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Abstract

Opioid drugs are highly effective for the treatment of moderate to severe nocicep-

tive pain. They exert their analgesic and rewarding effects primarily by signalling

through the µ-opioid receptor (MOPr). The focus of this project was to better un-

derstand MOPr signalling regulation by investigating natural variants of MOPr and

MOPr phosphosite mutants.

Isogenic, stably transfected mouse pituitary adenoma (AtT20) cell lines expressing

eight naturally occurring human MOPr variants and four phosphomutants were cre-

ated. Opioid-stimulated changes in membrane potential were measured using a mem-

brane potential-sensitive dye, while receptor phosphorylation of Ser377 residue was

determined by Western Blot and whole-cell ELISA was used to obtain the receptor

surface loss dynamics.

The N-terminal MOPr variants, A6V and N40D, are the most common single-

nucleotide polymorphisms found worldwide. Their signalling regulation was quite sim-

ilar to the wild-type MOPr in each assay, where buprenorphine was the opioid with

the most variance observed. In AtT20-hMOPr-L85I cells morphine mediated internal-

isation was not as substantial as previously reported, while the second intracellular

loop (ICL2) polymorphism R181C dramatically impacted receptor ability to signal by

affecting opioid affinity and probably G protein binding. The majority of the third

intracellular loop (ICL3) variants had detrimental effect in receptor signalling and reg-

ulation which indicates the important role this region plays in G protein activation.

In addition the multiple phosphorylation mutants also affected membrane expression

xi
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which was related to endoplasmic reticulum sequestration and possible changes in re-

ceptor stability. Finally, deleting all the putative phosphorylation sites in the human

MOPr C-terminal domain did not greatly influence homologous desensitisation of the

membrane potential signal, yet completely abolished internalisation as expected. In

contrast heterologous desensitisation was deeply compromised in some mutants of the

ICL3 while total phosphorylation deletion of the C-terminal was the only variant to in-

crease desensitisation of somatostatin signalling. Interestingly buprenorphine induced

signalling had a quite different profile across the variants, and morphine and methadone

signalling were more affected by the ICL3 changes when compared to opioid peptides

and buprenorphine.

Overall, these results support the hypothesis of multiple mechanisms involved in

regulation of MOPr, where ICL2 and ICL3 are crucial for G protein signalling, and

receptor phosphorylation is not necessary for receptor desensitisation. In addition,

this work highlights the profound effect of rare polymorphisms on opioid response

at the molecular level, which is likely to contribute to the significant inter-individual

variability observed with opioid therapy.
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1
General Introduction and Outline

Opioids are widely used clinically because of their unique analgesic properties, which

are largely mediated by the activation of the µ-opioid receptor (MOPr)233. Adverse

effects, in addition to tolerance and dependence, bring limitations to opioid therapy;

however opioids are still largely prescribed considering the absence of superior or even

equivalent therapeutic options for moderate to severe pain. Better understanding of

the molecular mechanisms involved in MOPr signalling and regulation is essential for

developing improved drugs with less unwanted effects.

Furthermore, the study of pharmacogenomics has enriched our understanding of

genetic mutations which can affect opioid drugs pharmacokinetics and pharmacody-

namics. Genetic variation of some enzymes of the CYP450 superfamily is well estab-

lished to be responsible for some variability in response to opioids269,304,305; however

MOPr polymorphisms also need to be considered. A large number of human µ-opioid
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2 General Introduction and Outline

receptor (hMOPr) single-nucleotide polymorphisms (SNPs) have been previously re-

ported180,326, and aside from many studies of the most common SNP allele A118G

(N40D) , only a few studies have analysed the molecular mechanisms behind the other

SNPs. While rare polymorphisms do not attract the attention of clinical studies, the

effect of amino acid changes in receptor signalling and regulation may help to elucidate

the importance of receptor regions and, together with the most common polymor-

phisms, may add to the complex inter-individual variability in opioid response which

is a major clinical problem.

1.1 Hypotheses and Aims

This project is based on two main hypotheses:

I. Single-nucleotide polymorphism can differentially regulate hMOPr function, which

could contribute to inter-individual variability in opioid analgesics response

II. Phosphorylation of the hMOPr regulates receptor signalling being an important

component for desensitisation

By studying expression, signalling, desensitisation, phosphorylation and receptor

surface loss of hMOPr SNPs and phosphosite mutants of different regions of the re-

ceptor, I aimed to assess signalling and regulation differences between variants and

wild-type receptor, in addition to examine the functional importance of specific recep-

tor regions.

1.2 Thesis Outline

This thesis contains eight main chapters including one introductory, one experimental

methodology and five results chapters.

• Introductory chapter

– Chapter 2 briefly covers the importance of opioid drugs and literature review

pertinent to this thesis
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• Experimental methodology

– Chapter 3 describes the details of experimental procedures used throughout

this PhD project.

• Experimental results and discussions

– Chapter 4 documents the use of a new non-invasive, real-time kinetics tech-

nique to assess MOPr homologous and heterologous desensitisation. This

chapter also examine the effect of kinase modulators in desensitisation.

– In Chapter 5, the investigation of the effect of two common SNPs of the

hMOPr N-terminal on signalling and regulation is presented.

– Chapter 6 documents the study of two rare SNPs; one SNP in the first

transmembrane domain which has been linked to a total loss of function, and

one SNP in the second intracellular loop that promotes morphine induced

endocytosis.

– In Chapter 7, signalling and regulation is assessed using six hMOPr variants

of the third intracellular loop. Three variants are SNPs and the other three

are phosphosite mutants, where serine and/or threonine were substituted to

alanine.

– Chapter 8 study focused on determining the importance of phosphorylation

of the hMOPr C-terminal tail in signalling and desensitisation by using a

C-terminal total phosphosite deleted receptor.

– Chapter 9 contains a summary of important findings, in addition to dis-

cussing some limitations and further directions to the present work.

• Appendices

– Appendices A and B contain information regarding products, recipes, equip-

ment and suppliers used.
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– Appendix C contains information not included in Chapter 3 regarding vec-

tors and transfections performed during this project.

– Appendix D contains important controls regarding kinase modulators used

in Chapter 4.

– Appendix E and F contain biosafety approvals, biosafety workshop certifi-

cate and radiation safety certificate that were obtained to carry out experi-

ments reported in this thesis.



2
Introduction

In this introductory chapter a review of some of the important aspects involving opioid

drugs, therapy and receptors will be presented. This PhD project is focused on the

molecular mechanisms of the µ-opioid receptor, therefore attention will be given to

review µ-opioid receptor structure, signalling and regulation.

Contents
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2.1 Introduction to Opioids

The use of opium for its rewarding and therapeutic effects is described in many his-

torical documents, but modern opioid pharmacology was only born after morphine

isolation in the beginning of the Nineteenth century47. Since then a large number of

studies in this area has been published, especially in the last fifty years after opioid

receptors and peptides were recognised, and cloning opioid receptors together with

genetic manipulations became possible266. Recent technological advances enabled the

performance of a variety of functional assays in addition to conformational studies of

opioid receptors; however, until today, many aspects of opioid signalling regulation are

still unclear.
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2.1.1 Endogenous Opioid Peptides and Opioid Receptors

In 1954, Beckett and Casy26 reviewed the information available and reported drug-

receptor mechanisms involving the action of opioids. At that time a large number of

opioids were already synthesised and not only agonists were found, but also antagonist

and mixed agonist-antagonist drugs47. The varying effect observed for these opioid

drugs not only raised the question regarding multiple opioid receptors227,276, but also

the use of antagonists supported the existence of endogenous opioids3.

The opioid receptor family contains four members: µ, κ and δ opioid receptors, and

the opioid like nociceptin receptor. The µ-opioid receptor (MOPr) and the κ-opioid

receptor (KOPr) were first described by Martin et al. (1976)228 and were named

after the agonists morphine and ketocyclazocine, respectively. Lord et al. (1977)212

assessed binding properties in vas deferens homogenates and determined the existence

of a different opioid receptor from previously described MOPr and KOPr. Hence

they proposed the existence of the δ-opioid receptor (DOPr, named after the tissue).

These three receptors genes were cloned in the early 90’s, which enabled investigating

these receptors in recombinant systems, where binding and functional properties of

the recombinant and endogenous receptors were found to be equivalent62,114,176,177,363.

Furthermore, the advent of cloning techniques facilitated the search for related opioid

receptors based on sequence homology, and this led to the successful identification of

nociceptin receptor (NOPr), also known as opioid receptor like-148,244. It is noteworthy

that some studies supported the division of the main opioid receptors into subtypes;

however evidence is lacking4,77. In this thesis I will only be using the current NC-

IUPHAR approved nomenclature as discussed by Cox et al. (2015)86.

Having mentioned the opioid receptor family, it is important to highlight that none

of the aforementioned receptors are orphans. Endogenous opioid ligands have been

identified in brain extracts almost simultaneously to the description of the three classi-

cal opioid receptors, and in mammals three main precursors are known: proenkephalins,

prodynorphin and pro-opiomelancortin (POMC)47,266. Many opioid peptides have been

reported but some examples are: met-enkephalin (ME) and leu-enkephalin which are



8 Introduction

derived from proenkephalins and they bind preferably to the DOPr159; prodynor-

phin gives rise to dynorphin A and B which are KOPr ligands135; and last POMC is

the precursor of many important physiological peptides including β-endorphin which

has higher affinity for the MOPr85. Remarkably, none of the opioid peptides bind

exclusively to one opioid receptor, and they present negligible affinity for NOPr82.

Endomorphin-1 and endomorphin-2 are opioid peptides isolated from brain extracts

which present a high selectivity and affinity for the MOPr. However, interestingly

the evidence for endomorphins precursor is missing even after a full human proteomic

search; therefore they are putative endogenous peptides337,366. Nociceptin also called

orphanin FQ was identified as the endogenous ligand of NOPr with the pro-pre-

nociceptin precursor239,289. NOPr will not be discussed further, as it has a pharmaco-

logical profile and behaviour considerably distinct from classical opioid receptors263.

The use of endogenous opioid peptides as an analgesic drug in vivo is limited by

the profound enzymatic degradation when systemically administered143,144. Therefore

a number of enkephalin analogues was developed with modified C and N-terminal and

this was found to significantly decrease enzymatic breakdown in addition to modifying

peptide selectivity144. Unfortunately, even with modifications, the pharmacokinetic

profile of these peptides was still quite disadvantageous compared with opioid analgesics

such as morphine. Thus the use of these synthetic peptides is largely restricted to

research. One enkephalin synthetic analogue [D-Ala2,N-MePhe4,Gly-ol]-enkephalin,

known as DAMGO, has been largely used in research, as it is a stable peptide and

highly selective for MOPr151. DAMGO, β-endorphin and endomorphin-2 were used

in the present work and their chemical structures, together with met-enkephalin, are

presented in Figure 2.1. Note that β-endorphin is a relatively long peptide containing 31

amino acids compared to five amino acids for met-enkephalin and four for endomorphin-

2.

In addition to the endogenous and synthetic peptides, food-derived opioid peptides

also called exorphins have been identified. Casein, a milk protein, and gliadin, a gluten-

derived protein, are examples of proteins that, digested by enzymes, release peptides
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with opioid activity. Interestingly, these peptides may affect gut function246 includ-

ing predisposing susceptible individuals to inflammatory and systemic oxidation342.

The effect of these food-derived peptides in human endogenous opioidergic systems is

not well understood and further research is necessary to determine if they play any

physiological role338.

Met-enkephalin DAMGO

Endomorphin-2 β-endorphin

Figure 2.1. Chemical structures of opioid peptides used in this project, in addition to
met-enkephalin

2.1.2 Opioid Analgesics and their Clinical Relevance

Since morphine was first extracted from the opium poppy, numerous opioid drugs be-

came available. These drugs can be classified according to the effect on the receptor;

however this classification is avoided here considering function selectivity, where some

agonists may be full agonists in one pathway but partial in another pathway. There-

fore in Table 2.1 some of the available µ-opioid receptor drugs are listed according to

the mode of synthesis, a generally accepted classification. In addition, the chemical

structures for the four non-peptide opioid agonists used in this project, together with

two antagonists, are presented in Figure 2.2.

The majority of the opioid analgesics available for clinical use are relatively MOPr

selective compounds288. Morphine affinity is higher for MOPr, however it is still able
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Table 2.1. Examples of opioid drugs classified according to synthesis process

Naturally occuring compounds Semi-synthetic compounds Synthetic compounds

Morphine Buprenorphine Methadone
Codeine Oxycodone Fentanyl
Papaverine Heroin Pentazocine
Thebaine Hydromorphone Tapentadol

Adapted from Pathan and Williams (2012)266

Morphine Methadone Buprenorphine

Pentazocine Naloxone Naltrexone

Figure 2.2. Chemical structures of opioid analgesics used in this project and two opioid
antagonists.

to bind to KOPr and DOPr, but with a much lower affinity, and pentazocine and

buprenorphine are non-selective drugs288. Interestingly buprenorphine is a low intrinsic

activity agonist at MOPr and antagonist at DOPr and KOPr215.

The relevance of opioids drugs in current medical practices is irrefutable. Opi-

oids are the most effective drugs available for the treatment of pain, thus therapeutic

guidelines not only in Australia, but in most countries recommend the use of opioids

for moderate to strong pain145,252,299. Opioids are well established for the treatment
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of acute pain in many conditions, and chronic pain of terminally ill patients. How-

ever, only recently under much controversy has the long-term use of opioids for chronic

noncancer pain been accepted299. In the U.S., chronic nonmalignant pain affects ap-

proximately 116 million Americans245. This gives a good estimate of how these new

guidelines increase dramatically the number of patients taking opioids, and emphasises

the importance of developing better drugs with safer profiles, with fewer adverse effects

and reduced potential to develop tolerance and dependence.

In Australia, a range of opioid analgesics are commercialized for oral, transdermal

and intravenous administration. The most commonly prescribed opioid for analgesia

is codeine combined with paracetamol, probably because of low restriction, and it

is followed by tramadol, oxycodone, buprenorphine, morphine and fentanyl149. In

the absence of new developed drugs with lower adverse effects, the pharmaceutical

industries are developing new combinations such as oxycodone and naloxone to decrease

constipation, a very common side effect49.

It is noteworthy that opioid drugs are highly effective in the treatment of nocicep-

tive pain (somatic and visceral); however pain can also comprise a different component

which is neuropathic. This type of pain which arises from damaged or dysfunctional

nerves was initially described as ‘opioid resistant’ but neuropathic pain is now known

to respond to opioids; however, higher doses are generally required, which increase the

probability of bothersome adverse effects10,111,252. Tramadol is usually recommended

before stronger opioids as its serotonergic and noradrenergic effects may be benefi-

cial109. Nevertheless, guidelines support the use of antidepressants (tricyclic antide-

pressants and duloxetine) or anticonvulsants (pregabalin and gabapentin) as better

options for treating neuropathic pain252,308,309.

2.1.3 Overview of Opioid Neurobiology

The endogenous opioid system plays an important role in modulating analgesia, re-

ward (which is involved with food intake and drug addiction), and emotional and

stress responses29. Moreover, this complex neuromodulatory system is also involved
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in autonomic control including respiration, gastrointestinal motility and thermoreg-

ulation283,302, thus explaining many of the opioid adverse effects such as respiratory

depression40 and constipation46,188.

Before the identification of each specific opioid receptor, it was already clear that

different opioid receptors were present in the central nervous system (CNS)270,319,336,

and their distribution was not uniform191. Since then many studies have reported

the presence of opioid receptors throughout the CNS52,222,223, and these receptors also

occur at lower concentration in the peripheral tissue such as the sensory and enteric

nerves, cardiovascular and immune systems44,188,328,329.

Besides being widely distributed throughout the CNS, high expression of opioid

receptors occurs in the periaqueductal grey (PAG), locus coeruleus (LC) and rostral

ventral medulla, and also in the substancia gelatinosa of the dorsal horn, which is

extremely important region for transmission of pain impulses from the periphery266.

Molecular cloning and sequencing of opioid receptor cDNA enabled in situ hybridisa-

tion studies, which together with other techniques, ascertained the distinct expression

pattern for the three classical opioid receptors , where MOPr have the highest overall

expression and a distinguishing high density in the LC, striatum, thalamus and PAG

regions of mammalian CNS222,223,268. Both opioid receptors expression and the syn-

thesis of their endogenous peptides are variable; a recent study had demonstrated the

presence of enkephalins and dynorphins in the dorsal horn while β-endorphin was unde-

tectable230. As expected, many regions expressing opioid receptors are in the neuronal

circuit of pain modulation, which was recently reviewed by Ossipov et al. (2010)258.

The analgesic effect reported for MOPr agonists are mainly attained by directly inhibit-

ing nociceptive afferents in the periphery, or indirectly increasing neuronal activity in

the inhibitory descending pathway.

MOPr has been associated with physiological functions including analgesia, gas-

trointestinal motility and social behaviour213,226,323. The advances in gene technology

also allowed disruption of the MOPr expression in mouse models which defined the
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main role this receptor plays in analgesia. Interestingly, in MOPr knockout mice, mor-

phine not only fails to promote analgesia but also tolerance, reward effect, physical de-

pendence and adverse effects such as respiratory depression and constipation126,233,301.

These findings emphasise the complexity of developing an ideal analgesic drug, because,

in this case the desired and undesired effects are produced by activation of the same

receptor type.

Analgesia, motor control, reward and emotion are some of the physiological func-

tions correlated to DOPr72,150. In contrast to MOPr, morphine analgesic effect was

not affected in DOPr knockout mice, but analgesic tolerance to morphine did not de-

velop376. Likewise, analgesic response of KOPr knockout mice to morphine treatment

was similar to wild-type mice; reward was also unaffected but the severity of withdrawal

syndrome was reduced320. KOPr also has important physiological roles including anal-

gesia, immunomodulation and behaviour control53,89. By studying physiological pain

between knockouts MOPr, DOPr and KOPr mice, Martin et al. (2003)226 reported

an antinociceptive opioid tone differentially regulated by the three classical opioid re-

ceptors. Together these studies confirm not only the importance of the endogenous

opioid system in physiological function, but also support the crucial role of the MOPr

in opioid analgesic therapeutic response.

2.1.4 Overview of Opioid Tolerance, Dependence and Addic-

tion

The history of opium abuse dates back to ancient times, and soon after the isolation

of morphine, it was clear that the potential to abuse morphine was similar to opium47.

Since then, large efforts have concentrated on finding an ideal opioid which has high

analgesic properties but low abuse potential. Interestingly, heroin is a failed attempt

at developing such an ideal opioid.

A great deal of confusion surrounds the terms tolerance, dependence and addiction.

Tolerance is related to the decrease in drug effectiveness after repeated exposure. Under

chronic opioid treatment, patients report a necessity of increasing drug dose to maintain
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level of analgesia; besides the most common cause being disease related increased pain,

dose escalating is also known to be caused by tolerance development110,275. Opioid tol-

erance is also classified as acute or chronic. Perioperative and postoperative analgesia

are regularly achieved by using opioids, and patients may very rapidly develop toler-

ance. Therefore, these situations offer good evidence of acute opioid tolerance in the

clinical scenario6,178. Many studies into tolerance also look at opioid induced hyperal-

gesia (OIH), which is the increase of perception of certain painful stimuli with opioid

treatment6,123. OIH is a extremely controversial topic which was critically discussed

by Bantel et al. (2015)25. A good body of clinical evidence for chronic tolerance in

analgesia is lacking, as the majority of the work does not differentiate between increase

in pain associated with the underlying condition and real tolerance18.

Nevertheless, a large amount of animal work have demonstrated the development

of tolerance after prolonged opioid treatment; and the development of tolerance to

some of opioid side effects is well documented110. Many studies had demonstrated

that different factors contribute to the development of tolerance, for example, it is

known that different opioids as well as different route of administration can produce

varying degrees of tolerance and cross-tolerance264,267,348. These not only enable opioid

rotation therapy to manage chronic pain with less dose escalation, but also indicate

that development of a drug that has high analgesic potency and low tolerance potential

may be possible136,322. In addition, varying levels of tolerance have been reported

to different opioid circuits. While tolerance to opioid induced-constipation does not

usually develop107, which can become a problem for appropriate management of chronic

pain, tolerance may occurs to respiratory depression in a lower rate than euphoric

effects, consequently increasing the risk of overdose in opioid abuse354.

Physical dependence is related to adaptations of the body to the long-term admin-

istration of a drug. It is well characterised by detection of withdrawal symptoms when

a drug is ceased. Addiction is a multi-faceted condition which is related to the reward-

ing effects of the drug. There are psychological and neurobiological factors involved in

the possible development of addiction186. Therefore, many drugs can cause physical

dependence however drugs that can produce positive reinforcement tend to be abused.
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Because opioids have powerful rewarding properties it has a high potential for abuse.

The neurophysiology of opioid in the rewarding circuit was recently reviewed by Fields

and Margolis (2015)121.

Opioid maintenance therapy is available in many countries including Australia. In

this therapy, opioid addicts commonly replace illegal opioid use with buprenorphine or

methadone, which are opioids with prolonged effect, with the objective of decreasing

disease transmission through needle sharing, relieving cravings and blocking euphoric

effects associated with opioid intake170,234. Note that opioid abuse not only includes

the use of the heroin, but also other drugs such as oxycodone which is becoming a

major problem in many countries142,146.

A number of studies reported the role of the endogenous opioid system in substance

abuse. This system is actually involved in the addiction process of many substances

including alcohol, nicotine and cannabinoids106,341. For this reason, polymorphisms of

the MOPr, especially A118G(N40D), have been of great interest in addiction studies;

nevertheless, besides a large number of studies in the common A118G polymorphism,

results are too conflicting to draw any conclusion248,249,300.

In summary, all three opioid receptors are involved in many important physiological

processes. However, after genetic manipulation, it became clear that the MOPr is the

main receptor responsible not only for the analgesic effect, but also for tolerance,

dependence and the rewarding properties of opioid drugs. The focus of this project

was the regulation of MOPr signalling, and although desensitisation, phosphorylation

and internalisation are likely to be involved in chronic exposure tolerance, the aim will

be to understand molecular mechanisms underlying acute MOPr regulation.

2.2 µ-Opioid Receptor Structure

Function and structure are two very tightly correlated topics. For a long time study-

ing function of receptors was an easier task than trying to determine their complex

conformations. Fortunately, with the latest advances in G protein coupled receptor

crystallography, we might understand how MOPr structure, conformational changes
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and interaction with effectors produce varying signalling profile for different drugs.

2.2.1 G Protein Coupled Receptors

Opioid receptors are G protein couple receptors (GPCRs)290, which is the largest fam-

ily of membrane receptors in the human genome, encoding for nearly 800 different

receptors34. Furthermore, GPCRs are important pharmacological targets, approxi-

mately 30-40% of the drugs available on the market act on these receptors73,255. The

human µ-opioid receptor (hMOPr) gene OPRM1 codes for a 400 amino acids struc-

ture that, like all GPCRs, has seven-transmembrane (TM) α-helices, with an extra-

cellular N-terminal, where multiple N-glycosylation can be found, and an intracellular

C-terminal tail containing many putative phosphorylation sites (Figure 2.3). It belongs

to the GPCR rhodopsin-like subfamily, also known as class A. This classification was

based on sequence and structural similarities; however, sequence homology is limited

to a few conserved amino acid residues and motifs14,124. In contrast, the sequence

homology between the integrants of the opioid receptor family are very high, and phy-

logenetic analysis had also reported significant similarity between opioid, somatostatin

and GPCR neuropeptide receptor families169.

GPCRs undergo conformation changes upon extracellular stimuli, these changes

produce heterotrimeric G protein activation which evokes signal transduction161. This

perfectly orchestrated signal transmission from the outside to the inside of the cell is

largely dependent on the receptor structure and the subtype of G protein it preferen-

tially activates255. The heterotrimeric G protein is formed by the three subunits α, β

and γ, where 21 Gα, 6 Gβ and 12 Gγ subunits subtypes have been identified in hu-

man255. G proteins were grouped according to Gα subunit similarities, typically there

are four main families: Gαs, Gαi/o, Gαq/11 and Gα12/13
24. Activation of G proteins is

dependent on the release of GDP from the Gα subunit and replacement by a GTP, this

results in the dissociation of the active Gα and Gβγ subunits. G proteins are GTPase

enzymes; they hydrolyse GTP into GDP switching ‘off’ the signal transduction path-

way. Note that some factors can influence this important step, including regulators of

G protein signalling (RGS) which accelerates the enzymatic process.
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2.2.2 The µ-Opioid Receptor Crystal Structure

In 2000, Palczewski et al.261 published the first GPCR crystal structure of bovine

rhodopsin. Nevertheless, it took another 7 years and many advances in GPCR crys-

tallography techniques to determine the crystal structure of the first ligand-activated

GPCR, the β2-adrenergic receptor (β2AR)65,284,296. As highlighted by Rosenbaum et

al. (2009)297, some of the intrinsic characteristics of GPCRs impose challenges for

crystallography which include low expression in native tissues, in addition to thermal

and proteolytic instability. Manglik et al. (2012)220 published the crystal structure

of the mouse µ-opioid receptor (mMOPr) utilising many of the methods developed to

overcome the challenges above. The N and C-terminal are extremely disordered regions

thus they were truncated to increase proteolytic stability. The majority of the third in-

tracellular loop was substituted for T4 lysozyme which stabilises TM5/TM6 region and

also increases proteolytic stability. The receptor was expressed in Sf9 cells for a higher

yield, and it was also bound to the antagonist β-funaltrexamine (β-FNA) to increase

thermal (conformation) stability. Therefore, the mMOPr crystal structure is in the

inactive conformation; and it is important to recognise that, considering the modifica-

tions to increase receptor stability, it actually determines native-like pharmacological

and biophysical characteristics297.

The overall view of the mMOPr bound to β-FNA is shown in Figure 2.3, where

the position determined for the seven TM α-helices was illustrated. The mMOPr

binding pocket for the antagonist used comprised residues in the TM3, TM5, TM6

and TM7 domains, and, compared to previous GPCR crystal structures, the pocket

was remarkably deep but wide and open, which may explain the rapid dissociation

constants observed for MOPr ligands220. Interestingly, out of the 14 residues that

possibly interact with the bound antagonist, nine of them, which have a more direct

interaction with β-FNA, are conserved in DOPr and KOPr. Nevertheless, it is expected

that different opioids would have different positioning in the pocket, consequently,

other residues are probably involved in binding interactions and may be responsible

for varying receptor conformational changes314. One important point often ignored

and highlighted by Bonner et al. (2000)39 is that some residues may affect receptor
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activation but not ligand binding, therefore when analysing receptor mutations it is

important to avoid drawing conclusions based only on binding experiments. Another

interesting feature of the mMOPr binding pocket is the absence of a highly charged

surface, as observed for the chemokine receptor CXCR4; this possibly results in polar

and non-polar interactions between the receptor and opioid drugs.

The MOPr crystal structure was able to confirm the previously predicted extra-

cellular disulfide bond between Cys140, in the interface of the first extracellular loop

(ECL) and TM2, with Cys217, in ECL2220,372. The intracellular interactions reported

in the crystal structure involved the highly conserved DRY motif. A salt bridge was

reported between the adjacent residues Asp164 and Arg165, in addition to two polar

interactions, one between Asp164 and Arg179 and the second one between Arg165 and

Thr279, in the distal region of the third intracellular loop (ICL). Considering that

the structure reported is in the inactive state, and substitution of the Thr279 to a

Lys produced a constitutive active receptor154, the polar interaction Arg165-Thr279 is

probably important for stabilising the receptor in an inactive conformation.

The ICLs and ECLs are flexible and were too disordered to be well characterised by

crystallography; therefore, limited information was generated regarding these regions

of the MOPr crystal structure. A previous study using mutagenesis techniques has

determined the importance of MOPr ECLs for ligand selectivity, which is probably

due to exclusion not binding mechanisms238. The high resolution crystal structure of

the hDOPr highlighted the hydrogen-bond networking involving mainly the ICL3 but

also ICL2 and C-terminal tail; these regions are probably responsible to stabilise the

receptor in the inactive state115. All the residues described in hDOPr structure are

conserved in hMOPr; hence, hDOPr ICL3 ‘close’ conformation in the inactive state

would probably be observed in hMOPr. Another interesting finding from this hDOPr

study is the description of the sodium pocket formed by 16 amino acids; where 15 are

highly conserved class A GPCR residues, similarly observed for the allosteric site of

β2AAR115,209. It is established that sodium is a negative allosteric modulator of the

opioid receptors by probably stabilising the receptor in its inactive conformation317.

It is likely that the allosteric sodium pocket in MOPr resembles the one described for
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hDOPr.

2.2.3 G Protein Binding and Activation

The MOPr, similarly to many GPCRs, presents different affinity states for bound and

unbound G protein32,298,352. Therefore, in the absence of G proteins, the mMOPr

crystal structure is not only in the inactive conformation, but also in the low agonist

affinity state. In general, the activation mechanism of GPCR is accepted to start at

the agonist binding site and propagate downwards G protein binding site; however, the

opposite has also been proposed, where intracellular changes are first observed which

results in structural changes that propagate upwards108. Furthermore, crystal structure

of β2-adrenergic receptor in the inactive state was similar to the receptor bound to an

agonist but without G protein interaction. This indicated that, at least for this GPCR,

the interaction between receptor and agonist was not enough to stabilise the receptor

in the active state, which highlights the crucial role played by G proteins298.

GPCRs have dynamic structures, the intra and extracellular domains are reason-

ably flexible and even the transmembrane membrane helices can move, which is ex-

tremely important for transmitting information from the extracellular to the intracel-

lular regions. Unfortunately, the MOPr crystal structure in the active state is not

available. Nevertheless, some information from the β2AR active conformation bound

to a nanobody, which mimics a G protein interaction, may be useful in proposing an

MOPr active state. Interactions between the nanobody and the β2AR was determined,

where a pocket formed by TM3, TM5, TM6 and TM7 interacted with a part of the

nanobody. In addition, a different region of the nanobody interacted with cytoplasmic

interface of TM5 and TM6. The conformational switch region was identified for the

β2AR which contains three highly conserved residues Ile121 (TM3), Pro211 (TM5)

and Phe282 (TM6)285; these are represented in the MOPr by residues Ile157 (TM3),

Pro246 (TM5) and Phe291 (TM6). Therefore, if following the dynamics of the β2AR,

an outward movement of TM5 and TM6 in addition to an inward displacement of

TM7 and TM3 would be expected in the active state of MOPr bound to G protein.

Movement of these TMs would produce a change in the intracellular regions which
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is probably necessary for signal transduction. MOPr molecular dynamics simulations

proposed an increase in the flexibility of ICL3 induced by morphine, which is probably

crucial for G protein activation315; this actually may be related to the change in the

‘closed’ conformation reported for the hDOPr. Mutations of many residues across the

TM and intracellular domains have confirmed the importance of these regions for lig-

and binding and G protein signalling; some of these regions will be further discussed

in later chapters180,315. An intriguing finding from Claude et al. (1996)74 showed that

mutating a highly conserved serine in the TM4 of the MOPr resulted in opioid antago-

nists acting as agonists in CHO cells; this revealed the important role some individual

amino acids play to receptor conformation and signalling transduction.

The classical view that ligand interaction with the receptor produces one active

state is now known to be a very simplistic model. Many studies support the exis-

tence of multiple agonist specific receptor states, where the conformational change

induced by agonist binding produce many intermediate states which would explain

bias-agonism108,132. This notion is further supported by molecular dynamics simula-

tions of the MOPr, as shown by Shim et al. (2013)318, and the difficulty of obtaining

a ligand-bound GPCR crystal structure of an active conformation285. Furthermore,

recent studies have demonstrated that prolonged exposure to opioids produce a higher

affinity reversible conformation of the MOPr, which partially involves phosphorylation

of the C-terminal32,33. Therefore, evidence suggests that MOPr may be stabilised in

varying conformations, however how these different conformations affect receptors sig-

nalling and regulation still need to be better understood; remarkably, this may open

new possibilities for drug development.

2.2.4 µ-Opioid Receptor Oligomerisation

Interestingly, the mMOPr crystal structure revealed that this receptor was mainly

crystallised as parallel dimers, and to a less extent formed oligomers of higher order

observed through a different dimer interface220. Association between TM5 and TM6

helices was the most common interaction, while TM1, TM2 and helix 8 were involved

in interdimeric interaction. Moreover, it was predicted that dimers interacting through
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TM5 and TM6 interface would not be able to couple to G proteins due to steric

blockage, while tetramers could couple to two G proteins. In contrast, a recent molec-

ular dynamics simulation proposed homodimers formation mainly between interfaces

TM5/TM5 and TM1-TM2/TM5-TM6 but G protein coupling was not studied278.

A large number of studies reported the involvement of MOPr in the formation not

only of homodimers, but also heteromers. The heteromer formed between MOPr and

DOPr has attracted much attention, as binding and function of these protomers† were

reported to be distinct from the protomers of homodimers as reviewed by Stockton et

al. (2012)332. In another recent review, Costantino et al. (2012)84 reported the role

of opioid receptors heteromers in analgesia and highlighted the possibility of target-

ing these complexes to obtain greater pharmacological effects in the treatment of pain

and opioid addiction. It is noteworthy that heteromers between MOPr and non-opioid

receptor have also been reported, where activation of one protomer interfered with sig-

nalling and regulation of the other272,345. Interestingly, a mMOPr brain atlas reported

by Erbs et al. (2015)113 has demonstrated regions where MOPr and DOPr are co-

expressed such as the hippocampus, higher probability of heteromer formation, while

in the forebrain these opioid receptors are rarely co-expressed in the same neurons. In

spite of the recent enthusiasm around opioid homo and heteromers, it is necessary to

emphasise that a previous study ascertained that MOPr can signal as a monomer192.

2.2.5 Post-Translational Modifications

Changes to a protein that occur during or after protein biosynthesis are called post-

translational modifications (PTMs). Here glycosylation, phosphorylation and palmi-

toylation, three PTMs which typically occurs in GPCRs, will be discussed with focus

on the MOPr.

A very common PTM, which is important for protein structure, function and sta-

bility, is N-glycosylation8. The hMOPr has five predicted glycosylation sites, and

NetNGlyc 1.0 Software1 predicts that three of them have a high potential of being

glycosylated (Figure 2.3). Although the precise pattern of MOPr glycosylation is not

†A protomer is the structural unit of an oligomeric protein

http://www.cbs.dtu.dk/services/NetNGlyc/
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known, MOPr is definitely glycosylated. Western Blot analysis of MOPr detects a

molecular weight which is higher than expected, based on the amino acid sequence of

the receptor, and when treated for N-deglycosylation with PNGase F, MOPr migrates

as expected155,156. Interestingly, Huang et al. (2008)155 had determined a varying

rMOPr glycosylation profile in different areas of the brain, which may have functional

importance. Another area of interest involving N-glycosylation is the study of the com-

mon hMOPr single-nucleotide polymorphism (SNP) A118G (N40D). In this variant a

putative glycosylation site is deleted which consequences are still not well understood.

This polymorphism is one of the natural hMOPr variants studied in the present work,

and it will be further discussed in Chapter 5.

In the β2AR crystal structure, a C-terminal (helix 8) cysteine was covalently bound

to a palmitic acid65. A similar palmitoylation was predicted for the MOPr (Figure

2.3) but a previous mutagenesis study in rMOPr could not confirm this hypothesis60.

Furthermore, this PTM was not reported for all opioid receptors crystal structures;

nevertheless, helix 8 was observed to be parallel to the membrane similarly to the

palmitoylated β2AR138,220,359. Noticeably, a recent report by Zheng et al. (2012)375

proposed a palmitoylation of the rMOPr cysteine 170 which may facilitate homod-

imerisation and G protein coupling.

Phosphorylation is known to alter function and activity of many proteins. It is es-

tablished that the MOPr is phosphorylated in the C-terminal tail as reviewed recently

by Mann et al. (2015)221; however, phosphorylation of other intracellular domains

needs investigation. Immunological and mass spectrometric analysis ascertained many

phosphorylation sites in the C-terminal; while mutagenesis work predicted phospho-

rylation at specific serine, threonine and tyrosine residues of other regions as shown

in Figure 2.4 and Table 2.2. In HEK293 cells expressing MOPr, C-terminal phos-

phorylation can be constitutive or agonist induced. Two sites were determined to be

constitutively phosphorylated, Ser263 and Thr37063,102, where Thr370 is further phos-

phorylated by agonist binding. In addition to Thr370, residues in STANT and TSST

clusters are also agonist phosphorylated, and DAMGO phosphorylation compared to
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morphine is more robust and widespread63,102,195. Previously reported phosphoryla-

tion sites are described in Table 2.2; however, it is noteworthy that some of the sites

were identified using mutagenesis technique which is a great tool to identify function

alteration. Nevertheless, the use of this technique to confirm a phosphorylation site

may be misleading, as amino acid substitution may lead to a change in conformation or

interference with other factors; therefore, if changes are observed, it is not necessarily a

consequence of absence of phosphorylation. One example is the Thr394 residue which

has previously been reported to be phosphorylated by mutagenesis analysis259 but high

resolution mass spectrometric analysis were not able to detect phosphorylation of this

site63,195,247.

Figure 2.4. Enlarged serpentine structure of the human µ-opioid receptor intracellular
domains showing potential phosphorylation sites highlighted in red. The full red circles mark
residues previously reported to be phosphorylated. One tyrosine residue in the base of TM2
and one in the base of TM7/helix8 have also been reported to be phosphorylated but are
not shown in this illustration. Further information is presented in Table 2.2. Adapted figure
from Center for Opioid Research and Design (CORD)83.

In view of the fact that phosphorylation of particular residues may regulate dif-

ferent functions, determining which kinases are involved in phosphorylation of specific

residues becomes important for characterising receptor function. Chen et al. (2013)63

in addition to identifying the C-terminal phosphorylation sites Ser356, Thr357, Ser363,

Thr370 and Ser375 by mass spectrometry, also determined in vitro calcium/calmodulin-

dependent protein kinase II (CaMKII), protein kinase C (PKC) and G protein receptor
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kinase 2 (GRK2) binding profile. The ICL3 and C-terminal tail were significantly phos-

phorylated by these kinases, in contrast to ICL2, where phosphorylation produced did

not reach significance. Moreover, the specific phosphorylated residues were also tested

against the kinases above, and results are presented in Table 2.2. The efficiency of

an agonist in phosphorylating Ser375 residue correlates well with β-arrestin 2 recruit-

ment and receptor endocytosis171,236. Interestingly, Ser375 is the primary site in a

hierarchical phosphorylation also involving Thr370, Thr376 and Thr379 residues, and

recruitment of GRK2/3, which is characteristic of DAMGO but not morphine treat-

ment, is essential for efficient phosphorylation of these sites. Furthermore, MOPr can

be heterologously phosphorylated by PKC activators and other receptors such as sub-

stance P and NPFF2 receptors102,163,247

Considering that in the present work I only used human MOPr, it is noteworthy

that the majority of studies in C-terminal phosphorylation used rat or mouse MOPr,

and small interspecies differences at this region are observed. A difference which must

be highlighted is the absence of the last threonine of the TSST cluster (Figure 2.4); this

residue was one of the five phosphorylation sites identified in the rMOPr C-terminal

by mass spectrometry63; therefore, it is important to consider the effect of the absence

of one of the two characterised phosphorylation sites in the TSST cluster. The role

of this cluster phosphorylation is still not well established however recent studies have

examined this region in desensitisation studies of rodent MOPr with some interestingly

results33,364. A study in hMOPr by Mouledous et al. (2012)247 indicated that in the

TSS cluster only Ser358 was phosphorylated; however, phosphorylation was very low

and too close to detection limit, only able to be detected after exposure to the high

efficacy agonist DAMGO. Note that as a consequence of two amino acids deletion at

the N-terminal of rodents MOPr, human MOPr amino acids are always numbered two

sites above.

Further studies are needed not only to better characterise the PTMs that occur in

MOPr but also to determine the role of these modification in MOPr function. Phos-

phorylation is the most studied PTM in MOPr and further information is presented in

Section 2.4.
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Table 2.2. Summary of MOPr phosphorylation sites, proposed kinase involved and key
findings

mMOPr
Site+

Key observations Kinase Cell type Reference

ICL1

Tyr106 Increased DAMGO potency by heterologous
dephosphorylation of constitutive phospho-
rylated residue (MG)

Tyrosine
kinase

X. laevis
oocytes

McLaughlin
and Chavkin
(2001)235

ICL2

Tyr166 Increased DAMGO potency by heterologous
dephosphorylation of constitutive phospho-
rylated residue (MG)

Tyrosine
kinase

X. laevis
oocytes

McLaughlin
and Chavkin
(2001)235

Thr180 Mutation to alanine blocked DAMGO in-
duced homologous desensitisation (MG)

GRK3 X. laevis
oocytes

Celver et al.
(2001)57

ICL3

Ser266 Substitution by alanine or proline affected
DAMGO induced desensitisation/ G protein
coupling (MG)

CaMKII X. laevis
oocytes/
HEK293

Koch et al.
(1997,2000)184,185

TM7++

Tyr336 Mutation to phenylalanine caused a signifi-
cant decrease in AC activation after chronic
exposure to morphine (MG)

Src kinase HEK293 Zhang et al.
(2009)370

C-term

TSST
cluster

DAMGO and morphine induced phosphory-
lation of this cluster (MS)

HEK293 Lau et al.
(2011)195

Low phosphorylation of hMOPr Ser358
(Ser356 in mouse); apparently increased by
DAMGO (MS)

SH-SY5Y Mouledous
et al.
(2012)247

DAMGO and morphine induced phosphory-
lation of Ser356 and Thr357 (MS)

PKC* HEK293 Chen et al.
(2013)63

Ser363 Constitutive phosphorylation (IM) HEK293 Doll et al.
(2011)102

Phosphorylated by PKC (MS) PKC* CHO Feng et al.
(2011)116

Constitutive phosphorylation (MS) HEK293 Lau et al.
(2011)195

Constitutive phosphorylation, but no dis-
tinction between hMOPr Ser365 and Thr366
was possible (MS)

SH-SY5Y Mouledous
et al.
(2012)247

Constitutive phosphorylation (MS) PKC*/
CaMKII*

HEK293 Chen et al.
(2013)63

Constitutive phosphorylation (IM) PKC HEK293
& mouse
brain

Illing et al.
(2014)163

Continued on page 27

+ Studies used mouse, rat and human MOPr, however the analogue site for mouse is showed. Note
that in human the amino acid number is different by two when compared to rodents. ++ According to
crystal structure220, but has been shown as part of C-terminal by some studies356. * In vitro peptide
phosphorylation. Analysis by mass spectrometry (MS), immunodetection (IM) or mutagenesis (MG).
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Table 2.2. Summary of MOPr phosphorylation sites, proposed kinase involved and key
findings. Continued from page 26

mMOPr
Site+

Key observations Kinase Cell type Reference

C-term

Thr370 DAMGO, PMA but not morphine induced
phosphorylation (IM)

PKC (het-
erologous)

HEK293 Doll et al.
(2011)102

Phosphorylation mediated by DAMGO but
also morphine in a much lower extent (MS)

HEK293 Lau et al.
(2011)195

Phosphorylation mediated by DAMGO
(GRK2/3) and only by morphine when
GRK2/3 overexpressed. GRK5/6 not in-
volved (IM)

GRK2/3 HEK293 Doll et al.
(2012)103

Heterologously phosphorylated by NPFF2

receptor activation (MS)
SH-SY5Y Mouledous

et al.
(2012)247

Constitutive; and also morphine and
DAMGO induced phosphorylation (MS)

CaMKII* HEK293 Chen et al.
(2013)63

Phosphorylation diminished if Ser375
deleted (IM)

GRK2/3 HEK293 Just et al.
(2013)171

Substance P receptor activation and PMA
heterologously activated PKC which phos-
phorylated Thr370 (IM)

PKCα
(heterolo-
gous)

HEK293 Illing et al.
(2014)163

STANT
cluster

DAMGO and morphine induced phosphory-
lation of Ser375 (IM)

GRK2 HEK293 Schulz et al.
(2004)311

Morphine and DAMGO induced Ser375
phosphorylation (IM)

Not PKC HEK293 Doll et al.
(2011)102

This cluster phosphorylation abundance is
the major difference between morphine and
DAMGO phosphorylation profile (MS)

HEK293 Lau et al.
(2011)195

Ser375 phosphorylation mediated
by morphine (GRK5) and DAMGO
(GRK2/3)(IM/MG)

GRK2/3
GRK5

HEK293
& mouse
brain

Doll et al.
(2012)103

hMOPr Ser377, Thr378 heterologously
phosphorylated by NPFF2 receptor activa-
tion (MS)

GRK2 SH-SY5Y Mouledous
et al.
(2012)247

Morphine and DAMGO induced phosphory-
lation of Ser375 (MS)

GRK2 HEK293 Chen et al.
(2013)63

Ser375 primary site but Ser376 (very de-
layed) and Thr379 (slightly delayed) also
phosphorylated (IM)

GRK2/3 HEK293 Just et al.
(2013)171

Thr394 Mutation to alanine affected homologous de-
sensitisation induced by DAMGO (MG)

Possibly
GRK2

CHO Pak et al.
(1997)259

+ Studies used mouse, rat and human MOPr, however the analogue site for mouse is showed. Note that
in human the amino acid number is different by two when compared to rodents. * In vitro peptide
phosphorylation. Analysis by by mass spectrometry (MS), immunodetection (IM) or mutagenesis
(MG).
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2.3 µ-Opioid Receptor Signalling

GPCRs are promiscuous proteins, not only because they bind to a large variety of

ligands, but also because they couple with many partners. Signalling transduction

via G proteins was recognised early into GPCR investigations, however recently G

protein independent pathways have been described where the previously characterised

regulatory proteins known as β-arrestins were found to play an important role in GPCR

signalling transduction200.

