and intrinsic efficacy of such ligand. Rather,
the differing coupling efficiencies of the signalling pathways, and
the different conditions and sensitivities of the detection methods,
also contribute to the overall observed response, and are termed
“system bias” and “observational bias”, respectively [2]. Therefore,
biased agonism engendered solely by conformational effects of the
ligand-receptor interaction, must be quantified using a method
that excludes both system and observational bias. Although several
analytical methods to quantify biased agonism have been devel-
oped, most can only be applied in specific circumstances (as
reviewed in [2]). The method recently described by Kenakin et al.
[3], or “transduction coefficient” method, based on the Black and
Leff (1983) [4] operational model of agonism, can be applied to
concentration-response curves to obtain a single parameter that
describes bias between signalling pathways in a system indepen-
dent manner [2].

In the last decade, biased agonism has been quantified at
numerous GPCRs including; opioid receptors [5-8], chemokine
receptors [3,9,10], adrenoceptors [11,12], and many others
[13-16]. Most studies have focused on discovery of ligands with
differential receptor signalling versus regulation characteristics,
specifically by quantifying bias between G protein-mediated sig-
nalling and pB-arrestin recruitment or receptor internalisation
[5,7,8,10]. However, it has become increasingly apparent that
biased agonism can result in the differential activation of a
plethora of signalling pathways downstream of receptor activation,
not only G protein activation and B-arrestin recruitment, support-
ing the concept of the pluridimensionality of efficacy [17]. For this
reason, more recent studies are extending assessment of bias to a
wider array of signalling pathways to obtain comprehensive
descriptions of ligand action that can predict the differential effects
of GPCR ligands [6,9,12,14].

Most descriptions of biased agonism have been initially based
on studies in recombinant cell systems, where consistent and
robust responses of different signalling pathways can be obtained,
ensuring a high degree of accuracy and sensitivity. However, it is
still unclear whether quantification of biased agonism in recombi-
nant cell lines can truly predict biased agonism in vivo [18]. The
potential for inconsistencies in biased agonism determinations is
exemplified by conflicting results reported in different studies of
the same GPCR that have examined this phenomenon in different
cell backgrounds. At the p opioid receptor (MOP), for instance, sev-
eral studies have examined bias between G protein activation and
B-arrestin recruitment [6,8,19,20]. Most notably, endomorphin 2
(endo-2) may exhibit differential bias towards B-arrestin 2 (-
arr2) recruitment and away from G protein activation in different
studies [6,8,19]. Similar discrepancies have been observed for bias
of aripiprazole between extracellular signal regulated kinase 1/2
(ERK1/2) phosphorylation and adenylyl cyclase (AC) inhibition at
the dopamine D, receptor [ 16,21], and bias between receptor inter-
nalisation and G protein-mediated signalling pathways mediated
by CCL4 and CCL3L1 at CCRS5 receptors [3,10]. Altogether, such dis-
crepancies between studies raise important questions about the
determination and quantification of biased agonism, specifically,
is biased agonism a fixed attribute of a ligand in all cell types?

Because GPCR function is determined by at least three molecu-
lar partners, i.e. ligand, receptor, and transducer or effector protein,
it follows that an agonist-bound active receptor state cannot be
defined outside the context of a specific receptor-transducer inter-
action [22]. Such active receptor state will be dependent on the cel-
lular complement of transducers (or intracellular effector proteins)
of a particular cell type. Thus, altering the cellular complement of
intracellular binding proteins by overexpressing specific signalling
components, or changing cell background, will likely affect bias.
When the change in expression of a signalling effector(s) has equal

effects on the agonism of all ligands, this results in a change in
“system bias” which is eliminated when quantifying bias relative
to the reference ligand using the “transduction coefficient” method
(see above and [3]). However, altered expression of signalling
effectors may have unequal effects on different ligands and, as a
consequence, the observed biased agonism will not necessarily
be maintained in different systems. Ligands may preferentially
activate different isoforms of signalling effectors that are expressed
in different cell types such as G protein subunits or G protein-
coupled receptor kinases (GRKs). Moreover, in addition to poten-
tially altering ligand bias, the cell background also dictates which
signalling pathways can be practically used to quantify bias. GPCRs
will be more efficiently coupled to some signalling pathways than
others (system bias). This may require alterations of assay condi-
tions to optimise detection of poorly coupled signalling pathways,
and may entail changing the signalling effectors examined alto-
gether. This makes it prohibitively difficult to measure the same
signalling events under identical conditions in different cells,
increasing the likelihood of obtaining different results when quan-
tifying bias in different cell backgrounds. Alterations in the assays
conditions may include overexpression of a signalling effector to
enhance detection of the desired signalling pathway, such as the
overexpression of a GRK to enhance p-arrestin recruitment
[23,24]. Altering the balance between signalling effectors that are
in competition with each other, such as G proteins and pB-
arrestins or different GRK isoforms, may enhance interactions with
signalling effectors that a ligand-receptor complex naturally has
little affinity for. This change in signalling effector expression
may again affect the descriptions of biased agonism.

Quantifying bias in a different cell background may alterna-
tively require substitution of a poorly coupled signalling pathway
for another closely related signalling pathway, such as different
G protein-mediated signalling pathways. However, even closely
related signalling pathways are differentially regulated by distinct
signalling effectors, and therefore are subject to the same limita-
tions in determining biased agonism. For example, differential acti-
vation of G protein-mediated signalling pathways can occur as a
result of differential activation of G protein subunits [25], which
may preferentially activate some signalling pathways, and may
in turn be differentially controlled by regulators of G protein sig-
nalling (RGS) [26-28]. Additionally, different G protein-mediated
signalling pathways, such as AC stimulation or inhibition, are reg-
ulated by numerous other signalling effectors [29].

Finally, another factor that may alter observed bias when mea-
sured under different experimental conditions is the kinetics of
all processes involved; ligand binding, activation and desensitisa-
tion of the signalling pathways [30]. Biased agonism is generally
described as a difference in the magnitude of activation of sig-
nalling pathways compared to a reference ligand, when measured
atits peak or steady state activation. However, this limited measure
of biased agonism largely excludes the differential effects biased
agonists may have on the spatiotemporal properties of the sig-
nalling pathways. Every signalling pathway has different activation
and desensitisation kinetics that will be differentially regulated by
different ligands, i.e. ligands may have similar bias when consider-
ing the maximal response of the signalling pathway, but due to dif-
ferential desensitisation their bias may change at later time points.
This means that the observed bias of a ligand will be time depen-
dent, and consequently different results may be obtained when
measuring the same signalling pathway using different assay tech-
niques that require different incubation times [30].

Altogether, cell background and signalling kinetics add addi-
tional layers of complexity to defining the biased agonism of a
ligand, and to ascertain the profile that is required to produce
the desired therapeutic effects. Previously, we systematically
quantified biased agonism of a range of both exogenous and
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endogenous opioids at MOP across multiple different signalling
pathways in CHO cells [6]. This study revealed a number of ligands
that possess unique biased agonism profiles, including the endoge-
nous ligands Met-enkephalin-Arg-Phe (Met-enk-RF) and o-
neoendorphin (o-neo). Here, we have used this initial characterisa-
tion to extend our studies towards understanding the impact of
cell background and signalling dynamics on the detection and
quantification of bias. Our results illustrate that when assessing
biased agonism, both of these factors need to be taken under con-
sideration. However, our studies at MOP also show that, despite
changes in directions of bias, and overall signalling profiles, ligands
with distinct bias profiles retained their differentiation across dif-
ferent cell backgrounds.

2. Methods
2.1. Materials

Chinese hamster ovary (CHO) FlpIn cells and Dulbecco’s modi-
fied Eagle’s medium (DMEM) were purchased from Invitrogen
(Mulgrave, VIC, Australia). Foetal bovine serum (FBS) was pur-
chased from ThermoTrace (Melbourne, Australia). Hygromycin-B
was purchased from Roche Applied Science (Dee Why, NSW, Aus-
tralia). All endogenous opioid peptides were purchased from
Mimotopes (Melbourne, Australia). Morphine HCl was from
GlaxoSmithKline (Boronia, Victoria, Australia). All other chemicals
were purchased from Sigma Aldrich (Castle Hill, NSW, Australia).
AtT20 and AtT20-FLAG-MOP cells were a gift from Prof. Macdonald
Christie (University of Sydney, Australia). MOP-RLuc was a gift of
Prof. Laura Bohn (Scripps Research Institute, Florida, USA).

2.2. Cell culture and generation of stable cell line

Cells were maintained and cultured in high-glucose DMEM con-
taining 10% FBS and 600 pg/ml hygromycin B for CHO-MOP cells,
and 500 pg/ml G418 for AtT20-MOP, at 37 °C under a humidified
atmosphere containing 5% CO,. cDNA encoding the wild-type
human MOP was obtained from the Missouri University of Science
and Technology (http://www.cdna.org) and was provided in
pcDNA3.1+. Sequence of the human MOP was amplified by poly-
merase chain reaction and cloned into the Gateway entry vector
pENTR/D-TOPO, using the pENTR directional TOPO cloning Kkit,
according to the manufacturer's instructions (Invitrogen, Mul-
grave, Australia). The construct was subsequently transferred into
the Gateway destination vector pEF5/frt/V5/dest using the LR Clo-
nase enzyme mix (Invitrogen), and the constructs were used to
transfect Flpin CHO cells (Invitrogen). Cells were selected using
600 pg/ml hygromycin B to generate cell lines stably expressing
MOP. AtT20 cells stably expressing a FLAG tagged MOP were gen-
erated as described previously [31].

2.3. Inhibition of forskolin-induced cAMP levels

The ability of ligands to inhibit forskolin-induced cAMP produc-
tion was assessed in AtT20-MOP and FlpIn CHO-MOP cells tran-
siently transfected to express the CAMYEL cAMP BRET biosensor
[32]. CHO-MOP cells were grown overnight in white 96-well plates
(Culturplates, Perkin ElImer, Melbourne, Australia). Transient trans-
fection of FlpIn CHO-MOP cells was performed using polyethylen-
imine (PEI, Polysciences, Warrington, PA, USA) at a 6:1 ratio of
DNA. AtT20-MOP cells were grown in 10 cm dishes and transient
transfection was performed using lipofectamine (Invitrogen). After
24 h AtT20-MOP cells were transferred to white 96-well plates.
48 h after transfection cells were rinsed and pre-incubated in
Hank’s Balanced Saline Solution (HBSS) with 0.01% BSA and

protease inhibitors (1 M captopril, 1 tM phosphoramidon, 1 pM
amastatin, 1 uM actinonin and 1 pM Diprotin A) for 30 min at
37°C. Cells were then incubated with the Rluc substrate
coelenterazine-h, final concentration 5 pM, for 5 min, followed by
a further 5 min incubation with increasing concentrations of ago-
nists. Forskolin was then added to a final concentration of 10 uM.
After 5 min the YFP and the Rluc emissions were measured using
a LumiSTAR Omega (BMG Labtech, Ortenberg, Germany) that
allows for sequential integration of the signals detected at
475 +30 and 535 + 30 nm, using filters with the appropriate band
pass. For cAMP kinetic experiments baseline readings were taken
every 30 s for 3 min before addition of forskolin, and measurements
taken every 30 s for 30 min after addition of forskolin. Data are pre-
sented as a BRET ratio, calculated as the ratio of YFP to Rluc signals,
and expressed as the percentage of the forskolin-induced signal.

2.4. Bioluminescence resonance energy transfer (BRET) assays

Agonist-induced recruitment of B-arrestins to the MOP was
examined using a BRET-based method. AtT20 cells and parental
FlpIn CHO cells were transfected as described above to co-express
MOP C-terminally tagged with Rluc, G protein coupled receptor
kinase 2 (GRK2) and B-arrl1- or p-arr2-YFP, at a 1:2:4 DNA ratio.
Tomeasure G protein activation in FlpIn CHO cells, 1 x 10° cell were
seeded in white 96 well plates. The next day cells were transfected
using PEI as above with 1 g MOP, 1.2 pug Gp1, and either 1.35 pg
Gy-Venus with 0.6 pg of Goy-Rluc8, Gop-Rluc8 or Goyz-Rluc8, or
0.6 pg Gy2-Venus with 0.14 pg Gop-Rluc8. For B-arrestin recruit-
ment assays, agonists were added after 5 min of pre-incubation
with coelenterazine-h, and then incubated for an additional 5 min
before the BRET ratio was determined. For G protein assays, agonists
were added after 10 min pre-incubation with coelenterazine-h, and
readings were taken after 5 min incubation with the ligand. For G
protein assays with 60 min agonist stimulation, coelenterazine-h
was added 10 min prior to detection. Data are expressed as the per-
centage of the maximum DAMGO response for p-arrestin assays,
and the maximum Loperamide response for G protein assays.

2.5. Membrane potential

Agonist-induced membrane hyperpolarisation in AtT20-MOP
cells was measured using the FLIPR membrane potential assay kit
(Molecular devices, CA, USA). AtT20-MOP cells were plated in clear
bottom black half area 96-well plates (Corning, Clayton, Australia).
Cells were allowed to adhere, the media were changed to low
serum media (1% FBS), and cells allowed to grow overnight. 1 bot-
tle of red membrane potential dye was dissolved in 10 ml K" free
HBSS (0.388 mM NaHPO4, 4.17 mM NaHCOs;, 0.441 mM KH,PO4,
145 mM NaCl, 22 mM HEPES, 0.407 mM MgS0,, 0.493 mM MgCl,,
1.26 mM CaCl; and 5.56 mM glucose). Dye was added to cells to a
1:1 ratio of dye to low serum media, and cells allowed to recover
for 30 min. Membrane hyperpolarisation was measured at 37 °C
using a Flexstation®3 (Molecular Devices; Sunnyvale, CA, USA).
Fluorescence was detected for every 2 s for 90 s at 530 nm excita-
tion and 565 nm emission. Baseline readings were taken for 30s
before addition of agonists. Data are expressed as AMP, which is
the area under the curve units normalised to the maximum
response obtained with DAMGO.

2.6. Receptor internalisation

AtT20-MOP cells were plated and grown overnight in 48-well
culture plates. Cells were incubated with increasing concentrations
of agonists in DMEM for 30 min, then washed gently 3 times with
TBS and fixed in 3.7% v/v paraformaldehyde. Surface or total
FLAG-MOP receptors were detected in intact or (Nonidet P-40
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equivalent)-detergent permeabilised cells, respectively, using the
mouse anti-FLAG antibody (1:2000) followed by HRP-conjugated
goat anti-mouse IgG (1:2000). After washing with TBS, the perox-
idase substrate (SIGMAFAST™ OPD, Sigma Aldrich) was added at a
final concentration of 0.4 mg/ml, and the reaction was terminated
by the addition of 1 M HCI. The coloured reaction product was
detected at 490 nm in a multi-label plate reader (EnVision, Perki-
nElmer Life Sciences). The absorbance values for transfected cells
were normalised to those of mock-transfected cells, and receptor
density was reported relative to vehicle-treated wells.