2.3.1 G Protein Dependent Signalling

MOPr preferentially stimulates Go1, Go2, Gi2, Gi3 and Gz, however some studies have

also demonstrated that it also couples to Gi1, G15 and G16 less efficiently or without

clear functional significance75. Therefore, MOPr couples to the inhibitory Gi/o proteins

which are also known as pertussis toxin-sensitive G proteins as treatment with this toxin

disrupts signalling by catalysing the ADP-ribosylation of Gαi/o
50,76. A large number of

effectors have been identified for MOPr-G protein pathway, here adenylyl cyclase (AC)

inhibition, G protein-coupled inwardly rectifying potassium channel (GIRK) activation

and voltage-dependent calcium channel (ICa) inhibition will be discussed; however,

activation of voltage-gated potassium channels (Kv)
344, MAPKs197, PI3K/Akt218 and

mobilisation of calcium from endoplasmic reticulum76 amongst others have also been

linked to the complex G protein dependent MOPr signalling cascade (Figure 2.5).

Cyclic adenosine monophosphate (cAMP) is a crucial second messenger involved in

the regulation of many biological processes. It is synthetised by AC, then activation

or inhibition of this enzyme by GPCRs controls the downstream cascade dependent

on cAMP levels. The inhibitory G proteins activated by opioid receptors produce AC

inhibition, thus activation of AC via Gs or forskolin† exposure, would be blunted if opi-

oid receptors were to be activated in parallel74,182,358. Under inflammatory conditions,

such as tissue injury, complex molecular mechanisms occur; not only AC is activated by

many inflammatory mediators such as prostaglandins, but also MOPr is upregulated

†Forskolin is largely used in research to heterologously activate AC
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Figure 2.5. MOPr G protein dependent and independent signalling and examples of ef-
fectors. MOPr bound to G proteins in the high affinity inactive state, followed by activation
produced by opioid ligand (red) which leads to conformational changes of the MOPr. Active
receptor can activate the heterotrimeric G proteins dependent and/or β-arrestin dependent
signalling. Examples of effectors for each pathway are presented. AC, adenylyl cyclase; ICa,
voltage-dependent calcium channel; G protein-coupled inwardly rectifying potassium channel,
GIRK; extracellular signal-regulated kinase, ERK.

and transported from the dorsal root ganglion to primary afferent neuron terminals.

There, activated by endogenous or analgesic opioids, MOPr signalling inhibits AC lead-

ing to a directly or indirectly suppression of calcium and sodium currents, which in

addition to decreasing propagation of action potentials, it diminishes release of sub-

stance P, an excitatory proinflammatory neuropeptide330. Many studies have reported

the crucial role inhibition of AC plays in peripheral MOPr analgesic effect, which is

largely related to decreased activation of protein kinase A (PKA)158. PKA is a cAMP-

dependent kinase which is associated with increase in nociception by phosphorylation

of ion channels. Interestingly, many AC subtypes have been identified, and isoform se-

lective compounds have been investigated as possible pharmacological targets for many

conditions including neuropathic pain273. PKA independent cAMP signalling has also

been reported, one example is the direct modulation of voltage-channels (Ih) which

inhibited by MOPr would reduce neuronal excitability165.

It is noteworthy that a well recognised adaptation following chronic opioid treat-

ment is the upregulation of adenylyl cyclase activity, also known as superactivation.
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This phenomenon is correlated to MOPr function, as it was not detected in the brain

of MOPr knockout mice233 and it has been mainly studied for morphine treatment;

however, other opioids also produce superactivation19. Interestingly this adaptation is

also observed for other Gi/o coupling receptors, such as cannabinoid receptor CB1, and

a number of molecular mechanisms have been proposed, including regulation of AC

by Gβγ subunits and differential regulation of varying AC isozymes69. Zhang et al.

(2009 and 2013)370,371 suggested that the change from AC inhibition to activation is

related to recruitment and activation of Src kinase by chronic treatment with opioids.

This would be responsible for tyrosine kinase phosphorylation of MOPr residue Tyr336

and activation of a noncanonical signalling pathway. Therefore, AC superactivation is

probably multifactorial and, in combination with other cellular adaptations reviewed

by Christie (2008)69, forms a complex web of molecular mechanisms involved in cellular

tolerance which may be involved not only in opioid tolerance and withdrawal, but also

in synaptic plasticity.

Activation of MOPr results in the separation of the heterotrimeric G proteins.

Multiple Gβγ subunits directly binds to GIRKs producing their opening which leads

to membrane potential hyperpolarisation78. Considering the tight relation between

G protein and GIRK activation, measuring membrane potential change is a sensible

way of measuring MOPr signalling, without much external interference which may be

observed if effector is further downstream the complex signalling cascade. Genetic

manipulation of GIRK expression had demonstrated the importance of this effector

in opioid induced membrane potential hyperpolarisation in LC neurons339, and more

importantly, the crucial role GIRK plays in opioid induced analgesia by inhibitory

regulation of neuronal excitability162,225,250. The role GIRK plays in CNS expressed

MOPr has been long accepted; however, only recently Nockemann et al. (2013)250 was

able to demonstrated the importance of GIRK channel for peripheral opioid-mediated

analgesia. Interestingly, MOPr is absent in mouse peripheral neurons, differently from

rat and human, and this not only explain conflicting data around this matter, but also

highlight some important interspecies differences which can cause much confusion.

The increase of intracellular calcium concentration evokes the release of excitatory
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neurotransmitters, such as substance P and tachykinins, which are important contribu-

tors to transmission of pain. MOPr inhibits calcium channels primarily of voltage-gated

group (ICa); therefore, negatively modulates the release of neurotransmitters and prop-

agation of action potential centrally and peripherally196,328. The role of G protein in

modulating ICa was reviewed by Dolphin (2003)104 where the βγ subunits were de-

scribed to bind to the channel inhibiting its opening. Evidence for MOPr functional

coupling with ICa is available not only in recombinant systems, but also in rodent na-

tive neurons from brain regions such as LC and PAG41,80,164. It is important to point

out that in addition to the direct effect of G proteins in ICa, these channels can also

be indirectly modulated by other effectors activated by MOPr, as mentioned above for

cAMP.

2.3.2 G Protein Independent Signalling

The ability of GPCRs to signal independently from G proteins reinforces the already

extremely complex GPCR signalling mechanisms. The active conformation of the

majority of the GPCRs can interact not only with G proteins, but also with G pro-

tein receptor kinases (GRK) and β-arrestins202. Initially described as important pro-

teins for GPCR desensitisation, endocytosis and recycling, GRKs and β-arrestins roles

have expanded dramatically when they were characterised as signalling transducers292.

Lefkowitz and Shenoy (2005)202 reviewed β-arrestins signalling transduction involving

MAPKs, tyrosine kinases, Akt, PI3 kinases and NFκB. The GRK pattern of phos-

phorylation is known to work as a ‘barcode’ that regulates β-arrestins function, and a

recent study in β2AR demonstrated that while GRK2 phosphorylation is important for

β-arrestin mediated internalisation, activation of extracellular signal-regulated kinase

(ERK) pathway by β-arrestin is observed only under GRK6 phosphorylation292. This

supports the hypotheses that phosphorylation patterns can stabilise β-arrestin in dis-

tinct functional conformations, and highlights that while recruitment assays indicate

β-arrestin interaction with GPCR, it does not necessarily indicates signalling via this

pathway.

The role of β-arrestins in MOPr signalling transduction is still not well defined.
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Miyatake et al. (2009)242 reported ERK activation by morphine and DAMGO via

G protein and β-arrestin 2-dependent pathways in astrocytes, which is involved in

cell proliferation. The role GRK3 and β-arrestin 2 in ERK activation by fentanyl

was also reported in striatal neurons217. Note that activation of the MAPK cascade

regulates cellular processes such as proliferation and cell-cell communication. Iegorova

et al. (2010)160 suggested MOPr G protein independent signalling modulation of P-

type calcium channels via scaffolding proteins or protein-protein interaction; however,

they did not exclude the possibility of opioid direct channel interaction. Another study

also determined an important role for β-arrestin 2 in activating c-Src, a kinase necessary

for inhibiting ICa
349. Taken together these studies suggested that MOPr may activate

ERK and modulate calcium channels via β-arrestin dependent pathway; nevertheless,

evidence is lacking regarding other effectors (Figure 2.5).

2.4 µ-Opioid Signalling Regulation

Opioid tolerance and dependence are linked to the activation of the MOPr233; however,

the exact cellular mechanisms underlying these well characterised clinical phenomena

are still elusive. It is known that a very complex network of regulatory processes oc-

cur after even a single dose of opioid, and with chronic treatment cellular tolerance

is observed19,356. Nevertheless, in vivo tolerance is not a direct consequence of only

cellular tolerance, as many complex regulatory mechanisms at both cellular and neu-

ral circuit are likely to contribute to it69. The most studied regulatory process is

desensitisation, which is characterised by a decrease in receptor signalling with per-

sistent stimulation199. The focus of this review will be on molecular mechanisms of

acute desensitisation involving phosphorylation and internalisation. Figure 2.6, from

a thorough recent review of MOPr regulation by Williams et al. (2013)356 illustrates

regulatory processes in addition to the time line for each process.
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Figure 2.6. General scheme and time line (log scale) for MOPr signalling regulation pro-
cesses after binding of a high efficacy agonist such as DAMGO. After agonist induced confor-
mational change, G protein activation is the fastest step, followed by GRK phosphorylation
which facilitates arrestin binding, and arrestin recruits the machinery necessary for endocy-
tosis. Under the time scale rapid surface resensitisation by dephosphorylation and the slower
recycling process are illustrated. This figure is reproduced from Williams et al. (2013)356

and the authors characterised rapid desensitisation until signal steady state (approximately
5 minutes) followed by short-tolerance and long-tolerance.

2.4.1 Desensitisation

A rapid decrease in agonist induced signalling to levels similar to unstimulated is ob-

served with many GPCRs, despite continues drug exposure. This phenomenon termed

desensitisation was observed since early GPCR studies and interested many researches,

as both receiving and terminating GPCR signals is important for cellular homeosta-

sis201. In early desensitisation studies, the observation that desensitised β2AR migrated

slower in SDS-PAGE gels than non-agonist exposed receptors327, led to the investiga-

tion and confirmation of receptor phosphorylation. Initially, GRK2 was identified and

proposed to be responsible for phosphorylation, and thus desensitisation; however, soon

it became clear that a ‘cofactor’ was missing, later identified and named β-arrestin



34 Introduction

(to differentiate from visual arrestin)30. Since then, a large number of kinases have

been demonstrated to phosphorylate GPCRs, including the extremely important reg-

ulatory kinases G protein receptor kinases (GRK). In addition, different subtypes of

arrestins have been identified where non-visual arrestins, known as β-arrestin 1 and

2, are also crucial regulatory proteins. After a large number of studies, the classical

model for GPCR desensitisation was determined to involve receptor phosphorylation by

GRKs which increased the affinity of the activated receptor for cytosolic β-arrestins. β-

arrestins would then disrupt coupling of G proteins, consequently, producing signalling

desensitisation190. This GPCR desensitisation model was soon challenged, considering

that some agonists does not recruit β-arrestin as efficiently but still lead to profound

desensitisation. Moreover, a recent study highlighted that phosphorylation is not essen-

tial for β-arrestin biding to some GPCRs133. Studies of MOPr desensitisation support

the idea of a complex interplay of factors which culminate in desensitisation, and the

mechanisms involved are agonist-selective probably as a result of different active con-

formations175.

Desensitisation can be characterised as homologous or heterologous in nature. Ho-

mologous desensitisation is the reduced signalling restricted to one subtype of GPCR,

while heterologous desensitisation occurs when one subtype of GPCR is activated pro-

ducing reduced signalling of other GPCRs, which share similar signalling pathway. At

the present work, acute homologous and heterologous signalling desensitisation induced

by DAMGO and morphine were investigated.

Homologous desensitisation of MOPr signalling has been reported after treatment

with many different agonists, and it has been measured using many different effectors.

Recording of opioid effects on ion channels is one of the best methods to determine

receptor desensitisation, as it is direct and with good temporal resolution. LC neurons

contain mainly MOPr of the opioid receptors family in addition to GIRK; hence, these

neurons have been largely used to study MOPr desensitisation. Morphine acute de-

sensitisation has been the focus for much controversy; while high efficacious agonists,

such as DAMGO and met-enkephalin (ME), were consistently reported to promote a
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significant desensitisation in LC neurons, morphine acute desensitisation was not sig-

nificant5,20. Nevertheless, in HEK293 cells expressing MOPr and GIRK, morphine and

DAMGO promoted a rapid desensitisation of GIRK signalling167, and similar results

are observed in AtT20 cells364. Also in AtT20 cells, homologous desensitisation of the

inhibition of ICa produced by DAMGO and morphine was significant and similar be-

tween these agonists41. Likewise, rapid desensitisation in the [Ca2+]i was observed for

both morphine and DAMGO in HEK293 cells71.

Heterologous desensitisation after opioid exposure has been previously reported for

α2-adrenergic receptor and somatostatin receptor(s) in LC neurons35,211, and natively

expressed somatostatin receptor(s) in AtT20 cells transfected with MOPr364. Curi-

ously, heterologous desensitisation in response to noradrenaline was observed in imma-

ture rat LC neurons, but not in mature which was correlated to a decrease in GRK2

levels during aging process211. Heterologous desensitisation will be further discussed

in Chapter 4.

Desensitisation, together with adaptations such as AC superactivation and down-

regulation, are likely to be mechanisms underlying tolerance after chronic opioid ex-

posure69. Levitt and Williams (2012)203, in a study of rat LC neurons, suggested

that desensitisation and cellular tolerance are separate processes, but desensitisation

also contributes to behavioural tolerance because it was affected by PKC inhibitor

modulation of morphine desensitisation.

2.4.2 Desensitisation and Phosphorylation

The fact that GPCR phosphorylation increases β-arrestin affinity is a clear indication

of the importance of phosphorylation for G protein signalling regulation and G pro-

tein independent signalling292. However what happens to signalling desensitisation if

kinases are modulated or phosphorylation sites are deleted?

The intracellular region of hMOPr have 21 putative phosphorylation sites, where

more than half have been reported to be phosphorylated (Figure 2.4, Table 2.2). It is

clear that the majority of the phosphorylation sites are in the C-terminal tail, which

has been extensively characterised; however, some isolated sites in the ICLs have also
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been described.

Table 2.2 also summarises kinases involved in the phosphorylation of many residues.

Modulation of kinase activity has been largely used to determine the influence of a cer-

tain kinase in MOPr desensitisation; basically, two different approaches have been

utilised: genetic and chemical manipulation. In the first one, kinase activity can be

partially (knockdown) or completely (knockout) disrupted23, or increased by overex-

pression367. In the second one, chemical compounds can be used to activate or inhibit

kinases, which can be selective but often they are promiscuous affecting many differ-

ent kinases13,167. β-arrestin levels were also genetically manipulated in many studies

to better determine this adaptor role, in addition to separate phosphorylation and

β-arrestin function94.

Of the ICL phosphorylation sites, only two have been linked to desensitisation:

Thr180 and Ser266 (mMOPr). In Xenopus laevis oocytes and AtT20 cells, Thr180

substitution to alanine affected DAMGO induced MOPr desensitisation which requires

GRK3 and β-arrestin 2. However, cells were washed for 10 minutes between one

hour treatment and challenge; thus, many factors could affect these results, as in one

hour adaptations can already be present and prolonged wash allow many regulatory

processes to occur56,57. In addition, phosphorylation of this site was not detected using

a phosphosite specific antibody after DAMGO treatment271. The Ser266 residue, in

the third ICL, has been described to be the primary site of CaMKII phosphorylation,

and alteration to alanine or proline attenuated receptor desensitisation185. This site

will be further discussed in Chapter 7 as it is affected by the hMOPr SNP S268A.

Two recent studies have assessed the effect of C-terminal tail phosphorylation in

desensitisation by mutagenesis of different serine and/or threonine residues. Birdsong

et al. (2015)33 reported a significant decrease in ME induced sustained desensitisation

observed after alanine substitution of both TSST and STANT clusters, but isolated

mutation of either clusters did not affect signal reduction; desensitisation was measured

using whole cell voltage clamp in MOPr knockout brain slices† injected with viral plas-

mid containing MOPr variant sequence. Note that the term sustained desensitisation

†mediodorsal nucleus of the thalamus neurons
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was used to describe desensitisation measured by challenging opioid response after

stimulus, while acute desensitisation was measured by signal decay after opioid stimu-

lus. In this paper, acute desensitisation was not significantly different in the thalamus

neurons where sustained desensitisation was measured, but in LC neurons mutation

of both clusters attenuated desensitisation by ME. The second study was performed

in AtT20 cells transfected with wild type mMOPr and three phosphosite deleted vari-

ants by alanine substitution364. Morphine and ME induced sustained desensitisation

(measured as described above) was unaffected in two mutants with multiple important

phosphorylation sites deleted. Only the total deletion of C-terminal phosphorylation

sites abolished ME desensitisation; however, morphine induced desensitisation was

also unaffected. Morphine induced desensitisation was reduced by PKC inhibitor, as

previously reported, and interestingly this inhibitor abolished desensitisation in the

total phosphosite deleted mutant. Therefore these studies suggest a crucial role for

C-terminal tail phosphorylation in ME stimulated desensitisation, while PKC activity

is more important for morphine.

The correlation between PKC activity and morphine tolerance is supported by a

number of in vivo studies, where inhibition of PKC attenuates tolerance37,153,321. Bailey

et al. (2004)21 investigated these findings at the molecular level and determined that

activation of PKC by a phorbol ester increased opioid induced desensitisation, which

could be reversed by PKC inhibition. Remarkably, morphine which was previously

determined to cause a very low desensitisation, compared to DAMGO and methadone

in LC neurons20, in the presence of a PKC activator produced a significant rapid

desensitisation. A later study has not only determine PKCα as the subtype responsible

for this increased desensitisation in LC neurons, but also ascertained that this process

was independent of GRK2 by using a GRK2 dominant negative mutant23. This crucial

role played by PKC in morphine desensitisation is not observed for DAMGO, which,

in contrast, is GRK2 dependent23,167.

Phosphorylation independent GRK2/3 activity has also been suggested to affect

MOPr desensitisation of GIRK signalling by competing with the channel for the Gβγ

subunits286. This is a quite different mechanism that needs to be considered, especially,
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for opioid agonists such as DAMGO. This opioids produce a robust phosphorylation

by GRK2/3; therefore, efficiently recruiting these kinases.

It is noteworthy that desensitisation has been measured in many different ways

which can significantly affect results obtained. With this in mind, Arttamangkul et

al. (2015)13 compared two different desensitisation measurements, acute and sustained

desensitisation which was mentioned above, and concluded that in LC neurons results

obtained for both measurements probably involves distinct factors; consequently, vary-

ing results may be expected. Two other points need to be considered: difference in

cell type and receptor expression. Desensitisation has been studied in many different

cell lines including LC neurons, HEK293 and AtT20 cells. Atwood et al. (2011)15

compared mRNA levels of important proteins for GPCR signalling and regulation in

HEK293, AtT20, BV2 and N18 cells; the difference is astonishing and would be sur-

prising not to affect GPCRs function. In addition, level of expression of MOPr which

can be natively expressed, as in LC neurons, or heterologously expressed may inter-

fere with measurements. In a review, Connor et al. (2004)79 highlighted how a large

receptor reserve can mask desensitisation, especially if using high concentration of a

highly efficacious agonist. Although receptor reserve is generally linked to heterologous

systems, LC neurons were also reported to present a reasonable receptor reserve for

high efficacy agonists79,294.

The MOPr and β-arrestin binding is enhanced by phosphorylation of the C-terminal

tail, which is related to GRK2/3 activation and phosphorylation of MOPr STANT

cluster63,171. Chu et al. (2008)71, by manipulating β-arrestin activity in HEK293 cells,

demonstrated the importance of this adaptor for DAMGO induced acute desensitisa-

tion, however morphine stimulated desensitisation was β-arrestin independent. In con-

trast, a desensitisation study in LC neurons of β-arrestin knockout mouse demonstrated

that absence of β-arrestin 2 did not affect acute desensitisation induced by ME when

compared to wild-type counterpart; however, faster resensitisation was observed95.

Moreover, cellular tolerance and impaired resensitisation detected after chronic mor-

phine exposure in wild-type LC neurons did not occur in β-arrestin 2 knockout, and

resensitisation was reversed to normal in wild-type neurons after GRK2 inhibition.
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In a in vivo model of β-arrestin 2 knockout, cellular tolerance development is com-

promised but not withdrawal36,80; together these support the role of β-arrestin 2 and

GRK2 phosphorylation in adaptations involved in tolerance, but not opioid dependence

development after chronic morphine exposure.

Chapters 4 and 8 will further discuss the role of phosphorylation in desensitisation.

2.4.3 Desensitisation and Internalisation

The conformational changes after agonist binding promote GRK phosphorylation of

GPCRs that facilitates β-arrestin binding. The complex GPCR-β-arrestin traffics into

clathrin-coated pits promoted by β-arrestin-clathrin direct interaction in combination

with other factors, such as action of clathrin adapter complex AP-2 which is recruited

by β-arrestin194,347. The formation of vesicles, known as early endosomes, is facilitated

by a GTPase protein called dynamin which fission the vesicles from the membrane

surface. β-arrestins have also been implicated in the dynamin endocytosis step, as

phosphorylation of dynamin is crucial for this protein activity, and dynamin phos-

phorylation is dependent on Src kinase which in turn is activated by β-arrestin sig-

nalling216,240. The endocytosis machinery, described until now, is highly conserved

across GPCRs; however, once internalised two different patterns are observed which

are classified as class A or class B according to β-arrestin interaction. MOPr, β2AR

and dopamine D1A receptor are class A receptors, they do not bind to visual arrestins

and have a higher affinity for β-arrestin 2 than β-arrestin 1216,368. GPCRs of this class

present a very fast β-arrestin dissociation once internalised, while class B receptors

form a much stronger bound complex with β-arrestin; consequently, the complex is

observed in later endosomes. It has been proposed that this difference in interaction

with β-arrestin is part of the complex mechanism which define if receptors are to be

recycled or degraded, where class A is more likely to recycle, while class B is highly

degraded. The phosphorylation ‘barcode’ previously mentioned to be important to

determine β-arrestin signalling, also seems to play a role in determining the stability

of the receptor-β-arrestin complex251.

Early studies in regulation of opioid receptor internalisation were reviewed by Von
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Zastrow et al. (2003)347, they outlined the above conserved mechanisms for opioid

peptides (Figure 2.7), and the inability of morphine to engage the endocytosis machin-

ery after acute and chronic exposure. More recent publications have ascertained that

morphine is an example of a opioid which does not engage in phosphorylation of the

STANT cluster as effectively as DAMGO; therefore, the difference in β-arrestin pro-

moted rapid internalisation171,195. A good correlation between agonist induced mMOPr

Ser375 phosphorylation, β-arrestin 2 recruitment and internalisation was determined

for a large range of opioids by Mcpherson et al. (2010)236.

Figure 2.7. Generally accepted µ-Opioid receptor regulatory pathway after an internalis-
ing agonist such as DAMGO. Note that the majority of the receptors are recycled as expected
for β-arrestin class A receptors. This figure is reproduced from Connor et al. (2004)79.

The interconnection between phosphorylation, β-arrestin recruitment, internalisa-

tion and resensitisation can be misleading. An agonist’s ability to rapidly internalise

GPCRs was thought to contribute to receptor acute desensitisation as receptors would

not signal from inside the cell117, and this was consistent with the lower morphine de-

sensitisation profile observed in LC neurons. Endocytosis mediated by opioid peptides

was proposed to increase resensitisation and slow rate of desensitisation, as observed

in the recombinant HEK293 cells by Law et al. (2000)196. The sustained phosphory-

lation of Ser375 by morphine after opioid removal, in contrast to DAMGO, which is

internalised and dephosphorylated, was first thought to prevent resensitisation and,

therefore, promoting morphine mediated desensitisation which could be related to
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tolerance. Nevertheless, recent evidence ascertained that MOPr can be adequately

dephosphorylated at membrane level and receptor can be recovered95,102,279. In trans-

fected HEK293 cells, MOPr Ser375 and Thr370 residues are rapidly dephosphorylated

after agonist removal, and it is independent of endocytosis as using an internalisa-

tion inhibitor, concanavilin A, did not affect the rapid dephosphorylation normally

observed102. In 2006, Arttamangkul et al.11 demonstrated that recovery from desensi-

tisation is not affected by inhibition of internalisation in LC neurons, and in β-arrestin

knockout LC neurons recovery was faster after ME exposure than in wild type. A recent

study in AtT20 cells transfected with MOPr variant, in which phosphorylation sites at

C-terminal STANT cluster were deleted, the receptor failed to internalise but did not

affect desensitisation364. Therefore, aside from being mechanistically related, desen-

sitisation, endocytosis and resensitisation are not necessarily correlated, and, clearly,

endocytosis is not a regulatory process necessary for acute receptor desensitisation and

resensitisation.

The notion that acute desensitisation and internalisation are distinct regulatory

processes is further supported by their time course. Acute desensitisation is a faster

process than internalisation. Johnson et al. (2006)167 reported DAMGO induced

maximum desensitisation of GIRK signalling in approximately 5 minutes, while at

10 minutes internalisation was far from complete in HEK293 cells expressing rMOPr.

In LC neurons, although acute desensitisation of DAMGO induced GIRK activation

was slightly slower than reported in HEK293, receptor loss was still much slower20.

Furthermore, DAMGO induced MOPr desensitisation measured via ICa inhibition in

AtT20 cells transfected with mMOPr is consistent with above reports41; then, overall,

DAMGO induced internalisation reaches steady state before 30 minutes and half-time

is somewhat around 5 minutes, while according to Williams et al. (2013)356 review,

rapid desensitisation reaches steady state by 5 minutes.

The correlation between endocytosis and cellular tolerance was reported by Finn

and Whistler (2001)122, where a chimera construction that facilitated morphine endo-

cytosis reduced cellular tolerance and cAMP superactivation after prolonged morphine
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exposure. Although there is weak evidence to correlate internalisation and acute desen-

sitisation11, endocytosis and resensitisation may contribute to the complex adaptation

mechanisms involved in tolerance and dependence69,229. Interestingly, a recent study

had demonstrated that MOPr recycling, which can modify receptor surface numbers,

is not only regulated by opioids but also may be physiologically cross-regulated by sub-

stance P neurokinin 1 receptor signalling transduction43. Paradoxically, substance P, a

pro-nociception neurotransmitter, induced an increase in MOPr recycling and resensi-

tisation in trigeminal ganglion neuron after fentanyl and DAMGO, but not morphine,

and it was dependent on PKC activation and phosphorylation of Ser363 and Thr370.

This emphasises not only the importance of heterologous signalling pathways in MOPr

regulation, but also the agonist-selective heterologous modulation, where in mice fen-

tanyl mediated acute tolerance was diminished while morphine was unaffected.

Last, the importance of subcellular compartments must be highlighted as morphine

induced significant MOPr internalisation in dendrites of nucleus accumbens neurons, in

contrast to the low endocytosis in the same neuron cell bodies140. Endocytosis by mor-

phine was also observed in striatal neurons141 and in the hMOPr SNP L85I287, which

emphasises that not only distinct molecular mechanisms across different cell types, but

also how a small change in receptor structure could affect endocytosis machinery. The

L85I polymorphism will be further discussed in Chapter 6.

In conclusion, recent methodology advances enabled assessing desensitisation, phos-

phorylation and internalisation in many different systems and under varying condi-

tions. Phosphorylation and endocytosis are much better understood then desensiti-

sation which is a much more complex regulatory process. It is clear that regulatory

processes are agonist-selective and this highlights the importance of characterising the

functional importance of receptor regions and varying active conformations stabilised

by each agonist; this knowledge will probably explain how varying opioids recruit dif-

ferential regulatory processes and may supply a valuable clue on how to develop an

improved opioid drug175.
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2.5 Functional Selectivity at the MOPr

Functional selectivity, also termed biased agonism and ligand direct signalling, is sup-

ported by the notion that a specific agonist binding stabilises varying active confor-

mations of GPCRs, which can lead to activation of selected pathways and different

regulation. Raehal et al. (2011)281 reviewed biased agonism at the MOPr in vivo and

in vitro, and they described bias signalling and regulation at many different levels.

Phosphorylation, internalisation and desensitisation have been previously discussed,

here focus will be on β-arrestin versus G protein functional selectivity.

Although β-arrestin biased agonism is a quite recent concept, it already clarified

the intriguing pharmacological variance between β-blockers292. Many MOPr studies

have looked at agonist mediated β-arrestin recruitment, but, unfortunately, evidence of

β-arrestin signalling under varying opioid agonist treatment is lacking. Endomorphin-2

was determined to be β-arrestin biased, based on an operational model of pharmacolog-

ical agonism, and, interestingly, it induced faster GIRK signalling desensitisation than

DAMGO294. This was following the study by McPherson et al. (2010)236 which re-

ported β-arrestin 2 recruitment bias between a large number of opioids and determined

the endomorphins to be the most β-arrestin-biased of a range of opioids tested.

Many studies using β-arrestin 2 knockout mice reported a reduction in adverse ef-

fects and tolerance, in addition to increase of morphine induced anti-nociception in

these genetic modified animals compared with the wild type80,280,281. In contrast, the

analgesic effect of morphine in knockdown Gαi mice was diminished282,306. Combined

this information supports the notion of G protein dependent analgesia and β-arrestin

2 dependent adverse effects. Nevertheless, it is important to note that opioid with-

drawal was not determined to be β-arrestin 2 dependent80, and rewarding properties

by morphine is enhanced in these rodents; therefore, the development of a novel opioid

drug biased towards G protein signalling with less adverse effects may alarmingly in-

crease dependence and abuse. Interestingly, a G protein-biased MOPr ligand, named

TRV130, is in clinical trials101. A preclinical model with a small group of healthy

man demonstrated that molecular studies may be translated to the clinics, as greater
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analgesia with less adverse effects were reported with TRV130 when compared with

morphine324.

2.6 Genetic Variants of the Human µ-Opioid Re-

ceptor

Since the identification and cloning of the MOPr gene OPRM1, a large number of

studies have used genetic manipulation to construct MOPr variants to study signalling

and regulation. However, naturally occurring variants have also been identified which

are classified as splice variants or single nucleotide polymorphisms (SNPs).

Alternative splicing of OPRM1 has been described for mice, rats and humans. A

number of N and C-terminal hMOPr splice variants were identified, and differences

in signalling and/or regulation were reported262,361. It is noteworthy that only a few

studies from the same research group identified hMOPr splice variants; therefore, a

larger body of evidence is necessary not only to determine frequency of expression, but

also to identify in vivo functional relevance associated to their expression.

A large number of SNPs in the coding region of OPRM1 have been identified, and

they have been thoroughly reviewed by Knapman and Connor (2015)180. The A118G

(N40D) allele variant is the most studied SNP. A large number of clinical and molecular

studies have analysed this polymorphism as it is very common in some populations and

have been associated with lower pain threshold and drug addiction248. This variant

together with C17T (A6V), another common N-terminal variant, are assessed and dis-

cussed in Chapter 5. In addition to these two common SNPs, five rare polymorphisms

will also be assessed in this work. The R181C polymorphism was previously charac-

terised by a study as a total loss of function, while L85I was able to be internalised by

morphine stimulus287. The hMOPr SNPs R260H, R265H and S268P are third intra-

cellular loop mutations and have been reported to affect signalling180. The study of

MOPr SNPs may help to elucidate MOPr molecular mechanisms, in addition to cor-

roborate with known genetic factors involving pharmacokinetics304 to explain the well



2.6 Genetic Variants of the Human µ-Opioid Receptor 45

recognised inter-individual variability in opioid response. Note that in the present work

the term polymorphism was used for all naturally occurring variants independently of

frequency.

Therefore, by studying naturally occurring mutations of MOPr, together with tar-

geted mutations of putative phosphorylation sites, I hope to gain a greater understand-

ing of the mechanisms underlying receptor signalling and regulation.
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3
Experimental Methodology

This chapter contains experimental protocols used throughout this work. Wherever

required, a brief explanation of the basic principle is provided. Information regarding

recipes, materials and equipment utilised can be checked in Appendix A, and informa-

tion regarding suppliers in Appendix B.
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3.1 Cell Culture

The work presented in this thesis was carried out using cultured cells to research

molecular pharmacology of the MOPr. AtT20 cells, immortalised mouse pituitary

adenoma cells, were the main cell type used for this work, while Human Embryonic



3.1 Cell Culture 49

Kidney 293 (HEK293) cells were used for control experiments. It is important to note

that none of the cell lines used in this project constitutively express MOPr, therefore

all data obtained is through heterologous expression.

All the cell culture related procedures were performed under sterile conditions and

adhered to the requirements of the Office of the Gene Technology Regulator (OGTR)

for dealing with genetic modified organisms. Biosafety approvals obtained to work with

genetic modified organism are shown on Appendix E.

3.1.1 AtT20 Cells

AtT20 cells are mouse pituitary adenoma cells. The adherent type of this cell line was

chosen for this project because it constitutively expresses functional G protein-coupled

inwardly rectifying potassium channels (GIRKs). GIRKs play an important role in

maintaining the resting membrane potential and excitability of cells, which is crucial

for the main signalling assay performed during this work (section 3.5). In addition,

AtT20 cells also constitutively express somatostatin receptors, which allow ready study

of heterologous desensitisation.

AtT20 wild-type cells were purchased from ATCC and all AtT20 cells expressing

mouse MOPr were a gift from Prof. MacDonald Christie from Sydney University.

3.1.1.1 Growth Condition

AtT20 cells were cultured in complete growth medium, which consists of 10% fetal

bovine serum (FBS) and 1% of penicillin-streptomycin in high glucose Dulbecco’s Mod-

ified Eagle Medium (DMEM). Selection antibiotics were added to the transfected cells

medium and will be further discussed in section 3.3. The cultures were grown and

maintained in a humidified incubator at 37 oC with 5% CO2 in air atmosphere.

3.1.1.2 Propagation

AtT20 cells grew attached to the bottom of the flask and complete growth medium

was changed every 2-3 days. They were round in shape after seeding and in 1-2 days
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became more elongated in normal growth condition. Cells were passaged to a new flask

when confluency reached ∼70-80%.

Passaging involved rinsing the cells with phosphate-buffered saline (PBS), then

adding trypsin-EDTA and incubating for ∼2 minutes, followed by complete growth

medium, centrifugation to pellet cells (@ 1000 rpm for 5 min), aspiration of medium,

resuspension of cells pellet in complete growth medium and reseeding.

Trypsin, a serine protease, is used in tissue culture to detach cells by cleaving the

extracellular matrix that attaches cells to the flask. EDTA, a chelating agent, increases

trypsin enzymatic activity by neutralising calcium and magnesium ions that obscure

the peptide bonds on which trypsin acts.It is important to stop enzymatic reaction with

complete growth medium; otherwise the continuous digestion can lead to cell death.

FBS contains protease inhibitors, for that reason complete growth media is used to

stop trypsin reaction, and also PBS is used to remove any remaining medium before

adding trypsin-EDTA.

Reseeding was done according to expected usage of cells. In a long-term propagation

only ∼ 0.1mL of 5mL resuspension is used.

Every time cells were passaged, an increase in passage number was recorded. In

this project, cells were used up to 20 passages from transfection.

3.1.1.3 Storage

Cell lines were stored frozen in liquid nitrogen tanks. This enables not only long-

term storage and transportation but also the maintenance of batches with low passage

numbers.

Freezing cells involved the same steps as propagation, with the exception that when

resuspending cells a freezing medium was used. Freezing medium consists of 20% FBS,

5% DMSO and 75% DMEM.

When freezing cells, ice crystals form and can puncture the plasma membrane,

leading to cell death. DMSO, a cryoprotectant agent, is used to partially solubilise the

membrane (making it less prone to puncture) and also decreases formation of crystals.

Cells from a T75 flask were carefully resuspended in 2mL of ice-cold freezing medium
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and transferred to a labelled cryo-vial (1mL per Symport cryo-vial). Cryo-vials were

placed inside an ice-cold Mr. Frosty™† and transferred into a -80 oC freezer for at least

4 hours, and then to a liquid nitrogen tank. Information regarding frozen cell line and

location in tanks was recorded in the liquid nitrogen registry.

3.1.1.4 Thawing

The thawing procedure is stressful to frozen cells, and using good technique and working

quickly ensures a high proportion of cells survive this procedure.

Cells were removed from liquid nitrogen tanks and quickly (<1 minute) thawed in

37 oC water bath. DMSO is toxic to the cells above 4 oC for this reason a rapid proce-

dure was crucial. Then, cells were added drop-wise to a T75 flask containing 10mL of

complete growth medium without selection antibiotics. In order to remove cryoprotec-

tant agent, 24 hours after seeding or whenever cells were completely attached, medium

was changed to complete growth medium plus selection antibiotics.

3.1.1.5 Assay Condition

All assays performed during this project were done after overnight serum starvation

by incubating samples in L15 medium supplemented with 1% FBS, 1% of penicillin-

streptomycin and glucose to 15mM at 37 oC in air atmosphere. Serum starvation was

used to put the cells in a similar proliferative state across all assays.

3.1.2 HEK293 Cells

HEK293 cells are largely used as a vehicle for the expression of recombinant proteins in

the literature. In this project, these cells were only used for sets of control experiments.

They do not natively express GIRKs.

†Mr. Frosty™ is filled with isopropranol and designed to regulate the rate of temperature drop to
1 oC.min−1



52 Experimental Methodology

3.1.2.1 Growth, Thaw, Propagation and Storage

HEK293 cells were grown, propagated, stored and thawed in similar way to AtT20

cells. These cells grew in a slightly faster rate, then medium was changed more often

than with AtT20. In addition, 10% instead of 5% DMSO was used to prepare freezing

medium.

3.2 Gene Construction and Transformation

In this project, 12 variants of the hMOPr and four variants of the mMOPr were anal-

ysed. The human variants were constructed in collaboration with Dr. Alisa Knapman,

and were synthetised by GenScript.

The mouse variants were constructed, transformed and transfected by Prof. Mac-

Donald Christie lab members at the University of Sydney.

3.2.1 µ-Opioid Receptor Constructs

DNA constructs were synthesized according to sequences outlined in this subsection

and inserted in the cloning site HindIII-BamHI of the pCDNA5/FRT/TO vector (see

subsection C.1.3) by GenScript.

All designed DNA sequences contain an ‘adequate’ Kozac consensus and encode a

triple human influenza hemagglutinin tag (HA-tag) attached to the N-terminal of the

MOPr (green font in hMOPr-WT sequence Figure 3.1).

3.2.1.1 hMOPr-WT

The most common hMOPr variant, encoded by the OPRM1 gene, was used to con-

struct the hMOPr-WT sequence. This sequence was optimised by GenScript for good

expression yields in a heterologous system and is shown in Figure 3.1.
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Figure 3.1. Human µ-Opioid receptor wild-type sequence. Kozac consensus underlined,
HA-tag highlighted in green and initiation codon in purple.

3.2.1.2 hMOPr-A6V

This SNP occurs in position 17 of the OPRM1 gene. The change of a C to a T in the

second position of the codon results in a change from alanine to valine (highlighted in

cyan in Figure 3.2).

Figure 3.2. Sequence of the mutated codon in hMOPr-A6V
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3.2.1.3 hMOPr-N40D

This SNP is in position 118 of the OPRM1 gene. The change of an A to a G in the first

position of the codon results in a change from asparagine to aspartic acid (highlighted

in cyan in Figure 3.3).

Figure 3.3. Sequence of the mutated codon in hMOPr-N40D

3.2.1.4 hMOPr-L85I

This SNP is originally a change of a C to an A in position 253 of the OPRM1 gene,

resulting in a change from leucine to isoleucine. However with the optimisation of

the hMOPr-WT, the codon used was CTG, and the nucleotide change would lead to

methionine not isoleucine. Therefore the nucleotide on position 255 was also changed

from G to C to result in the expected amino acid change (highlighted in cyan in Figure

3.4).

Figure 3.4. Sequence of the mutated codon in hMOPr-L85I

3.2.1.5 hMOPr-R181C

This SNP is originally a change of a C to a T in position 541 of the OPRM1 gene,

resulting in a change from arginine to cysteine. However with the optimisation of the

hMOPr-WT, the codon used was CGA, and the nucleotide change would lead to a stop

codon not cysteine. Therefore the nucleotide on position 543 was also changed from A

to T to result in the expected amino acid change (highlighted in cyan in Figure 3.5).
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Figure 3.5. Sequence of the mutated codon in hMOPr-R181C

3.2.1.6 hMOPr-R260H

This SNP is in position 779 of the OPRM1 gene. The change of a G to an A in the

second position of the codon results in a change from arginine to histidine (highlighted

in cyan in Figure 3.6).

Figure 3.6. Sequence of the mutated codon in hMOPr-R260H

3.2.1.7 hMOPr-R265H

This SNP is originally a change of a G to an A in position 794 of the OPRM1 gene,

resulting in a change from arginine to histidine. However, with the optimisation of

the hMOPr-WT, the codon used was CGA, and the nucleotide change would lead to

glutamine not cysteine. Therefore the nucleotide on position 795 was also changed

from A to C to result in the expected amino acid change (highlighted in cyan in Figure

3.7).

Figure 3.7. Sequence of the mutated codon in hMOPr-R265H

3.2.1.8 hMOPr-S268P

This SNP is originally a change of a T to a C in position 802 of the OPRM1 gene,

resulting in a change from serine to proline. However with the optimisation of the

hMOPr-WT, the codon used was AGC, which does not even contain a T. Therefore
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the whole codon was changed to CCT to result in the expected amino acid change

(highlighted in cyan in Figure 3.8).

Figure 3.8. Sequence of the mutated codon in hMOPr-S268P

3.2.1.9 hMOPr-S268A

The codon AGC, that codes amino acid on position 268 of the OPRM1 gene, was

modified to GCT to introduce a serine to alanine point mutation (highlighted in cyan

in Figure 3.9).

Figure 3.9. Sequence of the mutated codon in hMOPr-S268A

3.2.1.10 hMOPr-3S/A

Three codons of the OPRM1 gene were modified to change all 3rd loop amino acid

serine to alanine (highlighted in cyan in Figure 3.10).

Figure 3.10. Sequence of the mutated codons in hMOPr-3S/A

3.2.1.11 hMOPr-3ST/A

Four codons of the OPRM1 gene were modified to change all 3rd loop serine and

threonine amino acids to alanine (highlighted in cyan in Figure 3.11).
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Figure 3.11. Sequence of the mutated codons in hMOPr-3ST/A

3.2.1.12 hMOPr-CST/A

Eleven codons of the OPRM1 gene were modified to change all C-terminal serine and

threonine amino acids to alanine (highlighted in cyan in Figure 3.12).

Figure 3.12. Sequence of the mutated codons in hMOPr-CST/A

3.2.2 Transformation and Plasmid DNA Preparation

Genetic transformation is a technique where a host organism takes in a foreign DNA and

expresses the foreign gene. This technique was essential for propagating and maintain-

ing plasmids which were important to obtain enough plasmid DNA for transfections.

Alpha-select gold efficiency Escherichia coli competent cells were thawed on ice,

25µL added to a sterile 2059 tube and mixed with 0.1-1µg of plasmid DNA. To make

the cell passively permeable to DNA, the mix was heat shocked in 42 oC water bath for

45 seconds with gentle agitation, then placed in ice for 2 minutes. LB broth (500µL)

without ampicillin were added and cells were incubated in a shaking incubator (200-

250rpm) at 37 oC for 30-60 minutes, thus cells started growing and expressing ampicillin

resistance gene. 100µL of this mix were spread onto one LB-ampicillin (100µL/mL)

plate and a sterile loop used to inoculated onto another plate using the streaking

technique, once dried, plates were flipped over and incubated overnight at 37 oC. On

the second day, two isolated bacteria colonies were picked, each inoculated into 10mL

of LB-ampicillin broth then placed in a shaking incubator (150-200 rpm) overnight

at 37 oC. On the last day, PureLink® quick plasmid miniprep kit was used to purify
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plasmids from cultures as per manufacturer’s protocol.

Glycerol stock was also made for long-term storage by mixing 250µL of 50% glycerol

(cryoprotectant agent) and ∼600µL of overnight culture and transferred to -80 oC

freezer.

DNA purity was assessed using NanoDrop™ 2000 spectrophotometer where a ratio

(A260/A280) of ∼1.8 is generally accepted as ‘pure’ for DNA. As a result all samples

where ratio was ∼1.8 were considered for transfection.

In addition, DNA electrophoresis was performed to check for successful transforma-

tion. Plasmid DNA was restricted digested using BamHI and HindIII, and incubated

at 37 oC for 2 hours. Digested sample and 1Kb promega ladder mixed with loading dye

were loaded in a 0.8% agarose gel, prepared with GelRed™(1:10,000) and TAE buffer,

then were run for 30-60 minutes at 80V. Gel was imaged using Gel Doc™ EZ System

(UV tray) and only digested plasmids with a band size of ∼1300bp were considered for

transfection.

3.3 Transfections

Flp-In System was transfected into an AtT20 wild-type cell line and then hMOPr were

integrated using that system. The Flp-In™ System information presented in this section

was obtained from Life Technologies™ manuals. More information on Flp-In™ System

vectors and transfection related results are presented in Appendix C.

All transfections performed had a negative control where no plasmid DNA was

added to the transfection mixture. If these cells did not die during selection, all trans-

fections done in that experiment were discarded.

3.3.1 LacZeo2/FRT: Generating a FlpIn™ AtT20 Cell Line

Generating a stable cell line which expresses genetic variants in a manner where com-

parison between variants was easier to perform has always been a challenge. The

Flp-In™ System allows integration and expression of a gene of interest in mammalian

cells at a specific genomic location, this enables generating isogenic stable cell lines.
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Therefore this system was selected to transfect all hMOPr variants into AtT20 cells.

The introduction of a Flp Recombinase Target (FRT) site into the genome of AtT20

WT cells was the first step to produce a Flp-In™ System. This site is present in the

FRT/lacZeo 2 vector which also expresses a fusion protein containing β-galactosidase

(lacZ gene) and the Zeocin™ resistance marker.

Before starting transfection, it was important to determine the minimum Zeocin

concentration to kill the WT cells, thus a kill curve for Zeocin™ was performed (see

result on Appendix C) and 150µg/mL was decided the optimal concentration for se-

lection.

Cells were plated in a 6-well plate at high confluency 24 hours before transfection.

The FRT/lacZeo 2 plasmid was linearised using the ScaI restriction enzyme (incubated

for 2 hours at 37 oC) and mixed with transfection agent Fugene HD (3:1 and 4:1 ratio

to DNA) and DMEM to 100µL. Mixture was incubated at room temperature (RT) for

10 minutes and then added drop-wise to cells. They were incubated at 37 oC with 5%

CO2 in air atmosphere for 48 hours after which selection started. Selection medium

was changed every 3-4 days until foci were identified. Zeocin-resistant foci were isolated

using glass cylinders and isolated clones were tested for β-galactosidase activity using

the Beta-Glo Assay System (see results on Appendix C), where clone 2 with medium

activity, called AtT20 Flp-In 2, was selected for this project. Ideally screening for

number of integrants should have been done, however after many months spent trying

to get a Southern Blot to work only the positive control was observed. To try to avoid

single integration, in case of multiple-integrants, after transfection of hMOPr plasmids

Zeocin selection was performed for all variants and, as expected for a full integration,

they were sensitive (see Appendix C for vector details).

3.3.2 µ-Opioid Receptor Variants

The constructs presented on section 3.2 were integrated into the genome via Flp

recombinase-mediated DNA recombination at the FRT site254. Once the AtT20 Flp-

In™ cell line was created, subsequent generation of Flp-In™ cell lines expressing hMOPr

variants was rapid and efficient.
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The selected clone AtT20 Flp-In 2 was plated in a 6-well plate at high confluency

24 hours before transfection. Fugene HD † (3:1 or 4:1 ratio to 3µg total DNA), pOG44

plasmid (9:1 ratio to gene of interest DNA, see pOG44 information on Appendix C),

gene of interest plasmid and DMEM were mixed, incubated at RT for 10 minutes then

added drop-wise to wells. Cells were incubated at 37 oC with 5% CO2 for 48 hours and

then selection started. Selection was done using 100µg/mL of Hygromycin according

to kill curve performed previously (see result on Appendix C). Selection medium was

changed every 3-4 days until colonies were growing. The Flp-In™ System permits rapid

and efficient transfection and polyclonal selection of stable expression cell lines, hence

isolating clones was not necessary.

Clones expressing different hMOPr variants were assayed for opioid response after

5 passages and then frozen down as previously described.

3.4 Radioligand Binding Assay

Radioligand binding assay was performed using intact stably transfected cells and [3H]-

DAMGO to determine surface hMOPr expression.

3.4.1 Experimental Procedure

Approximately 24 hours before the assay, cells were detached from flask as described

on Section 3.1 and resuspended in L15 supplemented medium. Cells were counted with

Countess® automated cell counter and 2 x 105 cells were plated per well of a poly-D-

lysine pre-coated 48-well plate and incubated overnight at 37 oC in air atmosphere .

On the day of the assay, cells were gently washed twice with wash buffer (50mM Tris-

Cl - pH 7.4) and incubated with [3H]-DAMGO concentrations ranging from 0.125 to

16nM for 2 hours on ice to reach steady state. Non-specific binding was determined in

the presence of unlabelled 10µM naloxone. After incubation, cells were gently rinsed

three times with ice-cold wash buffer and digested with 100µL of 1N NaOH for 30

minutes at RT. Then samples were neutralised with 100µL of 1N HCl per well and

†Fugene HD ratio changed when new batch was purchased or after long-term storage



3.4 Radioligand Binding Assay 61

the whole volume collected into scintillation vials. To determine bound ligand, 3mL of

scintillation fluid was added per vial, samples were thoroughly mixed and counts were

obtained using a MicroBeta® counter.

Out of the 48 wells, three were separated to determine protein concentration per

well. These wells were treated as above without radioligand until last wash and RIPA

buffer was used to extract proteins from wells. Protein concentration in these samples

was determined with Pierce™ BCA Protein Assay Kit as per manufacturer’s instruc-

tions.

It is important to point out that naloxone was used to determine non-specific bind-

ing (NSB) because as previously reported51, it is best to choose a drug that is chemi-

cally different from the radioligand. This avoids the possibility of the drug inhibiting

‘specific’ but non-receptor binding sites.

Three technical and at least three biological replicates were performed when collect-

ing radioligand binding data for this thesis. Note that technical replicates are replicates

that share the same sample (repeated measurements), while biological replicates use

different samples; i.e. different passage number and/or day.

3.4.2 Data Analysis

Receptor density (Bmax) and affinity(KD) were calculated using GraphPad Prism Soft-

ware one site (specific binding) equation and disintegrations per minute (DPM) data.

This data was determined by converting counts per minute (CPM) using specific ac-

tivity of [3H]-DAMGO (49.2Ci/mmol). Receptor density in fmol/mg was quantified

using Bmax and protein concentration obtained. Specific binding in fmol/mg total

protein was plotted in GraphPad Prism also using the one site (specific binding) equa-

tion. Statistical tests on Bmax and KD were performed and significance was assessed

with Student t-test, p<0.05 was considered significant. Note that each mutant was

compared with hMOPr-WT, no comparison between mutants was made.
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3.5 FLIPR®Membrane Potential Assay

Experiments in this section were developed by Prof. Mark Connor’s group and were

published in the journal:

Alisa Knapman, Marina Santiago, Yan Ping Du, Philip Bennallack, MacDon-

ald Christie and Mark Connor, “A continuous, fluorescence-based assay of µ-opioid

receptor activation in AtT20 cells”, J Biomol Screen, Vol.18, pp.269-276, 2013

The FLPR® Membrane Potential Assay (MPA) Kit allows observation of real-time

membrane potential changes. The product used in this project contains a proprietary

fluorescence blue dye combined with a quencher which is claimed to provide high quality

screening data that shows good correlation with manual patch clamp assays (data

provided by Molecular Devices).

This kit is able to detect ion channel modulation and as cellular membrane potential

changes, the fluorescence signal decrease or increase. Dye follows the positively charged

ions, then when cell depolarise, fluorescence signal intensity increases as dye follows the

ions inside the cell, while during hyperpolarisation dye signal decrease as it goes out of

the cell (see Figure 3.13) . This happens because outside the cell there are quenching

molecules, which reduce background fluorescence and improve the signal-to-noise ratio.

Figure 3.13. The FLPR® Membrane Potential Assay Kit: Fluorescence intesity changes
with increase or decrease in cellular membrane potential. Blue circles represent fluorescent
dye and semi-circles quencher. Reproduced from Molecular Devices product information.

The blue dye was purchased in bulk, and reconstituted with low-potassium HBSS
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(see recipe on Appendix A), aliquoted and frozen in -80 oC. Dye was used either at

the concentration recommended by the manufacturer or diluted by 50% - this made no

difference to the results.

FlexStation® 3 Microplate reader can simultaneously read and pipet therefore is

uniquely suited to capture the fast kinetics associated with this assay. SoftMax Pro

5.4 microplate reader software is used to run FlexStation® 3. Experimental software

setup parameters used with this kit that were unchanged throughout this project are

presented in Table 3.1.

Table 3.1. Membrane potential assay experimental setup paramenters

Read Mode
Fluorescence (RFUs)
Bottom Read

Wavelength (nm)
530 (Ex)
565 (Em)
550 (Cutoff)

Sensitivity
Reading: 6 (normal)
PMT sensitivity: Medium

Timing Interval: 2 sec

Assay Plate Type 96 well Costar blk/clrbtm

Compound Source Greiner 96 Vbtm plate

Auto Calibrate On

Auto Read Off

A concentration response curve (CRC) was obtained for somatostatin (SST) and

the following opioids: morphine, DAMGO, buprenorphine, methadone, pentazocine,

endomorphin-2, β-endorphin and fentanyl. Note that not all opioids mentioned were

used in all MOPr variants.

Homologous desensitisation data was collected for all clones using morphine and

DAMGO, in addition to the heterologous desensitisation with SST. Buprenorphine

and endomorphin-2 data were only collected for clones hMOPr-WT, hMOPr-A6V and

hMOPr-N40D. When kinase modulators phorbol-12-myristate-13-acetate (PMA) and

staurosporine were used, an extra incubation of 10 minutes was performed before first
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addition of opioid. Both kinase modulators needed DMSO for solubilisation, but the fi-

nal concentration of DMSO was not more than 0.01% and control experiments revealed

that this concentration produced no detectable change on membrane potential.

At least two technical and five biological replicates were done when collecting sig-

nalling data for this thesis using MPA kit (exception Chapter 4). In addition, the

background fluorescence of cells without dye or dye without cells were analysed in

many assays and were always negligible.

3.5.1 Concentration Response Curve: Experimental Proce-

dure

On the day before the assay, cells were detached from flask and resuspended in sup-

plemented L15 as described on Section 3.1. Approximately 1 x 105 cells in 90µL were

seeded per well of a sterile, black wall, clear bottom 96-well plate using an automated

multi-channel pipette, and incubated at 37 oC overnight. The reconstituted dye was

thawed and 90µL of dye was loaded per well (180µL total) and incubated for 1 hour

inside FlexStation® 3 set to 37 oC; this incubation is essential to achieve resting mem-

brane potential steady state signal. During this time serial drug dilutions of drugs

cited above in HBSS were prepared and loaded to a V-shape 96-well plate according

to experimental protocol designed.

Once started the run, data was collected every 2 seconds, drug added at 120 seconds

and total run time was 300 seconds. In addition to the experimental parameters in

Table 3.1, concentration response curve parameters are shown in Table 3.2.

Pertussis toxin (PTX) and naloxone controls were carried out with all hMOPr

transfected cell lines. The above details were altered when PTX or naloxone were

added. In particular, PTX was added to wells at final concentration 200ng/mL when

seeding cells in 96 well plate (overnight pre-treatment). An extra compound transfer

of 20µL to 1µM naloxone final concentration at 300 seconds were done; furthermore

total running time was changed to 420 seconds in both control experiments.
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Table 3.2. Concentration response curve additional experimental parameters

Timing Time: 300 sec

Compound Transfer - T1

Pipette Height: 190µL
Volume: 20µL
Rate: 2 (∼31µL/sec)
Time Point: 120 sec

Triturate Assay Plate - T1
Volume: 30µL
Cycles: 3
Height: 160µL

3.5.2 Concentration Response Curve: Data Analysis

Raw data collected in RFUs was exported in .txt format and analysed using Microsoft

Excel. First, baseline average was calculated for each sample using the last 30 sec-

onds previous to drug addition. Then, percentage remaining from baseline for each

time point collected was determined, being 100% no change from baseline. This was

followed by a vehicle correction, as every time vehicle was added there was a small

baseline drop even if only HBSS was used; this is why during experimental design

every column had a blank (HBSS addition). The minimum RFU reading of each run

(maximum hyperpolarisation) was defined, and then averaged with the reading before

and the reading after. Last, the difference between the baseline (100%) and this max-

imum hyperpolarisation average, ∆ fluorescence (%), was pasted in GraphPad Prism

software. It has the capability of averaging the technical replicates and plotting a

concentration response curve containing the standard error of the mean (SEM), in ad-

dition to calculating pEC50 and maximum response (Emax) of the ’treatment’. The

equation fitted to the results was the non-linear regression log(inhibitor) vs. response

- variable slope (four parameters), with the bottom constrained to zero (Y=Bottom +

(Top-Bottom)/(1+10(LogIC50−X)∗HillSlope).

Statistical tests were performed using GraphPad Prism. Emax and pEC50 values

derived from individual experiments were compared using unpaired Student’s t-test,

p<0.05 was considered significant. Note that each mutant was compared with hMOPr-

WT, no comparison between mutants was made. Comparisons between maximum
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agonist responses amoung drugs were made by comparing Emax values derived from in-

dividual experiments using one-way analysis of variance (ANOVA) followed by Student’s

t-test, corrected for multiple comparisons using the Bonferroni method, p<0.05 was

considered significant.

3.5.3 Desensitisation: Experimental Procedure

In this assay, to quantify the degree of desensitisation a saturating agonist concentration

was added after the desensitising stimulus. In homologous desensitisation assay the

same drug was used in both additions, while in the heterologous assay somatostatin

(SST) was added after opioid stimulus. Desensitisation time course was performed by

changing the time between the two additions (5, 10, 20, 30 and 40 minutes)

Experimental procedures for desensitisation assay were very similar to those used

in concentration response curve assays; the only differences are the parameters and

drug dilutions. The additional parameters used for this assay are shown in Table 3.3.

Drug dilutions are not detailed as they are simple mathematical calculations.

Table 3.3. Desensitisation additional experimental parameters

Interval between additions (min) 5 10 20 30 40

Timing Time(sec): 720 1020 1620 2220 2820

Compound
Transfer - T1

Pipette Height(µL): 190 190 190 190 190
Volume(µL): 20 20 20 20 20
Rate: 2 2 2 2 2
Time Point(sec): 120 120 120 120 120

Triturate
Assay Plate -
T1

Volume(µL): 30 30 30 30 30
Cycles: 3 3 3 3 3
Height(µL): 160 160 160 160 160

Compound
Transfer - T2

Pipette Height(µL): 210 210 210 210 210
Volume(µL): 20 20 20 20 20
Rate: 2 2 2 2 2
Time Point(sec): 420 720 1320 1920 2520

Triturate
Assay Plate -
T2

Volume(µL): 30 30 30 30 30
Cycles: 3 3 3 3 3
Height(µL): 190 190 190 190 190
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3.5.4 Desensitisation: Data Analysis

As per CRC data, raw data collected in RFUs was exported in .txt format and anal-

ysed using Microsoft Excel. The first steps are the same as per CRC analysis until

calculating ∆ fluorescence (%). Then desensitisation is calculated as a percentage of

the difference between the result obtained with the saturation concentration with and

without stimulus. For instance, if DAMGO without stimulus results in a % change of

27.9 and DAMGO with stimulus produces a change of 23.0% then % desensitisation

is 17.6. Results were calculated for each time point and analysed in GraphPad Prism

where a desensitisation time course was plotted using the non-linear regression equation

for one-phase association with Y0 constrained to zero. Significance was assessed with

two-way ANOVA, p<0.05 was considered significant. In addition, maximum desensitisa-

tion (Dmax) and t1/2 values derived from individual experiments were compared using

unpaired Student’s t-test, p<0.05 was considered significant. Note that each mutant

was compared with hMOPr-WT, no comparison between mutants was made.

Decline in the MOPr signalling was also analysed by fitting the 40 minutes de-

cay after stimulus to a one-phase association. Time constant (τ) and maximum de-

cay/recovery (Rmax) values derived from individual experiments were obtained and also

compared using unpaired Student’s t-test, p<0.05 was considered significant.

3.6 Phosphoprotein Detection by Western Blot

Western blot is a widely used analytical technique which can detect specific proteins

in a sample. Briefly, proteins are extracted from cells, quantified, separated by elec-

trophoresis and then blotted to a membrane where proteins can be immuno detected

using specific antibodies. In this project a phosphosite-specific antibody was used to

determine hMOPr phosphorylation of serine 377 (Ser377) under opioid treatment, and

the detailed procedures are described in this section.

At least three biological replicates were performed for each experiment.
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3.6.1 Protein Extraction and Quantification

AtT20 cells expressing HA-tagged hMOPr were grown in regular growth condition†

until reaching 80-90% confluency, then medium was changed to complemented L15

and cells incubated overnight at 37 oC in air atmosphere. Before starting extraction,

RIPA buffer containing phosphatase inhibitors (PhosStop) were thawed and protease

inhibitors added as described on Appendix A. Drug dilution was prepared using HBSS

and L15 (from cells) in a 1:1 ratio and 1µM concentration to mimic membrane potential

assay medium conditions and stimulus on desensitisation assay respectively. Remaining

cell medium was aspirated and a new one with drugs added then incubated at 37 oC in

air atmosphere for 5 or 30 minutes. Desensitisation assay indicated that these two time

points were optimal to produce sub maximum and maximum (plateau) desensitisation.

The reaction was stopped by placing plate on ice, washing cells twice with ice-cold PBS

and adding ice-cold complete RIPA buffer. After 10 minutes incubation on ice, plates

were scrapped and sample transferred to a cold microtube and incubated for additional

2 hours at 4 oC on a rotating mixer for further cell lysis and protein extraction. Then

lysate was centrifuged at 14,000xg for 15 minutes at 4 oC to separate total protein

(supernatant) from cellular debris (pellet), and total protein quantified using Pierce™

BCA Protein Assay Kit according to manufacturer’s protocol.

3.6.2 Gel Electrophoresis, Transfer, Blocking and Detection

Proteins 10-30µg‡ were mixed with LDS loading buffer, reducing agent and water to

10µL, incubated at RT for 10 minutes (GPCR/membrane proteins typically aggregate

upon heating) and separated using SDS-polyacrylamide gel electrophoresis . A 10%

Bio-rad pre-stained mini gel with 15 wells was used; this enabled visualising the protein

without needing dyes such as coomassie blue. Then after loading all samples and marker

(Precision Plus Western C or Dual Color), gel was run at 70V for 10 minutes and then

150V using Mini-PROTEAN® System, and gel image was obtained using GelDoc EZ

†Initially a T225 were used with 1mL RIPA, then it was scaled down to a T75 with 300µL and
last it was scaled down again to a well of a 6-well plate with 50µL.
‡30µg of buprenorphine treated samples were loaded per lane as hMOPr S267 phosphorylation

very low
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System and Image Lab™ software (Bio-Rad).

Proteins were transferred to a mini polyvinylidene difluoride (PVDF) membrane.

These membranes have a high binding capacity, are stronger and have better retention

of adsorbed protein than nitrocellulose, which enables multiple re-probing of blots.

Proteins were tranfered with Trans-Blot® Turbo™ Transfer System following manufac-

turer’s protocol for mixed molecular weight protein (7 minutes).

Blots were rinsed with TBST (see Appendix A for recipe), blocked with blocking

buffer (5% skim milk in TBST) for 1 hour at RT to avoid non-specific binding of

antibodies, and followed by incubation with primary antibody overnight at 4 oC. On

the next day, blot was washed three times with TBST, incubated with HRP conjugated

secondary antibody for 1 hour at RT, followed by three washes and finally detection

using Clarity Western ECL substrate (1.5mL for 5 minutes), ChemiDoc™ MP System

and Image Lab™ software. Information on antibodies used and dilutions are pesented

in Table 3.4, for further details, see AppendixA.

Table 3.4. Antibodies used for Western Blot

Antibody Antibody Dilution Dilution Buffer

Anti-pSer377 MOPr (Rb) 1:1,000 3% BSA in TBST

Anti-HA (Mouse) 1:2,000 5% skim milk

Anti-GAPDH (Rb) 1:2,500 5% skim milk

Anti-mouse HRP 1:5,000 5% skim milk

Anti-rabbit HRP 1:5,000-10,000 5% skim milk

Background was clearer when blocking with 5% skim milk; however, when an-

tibody was diluted in 3%BSA (generally phosphosite-specific antibodies), membrane

was rinsed three times before adding primary. When blots were reprobed, primary

and secondary antibodies were stripped with ReBlot Plus Strong antibody stripping

solution between phospho and total antibodies and stripping efficiency was found to

be optimum when incubated for 20 minutes at RT. After stripping, membranes were

re-blocked with blocking buffer (5 and 30 minutes) at RT and re-probed. All blot

incubations and washes were done on a rocking platform.
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AtT20 WT cell extract was used as a negative control (background determination)

for MOPr antibodies.

3.6.3 Data Analysis

Images obtained were analysed using volume tools from Image Lab™ software. Area

measured for each protein analysed was constant throughout the analysis (Figure 3.14)

and global background subtraction method was performed. Analysis table was exported

to Microsoft Excel where results were normalised. Phosphoprotein volume (pSer377)

was divided by total protein volume (HA), then normalised to value of response of

MOPr-WT to DAMGO. GAPDH was used as a loading control.

Figure 3.14. Example of blot analysis using Image Lab ™ volume tools. Intensity of band
inside each rectangle is measured and background (B1) subtracted from each sample (U1-
13). AtT20 cells expressing hMOPr variants samples immunodetected with primary antibody
HA-tag and secondary antibody mouse-HRP.

Western blot results were plotted and analysed using GraphPad Prism software.

One-sample t-test (hypothetical value = 100) and unpaired t-tests were used to com-

pare mean values obtained from individual experiments, p<0.05 was considered signifi-

cant. Note that each mutant was compared with hMOPr-WT, no comparison between

mutants was made.
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3.7 Immunocytochemistry

Immunocytochemistry (ICC) is a common molecular biology technique utilising anti-

bodies to localise specific proteins in cells. In this project, the protein of interest was

the hMOPr and the antibody used anti-HA, which is highly specific.

3.7.1 Experimental Procedures

Sterile coverslips were coated with poly-D-lysine and placed in 24-well plate, then cells

in supplemented L15 were seeded in low confluency and incubated overnight at 37 oC.

On the day of the assay, first part of procedure was the same as per internalisation

assay without DAPI (volumes adjusted for 24-well plate). Then, after washing off

HA-488-conjugated, procedure was repeated starting with re-fixing and followed by a

permeabilisation/blocking step (1%BSA and 0.25% Triton-X-100 in PBS) for 1 hour at

RT. Primary HA antibody diluted in 1%BSA/PBST (see Appendix A) was incubated

for 1.5 hours at RT. Then three washes with PBST were performed followed by incu-

bation with secondary anti-mouse Alexa Fluor 594 in 1%BSA/PBST for 1 hour at RT.

Five washes were performed, excess liquid removed and coverslips placed sample-side

down onto one drop of ProLong® Gold reagent with DAPI on a glass slide. After

24 hours curing at RT in the dark, coverslips were sealed with clear nail polish and

allowed to dry. Coverslips were cleaned and images obtained using a Leica confocal

microscope.

3.7.2 Data Analysis

Images were analysed using Image J 1.47v (National Institute of Health, USA) software

and no statistical tests were performed as for the purpose of this experiment only visual

comparison was required.
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(A) (B)

Figure 3.15. Fluorescence confocal images of AtT20 cells expressing hMOPr-WT treated
with DAMGO for 30 minutes then fixed and stained according to protocol on Section 3.7. (A)
Image obtained under a 488nM laser excitation. HA-488 conjugated antibody was used before
permeabilisation. (B) Image obtained under a 594nM laser excitation. Anti-HA primary and
Alexa-594 secondary antibody were used after permeabilisation. Note that fixation did not
permeabilise membrane to HA-488 conjugated antibody.

3.8 Quantification of Cell Surface Receptor Assay

In order to complement desensitisation and Western Blot data, cell surface MOPr

after morphine and DAMGO treatment was assessed. This is a whole cell enzyme-

immunosorbent assay (ELISA), where cells were treated, fixed and immunoprobed for

hMOPr on the cells’ surface.

It is important to point out that immunocytochemistry experiments indicated that

HA antibody did not cross cell membrane after fixation with 4% paraformaldehyde

(PFA), therefore only extracellular epitopes were detected (Figure 3.15).

At least three technical and four biological replicates were performed for this assay.

3.8.1 Experimental Procedures

On the day before the assay, AtT20 cells expressing HA-tagged hMOPr were plated

according to membrane potential assay protocol with the exception that only ∼8-9 x

104 cells in 80µL were loaded per well. After overnight incubation, drug dilutions were

prepared in HBSS in a 2X concentration, added to plate in a 1:1 ratio, followed by a 5 or

30 minutes incubation at 37 oC. Then, plate was placed in ice for a couple of minutes,
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drug solution removed and 40µL of fixative 4%PFA solution loaded. Fixation was

performed on ice for 5 minutes followed by incubation at RT for further 10 minutes

before washing three times with ice-cold PBS. Cells were blocked with 31µL of 1%

BSA in PBS for 1 hour at RT on a rocking platform, then solution was thoroughly

removed and cells incubated in the dark on a rocking platform at RT for 1.5 hours with

31µL of anti-HA-488 conjugated (1:1,000 in blocking solution). Primary antibody was

removed and cells counter stained with 5µg/mL of DAPI in PBS for 15 minutes at RT.

Last, wells were rinsed five times with PBS, 50µL PBS loaded per well and plate read

using PHERAstar FS microplate reader (filters 485,520 and 360,460) and MARS Data

Analysis software (BMG Labtech).

Controls for this experiment were:

• AtT20 WT cells (non transfected) with conjugated antibody† (Fluorescence neg-

ative control)

• AtT20 hMOPr cells without conjugated antibody (Fluorescence negative control,

if above not available)

• AtT20 hMOPr cells without conjugated antibody and DAPI. (DAPI Negative

Control)

3.8.2 Data Analysis

Data collected was exported to Microsoft Excel and analysed according to protocol

supplied by Dr. Natasha Grimsey from Auckland University. First, fluorescence neg-

ative control average reading was subtracted from fluorescence data, and the same

was calculated using DAPI negative control and DAPI data (Background subtraction).

Fluorescence data was then divided by DAPI data to correct for cell number and nor-

malised such that vehicle treatment was 100%.

†After many replicates these reading were always similar to AtT20 hMOPr cells without antibody,
hence I stopped performing this control.
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GraphPad Prism was utilised to generate graphs and perform statistical tests. Sig-

nificance was assessed in three different ways: with two-way ANOVA and unpaired Stu-

dent t-tests, p<0.05 was considered significant. Note that each mutant was compared

with hMOPr-WT, no comparison between mutants was made.

• To determine if the change in amount of membrane receptors was significant

different from baseline, each value obtained was compared to the hypothetical

value 0 using one-sample t-tests, p<0.05 was considered significant.

• To determine if the change in amount of membrane receptors was significant

higher than the lowest concentration of the same drug, the higher concentrations

values were compared to the lowest concentration for each variant using repeated

measures one-way ANOVA followed by Student’s t-test, corrected for multiple com-

parisons using the Bonferroni method, p<0.05 was considered significant.

• To compare results between variant and hMOPr-WT two-way ANOVA, corrected

for multiple comparisons using the Bonferroni method was used, p<0.05 was

considered significant.



4
Desensitisation and Kinase Modulators

This chapter describes investigations on µ-opioid receptor (MOPr) desensitisation us-

ing FLPR® Membrane Potential Assay (MPA) kit to obtain real-time response of

MOPr to opioid agonists (homologous desensitisation) and somatostatin (heterologous

desensitisation)181. Some of the desensitisation work presented in this chapter has

been published (Knapman et al. [2013]181) and here I only present the experiments I

designed and performed. In addition, the role of kinase modulators on morphine and

DAMGO induced desensitisation was assessed using this non-invasive assay. Results

presented in this chapter were obtained from wild-type mouse MOPr (mMOPr) and

human MOPr (hMOPr).
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4.1 Introduction

Desentisation is thought to be one of many complex events related to the development

of opioid tolerance; however, it is very important to differentiate both processes. As

described on Chapter 2, rapid opioid desensitisation is related to a fast loss of receptor

responsiveness after short agonist exposure, while tolerance happens after a longer

exposure, which can be only several hours (acute tolerance) to days or weeks93.

An ideal signalling-dependent cell-based functional assay is accurate and produces

comprehensive data. GPCR signalling consists of a series of spatial and temporal

events, which start extremely fast after ligand-binding and change with time; there-

fore it has been a challenge to develop assays that fulfil requirements to capture

all the dimensions of this signalling. The majority of published work on MOPr re-

ported desensitisation measured with biochemical assays or electrophysiological tech-

niques41,211,369. Many widely used biochemical assays are limited; for example by using

purified membranes, many proteins important for receptor regulation may have been

washed out; furthermore, these assays generally only analyse few time points, conse-

quently, a large chance of missing important events. Electrophysiology techniques such

as patch-clamping, is able to detect rapid changes in cell kinetics however they are
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relatively invasive experiments. Experiments in this chapter used a non-invasive tech-

nique, yet it is important to point out that the experimental protocol of this assay is

somewhat different from recent reported desensitisation experiments, since cells cannot

be washed between drug additions; nevertheless non-wash experiments had previously

been reported257. As described on experimental Section 3.5, rapid opioid desensiti-

sation is measured by comparing response of a saturating opioid concentration with

or without stimulus; moreover, to supplement desensitisation data signal decay after

opioid exposure was also measured.

It is established that kinases regulate the function of G-protein coupled receptors

(GPCR) by phosphorylating intracellular residues and leading to many events, such

as β-arrestin recruitment120 and internalisation98. This enzymatic process is recep-

tor specific. G protein receptor kinase (GRK) and second-messenger kinases such as

protein kinase C (PKC) constitute the two major kinase families involved in MOPr

phosphorylation118,119,190.

Zhang et al.369, in 1996, provided some of the first evidence of the involvement of

PKC on MOPr desensitisation and phosphorylation, together with the idea that differ-

ent phosphorylation patterns may contribute to MOPr desensitisation. They reported

that activation of PKC was associated with desensitisation of DAMGO-induced MOPr

signalling in Xenopus oocytes co-expressing cDNAs encoding the MOPr and GIRK1; in

addition, they also confirmed an associated increase in hMOPr phosphorylation stably

transfected in CHO cells. Since then, there has been lots of interest in PKC-dependent

phosphorylation of MOPr and the role of this in modulating opioid tolerance. It is not

completely clear whether PKC phosphorylates MOPr directly or indirectly221, however

it is involved in the constitutive phosphorylation of residue Serine 363163 and also in the

heterologous phosphorylation of threonine 370 (Thr370) of the mMOPr102,116. Smith

et al. (2007)321 determined that out of all PKC isoforms only α, γ and ε appeared

to be involved with morphine tolerance in mice. PKCα isoform has been identified as

responsible for the selective and dose dependent phosphorylation of Thr370 by activa-

tion of PKC by phorbol esters or heterologous activation of substance P receptors43,163.

In addition, morphine also uses PKCε pathway to induce ERK phosphorylation and
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MOPr desensitisation374.

In locus coeruleus (LC) neurons, desensitisation of mMOPr signalling by morphine

was increased by phorbol-12-myristate-13-acetate (PMA) which is a PKC activator21,22.

Moreover, inhibition of PKC by staurosporine reduced phosphorylation and desensi-

tisation of mMOPr induced by morphine but not by DAMGO in HEK-293 cells also

expressing G protein-couple inwardly rectifying potassium channel (GIRK)167. These

studies indicated that morphine desensitisation is dependent on PKC activation but

DAMGO is dependent on GRK pathway. This is an area of controversy as in a recent

study PMA did not increase morphine induced desensitisation13.

The purpose of these experiments was to examine rapid MOPr desensitisation and

to determine PKC involvement in this process using a real-time kinetic assay in whole

AtT20 cells181. Homologous desensitisation by DAMGO and morphine, and somato-

statin receptor(s) heterologous desensitisation of somatostatin receptor signalling with

both opioids were assessed.

4.2 Results

4.2.1 Membrane Potential Assay in AtT20 Expressing µ-Opioid

Receptor

In this chapter, DAMGO and morphine induced membrane potential hyperpolarisation

was measured using membrane potential assay kit as described on Section 3.5. As

shown in Figure 4.1, morphine can rapidly hyperpolarise cells by activating GIRK

channels in a concentration-dependent manner. Maximum response was achieved with

300nM and interestingly only the 10nM response rapidly returned to resting membrane

potential. Note that each result was obtained from an individual well at the same

time, as FlexStation® 3 can read 8 wells every 2 seconds. Therefore, by not using the

same cell population to obtain more than one concentration point, we eliminated any

possibility of the first concentration of agonist desensitise the response to subsequent

concentrations when obtaining concentration response curve measurements.



4.2 Results 79

Figure 4.1. Traces of AtT20-mMOPr response to varying morphine concentrations (1nM,
3nM, 10nM, 30nM, 100nM, 300nM and 1µM). Negligible hyperpolarisation observed for the
two lower concentrations, while last two concentrations reached maximum hyperpolarisa-
tion. Interesting 10nM morphine (red trace) led to a very steep return to resting membrane
potential.

The opioid-induced hyperpolarisation was abolished by overnight pre-treatment of

the cells with 200ng/mL pertussis toxin, an inhibitor of Gi/o protein signalling. The

opioid induced hyperpolarisation was also rapidly and completely reversed by the opioid

antagonist naloxone (Figure 4.2).

(A) (B)

Figure 4.2. (A) Traces of fluorescence signal from AtT20-mMOPr cells exposed to
DAMGO after overnight incubation with 200ng/mL pertussis toxin (PTX - red trace) or ve-
hicle (black trace). PTX prevented opioid induced hyperpolarisation (B) Trace from AtT20-
mMOPr cells illustrating hyperpolarisation after 1µM morphine treatment and fast signal
reversal (depolarisation) with opioid antagonist (1µM naloxone).
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4.2.2 Desensitisation of µ-Opioid Receptor Signalling in AtT20

Cells

To assess agonist-dependent homologous mMOPr desensitisation, cells were incubated

with morphine stimulus (1µM) and then challenged with saturating concentration of

10µM (Figure 4.3(A); see Section 3.5 for experimental details). In a similar manner, to

assess heterologous desensitisation, cells were incubated with morphine stimulus (1µM)

but on this assay challenged with 1µM somatostatin (SST)(Figure 4.3(B)). Desensi-

tisation time-course was determined by challenging at different time points (5, 10, 30

and 40 minutes) and comparing maximum hyperpolarisation obtained. A significant

decline in responses were observed over time as shown in Figure 4.4, where the per-

centage difference between expected response (vehicle stimulus) and obtained response

(morphine stimulus) for each time point were plotted and one-phase exponential asso-

ciation function fitted. The maximum homologous desensitisation obtained was 72%

(95% confidence interval, [CI] 67-76%) and t1/2 of 5.7 min ([CI] 4.8-7.0 min). A smaller

decline in the somatostatin response was observed (30%; CI, 27-34%) however the t1/2

was similar (t1/2 of 5.3 min ([CI] 3.8-8.6 min).

To examine decline in the MOPr signal, one-phase exponential association was

fitted to each data collected for 40 minutes after morphine stimulus (before challenge)

in AtT20-mMOPr. Signal decay was similar to previously reported in LC neurons20

with a time constant (τ) of less than 10 minutes (491±77 sec) and t1/2 385±55 sec

(±SEM, n=5). Interestingly, t1/2 for signal decay and desensitisation time course are

similar.
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(A) (B)

Figure 4.3. Homologous and heterologous mMOP desensitisation in AtT20 cells. Traces
showing that a continuous exposure to 1µM morphine reduces the response to a subsequent
addition of a high concentration of morphine or somatostatin (SST). (A) Example of homol-
ogous desensitisation experiment where 10µM morphine challenge was performed 20 minutes
after first addition of morphine (grey trace) or vehicle (black trace).(B) Example of heterol-
ogous desensitisation experiment where 1µM SST challenge was performed 20 minutes after
first addition of morphine (grey trace) or vehicle (black trace).

Figure 4.4. Homologous and heterologous desensitisation time course. Exposing the cells
to 1µM morphine desensitise not only mMOPr but also somatostatin receptor(s) signal over
time. One-phase exponential function fitted, maximum homologous desensitisation 72% and
heterologous 30%. Data are expressed as a percentage desensitisation from vehicle control,
and represent the mean ±SEM of three to eight determinations, each in duplicate or triplicate.
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4.2.3 Preliminary Data: Concentration Response Curve and

Desensitisation with PKC Activator

To evaluate the role of PKC in the opioid response, cells were incubated for 10 minutes

with phorbol ester phorbol-12-myristate-13-acetate (PMA) to stimulate PKC activa-

tion prior to opioid exposure. Figure 4.5 shows traces for one concentration of morphine

and DAMGO in one experiment and also for the normalised pooled results for all four

biological replicates of one concentration of morphine and DAMGO. Treatment with

PMA for 10 minutes prior to opioid exposure did not alter maximum hyperpolarisation

for stimulus and rechallenge additions of both opioids, however a slightly increase in

the rate of recovery was observed. DMSO was added to HBSS in the same concentra-

tion as in PMA solution to eliminate possibility of differences observed being caused

by solvent.

Morphine and DAMGO concentration response curves were fitted using first opioid

addition maximum hyperpolarisation (Figure 4.6). ANOVA analysis found a significant

variance between morphine results (p=0.0117), however this is unlikely to have any

biological significance. Emax and EC50 are presented in Table 4.1 showing that efficacy

and potency were similar between vehicle and PMA treatments (p value >0.05 for all

control versus PMA comparisons, Student’s t-test).

Table 4.1. Efficacy and potency for morphine and DAMGO in AtT20 cells expressing
mMOPr incubated with PMA for 10 minutes.