2.7. Data analysis

Agonist concentration-response curves were fitted empirically
to a three-parameter logistic equation using Prism 6.0 (GraphPad
Software Inc.) where bottom and top are the lower and upper pla-
teaus, respectively, of the concentration-response curve, [A] is the
molar concentration of agonist, and ECs is the molar concentration
of agonist required to generate a response halfway between the top
and the bottom.

top — bottom

Y = bottom + T+ 10/ECaa-ToBA) 108G o)

(1)

To compare agonist profiles and to quantify biased agonism,
agonist concentration-response data were fitted to the following
form of the operational model of agonism [2,4]
(Em — basal) (KLA)"[A]"

n AN

G (+1)
where E,, is the maximal possible response of the system, basal is
the basal level of response, K, denotes the functional equilibrium
dissociation constant of the agonist (A) for the receptor, 7 is an
index of the signalling efficacy of the agonist and is defined as Ry/
Kg, where Ry is the total number of receptors and K is the coupling
efficiency of each agonist-occupied receptor, and n is the slope of
the transducer function that links occupancy to response. The anal-
ysis assumes that the maximal system responsiveness (E,,) and the
transduction machinery utilised for a given cellular pathway are the
same for all agonists, such that the E,, and transducer slope (n) are
shared between agonists. Data for all compounds for each pathway
were fitted globally to determine values of K, and t; for partial ago-
nists, analysis of the concentration response curves using the oper-
ational model of agonism allowed for the direct estimation of the
individual Log t and Log K4 parameters, whereas for full agonists,
only the Log(t/K,) ratio could be determined.

The aforementioned ratio, 7/K4 (determined as a single fitted
value and estimated as a logarithm) is referred to herein as the
“transduction coefficient”, which represents a single parameter
sufficient to describe agonism for a given pathway (biased agonism
can result from either a selective affinity (K,) of an agonist for a
given receptor state(s) and/or a differential coupling efficacy (t)
towards certain pathways).

To cancel the impact of cell-dependent effects on the observed
agonism at each pathway, the log(t/K,) values were then nor-
malised to that determined for DAMGO at each pathway to yield
a normalised transduction coefficient, Alog(t/Ks), which was cal-
culated as follows

T T T
Alog (—) = log (—) —log (—) (3)
Ka Ka test compound Ka DAMGO

Finally, to determine the actual bias of each agonist between
different signalling pathways, the Alog(t/K,) values were evalu-
ated statistically between the pathways. The ligand bias of an ago-
nist for one pathway, j1, over another, j2, is given as

Y = basal + (2)

¥ T %
AA log(KA)ﬂ " Alog (KA),-, log <KA)jz (4)
Lack of biased agonism as compared to the reference agonist
DAMGO will result in values of AAlog(t/Ka) not significantly differ-
ent from 0 between pathways. To account for the propagation of
error associated with the determination of composite parameters
using Eqs. (3) and (4), the following equation was used

Pooled SEM = \/ (SEj1)* + (SEj2)* (5)

All potency (pECsp), Ka, and transduction ratio (AAlog(t/Ka))
parameters were estimated as logarithms. When fold-changes in
bias are described, this was calculated by first converting values
of AAlog(t/Ky) to the corresponding antilog value.

Bias — 10™*"* (&) ©6)

The distribution of antilogs of affinity and potency values does
not conform to a normal (Gaussian) distribution, whereas the log-
arithm of the measure is approximately Gaussian [33-35]. Thus, as
the application of t tests and analyses of variance assume Gaussian
distribution, estimating the parameters as logarithms allows valid
statistical comparison. All results are expressed as mean + SEM.
Statistical analysis was performed using a one-way ANOVA with
Dunnett’s multiple comparison test to make pairwise comparisons
between bias factors for a given ligand and DAMGO, where P < 0.05
was considered to be statistically significant.

To visualise bias between multiple pathways at once, webs of
bias were constructed. AA7t/K, values between a reference end-
point, membrane hyperpolarisation (AMP), and all other pathways
were obtained using DAMGO as the reference ligand as follows

7-'/ KA test compound
AT/Kp=—7——"— 7
/Ka T/Kapamco @
AT/Kp
AAT/Kq = i 8
/Ka At/Ka, (8)

2.8. Principal component analysis

Principal component analysis (PCA) is a dimensionality reduc-
tion method that uses transformations to project a high-
dimensional set of data into a lower dimensional set of variables
called principal components (PCs). The PCs extract the important
information from the data, revealing its internal structure in a
way that best explains its variance [36]. PCs are ranked according
to the percentage of total variance in the data they explain. The
first PC explains a maximal amount of total variance in the data.
Each succeeding PC explains a maximal amount of the remaining
variation, without being correlated with the preceding compo-
nents. PCA was applied using singular value decomposition as
implemented in the package scikit-learn [37], the script used for
the analysis and plotting can be found at https://github.com/tho-
mas-coudrat/pca_analysis.

3. Results

We recently quantified biased agonism at the MOP in FlpIn CHO
cells stably expressing the human MOP [6] and identified several
opioids that display unique biased agonism profiles compared to
the reference ligand p-Ala?>-N-MePhe?-Gly-ol ~ enkephalin
(DAMGO). These include morphine, endo-1 and endo-2, which
had previously been reported to display biased agonism at the
MOP [8,19], the peripherally restricted MOP agonist, loperamide,
as well as three endogenous opioids, Met-enk, met-enk-RF and
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o-neo. In the current study, we investigated whether the biased
agonism profiles for these eight MOP ligands remain consistent
across different cell lines, examined the effect of different cellular
protein complement on bias, and assessed the time dependency
of biased agonism.

3.1. Opioids show differential G, subunit activation

To investigate the effect of the different G protein complement
on biased agonism we have examined the activation of different G
proteins by MOP agonists. MOPs are primarily coupled to G pro-
teins containing G; or Gy, subunits, and there is some evidence
that opioid ligands show differential preference for some subtypes
[38-40]. The ability of ligands to activate G proteins was assessed
using a BRET-based assay. CHO Flpln MOP cells were co-
transfected with G,,-Venus, G, and either RLuc8-tagged Gy,
Guiz, Gyis or Gyop. All ligands activated the four G protein subtypes
after 5min in a concentration-dependent manner (Fig. 1). The
greatest changes in BRET were observed with G;; and G, (data
not shown), which may indicate that MOP has a greater ability to
couple to G proteins containing Gi; or Gyep Subunits, however
we cannot exclude the possibility that this is due to differences
in BRET efficiency between the different RLuc8-G,, constructs and
the G,-Venus. DAMGO and Met-enk stimulated most G, subtypes
to at least 80% of the response to loperamide at 5 min, whereas
morphine, endo-1, endo-2, Met-enk-RF and a-neo were, in general,
less efficacious than loperamide (Fig. 1).

Bias factors (AAlog(t/K,), see materials and methods) between
activation of different G, subtypes were quantified for all ligands
using DAMGO as the reference ligand (Fig. 2, Table 1). When com-
pared to DAMGO, Met-enk-RF and o-neo were biased away from
Gyip activation relative to at least one of the other G, subunits
(Fig. 2a-c). This is largely due to the fact that DAMGO-stimulated
MOP is more efficiently coupled to G,;; than to the other G,, sub-
units, which is apparent when comparing the log(t/K,) values of

>

Gt activation
(% Loperamide response)

12 -4

-10 -8 -6
log10 [ligand] M

)

G,i3 activation

(% Loperamide respon:

40 8 6

12 -6
log10 [ligand] M

o DAMGO © Loperamide

& Morphine * Endo-1

Publications [Aee]

G.L. Thompson et al./Biochemical Pharmacology 113 (2016) 70-87

DAMGO vs other ligands for each G, subunit (Table 1). Addition-
ally, Met-enk-RF, which exhibited similar activation of G, Guiz
and Ggop relative to DAMGO, showed increased Gz activation
when compared to DAMGO at 5 min, resulting in bias towards
Goiz over Ggip (Fig. 2b). This bias is partly attributable to a small
increase in the K4 of Met-enk-RF for Gu;3 (Table 1). Interestingly,
no ligands showed bias between Gy, and Gyi3, Gyiz and Gygp O
Gui2 and Goob (Fig. Zd—f).

We next quantified bias between activation of the different G,
subunits and recruitment of B-arr2 (Fig. 2g). «-Neo showed bias
towards G which is in line with previous results that showed
o-neo was biased towards inhibition of cAMP production when
compared to p-arr2 [6]. In addition to this, morphine and endo-1
were biased towards B-arr2 over G.;; and G,z respectively. This
was unexpected since morphine and endo-1 previously showed
no bias between inhibition of cAMP production and p-arr2. The dif-
ferent bias observed when comparing p-arr2 to either inhibition of
c¢AMP production or G protein activation illustrates that the level of
G protein activation is not always indicative of the level of activa-
tion of downstream G protein-mediated signalling.

3.2. Changes in GRK2 expression levels alter the bias between f-arrl
and p-arr2

Recruitment of B-arrestins to MOP is dependent on preceding
phosphorylation of the receptor. Different GRKs and other kinases
such as PKC have been shown to phosphorylate residues on the
receptor, and several studies have demonstrated that phosphoryla-
tion of the C-tail of MOP is ligand-dependent [41,42]. As diverse
cell types express different kinase levels, this may, in turn, change
the ability of ligands to recruit p-arrestins in different cells. Indeed,
overexpression of GRK2 has been shown to enhance recruitment of
p-arrestins to MOP [43]. We have found that endo-1 is biased
towards recruitment of B-arr2 over p-arrl in CHO-MOP cells with
endogenous levels of GRKs [6]. To investigate whether this bias
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Fig. 1. Activation of G subunits by MOP agonists. Activation of (a) Gui1, (D) Gaiz, (€) Gaiz and (d) Guop in FlpIn CHO cells after 5 min of agonist stimulation. Data normalised
to the 1 uM Loperamide response. Data expressed as mean + SEM of at least 3 separate experiments.
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Fig. 2. Quantification of biased agonism of MOP agonists between activation of different G, subunits. (a-f) Bias factors for all agonists between activation of Gui1, Guiz, Gais
and Gyqp after 5 min of agonist stimulation. (g) Bias factors between recrultment of B-arr2 and activation of Gui1, Guiz, Goiz and Goep after 5 min agonist stimulation. Data
expressed as mean + SEM of at least 3 separate experiments. p < 0.05 p < 0.005, different from DAMGO as determined by a one-way ANOVA with Dunnett's multiple

comparison test.

was altered upon changes in GRK expression levels, we repeated
this experiment with overexpression of GRK2. CHO FlplIn cells were
co-transfected with GRK2, RLuc-tagged MOP and YFP-tagged -
arr1 or p-arr2. Upon overexpression of GRK2, all the ligands tested
stimulated recruitment of p-arrl and p-arr2 in CHO-MOP-GRK2
cells (Fig. 3a and b, Table 2), and all stimulated greater p-arrestin
recruitment than measured previously in CHO-MOP cells with
endogenous levels of GRKs [6]. In agreement with previous reports,
even the weak partial agonist morphine was now able to signifi-
cantly recruit B-arrestins to MOP. Quantification of bias factors
between recruitment of p-arr1 and B-arr2 upon GRK2 overexpres-
sion showed that under these conditions, endo-1 no longer differ-
entially recruits B-arrestins when compared to the reference ligand
DAMGO (Fig. 3c).

Next, we investigated whether different levels of GRK2
expression affect the biased agonism between recruitment of
B-arrestins and G protein-mediated signalling that we had previ-
ously observed for some opioid ligands (loperamide, endo-1 and
o-neo). Enhancing B-arrestin recruitment would be expected to
correlate with a decrease in G protein activation. However, this
change may not affect all ligands equally. To test this we measured
the MOP-induced inhibition of AC in CHO-MOP-GRK?2 cells using a
cAMP BRET biosensor and compared this to our results upon
endogenous GRK2 expression levels [6] (Fig. 3d-f). All ligands
inhibited forskolin induced cAMP production, however, the maxi-
mum response was greatly reduced upon GRK2 overexpression,
when compared to endogenous levels of GRK2 (less than 30% inhi-
bition compared to 58% inhibition by DAMGO) (Fig. 3d, Table 2).



Publications

76 G.L. Thompson et al./Biochemical Pharmacology 113 (2016) 70-87

Table 1

Quantification of biased agonism between activation of different G protein subtypes at two time points. Transduction coefficients [Log(7/K4)], normalised transduction coefficients
[ALog(t/Kx)] and Log(bias factors) [AALog(/K4)]. Values represent mean + SEM of three to five independent experiments.