Opioid
Emax(%) EC50(nM)

Control PMA Control PMA

Morphine 27±2 25±1 29±5 35±7
DAMGO 29±1 29±1 3±7 3±5

n=3-4, ±SEM

To determine concentrations where signal desensitisation was observed, a saturating

opioid concentration (10µM) was added after each stimulus concentration. The hyper-

polarisation produced by the saturating concentration of drug was plotted against the

stimulus concentration of drug (Figure 4.7). Morphine concentrations of less than 10nM



4.2 Results 83

(A) (B)

(C) (D)

Figure 4.5. Homologous mMOPr desensitisation after opioid stimulus and rechallenge
(10µM) in AtT20 cells pre-incubated for 10 minutes with HBSS (black trace) or 1µM PMA
(red trace). (A) Traces show fluorescence recorded from populations of AtT20 cells during
application of morphine stimulus (300nM) and saturating concentration (10uM).(B) Traces
show fluorescence recorded from populations of AtT20 cells during application of DAMGO
stimulus (100nM) and saturating concentration (10uM). (C) and (D) Average reading of four
biological replicates normalised to baseline clearly shows receptor signalling desensitisation
induced by morphine and DAMGO respectively (SEM - faint line).

and DAMGO of less than 3nM produced no desensitisation, as concentration of stim-

ulus increased there was a concentration dependent reduction in the response to the

challenge concentration. No significant difference between PMA or vehicle treatment

was found with morphine (two-way ANOVA, p=0.15), however DAMGO curves were

slightly different (two-way ANOVA, p=0.005) which is unlikely to have any biological

relevance. Note that 10nM morphine, 1nM and 3nM DAMGO caused hyperpolarisa-

tion but no desensitisation.
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(A) (B)

Figure 4.6. Concentration response curve after incubation for 10 minutes with 1µM PMA
or HBSS (control) in AtT20 cells expressing mMOPr-WT. (A) Response to morphine stimu-
lus at varying concentrations (B) Response to DAMGO stimulus at varying concentrations.
Note that morphine potency and efficacy is lower than DAMGO. Data represent the mean
± SEM of pooled data from 3-4 independent determinations performed in triplicate.

(A) (B)

Figure 4.7. Response to saturating concentration (10µM) of opioids after stimulus with
or without incubation for 10 minutes with 1µM PMA in AtT20 cells expressing mMOPr-
WT. (A) Morphine treatment. (B) DAMGO treatment. Data represent the mean ± SEM
of pooled data from 3-4 independent determinations performed in triplicate.

The rate of signal decay after first opioid exposure was apparently faster when pre-

incubated with 1µM PMA than with vehicle (HBSS)(Figure 4.5). To analyse this, a

one-phase association was fitted to the recovery data and recovery time constant (τ)

obtained for concentrations with a higher than 5% RFU (% baseline) signal (Table

4.2). No statistical significance was found between control and PMA recovery time
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constant for both opioids when each point was analysed using Student t-test (p>0.05).

However if a concentration response curve was produced using time constant values,

it became clear that PMA treated cells had a significant faster recovery rate when

exposed to higher morphine concentrations (Figure 4.8(A), two-way ANOVA, p=0.0055,

n=4), while DAMGO recovery was similar (Figure 4.8(B), two-way ANOVA, p=0.48,

n=2-3 ).

Table 4.2. Recovery time constant (τ) for PMA or vehicle treated after morphine or
DAMGO exposure.

[Opioid]
Morphine DAMGO

Control (sec) PMA (sec) Control (sec) PMA (sec)

3nM * * 49±8 49±6
10nM 26±2 20±6 145±37 109±32
30nM 44±12 45±11 322±133 275±96
100nM 117±20 (4) 93±21 606±189 498±138
300nM 321±33 225±41 786±99 767±52
1µM 481±64 320±36

* Signal lower than 5% RFU (% baseline). Data expressed as τ ± SEM (n=4)

(A) (B)

Figure 4.8. Recovery time constant (τ) concentration response curve after incubation for
10 minutes with 1µM PMA or HBSS (control) in AtT20 cells expressing mMOPr-WT. Re-
covery time constant to (A) morphine and (B) DAMGO stimulus at varying concentrations.
Data represent the mean ± SEM, n=4.
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4.2.4 Opioid-mediated Desensitisation and PKC Activator

The effects of PMA on homologous and heterologous desensitisation of MOPr signalling

were assessed in AtT20 expressing mMOPr or hMOPr. Based on results above a

stimulus concentration of 100nM DAMGO and 300nM morphine was chosen for use

with PMA because these concentrations had recovery time constant of approximately

five minutes.

Figure 4.9 shows traces of morphine and DAMGO induced homologous and het-

erologous desensitisation in AtT20-mMOPr. Signal decay after morphine pick hyper-

polarisation was slightly faster with PMA incubation (τ of 169±13 sec) compared with

control (τ of 282±36 sec; n=8, t-test p=0.0115). Even though visually DAMGO recov-

ery also appeared somewhat faster, recovery time constant variance was not statistically

significant (480±70 sec [control]; 369±53 sec [PMA]; t-test p=0.2286, n=7).

AtT20-hMOPr when preincubated with PMA and then exposed to morphine pre-

sented a faster recovery than control (τ of 265±61 sec [control]; 121±10 sec [PMA];

t-test p=0.0487; n=5), differently from DAMGO whose signal decay was similar be-

tween treatments (897±110 sec [control]; 590±194 sec [PMA]; t-test p=0.2081; n=5).

Homologous and heterologous desensitisation (± SEM, n=4-9) in AtT20 expressing

mouse or human MOPr is summarised in Figure 4.10. Morphine and DAMGO induced

homologous desensitisation was similar for mouse and human MOPr (t-test,p>0.05).

Heterologous desensitisation caused by DAMGO was greater than produced by mor-

phine (mMOPr t-test, p=0.0007). There was no difference between vehicle or PMA

treated results for all conditions tested (t-test, p>0.05).
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(A) (B)

(C) (D)

Figure 4.9. Representative traces of homologous and heterologous desensitisation after
PKC activation. AtT20-mMOPr were incubated for 10 minutes with 1µM PMA before expo-
sure to opioid for another 10 minutes before challenged with opioid (10µM) or somatostatin
(1µM). (A) Morphine-induced homologous desensitisation. (B)DAMGO-induced homolo-
gous desensitisation. (C) Morphine-induced heterologous desensitisation. (D) DAMGO-
induced heterologous desensitisation.
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(A) (B)

(C) (D)

Figure 4.10. Modulation of PKC activity by PMA on homologous and heterologous de-
sensitisation. Pre-treatment of cells expressing mMOPr or hMOPr with 1µM PMA did not
significantly affect desensitisation by morphine (M) or DAMGO (D) (t-test, p>0.05). (A)
Homologous desensitisation in AtT20-mMOPr. (B) Homologous desensitisation in AtT20-
hMOPr. (C) Heterologous desensitisation in AtT20-mMOPr. (D) Homologous desensitisa-
tion in AtT20-mMOPr. Data represent the mean ±SEM, n=4-9.
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4.2.5 Opioid Desensitisation and Staurosporine

To further study the role of PKC on MOPr desensitisation, the effect of staurosporine,

a kinase inhibitor, was assessed using the same protocol as per PKC activation.

Figures 4.11(A) and 4.11(B) show representative traces of homologous desensitisa-

tion induced by morphine and DAMGO. Because staurosporine by itself inconsistently

produced an apparent membrane hyperpolarisation, the response to opioids in the

presence of staurosporine could appear to be slightly greater.

Recovery rate with morphine and DAMGO was not influenced by staurosporine

treatment. In AtT20 expressing mMOPr, signal decay after 300nM morphine exposure

was not different when cells preincubated with PMA or vehicle (291±59 sec [control],

244±43 sec [staurosporine]; t-test p=0.5351, n=6), the same was observed with 100nM

DAMGO (451±100 sec [control], 406±120 sec [staurosporine]; t-test p=0.7803, n=5).

In agreement with above data, activating PKC in AtT20 cells expressing hMOPr did

not affect morphine (265±61 sec [control]; 181±42 sec [staurosporine]; t-test p=0.2926,

n=5) or DAMGO (831±92 sec [control]; 500±122 sec [staurosporine]; t-test p=0.0624,

n=5) decline in the hMOPr signalling.

Morphine and DAMGO induced homologous desensitisation are presented in Figure

4.11(C) and 4.11(D) respectively. Desensitisation induced by DAMGO and morphine

in both mouse and human expressing cells was not different in the presence of stau-

rosporine (t-test, p>0.05). Furthermore, heterologous desensitisation induced by mor-

phine or DAMGO in AtT20-hMOPr was not affected by staurosporine (Figure 4.12,

t-test, p>0.05).
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(A) (B)

(C) (D)

Figure 4.11. Effect of kinase modulation by staurosporine on homologous desensitisation.
AtT20-MOPr cells were incubated for 10 minutes with 1µM staurosporine before exposure
to opioid for another 10 minutes and then challenged with opioid (10µM). (A) Represen-
tative traces of morphine-induced homologous desensitisation in AtT20-mMOPr. (B) Rep-
resentative traces of DAMGO-induced homologous desensitisation in AtT20-mMOPr. Note
that staurosporine slightly increased opioid hyperpolarisation; however a decrease in sig-
nal with staurosporine alone was also observed. (C) Homologous desensitisation in AtT20-
mMOPr. (D) Homologous desensitisation in AtT20-hMOPr. No statistical significant differ-
ence between vehicle (black) and staurosporine (blue) treated cells results were found (t-test,
p>0.05). (C) and (D) data represent the mean ±SEM, n=4-6.
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(A) (B)

Figure 4.12. Modulation of kinase activity by staurosporine on heterologous desensitisa-
tion. AtT20-hMOPr cells were incubated for 10 minutes with 1µM staurosporine before expo-
sure to opioid for another 10 minutes anf then challenged with 1µM somatostatin (SST). (A)
Representative traces of morphine-induced heterologous desensitisation in AtT20-hMOPr.
(B) Heterologous desensitisation in AtT20-hMOPr. Staurosporine treatment did not affect
heterologous desensitisation (t-test, p>0.05). Data represent the mean ±SEM, n=4.

4.2.6 Kinase Modulators and Membrane Potential Signal

PMA and staurosporine caused an unpredictable decrease in fluorescence in some ex-

periments. This hyperpolarisation was slow and continuous, and evident after 10 min-

utes incubation. Figure 4.13 shows two experiments were a pronounced drop in flu-

orescence was observed after 20 minutes incubation with 1µM PMA (8 %) and 1µM

staurosporine (5 %). At 10 minutes, opioid maximum response was similar between

vehicle and PMA or staurosporine treated; in contrast, at 20 minutes hyperpolarisa-

tion recorded was higher when cells were exposed to kinase modulators; remarkably,

a decrease in fluorescence signal at 20 minutes was also recorded with cells incubated

with PMA and staurosporine but vehicle treated. Because this change in membrane

potential caused by the kinase modulators tested was inconsistent even across same

day experiments, normalisation was not used.

To distinguish if these effects were influenced by the expression of MOPr, PMA

and staurosporine response was assessed in AtT20 WT cells (Figure 4.14). PMA and

staurosporine produce a decline in fluorescence during prolonged incubation, which is
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(A) (B)

Figure 4.13. Traces showing examples of assays in AtT20 expressing hMOPr where in-
cubation with PMA and staurosporine caused a large signal decrease. (A) Heterologous
desensitisation with 100nM DAMGO stimulus and 1µM somatostatin (SST) challenge, incu-
bated with vehicle (black traces) or PMA (red traces). Fluorescence decreased with PMA
by itself. (B) DAMGO induced Homologous desensitisation incubated with vehicle (black
traces) or 1µM staurosporine (blue traces). Fluorescence also decreased with staurosporine
by itself.

independent of MOPr expression. To minimise this interference, pre-incubations with

these drugs were limited to 10 minutes.

Figure 4.14. Example traces of AtT20 WT cells response to PMA (red trace) and stau-
rosporine (blue trace) incubated for 48 minutes. Fluorescence readings decreased during
incubation with both kinase modulators, however only PMA had a small increase immedi-
ately after exposure. Somatostatin and morphine was used as a positive and negative control
respectively (black trace).



4.3 Discussion 93

4.3 Discussion

Desensitisation of MOPr signalling has been assessed using many different techniques,

but few can achieve a great temporal resolution. This study provides a novel non-

invasive way of measuring real-time opioid induced desensitisation of GIRK channel sig-

nalling. By stimulating the AtT20 cells expressing MOPr with morphine or DAMGO,

a fast membrane potential hyperpolarisation followed by decay (depolarisation) was

observed. We measured the decrease of response by determining decay rate constant

(τ), and desensitisation by challenging cells with a saturating opioid concentration after

stimulus. Somatostatin receptor(s) heterologous desensitisation could also be studied

by challenging cells with a high concentration of SST instead of opioid.

In a work published by our group, Knapman et al.181 demonstrated a good cor-

relation between the results for efficacy and potency of many opioid agonists using

this proprietary membrane potential dye when compared to previous studies of GIRK

activation in AtT20 cells and native neurons70,164. Not mentioned in our publication

but showed here, morphine 10nM hyperpolarisation signal was relatively different from

other concentrations as it has a very fast recovery to membrane potential resting state.

RGS proteins are involved in negative regulation of GPCRs including MOPr127,340;

they could be involved in this fast recovery, as they accelerate the intrinsic GTPase

activity of Gα leading to heterotrimeric complex re-association. Atwood et al.15 have

revealed by mRNA microarray analysis that AtT20 cells express statistically signifi-

cant levels of RGS14, 20 and Snx13; where RGS20 (RGSZ1) and a family member of

RGS14 have already been reported to interact with the MOPr128,360. Further research

is needed to confirm this involvement and assess if there are any correlation between

the above finding, RGS proteins and desensitisation, as 10nM did not cause hMOPr

signal desensitisation.

In this study, using the continuous membrane potential dye assay, a time dependent

homologous and heterologous rapid desensitisation induced by morphine was examined,

with maximum desensitisation of 72% and 30% respectively. This difference confirms

that homologous desensitisation was not only caused by GIRK channel desensitisation
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as heterologous desensitisation of SST receptor(s) signal was much lower, indicating

that GIRKs are still available to signal but are not being activated by opioid receptor

G proteins βγ subunits. Pertussis toxin completely abolished opioid signalling in this

assay, indicating the involvement of Gi/o proteins.

In these AtT20-MOPr cells used, morphine has a lower maximal effect than DAMGO

which suggests a relatively low receptor density. This is important as receptor reserve

can interfere with desensitisation readings as previously shown79.

This new assay is well suited to measure signal decay after opioid exposure, since

continuous kinetic signal is detected before and after expected receptor endocytosis, and

even through receptor resensitisation and recycling. Recovery t1/2 of 385±55 sec mea-

sured after morphine exposure is consistent with previously reported for LC neurons20.

However, maximum desensitisation was equivalent to DAMGO, which is higher than

reported in the same study for morphine but similar to a report in HEK293 expressing

MOPr167. The similarities between signal decay and desensitisation time course, in

addition to the partial exclusion of GIRK channel desensitisation, supports the possi-

bility that the majority, if not all, of the changes in membrane potential observed are

related to MOPr desensitisation.

Morphine induced rapid desensitisation has been the focus of much controversy.

Johnson et al. (2006)167 reported 73±6% desensitisation to morphine measured by

patch clamp in transfected HEK293 cells, which is equivalent to the work presented

here. Moreover, in another study using AtT20 cells, morphine produced rapid desensi-

tisation of the inhibition of voltage-dependent calcium channel current (ICa)
41. These

findings contradict many reports from LC neurons20 and HEK293 cells353 where lit-

tle to none rapid desensitisation was produced by morphine. Note that LC neurons

were previously reported to have MOPr reserve79,294. Furthermore, a recent study

analysed desensitisation in the mouse ventral tegmental area and found that morphine

did not desensitise nerve terminal MOPr214. Interestingly, morphine-induced rapid

desensitisation can be observed in LC neurons21 and in nerve terminals of the ventral

tegmental area214 only if PKC is activated by a heterologous source, such as another

receptor or phorbol esters. PKC activation was assessed in AtT20-MOPr cells where
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incubation for ten minutes with PMA did not increase homologous desensitisation. In

contrast, rate of signal decay with 300nM and 1µM morphine was faster in both mouse

and human MOPr transfected cells with PMA. This is an interesting finding as some

studies have reported desensitisation by measuring signal decay13,20,21. However, at

least in the assay here assessed, this does not represent a good MOPr desensitisation

measure in the presence of PMA and staurosporine, because both kinase modulators

tested in this project changed membrane potential independently of MOPr expres-

sion, and if samples were incubated with PMA for longer than 10 minutes this could

considerably influence results. It is possible that the short incubation with PMA is

responsible for the variance in desensitisation results when compared to other studies;

nevertheless, PMA can phosphorylate mMOPr Thr370 residue to a reasonable extent

in 10 minutes163. To complement all arguments mentioned above, a recent study by

Arttamangkul et al. (2015)13 reported that two ways of measuring desensitisation can

result in different findings, in addition to proposing that known PKC-activators may

interfere with measurements of opioid induced hyperpolarisation through mechanisms

that may be unrelated to PKC activation.

DAMGO induced desensitisation has not been shown to be influenced by PKC ac-

tivators as this agonist is linked to GRK not PKC activity23,167. This high efficacy

agonist did induce a similar hMOPr signalling desensitisation via GIRK to morphine

in both mouse and human MOPr, and PKC modulation by PMA did not affect desen-

sitisation and signal decay results.

AtT20 cells natively express four of five known somatostatin receptors15,265 which,

like MOPr, are GPCRs coupled to inhibitory G proteins. In this project, this knowledge

was used to analyse signal ‘interference’ between somatostatin and µ-opioid receptors as

they use similar transduction pathways and are phosphorylated by PKC and GRKs312.

The ability of somatostatin receptor(s) to signal through GIRK after DAMGO and

morphine stimulus was examined. Heterologous desensitisation was detected for both

agonists, where DAMGO had a higher impact than morphine. Pfeiffer et al. (2002)272

reported the formation of heterodimers between MOPr and SST2A receptor when co-

expressed in HEK293 cells. They demonstrated that cross-phosphorylation caused by
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DAMGO treatment to the SST2A receptor may be responsible for heterologous de-

sensitisation of ERK and adenylyl cyclase signalling, however SST2A receptor was not

co-internalised by DAMGO. MOPr is phosphorylated by GRK2, GRK3 and GRK5

and a clear difference between GRKs recruitment and agonist used exists; higher effi-

cacy opioids recruit GRK2/3 while lower efficacy recruit GRK5103,134,171. Interestingly,

phosphorylation of SST2A receptor by 1µM SST-14 is also related to GRK3/4 but

not GRK5274. Therefore, in agreement with Pfeiffer et al. (2002)272 where a cross-

phosphorylation is probably caused by GRKs, it is possible that recruitment of GRK2/3

by DAMGO is probably the responsible for the difference observed between DAMGO

and morphine induced heterologous desensitisation. The mechanisms involving het-

erologous desensitisation still need to be better elucidated.

Raveh et al. (2010)286 added an interesting possibility to this complex desensitisa-

tion mechanism, they reported that by stimulus-specific and phosphorylation indepen-

dent GRK2 can sequestrate βγ subunits away from GIRK channels in HEK293 cells.

This could be involved in heterologous desensitisation, and also explain the different

between DAMGO and morphine as GRK phosphorylation role is more prominent with

DAMGO. However, it does not clarify homologous desensitisation as the ability of

morphine and DAMGO to induce desensitisation is relatively similar.

Modulation of PKC activity by PMA on heterologous desensitisation was also ex-

amined and activating PKC did not change results when compared with control. SST2A

receptor can undergo heterologous PKC mediated phosphorylation in CHO-KI cells207,

but if this phosphorylation also happens in AtT20 cells it did not change GIRK signal

heterologous desensitisation profile.

In another part of this study, MOPr signalling desensitisation was assessed in the

presence of staurosporine, a promiscuous kinase inhibitor which at a 1µM concen-

tration inhibits many kinases174. Signal decay (τ) in addition to homologous and

heterologous desensitisation induced by morphine or DAMGO did not vary between

vehicle and staurosporine treated AtT20-MOPr cells. This is another area of contro-

versy as in HEK293-MOPr cells staurosporine reduced desensitisation by morphine but
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not DAMGO167, while in LC neurons, it did not change met-enkephalin desensitisa-

tion response but increased rate of recovery12. It is intriguing that inhibition of a large

number of kinases does not affect desensitisation, and raise the question if phospho-

rylation does really play a role in desensitisation; nevertheless, staurosporine does not

inhibit many GRKs.

To support the finding using staurosporine and PMA in this chapter, the activity

of these kinase modulators was confirmed as shown in Appendix D.

In the face of so many variant findings it is clear that not only we are looking at

a very complex mechanism that can be deeply influenced by the way data is collected

and analysed, but also cell-type examined. PKC activity is abnormal in a number of

different cancers172, therefore it can be expected that AtT20, an adenoma pituitary

cell line, presents a different PKC activity to native cells (LC neurons) or non-tumour

cell lines (HEK293). PKCα mutations in pituitary adenomas have been reported; for

instance, one study examined the human D294G mutation which caused a loss-of-

function by preventing PKC to efficiently bind to cellular membrane377. Therefore, we

could speculate that a mutation of native proteins could lead to higher basal PKC ac-

tivity, explaining why morphine induced desensitisation is higher in AtT20-MOPr cells

without the need to activate PKC. Basal level of Thr370 phosphorylation in AtT20

cells was investigated, but unfortunately this antibody did not work even for positive

controls. Another possible explanation are the differences in proteins expression be-

tween cell types; not only MOPr levels could be different but also PKC subtypes and

even G protein subtypes. A report of AtT20 and HEK293 cells mRNA microarray

analysis15 showed a relevant difference in PKC subtypes, and more importantly AtT20

only had statistically significant mRNA levels for one subtype(Gi2) of the 5 G proteins

(Go1, Go2,Gi2 , Gi3, Gz) that MOPr preferentially stimulates75.

In conclusion, comparing MOPr desensitisation results in different cell types which

have been measured and analysed in various ways is a complicated task. Nevertheless,

an assay was developed with good temporal resolution and similar results to the ones

previously reported for this cell type. More importantly, it will enable a good and

uncomplicated comparison between various human MOPr desensitisation expressed in
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AtT20 FlpIn cells, which is the main objective of this project.



5
Regulation of N-terminal SNPs of hMOPr

This chapter focuses on the study of two high prevalence N-terminal human µ-opioid

receptor (hMOPr) single nucleotide polymorphisms (SNPs), known as A6V and N40D.

This study was started in CHO-KI cells by Dr. Alisa Knapman and continued by myself

in AtT20 cells. In addition to some results that have already been published (Knapman

et al. [2014,2015]182,183), desensitisation, phosphorylation and surface receptor loss are

presented here.

Contents

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.2.1 Human MOPr Expression in AtT20 Cells . . . . . . . . . . . 103

5.2.2 Human MOPr Signalling via GIRK Channel Activation . . . 104

99



100 Regulation of N-terminal SNPs of hMOPr

5.2.3 Opioid-Mediated Signal Desensitisation in AtT20 cells . . . . 108

5.2.4 Opioid-Mediated Phosphorylation of hMOPr Ser377 . . . . . 112

5.2.5 Cell Surface Loss of hMOPr . . . . . . . . . . . . . . . . . . . 115

5.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.1 Introduction

A large number of studies have shown the effect of inherited genetic variation in drug

response. Mutations that can interfere with some opioids pharmacokinetics have long

been identified100,269,304, though the question remains whether hMOPr SNPs play a

role in patient response variance. This study assessed molecular mechanisms of A6V

and N40D variants which are common N-terminal SNPs of the hMOPr (Figure 5.1).

Figure 5.1. Serpentine structure and amino acid sequence of the human µ-opioid receptor
wild-type. N-terminal amino acids altered by SNPs A6V and N40D are highlighted in red.
Note that N40D polymorphism deletes predicted glycosylation.
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The most studied polymorphism of the OPRM1 gene is A118G, which results in an

asparagine to aspartic acid substitution (N40D), therefore a loss of a predicted glyco-

sylation site. N40D allele variant has a low frequency in sub-Saharan Africans (0.8%)

and African Americans (2.2%) but a high frequency among Caucasians (11-17%) and

Asians (27-48%)248. C17T is another exon 1 polymorphism resulting in an amino acid

change from alanine to valine (A6V). A6V variant has an allelic frequency distribution

somewhat inverse to N40D as it is common in African-American and northern Indian

populations (up to 20%) but is rare in Caucasian and east Asian populations (less than

1%)88,180,335. Both SNPs are frequent enough to be clinically interesting and they have

been implicated in drug abuse180; therefore, becoming extremely interesting candidates

for functional studies.

The clinical significance of the A6V polymorphism is still not well understood as

only a small number of reports have investigated this variant, and most of them had

insufficient statistical power to reach a reliable conclusion. A recent large study re-

ported a higher use of cocaine, alcohol and tobacco in HIV positive African American

women with the polymorphic homozygous genotype (T:T), but no difference with the

heterozygous genotype (C:T)90. An intriguing finding was that opioid use was not

statistically different between the genotypes; however, the prevalence of opioid abuse

was low in the study cohort, thereby making it impossible to detect subtle effects of

the A6V polymorphism90. Regarding MOPr-A6V signalling in vitro, only three stud-

ies have assessed this polymorphism; one of these few studies was performed by our

group, and a part of the work presented in this chapter was published (Knapman et

al. [2015]183). A study in HEK293 cells expressing A6V polymorphism in a MOPr

splice variant backbone (MOR1A-A6V) showed unchanged morphine and DAMGO in-

duced internalization, however a higher DAMGO efficacy, but not morphine, measured

by calcium influx; when compared to receptor with same backbone but without point

mutation287. A later report examined DAMGO, endomorphin-1 and Leu-enkephalin

mediated inhibition of forskolin-induced change in cAMP-dependent gene transcription

(CRE-luciferase assay) in HEK-cells transiently expressing hMOPr-WT and hMOPr-

A6V, and found similar potency and efficacy between both variants for all opioids
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tested125. In CHO-KI cells expressing hMOPr-A6V, Knapman et al. (2015)183 reported

a decrease in opioid-mediated ERK1/2 phosphorylation, in addition to a significant re-

duction in adenylyl cyclase (AC) inhibition by DAMGO, morphine and β-endorphin;

interestingly, only buprenorphine out of the 11 opioids tested had its ability to signal

in both pathways abolished.

In contrast to A6V, a large number of clinical studies have analysed N40D poly-

morphism; however, no definitive functional consequences for this mutation has been

ascertained. Previous reports showed an association of N40D polymorphism with pain

sensitivity, drug addiction and social behaviour180,248. A reduced response to opioids

is the most frequent finding of studies on this polymorphism, however no effect and a

higher response have also been reported248. Many studies had investigated the correla-

tion between N40D and drugs of abuse as alcohol and opioids, and once again contra-

dictory data have been reported regarding use, dependence and dependence treatment

(mainly with opioid antagonist naltrexone)168,179,180,300. Troisi et al. (2011)343 for

the first time reported a study in humans where N40D polymorphism was associated

to social hedonic capacity and this result has been recently reproduced in a mouse

model45.

Furthermore, molecular studies of N40D polymorphism consequences have investi-

gated regulation of receptor expression and signalling. A decrease in receptor number

on cell surface was previously reported by some studies156,373, and this could be linked

to the loss of N-glycosylation site and/or introduction of a methylation to the gene253.

Nevertheless, other studies did not find any difference in receptor expression in Neuro

2A cells96 and CHO-KI cells182. Bond et al. (1998)38 was the first to study signalling

profile in this variant. They reported that out of many opioid agonists and one antago-

nist tested, only β-endorphin presented a significantly higher binding affinity in AV-12

cells stably transfected with wild-type or N40D hMOPr. Moreover ability to signal

via GIRK channels was measured by electrophysiology in Xenopus oocytes transiently

injected with variants mRNAs, and again only β-endorphin efficacy varied, being three-

fold higher in N40D compared with WT variant. Unfortunately, this result could not be

reproduced by later studies31,183,189 and many conflicting results for opioids efficacy and
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potency in different pathways have been reported. Interestingly, we demonstrated that

buprenorphine, an opioid rarely assessed but clinically important, has compromised

signalling in three different pathways, inhibition of AC, phosphorylation of ERK1/2

and GIRK activation (GIRK work reproduced in this chapter)182. Beyer et al. (2004)31

reported internalisation profile of N40D to be indistinguishable from that observed for

WT hMOPr31 and they also found similar cAMP inhibition desensitisation time course

induced by morphine, morphine-6-glucoronide or β-endorphin in HEK293 expressing

WT and N40D hMOPr.

Investigation on A6V and N40D hMOPr polymorphisms stably transfected in AtT20

cells is presented in this chapter. In addition to published work in efficacy and potency

to opioids; desensitisation, receptor phosphorylation and loss of receptor surface were

examined in cells with similar receptor expression. To the best of my knowledge this

is the first report of hMOPr serine 377 (Ser377) residue phosphorylation, and desensi-

tisation of GIRK pathway in both N-terminal variants.

5.2 Results

5.2.1 Human MOPr Expression in AtT20 Cells

hMOPr-WT, A6V and N40D were stably transfected in AtT20 cells using the Flp-In™

system. A large difference in receptor expression between variants can be mislead-

ing when assessing signalling pathways, therefore whole cell hMOPr expression was

measured using [3H]DAMGO. No significant difference between cell surface receptor

number was observed for hMOPr-A6V or hMOPr-N40D when compared with hMOPr-

WT (Figures 5.2(A) and 5.2(B)). Bmax for AtT20-hMOPr-WT was 1393±84 fmol/mg

total protein, 1772±151 fmol/mg for AtT20-hMOPr-A6V and 1321±55 fmol/mg for

AtT20-hMOPr-N40D (Figure 5.2(C), t-test, p>0.05). In addition, the affinity for

[3H]DAMGO was compared between variants and, as shown in Figure 5.2(D), all three

KDs were similar being approximately 3nM (t-test, p>0.05).
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(A) (B)

(C) (D)

Figure 5.2. hMOPr-WT, hMOPr-A6V and hMOPr-N40D expression in AtT20 cells. (A)
Saturation binding curve of [3H]DAMGO in intact AtT20-hMOPr-WT and AtT20-hMOPr-
A6V. (B)Saturation binding curve of [3H]DAMGO in intact AtT20-hMOPr-WT and AtT20-
hMOPr-N40D. (C) Bmax results. (D) KD results. No significant difference in Bmax or KD

was observed between cells expressing hMOPr-WT and N-terminal variants (t-test, p>0.05).
Data represent the mean ±SEM, n=3-4.

5.2.2 Human MOPr Signalling via GIRK Channel Activation

Many signalling pathways can be activated by opioid agonist induced conformational

changes in the MOPr. GIRK activation by βγ subunits produces cell hyperpolarisation

which can be measured using FLIPR® membrane potential dye. AtT20 cells expressing

WT, A6V or N40D hMOPr were treated with varying concentrations of opioid agonists

and somatostatin, maximum hyperpolarisation was measured for each concentration

(Figure 5.3) and concentration response curves (CRCs) plotted (Figures 5.4).

Figure 5.3 illustrates representative traces of data collected for DAMGO and buprenor-

phine CRCs in AtT20-hMOPr-N40D. All higher efficacy opioid agonists tested had a

similar pattern to that shown for DAMGO where the rate of signal decay was fast for
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low concentrations and slowed down as concentration increased. Uniquely, buprenor-

phine decay rate in the MOPr signal was fast even at high concentrations, and this

signalling profile occurred for all variants assessed.

(A) (B)

Figure 5.3. Representative traces showing decrease in fluorescence signal, corresponding
to membrane hyperpolarisation, following application of varying concentrations of DAMGO
and buprenorphine to AtT20-hMOPr-N40D. (A) DAMGO stimulated hyperpolarisation.
(B) Buprenorphine stimulated hyperpolarisation. Note that signal recovery profile for
buprenorphine was very different from DAMGO as high concentrations also caused fast signal
decay. Data from one experiment in duplicate normalised to baseline.

A6V and N40D polymorphisms did not affect signalling by β-endorphin, DAMGO,

methadone and endomorphin-2 (Figure 5.4, Table 5.1). Morphine ability to stimulate

GIRK opening was also unaffected at hMOPr-N40D, while its efficacy was slightly

reduced at hMOPr-A6V (t-test, p=0.0261), nevertheless this is unlikely to have any

biological significance. Buprenorphine and pentazocine, which presented a low intrinsic

activity at all hMOPr variants (Table 5.1), have unchanged efficacies and potencies in

cells expressing A6V variant, however in AtT20-hMOPr-N40D cells buprenorphine was

less potent, with pEC50 of 6.7±0.1 compared with pEC50 of 7.0±0.1 in AtT20-hMOP-

WT cells (t-test, p=0.0140), but with similar efficacy (WT Emax of 22±1, N40D Emax

of 19±2, t-test, p=0.1169). Pentazocine’s ability to signal was also disrupted by N40D

polymorphism, where a large decrease in the efficacy was observed (WT Emax of 7±1,

N40D Emax of 4±1, t-test, p=0.0099), but had no effect on potency (WT pEC50 of

7.2±0.1, N40D pEC50 of 7.1±0.2, t-test, p=0.6389). Note that pentazocine Emax values
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are significant when compared to basal signal (one-sample t-test, p<0.05).

To assess the ability of AtT20 cell populations to hyporpolarise across cell lines

created, SST CRC was determined for all AtT20 cells expressing hMOPr variants.

Somatostatin efficacy and potency were similar between all hMOPr variants (t-test,

p<0.05), which is important to show that differences observed in CRCs were not related

to hyperpolarisation variances in the cell lines.

Table 5.1. Summary of opioid and SST efficacy and potency of GIRK activation in AtT20
cells expressing WT, A6V or N40D hMOPr

GIRK activation Emax(%) pEC50

Opioid WT A6V N40D WT A6V N40D

β-Endorphin 35±1 33±2 34±1 7.1±0.2 7.0±0.1 7.0±0.1
DAMGO 34±1 31±1 32±1 8.4±0.1 8.5±0.1 8.4±0.1
Methadone 33±1 32±1 33±2 7.3±0.1 7.4±0.1 7.3±0.1
Endomorphin-2 32±1 30±1 31±1 8.1±0.1 8.1±0.1 7.9±0.1
Morphine 31±1 28±1* 30±1 7.6±0.1 7.6±0.1 7.4±0.1
Buprenorphine 22±1 22±2 19±2 7.0±0.1 7.2±0.1 6.7±0.1*
Pentazocine 7±1 5±1 4±1* 7.2±0.1 7.0±0.2 7.1±0.2
SST 33±1 33±1 32±1 8.3±0.1 8.4±0.1 8.3±0.2

Opioids are listed in rank order of maximal effect at MOPr-WT. Opioids with Emax significantly lower

than DAMGO are set in bold (one-way ANOVA, followed by t-test, corrected for multiple comparisons,

p<0.05). Marked with * are results significantly different to hMOPr-WT (t-test, p<0.05).Values shown

are mean ± SEM, n=5-11.

Figure 5.4.(following page): Opioid agonists and SST concentration response curves in
AtT20 expressing WT (black), A6V (blue) and N40D (red) hMOPr. (A) β-Endorphin, (B)
DAMGO, (C) methadone and (D) endomorphin-2 signalling was not affected by polymor-
phisms. (E) Morphine efficacy at A6V variant was lower when compared to WT (t-test,
p<0.05). (F) Buprenorphine was less potent while (G) pentazocine efficacy was reduced
by almost 50% in N40D variant (t-test, p<0.05). Note that (H) SST signalling was similar
between cell lines (t-test, p>0.05). Data represent the mean ± SEM of pooled data from
5-11 independent determinations performed in duplicate.
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5.2.3 Opioid-Mediated Signal Desensitisation in AtT20 cells

The effect of A6V and N40D polymorphisms on GIRK signal desensitisation was as-

sessed using FLPR® membrane potential dye as described in methods (Section 3.5).

Figure 5.5 shows representative traces for homologous and heterologous desensitisation

in AtT20 expressing hMOPr-N40D.

(A) (B)

Figure 5.5. Raw traces of (A) homologous and (B) heterologous desensitisation in
AtT20-hMOPr-N40D stimulated for 30 minutes with 1µM morphine before a high concen-
tration of morphine (10µM) or SST (1µM) was added. Difference in maximum response was
used to calculate desensitisation and plot a time course. Signal decay from 1µM morphine
was fitted to a one-phase exponential association and time constant (τ) obtained.

In addition to morphine and DAMGO, the main opioids analysed in this project,

buprenorphine and endomorphin-2 induced signal decay and desensitisation were ex-

amined. Signal desensitisation by opioid peptide endomorphin-2 was previously com-

pared to DAMGO where it induced faster desensitisation of GIRK signalling in LC

neurons294. Also considering the efficacy and potency results reported in the present

work, it would be interesting to assess desensitisation of pentazocine and buprenor-

phine in AtT20-N40D; however pentazocine signal hyperpolarisation was too low to

obtain reliable desensitisation data.

To assess signal decay after opioid stimulus (1µM DAMGO, 1µM morphine), 40

minutes traces were fitted to a one-phase exponential association, then hMOPr-A6V
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and hMOPr-N40D time constant (τ) and maximum decay (Ymax) were compared to

hMOPr-WT (Table 5.2). A slightly lower extent of decay was observed for DAMGO

at A6V (WT Rmax of 94±1, A6V Rmax of 91±1, t-test, p=0.0332) and similar re-

sult was obtained for endomorphin-2 (WT Rmax of 95±1, A6V Rmax of 92±1, t-test,

p=0.0396), however such a small difference could be related to tiny differences in re-

ceptor expression and is unlikely to have any biological relevance. In general signal

decay was unaffected across variants (t-test, p>0.05).

The fastest rate of signal decay was observed for buprenorphine which also presented

the higher extent of decay (one-way ANOVA corrected for multiple comparisons, p>0.05).

In addition, DAMGO and endomorphin-2 had similar rate of decay (one-way ANOVA

corrected for multiple comparisons, p>0.05).

Table 5.2. Summary of time constant (τ) and maximum decay (Ymax) of signal in AtT20
cells expressing WT, A6V or N40D hMOPr

τ(sec) Ymax(%)

Opioid WT A6V N40D WT A6V N40D

DAMGO 898±131 1019±76 973±123 94±1 91±1* 92±1
Morphine 612±76 725±52 664±74 96±1 94±1 95±1
Endomorphin-2 1044±185 1008 ±221 1260±404 95±1 92±1* 94±1
Buprenorphine 239±36 154±44 232±57 98±1 97±1 98±1

Signal decay data were fitted to a one-phase exponential association and t1/2 and Ymax (plateau)

obtained. Highlighted are results significantly different to hMOPr-WT (t-test , p<0.05). Values

shown are mean ± SEM, n=4-6.

By using a challenge concentration of opioid or SST after 5, 10, 20, 30 or 40 min-

utes of opioid stimulus, homologous and heterologous signalling desensitisation time

courses was examined. Morphine, DAMGO and endomorphin-2 time courses were not

affected by A6V and N40D polymorphisms as shown in Figure 5.6 (two-way ANOVA,

p>0.05). To further assess time course results, t1/2 and maximum desensitisation

(Dmax) was compared between variants and are summarised in table 5.3. Dmax of

morphine and endomorphin-2 was not influenced by polymorphisms (t-test, p>0.05),

however a slightly lower homologous Dmax by DAMGO was observed for A6V (58±2%)
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and N40D (59±2%) compared with WT (66±1%), while only A6V affected heterolo-

gous DAMGO Dmax (WT Dmax of 55±2%, A6V Dmax of 46±2%, t-test, p<0.05).

Buprenorphine homologous desensitisation data did not fit a one-phase exponential

association; note that buprenorphine signal desensitised much faster when compared

to other opioids tested and signal fluctuated in an uneven pattern. A6V polymorphism

resulted in a decrease in homologous desensitisation (two-way ANOVA, p<0.05) and a

faster rate of heterologous desensitisation (t1/2 of 2.4±0.7 min, t-test, p=0.0439) when

compared with hMOPr-WT (t1/2 of 6.8±1.4 min), while N40D desensitisation was

unaffected.

Figure 5.6.(following page): Effect of N-terminal polymorphisms on homologous and het-
erologous signal desensitisation by DAMGO, morphine, endomorphin-2 and buprenorphine
in AtT20 cells expressing hMOPr WT (black), A6V (blue) or N40D (red). (A) Homologous
and (B) heterologous desensitisation after 1µM DAMGO stimulus. (C) Homologous and
(D) heterologous desensitisation after 1µM morphine stimulus. (E) Homologous and (F)
heterologous desensitisation after 1µM endo-2 stimulus. (G) Homologous and (H) heterol-
ogous desensitisation after 1µM buprenorphine stimulus, note that homologous data had a
very distinct pattern not fitting a one-phase exponential curve. Polymorphisms did not af-
fect homologous and heterologous signal desensitisation time course by DAMGO, morphine or
endomorphin-2 (two-way ANOVA, p>0.05). Altered buprenorphine induced homologous desen-
sitisation at hMOPr-A6V was observed (two-way ANOVA, p=0.0043), all other buprenorphine
results were hMOPr-WT alike (two-way ANOVA, p>0.05). Data are expressed as percent-
age desensitisation from vehicle control, and represent the mean ± SEM of 4-6 independent
determinations performed in duplicate.
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Table 5.3. Summary of desensitisation time course t1/2 and Dmax in AtT20 cells expressing
WT, A6V or N40D hMOPr

t1/2(min) Dmax(%)

Opioid WT A6V N40D WT A6V N40D

Homologous desensitisation

DAMGO 12.4±2.9 12.5±2.6 9.8±1.0 66±1 58±2* 59±2*
Morphine 7.5±1.3 9.1±0.7 8.5±0.9 61±2 58±3 63±3
Endomorphin-2 8.6±1.2 8.5±1.2 7.2±1 68±4 61±5 64±6

Heterologous desensitisation

DAMGO 14.2±4.1 12.1±1.8 15.2±4.2 55±2 46±2* 49±3
Morphine 12.2±5.8 11.2±3 11.6±1 25±2 23±1 23±2
Endomorphin-2 9.4±1.5 12.4±2.7 10.5±1.4 49±5 42±6 38±4
Buprenorphine 6.8±1.4 2.4±0.7* 8.5±4.9 16±3 16±2 11±2

Desensitisation data were fitted to a one-phase exponential association and t1/2 and Dmax (plateau)

obtained. Note that buprenorphine induced homologous desensitisation did not fit the curve. High-

lighted are results significantly different to hMOPr-WT (t-test, p<0.05). Values shown are mean ±
SEM, n=4-6.

Overall, besides some small variations in DAMGO and endomorphin-2 signal decay

and desensitisation, the change in buprenorphine induced homologous desensitisation

in AtT20-hMOPr-A6V is the only finding likely to have a biological relevance.

5.2.4 Opioid-Mediated Phosphorylation of hMOPr Ser377

Many studies showed that phosphorylation of Ser377 residue of hMOPr-WT, or Ser375

in mMOPr-WT, is agonist dependent and that the extent of phosphorylation by mor-

phine is much less than by DAMGO71,102,311. To assess the effect of polymorphisms

on hMOPr phosphorylation induced by 1µM morphine and 1µM DAMGO after 5 or

30 minutes treatment, the selective antibody to phosphorylation on Ser377 was used

and data are presented in Figure 5.7. Note that this is the only selective antibody for

MOPr phosphorylation available commercially.

As expected morphine induced phosphorylation of Ser377 to a lesser extent than

DAMGO in hMOPR-WT, and no difference was observed between variants for both
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(A) (B)

(C)

Figure 5.7. Morphine and DAMGO induced phosphorylation of hMOPr Ser377 residue
in AtT20 expressing hMOPr variants. (A) and (B) are representative blots from one of
five independent experiments of 5 or 30 minutes opioid treatment respectively . AtT20 cells
stably transfected with hMOPr-WT, hMOPr-A6V or hMOPr-N40D were either not exposed
(-) or exposed (+) to 1µM DAMGO (D) or 1µM morphine (M) for 5 or 30 minutes. The
cells were lysed and immunoblotted with anti-pSer377 antibody (pSer377, upper panel), then
blot was stripped and reprobed with anti-HA antibody to detect total hMOPr (HA, lower
panel). Further methods details are described in Section 3.6 (C) Morphine and DAMGO
incubated for 5 (no pattern) or 30 minutes (stripe pattern) induced similar extension of
Ser377 residue phosphorylation in WT and A6V hMOPr (t-test, p>0.05). While hMOPr-
N40D polymorphism also did not change Ser377 phosphorylation by morphine, DAMGO
results was significantly different for both time points (one-sample t-test, p<0.05). Data are
presented as % of DAMGO-induced Ser377 phosphorylation (pSer377) in AtT20-hMOPr-WT
(100%) ± SEM; note that all results were corrected for total receptor number (pSer377/HA).
Data quantified by densitometric analysis.



114 Regulation of N-terminal SNPs of hMOPr

time points (t-test, p>0.05). All results were normalised to DAMGO induced phospho-

rylation on Ser377 of hMOPr-WT (100%), and after 5 minutes incubation with mor-

phine, 31±5% phosphorylation was observed for hMOPr-WT, 34±1% for hMOPr-A6V

and 28±3% for hMOPr-N40D. A similar data was obtained for 30 minutes incubation

(WT 26±4%, A6V 32±3%, N40D 24±3; t-test, p>0.05, n= 5-6).

DAMGO mediated robust phosphorylation of Ser377 at 5 and 30 minutes time

points. WT and A6V phosphorylation intensity were similar, however N40D polymor-

phism significantly decreased phosphorylation at both 5 (WT 100%, N40D 77±5%,

one-sample t-test, p=0.0174) and 30 minutes treatment (WT 100%, N40D 79±4%,

one-sample t-test, p=0.0084).

Considering the interesting results in GIRK activation and desensitisation with

buprenorphine, hMOPr phosphorylation induced by this semisynthetic opioid was also

assessed. Buprenorphine treatment led to a low extent of Ser377 phosphorylation in

all hMOPr variants tested (t-test, p<0.05); for this reason morphine was used instead

of DAMGO to normalise results since DAMGO band saturated before buprenorphine

could develop. A6V polymorphism caused an increase of buprenorphine-induced Ser377

phosphorylation to 34±6% in 5 min and 41±3% in 30 minutes when compared with

WT, 16±4% in 5 min and 24±4% in 30 min (t-test, p<0.05). The Ser377 phospho-

rylation for N40D variant was similar to WT (16±3% in 5 min and 24±8% in 30

min).

A decrease in protein glycosylation can affect protein migration leading to a lower

molecular weight. Figures 5.7 and 5.8 representative blots illustrates the lack of sig-

nificant change on hMOPr-N40D molecular weight, which indicated the possibility of

low or absent glycosylated in N40 position of hMOPr expressed in AtT20 cells.
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Figure 5.8. Buprenorphine induced phosphorylation of hMOPr Ser377 residue in AtT20
expressing hMOPr variants. (A) AtT20 cells stably transfected with hMOPr-WT, hMOPr-
A6V or hMOPr-N40D were either not exposed (-) or exposed (+) to 1µM buprenorphine (B)
for 5 or 30 minutes. The cells were lysed and immunoblotted with anti-pSer377 antibody
(pSer377, upper panel), then blot was stripped and reprobed with anti-HA antibody to
detect total hMOPr (HA, lower panel). Phosphorylation of hMOPr-WT induced by 1µM
morphine (M) for 5 minutes was added to normalise results. Representative blot from one
of five independent experiments is shown and methods are described in Section 3.6. (B)
Buprenorphine induced similar extension of Ser377 residue phosphorylation in WT and N40D
hMOPr, while phosphorylation of hMOPr-A6V was significantly increased for both 5 (no
pattern) and 30 (stripe pattern) minutes time points(t-test, p<0.05). Data are presented as
% of morphine-induced Ser377 phosphorylation in AtT20-hMOPr-WT (100%) ±SEM; note
that all results were corrected for total receptor number (pSer377/HA). Data quantified by
densitometric analysis.

5.2.5 Cell Surface Loss of hMOPr

To further assess the effect of N-terminal polymorphisms in hMOPr regulation in AtT20

cells expressing hMOPr variants, the amount of hMOPr WT, A6V and N40D mem-

brane surface loss was quantified after morphine and DAMGO treatment for 5 and 30

minutes using a whole-cell ELISA technique.

Figure 5.9 shows the obtained results and as previously reported morphine did

not mediate significant receptor loss from the surface for both concentrations tested

(1µM and 10µM). 0.1µM DAMGO also did not induce a significant decrease in mem-

brane receptor however DAMGO in higher concentrations (1µM and 10µM) produced

a significant receptor internalisation which was much greater after 30 minutes when

compared to 5 minutes for all variants (t-test, p<0.05).

Quantified hMOPr-A6V on cell surface was indistinguishable from hMOPr-WT,
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however a significant lower amount of membrane hMOPr was observed when AtT20-

hMOPr-N40D cells was incubated for 30 minutes with 1µM (WT 79±1%, N40D

67±2%, t-test, p=0.0006) or 10µM DAMGO (WT 63±2%; N40D 54±3%, t-test,

p=0.0079). Therefore only N40D polymorphism affect hMOPr downregulation (two-

way ANOVA, corrected for multiple comparisons, p<0.05).

Figure 5.9. Loss of membrane hMOPr-WT, hMOPr-A6V and hMOPr-N40D after
DAMGO or morphine incubation for 5 or 30 minutes. Data obtained as described in Sec-
tion 3.8. The amount of hMOPr on membrane was reduced after 1µM and 10µM DAMGO
treatment when compared to 0.1µM DAMGO for all variants (t-test, p<0.05). Morphine and
0.1µM DAMGO did not induce membrane receptor loss (one-sample t-test, p>0.05). When
comparing N-terminal polymorphisms to hMOPr-WT, A6V did not affect receptor surface
numbers while hMOPr-N40D surface loss was increased when incubated for 30 minutes with
1µM or 10µM DAMGO (two-way ANOVA, corrected for multiple comparisons, p<0.05 marked
with *). Data represent the mean ± SEM of pooled data from 4-5 independent determinations
performed in triplicate.

5.3 Discussion

OPRM1 gene codes for the hMOPr and it is well established that in some populations

non-synonymous SNPs are present in the coding region. The allele prevalence of some

polymorphisms can be high; for example N40D (A118G) can be prevalent in up to 48%

of Asians, and A6V (C17T) up to 20% of Northern Indians. These two populations
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alone account for a large portion of the planet’s population, it follows that one can

estimate the importance of studying these two N-terminal hMOPr polymorphisms.

In this chapter the effect of A6V and N40D polymorphisms were assessed by ex-

pressing hMOPr-WT, hMOPr-A6V or hMOPr-N40D in AtT20 cells using the Flp-In™

system. This system facilitated the production of isogenic cell lines, which is char-

acterised by the integration of the receptor variants constructs at the same location

in the genome307. This similar transcriptional environment between cell lines enables

a better way of comparing differences amongst polymorphisms. A summary of this

chapter findings is presented in Table 5.4.

Identifying and understanding protein post-translational modifications (PTMs) is

critical in the study of GPCRs regulation. One very important PTM is glycosylation,

where approximately 90% are N (asparagine) -linked glycosylations. hMOPr has five

asparagine at the N-terminal, and NetNGlyc 1.0 Server predicts that three of them

have a high potential of being glycosylated (Figure 5.1). The N40D polymorphism

removes one of these likely glycosylated sites. However, in this study western blots

showed molecular weight of hMOPr-N40D and hMOPr-WT to be similar, excluding

the possibility of a highly glycosylated site in AtT20-hMOPr cells. In addition, glycosy-

lation may increase protein stability, which in some studies reportedly increased protein

expression. Nevertheless, the expression of both hMOPr variants were similar when

quantified by radioligand binding; taken together these results suggest that N40 posi-

tion of hMOPr-WT expressed in AtT20 cells may not be glycosylated. Similar findings

for receptor expression were previously reported in CHO-KI and Neuro 2A cells ex-

pressing hMOPr-WT and hMOPr-N40D96,182. Huang et al. (2012)156 reported a lower

molecular weight of hMOPr-N40D in mutant mouse striatum and thalamus membrane,

which was likely caused by lower receptor glycosylation156. They also showed similar

results in HEK293 and CHO cells expressing hMOPr-N40D, and correlated this modifi-

cation with the lower receptor half-life found in CHO cells. Zhang et al. (2005)373 also

observed a reduced protein expression in CHO cells expressing hMOPr-N40D. Interest-

ingly even though the protein expression was more than ten-fold lower, the mRNA level

was only 1.5-fold lower, and despite omitting protein glycosylation, N40D molecular

http://www.cbs.dtu.dk/services/NetNGlyc/
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Table 5.4. Summary of N-terminal polymorphisms findings

hMOPr
variant

Assay performed Key observations

A6V Radioligand binding Similar expression and affinity
GIRK activation Morphine slightly lower efficacy*
Desensitisation time course DAMGO induced slightly lower maximum

homologous and heterologous desensitisa-
tion*
Buprenorphine induced decreased homolo-
gous desensitisation and faster heterologous
desensitisation

Signal decay DAMGO and endomorphin-2 induced
slightly lower extent of decay*

Ser377 phosphorylation Buprenorphine induce phosphorylation to a
higher extent at 5 and 30 minutes

Cell surface hMOPr loss Similar regulation

N40D Radioligand binding Similar expression and affinity
GIRK activation Buprenorphine less potent and pentazocine

almost two-fold decrease in efficacy
Desensitisation time course DAMGO induced slightly lower maximum

homologous desensitisation*
Signal decay Similar rate and extent of decay for all opioid

tested
Ser377 phosphorylation DAMGO induce phosphorylation to a lesser

extent at 5 and 30 minutes
Cell surface hMOPr loss Higher DAMGO concentrations increased

loss at 30 minutes

All results are in comparison with hMOPr-WT. Results different from hMOPr-WT marked with *

are unlikely to have biological relevance

weight in the published blot did not appear to be different from hMOPr-WT.

One plausible explanation for the conflicting data presented is that although mam-

malian cell lines are a great tool due to their capacity to produce complex glycosylation

of human proteins, they may present different pattern of protein glycosylation to hu-

man cells. Within the endoplasmic reticulum and Golgi apparatus of each cell line, the

presence and/or level of enzymes (glycosidases and glycosyltransferases) involved in the

glycosylation process vary; this is the main reason for different protein glycosylation

and is extremely important since different cell lines should be able to produce proteins
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with specific properties related to its function137,231. This change in glycosylation pat-

tern may be a problem when using heterologous expression system as it could lead to

different observations68,193. However, it is important to note that brain N-glycosylation

of MOPr seems to have region-specific patterns155; thus, studying MOPr in different

cell lines might give a better picture of possibilities in different areas of the nervous

system.

Another possible explanation for lower MOPr expression found by some studies in

brain tissue and cell lines (CHO and HEK293)31,156,373 is that, in eukaryotes, DNA

methylation is one of many epigenetic mechanism used to control gene expression.

Methylation is most commonly introduced at cytosine-phosphate-guanine (CpG) sites,

where a cytosine is directly followed by a guanine in the sequence, and this common

epigenetic signalling tool can interfere with mRNA formation. Interestingly, a CpG site

is introduced in the N40D polymorphism; therefore, N40D gene has an extra methy-

lation site. Oertel et al. (2012)253 reported an increase in methylation pattern in

hMOPr-N40D gene. This could be responsible for the reduced levels of G118 mRNA

found in chronic opioid users when compared to the wild-type genotype, where upreg-

ulation of hMOPr-WT was observed to compensate for a reduced signalling efficiency

in heroin users. This epigenetic modification could also explain why such variability

is found between clinical studies as methylation patterns vary according to many dif-

ferent factors such as sex, age and environmental exposures like diet, nutrition and

air pollution87. Furthermore, gene-specific methylation/demethylation in human na-

sopharyngeal carcinoma KB cells can be induced by depletion of nutrients like folic

acid166; thereby, different growth conditions in tissue culture in addition to diversity

between the cell lines studied could also influence results, if epigenetic is truly involved

in N40D polymorphism gene expression. It is important to note that hMOPr-WT and

hMOPr-N40D were expressed in FlpIn™ AtT20 or CHO-KI182 in similar levels; there-

fore, if this site is methylated in the conditions studied, it did not significantly alter

receptor expression.

MOPr phosphorylation is another important post-translational modification. Schulz



120 Regulation of N-terminal SNPs of hMOPr

et al. (2004)311 reported that DAMGO induced a fast and robust MOPr phosphoryla-

tion while a lesser extent phosphorylation was induced by morphine in HEK293 cells

expressing mMOPr. Using a phosphorylation mutant of Ser375 (Ser377 in hMOPR)

it was shown that this residue is the primary phosphoacceptor site in mMOPr treated

with morphine and DAMGO, and it is involved in receptor internalisation; latter shown

to be the key step171,236. In this study how A6V and N40D polymorphisms affected

internalisation and phosphorylation of this primary phosphorylation site was assessed.

DAMGO and morphine had a similar Ser377 phosphorylation and membrane receptor

loss in hMOPr-A6V compared to hMOPr-WT, this supports the hypothesis by Schulz

et al. (2004)311. An intriguing result was obtained for N40D polymorphism, where

DAMGO induced phosphorylation of Ser377 was reduced by approximately 21%, while,

in contrast to expected, cell surface receptors after treatment also decreased. Note that

in the assay performed only receptor numbers on cell surface was measured after opioid

treatment; internalisation was not measured. If receptor internalisation was similar,

as previously reported31, there is likely to be a decrease in hMOr-N40D recycling or

production compared to hMOPr-WT (maybe due to epigenetic modification or lower

glycosylation). Further studies are necessary to better understand these findings.

In the present study GIRK activation and signalling desensitisation were also ex-

amined. In AtT20-hMOPr-WT, DAMGO and endomorphin-2 mediated signal had

similar maximum hyperpolarisation and rate of decay. This findings differed from re-

sults reported by Rivero et al. (2012)294 in rat LC neurons, where endomorphin-2

induced faster decay. This difference could be related to receptor reserve, as within

the same study they observed a similar maximum response between these two ago-

nists in LC neurons; however, in cells treated with β-FNA, the relative efficacy for

endomorphin-2 was much lower than for DAMGO. This shows that to observe a decay

in DAMGO signalling, a higher number of receptor would need to be ‘removed’ com-

pared to endomorphin-2 thus explaining the faster signal decay by endomorphin-2 in

this system.

A6V polymorphism did not significantly affect signalling via GIRK. This suggests
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a pathway-dependent impact, taking into consideration that this polymorphism signif-

icantly diminished stimulation of ERK1/2 phosphorylation by all opioids tested, and

also compromised adenylyl cyclase inhibition by DAMGO, morphine and β-endorphin

in CHO-KI cells expressing hMOPr variants183. However, differences in cell lines need

to be considered, for example glycosylation profile as mentioned above, and expression

of proteins involved in signal transduction. Furthermore, buprenorphine signalling was

completely abolished in both pathways in CHO cells expressing hMOPr-A6V, while in

the present study buprenorphine induced phosphorylation and desensitisation differ-

ently in AtT20-hMOPr-A6V compared with AtT20-hMOPr-WT. The change in signal

and receptor regulation following buprenorphine treatment at hMOPr-A6V further

supports the hypothesis that buprenorphine signalling is altered by the A6V polymor-

phism. It is somewhat surprising that A6V amino acid change from valine to alanine

at the very beginning of the N-terminal is able to alter receptor regulation. Valine

and alanine are both hydrophobic amino acids. In comparison, alanine with a smaller

side chain is less hydrophobic than valine, though valine is more bulky, restricting

the conformation of the main chain. Buprenorphine is also a bulky and hydrophobic

molecule, thus maybe these spatial and polarity change may somehow interfere with

ligand-receptor interaction.

Beyer et al. (2004)31 reported that in HEK293 cells morphine did not change

N40D polymorphism desensitisation time course measure by cAMP accumulation. In

the present study a similar result was obtained for desensitisation of hMOPr signalling

via GIRK channels activation. The hMOPr-N40D effect on homologous signalling de-

sensitisation was small and only observed with DAMGO. This data combined with the

reduced phosphorylation of Ser377 would further support the idea that desensitisation

and phosphorylation are correlated; however, similar reduction on desensitisation was

observed for A6V variant without any phosphorylation change.

Membrane potential maximum hyperpolarisation mediated by buprenorphine and

pentazocine was reduced at N40D variant, and this was unrelated to receptor expres-

sion. Note that compromised buprenorphine signalling was also observed in other

pathways in CHO-KI cells182. Buprenorphine is used for pain management and opioid
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dependence; therefore, it would be of clinical interest to determine if people presenting

these polymorphisms respond differently to this commonly used opioid drug.

Compared to other opioid agonists, buprenorphine has unique properties: its anal-

gesic dose response curve is bell-shaped and it has a ceiling effect for respiratory de-

pression92,362. Buprenorphine has slow receptor association/dissociation kinetic, which

can lead to observations such as those of Virk et al. (2009)346 where naloxone was un-

able to reverse buprenorphine induced hyperpolarisation. This paper also showed that

preincubation with 5nM buprenorphine blocked rat MOPr acute desensitisation by ME

and etorphine in LC neurons; however, they measured desensitisation by signal depo-

larisation not rechallenge method, and in the same whole-cell recording assay change

in membrane potential after buprenorphine exposure was undetectable even after using

saturating concentrations. In the present study, rate and extent of desensitisation and

signal decay of buprenorphine were analysed in AtT20-hMOPr-WT cells. Interestingly,

signal decay was uniquely fast compared to other ligands tested and maximum decay

was higher than for all other opioids, almost reaching resting membrane potential. Ho-

mologous desensitisation time course was also faster and maximum desensitisation, as

a proportion of the original response, higher than any other opioid tested, however a

low heterologous desensitisation was observed. This suggests that buprenorphine did

not directly block GIRK channels, implying that homologous hMOPr desensitisation is

not caused by GIRK desensitisation. A possible explanation is that RGS proteins may

be involved in buprenorphine fast signal decay, just as previously mentioned for low

concentration of morphine, however because of slow off rate dissociation of buprenor-

phine, hMOPr are not able to reengage G protein receptor signalling. Then a possible

explanation for results obtained is that A6V amino acid change may cause a small

decrease in buprenorphine affinity, and when a higher concentration of buprenorphine

was added (challenge), it was still able to signal as blockage was slightly diminished;

this could also explain higher Ser377 phosphorylation. The results obtained could

somehow be related to RGS, however no information was found in the literature that

could support the role of RGS in decreased desensitisation. It would be interesting

to perform desensitisation assay by Virk et al. (2009)346 comparing hMOPr-WT and
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hMOPr-A6V.

Another approach to assess differences in hMOPr variants would be to look at

hMOPr conformations; however this area remains largely unexplored. In 2012, Man-

glik et al.220 published the first crystal structure of the mMOPr, but unfortunately

the region of interest for us was deleted as a large part of the C and the N-terminal

was removed to avoid crystallogenesis inhibition. Using conformation selective anti-

bodies, Gupta et al.139 demonstrated that conformational changes caused by receptor

activation affect MOPr N-terminal, in special the midportion region of MOPr where

the N40D polymorphism is located. These changes could be different between hMOPr-

WT and N-terminal variants, and this may explain some of the results observed in this

chapter.

The notion that polymorphisms to the N-terminal can affect GPCR signalling

is supported by a number of publications. In 5-hydroxytryptamine 2B receptor N-

terminal polymorphisms was shown to be involved in increased agonist signalling path-

ways and slowed desensitisation kinetics28. Another GPCR N-terminal polymorphism

that had been linked to variations in drug response was found in human β2-adrenergic

receptor, and a recent study had shown that this A16G variant affects ligands accessi-

bility and binding pocket316. This last study used structural modelling and atomistic

molecular dynamics simulation to analyse the conformations of the polymorphic recep-

tor variant. It would be intriguing to apply a similar analysis to hMOPr N-terminal

polymorphisms.

One important point to note in this study is that only polymorphic homozygous

genotypes were used to investigate the full effect of A6V and N40D variants. How-

ever, the majority of the population that carries the polymorphic allele only presents

a heterozygous genotype. The effects determined here may be modified if cells are

transfected with both hMOPr-WT and polymorphism.

In conclusion, A6V and N40D polymorphisms affect receptor function differently in

AtT20 cells expressing hMOPr variants. I have shown for the first time that hMOPr-

A6V mainly interferes with desensitisation and phosphorylation by buprenorphine,
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while pentazocine and buprenorphine signalling via GIRK is compromised at hMOPr-

N40D. In addition, DAMGO phosphorylation and cell surface receptor loss in AtT20-

hMOPr-N40D cells had an interesting profile and might bring some new mechanistic

possibilities on how this variant can cause previously reported clinical differences in

hMOPr-WT. More studies are necessary to further evaluate these findings and un-

derstand the molecular mechanisms behind them. It is also of great importance to

determine if these findings can be translated to clinics in terms of opioid treatment.



6
Regulation of TM1 and ICL2 SNPs of

hMOPr

The hMOPr SNPs reported in this chapter are rare, consequently they do not attract as

much attention as polymorphisms of the N-terminal. However it is always interesting

to understand how small changes in different parts of the receptor can change its

regulation. Therefore, here we assessed L85I, a SNP of the first transmembrane (TM)

region, and R181C, a second intracellular loop (ICL) SNP.
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6.1 Introduction

Investigating rare polymorphisms of hMOPr may not be very interesting clinically.

However it helps to better understand the molecular mechanisms underlying MOPr

regulation, which is important for developing better analgesic opioids and that, in

turn, would benefit a large percentage of the population.

Ravindranathan et al.287, in 2009, described for the first time L85I and R181C

variants by sequencing OPRM1 in 550 subjects participants in the San Diego Sibling

Pair Study, where researches were looking for genes that may increase susceptibility

to alcohol use disorders67. They reported an allelic frequency of 0.002 for both SNPs

in that population. The non synonymous substitution C253A change the amino acid

leucine to an isoleucine (L85I) and it is a polymorphism in the first transmembrane

region of the hMOPr, while C541T is an alteration from amino acid arginine to cysteine

(R181C) in the second intracellular loop (Figure 6.1).

The signalling profile of L85I variant is fairly similar to hMOPr-WT in HEK293

cells; however, this variant efficiently internalised with acute morphine treatment. This

finding varies from the well established data in MOPr-WT7,331,347. Moreover, when

HEK293 cells were co-transfected with both WT and L85I variants, morphine treat-

ment could also induce hMOPr-WT internalisation, this data indicates a dimerisation

between these variants287. They also showed that tolerance and up-regulation of cAMP

(superactivation) induced by morphine was reduced at L85I variant in vitro. A recent

study by Cooke et al. (2015)81 of the rat homologue of the human L85I SNP (hence

L83I) confirmed the previous finding regarding morphine induced internalisation and



6.1 Introduction 127

Figure 6.1. Serpentine structure and amino acid sequence of the human µ-opioid receptor
wild-type. TM1 and ICL2 amino acids altered by SNPs L85I and R181C are highlighted in
red. Adapted figure from Center for Opioid Research and Design (CORD)83.

additionally added phosphorylation and β-arrestin recruitment studies. Interestingly,

they showed L85I variant phosphorylation and β-arrestin binding not to be affected by

this mutation; however, internalisation was dynasore sensitive and receptor constitu-

tive internalisation was not significantly different between WT and L83I hMOPr. They

also reported acute signalling differences between both variants, the maximum extent

of cAMP inhibition by DAMGO at MOPr-WT was greater than for MOPr-L83I, and

maximum ERK phosphorylation mediated by morphine and DAMGO was reduced by

polymorphism. Nevertheless, no difference was observed in the ability of supramaximal

concentrations of DAMGO and morphine to activate [35S]-GTPγS binding.

The R181C variant was previously characterised as a total loss of function mu-

tation in stably transfected HEK293287. Despite demonstrating a similar affinity

to DAMGO when compared with WT variant, hMOPr-R181C was unable to cause

DAMGO mediated receptor internalisation and efflux of intracellular calcium via an
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assay where transiently-transfected with a chimeric G protein ∆6-Gqi4−myr mutant was

used. Residue R181 is in a similar region to the DRY motif, which is one of the most

conserved sequences in class A GPCR. Previous reports had linked this motif and the

ICL2 to G protein and β-arrestin interactions, and stabilisation of inactive confor-

mation of receptor transmembrane domains in the absence of ligand61,204,355. Most

importantly, crystal structure analysis of the mMOPr suggested a polar interaction

between the aspartic acid (D) residue of the dry motif and the arginine mutated in

R181C220.

In this study hMOPr-L85I and hMOPr-R181C were expressed in AtT20 cells and

assessed for receptor signalling and regulation. This is the first study to examine these

polymorphisms ability to activate GIRK signalling and desensitisation, in addition to

evaluate if previous reported results in HEK293 cells can be reproduced in a different

cell type.

6.2 Results

6.2.1 Human MOPr Expression in AtT20 Cells

To enable a reliable comparison of receptor signalling it is important to assess receptor

expression. The hMOPr-WT, L85I and R181C were stably transfected in AtT20 cells

using the Flp-In™ system. Binding of [3H]DAMGO to whole cells was determined as

described in methods (Section 3.4), and KD and Bmax calculated.

No significant difference between cell surface receptor number was observed for

hMOPr-L85I when compared with hMOPr-WT (Figure 6.2(A)). Bmax for AtT20-

hMOPr-WT was 1393±84 fmol/mg total protein and 1105±88 fmol/mg for AtT20-

hMOPr-L85I (Figure 6.2(C), t-test, p>0.05); L85I also did not affect KD for [3H]DAMGO

as shown on Figure 6.2(D) (t-test, p>0.05).

In contrast to previous report where R181C KD was not different from WT287, in

the present study R181C variant binding to DAMGO was diminished to the point that

KD and Bmax could not be reliably calculated (Figure 6.2(B)).
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(A) (B)

(C) (D)

Figure 6.2. hMOPr-WT, hMOPr-L85I and hMOPr-R181C expression in AtT20 cells. (A)
Saturation binding curve of [3H]DAMGO in intact AtT20-hMOPr-WT and AtT20-hMOPr-
L85I. (B) Saturation binding curve of [3H]DAMGO in intact AtT20-hMOPr-WT and AtT20-
hMOPr-R181C. This polymorphism deeply compromised receptor binding at concentrations
tested. (C) Bmax results. (D) KD results. No significant difference in Bmax or KD was
observed between cells expressing hMOPr-WT and hMOPr-L85I (t-test, p>0.05). Data rep-
resent the mean ± SEM, n=4.

Considering the binding result for AtT20-hMOPr-R181C, it was necessary to assess

the presence of the receptor on the cell surface. Immunocytochemistry technique was

performed as describe in methods (Section 3.7) without the permeabilisation step, and

hMOPr-R181C are clearly present in the cell surface and no apparent difference was

observed between AtT20 cells expressing hMOPr-R181C and hMOPr-WT as shown on

Figure 6.3. Therefore R181C polymorphism severely compromised DAMGO ability to

bind to receptor in AtT20 cells.
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(A) (B) (C)

Figure 6.3. Evidence of hMOPr-R181C and hMOPr-WT expressed in AtT20 cells mem-
brane. Fluorescence confocal images of non-treated (A) AtT20-hMOPr-WT, (B) AtT20-
hMOPr-R181C and (C) AtT20-WT cells. HA-488 conjugated antibody was used to label
hMOPr on cell surface. Image obtained under a 488nM laser excitation with fixed gain.
AtT20-WT also showing merged UV channel with DAPI staining of the nucleus. Data are
representative confocal images from three independent experiments.

6.2.2 Human MOPr Signalling via GIRK Channel Activation

Activation of GIRK channels by MOPr hyperpolarises neurons and inhibits nociceptive

action potential transmission250. To assess the effect of L85I and R181C hMOPr poly-

morphism on this important pathway, changes in membrane potential in transfected

populations of AtT20 cells after treatment with varying concentrations of opioids or

SST were recorded using FLIPR® membrane potential dye.

Figures 6.4(A) and 6.4(B) illustrate representative traces of data collected for

DAMGO and methadone concentration response curves (CRCs) in AtT20-hMOPr-

R181C. Out of the six opioids tested (DAMGO, β-endophin, methadone, morphine,

buprenorphine and pentazocine), DAMGO was the only tested opioid to mediate a

clear response in this variant, however with a dramatically reduced efficacy, Emax of

11±1%, and potency, pEC50 of 6.3±0.1, when compared with hMOPr-WT Emax of

34±1% and pEC50 of 8.4±0.1 (Figure 6.5, Table 6.1). Methadone also appeared to

elicit a response from 1µM concentration but higher concentrations produced a distinct

membrane potential depolarisation, this could be as a result of GIRK channels blockage

as previously reported for this opioid232.



6.2 Results 131

(A) (B)

(C) (D)

Figure 6.4. Representative traces showing change in fluorescence signal, corresponding to
membrane hyperpolarisation/depolarisation, following application of varying concentrations
of (A) DAMGO and (B) methadone to AtT20-hMOPr-R181C. R181C polymorphism com-
promised DAMGO and methadone stimulated hyperpolarisation. Methadone directly blocked
GIRK channels at high concentrations as previously reported232. (C) Overnight treatment
with 200ng/mL pertussis toxin (PTX) abolished DAMGO signalling at all variants as ex-
pected for Gi/o mediated signalling. (D) Opioid antagonist naloxone can reverse DAMGO
signal at R181C variant and it did not affect membrane potential baseline supporting that
DAMGO signal was hMOPr-R181C specific and this variant was not constitutively activated.
PTX and naloxone data from three experiments in duplicate normalised to baseline.

Overnight incubation with pertussis toxin (PTX) was able to block the response to

DAMGO in both variants tested, showing that hyperpolarisation was Gi/o mediated

(Figure 6.4(C)); furthermore at R181C variant naloxone was able to restore membrane

potential to baseline and did not affect basal membrane potential which confirms that

DAMGO signal was evoked by activation of hMOPr-R181C, and suggests that this



132 Regulation of TM1 and ICL2 SNPs of hMOPr

receptor was not constitutively active (Figure 6.4(D)).

The L85I polymorphism did not affect signalling via GIRK channel in AtT20 cells,

as shown in Figure 6.5 and Table 6.1, where potency (Emax) and efficacy (pEC50) of a

range of compounds are presented and compared to WT.

The ability of AtT20 cell populations to hyperpolarise across all different cell lines

was assessed by determining SST CRCs. The differences observed in CRCs were not

related to variances in the cell lines ability to hyperpolarise, as somatostatin efficacy

and potency were similar between all hMOPr variants (t-test, p<0.05).

Table 6.1. Summary of opioid efficacy and potency of GIRK activation in AtT20 cells
expressing WT, L85I or R181C hMOPr

GIRK activation Emax(%) pEC50

Opioid WT L85I R181C WT L85I R181C

β-Endorphin 35±1 32±2 N/A 7.1±0.2 7.0±0.1 N/A
DAMGO 34±1 32±2 11±1* 8.4±0.1 8.5±0.1 6.3±0.1*
Methadone 33±1 29±3 N/A 7.3±0.1 7.3±0.1 N/A
Morphine 31±1 29±2 N/A 7.6±0.1 7.6±0.1 N/A
Buprenorphine 22±1 20±2 N/A 7.0±0.1 7.1±0.1 N/A
Pentazocine 7±1 7±1 N/A 7.2±0.1 7.0±0.1 N/A
SST 33±1 32±1 34±2 8.3±0.1 8.3±0.1 8.3±0.2

Opioids are listed in rank order of maximal effect at MOPr-WT. Opioids with Emax significantly lower

than DAMGO are set in bold (one-way ANOVA, followed by t-test, corrected for multiple comparisons,

p<0.05). Marked with * are results significantly different to hMOPr-WT (t-test, p<0.05).Values shown

are mean ± SEM, n=5-6.

Figure 6.5.(following page): Opioid agonists and SST concentration response curves in
AtT20 expressing WT (black), L85I (blue) and R181C (red) hMOPr. (A) DAMGO, (B)
β-endorphin, (C) methadone, (D) morphine, (E) buprenorphine and (F) pentazocine sig-
nalling were not affect by L85I polymorphism. R181C variant abolished signalling from all
opioids but DAMGO where efficacy and potency were dramatically reduced (t-test, p<0.05).
Note that (G) SST signalling was similar between cell lines (t-test, p>0.05), thus inability
of hMOPr-R181C to signal was receptor not cell related. Data represent the mean ± SEM
of pooled data from 5-6 independent determinations performed in duplicate.
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6.2.3 Opioid-Mediated Signal Desensitisation in AtT20 cells

AtT20-hMOPr-WT and AtT20-hMOPr-L85I were previously shown to be differently

regulated by chronic exposure to morphine when examining cAMP levels and gene

expression (CRE)287. In the present work, acute DAMGO and morphine induced de-

sensitisation of hMOPr signalling via GIRK channel was assessed for these variants

as previously described in the methodology chapter (Section 3.5). Desensitisation was

also determined for R181C polymorphism; and considering how the signalling through

this pathway was deeply affected, two different protocols were used. Firstly DAMGO

concentrations were as regularly used for all variants, 1µM stimulus followed by 10µM

challenge, but in the second protocol higher concentrations were used: 10µM DAMGO

as stimulus and 30µM for challenge. Representative traces for this last protocol are pre-

sented in Figure 6.6. Note that after 10µM DAMGO stimulus adding 30µM DAMGO

did not result in any signal hyperpolarisation and SST signal was barely altered.

(A) (B)

Figure 6.6. Representative traces of (A) homologous and (B) heterologous desensiti-
sation in AtT20-hMOPr-R181C stimulated for 40 minutes with 10µM DAMGO before a
challenge concentration of DAMGO (30µM) or SST (1µM) was added. Difference in maxi-
mum response was used to calculate desensitisation and plot a time course. Signal decay was
fitted to a one-phase exponential association and time constant (τ) obtained.
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Figure 6.7 and Table 6.2 show that L85I polymorphism did not affect signal desen-

sitisation by DAMGO or morphine. In contrast, DAMGO induced homologous and

heterologous desensitisation at hMOPr-R181C were significantly different to hMOPr-

WT (two-way ANOVA, p<0.05). Homologous desensitisation by 10µM DAMGO stimulus

resulted in a complete signalling desensitisation, while 1µM DAMGO caused a faster

rate (t1/2 of 3.6±0.6 min) but a similar extent of desensitisation (Dmax of 73±4%)

of hMOPr-R181C evoked GIRK channel currents when compared with hMOPr-WT

(t1/2 of 12.4±2.9 min and Dmax of 66±1%). Somatostatin signalling after 1µM and

10µM DAMGO stimulus in AtT20-hMOPr-R181C was reduced by less than 10% com-

pared with SST alone, which made heterologous desensitisation at this variant hard to

quantify and likely to be biologically irrelevant. This is in stark contrast to hMOPr-

WT which showed substantial heterologous desensitisation of somatostatin receptor

signalling after DAMGO stimulus.

Table 6.2. Summary of desensitisation time course t1/2 and Dmax in AtT20 cells expressing
WT, L85I or R181C hMOPr

t1/2(min) Dmax(%)

Opioid WT L85I R181C WT L85I R181C

Homologous desensitisation

DAMGO 12.4±2.9 7.8±1.3 3.6±0.6* 66±1 63±4 73±4
Morphine 7.5±1.3 5.8±0.7 N/A 61±2 62±4 N/A

Heterologous desensitisation

DAMGO 14.2±4.1 8.3±1.5 N/A 55±2 50±4 N/A
Morphine 12.2±5.8 4.4±1.0 N/A 25±2 20±4 N/A

Desensitisation data were fitted to a one-phase exponential association and t1/2 and Dmax (plateau)

obtained. Note that desensitisation at R181C variant was only obtained for DAMGO, and data

presented are for 1µM stimulus since 10µM stimulus, in addition to both heterologous desensitisation

data set, did not fit the exponential curve. Highlighted is the only result significantly different to

hMOPr-WT (t-test, p<0.05). Values shown are mean ± SEM, n=4-6.

Signal decay after opioid stimulus was also assessed using time constant (τ) and

maximum decay (Ymax) obtained from one-phase association fit into signal recorded

(Table 6.3). L85I polymorphism did not change decline in signalling when compared
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(A) (B)

(C) (D)

(E) (F)

Figure 6.7. In AtT20 cells, homologous and heterologous desensitisation time courses
were not affected by L85I polymorphism, in stark contrast to R181C variant (two-way ANOVA,
p<0.05). (A) Homologous and (B) heterologous desensitisation after 1µM DAMGO stimu-
lus, and (C) Homologous and (D) heterologous desensitisation after 1µM morphine stimulus
in hMOPr-L85I (blue) and hMOPr-WT (black). (E) Homologous and (F) heterologous de-
sensitisation after 1µM (red) or 10µM (orange) DAMGO stimulus. 10µM DAMGO produced
a complete signal desensitisation at R181C variant and did not significantly affect SST sig-
nalling; a one-phase exponential curve could not be fitted to these data points. Data are
expressed as percentage desensitisation from vehicle control, and represent the mean ± SEM
of 4-6 independent determinations performed in duplicate.



6.2 Results 137

to hMOPr-WT (t-test, p>0.005), while R181C variant had a much faster rate of decay

for both DAMGO concentrations and most interestingly signal returned to resting

membrane potential (Ymax of 100±1%), which was not observed for hMOPr-WT (Ymax

of 94±1, t-test, p<0.0001).

Table 6.3. Summary of time constant (τ) and maximum decay (Ymax) of signal in AtT20
cells expressing WT, L85I or R181C hMOPr

τ(sec) Ymax(%)

Opioid WT L85I R181C WT L85I R181C

DAMGO (1µM) 898±131 947±190 129±79* 94±1 94±1 100±1*
DAMGO (10µM) 109±13* 100±1*
Morphine 612±76 601±81 N/A 96±1 95±1 N/A

Signal decay data were fitted to a one-phase exponential association and t1/2 and Ymax (plateau)

obtained. Highlighted are results significantly different to hMOPr-WT (t-test, p<0.05). Values shown

are mean ± SEM, n=4-6.

6.2.4 Opioid-Mediated Phosphorylation of hMOPr Ser377

To better understand receptor regulation, the effect of L85I and R181C polymorphisms

on phosphorylation of Ser377 residue of hMOPr was assessed after exposure to 1µM

morphine and 1µM DAMGO for 5 or 30 minutes. The commercially available selective

antibody to phosphorylation on Ser377 was used as described on methods (Section 3.6)

and data are presented in Figure 6.8.

DAMGO mediated robust phosphorylation of Ser377 at 5 and 30 minutes time

points in hMOPr-WT, thus all results were normalised to DAMGO induced phospho-

rylation on Ser377 of hMOPr-WT (100%). L85I polymorphism decreased DAMGO in-

duced phosphorylation at both 5 (74±6%, one-sample t-test, p=0.0456) and 30 minutes

treatment (77±3%, one-sample t-test, p=0.0215). Morphine mediated phosphorylation

was similar after 5 and 30 minutes exposure in WT and L85I variants; at 5 minutes

29±4% phosphorylation was observed for hMOPr-WT and 33±10% for hMOPr-L85I;

and at 30 minutes incubation 20±5% phosphorylation was observed for hMOPr-WT

and 19±4%for hMOPr-L85I (t-test, p>0.05, n=3).
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(A) (B)

(C)

Figure 6.8. Morphine and DAMGO induced phosphorylation of hMOPr Ser377 residue
in AtT20 expressing hMOPr variants. (A) and (B) are representative blots from one of
three independent experiments of 5 or 30 minutes opioid treatment respectively . AtT20 cells
stably transfected with hMOPr-WT, hMOPr-L85I or hMOPr-R181C were either not exposed
(-) or exposed (+) to 1µM DAMGO (D) or 1µM morphine (M) for 5 or 30 minutes. The
cells were lysed and immunoblotted with anti-pSer377 antibody (pSer377, upper panel), then
blot was stripped and reprobed with anti-HA antibody to detect total hMOPr (HA, lower
panel). Further methods details are described in Section 3.6 (C) Densitometric analysis
of Ser377 residue phosphorylation induced by morphine and DAMGO exposure for 5 (no
pattern) or 30 minutes (stripe pattern). Morphine stimulated a similar phosphorylation
of Ser377 while DAMGO induced a slightly lower extent of phosphorylation of Ser377 in
hMOPr-L85I when compared to hMOPr-WT (one-sample t-test, p<0.05). hMOPr-R181C
polymorphism abolished Ser377 phosphorylation by morphine and DAMGO (t-test, p<0.05).
Data are presented as % of DAMGO-induced Ser377 phosphorylation (pSer377) in AtT20-
hMOPr-WT (100%) ± SEM; note that all results were corrected for total receptor number
(pSer377/HA).
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The hMOPr-R181C Ser377 residue was not phosphorylated by agonists tested. Fur-

thermore, western blot results for total hMOPr (HA antibody) confirmed significant

hMOPr-R181C expression.

6.2.5 Loss of Membrane hMOPr and internalisation

The effect of L85I and R181C polymorphisms in agonist-induced loss of cell surface re-

ceptor following 5 and 30 minutes stimulation with varying concentrations of DAMGO

and morphine was assessed using a whole-cell ELISA technique (Section 3.8); results

are presented in Figure 6.9.