5 mins 60mins
logKa SEM Log /K SEM Alog /Kaa SEM log Ka SEM Logt/Ka SEM Alogt/Ka SEM
Goin DAMGO NC NC 8.575 0.150 0.000 0212 -6.89 0.29 7.759' 0.110 0.000 0.155
Morphine NC NC 7.686 0.149 -0.889 0.211 -6.76 0.26 7.445 0.157 -0.315 0.191
Loperamide  NC NC 9.082 0.128 0.507 0.197 NC NC 8.948 0.092 1.189 0.143
Endo-1 -7.89 0.32 8.813 0.157 0.239 0217 NC NC 8,516 0.107 0.756 0.153
Endo-2 ~7.85 0.29 8.309 0221 -0.266 0.267 NC NC 8.328 0.153 0.569 0.188
Met-enk —-7.56 0.36 8.781 0.153 0.207 0214 -7.21 0.32 8.001" 0.151 0.242 0.187
Met-enk-RF  NC NC 8.448 0200 -0.127 0250 -6.78 033 7.543! 0.138 -0.217 0.176
a-Neo —6.58 0.32 7.238 0201 -1.336 0251 -6.79 0.30 7.767 0.140 0.007 0.178
Gaiz DAMGO -7.01 0.36 7.908 0.138 0.000 0195 -6.74 0.40 7619 0.120 0.000 0.170
Morphine -6.57 0.31 7.396 0.149 0512 0203 NC NC 7.293 0.112 -0.326 0.164
Loperamide  NC NC 9.147 0.113 1.239 0.178 NC NC 8.816 0.096 1.198 0.154
Endo-1 ~-7.89 0.28 8.790 0.115 0.883 0179 -785 0.28 8.599 0.135 0.980 0.181
Endo-2 -7.91 0.22 8.424 0.156 0516 0208 -7.74 0.28 8.428 0171 0.809 0.209
Met-enk NC NC 8.368 0.119 0.460 0.182 NC NC 8.517 0.133 0.898 0.179
Met-enk-RF ~ -7.38 0.31 8.178 0.153 0.270 0206 -7.08 031 7.589' 0.171 -0.030 0.209
a-Neo -7.19 0.26 7.734 0177 -0.174 0224 -6.75 033 7.226' 0218 -0392 0.249
Gaiz DAMGO NC NC 8.006 0.128 0.000 0181 -7.30 0.33 7.970 0.167 0.000 0.237
Morphine =715 0.36 8.021 0.192 0.015 0231 -7.22 0.27 7.627 0.196 0343 0.258
Loperamide  NC NC 9.107 0.132 1.102 0.184 NC NC 8.969 0.132 0.999 0.213
Endo-1 NC NC 8.746 0.131 0.741 0.183 -765 0.29 8.224 0.157 0.254 0.230
Endo-2 -8.31 0.27 8.952 0.181 0.946 0222 -8.08 034 8.369' 0.278 0.399 0.324
Met-enk NC NC 8.354 0.161 0.348 0206 747 035 8.107 0.193 0.137 0.255
Met-enk-RF ~ ~7.76 0.39 8.564 0.205 0.559 0242 -7.30 039 7.835¢ 0218 -0.135 0.275
a-Neo -6.86 0.33 7.593 0.184 0413 0225 -7.35 0.31 7.691 0235 -0.279 0.289
Gaob DAMGO NC NC 8.037 0.128 0.000 0.181 -6.94 0.38 8.099 0.145 0.000 0.204
Morphine NC NC 7.546 0.179  -0.491 0220 -6.73 0.29 7.460 0.185 -0.639 0.235
Loperamide  NC NC 8.946 0.126 0910 0.180 NC NC 8.959 0.140 0.860 0.201
Endo-1 NC NC 8.626 0.134 0.590 0.186 747 0.28 8.300 0.152 0.201 0.209
Endo-2 NC NC 8.584 0.147 0.547 0195 -785 023 8.423 0.179 0.324 0.230
Met-enk NC NC 8.508 0.139 0.471 0.189 -7.62 0.27 8.525 0.160 0.426 0.216
Met-enk-RF ~ NC NC 8.289 0.182 0.252 0223 -7.00 0.32 7.905 0.149 -0.194 0.208
a-Neo NC NC 7.622 0.145 0415 0193 -6.77 0.26 7.542 0.169  -0.557 0.223
Gmi\‘GauZ Gmrcmz Gdil‘cfxob Cﬂiz“c:\u! sz“c‘lnh G:i}‘c‘xob
AAlogt/Ky SEM  AALogt/Kn SEM  AALogt/Ka SEM  AALogt/Kax  SEM AAlogt/Ky, SEM  AAlogt/Ky SEM
5mins DAMGO 0.000 0.288 0 0.279 0.000 0.279 0.000 0.266 0.000 0.266 0.000 0.256
Morphine -0.377 0293 -0.904 0313 -0398 0305 -0.527 0307 -0.021 0.299 0.506 0.319
Loperamide  —0.732 0.266 —0.594 0270 -0.402 0.267 0.138 0.256 0.330 0.253 0.192 0.257
Endo-1 —0.644 0.282 -0.109 0.284 -0.351 0.286 0.535 0.274 0.293 0.258 -0.242 0.261
Endo-2 -0.782 0338 -0.824 0347 -0813 0330 -0.043 0317 -0.031 0.285 0.012 0.295
Met-enk -0.254 0.281 -0.534 0297 -0.264 0286 -0.280 0256 -0.011 0.262 0.270 0.279
Met-enk-RF  -0.397 0323 -1.073" 0347 -0.379 0335 -0.676 0.304 0.018 0.303 0.694 0.329
a-Neo -1.162* 0337 -0.923 0337 -0.921* 0317 0.239 0317 0.241 0.296 0.002 0.296
60mins DAMGO 0.000 0.230 0.000 0.283 0.000 0.257 0.000 0.292 0.000 0.266 0.000 0.313
Morphine 0.011 0.252 0.028 0.321 0.324 0.303 0.017 0.306 0313 0.287 0.296 0.349
Loperamide  —0.009 0.210 0.190 0.257 0.329 0.247 0.199 0.263 0.338 0.253 0.139 0.293
Endo-1 -0.224 0.237 0.502 0.276 0.555 0.260 0.726 0.292 0.779 0.277 0.053 0.311
Endo-2 -0.241 0.281 0.169 0.375 0.245 0.297 0410 0.386 0.485 0311 0.076 0.397
Met-enk -0.657 0.259 0.104 0316 -0.184 0.285 0.761 0312 0.473 0280 -0.288 0.334
Met-enk-RF ~ —0.187 0.273  -0.082 0327 -0.023 0.272 0.105 0.345 0.164 0.295 0.059 0.344
a-Neo 0.400 0.306 0.286 0.339 0.564 0285 -0.114 0.381 0.164 0.334 0.278 0.364

p <0.05 “p < 0.005, different from DAMGO as determined by ANOVA with Dunnett's multiple comparison test. 'p < 0.05 as determined by two-tailed t-test compared to

same ligand at 5min. NC: not calculated due to full agonism.

Despite this, calculation of bias factors between cAMP and B-arrl
and B-arr2 in CHO-MOP-GRK2 cells showed that the bias of most
ligands in these cells was similar to the bias they showed in
CHO-MOP cells (Fig. 3e-f, Table 2). The only exception was endo-
1, which showed a significant reduction in the bias between cAMP
and B-arrl in the CHO-MOP-GRK2 cells (Fig. 3e). This means that
overexpression of GRK2 caused a greater reduction in the inhibi-
tion of cAMP induced by endo-1 than expected. This could, in part,
be due to the enhanced recruitment of B-arr1 detected upon GRK2
overexpression.

3.3. The differential kinetics of adenylyl cyclase inhibition by opioids
changes bias

Most quantifications of biased agonism are calculated at a sin-
gle time point for each signalling pathway which usually corre-
sponds to the maximum activation of that pathway, or when the
signal reaches a steady state. As such, this time point can signifi-
cantly vary across different signalling pathways. However, it is
now apparent that ligands can elicit differential kinetics of activa-
tion and deactivation of each signalling pathway. MOP activation
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Fig. 3. Overexpression of GRK2 changes bias between recruitment of f-arrestins and AC inhibition. Recruitment of (a) -arr2 and (b) B-arr1 in Flpin CHO-MOP-GRK2 cells.
Data normalised to the 10 uM DAMGO response and expressed as mean + SEM of at least 3 separate experiments. (c) Bias factors between recruitment of p-arr1 and p-arr2 in
CHO-MOP-GRK2 cells. (d) Inhibition of fsk- induced cAMP in FlpIn CHO-MOP-GRK2 cells. Data expressed as the % fsk-induced cAMP response in the absence of agonist, and
expressed as mean + SEM of 2-3 separate experiments. Bias factors between cAMP and (e) p-arr1 and (f) p-arr2 in CHO-MOP [6] and CHO-MOP-GRK2 cells. 'p < 0.05, as
determined by a one-way ANOVA with Dunnett’s multiple comparison test compared to bias factor for same ligand in CHO-MOP. NC = not calculable.

results in inhibition of AC, which is detectable within minutes, and
is also known to produce prolonged inhibition of AC [44,45]. Inhi-
bition of cAMP production is usually measured using accumulation
assays, requiring long incubation times, up to 60 min, thereby
detecting both acute and prolonged signalling. However, the kinet-
ics of AC inhibition over this time period may vary significantly for
different agonists, which means bias between cAMP and other sig-
nalling pathways can also change over time. To test this we exam-
ined the inhibition of AC using the CAMYEL BRET biosensor for
30 min. An initial experiment using ECso concentrations of the
ligands (as determined previously [6]) showed that most ligands
inhibit cAMP production with a similar profile to that of DAMGO,
where maximum cAMP inhibition is reached between 5 and
10 min after forskolin (fsk) addition, and remains constant for up
to 30 min (Fig. 4a). However, we observed that whilst Met-enk-
RF also reached maximum cAMP inhibition between 5 and
10 min, by 30 min such inhibition was no longer detected (Fig. 4a).
This effect was not due to degradation of the peptide, as protease
inhibitors used in all experiments (see Materials and Methods)
provided adequate protection from proteases, and the same effect

was observed in the presence of a protease inhibitor cocktail
(Fig. 4b).

We then examined the cAMP inhibition kinetics for Met-enk-RF,
DAMGO, loperamide and endo-1 at a full range of concentrations
(Fig. 4c-f). DAMGO, loperamide and endo-1 showed the same
cAMP kinetic profiles regardless of concentration, they all reached
their maximum signal at 5 min and remained constant for the
duration of the experiment. However, Met-enk-RF only displayed
this profile at the highest concentrations tested (1-10 uM), and
at lower concentrations the AC inhibition was gradually lost over
time. This difference in the kinetics of inhibition of cAMP produc-
tion could impact the quantification of bias between AC inhibition
and other signalling pathways, especially if CAMP production is
measured at different times and/or by different methods. We plot-
ted concentration response curves using the BRET values obtained
at 5 min and 30 min, and quantified bias between these two time
points (Fig. 4g and h). As expected from its observed kinetic profile,
Met-enk-RF demonstrated relatively greater efficacy for inhibition
of cAMP production at 5 min versus 30 min that led to altered bias
with respect to DAMGO for this pathway across the two time
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Quantification of biased agonism upon overexpression of GRK2. Transduction coefficients [Log(t/K,)], normalised transduction coefficients [ALog(t/Ks)] and Log(bias factors)

[AALog(t/Ky)]. Values represent mean + SEM of three to five independent experiments.

B-Arr1 + GRK2 B-Arr2 + GRK2 CcAMP + GRK2

Logt/Ka SEM Alogt/Ka SEM Log T/Ka SEM Alog t/Ka SEM Log7/Ka SEM Alogt/Ka SEM
DAMGO 7.410 0.113 0.000 0.160 7.599 0.097 0.000 0.137 7.309 0.267 0.000 0.377
Morphine 6.437 0.205 -0.973 0.234 6.721 0.131 -0.878 0.163 6.943 0.363 —0.366 0.450
Loperamide 7.458 0.128 0.048 0.171 7.831 0.096 0.232 0.137 8.251 0.227 0.942 0.351
Endo-1 7.381 0.128 —-0.029 0.170 7.529 0.111 -0.070 0.147 7.783 0.105 0.474 0.287
Endo-2 7.587 0.128 0.177 0.171 7.755 0.110 0.156 0.146 7.818 0.105 0.509 0.287
Met-enk 7.564 0.128 0.154 0.171 7.564 0.097 -0.035 0.137 7.664 0.262 0.355 0.374
Met-enk-RF 7.370 0.128 —0.040 0.170 7.875 0.109 0.276 0.146 7674 0.105 0.365 0.287
o-Neo 6.530 0.128 —0.880 0.171 6.703 0.110 —0.896 0.147 7.263 0.215 —0.047 0.343

B-Arr2 + GRK2 — B-Arr1 + GRK2 CcAMP + GRK2 — B-Arr1 + GRK2 CcAMP + GRK2 — B-Arr2 + GRK2

AALog /Ky SEM AALog /K, SEM AALogt/Ks SEM
DAMGO 0.000 0.211 0.000 0.410 0.000 0.402
Morphine 0.095 0.285 0.607 0.508 0.512 0.479
Loperamide 0.184 0.218 0.894 0.390 0.710 0.376
Endo-1 —-0.041 0.225 0.503 0.334 0.544 0.322
Endo-2 -0.021 0.225 0.332 0.334 0.353 0.322
Met-enk -0.189 0.219 0.201 0411 0.390 0.399
Met-enk-RF 0.316 0.224 0.405 0.334 0.089 0.322
o-Neo -0.016 0.225 0.833 0.383 0.849 0.373

p-Arr1 + GRK2 B-Arr2 + GRK2 CcAMP + GRK2

Log EC50 SEM Emax SEM Log EC50 SEM Emax SEM Log EC50 SEM Emax SEM
DAMGO -7.39 0.12 93.3 42 -7.59 0.09 95.4 29 -7.00 0.24 16.2 1.8
Morphine -6.73 0.16 58.4 4.0 —6.92 0.13 724 38 —6.73 0.28 12,5 1.8
Loperamide =773 0.16 813 4.5 -7.73 0.12 103.6 4.0 -7.92 0.32 19.6 28
Endo-1 -7.34 0.14 88.3 43 ~7.65 0.13 88.0 38 ~7.88 013 29.7 1.6
Endo-2 -7.54 0.17 93.0 5.4 -7.81 0.08 88.1 22 ~7.86 0.18 289 21
Met-enk -7.77 0.16 78.5 39 -7.78 0.11 87.9 33 -7.19 031 16.8 23
Met-enk-RF -7.30 0.13 93.5 43 -7.90 0.12 88.9 31 —-7.80 0.23 27.0 29
o-Neo —6.63 0.15 86.5 52 -6.74 0.11 88.7 34 -7.20 0.26 16.9 22

points. Consequently, the bias of Met-enk-RF, but not the other
ligands, will change when quantifying bias between cAMP and
other signalling pathways, depending on the time point chosen
to measure cAMP inhibition.

3.4. Differential G protein desensitisation alters bias

Since the kinetics of a G protein-mediated signalling pathway
are ligand dependent, it follows that G protein activation kinetics
may also be ligand dependent. It is also well established that nei-
ther the initial level of G protein activation, nor the level of desen-
sitisation of G protein-mediated signalling of MOP correlate with
the level B-arrestin recruitment and receptor internalisation [31].
Therefore, quantifying bias between acute G protein activation
and receptor regulatory events reveals only limited information
about the differential desensitisation mechanisms initiated by dif-
ferent ligands. Alternatively, quantifying bias between G protein
activation and regulatory events at the same time point can reveal
ligands that have divergent mechanisms of receptor regulation.
Additionally, the divergent mechanisms of receptor desensitisation
and regulation initiated by different ligands can potentially have
differential effects on G, subtypes thereby altering bias between
various G,, subtypes at different time points. To examine this, the
G protein activation assay described above was repeated after
60 min of agonist stimulation (Fig. 5). As expected, most ligands
stimulated less G, subunit activation at 60 min compared to
5 min, which is apparent in the reduction of log(t/Ks) values at
60 min (Table 1), however only small changes were observed with
Goob. Interestingly, the greatest reductions in relative efficacy
between 5 and 60 min for all G, subunits were observed for Met-
enk-RF. This enhanced desensitisation of Met-enk-RF induced G,
subunit activation is in line with the increased desensitisation of

the inhibition of cAMP production observed at later time points
(Fig. 4g). DAMGO and Met-enk also showed a significant reduction
in activation of G;; at 60 min, whereas o-neo surprisingly showed
an increase in activation of G;;. Calculation of bias factors between
each G protein at 60 min showed that o-neo and Met-enk-RF were
no longer biased between Ggi; and Gyiz, Goiz O Goop. (Fig. 6,
Table 1). Together these results show the variability in the level
of desensitisation of different G, subunits by different ligands.
Next we examined the effect of G protein desensitisation on
bias between G protein activation and receptor trafficking. Previ-
ously, we measured MOP trafficking at 60 min using a BRET assay
to measure the reduction in MOP proximity to the membrane mar-
ker KRas, which revealed that endo-1, endo-2 and o-neo were all
biased towards the acute inhibition of cAMP production (at
10 min) over MOP trafficking at 60 min [6]. In order to identify
whether these ligands are still G protein biased after desensitisa-
tion of G protein activation, we quantified bias between G protein
activation and receptor trafficking when both pathways were mea-
sured at 60 min. Endo-1, and Met-enk showed bias towards activa-
tion of G, over receptor trafficking (Fig. 6e). Surprisingly, Met-
enk-RF, which showed the greatest reductions in G protein activa-
tion at 60 min, also stimulated very little receptor trafficking, as a
result a bias factor could not be quantified. This may suggest that
desensitisation and trafficking induced by Met-enk-RF are com-
pletely independent mechanisms. Alternatively, the rapid desensi-
tisation of cAMP inhibition by Met-enk-RF observed at 30 min
(Fig. 4d), suggests that the kinetics of receptor trafficking induced
by Met-enk-RF may also be more rapid than for the other ligands,
and no longer detectable at 60 min due to rapid receptor recycling.
Altogether, quantifying bias between the G protein activation and
receptor trafficking at the same time point has revealed ligands
that may have differential desensitisation mechanisms or kinetics.
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Fig. 4. Kinetics of AC inhibition. (a-f) Kinetic profiles of agonist-induced inhibition of fsk-induced cAMP production in Flpin CHO-MOP up to 30 min after fsk addition. (a)
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increasing concentrations of DAMGO (c), Met-enk-RF (d), Loperamide (e) or endo-1 (f). Data expressed as the %fsk induced cAMP response (mean fsk response between 10 and
30 min) in the absence of agonist, and expressed as mean + SEM of 3 separate experiments. (g) Concentration response curves of inhibition of fsk-induced cAMP production at
5 min and 30 min post fsk addition constructed from kinetic profiles. (h) Bias factors between inhibition of fsk-induced cAMP production at 5 min and 30 min. p < 0.05, as
determined by a one-way ANOVA with Dunnett's multiple comparison test compared to DAMGO.

3.5. Impact of cell background in determinations of biased agonism at
MoP

We next investigated whether the biased agonism detected in
CHO FlpIn hMOP cells was retained at the mMOP, and whether
such biased agonism changes in a different cell background, where
different endpoints and assay conditions may be necessary to
obtain robust signals. For this we determined comprehensive
biased agonism profiles for the same eight ligands in AtT20 mouse
pituitary tumour cells stably expressing mMOP.

We first quantified bias between inhibition of AC and recruit-
ment of p-arr1 and B-arr2. f-arr1 and p-arr2 recruitment was mea-
sured using BRET in cells co-transfected with GRK2 (Fig. 7a and b),
as B-arrestin recruitment in AtT20-mMOP cells was barely detect-
able in the absence of this kinase. Loperamide, endo-1, endo-2 and
o-neo stimulated less B-arr1 recruitment compared to DAMGO and

the other ligands (75-85%). Morphine only stimulated 39.9% of
DAMGO induced B-arr1 recruitment. All ligands stimulated a sim-
ilar level of B-arr2 recruitment as DAMGO, except o-neo and mor-
phine, which only stimulated 81% and 62%, respectively. In
agreement with the bias profiles obtained in CHO MOP cells over-
expressing GRK2, no ligands were biased between the two B-
arrestins (Fig. 7c, Table 3).

Inhibition of cAMP production was measured using the CAMYEL
BRET-based biosensor (Fig. 7d), without additional co-transfection
of GRK2 as this would compromise the CAMP response as shown in
the CHO cells. All ligands produced between 55% and 65% inhibi-
tion of forskolin-induced cAMP production. Our previous study in
CHO-hMOP cells showed that endo-1 was biased towards cAMP
over recruitment of B-arrl, whilst loperamide and o-neo were
biased towards cAMP over B-arrl and B-arr2 when compared to
the reference ligand DAMGO [6]. In contrast, in AtT20-mMOP cells,
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no ligands showed significant bias towards cAMP over B-arrl or
B-arr2 (Fig. 7e and f, Table 3). This may be due, in part, to the fact
that GRK2 needed to be overexpressed in B-arrestin recruitment
assays but not the cAMP assays. Moreover, in AtT20 cells and rela-
tive to DAMGO, loperamide, endo-1 and a-neo are less efficacious
at inhibiting cAMP production than in CHO cells (which is apparent
when comparing the Alog(t/Ks) values for the cAMP assays
between these cell lines). Such changes in efficacy, thus, may
explain the loss of bias towards cAMP of these ligands in AtT20
cells.

FLAG-MOP internalisation after 30 min of agonist exposure was
measured using anti-FLAG ELISA. All ligands, except morphine,
induced a reduction MOP at the cell surface after 30 min in
AtT20 cells (Fig. 8a). Bias factors were calculated between internal-
isation and inhibition of cAMP production, B-arrl and p-arr2
(Fig. 8b and c, Table 3). Loperamide, Met-enk and Met-enk-RF all
showed significant bias towards receptor internalisation over inhi-
bition of cCAMP, B-arr1 and B-arr2. This is in contrast to our previ-
ous results in CHO-MOR cells where these ligands showed no
bias towards receptor trafficking. The bias towards internalisation
of Met-enk-RF is particularly surprising, since Met-enk-RF stimu-
lated very little receptor trafficking in CHO-MOP cells. However,
this result is difficult to interpret as this discrepancy may be due
to the use of different methods (membrane localisation vs ELISA)
or time points in the two cells types.

We next examined the bias between activation of two canonical
G protein-mediated signalling pathways; inhibition of cAMP pro-
duction (predominantly G;,-mediated) and cell hyperpolarisation
(predominantly Gyy-mediated) [46]. Hyperpolarisation in AtT20-
mMOR cells was measured using the FLIPR membrane potential
assay [47]. Opioids hyperpolarise AtT20 cells primarily through G
protein mediated activation of G protein-gated inwardly rectifying
K* channels (GIRKs). In agreement with this, all ligands stimulated
AtT20-mMOR hyperpolarisation (Fig. 8d and e). Quantification of
bias factors between hyperpolarisation (AMP) and inhibition of
cAMP production showed that no ligands were significantly biased

between these two signalling pathways compared to DAMGO
(Fig. 8f, Table 3). In agreement with this, the bias between receptor
internalisation and AMP was very similar to bias between internal-
isation and cAMP (Table 3), with loperamide and Met-enk being
significantly biased towards internalisation. The only exception
was Met-enk-RF, which was no longer significantly biased towards
internalisation when compared to AMP.

Finally, we assessed whether biased agonism between hyperpo-
larisation and B-arrlor B-arr2 recruitment also reflected the results
obtained when using inhibition of cAMP as a G protein-mediated
pathway (Fig. 7e and f, Fig.8g and Table 3). Interestingly, Met-
enk was biased towards cell hyperpolarisation (Fig.8g and
Table 3).

3.6. Ligand clustering by biased agonism profiles in AtT20 cells

As shown above, quantification of bias in different cell lines
requires the use of different assay conditions and signalling end-
points. Thus, directly comparing individual bias factors between
two pathways obtained in two different cell lines can be difficult
to interpret. For this reason, an overall bias profile of the ligands
across all of the signalling pathways can provide information about
ligand clustering and, consequently allow the comparison of differ-
ent clusters across cell lines. To obtain an overall picture of the bias
profiles of the ligands in AtT20-mMOP cells we constructed webs
of bias. For this, the bias factors between AMP and all of the other
signalling pathways were calculated (AA7/K,) and plotted on a
single multiaxial graph (Fig. 9a). This shows that all ligands (mor-
phine, loperamide, o-neo, Met-enk-RF and Met-enk) are biased
compared to DAMGO at one or more signalling pathways, and that
no ligands under study show the same pattern of bias as one
another. Importantly, these results also highlight that, although
the absolute bias of each ligand between individual signalling
pathways has changed compared to the bias that we had previ-
ously determined in CHO cells [6], ligands that displayed bias still
do so across all cell backgrounds.
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The overall bias profile of a ligand can also be visualised using
Principal Component Analysis (PCA). PCA identifies which bias fac-
tors are correlated with one another, and collectively contribute
the greatest variation in bias between the ligands, called principal
components. PCA of all the bias factors revealed that the bias
between receptor internalisation and recruitment of p-arrl and
B-arr2 contributes the greatest variability in bias between all the
ligands, contributing to 54% of the overall observed bias. Bias
between G protein-mediated signalling and p-arrestin recruitment
and internalisation only contributed to ~ 37% of the observed bias.
When these principal components are plotted against one another
ligands with similar bias will cluster together (Fig. 9b). PCA analy-
sis of our data in AtT20 cells showed that loperamide, Met-enk and
Met-enk-RF are separated from DAMGO, and hence have unique
patterns of bias, whereas endo-1, endo-2 and o-neo cluster more
closely to DAMGO. These results are in contrast to our previous
data in CHO cells, where endo-1 and a-neo did not cluster with
DAMGO, whilst Met-enk did. This illustrates that biased agonism
profiles have not changed uniformly across the group of ligands,
but, rather, that the impact of cell background on bias determina-
tions is different for each agonist.

4. Discussion

In the present study we have extended our determinations of
biased agonism at MOP to systematically assess the impact of dif-
ferential cellular protein complement, signalling kinetics and
receptor species. Examination of biased agonism at MOP across

multiple different signalling pathways in two different cell back-
grounds, one expressing hMOP and the other mMOP, has shown
that although the biased agonism profiles of most ligands changed
between the different cell types, ligands that displayed distinct
bias profiles were still unique across different cell backgrounds.
Specifically, we show that despite changes in directions of bias
and overall signalling profiles, ligands that displayed unique bias
profiles relative to DAMGO at MOP in CHO cells (e.g. endo-1,
met-enk-RF and o-neo) still displayed unique bias fingerprints,
when evaluated in a different cell background [6]. Our previous
study in CHO cells showed that ligands such as loperamide,
endo-1, Met-enk-RF and a-neo displayed signalling profiles differ-
ent to that of DAMGO. In the present study, such ligands still gen-
erate signalling profiles that are different from the same reference
agonist. This is illustrated by the individual bias factors across dif-
ferent pathways (Figs. 2, 3, 6 and 8) as well as by the web of bias
presented in Fig. 9 (and compared to that of [6]).

However, our results also demonstrate that the direction of bias
(i.e. towards different signalling endpoints) can change across dif-
ferent cell lines, as can the clustering of these ligands based on
these bias profiles. Therefore, at least for this example, whilst
biased agonism is maintained across different cell lines, the direc-
tionality of this bias appears to be context dependent. Thus an ‘ab-
solute’ ascription of directionality to bias, such as labelling a ligand
as ‘G protein biased’, may be an inadequate description of its action
unless this description is qualified with the context of experimen-
tal conditions and cell background. Thus, our results also highlight
the importance of the experimental conditions used for the
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measurement of activation of various signalling pathways, and
show that these conditions need to be carefully and systematically
determined when reporting biased agonism at GPCRs.

We illustrate how biased agonism is influenced by the cellular
protein complement by altering the expression of receptor kinases
involved in the regulation of MOP. The bias of endo-1 between
inhibition of cAMP and B-arr1/2 recruitment changed when the
levels of GRK2 expression were increased in CHO cells. In addition
to this, #-neo and Met-enk-RF showed bias compared to DAMGO
between activation of different G/, subunits, indicating that the
overall level of G protein activation, and consequently bias
between G protein-mediated signalling and other signalling path-
ways may change depending on the G protein subunit content in
a particular cell type. This shows that changes in the expression
of a single protein can change the relative bias of a set of ligands,
hence the direction of biased agonism can change in different cell
types. Notably, changes in proteins other than intracellular sig-
nalling effectors can also determine changes in biased agonism.
For instance, opioid receptors and other GPCRs have been shown
to form homo- or heterodimers. It is therefore possible that the for-
mation of oligomeric structures in specific cell types, could lead to
differences in the observed biased agonism.

The temporal dependence of biased agonism is demonstrated
by the unusually rapid desensitisation of cAMP inhibition induced
by Met-enk-RF. Whilst the different cAMP kinetic profile may not
directly result in significantly different physiological effects, the
differential kinetics may be an indicator of differential activation
of other signalling pathways that will produce distinctive physio-
logical effects. There are numerous factors that could contribute
to the altered cAMP kinetics of Met-enk-RF. Different signalling
kinetics could result from differing association and dissociation
rates of the ligand (which is currently unexplored at MOP) or from
unique conformations of the receptor induced by the ligand which
possess altered receptor-effector activation dynamics. As men-
tioned earlier, differential receptor trafficking may also alter the
cAMP kinetic profile. Indeed, receptor endocytosis has been shown
to affect the initial CAMP inhibition kinetics at DOP [48]. Another
factor that can affect the kinetic profile of cAMP signalling is the
activation of other signalling effectors that regulate or desensitise
cAMP signalling. Such signalling effectors include Ca®*, PKC and
several other kinases [29]. Differential activation of these signalling
pathways by Met-enk-RF has not been examined to date, however
Ca”* mobilisation and PKC activation have been shown to be differ-
entially activated by MOP ligands [49,50]. In addition to this, CAMP
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Table 3
Quantification of biased agonism in AtT20-mMOP cells. [Log( t/Ka)). [ALog(t/K,)] and Log(bias factors) [AALog(t/K,)]. Values represent mean + SEM of three to five
independent experiments.
CAMP Membrane potential p-Arrl p-Arr2 Internalisation
Logt/ka SEM  AAlogt/ SEM  Logz/Kx SEM  Alogt/Ky, SEM  Logt/Ks SEM  Alogt/K, SEM  logt/Ky SEM  AAlogr/ SEM  Logt/Ky  SEM Alogt/Ks SEM
Ka Ka
DAMGO 8.041 0.139 0.000 0.197 8282 0.086 0.000 0121 6475 0.120 0.000 0170 6912 0.100 0.000 0.142 5.106 0.130 0.000 0.000
Morphine 7.718 0.145 -0.323 0201 7.806 0086 -0.476 0.122 5.979 0326 -0.495 0347 5914 0201 -0.998 0225 NC NC NC NC
Loperamide 8.385 0.109 0.344 0.176 8.165 0.100 -0.117 0.132 7.149 0.156 0.674 0.196 7.439 0.115 0.527 0.152 6.864 0.135 1.758 1.758
Endo-1 8.232 0.121 0.192 0.184 8334 0.096 0.129 7.168 0.138 0.693 0.183 7511 0.101 0.599 0.143 5675 0.128 0570 0570
Endo-2 8.299 0134 0259 0193 8342 0.085 0.121 7201 0124 0726 0172 7.049 0.101 0.137 0.142 5.584 0.103 0479 0479
Met-enk 7.676 0.139 0.196 8.135 0.099 0.131 5.709 0132 -0.766 0.178 5916 0114  -0.996 0.152 5.592 0.099 0.487 0.487
Met-enk-RF  7.316 0.110 0177 8134 0.132 0.157 5.768 0132 -0.707 0.178 6.117 0.100 -0.795 0.142 5388 0.099 0283 0283
a-Neo 7172 0.117 0.182 7.265 0.073 0.113 5.387 0149 -1.087 0.191 5526 0142 -1.387 0.174 4.505 0.121  -0601 -0.601
MP-cAMP CAMP — B-Arrl CAMP — p-Arr2 CAMP — Int MP — B-Arrl MP — B-Arr2 MP — Int B-Arr2 — B-Arrl Int — p-Arrl Int — B-Arr2
AALogz/ AAlogr/ SEM  AAlogz/ SEM  AAlogr/ SEM  AAlogtr/ SEM  AAlogt/ SEM  AAlogr/ SEM  AAlogt/ SEM  AAlogt/ SEM AAlogz| SEM
Ka K Ka Ka Ka Ka Ka Ka Ka Ks
DAMGO 0.000 0231 0.000 0260 0.000 0243 0.000 0.197 0.000 0.209 0.000 0.187  0.000 0121 0.000 0.221  0.000 0.170 0.142
Morphine -0.153 0235 0172 0401 0675 0301 NC NC 0.020 0368 0.522 0256 NC NC -0.503 0414 NC NC NC
Loperamide 04614 0220 -0.330 0264 -0.183 0233 -1414"" 1767 -0.791 0237 0644 0202 -1875"" 1763 -0.147 0.249  1.084™ 1.769 1.765
Endo-1 -0.140 0225 -0.502 0260 -0.407 0233 0599 -0.642 0224 0547 0192 -0518 0.584 -0.094 0.598 0.587
Endo-2 0.199 0228 0467 0259 0122 0240 0516 -0.666 0211 -0.077 0.187 -0419 0494 -0.589 0.509 0.499
Met-enk 0218 0.236 0.401 0.265 0.631 0.248 0.525 0618 0.221 0.849"" 0200 -0.633" 0504 -0.230 0.518 0510
Met-enk-RF  0.577 0237 -0.018 0251 0.070 0227 0333 0.559 0238 0.648 0212 -0.430 0323 -0.089 0.334 L 0316
o-Neo -0.148 0214 0218 0263 0518 0251 0628 0070 0222 0370 0207 -0416 0612 -0299 0258 0.486 0631 0786 0626