Figure 6.9. Loss of surface hMOPr-WT, hMOPr-L85I and hMOPr-R181C after DAMGO
or morphine incubation for 5 or 30 minutes in AtT20 cells. 0.1µM DAMGO and 1µM mor-
phine did not induce membrane hMOPr loss in WT and L85I variant, but a significant differ-
ence at 30 minutes time point with 10µM morphine at L85I variant was observed (one-sample
t-test, p>0.05). A DAMGO induced concentration dependence of hMOPr-WT and hMOPr-
L85I loss from the cell surface was observed, where the amount of hMOPr on membrane was
reduced after 1µM and 10µM stimulus when compared with 0.1µM (t-test, p<0.05). When
comparing polymorphisms with hMOPr-WT, R181C polymorphism deeply affected receptor
moviment from the membrane, while hMOPr-L85I surface loss was increased when incubated
for 30 minutes with 1µM or 10µM DAMGO (two-way ANOVA, corrected for multiple com-
parisons, p<0.05 marked with *). Interestingly a small but significant difference induced by
10µM morphine in L85I was detected (t-test, p<0.05 marked with *). Data obtained using
whole cell ELISA technique as described in Section 3.8 and represent the mean ± SEM of
pooled data from 4-5 independent determinations performed in triplicate.
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A similar concentration dependent loss of hMOPr-WT and hMOPr-L85I was ob-

served for DAMGO, however after 30 minutes incubation the decrease of L85I variant

on surface was significantly higher for the 1µM (65±1%) and 10µM DAMGO (53±1%)

when compared with hMOPr-WT (79±1% [1µM] and 63±2% [10µM], t-test, p<0.05).

Most interestingly, after 30 minutes incubation with 10µM morphine a small surface

loss of hMOPr-L85I was observed (93±2, one-sample t-test, p<0.05), thus presenting

a different regulation when compared to hMOPr-WT (106±2, t-test, p<0.05). Note

that no significant increase in hMOPr-WT on cell surface after morphine treatment

was observed (one-sample t-test, p>0.05).

No significant change in surface hMOPr-R181C quantity was observed after DAMGO

or morphine exposure when compared to same cells without opioid stimulus (one-

sample t-test, p>0.05); this is in agreement with phosphorylation results.

Therefore cell surface hMOPr loss was abolished at R181C polymorphism and in-

creased at L85I variant when compared to hMOPr-WT.

6.3 Discussion

In this chapter two rare hMOPr polymorphisms with very different profiles were as-

sessed. L85I polymorphism impact on the biological function of hMOPr was predicted

by PROVEAN (Protein Variation Effect Analyser) software325 to be neutral, while

R181C amino acid substitution to be deleterious; according to the data obtained in

this study these predictions were mostly right as shown in Table 6.4.

Examining the crystal structure of mMOPr published by Manglik et al. (2012)220,

it was possible to observe that the first transmembrane (TM) helix was not directly

involved in the binding pocket, as no contact between this helix and the ligand used

(β-FNA) was determined. However, the importance of this TM helix should not be

underestimated as TM helices of GPCRs are very important for transmitting messages

to the intracellular signalling domains, and residues in TM1 is predicted to be part of

the sodium pocket, which plays a crucial role in receptor activation115. Despite crys-

tal structure studies showing TM5 and TM6 as the main dimer interface, TM1, TM2
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Table 6.4. Summary of L85I and R181C polymorphisms findings

hMOPr
variant

Assay performed Key observations

L85I Radioligand binding Similar expression and affinity
GIRK activation Similar efficacy and potency for all opioids

tested
Desensitisation time course Similar homologous and heterologous desen-

sitisation for morphine and DAMGO
Signal decay Similar rate and extent of decay for DAMGO

and morphine
Ser377 phosphorylation DAMGO induce phosphorylation to a lesser

extent at 5 and 30 minutes
Cell surface hMOPr loss Higher DAMGO and morphine concentra-

tions increased loss at 30 minutes

R181C Radioligand binding No binding detected, however surface recep-
tors confirmed by ICC

GIRK activation Only DAMGO evoked a clear response but
with much lower potency and efficacy

Desensitisation time course 1µM DAMGO induced faster but similar ex-
tent of homologous desensitisation
10µM DAMGO induced complete homolo-
gous desensitisation
Low heterologous desensitisation

Signal decay Faster rate of decay and complete return to
resting membrane potential

Ser377 phosphorylation Not phosphorylated
Cell surface hMOPr loss No surface receptor loss

All results are in comparison with hMOPr-WT.

and helix 8 was also associated to oligomerisation, probably of higher order. A recent

study using molecular dynamics simulations showed that mMOPr forms homodimers

mainly between interfaces TM5/TM5 and TM1-TM2/TM5-TM6278; hence, support-

ing the importance of TM1 for dimer formation. The change of leucine to isoleucine

in L85I in the TM1 is not expected to dramatically alter receptor conformation and

function, since these amino acids have similar hydrophobicity and size. However, a sub-

tle change could disrupt the interface for oligomerisation; note that mutation of TM1

was previously reported to disrupt heterodimer between MOPr and δ-opioid receptor

(DOPr)148. In the present study in AtT20 cells, L85I polymorphism when compared to
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WT variant did not affect receptor signalling and desensitisation measured via mem-

brane potential change. Nevertheless, alteration in DAMGO phosphorylation and total

surface receptors was detected, and most interesting morphine was also able to induce

a small loss in surface hMOPr-L85I. This last finding was already reported by two

other studies in HEK293 cells81,287, but they observed a much higher extent of surface

receptor loss mediated by morphine but no change mediated by DAMGO. It is impor-

tant to note that in one study81, L83I rat orthologue was used and time of exposure to

10µM DAMGO was only 5 minutes, a time point where no difference was found here;

and interestingly approximately two-fold higher receptor loss measured by ELISA was

observed in HEK293 cells when compared to AtT20 cells. Morphine internalisation was

much more prominent in HEK293 cells in both mentioned studies than in AtT20, this

suggests a higher efficacy of HEK293 cells phosphorylation and/or endocytosis machin-

ery which may be explained by different level of protein expression; notably Atwood

et al. (2011)15 reported that HEK293 cells expressed a much higher and larger variety

of mRNA levels of GPCR related signalling proteins such as GRK than AtT20 cells.

Many studies have demonstrated that MOPr are present not only as a monomer

but also as homodimers and homotetramers, in addition to forming heteromers with

other GPCRs129,345. The co-internalisation of hMOPr-L85I and hMOPr-WT medi-

ated by morphine was previously reported in HEK cells coexpressing both variants,

this suggested dimerisation of these variants287. This does not necessarily contradict

the hypothesis that L85I amino acid substitution disrupts dimer interface, if we con-

sider that TM5-TM6 is the main interface, it actually could be only disrupting part

of homodimers or formation of oligomers of higher order. The same investigation on

co-internalisation assessed coexpression of WT and R181C variants in HEK293 cells

and did not find co-internalisation induced by DAMGO with this polymorphism. Thus,

in this case dimers were not formed between these two variants, or were not stable to

remain dimerised when opioid agonist is present. This would highlight another possi-

bility that L85I polymorphism could actually strengthen dimer interaction; however it

still does not explain how morphine mediated internalisation.
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While only a small number of published work is available regarding MOPr homod-

imers, a much larger number can be found on DOPr. The levels of DOPr homodimers

are decreased with the increase of agonist, and the time course of internalisation is

longer than monomerisation. This suggests that the formation of monomers precedes

internalisation, where after separation receptor can recruit necessary machinery for

internalisation. Morphine did not affect the levels of dimers or monomers, which was

correlated with the inability of morphine to induce internalisation in CHO cells express-

ing mouse DOPr91. The sequences of DOPr and MOPr TM helices are quite similar,

76% homology, thereby it is quite surprising that in DOPr dimers are monomerised to

be internalised whist in MOPr dimerisation was suggested to facilitate morphine inter-

nalisation147. MOPr expressed in HEK293 cells exposed to a subsaturating DAMGO

concentration concurrently with a saturating morphine concentration was internalised,

differently from both drugs individually. A different way of approaching this find-

ings could be that a low concentration of DAMGO could destabilise the dimers and

increase GRK recruitment, which then, as a monomer, morphine induced internalisa-

tion would be increased because of higher recruitment of endocytosis related proteins.

However, hMOPr-L85I morphine induced internalisation was probably not related to

well established regulatory processes for MOPr236, as Cooke et al. (2015)81 reported

for L83I mutation β-arrestin and Ser377 phosphorylation was not increased compared

to rMOPr-WT, but it still required GRK2 and dynamin to internalise. Therefore,

it suggests that hMOPr-L85I endocytosis by morphine recruits an unknown pathway

which could be similar to observed in another GPCR (leukotriene B4 receptor 1), where

GRK2 and dynamin are necessary but not βarrestin-264. Moreover, this mechanism

may be less efficient in AtT20 cells compared to HEK293 cells.

MOPr phosphorylation by GRK is a well established regulatory process efficiently

performed by opioid agonist DAMGO, but not efficiently stimulated by morphine. In

the present work, morphine did not induce higher Ser377 phosphorylation in hMOPr-

L85I variant when compared to hMOPr-WT supporting previous findings by Cooke

et al. (2015)81, in contrast L85I DAMGO phosphorylation was slightly reduced. Tak-

ing into consideration that hMOPr can be phosphorylated in many different sites63,
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morphine may increases phosphorylation pattern in a different residue which was not

assessed here. Moreover, this could explain DAMGO mediated decrease in Ser377 phos-

phorylation but increase receptor surface loss, as increased GRK2 affinity to another

site could decrease GRK2 availability to phosphorylate Ser377. This could result in

overall higher phosphorylation status which may more efficiently recruit endocytosis

machinery through regular pathway, or maybe partially through an unknown path-

way as mentioned for morphine. It would be interesting to determine not only total

hMOPr-L85I phosphorylation but also check specific residues which were previously

reported to be poorly phosphorylated by morphine103.

With regard to hMOPr-L85I polymorphism signalling, our signalling findings via

GIRK activation are supported by activation of [35S]-GTPγS binding induced by sub-

maximal concentrations of morphine and DAMGO in HEK293 cells expressing hMOPr-

WT and hMOPr-L85I variants81. In contrast, the same work also showed that ERK

phosphorylation by DAMGO and morphine were reduced in L85I variant; ERK was not

studied in this work however it is possible that it could be activated by a G protein in-

dependent pathway which is recruited differently by protomers conformation. Further-

more, tolerance and cAMP superactivation mediated by chronic morphine treatment

were reported to be reduced in HEK293 cells expressing hMOPr-L85I, when compared

with same cells expressing hMOPr-WT. These results were correlated with morphine

increasing the ability to drive receptor endocytosis287. In this work, morphine induced

acute homologous and heterologous desensitisation in transfected AtT20 cells, and sig-

nal decay was not affected by L85I polymorphism. It is important to mention that not

only differences in pathways but also differences in cell lines used and between chronic

and acute processes need to be taken into consideration. Chronic opioid exposure

can lead to adaptations in MOPr regulation; therefore, varying regulatory mechanisms

between desensitisation and tolerance may be expected, this topic was reviewed by

Williams et al. (2013)356.

In contrast to hMOPr-L85I polymorphism, hMOPr-R181C signalling via GIRK

channels activation was dramatically compromised. In contrast to a previous report

which characterised this variant as a complete loss-of-function mutation287, in the
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present study DAMGO induced signalling was detected via GIRK activation, but with

a threefold decline in maximum effect and over 100-fold decrease in potency. The de-

crease in DAMGO binding to hMOPr-R181C is definitely one of the factors involved in

these results; however how this happen can be speculated by assessing GPCRs confor-

mation and function studies of the ICL2 and surrounding regions. Li et al. (2001)204

reported that the aspartic acid residue of the rMOPr DRY motif is important to sta-

bilise the receptor in inactive conformation; while four mutants of this residue became

constitutively active, one mutant had lower basal [35S]GTPγS binding and reduced

affinity for DAMGO. This less active mutant assumed a more stable conformation

than the wild-type receptor. Possibly a similar conformation could be achieved by

R181C mutation as cysteine can form disulfide bonds which has a well established role

in the folding and stabilization of proteins; however, this bonds are commonly unstable

in the cytosol as it is a strongly reducing environment. Another conceivable hypothesis

is that the removal of the polar bridge between R181C, reported by Manglik et al.

(2012)220 for mMOPr, will cause a change in conformation that will affect the normal

interaction between G proteins and the DRY motif.

Interestingly Wilbanks et al. (2002)355 showed that a mutation in the aspatic acid

residue of the DRY motif of two well studied GPCRs, α1b adrenergic and angiotensin

II type IA receptors, resulted in constitutive desensitisation and internalisation of the

receptor coupled to β-arrestin. Another study supported the involvement of the second

intracellular loop in ligand-activated receptor induced β-arrestin recruitment by show-

ing the importance of a conserved proline on position 9 (starting from DRY motif) for

β-arrestin binding and mediated internalisation224. In the present study, the R181C

variant was probably not constitutively active and hMOPr signalling by DAMGO could

still be desensitised even though DAMGO signal was strongly reduced. Ser377 was not

phosphorylated and cell surface hMOPr-R181C loss was not significantly different be-

tween treated and non treated cells. It is important to point out that the lack of cell

surface receptor loss and Ser377 phosphorylation could be related to MOPr-R181C not

being well stabilised in an active form of the drug-bond receptor. This is supported

by the low efficacy obtained, and assays not being sensitive enough to capture changes
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in a small population of receptors. Following the same line of thought, the best expla-

nation for low affinity would once again be related to receptor conformation. Using a

simplistic ternary complex model probably the equilibrium between G protein uncou-

pled and coupled were dramatically shifted to the uncoupled side of the equation; in

consequence of R181C polymorphism restraining the receptor in a conformation that

is unlikely to couple to G proteins, the low affinity state.

A plausible explanation to the difference in affinity to DAMGO found between the

present study and the previous reported could be related to the G proteins expressed

in the cell lines tested. Out of the 5 G proteins preferentially stimulated by MOPr75,

AtT20 only express Gi2 in significant mRNA levels, while HEK293 cells expressed

Gi2,Gi3 and Gz according to Atwood et al. (2011)15. In cannabinoid receptor CB1,

the second intracellular loop plays a major role in the specificity of which G protein

couples to the receptor, thus I could hypothesise that R181C variant may changed the

second loop to conformation where affinity to Gi proteins are dramatically reduced

while Gz could be maintained. That would explain why AtT20-hMOPr-R181C cells

KD for DAMGO is reduced as GPCR coupled to G proteins adopt a conformation with

higher ligand affinity334, and cells with more Gz protein such as HEK293 cells would

bind with higher affinity to DAMGO. Furthermore Ravindranathan et al. (2009)287

have used a mutated Gi protein to check for calcium release, if the affinity for this

G protein is dramatically reduced, and HEK293 cells express another G protein with

higher affinity to this polymorphic receptor, it would justify why they did not detect

any signalling.

Little heterologous signal desensitisation was observed when R181C was exposed

to high concentrations of DAMGO, thus GIRK channels were not desensitised and G

proteins were available, however a fast but similar extent of homologous desensitisation

was observed with 1µM DAMGO stimulus, and a complete desensitisation at 5 minutes

with 10µM DAMGO stimulus. The data presented suggests that for 1µM DAMGO

exposure in AtT20-hMOPr-R181C the absence of phosphorylation and surface loss

of receptor could be related to a faster receptor desensitisation but not extension of

it. Nevertheless, the complete desensitisation by a saturating DAMGO concentration
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was probably related to receptor conformation, where we could speculate that after

signalling receptors may be constrained to a non-active conformation. This would also

explain the fast and complete decay of membrane potential to resting state after agonist

stimulus. Birdsong et al. (2013)32 corroborates with this speculation that agonist

change in hMOPr conformation could change affinity and desensitisation, however in

hMOPr-WT it would be long-lasting but reversible while interaction is strengthen in

hMOPr-R181C then harder to reverse or irreversible.

Another plausible explanation to a higher desensitisation of hMOPr-R181C sig-

nalling by a saturating DAMGO concentration could be that because affinity is so

radically affected by this polymorphism, effectively there is no DAMGO receptor re-

serve. As previously shown79, if there is little receptor reserve, an increase in apparent

rate of desensitisation can be anticipated.

It is important to note that polymorphic homozygous genotypes are highly unlikely

with rare polymorphisms, with exception of highly inbred populations. Cells express-

ing heterozygous genotype signalling and regulation may show a different profile to

data presented here, as one polymorphism can be dominant as previously reported for

trafficking287. Especially in regards to R181C, which function is compromised, estab-

lishing the effect of this polymorphism in carriers would be interesting to determining

if hMOPr-WT can dominate and neglect the R181C polymorphism, thus generating

a irrelevant biological difference between WT homozygous and WT/R181C heterozy-

gous genotype carriers. Also examining L85I polymorphism in the clinics may elucidate

one of the major questions regarding the link between morphine internalisation and

tolerance.

Overall, only small differences in AtT20-hMOPr-L85I signalling and regulation were

observed. Although unlikely to be relevant clinically, these differences point to a mech-

anism of hMOPr regulation still not elucidated. In addition, taking into consideration

the location of the amino acid change in L85I polymorphism, a possible involvement of

receptor dimerisation need to be considered and further assessed. The hMOPr-R181C

polymorphism signalling and regulation were deeply affected. Better understanding
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this variant molecular mechanisms may help to answer some important questions re-

garding receptor conformation, regulation and G protein binding.



7
The 3rd Intracellular Loop: hMOPr SNPs

and Phosphosite Mutants

The third intracellular loop is a highly conserved region across all opioid receptors and

it has been linked with G protein coupling and signal transduction. In this chapter we

investigate three rare naturally occurring single-nucleotide polymorphisms (SNPs) in

addition to three phosphosite mutants of the third intracellular region. The focus is on

the role of this region not only in hMOPr signalling, but also in receptor regulation.
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7.1 Introduction

The importance of the third intracellular loop of GPCRs was shown by many studies

which highlighted the crucial role this region plays not only in G protein coupling, but

also in regulatory processes130,333. A single amino acid substitution in the intracellular

region can result in a great change in the ability of the receptor to activate signalling

pathways, as reported in the last chapter; in addition, it can help to elucidate how a

receptor region is involved in signal transduction and regulation. Furthermore, better

understanding the role of phosphorylation sites can contribute valuable information on

molecular mechanisms underlying MOPr activity.

Three rare hMOPr SNPs in the third intracellular loop (ICL3) were part of this

study (Figure 7.1). Out of the three missense mutations, two produced a substitution

of an arginine to a histidine at positions 260 (R260H) and 265 (R265H), while one

variant changed position 268 amino acid from serine to proline (S268P) thus deleting a

potential phosphorylation site. R260H polymorphism was first identified by Bond et al.

(1998)38 in a study of opioid addiction where only one heterozygous individual of 152

subjects presented the allele G779A (R260H). Hoehe et al. (2000)152 in another genetic

study of opioid users described the other two ICL3 polymorphisms, G794A (R265H)

and T802C (S268P), also with a low allele frequency of one in 172 African-Americans

subjects each (<1%). Note that the allele frequency of these SNPs in the general

population is unknown but assumed to be rare considering the low number of reports

in the current literature. Aside from the description of the existence of variants in

opioid dependence and addiction studies, the low number of subjects expressing these
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Figure 7.1. Serpentine structure of the human µ-opioid receptor with area enlarged show-
ing third intracellular loop amino acid sequence for all seven variants studied. SNPs (left
panel) and phosphosite mutations (right panel) altered amino acids are highlighted in red.
Adapted figure from Center for Opioid Research and Design (CORD)83.

variants has limited the correlation of these hMOPr polymorphisms with opioid abuse.

Only a few studies had investigated the effect of these ICL3 polymorphisms in

receptor signalling and regulation. Overall, all three SNPs negatively affect hMOPr

ability to signal measured via GTPγS binding and adenylyl cyclase inhibition (reviewed

by Knapman and Connor in 2015180). An early study by Belfort et al. (2001)27

researched the effect of R265H and S268P SNPs in GTPγS binding in COS cells and

reported lower DAMGO efficacy for both variants and lower potency only at hMOPr-

S268P. Since hMOPr-S268P signalling was deeply compromised, it was further assessed

using a reporter gene responsive to cAMP levels in transiently transfected HEK293

cells, morphine, DAMGO and β-endorphin potency and efficacy were also reduced.

Another study also using a reporter gene to determine adenylyl cyclase (AC) inhibition

by MOPr corroborated the above findings by showing DAMGO and endomorphin-

1 efficacy was reduced for S268P and R265H, while potency was also reduced for

R260H125. R260H efficacy was only reported to be affected by Wang et al. (2001)350
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in a GTPγS binding assay in HEK293 cell exposed to morphine. In the same study,

R265H and S268P polymorphisms were reported to decrease calmodulin interaction

with hMOPr and reduce tolerance measured using GTPγS binding assay. These could

be related to interference on calcium/calmodulin-dependent protein kinase II (CaMKII)

phosphorylation.

The ICL3 region of the hMOPr contains four potential phosphorylation sites: three

serines (Ser263, Ser268 and Ser270) and one threonine (Thr281), note that rat and

mouse MOPr N-terminal have two amino acids deleted, thus the amino acid position

is always different by two (e.g. Ser263 in human is Ser261 in rat or mouse). Chen

et al. (2013)63demonstrated the ability of CaMKII, PKC and GRK2 to phosphory-

late the rat MOPr ICL3 peptide; however, they did not identify which residues were

specifically phosphorylated by which kinase. ICL3 phosphorylation by CaMKII had

been previously reported to modulate desensitisation of MOPr signalling using Xeno-

pus oocytes and HEK293 expression systems184,237. Although initially two residues of

the rat MOPr ICL3, Ser261 and Ser266, were identified as CaMKII phosphorylation

sites, further studies confirmed Ser266 as the primary site185. Mutation of this residue

to alanine decreased the DAMGO induced rate of acute signal desensitisation via GIRK

activation measured using signal decay in Xenopus laevis oocytes when compared to

the wild-type receptor; a similar result was observed for the hMOPr type when S268P

variant was assessed.

Capeyrou et al. (1997)54 investigated the effect of a hMOPr with all ICL3 and

C-terminal serine and threonine mutated to alanine on affinity and cAMP accumula-

tion in CHO-KI-hMOPr. This phosphosite mutant has a much lower expression than

hMOPr-WT, while affinity and potency were similar, but efficacy was almost halved for

all agonists tested which included morphine and DAMGO. Furthermore, both recep-

tors after chronic exposure to morphine, DAMGO and etorphine caused tolerance and

adenylyl cyclase (AC) superactivation, however whilst hMOPr-WT was downregulated

with DAMGO the mutated receptor was upregulated. This last result is in agreement

with the importance of the C-terminal phosphorylation for trafficking171, however it is

hard to separate the effect of the ICL3 and C-terminal in the results presented and the
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difference in expression could have an impact in the results.

Therefore to better understand the consequence of deleting exclusively the ICL3

phosphorylation sites, here we substituted serine/threonine to alanine producing three

phosphosite mutants of the hMOPr (Figure 7.1): single point mutation hMOPr-S268A

(Ser268), all serine substitutions hMOPr-3S/A (Ser263, Ser268 and Ser270) and all

phosphorylation sites of the ICL3 region mutation hMOPr-3ST/A (hMOPr-3S/A mu-

tations and Thr281). The hMOPr-S268A was constructed to directly compare with

hMOPr-S268P and determine the involvement of this potential phosphorylation site

loss in signalling and regulation. mMOPr crystal structured study showed a polar in-

teraction between threonine 279 and arginine 165 of the DRY motif, in addition this

threonine residue is part of the 28 residues involved in the dimerisation of mMOPr

via TM5-TM6 interface interaction220. Substitution of the Thr279 to lysine resulted

in a constitutive active receptor, while change to aspartic acid did not affect basal

[35S]GTPγS binding and decreased DAMGO receptor activation also measured by

[35S]GTPγS binding154. Considering these studies we constructed hMOPr-3S/A and

hMOPr-3ST/A, thus we could determine the consequences of deleting the serines with-

out the influence of the predicted deleterious substitution of Thr281.

In the present study, the effect of three rare SNPs and three phosphorylation mu-

tants of the hMOPr ICL3 expressed in AtT20 Flp-In cell on signalling and regulation

was examined. The Flp-In™ system enables the construction of isogenic cell lines which

provides a more comparable system to investigate difference between mutant and wild-

type receptors than random mutagenesis. I aimed to re-examine and supplement cur-

rent knowledge of hMOPr ICL3 variants signalling and desensitisation, in addition to

determine Ser377 phosphorylation and acute surface receptor loss.
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7.2 Results

7.2.1 Human MOPr Expression in AtT20 Cells

All hMOPr ICL3 SNPs and phosphosite mutants were stably transfected in AtT20 cells

using the FlpIn™ system. To reliably assess and compare MOPr variants signalling it

is essential to determine receptor density in each cell line to be used, for this purpose

whole cell radioligand binding assay was performed using the radioactive opioid ligand

[3H]DAMGO. KD and Bmax presented in Table 7.1 were calculated based on saturation

binding curves fitted to data collected as shown in Figure 7.2.

hMOPr expression measured at whole cell AtT20 was diminished to significantly

lower levels only at hMOPr-3S/A and hMOPr-3ST/A. Bmax of 508±42 fmol/mg to-

tal protein was determined for hMOPr-3S/A and 202±9 fmol/mg for hMOPr-3ST/A

while a much higher Bmax of 1393±84 fmol/mg for hMOPr-WT was obtained (t-

test, p<0.001). AtT20-hMOPr-S268P had a slightly lower Bmax while AtT20-hMOPr-

R265H had a slightly higher Bmax (Table 7.1), however these small differences are

unlikely to be relevant. Noticeably affinity (KD) values were not significantly affected

in hMOPr ICL3 variants tested (Table 7.1).

(A) (B)

Figure 7.2. ICL3 SNPs and phosphosite mutants expression in AtT20 cells. (A) Satura-
tion binding curve of [3H]DAMGO in intact AtT20 expressing ICL3 SNPs. (B) Saturation
binding curve of [3H]DAMGO in intact AtT20 expressing ICL3 phosphosite mutants. Note
that multiple mutations of serine and threonine to alanine in the ICL3 produce a lower
receptor expression. Data represent the mean ± SEM, n=3-4.



7.2 Results 155

Table 7.1. Summary of KD and Bmax in intact AtT20 cells expressing hMOPr ICL3
variants

SNPs Phosphomutants

WT R260H R265H S268P 3S/A 3ST/A S268A

Bmax 1393±84 1104±146 1893±117* 1071±88* 508±42* 202±9* 1190±117
KD 3.1±0.6 3.6±0.9 3.7±0.4 3.9±0.4 1.9±0.3 1.2±0.1 2.8±0.4

Bmax in fmol/mg of total protein and KD in nM. Marked with * are results significantly different to

hMOPr-WT (t-test, p<0.05) however only results largely different from hMOPr-WT are set in bold

(t-test, p<0.001).Values shown are mean ± SEM, n=3-4.

7.2.2 Human MOPr Signalling via GIRK Channel Activation

The hMOPr ICL3 region is thought to be involved in G protein coupling. The effect

of ICL3 on G protein signalling can be measured in AtT20 cells expressing hMOPr

via GIRK activation. To assess cell hyperpolarisation produced by opening of GIRK,

FLIPR® membrane potential dye was used and real-time kinetics recorded. A decrease

in fluorescence representing membrane hyperpolarisation was detected after opioid ex-

posure (Figure 7.3) and the maximum hyperpolarisation reached for each opioid con-

centration was used to plot a concentration response curve (CRC) as shown in figures

7.4 and 7.5.

(A) (B)

Figure 7.3. Representative traces of change in fluorescence signal, corresponding to mem-
brane hyperpolarisation, induced by varying concentrations of methadone in (A) AtT20-
hMOPr-WT and (B) AtT20-hMOPr-R265H. Methadone efficacy was compromised in R265H
polymorphism, however potency was unchanged.
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Opioid efficacy at hMOPr ICL3 SNPs was significantly compromised, with the ex-

ception of S268P polymorphism in which Emax of high efficacious agonists β-endorphin

and DAMGO were unaffected (Figure 7.4, Table 7.2). Interestingly, morphine potency

and efficacy were greatly reduced at all SNPs especially at R260H variant, where a

two-fold decrease of Emax was observed (WT 31±1%, R260H 16±2%), in addition to

a ten-fold reduction of pEC50 (WT 7.6±0.1, R260H 6.5±0.1). Likewise, methadone

signalling was greatly affected, only R265H variant potency was not compromised.

Surprisingly, buprenorphine pEC50s were not affected by hMOPr ICL3 SNPs; it was

the only opioid tested whose potency was not reduced by R260H polymorphism. Pen-

tazocine failed to promote GIRK activation in cells expressing hMOPr ICL3 SNPs.

Table 7.2. Summary of opioid and SST efficacy and potency of GIRK activation in AtT20
cells expressing hMOPr ICL3 SNPs

GIRK
activation Emax(%) pEC50

Opioid WT R260H R265H S268P WT R260H R265H S268P

β-Endorphin 35±1 27±2* 26±2* 32±2 7.1±0.2 6.7±0.1* 6.9±0.1 6.7±0.1
DAMGO 34±1 28±2* 26±1* 32±1 8.4±0.1 7.6±0.1* 8.3±0.1 7.8±0.1*
Methadone 33±1 21±2* 20±2* 24±2* 7.3±0.1 6.3±0.1* 7.0±0.1 6.6±0.1*
Morphine 31±1 16±2* 22±1* 23±1* 7.6±0.1 6.5±0.1* 7.3±0.1* 6.9±0.1*
Buprenorphine 22±1 7±2* 14±1* 10±1* 7.0±0.1 7.1±0.2 7.1±0.1 6.6±0.1
SST 33±1 32±2 34±2 32±1 8.3±0.1 8.1±0.1 8.3±0.1 8.1±0.1

Opioids are listed in rank order of maximal effect at MOPr-WT. Marked with * are results significantly
different to hMOPr-WT (t-test, p<0.05), however only results largely different from hMOPr-WT are
set in bold (t-test, p<0.001). Values shown are mean ± SEM, n=5-7.

Figure 7.4.(following page): Opioid agonists and SST concentration response curves in
AtT20 expressing WT (black), R260H (purple), R265H (blue) and S268P (red) hMOPr. (A)
DAMGO, (B) β-endorphin, (C) methadone, (D) morphine and (E) buprenorphine signalling
were affect by polymorphisms. (F) Pentazocine signalling was abolished at all hMOPr ICL3
SNPs. Note that (G) SST signalling was similar between cell lines (t-test, p>0.05). Data
represent the mean ± SEM of pooled data from 5-7 independent determinations performed
in duplicate.
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(A) (B)

(C) (D)

(E) (F)

(G)
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The effect of hMOPr ICL3 phosphosite mutations on GIRK activation is shown

in Figure 7.5 and Table 7.3. The decrease in efficacy of all opioids at 3ST/A variant

could be correlated to the sevenfold decrease in expression as it affected efficacy but not

potency, with the exceptions of morphine and methadone. These two opioids efficacy

and potency were also reduced in AtT20-hMOPr-3S/A that was unrelated to almost

threefold decrease in expression as reduced potencies were also observed and further

supported by unaffected buprenorphine efficacy. The difference in DAMGO induced

pEC50 observed between WT and 3S/A variants is probably biologically unimportant,

as 3ST/A and 3S/A potency was very similar and only slightly lower than WT and

S268A.

In general S268A mutant signalling was similar to hMOPr-WT. Buprenorphine

was slightly more potent in AtT20-hMOPr-S268A, with pEC50 of 7.4±0.1 compared

with pEC50 of 7.0±0.1 in AtT20-hMOPr-WT (t-test, p<0.05). At the same mutant,

buprenorphine efficacy was unaffected while pentazocine was slightly less efficacious,

hMOPr-WT Emax was 7±1% and hMOPr-S268A Emax was 5±1%. This is in con-

trast to S268P polymorphism, where buprenorphine Emax was dramatically reduced to

10±1% while pEC50 was not significantly affected (6.6±0.1), in addition to abolished

pentazocine signalling. This supports the hypothesis that alteration in signalling ob-

served for S268P polymorphism is not related to the deletion of a phosphorylation site

but the substitution of serine to proline, which is the most unflexible amino acid.

The ability of AtT20 cell populations to hyperpolarise across all different cell lines

was assessed by determining SST CRCs. Differences observed in CRCs were not re-

lated to variances in the cell lines ability to hyperpolarise as somatostatin efficacy and

Figure 7.5.(following page): Opioid agonists and SST concentration response curves in
AtT20 expressing WT (black), 3S/A (purple), 3ST/A (blue) and S268A (red) hMOPr. (A)
DAMGO, (B) Endomorphin-2, (C) methadone, (D) morphine, (E) buprenorphine and (F)
pentazocine signalling at phosphosite mutants. The hMOPr-S268A signalling was similar to
hMOPr-WT, only buprenorphine and pentazocine was slightly affected. All opioids efficacy
was diminished at hMOPr-3ST/A while at hMOPr-3S/A only morphine, methadone and
pentazocine efficacy was significantly reduced. Note that (G) SST signalling was similar
between cell lines (t-test, p>0.05). Data represent the mean ± SEM of pooled data from 5-6
independent determinations performed in duplicate.



7.2 Results 159

(A) (B)

(C) (D)

(E) (F)

(G)



160 The ICL3: hMOPr SNPs and Phosphosite Mutants

Table 7.3. Summary of opioid and SST efficacy and potency of GIRK activation in AtT20
cells expressing hMOPr ICL3 phosphosite mutants

GIRK
activation Emax(%) pEC50

Opioid WT 3S/A 3ST/A S268A WT 3S/A 3ST/A S268A

DAMGO 34±1 34±1 24±1* 34±2 8.4±0.1 8.1±0.1* 8.2±0.1 8.4±0.1
Methadone 33±1 25±2* 12±2* 30±2 7.3±0.1 6.9±0.1* 6.9±0.1* 7.4±1
Endomorphin-2 33±1 32±1 24±1* 32±3 8.2±0.1 8.2±0.1 8.1±0.1 8.3±0.1
Morphine 31±1 26±2* 15±1* 31±2 7.6±0.1 7.1±0.1* 6.6±0.1* 7.5±0.1
Buprenorphine 22±1 19±2 9±1* 22±2 7.0±0.1 7.3±0.2 6.9±0.1 7.4±0.1*
Pentazocine 7±1 N/A N/A 5±1* 7.2±0.1 N/A N/A 7.1±0.1
SST 33±1 32±1 32±2 33±3 8.3±0.1 8.2±0.2 8.3±0.3 8.4±0.1

Opioids are listed in rank order of maximal effect at MOPr-WT. Marked with * are results significantly
different to hMOPr-WT (t-test, p<0.05), however only results largely different from hMOPr-WT are
set in bold (t-test, p<0.001). Values shown are mean ± SEM, n=5-6.

potency were similar between all hMOPr variants (Tables 7.2 and 7.3, t-test, p<0.05).

In summary, morphine and methadone signalling was compromised and pentazocine

response was abolished at all ICL3 variants with exception of S268A mutant. Buprenor-

phine efficacy was diminished at all ICL3 SNPs and 3ST/A mutant, however potency

was not reduced but in contrast it was increased at S268A mutant. Overall, dis-

regarding 3ST/A which decrease in signalling was probably largely related to lower

expression, the SNPs had a much larger effect on signalling than phosphosite deletions

which suggests conformation and structural importance over ‘basal’ phosphorylation

state for the third intracellular loop involvement in G protein hMOPr signalling.

7.2.3 Opioid-Mediated Signal Desensitisation in AtT20 cells

Many regulatory processes are possibly involved in receptor signalling desensitisation

as reviewed by Williams et al. (2013356). The effect of phosphosite mutants on sig-

nalling loss is of large interest as phosphorylation of the hMOPr has been frequently

correlated to signalling desensitisation. Three hMOPr ICL3 SNPs in addition to the

phosphosite mutations where assessed in the previously described desensitisation assay

using FLIPR® membrane potential dye (Section 3.5).

Homologous and heterologous desensitisation were examined by stimulating cells
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with 1µM morphine or 1µM DAMGO followed by a challenge concentration of 10µM

morphine or 10µM DAMGO for homologous or 1µM SST for heterologous. Figure

7.6 demonstrates traces for heterologous desensitisation in AtT20-hMOPr-WT and

AtT20-hMOPr-S268P, note that at S268P polymorphism heterologous desensitisation

was deeply reduced. The difference in maximum hyperpolarisation for the challenge

concentration was compared as previously described, and results plotted in a desensi-

tisation time course according to the time gap between opioid exposures (5, 10, 20, 30

or 40 minutes).

(A) (B)

Figure 7.6. Representative traces of heterologous desensitisation mediated by 30 minutes
1µM DAMGO and 1µM morphine stimulus in (A) AtT20-hMOPr-WT and (B) AtT20-
hMOPr-S268P. Difference in 1µM SST maximum response was used to calculate desensiti-
sation and plot a time course. At hMOPr-S268P morphine signal decay was adjacent to
baseline after 30 minutes exposure to morphine. In addition, hMOPr-S268P compromised
heterologous desensitisation mediated by morphine and DAMGO.

Figure 7.7 shows desensitisation time courses mediated by morphine and DAMGO

for hMOPr ICL3 SNPs. R260H variant was the only SNP to significantly affect

DAMGO induced homologous desensitisation time course, while both R260H and

S268P compromised heterologous desensitisation (two-way ANOVA, p<0.05). Homol-

ogous desensitisation time course by morphine was greatly affected at R260H poly-

morphism (p<0.0001), and a small change was also observed for the other two SNPs
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(p<0.05). To further assess time course results, t1/2 and maximum desensitisation

(Dmax) were compared between variants and are summarised on Table 7.4. Rate of ho-

mologous desensitisation was significantly faster at R260H for both agonists tested how-

ever only morphine had a increased Dmax of 75±2% compared to 61±2% for hMOPr-

WT (t-test, p<0.001). Interestingly, S268P variant had a slightly reduction in DAMGO

induced Dmax 55±2% while morphine not only increased extension of desensitisation

(Dmax 67±2%) but also rate (t-test, p<0.05).

All three ICL3 SNPs largely reduced heterologous Dmax where hMOPr-R260H was

the most affect variant with Dmax of 14±2% for DAMGO and 5±1% for morphine

compared to hMOPr-WT Dmax of 55±2% for DAMGO and 25±2% for morphine.

Table 7.4. Summary of desensitisation time course t1/2 and Dmax in AtT20 cells expressing
hMOPr ICL3 SNPs

t1/2(min) Dmax(%)

Opioid WT R260H R265H S268P WT R260H R265H S268P

Homologous desensitisation

DAMGO 12.4±2.9 4.3±0.4* 5.5±0.3 6.5±1.0 66±1 68±2 62±2 55±2*
Morphine 7.5±1.3 2.4±0.2* 4.5±0.4 3.9±0.4* 61±2 75±2* 66±1 67±2*

Heterologous desensitisation

DAMGO 14.2±4.1 7.5±2 4.5±0.9 8.0±2.6 55±2 14±2* 32±1* 20±5*
Morphine 12.2±5.8 4.6±1 5.3±0.6 7.9±3.6 25±2 5±1* 16±1* 6±1*

Desensitisation data were fitted to a one-phase exponential association and t1/2 and Dmax (plateau)
obtained. Marked with * are results significantly different to hMOPr-WT, (t-test, p<0.05) however
only results largely different from hMOPr-WT are set in bold (t-test, p<0.001). Values shown are
mean ± SEM, n=4-6.
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(A) (B)

(C) (D)

Figure 7.7. Effect of ICL3 SNPs on homologous and heterologous signal desensitisation
by DAMGO and morphine in AtT20 cells expressing hMOPr WT (black), R260H (purple),
R265H (blue) or S268P (red). (A) Homologous and (B) heterologous desensitisation af-
ter 1µM DAMGO stimulus. (C) Homologous and (D) heterologous desensitisation after
1µM morphine stimulus. Homologous desensitisation time course at hMOPr-R260H variant
was significantly higher while heterologous desensitisation was dramatically reduced for both
hMOPr-R260H and hMOPr-S268P (two-way ANOVA, p<0.05). S268P also slightly affected
morphine induced homologous desensitisation. Likewise, R265H polymorphism produced a
slightly higher homologous desensitisation, in addition to a lower maximum heterologous
desensitisation by DAMGO (t-test, p<0.05). Data are expressed as percentage desensitisa-
tion from vehicle control, and represent the mean ± SEM of 5-6 independent determinations
performed in duplicate.
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Figure 7.8 shows desensitisation time courses mediated by morphine and DAMGO

for hMOPr ICL3 phosphosite mutants. Analysis of variance (two-way ANOVA, p<0.05 )

between mutants and WT time courses indicated that hMOPr-3ST/A was the only

mutant to affect both homologous and heterologous desensitisation while hMOPr-3S/A

also significantly compromised DAMGO induced heterologous desensitisation.

Note that even with a very low receptor expression observed for AtT20-hMOPr-

3ST/A, signal did not completely desensitise. Increased homologous Dmax of 82±3 by

DAMGO at hMOPr-3ST/A in comparison with hMOPr-WT of 66±1 was determined.

DAMGO and morphine induced heterologous Dmax was significantly diminished at

both 3S/A and 3ST/A mutants. Furthermore, rate of homologous desensitisation was

faster at 3ST/A.

Differently from S268P polymorphism, S268A did not affect homologous or heterol-

ogous desensitisation, thus desensitisation impact observed at S268P was not caused

by phosphosite deletion.

Table 7.5. Summary of desensitisation time course t1/2 and Dmax in AtT20 cells expressing
hMOPr ICL3 phosphosite mutants

t1/2(min) Dmax(%)

Opioid WT 3S/A 3ST/A S268A WT 3S/A 3ST/A S268A

Homologous desensitisation

DAMGO 12.4±2.9 4.8±0.9 1.7±0.2* 7.0±2.3 66±1 50±4* 82±3* 60±4
Morphine 7.5±1.3 4.0±0.9 2.0±0.4* 5.2±0.8 61±2 64±4 76±3* 61±4

Heterologous desensitisation

DAMGO 14.2±4.1 4.3±1.2 7.0±2.1 5.1±1.0 55±2 20±3* 6±1* 47±4
Morphine 12.2±5.8 3.7±0.7 3.6±0.5 4.4±1.2 25±2 12±3* 5±1* 24±4

Desensitisation data were fitted to a one-phase exponential association and t1/2 and Dmax (plateau)
obtained. Marked with * are results significantly different to hMOPr-WT (t-test, (p<0.05), however
only results largely different from hMOPr-WT are set in bold (t-test, p<0.001). Values shown are
mean ± SEM, n=4-6.
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(A) (B)

(C) (D)

Figure 7.8. Effect of ICL3 phosphosite mutations on homologous and heterologous sig-
nal desensitisation by DAMGO and morphine in AtT20 cells expressing hMOPr WT (black),
3S/A (purple), 3ST/A (blue) or S268A (red). (A) Homologous and (B) heterologous desensi-
tisation after 1µM DAMGO stimulus. (C) Homologous and (D) heterologous desensitisation
after 1µM morphine stimulus. S268A mutation did not affect homologous and heterologous
desensitisation (two-way ANOVA, p>0.05). Homologous desensitisation was also not changed
at hMOPr-3S/A, however heterologous desensitisation was deeply compromised (two-way
ANOVA, p<0.05). The phosphosite mutant hMOPr-ST/A had a severe effect on desensiti-
sation, it increased homologous desensitisation while abolishing heterologous desensitisation
(two-way ANOVA, p<0.05). Data are expressed as percentage desensitisation from vehicle
control, and represent the mean ± SEM of 5-6 independent determinations performed in
duplicate.
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To determine if there was a correlation between desensitisation and receptor expres-

sion, a scatter plot of desensitisation (Dmax) versus expression (Bmax) was produced

and is shown in Figure 7.9. Correlation analysis produced r2, a p value and correlation

coefficient (r), which indicated a positive correlation for the homologous desensitisation

and a negative correlation for heterologous desensitisation. The value r2 indicated how

much of the variance was shared between desensitisation and expression. Homologous

desensitization r2 of 7% by DAMGO and 21% by morphine were determined, while

heterologous desensitisation r2 of 39% by DAMGO and 26% by morphine were found.