*p< 0,05 “p < 0.005 “p < 0.005, different from DAMGO as determined by ANOVA with Dunnett’s multiple comparison test. NC: not calculated due to full agonism.

28-0£ (9102) £11 AS0j030uLinyq pouuayolg /o 12 uosduioy] 79
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Fig. 8. Quantification of biased agonism in AtT20 cells. (a) FLAG-mMOP internalisation in AtT20 cells. Data expressed as percentage of vehicle, and expressed as mean + SEM
of at least 3 separate experiments. Bias factors between internalisation (Int) and (b) cAMP and (c) p-arr2. (d) Representative kinetic trace of AtT20 cells hyperpolarisation
measured using FLIPR membrane potential kit. Data expressed as %change in relative fluorescence units. (e) Concentration-response curves of cell hyperpolarisation (AMP) in
AtT20-mMOP cells. Data normalised to the area under the curve of the 1 tM DAMGO response and expressed as mean + SEM of at least 3 separate experiments. Bias factors
between cell hyperpolarisation and (f) cAMP and (g) p-arr2. 'p < 0.05, 'p < 0.005, "“p < 0.001 different from DAMGO as determined by a one-way ANOVA with Dunnett's

multiple comparison test compared to DAMGO. NC = not calculable.

assays typically measure total AC activity throughout the whole
cell, but cAMP signalling can occur selectively in spatially distinct
regions of the cell such as at the membrane or cytosol or even from
internalised receptors in endosomes [51,52]. Regulation of AC
activity, and consequently the kinetics of cAMP signalling, can vary
between different areas of the cell [53], hence differential activa-
tion of cAMP in different cellular compartments may also result
in different cAMP signalling kinetics.

To quantify bias between G protein activation and other sig-
nalling pathways, measuring G protein activation directly using
GTPyS or BRET/FRET based assays is thought to be the most direct
approach that avoids complex signalling kinetics of downstream
signalling effectors. However, nearly all ligands examined in this
study, showed a change in bias between activation of different
G, subunits in CHO-MOP, when comparing acute activation of G
proteins at 5 min to G protein activation at 60 min (time point at
which substantial levels of receptor regulatory processes can be
detected). This suggests that G protein activation and deactivation

kinetics are also ligand-dependent, hence measuring G protein
activation directly instead of measuring downstream signalling
pathways may only provide a partial picture of the differential sig-
nalling mechanisms. Altogether, the ligand-dependent kinetics of
G protein activation and downstream G protein-mediated sig-
nalling indicate that bias is likely to be frequently observed
between these two signalling endpoints. This was observed previ-
ously between cAMP and G protein-activation measured by [3°S]
GTPYS binding assays in CHO-MOP [6], and to a lesser extent
between cAMP and AMP in AtT20-MOP, in the current study. This
has shown that the level of G protein activation does not necessar-
ily have to be indicative of the level of activation of G protein-
mediated downstream signalling, and that the level of activation
of one G protein-mediated pathway is not necessarily representa-
tive of all G protein-mediated signalling.

Another factor that may contribute to bias between G protein
activation and G protein-mediated signalling pathways is the bias
between activation of different subtypes of G protein subunits. All
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Fig. 9. Biased agonism profiles of MOP agonists in AtT20-mMOP cells. (a) Webs of
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Dunnett’s multiple comparison test compared to DAMGO. (b) Principal component
analysis (PCA) of all bias factors.

ligands showed some bias compared to DAMGO between activa-
tion of different G subtypes in CHO-MOP after 5 min or
60 min of agonist stimulation. Small differences in the level of acti-
vation of different Gy, subtypes at MOP by endo-1, endo-2 and
morphine have also been reported previously [38-40,54], however
none of these reports are consistent with the bias observed in this
study. Such inconsistencies could be due to differences in the cell
background, measurement of G protein activation at different time
points, or factors related to the different experimental conditions.
Selective G protein activation could cause unequal activation of
downstream signalling pathways, as not all G, subtypes have the
same downstream effectors. Different G, subtypes have been
shown to differentially inhibit AC isoforms [55-57], and are more
susceptible to inactivation by different RGS subtypes [26-28]. Alto-
gether, the differential activity and regulation of G, subunits
could contribute to bias between G protein-mediated signalling
pathways. Additionally, selective activation of particular G/ Sub-
types and differential interactions with signalling effector isoforms
will depend on the expression specific subtypes/isoforms and their
localisation in signalling complexes.

The dependence of biased agonism on the cellular protein con-
tent was also clearly demonstrated by the change in bias of endo-1
between cAMP and B-arr1/2 recruitment in CHO-MOP when GRK2
was overexpressed. As a consequence, biased agonism of endo-1 is
likely to change in different tissues which express different levels
of GRK2, and be cAMP biased in some tissues and B-arrestin biased
in others. It remains to be seen whether this change in bias is sig-
nificant enough to produce marked differences in physiological
effects. However, different cell types typically show altered expres-
sion of numerous signalling effectors, since changing the expres-
sion of a single protein can cause such a notable change in bias,
it is likely that the cumulative effects of all changes in protein
expression could induce considerable differences in bias across dif-
ferent cell types.

Altogether, the impact of the cellular complement on determi-
nations of biased agonism, combined with the kinetics of the sig-
nalling pathways suggest that caution must be taken when
interpreting bias quantifications in different cell backgrounds. The
altered expression and localisation of proteins in a different cell
background can result in changes in signalling kinetics, as well as
changes in experimental conditions required to obtain concentra-
tion-response curves. Microarray analysis of genes expressed in
AtT20 cells have shown that these cells have a very limited range
of signalling proteins compared to other commonly used cell lines
[58]. AtT20 cells only express detectable levels of GRK2, p-arr2,
and Gz, and also a very limited number of RGS subtypes and AC
isoforms. With only a single GRK isoform and no endogenously
expressed B-arr1, there will be less variation in receptor phosphory-
lation patterns that govern subsequent MOP regulation and traf-
ficking events. Additionally, the expression of a single Gy
subtype, Gy, and the low levels of a small subset of AC isoforms
and RGS subtypes indicates that the level AC inhibition induced
by the ligands and regulation of AC activity in these cells is likely
to be different from that observed in the CHO cells. Overall, this
may account for many of the changes in bias compared to CHO-
MOP observed for endo-1, loperamide and o-neo between cAMP,
B-arr1/2 recruitment and receptor internalisation. Moreover, the
difference between biased agonism in AtT20 and CHO cells may
also be due to the difference in species, mouse and human MOP,
as has been recently observed at KOP [59]. Overall, this indicates
that ligands will not only exhibit different biased agonism charac-
teristics in different tissues, but that this can also change due to cel-
lular adaptations that cause changes in protein expression and
localisation, such as during the development of opioid tolerance.

Since the unique conformations of the receptor induced by the
ligand are more likely to be consistent between cell types, some
studies have bypassed the complications of signalling kinetics and
cell background by directly measuring receptor conformational
changes using BRET or FRET-based sensors [60]. Whilst this
approach can identify novel biased ligands that stabilise the receptor
into unique conformations, there is still a requirement to link these
unique conformations to specific signalling characteristics, and
hence cell specific complications of biased agonism remain. How-
ever, the cell-dependent aspect of biased agonism may be an advan-
tage in some cases, such as when the therapeutic effects and the side
effects are mediated by activation of the same signalling pathways
indifferent tissues. In such cases, a ligand that displays a distinct bias
profile in different cells can selectively activate the desired sig-
nalling pathways in the desired tissue. In the case of MOP, a ligand
which shows marked cell-dependent bias may produce less desen-
sitisation and tolerance in cells involved in nociception and more
inother cell types which are linked to limited side effects (those con-
trolling respiration or gut motility), even if the mechanisms of
desensitisation and tolerance are the same in different cells.

In summary the data presented here demonstrate the complex
nature of biased agonism. Biased agonism is not an absolute
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quality, it is a dynamic and multi-faceted phenomenon; it is always
relative to a reference ligand, and it is dependent on both cellular
protein complement as well as the spatiotemporal properties of
the different signalling pathways [30]. Our results highlight that
biased agonism cannot be described in isolation of conformational,
kinetic and cellular context. As mentioned above, it is vital to use a
reference ligand that is likely to be subject to the same kinetic and
cellular context than the other ligands. Ideally, such reference
ligand is an endogenous agonist, although when multiple endoge-
nous agonists exist, one may need to consider the potential of
biased agonism and the effect of the so-called conformational
and kinetic context amongst these.

Nevertheless, quantification of biased agonism in different cell
backgrounds has also shown that despite the dramatic changes in
the biased agonism profiles of the ligands between the cell back-
grounds, the ligands under study still possessed distinct biased ago-
nism profiles. This shows that despite such caveats, the diversity of
biased agonism characteristics can be captured by examining bias
across several signalling pathways. Ultimately, in order to establish
links between distinct biased agonism traits and specific physiolog-
ical responses, a greater understanding about biased signalling in
native tissue and in vivo is essential. This complexity in biased ago-
nism determination presents a significant current challenge when
attempting to predict biased signalling in vivo. For drug discovery
programs, this means that preclinical measurements of efficacy
and bias in a model cell system may not be predictive of the efficacy
of a drug in vivo, in the relevant tissue, cell or signalling pathway
and must be acknowledged as such. Nonetheless, this should not
preclude a judicious clustering of biased molecules for subsequent
testing in more relevant (native) environments but, rather, a more
cautious approach towards assuming absolute directionality of bias
across different cellular systems. Moreover, the cell-dependent
characteristics of biased agonism may prove to be an advantage
in the development of biased ligands, as this facilitates the design
of drugs that are more targeted to specific tissues.
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Plasma membrane localization of the p-opioid
receptor controls spatiotemporal signaling

Michelle L. Halls,'* Holly R. Yeatman,' Cameron J. Nowell," Georgina L. Thompson,’
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Differential regulation of the p-opioid receptor (MVOR), a G protein (heterotrimeric guanine nucleotide-
binding protein)—coupled receptor, contributes to the clinically limiting effects of opioid analgesics, such
as morphine. We used biophysical approaches to quantify spatiotemporal MOR signaling in response to
different ligands. In human embryonic kidney (HEK) 293 cells overexpressing MOR, morphine caused a
Gpy-dependent increase in plasma membrane-localized protein kinase C (PKC) activity, which resulted in
arestricted distribution of MOR within the plasma membrane and induced sustained cytosolic extracellular
signal-regulated kinase (ERK) signaling. In contrast, the synthetic opioid peptide DAMGO ([o-Ala®N-Me-Phe*,
Gly®-ol]-enkephalin) enabled receptor redistribution within the plasma membrane, resulting in transient in-
creases in cytosolic and nuclear ERK activity, and, subsequently, receptor internalization. When Gy sub-
units or PKCa activity was inhibited or when the carboxyl-terminal phosphorylation sites of MOR were
mutated, morphine-activated MOR was released from its restricted plasma membrane localization and
stimulated a transient increase in cytosolic and nuclear ERK activity in the absence of receptor internaliza-
tion. Thus, these data suggest that the ligand-induced redistribution of MOR within the plasma membrane,
and not its internalization, controls its spatiotemporal signaling.

INTRODUCTION

Heterotrimeric guanine nucleotide-binding protein (G protein)-coupled recep-
tors (GPCRs) are the largest family of cell surface signaling proteins encoded by
the human genome. These receptors enable cells to respond to structurally di-
verse endogenous and environmental signals, and they are the targets of more
than 30% of marketed drugs. It is increasingly recognized that the uniform in-
crease in the abundance of second messengers throughout the cell cannot ex-
plain the diversity of GPCR-mediated effects. Rather, spatial (location) and
temporal (duration) control of signaling play an important role (7, 2). Spatial
compartmentalization of signaling can be achieved by the formation of GPCR-
dependent protein complexes, which restrict the diffusion of second messengers
to induce extremely localized signals (3). In addition, multiple regulatory mech-
anisms (including receptor phosphorylation, desensitization, and internaliza-
tion) control the duration of GPCR activation. Therefore, the spatial and
temporal distribution of both receptors and signaling effectors are critical for
the generation of distinct and highly specialized GPCR-mediated responses.
The p-opioid receptor (MOR) has been extensively studied because of
its physiological importance in mediating the effects of endogenous opioids
as well as its prominence as the target of opioid analgesics, such as mor-
phine. However, chronic use of opioid analgesics is still clinically limited
by the development of tolerance, addiction, constipation, and respiratory
depression (4). At the cellular level, stimulation of MOR by all opioids acti-
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vates the same G protein—dependent signaling pathways. MOR activates Goiy,
proteins, leading to inhibition of cyclic adenosine monophosphate (CAMP)
generation, increased extracellular signal-regulated kinase (ERK) phospho-
rylation and activation, activation of G protein-regulated inwardly rectifying
potassium channels (GIRKSs), and inhibition of voltage-gated calcium chan-
nels (5). However, different MOR agonists induce distinct patterns of receptor
regulation and internalization. In particular, morphine causes limited receptor
phosphorylation and recruitment of the scaffolding protein B-arrestin, which
results in compromised receptor internalization and resensitization (6—/0).
These observations have prompted intensive studies of the ability of MOR
ligands to differentially activate G proteins and B-arrestins in an effort to ex-
plain their divergent biological effects (17-13).

It is now apparent that the spatiotemporal characteristics of a signal can
specify the outcome of receptor activation (/, 2). Most opioids, including
morphine, result in the phosphorylation and activation of cytosolic ERK
(14-16); however, unlike other opioids, morphine is unable to promote nu-
clear ERK activation (/5). Together with its impaired ability to induce the
internalization of MOR, this finding suggests that morphine may stimulate
a spatiotemporal cellular response distinct from those induced by other
opioids. To investigate this hypothesis, we used complimentary biophysical
techniques and superresolution microscopy. We report that morphine and
DAMGO activated distinct spatial and temporal signaling profiles that were
controlled by the plasma membrane localization of MOR induced by the
two ligands. Subcellular targeted Forster resonance energy transfer
(FRET) biosensors showed that only morphine-dependent stimulation
of MOR induced sustained cytosolic ERK phosphorylation and plasma
membrane-localized protein kinase C (PKC) activation, which restricted
the localization of MOR. In contrast, DAMGO caused the redistribution of
MOR within the plasma membrane as well as the transient activation of both
cytosolic and nuclear ERK. Thus, not only did morphine and DAMGO
stimulate different signaling pathways, but they also activated signals
in distinct subcellular compartments with distinct temporal profiles. Fur-
thermore, we altered the spatiotemporal signaling profile of morphine to
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Fig. 1. Ligand-dependent spatiotemporal signaling of MOR. (A to D) Spatiotemporal activation of ERK in
transfected HEK 293 cells treated with vehicle, DAMGO, or morphine for the indicated times. (A) Analysis
of cytosolic ERK activity. Data are means + SEM of 416 to 606 cells from five experiments. (B) Representative
pseudocolor ratiometric images of cytoEKAR. (C) Analysis of nuclear ERK activity. Data are means + SEM of
561 to 810 cells from five experiments. (D) Representative pseudocolor ratiometric images of nucEKAR.
Pseudocolor scale as in (B). (E and F) Spatiotemporal activation of PKC in transfected HEK 293 cells after
treatment with vehicle, DAMGO, or morphine for the indicated times. (E) Analysis of plasma membrane—
localized PKC activity. Data are means + SEM of 155 to 220 cells from three experiments. (F) Analysis of
cytosolic PKC activity. Data are means + SEM of 45 to 115 cells from three experiments.

mimic that of DAMGO by enabling the redistribution of MOR within the
plasma membrane in the absence of B-arrestin recruitment or receptor
internalization. Thus, these data suggest that receptor localization within
the plasma membrane determines the spatiotemporal signals activated by
MOR in response to different ligands.

RESULTS

Ligand-dependent spatiotemporal signaling of MOR

To gain spatial and temporal resolution of MOR signaling in live cells, we
used FRET biosensors for ERK and PKC (EKAR and CKAR, respectively),
which localized to different subcellular compartments (77, /8). In human em-
bryonic kidney (HEK) 293 cells cotransfected with plasmids encoding
MOR and either a cytosolic or a nuclear ERK biosensor (cytoEKAR and

induced MOR internalization, as shown by
the increase in the BRET signal between a
Renilla luciferase-tagged MOR (MOR-
RLuc) and a Venus-tagged marker of early
endosomes (Rab5a-Venus) (Fig. 2A). In con-
trast, morphine produced no substantial
change in BRET (Fig. 2A and fig. S2B).
These results were validated by automated,
high-content image analysis (fig. S2C).
DAMGO-mediated MOR endocytosis was
unaffected by the inhibition of Gay, activity
with NF023 or pertussis toxin (PTx) (27, 22) but was abolished by the clathrin-
dependent endocytosis inhibitor PitStop2 (23), by the expression of a dominant-
negative dynamin mutant (K44E) (24), or by knockdown of B-arrestins
[combined small interfering RNAs (siRNAs) specific for B-arrestin-1 and
B-arrestin-2] (Fig. 2, A and B, and fig. S2, D to H). These data suggest that
B-arrestin recruitment and MOR endocytosis are independent of Gay, coupling.

Previous studies have linked PKC activation to cytosolic ERK activ-
ity and B-arrestin activation to increased nuclear ERK activity to conclude
that G protein— and B-arrestin—dependent pathways activate distinct modes
of ERK signaling (/5). By inhibiting Gayy, proteins, we demonstrated that
cytosolic ERK activation in response to DAMGO and morphine was
dependent on Gay, (Fig. 2C). In agreement with previous studies, cytosolic
ERK activity was unaffected by knockdown of B-arrestins (Fig. 2C). How-
ever, inhibition of receptor endocytosis by PitStop2 or by expression of the dy-
namin K44E mutant transformed the profile of DAMGO-induced cytosolic
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Fig. 2. Effect of Gay protein inhibition, B-arrestin knockdown, or inhibition of endocytosis on MOR-stimulated
cytosolic and nuclear ERK activities. (A and B) The trafficking of MOR to early endosomes in transfected HEK
293 cells in response to treatment with vehicle, DAMGO, or morphine for 30 min was determined by BRET
analysis between MOR-RLuc and Rab5a-Venus. (A) Cells were treated with the clathrin-mediated endocy-
tosis inhibitor PitStop2 (PS2) or its inactive control, or transfected to express wild-type (WT) dynamin or a
dominant-negative dynamin K44E mutant. (B) Cells were treated with or without siRNAs specific for B-arrestins
or were preincubated with the indicated Ga, protein inhibitors. Data are means + SEM from five experiments.
(CtoF) Analysis of the spatial activation of ERK in HEK 293 cells in response to vehicle, DAMGO, or morphine in
the presence or absence of B-arrestin-specific sSiRNA, Ga;, protein inhibitors, PitStop2 or its inactive control, or
upon expression of WT or K44E mutant dynamin. (C) Analysis of cytosolic ERK activity. Data are means + SEM
of 96 to 168 cells from three experiments. (D) Analysis of cytosolic ERK activity in cells in which endocytosis was
inhibited. Data are means + SEM of 35 to 606 cells from three experiments. (E) Analysis of nuclear ERK activity
in cells treated with Gaj, protein inhibitors or p-arrestin-specific siRNAs. Data are means + SEM of 52 to 258
cells from three experiments. (F) Analysis of nuclear ERK activity in cells in which endocytosis was inhibited.
Data are means + SEM of 51 to 306 cells from three experiments. *P< 0.05, **P< 0.01, and ***P < 0.001 versus
vehicle control. Data were analyzed by two-way analysis of variance (ANOVA) with Tukey's multiple compar-
ison test. AUC, area under the curve; scram., scrambled.

the increases in nuclear ERK activity in re-
sponse to DAMGO are dependent on B-
arrestins and receptor endocytosis.

Role of PKC activation in the
spatiotemporal profile of ERK in
response to morphine

Inhibition of the activity of Ga, subunits
(with NF023 or PTx) or of GPy subunits
[with the cell-permeable N-myristoylated
GBy-selective peptide mSIRK or by expres-
sion of BARKct, a GPCR kinase 2 (GRK2)
C-terminal peptide that interferes with Gy
function] (25, 26) abolished the response of
plasma membrane-localized PKC to mor-
phine (Fig. 3A); however, knockdown of
B-arrestins and negative controls (inactive
mSIRK L9A and scrambled siRNA) had
no such effects (Fig. 3A and fig. S3A).
Thus, the sustained increase in plasma
membrane-localized PKC activity that
was stimulated by morphine was mediated
by Gay, and Gy subunits.

Previous studies reported that PKC ac-
tivity mediates the increased activity of cy-
tosolic ERK in response to morphine (/5).
We therefore investigated whether the Goiy/o-
GPy-PKC pathway influenced the distinct
ERK spatiotemporal signaling profiles of
MOR. Rather than decreasing ERK activity,
and in contrast to previous reports, inhibi-
tion of GBy subunits or of PKC (with
GF109203X or G66983) (27, 28) transformed
the temporal profile of morphine-stimulated
cytosolic ERK activity to resemble the tran-
sient response induced by DAMGO (Fig.
3Band fig. S3, B and C). Moreover, inhibition
of the GBy-PKC pathway also enabled mor-
phine to increase the activity of nuclear
ERK (Fig. 3, C and D). Previous studies im-
plicated PKCo, PKCy, and PKCe as the PKC
isoforms that contribute to morphine
signaling and to the development of mor-
phine tolerance (16, 29-32). Of these, only
the mRNAs of PKCo and PKCe were pres-
ent in our HEK 293 cell line (fig. S3D). In-
hibition of PKCa (with G66976, which
targets PKCa and PKCB,) (33), but not
PKCe (with iPKCg, a cell-permeable PKCe
inhibitory peptide) (34), transformed the
temporal profile of morphine-stimulated cy-
tosolic ERK activity from being sustained to
be being transient and also facilitated an in-
crease in nuclear ERK activity (fig. S3, E

ERK activity from a transient to a sustained signal, consistent with the retention
of MOR at the plasma membrane (Fig. 2D and fig. S2, Iand J). As expected,
the increase in nuclear ERK activity in response to DAMGO was
dependent on B-arrestins and receptor internalization (Fig. 2, E and F). Thus,
our results suggest that Goyy, activation by MOR mediates increases in cyto-
solic ERK activity in response to DAMGO and morphine, and confirm that

and F). There were no effects of inactive controls or these inhibitors on
the responses of cells to DAMGO (Fig. 3, B to D, and fig. S3, C and F).
As expected, the inhibition of GBy subunits or PKC did not substantially
affect the recruitment of B-arrestin-2 or MOR internalization in response to
DAMGQO, as determined by BRET analysis and high-content imaging (Fig.
3E and fig. S3, G to ). In contrast, upon inhibition of GBy subunits or PKC,
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Fig. 3. The role of PKC activation by morphine in the spatiotemporal control of
ERK activity. (A) The effects of the indicated G protein inhibitors or inactive
controls on plasma membrane PKC activity in HEK 293 cells treated with ve-
hicle, DAMGO, or morphine were determined with the pmCKAR FRET bio-
sensor. Data are means + SEM of 39 to 229 cells from three experiments.
(B to D) Analysis of the MOR-stimulated spatiotemporal activation of ERK in
response to vehicle, DAMGO, or morphine in cells in which Gy or PKC
signaling was inhibited. (B) Analysis of cytosolic ERK activity over time. Data
are means + SEM of 31 to 101 cells from three experiments. (C) Analysis of
nuclear ERK activity over time. Data are means + SEM of 74 to 126 cells from
three experiments. (D) Nuclear ERK activity was analyzed as the AUC. Data
are means + SEM of 22 to 360 cells from three experiments. (E and F) MOR
trafficking in response to vehicle, DAMGO, or morphine was monitored in HEK

293 cells in the presence or absence of the indicated Gpy and PKC inhibitors.
(E) Analysis of BRET between MOR-RLuc and Rab5a-Venus. Data are means +
SEM of three to seven experiments. (F) Analysis of BRET between MOR-RLuc
and KRas-Venus. Data are means + SEM of three to seven experiments.
(Gto) Effect of the indicated phosphorylation site mutations on MOR traffick-
ing and nuclear ERK activity. (G) Analysis of BRET between MOR-RLuc8 and
B-arrestin-2-YFP (yellow fluorescent protein). Data are means + SEM of three
to seven experiments. (H) Analysis of BRET between MOR-RLuc8 and
Rab5a-Venus. Data are means + SEM of three or four experiments. (I) Anal-
ysis of nuclear ERK activity over time. Data are means + SEM of 87 to 359 cells
from three to five experiments. *P < 0.05, **P < 0.01, and **P < 0.001 versus
vehicle control. Data were analyzed by two-way ANOVA with Tukey's (A and D)
or Dunnett's (E to |) multiple comparison tests. GFx, GF109203X.
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the activation of MOR by morphine resulted in a decrease in BRET between
MOR-RLuc and the plasma membrane marker KRas-Venus (Fig. 3F),
which suggested that there was an increase in the distance between these
two proteins. In the absence of MOR internalization (Fig. 3E and fig. S3,
G and H), the morphine-stimulated change in BRET between MOR and
KRas may indicate a movement of the receptor away from KRas within
the plasma membrane. Thus, the transient activation of cytosolic and nucle-
ar ERK elicited by morphine did not require MOR internalization but may
instead depend on the translocation of MOR within the plasma membrane.

The importance of the localization of MOR within the plasma mem-
brane for the control of spatiotemporal signaling was also supported by
the effects of the expression of a phosphorylation-deficient MOR mutant
(S375A) (35). DAMGO still induced the recruitment of B-arrestin-2 to
MOR S375A; however, the receptor was not internalized as determined
by high-content imaging or analysis of BRET between the receptor and
Rab5a (Fig. 3, G and H, and fig. S3, G and H). There was no change in
the BRET between MOR S375A and KRas in response to DAMGO or mor-
phine (fig. S3J); however, stimulation of MOR S375A by either DAMGO
or morphine induced transient increases in cytosolic and nuclear ERK ac-
tivity (Fig. 31 and fig. S3K).

To confirm that receptor phosphorylation was key for the control of the
plasma membrane localization of MOR and its spatiotemporal signaling, we
used a phosphorylation-deficient MOR mutant in which all of the
C-terminal serine and threonine residues were mutated to alanines (11ST/A)
(9). Consistent with previous reports, MOR 11ST/A was not interna-
lized, as determined by measurement of BRET with RabSa, nor did it re-
cruit B-arrestin-2 in response to DAMGO (Fig. 3, G and H). However,
stimulation of MOR 11ST/A by either DAMGO or morphine induced a
transient increase in nuclear ERK activity, with no accompanying change
in BRET between the receptor and KRas (Fig. 31 and fig. S3J). Phosphoryl-
ation of Ser’” therefore appears to be critical for the control of the spatio-
temporal signaling by MOR in response to morphine. Together, these data
suggest that the impaired trafficking of MOR mutants results in an altered
signaling profile and support the hypothesis that the plasma membrane local-
ization of MOR, and not B-arrestin recruitment or receptor internalization,
plays a key role in the spatiotemporal control of receptor signaling.