No compelling evidence was present in the data analysed to conclude that the corre-

lation was real (p>0.05). Therefore desensitisation measured was not a direct effect

from receptor expression.

To complement desensitisation data presented above, signalling decay after opioid

stimulus was examined by fitting 40 minutes stimulus traces to a one-phase exponential

association. Time constant (τ) and maximum decay (Ymax) for SNPs and phosphosite

mutants are presented in Table 7.6 and Table 7.7 respectively.

Rate and extent of decay stimulated by 1µM morphine and DAMGO was affected

by R260H polymorphism and 3ST/A mutant, while R265H only slightly increased rate

with no effect on maximum decay. A faster rate and higher decay was determined

for morphine in AtT20-hMOPr-S268P, however the same was not observed for S268A

mutant. Interestingly maximum decay at R260H, S268P and 3ST/A variants were

significantly different from WT, where membrane potential virtually returned to resting

potential.

Table 7.6. Summary of time constant (τ) and maximum decay (Ymax) of signal in AtT20
cells expressing hMOPr ICL3 SNPs

τ(sec) Ymax(%)

Opioid WT R260H R265H S268P WT R260H R265H S268P

DAMGO 898±131 437±47* 546±40* 578±74 94±1 96±1* 94±1 94±1
Morphine 612±76 144±21* 331±20* 255±26* 96±1 99±1* 96±1 98±1*

Signal decay data were fitted to a one-phase exponential association and t1/2 and Ymax (plateau)
obtained. Marked with * are results significantly different to hMOPr-WT (t-test, p<0.05), however
only results largely different from hMOPr-WT are set in bold (t-test, p<0.001). Values shown are
mean ± SEM, n=5-6.
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Figure 7.9. Correlation analysis of desensitisation (Dmax) versus expression (Bmax) in
AtT20 expressing ICL3 variants. (A) DAMGO and (B) morphine induced homologous de-
sensitisation. (C) DAMGO and (D) morphine induced heterologous desensitisation. No sig-
nificant correlation was observed (p<0.05). The correlation coefficient (r) indicated a positive
correlation between homologous desensitisation and expression while a negative correlation
between heterologous desensitisation and expression.

Table 7.7. Summary of time constant (τ) and maximum decay (Ymax) of signal in AtT20
cells expressing hMOPr ICL3 SNPs

τ(sec) Ymax(%)

Opioid WT 3S/A 3ST/A S268A WT 3S/A 3ST/A S268A

DAMGO 898±131 584±98 265±31* 832±142 94±1 92±1 97±1* 91±2
Morphine 612±76 305±54* 186±25* 459±111 96±1 96±1 99±1* 94±1

Signal decay data were fitted to a one-phase exponential association and t1/2 and Ymax (plateau)
obtained. Marked with * are results significantly different to hMOPr-WT (t-test, p<0.05), however
only results largely different from hMOPr-WT are set in bold (t-test, p<0.001). Values shown are
mean ± SEM, n=5-6.

Overall, homologous desensitisation was largely affected by R260H and 3ST/A while
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heterologous desensitisation was also affected by R265H, S268P and 3S/A. We also

showed by correlation analysis that the differences in receptor expression were not the

only factor involved in the results presented here for heterologous and homologous

signalling desensitisation.

7.2.4 Opioid-Mediated Phosphorylation of hMOPr Ser377

The effect on agonist dependent phosphorylation of Ser377 residue was assessed for all

hMOPr ICL3 variants using Western Blot technique as described in Methods Section

3.6. Cells were exposed to 1µM DAMGO and 1µM morphine stimulus in a similar way

to performed in desensitisation assay, thus we could compare phosphorylation levels

before opioid challenge at 5 and 30 minutes which are time points where desensitisation

maximum are partially and totally reached.

Figure 7.10 shows representative blots for 5 and 30 minutes incubation and densito-

metric analysis results for ICL3 SNPs. Only R260H variant phosphorylation at Ser377

was significantly affected; DAMGO induced Ser377 phosphorylation was reduced from

100% (WT) to 39±4% at 5 minutes and from 100% (WT) to 37±2% at 30 minutes

(one sample t-test, p<0.05).

Immunoblots and densitometric analysis for phosphorylation of Ser377 residues at

hMOPr phosphosite mutants are shown in Figure 7.11. In agreement with expression

results, 3ST/A variant anti-HA band was very faint at similar loading concentration

to AtT20-hMOPr-WT (10µg total protein), while no phosphorylation band was ob-

served before hMOPr-WT bands saturated. Therefore a threefold increase on loading

concentration of AtT20-hMOPr-3ST/A was used to calculate results presented. Even

after increasing concentration, phosphorylation band was not very clear which indi-

cated a lesser phosphorylation at Ser377 than hMOPr-WT. At hMOPr-3S/A variant

phosphorylation induced by DAMGO was also decreased; at 5 minutes only 34±14%

was detected and at 30 minutes 63±1% compared to 100% phosphorylation of hMOPr-

WT (one sample t-test, p<0.05). No significant differences between WT and S268A

variants were observed.
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Figure 7.10. Morphine and DAMGO induced phosphorylation of hMOPr Ser377 residue
in AtT20 expressing hMOPr ICL3 SNPs. (A) and (B) are representative blots from one
of three independent experiments of 5 or 30 minutes opioid incubation respectively. AtT20
cells stably transfected with hMOPr-WT, hMOPr-R260H, hMOPr-R265H or hMOPr-S268P
were either not exposed (-) or exposed (+) to 1µM DAMGO (D) or 1µM morphine (M)
for 5 or 30 minutes. The cells were lysed and immunoblotted with anti-pSer377 antibody
(pSer377, upper panel), then blot was stripped and reprobed with anti-HA antibody to
detect total hMOPr (HA, lower panel). Further methods details are described in Section
3.6. (C) Quantified data by densitometric analysis. Morphine and DAMGO incubated for
5 (no pattern) or 30 minutes (stripe pattern) induced similar extension of Ser377 residue
phosphorylation in hMOPr-R265H and hMOPr-S268P when compared to hMOPr-WT (t-
test, p>0.05). DAMGO mediated phosphorylation at both time points were significantly
reduced at hMOPr-R260H polymorphism (one-sample t-test, p<0.05). Data are presented
as % of DAMGO-induced Ser377 phosphorylation (pSer377) in AtT20-hMOPr-WT (100%)
± SEM; note that all results were corrected for total receptor number (pSer377/HA).
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Figure 7.11. Morphine and DAMGO induced phosphorylation of hMOPr Ser377 residue
in AtT20 expressing hMOPr phosphosite mutants. (A), (C) and (E) are representative blots
from one of three independent experiments. AtT20 cells stably transfected with hMOPr-
WT or phosphosite mutants were either not exposed (-) or exposed (+) to 1µM DAMGO
(D) or 1µM morphine (M) for 5 or 30 minutes. The cells were lysed and immunoblotted
with anti-pSer377 antibody (pSer377, upper panel), then blot was stripped and reprobed
with anti-HA antibody to detect total hMOPr (HA, lower panel). Further methods details
are described in Section 3.6. (B), (D) and (F) show Ser377 phosphorylation mediated by
morphine and DAMGO incubated for 5 (no pattern) or 30 minutes (stripe pattern) quantified
by densitometric analysis. Note that 30µg instead of 10µg of total protein was loaded for
AtT20-hMOPr-3ST/A to be able to detect a band before AtT20-hMOPr-WT saturation.
Data are presented as % of morphine-induced Ser377 phosphorylation in AtT20-hMOPr-WT
(100%) ±SEM; note that all results were corrected for total receptor number (pSer377/HA).
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An interesting finding when performing Western Blot analysis was that while hMOPr-

WT only presented one intense band between 75-100 kD after immuno detection with

HA antibody, hMOPr-3ST/A presented two fainter bands, the first one at regular

molecular weight but the second one between 50-60 kD (Figure 7.12). An extremely

faint band could also be determined for hMOPr-3S/A which indicated that this band

could be present in all samples but in lower relative abundance. Therefore blots were

exposed for longer and it was possible to detect the same band for all variants however

only hMOPr-3ST/A band was clearly detected before hMOPr-WT HA band saturation,

note that for this observation same total protein concentration was loaded for variants

(10µg). Considering low surface expression and the presence of this low molecular

weight second band we could speculate that at hMOPr-3ST/A mutant affect migra-

tion of receptor to membrane which alteration in post-translational modification such

as glycosylation would explain faster electrophoretic shift and lower surface expres-

sion. An alternative explanation is that there is a faster internalisation of the 3ST/A

receptor, and the band represents the receptor on the way to degradation. To support

these hypotheses preliminary confocal images of AtT20 cells expressing hMOPr-WT,

hMOPr-3S/A and hMOPr-ST/A not exposed to opioids were obtained as describe in

Methods (Section 3.7). The difference in cell surface receptor expression was clear be-

tween the three variants, and as predicted 3ST/A presented a widespread distribution

of hMOPr in the intracellular compartment which is not observed for the other clones

(Figure 7.13). Interestingly all variants analysed presented a small receptor cluster in

the cytoplasm.
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(A)

(B)

Figure 7.12. (A)At hMOPr-3ST/A The regular hMOPr band between 75-100kD was
obtained in addition to a second band between 50-60kD (pointed by arrow). (B) In a lower
extent, the same band was observed at hMOPr-3S/A. After increasing chemodetection expo-
sure, it was possible to observe this band for all variants however only hMOPr-3ST/A had a
higher concentration which could be clearly observed without saturating the main hMOPr-
WT bands. Note that for these blots 10µg total protein was loaded per lane and anti-pan
Akt antibody(60kD), which can be observed for all samples, was used to better determine
molecular weight of second HA band.
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(A) (B) (C)

Figure 7.13. Fluorescence confocal images of non-treated (A) AtT20-hMOPr-WT, (B)
AtT20-hMOPr-3S/A and (C) AtT20-hMOPr-3ST/A cells. HA-488 conjugated antibody was
used to label hMOPr on cell surface before permeabilisation, then cells were permeabilised
and immunostained with anti-HA followed by Alexa-fluor 594. Images were obtained under
a 488nM (green) and 594nM (red) laser excitation with fixed gain then merged. Preliminary
data show a large amount of hMOPr-3ST/A widespread in the intracellular compartment
and almost undetectable amount on the surface membrane. Note that a localised receptor
cluster was present in all variants.

7.2.5 Loss of Membrane hMOPr

Ser377 is a primary phosphorylation site at the C-terminal which is part of the STANT

cluster which phosphorylation is crucial in MOPr internalisation171,195; therefore ac-

cording to results described above, loss in membrane receptor would be expected to

be affected at many ICL3 variants. hMOPr membrane surface loss was quantified af-

ter varying concentrations of morphine and DAMGO incubation for 5 and 30 minutes

using a whole-cell ELISA technique (Figure 7.14).

Figures 7.14(A) and 7.14(B) show results for hMOPr-R260H, hMOPr-R265H, hMOPr-

S268P and hMOPr-S268A. In agreement with Ser377 results, only R260H variant was

affected comparing with hMOPr-WT, where the cell surface loss mediated by DAMGO

was significantly decreased (two-way ANOVA). The greatest change was observed at 30

minutes incubation with 10µM DAMGO where opioid induced a surface loss of 85±2%

for hMOPr-R260H and 63±2% for hMOPr-WT (t-test, p= 0.0005).

The low expressions of hMOPr-3S/A and hMOPr-3ST/A in AtT20 cells were con-

firmed by the low fluorescence readings obtained for total amount of surface receptors

before opioid incubation. The low signal-noise ratio observed mainly for 3ST/A variant

would reduce the precision of the analysis, however data obtained was very consistent.
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3S/A variant presented a higher receptor loss for all DAMGO concentrations except

0.1µM DAMGO incubated for 5 minutes, whilst at hMOPr-3ST/A 0.1µM DAMGO

concentration incubated for 30 minutes produced a 84% receptor loss compared to 97%

for hMOPr-WT (t-test, p= 0.0022) and the other concentrations did not cause any fur-

ther loss (Figure 7.14(C)). Note that at 5 minutes hMOPr-3ST/A was not significantly

different from hMOPr-WT.

Morphine did not significantly affect quantity of any hMOPr ICL3 variants on the

cell surface.

Figure 7.14.(following page): Loss of membrane hMOPr ICL3 variants after varying con-
centrations of DAMGO and morphine incubation for 5 or 30 minutes. Data obtained as
described in Methods Section 3.8. (A) After 1µM and 10µM DAMGO incubation the de-
crease of hMOPr-R260H on cell surface was not as prominent as for hMOPr-WT (t-test,
p<0.05) while hMOPr-R265H had a similar effect to hMOPr-WT (t-test, p>0.05). (B) Both
point mutations at Ser268 residue did not affect membrane receptor loss. (C) A significant
lower hMOPr-3S/A amount were found at the membrane after incubation with high DAMGO
concentrations at both time points when compared to hMOPr-WT. Only at 30 min incuba-
tion with DAMGO hMOPr-3ST/A was compromised, however interestingly 0.1µM DAMGO
was enough to significantly decrease receptor numbers on surface (one-sample t-test, p>0.05)
however no further significant decrease was observed with higher DAMGO concentrations.
Data represent the mean ± SEM of pooled data from 4-5 independent determinations per-
formed in triplicate.
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7.3 Discussion

The importance of the hMOPr ICL3 for G protein signalling was confirmed by the

present study. More specifically changes in the N-terminal region of the ICL3 had

a great effect on G protein coupling while multiple phosphosite mutations, especially

when including the Thr281 in the distal region, greatly affected receptor expression. A

summary of the results for hMOPr ICL3 variants are presented in Table 7.8 and Table

7.9.

The sevenfold decrease in surface hMOPr-3ST/A expression, detected by radioli-

gand binding, was also reported by a previous study where all serine and threonine

of ICL3 and C-terminal were mutated to alanine and expressed in CHO-KI cells54.

Interestingly, this paper also measured affinity for DAMGO and morphine which was

identical to the results observed for hMOPr-WT. Here KD results was also not signif-

icantly different between mutants/polymorphisms and hMOPr-WT; therefore, despite

ICL3 mutations having large effect on G protein activation, they did not affect DAMGO

affinity.

In hMOPr ICL3 SNPs, an extensive reduction in opioid agonist efficacy was re-

ported. Note that this was not correlated to low receptor expression, as R265H had a

slightly higher expression than hMOPr-WT but still presented lower efficacy than WT

receptor. In addition, these findings are supported by previous studies of these muta-

tions which have been reviewed by Knapman and Connor (2015)180; with the exception

of the greater loss of function for R260H polymorphism observed in the present study.

This could be related to many factors such as the variation in heterologous systems

used, the majority of previous studies used Xenopus oocytes and HEK cells, and also

the difference in assays performed. Some of the published results used a gene reporter

to determine cAMP inhibition27,125, an indirect measure which could have the inter-

ference of downstream factors; others used membrane preparations and considerably

invasive techniques where pH was manipulated. The importance of pH when assessing

R260H and R265H needs to be emphasised because the amino acid substitute histidine

has a pKa slightly lower than physiological pH. Therefore, depending of the pH of the
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Table 7.8. Summary of hMOPr ICL3 SNPs findings

hMOPr
variant

Assay performed Key observations

R260H Radioligand binding Similar Bmax and KD

GIRK activation All opioids tested less potent (except
buprenorphine) and less efficacious

Desensitisation time course Faster rate but higher extent of homologous
desensitisation only for morphine
Heterologous desensitisation largely compro-
mised

Signal decay Higher rate and extent
Ser377 phosphorylation Less DAMGO induced phosphorylation
Cell surface hMOPr loss Decreased surface loss mediated by DAMGO

R265H Radioligand binding Slightly higher Bmax and similar KD

GIRK activation Lower efficacy for all opioids but only mor-
phine less potent

Desensitisation time course Heterologous desensitisation largely compro-
mised

Signal decay Faster rate of decay but no effect on extent
Ser377 phosphorylation Similar phosphorylation
Cell surface hMOPr loss Similar trafficking

S268P Radioligand binding Slightly lower Bmax and similar KD

GIRK activation Lower efficacy for morphine, methadone and
buprenorphine while DAMGO methadone
and morphine less potent

Desensitisation time course Homologous desensitisation faster rate and
higher extent by morphine and lower extent
by DAMGO
Heterologous desensitisation largely compro-
mised

Signal decay Morphine induced higher rate and extent of
decay

Ser377 phosphorylation Similar phosphorylation
Cell surface hMOPr loss Similar trafficking

All results are in comparison with hMOPr-WT. Pentazocine did not signal in any of these variants
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Table 7.9. Summary of hMOPr ICL3 SNPs findings

hMOPr
variant

Assay performed Key observations

3S/A Radioligand binding Lower Bmax and similar KD

GIRK activation Lower efficacy for methadone and morphine
and lower potency for morphine, methadone
and DAMGO

Desensitisation time course Lower extent of homologous desensitisation
by DAMGO
Heterologous desensitisation largely compro-
mised

Signal decay Morphine induced faster rate of decay
Ser377 phosphorylation Less DAMGO induced phosphorylation
Cell surface hMOPr loss Increased receptor loss induced by DAMGO

3ST/A Radioligand binding Much lower Bmax and similar KD

GIRK activation Lower efficacy for all opioids and lower po-
tency for methadone and morphine

Desensitisation time course Increased rate and extent of homologous de-
sensitisation
Heterologous desensitisation largely compro-
mised

Signal decay Higher rate and extent of decay
Ser377 phosphorylation Less DAMGO and morphine induced phos-

phorylation
Immunocytochemistry Large amount of receptors in the cytoplasm

region
Cell surface hMOPr loss Decreased receptor loss induced by high

DAMGO concentrations at 30 minutes but
increased at 1µM DAMGO

S268A Radioligand binding Similar Bmax and KD

GIRK activation Lower efficacy for pentazocine and higher po-
tency for buprenorphine

Desensitisation time course Not affected
Signal decay Not affected
Ser377 phosphorylation Similar phosphorylation
Cell surface hMOPr loss Similar trafficking

All results are in comparison with hMOPr-WT. Pentazocine did not signal at hMOPr-3S/A and

hMOPr-3ST/A
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cell or of the assay performed histidine could be protonated or non-protonated which

could differently affect loop conformation and G protein interaction around the amino

acid region. It is noteworthy that the majority of the buffers used for biological assays

are pH 7.4, while intracellular pH (pHi) of an intact cell varies according to cell type,

extracellular pH (pHo) and stimuli such as osmotic pressure and temperature295,303.

HEK293 cells and Xenopus oocytes pHi under physiological conditions (pHo=7.4) is

7.3310,351, while AtT20 D16V is approximately 7.2206, in addition, a large range of pHi

was reported by Chesler (2003)66 in brain cell types.

Ghanouni et al. (2001)132 demonstrated that the sequence of conformational changes

in β2-adrenergic receptor that happens after receptor activation stabilise more than one

active conformation. Furthermore, the active conformation induced by a high effica-

cious agonist was significantly distinct from low efficacious agonists132. A recent inves-

tigation using crystal structure of active β2-adrenergic receptor showed an interaction

between the nanobody, which mimicked the Gs protein, and the receptor cytoplasmic

ends of TM5 and TM6, which helped to stabilise the active conformation285. Consid-

ering that the information for β2-adrenergic receptor could be translated to MOPr, we

could speculate that mutations at the proximal and distal regions of the ICL3 could

destabilise the described interaction between G protein and MOPr. This would explain

the compromised signalling in some variants. Carefully examining the data obtained

here, it is possible to observe that GIRK activation efficacy and potency by morphine

and methadone are most frequently affected by variants. Therefore, we could pro-

pose that these two agonists stabilise conformations alike that activate G protein, and

these conformations are highly dependent on stabilisation by the ICL3 region, differ-

ently from endogenous and synthetic peptides, and buprenorphine. This is further

supported by S268P results which compromised GIRK activation was not observed

for opioid peptides, however this effect was not supported by S268A which confirmed

that difference in signalling obtained was probably a consequence of ICL3 deformation

caused by proline, not the loss of a phosphorylation site. Proline is the only amino

acid to have a cyclic side chain which severely restricts conformational flexibility, it
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introduces kinks into alpha helix structures and are highly conserved in transmem-

brane 6 and 7 of GPCRs. The substitution of a small serine with a limited flexibility

proline would restrict ICL3 conformation which could affect other residues interaction

with G protein thus being less favourable for G protein coupling/activation, which, as

mentioned, is especially important for morphine and methadone signalling.

The importance of the N-terminal, mid and C-terminal region of the ICL3 to

DAMGO mediated G protein activation was also previously determined by using inter-

fering peptides130. DAMGO stimulated GTPase activity was not affected when using

a peptide for the mid-region of the ICL3 , which supports our S268A data. In con-

trast, the high resolution crystal structure of the hDOPr suggests many residues across

the ICL3 are important for this opioid receptor to stabilise a ‘close’ conformation in

the inactive state, by extensive hydrogen-bonding networking115. Interestingly, the

residues involved in this network are also found in the hMOPr; therefore, speculating

the same finding in hMOPr we could say that Arg278, the key residue which is in close

proximity to Thr181, interacts directly with Leu261, Arg265 (R265H amino acid substi-

tution) and Val264, and through a salt bridge with Asp274. Moreover, residues Leu267

and Val264, which are both next to amino acids changed in R265H and S268P poly-

morphisms, would be inserted back in the transmembrane pocket where hydrophobic

clusters are formed with Val171 in the ICL2, Leu261 and Leu277. Finally, a supposed

interaction between helix 8 (C-terminal) and Leu257, Val171 and Arg260 would be

found, which Arg260 is the mutated residue at R260H and the only residue to deeply

affect phosphorylation of C-terminal residue Ser377. Therefore, this work in hDOPr

emphasises the importance of the amino acids mutated in the polymorphisms studied.

The disruption of the water-mediated hydrogen bond between hMOPr-R260H and the

C-terminal could be the main reason for decrease in phosphorylation observed, and

maybe even the highlighted effect of R260H in desensitisation.

In stark contrast to morphine and methadone, buprenorphine potency was not

reduced by ICL3 variants, and at S268A mutant buprenorphine potency was slightly

increased. These are interesting findings as previously buprenorphine had been demon-

strated to be the only opioid to compromise N-terminal polymorphism N40D signalling,
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thus confirming the different intrinsic characteristics of this opioid related to receptor

activation and signalling. Interestingly, molecular dynamics simulations of the MOPr

active and inactive state supports the idea that buprenorphine engages a different con-

formation from other agonists such as morphine, Shim et al. (2013)318 described 2D

distribution of MOPr activated by buprenorphine as between those of the agonists and

antagonists tested.

The motif ’X1BBX2X3B‘ at the C-terminal of the ICL3 (base of the TM6) is highly

conserved across class A GPCRs and mutation of this region was reported to produce

constitutive active receptors2,112,293. The largest change detected in crystal structure

of β2-adrenergic receptor between active and inactive conformation is the movement of

the cytoplasmic face of TM6 outwards with the rupture of the ionic lock. However, in

contrast to this adrenergic receptor, mMOPr crystal structure did not present an ionic

bridge between the DRY motif and the cytoplasmic end of TM6 (ICL3 distal region),

mMOPr have a polar interaction between arginine (DRY motif) and Threonine 279

(Thr281 in hMOPr)220,285. This interaction presumably can stabilise MOPr inactive

state, as mutating threonine to lysine (T279Y) produced a constitutive active recep-

tor, while substitution of threonine to aspartic acid (T279D) affected GTPγS binding

without causing constitutive activation probably by strengthening polar interaction154.

Similarly to hMOPr-3ST/A, rMOPr-T279Y expression was dramatically decreased and

an intracellular pool of receptor was observed, thus hMOPr-3ST/A could be constitu-

tively active which will be further evaluated by calcium channel activation, as acute

naloxone or overnight pertussis toxin treatment were not able to detect a change in

basal membrane potential in assay used (data not shown). Note that detecting consti-

tutive activity via GIRK activation is more complicated than using calcium channels,

as to detect an increase in basal signalling at GIRK assays a larger number of receptors

are necessary because, while only one βγ subunit is necessary to inhibit ICa, multiple

subunits are necessary to activate GIRK78.

Decreased MOPr expression and a greater intracellular pool of MOPr have been

reported not only for mutations in the ICL3 distal region, but also ICL3 proximal

region and C-terminal tail mutations59,313. In CHO-rMOPr-T279Y, the intracellular
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pool of receptor was not significantly affected by naloxone treatment despite increase

in surface expression. While in HEK293 expressing rMOPr with multiple deletions in

the N-terminal of the ICL3 (which includes R260H) was also rescued by naloxone to

membrane but cytoplamic receptor pool was not able to be detected after treatment.

Despite successful naloxone rescue, this receptor was not constitutively active and even

after rescue, DAMGO efficacy was lower which indicated lower efficiency in G protein

activation that has been already discussed here for this ICL3 region59. A defective

trafficking of GPCRs to the plasma membrane can cause accumulation of the receptors

in the intracellular compartment. The above mentioned N-terminal ICL3 of rMOPr

was found to be colocalised with calnexin, and it was proposed that this receptor

was retained in the endoplasmic reticulum (ER) and naloxone acted as chaperones to

support trafficking to the plasma membrane. Further studies are necessary to assess if

naloxone could increase receptor expression of hMOPr ICL3 variants, especially 3S/A

and 3ST/A, in addition it would be interesting to also determine if defective trafficking

from ER to membrane is the main responsible for the low expression rate observed.

Dong et al. (2007)105 reviewed the mechanisms involved in GPCR trafficking from

the ER through the Golgi apparatus to the plasma membrane. Many ER exporting

motifs have been identified in the C-terminal of GPCRs and the N-terminal region also

plays a role in receptor migration, where N-glycosylation is involved in receptor surface

expression in some GPCRs including MOPr and κ-opioid receptor157,205. ER retention

motifs have also been identified and the amino acid arginine is regularly present; va-

sopressin V2 contains this motif at the ICL3 but its expression is not affected which

is proposed to be related to region obstruction in normal conditions. Interestingly,

next to Thr281 there is an arginine rich region, we could speculate that at regular

conformation, this region is masked; however, with the Thr281 mutation and polar

interaction disrupted, this region exposure could be increased and protein retained.

Therefore, without reaching the Golgi apparatus where N-glycosylation is normally

maturated, normal protein glycosylation pattern would be compromised which could

explain hMOPr-3ST/A low molecular weight band detected in Western blot. This sup-

ports the idea that this mutation has a negative effect in receptor trafficking from ER to
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membrane. Furthermore, considering that at any given time a small portion of recep-

tor should be undergoing maturation in the ER, it is plausible that this low molecular

weight band was identified in lower quantities in all variants tested. It is noteworthy

that many regulation processes are involved in controlling receptor expression, there-

fore low expression observed for some clones could be a combination of lower amount

of receptor reaching the membrane with increased receptor internalisation probably

induced by receptor instability or constitutive activity.

Dimerisation has been linked to modulation in the membrane expression of GPCRs,

where dimer formation in the ER can be negatively modulated by increasing receptor

sequestration, or positively modulated by increasing transportation to the membrane as

reviewed by Milligan (2010)241. hMOPr homodimer and heterodimer formation have

been previously described148,220,272; however, it is not known if MOPr dimerisation

is a random process of receptors colliding on cell surface or a process that starts at

the ER. A study by Decaillot et al. (2008)97 supports dimerisation before reaching

plasma membrane as they reported the involvement of a Golgi chaperone, RTP4, in

MOPr-DOPr heterodimers expression. In addition to the polar interaction between the

DRY motif and Thr279 of the mMOPr, Thr279 was also one of the interaction points

for TM5-TM6 dimerisation described by Manglik et al. (2012)220 as the main dimer

interface. Therefore, homodimer and heterodimer formation involving this phosphosite

mutant could be reduced, which could negatively affect receptor trafficking from ER.

Besides ER sequestration of hMOPr-3ST/A, epigenetics, which is another component of

the complicated cellular process to regulate protein expression, can further decrease the

amount of receptor which is delivered to the plasma membrane. RNA synthesis can be

downregulated by methylation which is a common epigenetic modification introduced

at cytosine-phosphate guanine (CpG)sites253. Note that one extra CpG site is added for

the mutation of the T281A, which synergistically would work with the other regulation

possibilities to decrease receptor expression.

According to Chen at al. (2013)63, ICL3 peptide is phosphorylated by GRK2,

PKC and CaMKII in vitro; however, the significance of this in receptor signalling and
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regulation in intact cell is poorly understood. In this work, deletions of multiple phos-

phorylation sites at the ICL3 had a mixed effect in GIRK signalling and desensitisation.

MOPr C-terminal tail phosphorylation and desensitisation have long been correlated,

especially when phosphorylation efficient agonist DAMGO was used, while morphine

desensitisation was previously shown to be phosphorylation and β-arrestins indepen-

dent71. The reduced hMOPr-ST/A expression and a possible constitutive activity

could have influenced this variant desensitisation; however, the dramatic effect on ho-

mologous desensitisation, which was not observed at also low expressed hMOP-3S/A,

was probably related to intrinsic properties of this receptor. Interestingly, molecular

dynamics simulation had suggested that the mechanism of constitutive activation of

Thr279 produced by substitution of Thr to Lys is different from agonist bound recep-

tor318. Therefore, a possible explanation is that this difference is a result of the receptor

assuming different conformations, and agonist induced conformation changes would be

different for hMOPr-3ST/A, which could be faster and highly desensitised. The present

study showed for the first time that the triple serine deletions at hMOPr-3S/A did not

deeply affect desensitisation which is in contrast with previous point mutations185.

The Ser268 residue was previously reported to be the primary site for CaMKII

phosphorylation. This is involved in receptor desensitisation as phosphosite deletion

(rMOPr-S268A, rMOPr-S268P and hMOPr-268P) decreased receptor signalling decay

induced by DAMGO in X. laevis oocytes directly injected with CaMKII185. These

results were not confirmed here, AtT20-hMOPr-S268P signal decay after DAMGO ex-

posure was not affected by polymorphism and similar result was observed for hMOPr-

S268A. It is important to note that homologous desensitisation measured by opioid

challenge after stimulus was slightly decreased by DAMGO at hMOPr-S268P. In con-

trast, morphine mediated homologous desensitisation and signal decay rate and extent

were higher, which support the higher interference of S268P polymorphism in mor-

phine induced signalling and regulation. In spite of analysing activation of the same

pathway, comparing responses between two completely different systems is always diffi-

cult. AtT20 is a mammalian cell which natively expresses GIRK channels and CaMKII
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while Xenopus oocytes were injected with GIRKs and pre-activated CaMKII. More-

over, CaMKII is not necessarily activated in native conditions; therefore, even though

the potential exists for Ser268 phosphorylation, it does not necessarily occur in AtT20

cells. Further studies assessing inhibition of CaMKII with KN-93 in desensitisation

would supplement the presented findings.

Wang et al. (2001)350 studied calmodulin interaction in HEK293 cells expressing

ICL3 SNPs. They reported that the interaction with G protein and calmodulin binding

was deficient for variants 265H and S268P, suggesting a possible partial overlap of bind-

ing domains in this protein. Diminished morphine tolerance after chronic treatment at

R265H and S268P was measured using GTPγS binding assay which was proposed to

be related to interference in CaMKII phosphorylation. In the present, work maximum

acute homologous desensitisation induced by morphine and DAMGO was mainly af-

fected at R260H which was the only ICL3 SNP to have Ser377 phosphorylation and

surface receptor loss induced by DAMGO dramatically decreased. This supports the

hypothesis that phosphorylation and β-arrestin recruitment may not be necessary for

receptor desensitisation.

Signalling through β-arrestin has also been demonstrated for GPCRs in addition to

its role in desensitisation and involvement in receptor internalisation187,367.β-arrestins

can bind to rMOPr ICL3 peptide63; however, this does not necessarily translate to

intact cells. A similar finding was reported by Cen et al. (2001)58, they demonstrated

the ability of β-arrestins to bind the ICL3 peptide of DOPr, which is largely similar

to the ICL3 of the MOPr. Noticeably, the region tested for β-arrestin binding did

not include amino acid corresponding to Thr281 in DOPr, and pre-bound C-terminal

β-arrestin 1 was still able to bind ICL3 which indicated a different site of interaction

in the β-arrestin molecule. Considering the canonical recruitment of β-arrestin by

GRK phosphorylation of serine/threonine residues, phosphorylation of at least two of

the four serines available at DOPr ICL3 would be expected; however, deleting all the

four phosphorylation sites did not affect [D-Pen2.5]Enkephalin (DPDPE) induced G

protein coupling and homologous desensitisation measured by signal decay in Xeno-

pus oocytes187. Note that recent studies had reported a phosphorylation independent
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β-arrestin 2 recruitment133. In this work phosphosite mutation of the three available

serines at the ICL3 affected receptor signalling and regulation; one of the interesting

findings was that although Ser377 phosphorylation was reduced by 1µM DAMGO,

receptor loss from the membrane was increased while maximum homologous desensiti-

sation was decreased. The meaning of these findings still need to be further investigated

however we could speculate that the decrease in DAMGO induced Ser377 phosphoryla-

tion may be related to lower GRK2 activation. Dominant negative GRK2 mutant was

demonstrated to decrease DAMGO but not morphine maximum homologous desensiti-

sation in HEK293 cells22,167. These raise the possibility of the involvement of the serine

residues of the ICL3 in GRK2 activation, but it still does not explain the increase in

receptor loss. The increase in surface receptor loss induced by 0.1µM DAMGO could

indicate that less drug is necessary to be able to detect receptor internalisation because

of reduced total receptor number. Maybe at saturating concentration they would have

similar maximum loss, pointing to a saturation of the internalisation machinery which

would restrict the rate of hMOPr-WT internalisation. Note that this is not supported

by data presented for other hMOPr region mutations. A more plausible explanation

is that there is also the possibility of a hMOPr-3S/A being less stable thereby it is

removed from the membrane in a faster rate than hMOPr-WT which would explain

lower expression in an isogenic system (FlpIn™ system).

Heterologous desensitisation was affected by all ICL3 variants with the only ex-

ception hMOPr-S268A. A negative correlation between receptor expression and het-

erologous desensitisation was determined however no perfect correlation was observed.

R265H expression was higher but maximum heterologous desensitisation was lower,

while R260H and S268P, which receptor expression was similar to WT and S268A

variants, had a much lower maximum heterologous desensitisation. This clearly in-

dicates that ICL3 is directly involved in heterologous desensitisation and considering

Ser377 phosphorylation pattern of these receptors, the role of phosphorylation was

not evident. However, we should not disregard phosphorylation as previous study has

shown that MOPr activation by DAMGO produced SST receptor phosphorylation272,

and many other phosphosites could be involved in addition to other kinases, as Ser377
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phosphorylation reflects GRK activation221, while CaMKII and PKC could also be

involved. Raveh et al. (2010)286 reported a phosphorylation independent mechanism

where GRK2 accelerated desensitisation by sequestration of Gβγ subunits which could

also affect heterologous desensitisation as SST receptor activate GIRK by the same

pathway. Therefore, it is possible that heterologous desensitisation decreases as a con-

sequence of reduced GRK2 activation by ICL3 variants. Nevertheless, this sounds

unlikely as homologous desensitisation was not affected, and there was an increase at

some variants; moreover, hMOPr-S268P Ser377 phosphorylation was not compromised

indicating GRK2 recruitment. A weak link between MOPr surface loss and desensi-

tisation data was also observed in the present work which refutes the possibility of

cointernalisation of both receptors. Pfeiffer et al. (2002)272 study supports these find-

ings as DAMGO activation of MOPr-SST receptor dimers caused desensitisation of

both receptors but not internalisation of SST receptor. It is noteworthy that heterol-

ogous desensitisation is probably a result of combined factors; therefore, looking for

a combination of factors instead of individual ones may help to elucidate its complex

mechanisms. The deleterious effect of ICL3 in G protein dependent pathways and the

deeply compromised heterologous desensitisation of ICL3 clones point to G protein in-

volvement. However, we should not discount that heterologous desensitisation could be

evoked by G protein dependent and independent pathways, in addition to involvement

of conformational changes and heterodimerisation which is still poorly understood.

In conclusion, MOPr ICL3 is a highly dynamic region which is clearly involved in

G protein activation. Modifications in this loop, especially the proximal and distal

region, not only can affect signalling but also receptor expression and regulation which

indicate the importance of this highly conserved region. Further studies are needed

to determine the role of phosphorylation in the ICL3, however from this study I have

demonstrated that multiple phosphosite deletions in the ICL3 affect receptor expres-

sion and supply evidence that ICL3 and Ser377 phosphorylation are not necessary for

receptor desensitisation.
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8
Regulation of C-terminal Phosphosite

Mutant of hMOPr

A large body of evidence supports the role of the µ-opioid receptor (MOPr) C-terminal

tail in receptor regulation. The primary question addressed in this chapter is the

relevance of C-tail phosphorylation to MOPr signalling and desensitisation. This was

assessed with one phosphorylation mutant of the MOPr where all serine and threonine

sites were deleted (hMOPr-CST/A).
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8.1 Introduction

The intracellular regions of GPCRs interact with proteins such as G proteins and ar-

restins, responsible for receptor signalling and regulation. Besides a well established

role for MOPr C-terminal phosphorylation in β-arrestin recruitment and receptor en-

docytosis, the significance for this regulatory process in terms of receptor signalling

and desensitisation is still not well understood356.

While the three intracellular loops of the hMOPr are highly conserved across opioid

receptors, the C-terminal tail of the MOPr, excluding the proximal region, is relatively

unique to this receptor. This clearly indicates the important role this receptor region

plays in differential signalling and regulation compared to the other opioid receptors.

The hMOPr C-terminal domain contains 11 potential serine/threonine phosphorylation

sites, all of which were deleted in the present study (hMOPr-CST/A, Figure 8.1). Inter-

estingly, the rat and mouse MOPr have one threonine which is part of the well studied

TSST cluster that is not present in hMOPr. In addition, one Tyrosine (Tyr338), which

is part of a highly conserved motif (NPXXY) in the base of the TM7 region, was not

deleted in this study, as we focused on serine/threonine phosphorylation sites.

Phosphorylation of C-terminal tail serine/threonine residues of MOPr has been ex-

tensively investigated and it is established that some agonists such as DAMGO induce

a robust and widespread phosphorylation of this region while other agonists, such as

morphine, does not mediate phosphorylation as efficiently99,311,365. In HEK293 cells ex-

pressing MOPr, the rate and extent of Ser377 phosphorylation induced by DAMGO are

higher than morphine, however interestingly, after agonist removal, dephosphorylation
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Figure 8.1. Serpentine structure of the human µ-opioid receptor with area enlarged show-
ing hMOPr-WT and hMOPr-CST/A C-terminal amino acid sequence. The eleven point mu-
tations from serine and threonine to alanine are highlighted in red in the hMOPr-CST/A
C-terminal tail. Adapted figure from Center for Opioid Research and Design (CORD)83.

of DAMGO induced phosphorylation was fast and complete while morphine phospho-

rylation was sustained311. The correlation between internalisation and cessation of

receptor signalling with reduced tolerance and dependence was reported by Finn and

Whistler (2001)122. The inability of morphine to effectively phosphorylate and inter-

nalise the MOPr followed by inefficient dephosphorylation at the plasma membrane was

previously correlated with faster development of tolerance311; however, new evidence

had ascertained that MOPr can be adequately dephosphorylated at the membrane level

and that the receptor can be recovered95,102.

In 2011, Doll et al.102 reported for the first time the agonist-selective patterns

of mMOPr induced by morphine and DAMGO by using three phosphosite specific

antibodies for Ser363, Thr370 and Ser375 (in hMOPr Ser365, Thr372 and Ser377 re-

spectively). A constitutive phosphorylation of Ser363 was established while Thr370

and Ser375 were only phosphorylated after agonist exposure. While DAMGO induced

a robust phosphorylation of both sites, morphine did not induce phosphorylation of

Thr370 and phosphorylation of Ser375 was much less than that produced by DAMGO.

Interestingly, Ser375, which is part of the STANT cluster, was shown to be the primary

site for DAMGO phosphorylation; this hierarchical phosphorylation starting at Ser375

was later confirmed by Just et al. (2013)171. Of note early studies determined that

substitution of Thr394 affected desensitisation and downregulation which suggested
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phosphorylation of this residue259,260,357, however more recent studies using highly sen-

sitive techniques could not confirm phosphorylation of this threonine63,195,247.

Mass spectrometric studies were able to confirm and further complement immuno-

logical findings63,195. Residue Ser363 was confirmed as a constitutive phosphorylation

site while Thr370 also appears to be phosphorylated at basal conditions however it

is further phosphorylated by agonist stimulus. The STANT cluster is the main phos-

phorylation region that largely differentiates DAMGO and morphine phosphorylation

levels, and it is a crucial region for β-arrestin recruitment and endocytosis. The TSST

cluster is also phosphorylated by agonists, the last two residues being the phosphate

acceptors according to Chen et al. (2013)63. The mass spectrometric analysis was

complemented by examining the differential phosphorylation of the above residues by

calcium/calmodulin-dependent protein kinase II(CaMKII), protein kinase C (PKC)

and G protein kinase 2 (GRK2) in vitro, where Ser363 is mainly phosphorylated by

PKC but also by CaMKII, TSST by PKC, Thr370 by CaMKII and Ser375 by GRK263.

Overall, these kinase and residue correlations were similar to that found in other stud-

ies221 with the exception of Thr370 which has been reported to be phosphorylated by

GRK2/3 and PKCα103,163. In addition, DAMGO phosphorylation of Ser375 is largely

dependent on GRK2/3 while morphine recruits GRK5103,167, which could explain why

overexpression of a GRK2 dominant negative mutant reduced desensitisation induced

by DAMGO but not morphine23,167. Interestingly, the importance of PKCα in mor-

phine induced desensitisation was reported by Bailey et al.(2009)23, where inhibiting

or knocking out this isoform clearly affected the expected desensitisation response by

morphine.