Ligand-dependent redistribution of MOR within the
plasma membrane
To investigate the changes in MOR distribution elicited by morphine upon
inhibition of the GRy-PKCa pathway, we assessed receptor localization at
the plasma membrane by confocal microscopy and subcellular fractiona-
tion. After 10 min of stimulation of the MOR (when all signaling pathways
are activated), there was no substantial colocalization between the receptor
and immunolabeled clathrin as determined by confocal microscopy analysis
under any condition tested (fig. S4, A and B). However, 60 min of stimu-
lation with DAMGO, but not morphine, caused substantial colocalization
between MOR and clathrin (fig. S4C). In contrast, activation of the fast in-
ternalizing B,-adrenergic receptor (B,AR) by isoprenaline caused substan-
tial receptor-clathrin colocalization after only 10 min of stimulation (fig. S4,
A to C). Similarly, there was no effect of DAMGO or morphine on the lo-
cation of FLAG-tagged MOR (FLAG-MOR) within non-lipid-rich (that is,
Triton X-100-soluble) plasma membrane domains through basic lipid frac-
tionation analysis (fig. S4D). Therefore, the distinct spatiotemporal
signaling profiles of morphine and DAMGO do not reflect either ligand-
dependent MOR clustering in clathrin-coated pits or translocation of the
receptor to different lipid domains.

To investigate the localization of MOR within the plasma membrane
with increased resolution, we used ground-state depletion (GSD) super-
resolution microscopy in total internal reflection fluorescence (TIRF) mode.

GSD-TIRF enables the detection of events within the plane of the plasma
membrane to an axial resolution of 100 nm. This approach can measure the
distance between an event (for example, a receptor or receptor clusters) and
its nearest neighbor across a population. Stimulation of FLAG-MOR with
DAMGO for 10 min increased the average distance between detected events
(Fig. 4, A and B), which suggested the redistribution of MOR within the
plasma membrane. This increase in distance occurred before, and was
independent of, receptor internalization, because the dominant-negative dy-
namin K44E mutant had no effect (fig. S4, E and F).

The stimulation of cells expressing FLAG-MOR with morphine for 10 min
did not change the average distance between events (Fig. 4, A and B); how-
ever, after the inhibition of GBy subunits, morphine increased the distance
between detected MOR events (Fig. 4, C and D, and fig. S4, E and G),
suggesting that activation of this pathway by morphine normally restricts
MOR localization. Furthermore, the distance between MOR events under
basal conditions in cells expressing MOR S375A was also increased when
compared to that in cells expressing the wild-type receptor (Fig. 4, E and F).
This increase in distance between events was not a result of decreased re-
ceptor abundance at the plasma membrane (MOR S375A 510,000 sites
per cell, MOR wild-type 121,000 sites per cell measured by whole-cell
[*H]diprenorphine binding; table S1), confirming that MOR S375A was
differentially distributed compared to the wild-type receptor.

Thus, our results suggest that the activation of MOR by morphine
restricts receptor localization, whereas DAMGO stimulates the redistribu-
tion of MOR within the plasma membrane. Disruption of the GBy-PKCa
pathway enabled morphine to stimulate a DAMGO-like redistribution of
MOR but did not result in receptor internalization. Receptor redistribution
preceded endocytosis (in the case of DAMGO) or occurred independently
of endocytosis (in the case of morphine), and it appeared to control the abil-
ity of MOR to transiently activate cytosolic and nuclear ERK.

Effect of plasma membrane organization on MOR
spatiotemporal signaling

To confirm the importance of membrane organization in the control of com-
partmentalized MOR signaling, we depleted cholesterol from the plasma
membrane with methyl-B-cyclodextrin (MBCD) (36) or filipin III (37). Nei-
ther reagent had any substantial effect on MOR internalization, as
determined by high-content imaging (fig. S5, A and B); however, both
MBCD and filipin III abolished the distinct spatiotemporal signaling pro-
files of morphine and DAMGO (Fig. 5 and fig. S5). Upon cholesterol de-
pletion, both morphine and DAMGO increased PKC activity at the plasma
membrane and caused a transient increase in both cytosolic and nuclear
ERK activity (Fig. 5 and fig. S5, C to F). Indeed, replenishment of mem-
brane cholesterol by incubation of the cells with MBCD-cholesterol
complexes completely restored the original spatiotemporal signaling pro-
files of DAMGO and morphine (Fig. 5 and fig. S5). Thus, disruption of
membrane organization altered the spatiotemporal signaling profiles of
MOR, with no change in the ability of the receptor to be internalized, sug-
gesting that the plasma membrane localization of MOR plays an important
role in determining its spatiotemporal signaling.

MOR compartmentalized signaling in dorsal root
ganglion neurons

To confirm the physiological relevance of the spatiotemporal signaling
patterns of MOR that we determined in HEK 293 cells, we used nucleofec-
tion to transfect isolated neurons from mouse dorsal root ganglions (DRGs)
with the FRET biosensors. DRG neurons are the principal mediators of
nociception from the periphery to the spinal cord, and activation of endog-
enous MOR in these neurons partially mediates the analgesic actions of
opioids (38).

www.SCIENCESIGNALING.org 9 February 2016 Vol 9 Issue 414 ra16 5

9102 ‘ST Areniqa,j uo /310" ewaouarosays//:dy wolj papeojumo(]



Publications

RESEARCH ARTICLE

Activation of MOR in DRG neurons stimulated ERK and PKC activity
with spatiotemporal profiles that were identical to those observed in HEK
293 cells. DAMGO caused a transient increase in both cytosolic and nuclear
ERK activities, whereas morphine elicited a sustained increase in the activ-
ities of cytosolic ERK and plasma membrane—localized PKC (Fig. 6, A to
C). Inhibition of PKC decreased the percentage of neurons (from 75 to
49%) that exhibited sustained cytosolic ERK activity in response to mor-
phine and increased the percentage of neurons (from 25 to 51%) that exhib-
ited a transient increase in cytosolic ERK activity (Fig. 6, D and E). There
was no effect of PKC inhibition on the temporal profile of cytosolic ERK
activity after stimulation with DAMGO (Fig. 6, D and E). As was observed
in HEK 293 cells, inhibition of PKC enabled morphine to stimulate nuclear
ERK activity in DRG neurons (Fig. 6F).

We also assessed the distribution of endogenous MOR at the plasma
membrane of DRG neurons by GSD-TIRF microscopy (Fig. 6G). As was
observed in HEK 293 cells, stimulation of endogenous MOR in DRG neu-
rons with DAMGO increased the distance between detected events at the
plasma membrane (Fig. 6, H and I). In contrast, there was no change in

the distance between MOR events in response to morphine. Thus, in
DRG neurons, as in HEK 293 cells, receptor redistribution at the plasma
membrane correlated with transient increases in cytosolic and nuclear
ERK activities in response to DAMGO. Moreover, inhibition of PKC
enabled morphine to cause transient increases in cytosolic and nuclear
ERK activities. As such, the spatiotemporal regulation of MOR activation
and signaling identified in recombinant expression systems also occurred in
DRG neurons endogenously expressing this receptor.

DISCUSSION

The use of biophysical approaches to assess MOR signaling in real time and
in live cells revealed a previously uncharacterized mechanism that
contributes to the control of differential MOR activation. Here, we showed
that the activation of MOR by DAMGO stimulated the translocation of the
receptor within the plasma membrane. This translocation preceded receptor
trafficking to clathrin-containing domains and internalization, and is likely
dependent on receptor phosphorylation (Fig. 7A). This translocation, but
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Fig. 4. DAMGO induces a distinct MOR distribution at the plasma membrane.
GSD-TIRF microscopy was used to monitor the plasma membrane
distribution of FLAG-MOR in HEK 293 cells in response to treatment with ve-
hicle, DAMGO, or morphine for 10 min. (A) Representative GSD-TIRF images
and Euclidean distance maps (EDMs) from cells under the indicated
conditions. Scale bars, 1 um. (B) Average distances to nearest neighbors
inthe cells shown in (A). Data are means + SEM of three to nine experiments.
(C) Average distances to nearest neighbors in cells subjected to GBy inhibi-
tion by preincubation with mSIRK and then treated with vehicle, DAMGO, or
morphine. Data are means + SEM of three to nine experiments. (D) Repre-

sentative GSD-TIRF images and EDMs from cells preincubated with
mSIRK to inhibit GBy and then subjected to the indicated treatments. Scale
bars, 1 um. Pseudocolor scale is as described in (A). (E) Representative
GSD-TIRF images and EDMs of unstimulated cells expressing either WT
MOR or the MOR S375A mutant. Scale bars, 1 um. Pseudocolor scale is
as described in (A). (F) Average distances to nearest neighbors in the cells
shownin (E). Data are means + SEM of three to nine experiments. **P < 0.01
and ***P < 0.001 versus vehicle control. Data were analyzed by one-way
ANOVA with Dunnett's multiple comparison test (B and C) or unpaired
ttest (E).
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not internalization, of MOR determined the transient cytosolic ERK activity
profile and the activation of nuclear ERK (Fig. 7A). In contrast, morphine
activated plasma membrane—localized PKCa through Gy subunits,
which prevented receptor translocation within the plasma membrane. This
resulted in the sustained activity of cytosolic ERK, but not nuclear ERK
(Fig. 7B). Inhibition of this GBy-PKCa pathway enabled the morphine-
activated MOR to translocate within the plasma membrane, thus
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Fig. 5. Disruption of membrane architecture alters MOR signaling profiles. (A to F) HEK 293 cells were pretreated
with vehicle, MBCD, or MBCD-cholesterol complexes (MBCD/choles.) before being treated with vehicle, DAMGO,
or morphine. The spatiotemporal activation of plasma membrane-localized PKC and either cytoplasmic or nu-
clear ERK was then measured. (A) Plasma membrane-localized PKC activity in response to DAMGO. Data are
means + SEM of 40 to 174 cells from three experiments. (B) Cytosolic ERK activity in response to DAMGO. Data
are means + SEM of 30 to 167 cells from three experiments. (C) Nuclear ERK activity in response to DAMGO.
Data are means + SEM of 68 to 230 cells from three experiments. (D) Plasma membrane-localized PKC activity in
response to morphine. Data are means + SEM of 41 to 195 cells from three experiments. (E) Cytosolic ERK activity
in response to morphine. Data are means + SEM of 32 to 194 cells from three experiments. (F) Nuclear ERK
activity in response to morphine. Data are means + SEM of 80 to 217 cells from three experiments.

transforming its spatiotemporal signaling profile (Fig. 7B). Furthermore, this
altered signaling profile mimicked that of the internalizing ligand DAMGO
(that is, it was characterized by transient cytosolic and nuclear ERK ac-
tivity) but occurred in the absence of B-arrestin-2 recruitment and receptor

These results add details to previous descriptions of ligand-dependent
differences in ERK signaling (/4-16). Previous studies used Western

blotting analysis to show that etorphine-
induced ERK phosphorylation was de-
pendent on B-arrestins, whereas morphine
activated ERK through a PKC-dependent
pathway (/5). However, we showed that
upon PKC inhibition, morphine stimulated
ERK phosphorylation, although this signal
had different temporal dynamics and
occurred in both the cytosol and the nucle-
us (Figs. 3 and 7B). Therefore, the activa-
tion of cytosolic ERK by morphine is not
PKC-dependent, but rather PKC, by
controlling the localization of MOR, like-
ly determines the dynamics and location
of this response. It is interesting to consid-
er that in the context of a whole cell after
its solubilization (with a relatively greater
contribution of cytosolic compared to nu-
clear ERK), this altered temporal profile
could appear as an apparent decrease in
morphine-stimulated ERK activity. This
illustrates the extra mechanistic detail that
can be obtained by resolving spatial and
temporal signaling dynamics in live cells.
We therefore propose that the plasma mem-
brane organization of MOR, and not just the
recruitment of B-arrestin and subsequent
receptor internalization, determines the
spatiotemporal outcome of receptor activa-
tion. Furthermore, these mechanisms ap-
pear to operate in nociceptive neurons
and may thus contribute to the analgesic
actions of opioids.

The ability of DAMGO, but not mor-
phine, to cause receptor redistribution may
relate to differential patterns of MOR phos-
phorylation. Although all opioids cause the
phosphorylation of MOR at Ser’”, this
event is mediated by different kinases de-
pending on the ligand (9, 39). Previous stu-
dies showed that the DAMGO-activated
MOR is phosphorylated by GRK2 and
GRK3 and that internalizing ligands stimu-
late the higher-order phosphorylation of
flanking residues, which results in efficient
B-arrestin recruitment and receptor internal-
ization (9). Here, we showed that the recruit-
ment of B-arrestin-2, translocation of MOR,
and activation of nuclear ERK in response
to DAMGO preceded receptor internaliza-
tion. As such, we hypothesize that the differ-
ential recruitment of regulatory proteins
(including GRKSs and B-arrestins) to MOR
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Fig. 6. Spatiotemporal signaling of endogenous MOR in DRG neu-
rons. (A to F) Analysis of the spatiotemporal activation of ERK and
PKC in DRG neurons treated with vehicle, DAMGO, or morphine. (A) Cytosolic
ERK activity. Data are means + SEM of 56 to 120 neurons from three experiments.
(B) Nuclear ERK activity. Data are means + SEM of 45 to 64 neurons from three
experiments. (C) Plasma membrane-localized PKC activity. Data are means +
SEM of 40 to 55 neurons from three experiments. (D) Effect of PKC inhibition on cy-
tosolic ERK activity. Data are means + SEM of 86 to 99 neurons from three
experiments. (E) Population analysis of the temporal profile of cytosolic ERK activity.
The numbers of neurons in each group are indicated. (F) Effect of PKC inhibition on
nuclear ERK activity. Data are means + SEM of 25 to 73 neurons from three
experiments. (G to I) GSD-TRIF-based analysis of the plasma membrane
distribution of endogenous MOR in DRG neurons in response to treatment with
vehicle, DAMGO, or morphine for 10 min. Data are means + SEM of 9 to 15 cells
from three experiments. (G) Isolated DRG neuron immunostained for MOR
(green) and tubulin Blll (magenta). Scale bar, 10 um. (H) Representative GSD-
TIRF images and EDMs of DRG neurons under the indicated conditions. Scale
bars, 1 um. (1) Average distances to nearest neighbors. Data are means + SEM
of 9 to 15 cells from three experiments. *P < 0.05, **P < 0.01, and ***P < 0.001
versus vehicle control. Data were analyzed by two-way ANOVA with Tukey's
multiple comparison test (F) or one-way ANOVA with Dunnett's multiple com-
parison test (1).

may underlie receptor redistribution at the plasma membrane, and
thus indirectly control spatiotemporal signaling. This hypothesis is
supported by the finding that mutation of the key hierarchical
phosphorylation site of MOR (to generate the MOR S375A mu-
tant) affected the localization of the receptor within the plasma
membrane and its spatiotemporal signaling. In this context, p-
arrestins are increasingly recognized as scaffolding proteins for
signaling complexes, in addition to their traditional roles in the
regulation of receptor desensitization and internalization (40).
Furthermore, evidence suggests that GRKs can also have impor-
tant scaffolding functions, particularly in the control of ERK acti-
vation (41, 42). We hypothesize that the differential assembly of
receptor kinases and other signaling mediators in response to mor-
phine versus DAMGO determines MOR redistribution, transient
signaling profiles, and the activation of nuclear ERK. Furthermore,
this hypothesis entails that the responses of opioid ligands will
be highly dependent on the specific protein content of opioid-
responsive cells (6, 7, 43, 44).

Our results also highlight the importance of PKCa in
governing the spatiotemporal signaling profiles of MOR. Previ-
ous studies showed that the phosphorylation and desensitization
of MOR after stimulation with morphine is partially dependent
on PKC (39, 45, 46). Moreover, there are indications that PKC plays
a substantial role in the initiation and maintenance of tolerance
to morphine analgesia (47, 48). To date, evidence for morphine-
induced activation of PKC comes from coimmunoprecipitation
studies showing the recruitment of overexpressed PKCe to
MOR (/6) and increased PKC activity in cell lysates (49). By
measuring endogenous PKC activity at the subcellular level, we
demonstrated that morphine, but not DAMGO, stimulated the sus-
tained activation of PKC at the plasma membrane. Whereas PKC
can phosphorylate MOR directly (32, 50), it can also phosphoryl-
ate proteins that participate in MOR signaling, such as Go; (57) or
GRK2 (52), and could therefore restrict receptor redistribution by
modulating the function, association, or both of such signaling and
scaffolding proteins with MOR.

It is clear that plasma membrane organization plays a critical
role in the control of MOR spatiotemporal signaling. Whether
MOR resides within biochemically defined, lipid-rich plasma
membrane regions is controversial (53-55). However, and con-
sistent with our findings, previous studies provided evidence
for the restricted plasma membrane localization of the receptor
as well as the agonist-regulated diffusion of MOR within the
plasma membrane (56-59). Protein-protein interactions were hy-
pothesized to mediate the restricted and slow diffusion of
agonist-stimulated, noninternalizing MOR (60). Together with
this hypothesis, the results presented here suggest that the dynam-
ic organization of MOR within the plasma membrane, rather than
the association of MOR with a predefined lipid-rich domain, may
control ligand-dependent receptor redistribution and distinct spa-
tiotemporal signaling profiles. The dependence of MOR
signaling on plasma membrane localization extends previous stu-
dies that demonstrated distinct control of spatiotemporal
signaling by endosomally localized GPCRs (2, 67). In the context
of MOR, mechanistic insight into the actions of morphine at the
cellular level is of particular therapeutic relevance because of the
severe side effects induced by this opiate. Whether chronic expo-
sure to opiates differentially alters the spatiotemporal signaling,
plasma membrane distribution, or both of MOR remains to be
investigated.
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1/2 were from Cell Signaling Technology;
and fluorescent IRDye—conjugated goat
anti-rabbit (800 channel) and anti-mouse
(680 channel) secondary antibodies were
from LI-COR Biotechnology.

Plasma
membrane

Complementary DNAs

Plasmids encoding KRas-Venus, Rab5a-
Venus, green fluorescent protein (GFP)—
dynamin, and GFP-dynamin K44E have been
previously described (19, 61, 62). MOR-
RLuc was from L. Bohn (Scripps, Jupiter,
FL); FLAG-MOR was from M. Christie
(University of Sydney, Sydney, New South
Wales, Australia); B-arrestin-2-YFP was
from M. Caron (University of North Caroli-
na); and FLAG-MOR 11ST/A was from
S. Schulz (Friedrich Schiller University, Jena,
Germany). The following constructs were
obtained from Addgene: cytoEKAR GFP/
RFP (plasmid 18680), cytoEKAR Ceru-
lean/Venus (plasmid 18679), nucEKAR
GFP/RFP (plasmid 18682) and nucEKAR
Cerulean/Venus (plasmid 18681) (/7), and
cytoCKAR (plasmid 14870) and pmCKAR
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Fig. 7. Plasma membrane localization controls
MOR spatiotemporal signaling. (A) DAMGO
causes recruitment of GRK2 and B-arrestin-2
(i), facilitating MOR redistribution across the
plasma membrane and transient activation of
Gayo-mediated cytosolic ERK and Ga/o-
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(plasmid 14862) (/8). MOR S375A has a
mutation of the essential site governing hier-
archical phosphorylation (human, S377A;
mouse, S375A) (9) and was generated with
the QuikChange site-directed mutagenesis
kit. RLuc8-tagged MOR was generated by
subcloning MOR into the pcDNA3-RLuc8
vector.

Cell culture and inhibitors

HEK 293 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supple-
mented with 5% (v/v) fetal bovine serum

independent nuclear ERK (ii). Upon prolonged stimulation of MOR, DAMGO stimulates MOR clustering
and receptor internalization through clathrin-coated pits (i) to early endosomes (iv). (B) Morphine stimulates
the plasma membrane-localized GBy-PKCa pathway, which prevents receptor translocation within the plas-
ma membrane. This causes a sustained activation of Ga;,-mediated cytosolic ERK (i). Inhibition of the Gpy-
PKCa pathway or alteration of the organization of the plasma membrane facilitates MOR translocation and the

(FBS). Cells were transfected with linear
polyethyleneimine (63). For siRNAs,
cells were transfected with scrambled or
combined B-arrestin-1 and B-arrestin-2
SMARTpool ON-TARGETplus siRNAs
(25 nM) with Lipofectamine 2000, 24 hours

activation of nuclear ERK by morphine (i) in the absence of receptor internalization.

MATERIALS AND METHODS

Reagents

DAMGO was obtained from Mimotopes. Morphine and anti-FLAG M2
were from Sigma-Aldrich. Coelenterazine h was obtained from Promega.
B-Arrestin-1— and B-arrestin-2—specific siRNAs were purchased from
GE-Dharmacon. Mouse anti—early endosome antigen 1 was from BD
Transduction Laboratories; rabbit anti-MOR (UMB-3) was from Abcam;
mouse anti—tubulin BIII isoform for confocal imaging was from Merck
Millipore; Alexa Fluor-conjugated goat anti-mouse secondary antibodies
were from Jackson ImmunoResearch; anti-caveolin 1, anti—f-actin, and
anti-clathrin heavy chain were from Abcam; anti-B-tubulin for Western
blotting was from Santa Cruz Biotechnology; antibodies against B-arrestin-

before the cells were transfected with plas-

mids encoding receptor and biosensors.

Cells were pretreated with inhibitors for
30 min at 37°C, except for filipin III, MBCD, or MBCD-cholesterol
complexes (45-min pretreatment) or PTx (16-hour pretreatment).
MBCD-cholesterol complexes were formed as described previously
(64). Inhibitors were used at the following concentrations: 30 uM PitStop2
or inactive PitStop2, 10 uM NF023, PTx at 100 ng/ml, 5 uM mSIRK or
mSIRK L9A, 1 uM GF109203X or G66983, 10 nM G66976, 10 uM
Myr-EAVSLKPT-OH (a PKCe translocation inhibitor peptide), filipin IIT
at 1 pg/ml, 10 mM MBCD, and 2 mM MBCD with 0.2 mM cholesterol
(MBCD-cholesterol complexes). All experiments were performed in live
cells at 37°C. For all regulation and trafficking experiments, cells were
stimulated with an ECs;, concentration of DAMGO or morphine (both
1 uM) as defined by B-arrestin-2 concentration-response curves (fig.
S2A). For all signaling experiments, cells were stimulated with an
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ECs5, concentration of DAMGO (10 nM) or morphine (100 nM) as defined
by AlphaScreen pERK assays (fig. SIA).

RNA sequencing

RNA was extracted from two passages of HEK 293 cells (PO and P37) with
the RNeasy Mini Kit (Qiagen). Transcriptome sequencing was performed
by the Beijing Genomics Institute.

DRG isolation and culture

All procedures involving mice were approved by the Monash Institute of
Pharmaceutical Sciences animal ethics committee. DRG neurons were
isolated and transfected with 600 ng of cytoEKAR Cerulean/Venus, nu-
¢EKAR Cerulean/Venus, or pmCKAR with the Nucleofector system
(Lonza). Detailed protocols of DRG isolation and nucleofection were de-
scribed previously (63).

BRET assays

HEK 293 cells were transfected with 1 pg of MOR-RLuc and 4 pg of
KRas-Venus, Rab5a-Venus, or B-arrestin-2-YFP. For coexpression,
cells were transfected with an additional 2 pg of BARKct, GFP-dynamin,
or GFP-dynamin K44E. After 24 hours, cells were plated in poly-p-
lysine—coated 96-well plates (CulturPlate, PerkinElmer) and allowed to
adhere. Forty-eight hours after transfection, the cells were equilibrated
in Hanks’ balanced salt solution (HBSS) and then were incubated with
vehicle [0.1% dimethyl sulfoxide (DMSO)], DAMGO, or morphine for
30 min. Coelenterazine h (Promega) was added at a final concentration
of 5 uM, and the cells were incubated for a further 10 min. BRET mea-
surements were obtained with the PHER Astar Omega microplate read-
er (BMG Labtech), which enabled sequential integration of the signals
detected at 475 + 30 nm and 535 + 30 nm with filters with the appro-
priate band pass. Data were presented as a BRET ratio (calculated as
the ratio of the YFP signal to the Renilla luciferase signal) corrected for
vehicle.

High-content image analysis

HEK 293 cells were plated in poly-p-lysine—coated, black, optically clear
96-well plates (ViewPlate, PerkinElmer) and transfected with plasmid en-
coding MOR-GFP (20 ng per well). Forty-eight hours after transfection, the
cells were incubated with inhibitors and treated with vehicle (0.1% DMSO),
DAMGO (1 uM), or morphine (1 uM) for 30 min. Cells were fixed with 4%
paraformaldehyde (PFA) and washed three times with phosphate-buffered
saline (PBS). Nuclei were stained with Hoechst (1 pg/ml). Images of four
fields of view were collected with a GE Healthcare INCell 2000 Analyzer
with a Nikon Plan Fluor ELWD 40x [numerical aperture (NA), 0.6] objec-
tive. Analysis was performed with the granularity application module in
MetaMorph imaging software (v7.8.6, Molecular Devices). Granule detec-
tion was set at 4 to 8 um, nuclei detection was set at 35 to 60 pm, and the
total number of cytosolic granules per cell was calculated. The effect of ve-
hicle was subtracted, and the data were expressed relative to the DAMGO-
stimulated response (in the absence of inhibitors).

Forster resonance energy transfer

HEK 293 cells were transfected with plasmid encoding MOR (55 ng per well)
and with plasmid encoding cytoEKAR GFP/RFP, nucEKAR GFP/RFP, cy-
toCKAR, or pmCKAR (40 ng per well). For coexpression, cells were trans-
fected with plasmid encoding PARKct, GFP-dynamin, or GFP-dynamin
K44E (50 ng per well). Experiments in which GFP-dynamin or GFP-dynamin
K44E were coexpressed used the Cerulean-Venus FRET sensors. FRET
was measured with a high-content GE Healthcare INCell 2000 Analyzer
as described previously (63). Briefly, fluorescence imaging was per-

formed with a Nikon Plan Fluor ELWD 40x (NA, 0.6) objective and
FRET module. For GFP-RFP emission ratio analysis, cells were sequen-
tially excited with a fluorescein isothiocyanate (FITC) filter (490/20)
with emission measured with dsRed (RFP from Discosoma sp.) (605/52)
and FITC (525/36) filters and a polychroic mirror, optimized for the
FITC-dsRed filter pair (Quad4). For cyan fluorescent protein (CFP)-YFP
or Cerulean-Venus emission ratio analysis, cells were sequentially excited
with a CFP filter (430/24) with emission measured with YFP (535/30) and
CFP (470/24) filters and a polychroic mirror, optimized for the CFP-YFP
filter pair (Quad3). HEK 293 cells were imaged every 1 min, which enabled
image capture at 14 wells/min; DRG neurons were imaged every 1 min with
four fields of view per well, which enabled the capture of 3 wells/min. At the
end of every experiment, the same cells were stimulated for 10 min with the
positive control [200 nM phorbol 12,13-dibutyrate for ERK or 200 nM
phorbol 12,13-dibutyrate with phosphatase inhibitor cocktail 2 (Sigma
Aldrich) for PKC] to generate a maximal FRET change, and positive emis-
sion ratio images were captured for 4 min. Data were analyzed with the FIJI
distribution of ImageJ (65). The three emission ratio image stacks (baseline,
stimulated, and positive) were collated and aligned with the StackCreator
script (63). Cells were selected, and fluorescence intensity was measured
over the combined stack. Background intensity was subtracted, and then
the FRET data were plotted as the change in FRET emission ratio relative
to the maximal response for each cell [FRET ratio/maximum FRET ratio
(F/Fmax)]. For HEK 293 cells, only cells that showed more than a 10%
change relative to baseline after stimulation with the positive control were
considered for analysis. For DRG neurons, all cells that showed more than a
3% change relative to baseline after stimulation with the positive control
were considered for analysis. Ratiometric pseudocolor images were gener-
ated as previously described (66). The Green Fire Blue LUT was applied,
and the brightness and contrast range was set to the minimum and maximum
FRET ratios within the image stack (0.13 to 0.23).

GSD-TIRF microscopy

HEK 293 cells and DRG neurons were treated with vehicle (0.1% DMSO),
DAMGO, or morphine as indicated in the figure legends; fixed in 4% PFA
for 20 min at 4°C; washed for 15 min with PBS; blocked in PBS with 1%
normal goat serum and 0.1% saponin for 1 hour at room temperature;
and incubated overnight at 4°C with mouse anti-FLAG (at a 1:1000 di-
lution) for HEK 293 cells or with rabbit anti-MOR (UMB-3, 1:250) and
anti—tubulin BIII (1:1000) for DRG neurons. Cells were washed and in-
cubated with Alexa Fluor 568— or Alexa Fluor 647—conjugated goat anti-
mouse or anti-rabbit secondary antibodies (1:400; for 2 hours at room
temperature). Coverslips were mounted on a concave slide containing
100 mM cysteamine (MEA) and sealed. Cells were observed with a Leica
GSD microscope with HCX PL APO 160x (NA, 1.43) objective, SuMo
stage, Andor iXon Ultra 897 camera, and LAS AF software. Pumping
occurred at 100% laser power until the frame correlation dropped to 0.25.
Data were acquired at 50% laser power, and up to 