β-arrestin binding to the MOPr is enhanced by phosphorylation of the C-terminal

tail which is related to GRK2 activation and mainly mMOPr Ser375 residue phosphory-

lation63. In a study by Chu et al.(2008)71 in HEK293 cells expressing MOPr C-terminal

phosphosite mutants, MOPr induced intracellular Ca2+ ([Ca2+]i) release was monitored

after opioid exposure and they concluded that morphine but not DAMGO acute desen-

sitisation was phosphorylation and β-arrestin independent. In contrast, a desensitisa-

tion study in LC neurons of β-arrestin knockout mice surprisingly demonstrated that
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absence of β-arrestin 2 did not affect desensitisation induced by met-enkephalin (ME)

compared to wild-type (WT) counterpart95. A recent study by Yousuf et al. (2015)364

in AtT20-mMOPr demonstrated that phosphosite deletion by alanine substitution of

Ser363, Thr370 and Thr375 or these residues plus Thr376, Thr379 and Thr383 did

not affect morphine and ME desensitisation; however, if all serine and threonine sites

were deleted, similar to the clone used in the present study but in mMOPr, desen-

sitisation by ME was abolished while morphine desensitisation was unaffected. The

later study also examined at heterologous desensitisation which was unchanged for all

variants, but interestingly the PKC inhibitor, calphostin-C, deeply compromised het-

erologous desensitisation mediated by morphine at the C-terminal total phosphosite

deleted variant.

An interesting new role for the hMOPr C-terminal tail phosphorylation in agonist

binding was recently described by Birdsong et al. (2015)33. Prolonged agonist exposure

by morphine or ME slowed the dissociation of DermA594, which with ME but not

morphine was partially affected by TSST and STANT cluster phosphorylation. This

indicates an allosteric modulation of ligand binding by the C-terminal phosphorylation

produced by some agonists, most likely those which can efficiently phosphorylate the

C-terminal sites.

Many studies had provided evidence of agonist-dependent MOPr phosphorylation

and β-arrestin recruitment (reviewed by Williams et al. [2013]356), however how these

regulatory processes correlate to signalling and acute receptor desensitisation are still

not well understood. In the present work, an isogenic cell system and a novel non-

invasive real-time kinetic assay were used to assess GIRK activation and acute sig-

nalling desensitisation induced by DAMGO and morphine of AtT20-hMOPr-CST/A,

a complete C-terminal serine and threonine deleted receptor.
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8.2 Results

8.2.1 Human MOPr Expression in AtT20 Cells

Constructs hMOPr-WT and hMOPr-CST/A were stably transfected into AtT20 cells

using the Flp-In™ system and varying concentrations of radioligand [3H]DAMGO used

to measure receptor expression. Saturation binding curves, obtained as shown in Figure

8.2(A), and Bmax and KD were not significantly affected (t-test, p>0.05). Bmax for

AtT20-hMOPr-WT was 1393±84 fmol/mg total protein and 1473±80 fmol/mg for

AtT20-hMOPr-CST/A (Figure 8.2(B)), and KD was 3.1±0.6nM for WT and 1.4±0.1

for CST/A (Figure 8.2(C)).

(A)

(B) (C)

Figure 8.2. hMOPr-WT and hMOPr-CST/A expression in AtT20 cells. (A) Saturation
binding curve of [3H]DAMGO in intact AtT20-hMOPr-WT and AtT20-hMOPr-CST/A. (B)
Bmax results. (C) KD results. No significant difference in Bmax or KD was observed between
cells expressing hMOPr-WT and hMOPr-CST/A (t-test, p>0.05). Data represent the mean
±SEM, n=3-4.



8.2 Results 195

8.2.2 Human MOPr Signalling via GIRK Channel Activation

The effect of complete phosphorylation site deletion of the C-terminal tail on hMOPr

signalling is still not well characterised. FLIPR® membrane potential dye was used as

previously described to examine hyperpolarisation induced by varying concentrations

of opioids and somatostatin (SST) in populations of AtT20-hMOPr-WT and AtT20-

hMOPr-CST/A. Representative traces of endomorphin-2 mediated hyperpolarisation

are presented in Figure 8.3 and concentration response curves for SST and all opioids

tested are shown in Figure 8.4.

(A) (B)

Figure 8.3. Representative traces showing decrease in fluorescence signal, correspond-
ing to membrane hyperpolarisation, following application of varying concentrations of
endomorphin-2 to (A) AtT20-hMOPr-WT and (B) AtT20-hMOPr-CST/A. Note that higher
potency at hMOPr-CST/A can be observed.

The CST/A mutation did not affect the efficacy of the opioids tested as shown in

Table 8.1; however, the low efficacy agonist buprenorphine was more potent in AtT20-

hMOPr-CST/A cells, with pEC50 of 7.3±1 compared with pEC50 of 7.0±0.1 in AtT20-

hMOPr-WT (t-test, p<0.05). Interestingly, the high efficacy agonist endomorphin-2

also presented a slightly higher potency at hMOPr-CST/A with pEC50 of 8.4±0.1

differently from hMOPr-WT (pEC50 of 8.1±0.1).

Somatostatin eficacy and potency was similar between hMOPr variants (t-test,

p<0.05), which is important to show that differences observed in CRCs were not related

to variances in cell lines ability to hyperpolarise.
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Table 8.1. Summary of opioid and SST efficacy and potency of GIRK activation in AtT20
cells expressing WT or CST/A hMOPr

GIRK activation Emax(%) pEC50

Opioid WT CST/A WT CST/A

DAMGO 34±1 33±2 8.4±0.1 8.5±0.1
Methadone 33±1 29±2 7.3±0.1 7.5±0.1
Endomorphin-2 32±1 33±2 8.2±0.1 8.4±0.1*
Morphine 31±1 29±2 7.6±0.1 7.6±0.1
Buprenorphine 22±1 22±1 7.0±0.1 7.3±0.1*
Pentazocine 7±1 6±2 7.2±0.1 7.3±0.1
SST 33±1 31±2 8.3±0.1 8.2±0.2

Opioids are listed in rank order of maximal effect at MOPr-WT. Opioids with Emax significantly lower

than DAMGO are set in bold (one-way ANOVA, followed by t-test, corrected for multiple comparisons,

p<0.05). Marked with * are results significantly different to hMOPr-WT (t-test, p<0.05).Values shown

are mean ± SEM, n=5-6.

Figure 8.4.(following page): Opioid agonists and SST concentration response curves in
AtT20 expressing WT (black) and CST/A (blue) hMOPr. (A) Endomorphin-2 and (B)
buprenorphine are more potent in the CST/A mutant (t-test, p<0.05). (C) DAMGO, (D)
methadone, (E) morphine and (F) pentazocine signalling was not affected in the phosphosite
mutant. Note that (G) SST signalling was similar between cell lines (t-test, p>0.05). Data
represent the mean ± SEM of pooled data from 5-6 independent determinations performed
in duplicate.



8.2 Results 197

(A) (B)

(C) (D)

(E) (F)

(G)
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8.2.3 Opioid-Mediated Signal Desensitisation in AtT20 cells

To assess the importance of hMOPr C-terminal phosphorylation in agonist induced

acute signalling desensitisation, AtT20-hMOPr-CST/A cells were exposed to a stim-

ulus opioid concentration then challenged with a saturating concentration. Using

FLPR® membrane potential dye as previously described (Section 3.5), hyperpolari-

sation recorded after challenge concentration was compared to the response obtained

from cells not exposed to stimulus opioid concentration. Desensitisation was then

compared to the results obtained with AtT20-hMOPr-WT results. In addition, het-

erologous desensitisation was also examined by challenging cells with SST after opioid

stimulus as shown in representative traces in Figure 8.5.

(A) (B)

Figure 8.5. Representative traces of heterologous desensitisation mediated by 10 minutes
DAMGO and morphine stimulus in (A) AtT20-hMOPr-WT and (B) AtT20-hMOPr-CST/A.
Difference in maximum response was used to calculate desensitisation and plot a time course.
Note that the difference in SST hyperpolarisation especially after morphine stimulus was
lower in hMOPr-CST/A when compared with hMOPr-WT.

Varying interval times between stimulus and challenge addition were used to obtain

homologous and heterologous desensitisation time courses (Figure 8.6). Interestingly

the analysis of variance between time courses of both hMOPr variants only identi-

fied significant differences between heterologous desensitisation data (two-way ANOVA,

p<0.05), where the higher variance was observed at 10 minutes for DAMGO and 20
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minutes for morphine (multiple t-test, p<0.01). To further assess time course results,

t1/2 and maximum desensitisation (Dmax) was compared between variants and are sum-

marised in Table 8.2. Since phosphorylation has been linked to hMOPr regulation it

was surprising that homologous Dmax of morphine and DAMGO was not influenced

by phosphosite deletions (t-test, p>0.05), however a slightly higher morphine induced

heterologous Dmax was observed for CST/A (36±4%) compared with WT (25±2%,

t-test, p>0.05).

Despite the lack of difference in extent of homologous desensitisation, it was ap-

parent from the time course that the rate of desensitisation was faster in the phospho-

rylation deficient receptor. A t1/2 of 4.8±0.6 min was obtained with DAMGO for the

CST/A mutant compared with 12.4±2.9 min for the hMOPr-WT; a similar rate re-

duction of almost twofold was also determined for morphine homologous and DAMGO

heterologous desensitisation time course derived t1/2, as shown in Table 8.2.

Table 8.2. Summary of desensitisation time course t1/2 and Dmax in AtT20 cells expressing
WT and CST/A hMOPr

t1/2(min) Dmax(%)

Opioid WT CST/A WT CST/A

Homologous desensitisation

DAMGO 12.4±2.9 4.8±0.6* 66±1 61±4
Morphine 7.5±1.3 3.8±0.2* 61±2 59±4

Heterologous desensitisation

DAMGO 10.5±2.1 4.9±0.6* 55±2 58±4
Morphine 12.2±5.8 4.4±1.6 25±2 36±4*

Desensitisation data were fitted to a one-phase exponential association and t1/2 and Dmax (plateau)

obtained. Highlighted are results significantly different to hMOPr-WT (t-test, p<0.05). Values shown

are mean ± SEM, n=5-6.

To complement the data obtained, signal decay during 40 minutes stimulus was

also assessed for the CST/A mutant (Table 8.3). Corroborating the homologous de-

sensitisation time course data, the maximum decay observed for DAMGO was similar

between variants and only a slightly decrease with morphine was found with the CST/A

mutant (t-test, p=0.0426). In contrast to the rate of desensitisation reported, the time
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(A) (B)

(C) (D)

Figure 8.6. Effect of C-terminal total phosphosite deletion on homologous and heterolo-
gous signal desensitisation by DAMGO and morphine. AtT20 cells expressing hMOPr-WT
(black) or hMOPr-CST/A (blue) were assessed using FLPR® membrane potential dye as
described in the methods chapter. (A) Homologous and (B) heterologous desensitisation
after 1µM DAMGO stimulus. (C) Homologous and (D) heterologous desensitisation after
1µM morphine stimulus. Note that heterologous data had a bell shape pattern (red). CST/A
mutation did not significantly change the homologous signal desensitisation time course by
DAMGO and morphine, however the heterologous desensitisation time course mediated by
both opioids were affected (two-way ANOVA, p<0.05). Data are expressed as percentage
desensitisation from vehicle control, and represent the mean ± SEM of 5-6 independent de-
terminations performed in duplicate.

constant of signal decay was not affected by C-terminal phosphosite deletion (t-test,

p>0.05).

Overall, it was astonishing to uncover that deletion of all C-terminal tail phospho-

rylation sites of the hMOPr only caused a relatively small change in the homologous

desensitisation rate and mainly affected the heterologous desensitisation time course.
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Table 8.3. Summary of time constant (τ) and maximum decay (Ymax) of signal in AtT20
cells expressing WT or CST/A hMOPr

τ(sec) Ymax(%)

Opioid WT CST/A WT CST/A

DAMGO 898±131 721±165 94±1 91±2
Morphine 612±76 479±96 96±1 92±1*

Signal decay data were fitted to a one-phase exponential association and t1/2 and Ymax (plateau)

obtained. Highlighted are results significantly different to hMOPr-WT (t-test, p<0.05). Values shown

are mean ± SEM, n=5-6.

8.2.4 Opioid-Mediated Phosphorylation of hMOPr Ser377

Considering the surprising results obtained for signalling and desensitisation, an assay

to examine phosphorylation of Ser377, therefore validate phosphorylation deletion, was

performed.

Figures 8.7(A) and 8.7(B) show western blot results for hMOPr-WT and hMOPr-

CST/A which confirm the phosphorylation deletion. Note that AtT20-hMOPr-WT

was always carried in parallel in the same blot as a control. Further analysing the

western blot data obtained, it was possible to determine that the total amount of

hMOPr in AtT20-hMOPr-WT and AtT20-hMOPr-CST/A was similar after correcting

HA data using GAPDH (Figure 8.7(C), (t-test, p>0.05).
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(A)

(B) (C)

Figure 8.7. Morphine and DAMGO induced phosphorylation of hMOPr Ser377 residue
in AtT20-hMOPr-WT but not AtT20-hMOPr-CST/A as expected for a phosphosite deleted
mutant. (A) Representative blot from one of three independent experiments of 5 and 30 min-
utes opioid treatment. AtT20 cells stably transfected with hMOPr-WT or hMOPr-CST/A
were either not exposed (-) or exposed (+) to 1µM DAMGO (D) or 1µM morphine (M)
for 5 or 30 minutes. The cells were lysed and immunoblotted with anti-pSer377 antibody
(pSer377, upper panel), then the blot was stripped and reprobed with anti-HA antibody to
detect total hMOPr (HA, lower panel). Further methods details are described in Section 3.6
(B) pSer377 quantified by densitometric analysis after morphine and DAMGO incubation for
5 (no pattern) or 30 minutes (stripe pattern). Data are presented as % of DAMGO-induced
Ser377 phosphorylation (pSer377) in AtT20-hMOPr-WT (100%) ± SEM; note that results
were corrected for total receptor number (pSer377/HA). (C) AtT20-hMOPr-WT and AtT20-
hMOPr-CST/A presented similar quantities of total receptor measured using HA corrected
with loading control GAPDH (t-test, p>0.05, n=3)

8.2.5 Loss of Membrane hMOPr

Just et al. (2013)171 reported that deletion of phosphorylation sites in the mMOPr

abolished opioid induced receptor internalisation. To confirm that the CST/A mutant

does not leave the cell surface given the absence of phosphorylation sites on C-terminal,

using a whole-cell ELISA technique the amount of hMOPr WT and hMOPr-CST/A

membrane surface loss was quantified after morphine and DAMGO treatment for 5
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and 30 minutes.

Figure 8.8 shows the results obtained. As expected the amount of hMOPr-CST/A

on the membrane did not significantly change after opioid treatment (one-sample t-test,

p>0.05), while DAMGO mediated a significant receptor endocytosis at hMOPr-WT

which was much higher after 30 minutes when compared to 5 minutes (t-test, p<0.05).

Figure 8.8. Loss of membrane hMOPr-WT and hMOPr-CST/A after DAMGO or mor-
phine incubation for 5 or 30 minutes. As expected, the amount of hMOPr-CST/A at the cell
surface did not change after DAMGO and morphine incubation (one-sample t-test, p>0.05),
while receptor levels on the surface were reduced in the AtT20-hMOPr-WT cells after 1µM
and 10µM DAMGO incubation when compared to 0.1µM DAMGO (t-test, p<0.05). Data
obtained as described in Section 3.8 represent mean ± SEM of pooled data from 4-5 inde-
pendent determinations performed in triplicate.

8.3 Discussion

The MOPr C-terminal tail is phosphorylated at many residues and the role of this phos-

phorylation on β-arrestin recruitment and receptor internalisation has been previously

established171,236. However, the involvement of phosphorylation in receptor signalling

and desensitisation is still to be elucidated and considering the studies available it is

clear that complex mechanisms are in play. The present work, has now confirmed that

a complete deletion of the C-terminal phosphorylation sites produces a receptor that

can signal via GIRK activation in a similar manner to the wild-type receptor, while
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the effect on desensitisation is not as dramatic as might be predicted. A summary of

this chapter’s findings are presented in Table 8.4.

Table 8.4. Summary of C-terminal total phosphosite deletion findings

hMOPr
variant

Assay performed Key observations

CST/A Radioligand binding Similar Bmax and KD

GIRK activation Endomorphin-2 and buprenorphine more po-
tent

Desensitisation time course Faster rate but same extent of homologous
desensitisation
Heterologous desensitisation affected by both
opioids. DAMGO faster rate while morphine
higher extent of desensitisation (bell curve)

Signal decay Morphine induced slightly lower extent of de-
cay

Ser377 phosphorylation Not phosphorylated
Cell surface hMOPr loss No receptor loss

All results are in comparison with hMOPr-WT

The C-terminal tail amino acid sequence of the MOPr is very different from other

GPCRs. Little homology is observed when compared to opioid receptors, which em-

phasises the different role it plays across this family. Georgoussi et al. (2006)131

demonstrated in vitro that the MOPr C-tail peptide was unable to bind to any form of

Gα, in contrast to the DOPr C-tail where interaction was detected. Yet the Gβγ sub-

unit interacted with both tails. In another study by the same group130, the C-terminal

tail was identified as a critical MOPr region for receptor signalling as it is involved

in the interaction between receptor and G proteins. The present study demonstrated

that alanine substitution of serine and threonine sites did not significantly affect GIRK

activation, therefore if the C-terminal is involved in G protein coupling or activation,

it was definitely not disturbed by the mutation induced conformational change and

the lack of phosphorylation, even of constitutive phosphorylated residues (Ser365 and

Thr372)63.

For a long time, GPCRs were thought to signal exclusively via G proteins while

GRKs and arrestins were regulatory proteins whose roles were limited to controlling
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processes such as receptor phosphorylation, internalisation and recycling. Recent evi-

dence has changed our understanding of GPCR signalling, with new emerging informa-

tion supporting GRKs and arrestins as G protein independent signal transducers291.

A good correlation between β-arrestin 2 recruitment and MOPr Ser377 phosphory-

lation has been shown previously236. If MOPr can signal through β-arrestin pathways,

compromised signalling would be expected in hMOPr-CST/A mutant. It is important

to highlight that different phosphorylation patterns can produce a different arrestin

conformation which can be related to signalling or to activation of the endocytosis ma-

chinery alone. At the β2-adrenergic receptor, while GRK5/6 phosphorylation was G

protein-independent and activation of ERK was mediated by β-arrestin, GRK2/3 phos-

phorylation was G protein-dependent and was primarily responsible for receptor inter-

nalisation292. Importantly, both kinases were involved in desensitisation. Therefore,

MOPr studies which assessed β-arrestin interaction with MOPr or recruitment236,243,

are not necessarily determining the bias in signalling, as β-arrestin can be recruited

but restrained in a conformation that favours endocytosis, not signalling pathways like

ERK activation. Unfortunately we were unable to reliably measure ERK pathway acti-

vation because basal ERK phosphorylation in AtT20 cells was too high; further studies

will be conducted in HEK293 or CHO cells for this purpose.

Rivero et al. (2012)294 reported that endomorphin-2 is an arrestin-biased agonist

at MOPr-WT, where arrestin FRET analysis was performed in HEK293 cells and elec-

trophysiology in LC neurons. The authors correlated this finding to an endomorphin-2

ability to promote a robust phosphorylation of Ser375 on MOPr. Based on the later

study, it can be speculated that the inability of endomorphin-2 to mediate phospho-

rylation of hMOPr-CTST and recruit β-arrestin could be correlated to the slightly

higher potency observed for this agonist in the present work. However, considering the

time frame of GIRK activation versus phosphorylation and arrestin-binding171,236, β-

arrestin recruitment might be too delayed to be involved. In contrast, kinase activation

is definitely an early enough process to be implicated as DAMGO phosphorylation of

mMOPr Ser375 is almost complete at 20 seconds.

Buprenorphine did not significantly recruit β-arrestin 2236, which is in agreement to
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the very inefficient phosphorylation of Ser377 presented in Chapter 5. The significant

increase in buprenorphine potency at hMOPr-CST/A in the present study is probably

related to the distinct conformations that buprenorphine stabilises this receptor. Ac-

cording to Shim et al. (2013)318 MOPr 2D distribution with this agonist was between

agonist and antagonist in molecular dynamics simulations.

Acute desensitisation and internalisation are both regulatory processes however

these regulatory mechanisms are temporally separated. The development of more pre-

cise techniques have made it clear that acute desensitisation is a much faster process

than receptor internalisation356. The present study not only supports the temporal

separation, but also the lack of correlation between internalisation and desensitisation

as the hMOPr-CST/A mutant did not internalise yet homologous desensitisation was

relatively similar to the hMOPr-WT. It is important to point out that the role of opi-

oid receptor trafficking in the clinical response to agonists is controversial, for example

both morphine and methadone are effective analgesics to which tolerance develops but

they have contrasting effect in receptor trafficking.

Surprisingly, DAMGO and morphine homologous desensitisation in AtT20-hMOPr-

CST/A was only slightly faster than WT, in the present study, however both showed

similar maximum desensitisation at 40 minutes. Birdsong et al. (2015)33 assessed

desensitisation in brain slices of MOPr knockout mice injected with mMOPr-WT or

phosphosite mutants. They measure desensitisation as decay after 30µM ME or sus-

tained desensitisation where neurons were challenged with 100nM ME before and after

5 minutes stimulus with 30µM ME, with a wash between addition of different con-

centrations. The decay of ME signal was similar between all variants tested in the

mediodorsal thalamus neurons but slightly different in LC neurons. Sustained desen-

sitisation was significantly decreased when both STANT and TSST were mutated to

alanine, with apparently a larger contribution from STANT; however both clusters in-

dividually had a non significant decrease. A recent study by Yousuf et al. (2015)364

also examined desensitisation in phosphosite mutants but in AtT20 cells. Similarly to

the above study they used a submaximal ME concentration (10nM) before and after

10µM ME or 10µM morphine with a 1 minute wash between additions to measure
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sustained desensitisation. Interestingly, they found that desensitisation induced by

morphine was not affected in all variants, while ME mediated desensitisation was abol-

ished when all phosphosites were deleted; nevertheless deleting STANT in addition to

Thr370, Ser363 and Thr383 did not affect desensitisation, which indicated that desen-

sitisation could be related to TSST and/or Thr394. In addition, they completed their

analysis by showing that sustained desensitisation with morphine can be abolished

by a PKC inhibitor. These studies are quite conflicting. While one study highlights

the role of STANT phosphorylation the other study dismisses it, however it is clear

that when both STANT and TSST residues are mutated, ME sustained desensitisa-

tion is deeply compromised. Acute desensitisation measured using signal decay is in

agreement with the DAMGO result presented here; however desensitisation after opi-

oid challenge, called sustained desensitisation, is contradictory. The differences in the

assays performed need to be taken into consideration, as not only were different opioid

concentrations used but a wash step was also performed before opioid challenge. In

this current study, the assay was wash-free, which meant no recovery time was given

between stimulus and challenge and the desensitisation is determined using a saturat-

ing not a submaximal concentration. ME is a high efficacy agonist, therefore only a

small portion of the receptors need to be occupied to produce a response. Moreover

receptor reserve could be misleading when assessing desensitisation79,294. In cells with

a large number of receptor reserve, receptor desensitisation may not be detected even

when using submaximal probe concentration. In the present study, desensitisation was

observed for both hMOPr variants therefore the cells used are likely to have none to low

receptor reserve. In addition, Arttamangkul et al. (2015)13 highlighted how different

measurements can actually report distinct results, and clearly the present study is an

example.

Previous studies have demonstrated the importance of phosphorylation in desen-

sitisation by manipulating kinase activity. Decrease of morphine induced desensiti-

sation has been demonstrated by inhibiting PKC167 or more specifically its isoform

PKCα23, while the opposite was shown to be true when activating PKC heterolo-

gously via another receptor or using phorbol esters13,21. Differently from morphine,
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DAMGO desensitisation was not affected by PKC modulation however GRK2 dom-

inant negative mutant over-expression reduced DAMGO but not morphine induced

desensitisation23,167. PKCε was also correlated to mMOPr desensitisation measured

by intracellular calcium. This kinase mediated morphine desensitisation however only

when Ser363, Thr370 and Ser375 were mutated to alanine it was also able to mediate

DAMGO desensitisation374.

Correlating the above kinase and phosphosite mutant desensitisation results is a

complicated task. Phosphorylation of the STANT is accepted to be mediated by

GRK2/3 by DAMGO and GRK5 by morphine, while PKC phosphorylates TSST,

Ser363 and Thr37063,221. Thus the effect of STANT mutation by ME observed by

Birdsong et al. (2015)33 could correspond to the same decrease in desensitisation

observed for GRK2 dominant negative mutation, however the synergism with TSST

would be thought to involve PKC but it would be surprising as inhibiting PKC did not

affect ME desensitisation in mMOPr-WT364. Nevertheless, as previously described,

inhibiting phosphorylation by phosphosite mutation can convert DAMGO desensitisa-

tion to PKCε dependent374, which may phosphorylate TSST and affect desensitisation

which then supports the data reported. Considering the mutants used by Yousuf et

al. (2015)364, the PKC phosphorylation site, TSST, is the last one deleted which com-

pletely abolished ME desensitisation. This is conflicting considering PKC inhibition

did not affect ME desensitisation in the same study, however again the proposed in-

volvement of PKCε needs to be considered. It is also surprising that PKC affected

morphine desensitisation but deleting all phosphorylation sites of the C-terminal did

not affect morphine induced desensitisation. It could be speculated that a different

region of the receptor is phosphorylated by PKC or PKC sterically affecting desensi-

tisation and not the phosphorylation directly, as it may be recruited independently of

phosphorylation sites being available. This is supported by the aforementioned study

where use of a PKC inhibitor in the total C-terminal phosphosite deleted mutant abol-

ished homologous and heterologous desensitisation by morphine; however, it is also

possible that PKC affects the receptor indirectly by phosphorylating another protein

which is responsible for morphine induced MOPr signalling desensitisation and also
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SST receptor desensitisation.

Interestingly, DAMGO and morphine stimulation of hMOPr-CST/A produced a

higher heterologous desensitisation than observed for hMOPr-WT at 10 minutes and

20 minutes respectively. Differences in heterologous desensitisation between relatively

mature and immature rats were reported in LC neurons211; and it was not correlated

with PKC activity but with a decrease in GRK2 expression with age which abol-

ished heterologous desensitisation. Therefore, hMOPr may recruit GRK2, however

because it is not able to phosphorylate hMOPr-CST/A it would cross phosphorylate

SST receptor(s). This would be more plausible if these receptors are heterodimers as

previously described272. In hMOPr-CST/A, because signalling via GIRK activation is

similar to hMOPr-WT, it would be unlikely that the increase in heterologous desen-

sitisation be related to effector unavailability. In addition, the bell shaped response

to morphine stimulus and the faster rate of homologous desensitisation suggests that

hMOPr-CST/A activates a mechanism which is faster than that activated by hMOPr-

WT. It is possible that the increase in GRK2 activation by this receptor, without

having the regular role to phosphorylate C-terminal residues, competes with GIRK

for the Gβγ subunits, as previously reported286, which is a fast process and would

explain the increased rate in desensitisation. To further support this hypothesis, Gβγ

subunits have been described to bind with the C-terminal tail131, which would make

the interaction even faster and highly probable.

In conclusion, substituting threonine and serine to alanine at the C-terminal tail of

the hMOPr extinguished internalisation induced by DAMGO as previously reported

by Just et al. (2013), while efficacy of GIRK activation by a range of opioids was not

affected and potency was only slightly increased by buprenorphine and endomorphin-

2. Interestingly, using a wash-free protocol to analyse desensitisation by a saturating

concentration challenge after submaximal stimulus, the only difference observed for

homologous desensitisation was an increase in desensitisation rate while the effect on

heterologous desensitisation was much more evident. The results here presented sup-

port the hypothesis that phosphorylation of the C-terminal may affect the rate of

homologous desensitisation but not maximum desensitisation; however, it is likely that
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the lack of phosphorylation site, not phosphorylation per se, is the main factor respon-

sible for the results obtained.



9
Summary and Prospects

In this study from the N to the C-terminal of the hMOPr, SNPs and phosphorylation

deleted mutants expressed in FlpIn™ AtT20 cells were assessed with the aim to bet-

ter understand signalling and regulation of the µ-opioid receptor. Starting with the

development of a new technique to generate real-time kinetics of homologous and het-

erologous desensitisation data and combining with assays to examine receptor signalling

and regulation (GIRK activation, Ser377 phosphorylation and receptor loss from the

surface). This work is the first study to assess a large number of human MOPr variants

in AtT20 cells, which are excitable cells like neurons.
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9.1 General Discussion

The µ-Opioid receptor (MOPr) has a crucial role in opioid induced analgesia, never-

theless it is also involved in undesirable effects including tolerance and dependence233.

In the present study we demonstrated that the consequence of altering one amino acid

can be dramatic at the molecular level; this not only highlights the importance of

certain receptor regions for signalling and regulation but also the significance of ge-

netic variability on interpersonal variation in opioid response. Moreover we showed

that hMOPr phosphorylation at the C-terminal and the third intracellular loop (ICL3)

is not essential for acute desensitisation. The overview of the individual remarks are

summarised in Table 9.1.

Amino acids substitution in the N-terminal, first transmembrane domain (TM1),

second intracellular loop (ICL2), third intracellular loop (ICL3) and C-terminal of the

hMOPr were studied. Only changes at ICL2 and ICL3 were profoundly detrimental to

hMOPr signalling via GIRK activation and this confirms previous studies that support

these 2 regions as crucial to G protein activation130,224,315. It is important to note

that the C-terminal has also been linked to G protein signalling; however, in this in-

stance the amino acid substitution was aimed to disrupt phosphorylation with minimal

conformational change. Note that the region thought to be involved in G protein acti-

vation is the one close to TM7, now denominated helix 8, where a conserved sequence

is observed42,208.

The importance of the N-terminal region in signalling and regulation was confirmed

by using hMOPr-A6V and hMOPr-N40D SNPs. N-terminal role in G protein activa-

tion is not as crucial as ICL2 and ICL3, these regions being in direct interaction with

the G proteins; however, it is interesting to observe a change in signalling, desensitisa-

tion, phosphorylation and internalisation coming from a ‘distant’ region. Gupta et al.

(2008)139 had previously demonstrated that activation of MOPr produced a change in

the N-terminal conformation. Here we demonstrated that a single amino acid change

in the N-terminal can also affect agonist induced conformational change, considering

changes in signalling and regulatory processes reported.
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The present work highlighted the different profile of buprenorphine compared with

other opioids tested. It is well established that compared with other commonly used

opioids buprenorphine has a slow dissociation rate and a low intrinsic activity, although

how this opioid affected specific regions of the receptor is not well understood. To the

best of my knowledge this is the first work to demonstrate that modification in the

N and C-terminal structure affected buprenorphine signalling via GIRK activation,

while changes in the ICL3 did not change buprenorphine potency as expected in line

with other opioids response. This unexpected result could be related to the different

conformations this agonist stabilise the receptor. According to molecular dynamics

simulations buprenorphine 2D distribution is between those of agonists and antago-

nists318.

Another interesting finding was the higher ICL3 ‘dependence’ of morphine and

methadone to activate G protein. While changes in membrane potential induced by

morphine and methadone were similar in the N and C-terminal variants compared

with hMOPr-WT, the decrease in efficacy and potency at ICL3 variants were markedly

pronounced for these two opioids, when compared to the other opioids tested including

buprenorphine. This is of great importance not only for ICL3 SNPs carriers who

may have a lower response to these commonly prescribed opioids, but also points to a

considerable difference in conformations stabilised by peptide opioids versus morphine

and methadone.

Out of the eleven tested variants, L85I SNP at the first transmembrane domain was

the only variant where signalling was identical to hMOPr-WT after exposure to a range

of opioids; this supports that this region plays a minimal role in G protein coupling.

However, regulation of this polymorphism is quite unique as it was the only recep-

tor variant to slightly increase surface receptor loss after exposure to both DAMGO

and morphine. Considering the hierarchical phosphorylation of the C-terminal STANT

cluster and the importance of this cluster to β-arrestin recruitment and engaging en-

docytosis machinery, it is unlikely that phosphorylation is the main cause of increased

receptor loss. According to structural studies of the MOPr this region is involved in

dimerisation220,278; therefore, a possible explanation is that endocytosis is facilitated
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by the formation of dimers, but this is merely speculative.

DAMGO affinity was only affected at the ICL2 variant. This supports the notion

that at least for DAMGO, ICL3 is not involved in affinity but in signalling transduction.

According to previous reports, GPCR-G protein are precoupled and ligand affinity is

higher for G protein bound conformation16,17,334. I could speculate that the interaction

between ICL2 and G protein stabilises the receptor in a higher affinity state, while

ICL3 interaction is necessary to stabilise agonist bound active conformations which

then activate G proteins; thus, ICL2 and ICL3 would be crucial for signalling.

In this project an isogenic system was used to obtain similar expression of the

hMOPr variants across the different cell lines produced. Interestingly, the ICL3 with

multiple phosphosite deletion presented a considerably lower receptor expression which

was previously reported for mutation of the threonine154. We demonstrated for the first

time the presence of hMOPr-3ST/A with lower molecular weight. This supports the

possibility of a deficiency in receptor maturation and accumulation of this receptor in

the ER. In addition, the lack of phosphorylation sites at the ICL3 could also be related

to increase in down-regulation which needs to be further investigated.

In the present work mutation at the hMOPr incapacitating phosphorylation of

the C-terminal not only caused an increase in the rate of homologous desensitisation,

with no effect in the extent, but also increased heterologous desensitisation. This

was the only variant tested that increased heterologous desensitisation, therefore it

points to activation of a new mechanism or the ‘overactivation’ of the same mechanism

observed for hMOPr-WT. Therefore, I demonstrated that phosphorylation sites at the

C-terminal are not essential for acute desensitisation. The absence of phosphorylation

sites affected heterologous desensitisation, and we hypothesised that kinases such as

GRK2 would still be efficiently recruited but in the absence of the site to phosphorylate,

it promiscuously and directly phosphorylate somatostatin receptors. Considering the

fast kinetics observed, the sequestration of the βγ subunits, as previously reported

by Raveh et al. (2010)286, would also explain the results obtained; recruited GRK2

without a place to phosphorylate would have more units to compete with GIRK for

the βγ subunits. In contrast to the C-terminal, multiple phosphosite deletions at
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ICL3 compromised heterologous desensitisation which could inversely be related to a

decrease in GRK2 recruitment, consequently, decrease in βγ subunits sequestration

which is supported by decreased phosphorylation. Nevertheless, this mechanism is

not supported by S268P SNP regulation, where DAMGO induced phosphorylation

was not affected, but heterologous desensitisation was deeply compromised. Therefore,

this variant may hold the key to determine an even more complex mechanism involving

heterologous desensitisation.

In this study desensitisation results obtained were often slightly different from pre-

viously reported33,364. This could be related to the use of different cell lines as we only

used AtT20 while other groups mainly use HEK293 cells and LC neurons. AtT20 and

HEK293 cells have different G proteins and varying amounts of kinases as previously

demonstrated by Atwood et al. (2011)15. Therefore, the lower levels of GRK proteins

observed in AtT20 cells could increase the possibility of activation of a desensitisation

mechanism that is GRK independent. In addition, AtT20 cells presented a very high

basal phosphoERK levels, which could also be relevant in terms of mechanism of de-

sensitisation in these cells. The possibility of other mechanisms of desensitisation that

is not phosphorylation and/or β-arrestin involved had been mentioned in some parts

of this work. One interesting possibility is the role of RGS proteins which was reported

by Garzon et al (2005)127 in the central nervous system to desensitise MOPr under

certain circumstances.

In conclusion, phosphorylation of the C-terminal and the ICL3 can slightly affect ho-

mologous desensitisation, but it is not the main regulatory process underlying hMOPr

acute homologous desensitisation by DAMGO and morphine. In contrast, mechanisms

involved in heterologous desensitisation are likely to be more dependent on phospho-

rylation; however, it is possible that the consequence of conformational changes post

mutagenesis is the real cause of differential desensitisation regulation.
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9.2 Limitations and Further Directions

A translational study is necessary to determine if findings observed here, such as the

selective loss of buprenorphine effect at N40D, have the same impact in clinical setting.

In Australia buprenorphine is not only widely used for chronic pain in malignant and

non-malignant conditions but also in treatment of opioid addiction. Despite uncertainty

regards association between N40D polymorphism and opioid addiction, the prevalence

of the common polymorphism N40D is high among opioid addicts9,173,249. Therefore,

it can be expected that many carriers of N40D allele are treated with buprenorphine.

If the work presented by our group in Knapman et al. (2014)182, where in many

pathways compromised buprenorphine signalling was found for this variant, is proven

to be clinically relevant, consideration should be taken when prescribing opioids for

patients carrying this allele, as it would be less effective analgesic and potentially less

effective maintenance therapy for opioid addicts. Despite a low prevalence of ICL2

and ICL3 SNPs allele, it would still be important to determine if these patients have

a low response to opioids, as widely used opioids, such as morphine, had its signalling

dramatically compromised at these variants. In fact, finding carriers of R181C SNPs

may help to determine the importance of the MOPr in a manner never before studied.

It is noteworthy that in this study we only worked with polymorphic homozygous

genotypes to investigate the full effect of the single-nucleotide polymorphisms. The

majority of the polymorphic carriers present a heterozygous genotype. Therefore, the

effect in these individuals may not be as noticeable as in individuals homozygous for the

variant allele; note that for common SNPs homozygous genotype has been reported88.

To address this limitation, in future studies we aim to use bicistronic vectors198 to

develop cell lines expressing both wild-type and polymorphic hMOPr. In theory this

system would allow expression of equivalent amounts of both receptors; however, the

final protein amount could be different as polymorphism can affect post-translational

modifications and ER sequestration, in addition to mRNA expression by epigenetics

modifications105,253. In the present study small differences were detected in some of the

SNPs expression levels compared with hMOPr-WT, even though we used an isogenic
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system; thus, it is likely that in a bicistronic system, WT and polymorphism expression

will be different.

Studying post-translations modifications (PTM) of GPCRs may also help to under-

stand receptor regulation. One PTM addressed in this thesis is the potential glycosy-

lation deletion at the N40D polymorphism, which may not have been glycosylated at

AtT20 cells. The importance of glycosylation will be further researched at a number of

mutants within the potential glycosylation sites, and signalling and regulation assays

similar to the ones performed in this work will be used. We also intend to determine

if glycosylation of the potential sites are different between cell lines which has the po-

tential to affect results obtained, and further influence comparisons between cell lines.

It would also raise the possibility that differential glycosylation across different brain

regions may be a role in regulation of MOPr function.

The hMOPr-R181C is a loss of function mutation that dramatically affected DAMGO

binding. I hypothesised that this could be related to the inability of achieving a higher

affinity state, where conformation is stabilised with the pre-assembled of the complex

hMOPr-G protein. According to Atwood et al. (2011)15, AtT20 only express one

Gα protein isoform that preferentially binds to MOPr75, and Gi2 is pertussis toxin

(PTX) sensitive; therefore, to support this hypothesis it would be interesting to com-

pare binding of PTX treated AtT20-hMOPr-WT cells with AtT20-hMOPr-R181C. It

is noteworthy that a similar assay has been performed to assess somatostatin receptor

binding in AtT20 cells, and was found to dramatically reduced agonist binding219.

In the present study, the information supplied by the crystal structure of the

mMOPr was used to discuss many findings. It is important to highlight that even

though the crystal structure is a great tool to better understand the MOPr, we need

to take into consideration that it is an inactive conformation of the receptor, as it was

bound to an antagonist. Furthermore, the N-terminal and the C-terminal tail were

truncated and part of the third intracellular loop was substituted with a T4 lysozyme

to facilitate crystallisation. Therefore, a crystal structure of one active state of MOPr

would definitely increase our understanding of the present results. However, a G protein

or a substitute (like nanobody used for β2-adrenergic receptor285) would be necessary
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to be bound to the receptor, and determining if the receptor used was able to signal

would be important. The truncated receptor with the lysozyme at ICL3 would proba-

bly interfere with the active conformation(s) as observed for the much smaller change

S268P.

Another limitation of the present work is regarding the interference of the triple-HA

tag in hMOPr conformation and ability to signal. A single amino acid substitution at

position 6 (A6V) can subtly affect receptor signalling and regulation; it follows that

adding 39 amino acids to the N-terminal would have some deleterious effect. Never-

theless, it is important to acknowledge that previous studies did compare signalling

between MOPr with and without an epitope-tag attached to the N-terminal, and no

significant difference was observed for binding and cAMP inhibition7. Furthermore, all

clones had the triple HA-tag, thus besides the N-terminal SNPs where close proximity

could have a larger effect, it is unlikely that the tag interfered with transmembrane or

intracellular variants differently from hMOPr-WT.

We focused on studying the effect of hMOPr variants in isogenic hMOPr expressed

in AtT20 cells, thereby eliminating possible interference factors when comparing sig-

nalling and regulation between different cell lines. These cells were chosen because it

is excitable and we aimed to evaluate membrane potential changes in cells natively ex-

pressing GIRK. However, it is important to note that AtT20 cells not only have quite a

different mRNA profile for GPCR related signalling proteins compared with the widely

used HEK293 cells, as published by Atwood et al. (2011)15, but we also detected a

high level of basal ERK phosphorylation, which unfortunately made it impossible to

determine signalling through this pathway. Therefore for future studies in G protein

dependent and independent pathways in the phosphorylation mutants, ERK activation

will be studied in CHOKI FlpIn™ cells as previously described by our group for the bias

signalling study of hMOPr SNPs182,183. In addition, we are seeking collaboration with

experts in β-arrestin recruitment and signalling to determine the effect of phosphosite

deletions in this still under characterised pathway for hMOPr.
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MOPr desensitisation has been largely studied and may be involved in the devel-

opment of opioid tolerance356. A vast number of studies have reported MOPr desen-

sitisation. There is, however, a substantial variation in techniques to measure desen-

sitisation. Note that Arttamangkul et al. (2015)13 highlighted the importance of dif-

ferentiating desensitisation results according to the methods of measurement used. In

addition, the effectors involved in the measurement should always be taken into consid-

eration, because although the majority of pathways measured are G protein dependent,

different effectors may have different time courses after activation. Therefore, reliably

comparing desensitisation results is difficult due to all the variations in the literature.

At the present study we developed a novel real-time kinetics wash-free assay to mea-

sure MOPr desensitisation. This assay offered the advantages of non-invasiveness and

high reproducibility181. Unfortunately, it added to the complicated field of comparing

different assays measured under different conditions. The fact that we are measuring

population response of whole cells instead of perforated single cells in electrophysiol-

ogy, could already cause a small difference, however the largest difference observed and

undoubtedly the biggest limitation of the assay performed, is that we cannot wash off

the drugs before challenge. This is definitely a point to consider, especially if we take

into consideration that many regulatory processes as dephosphorylation are extremely

fast102 and would definitely take place in short wash cycles. Therefore, without getting

into the discussion of which assay would be the most appropriate, as every assay is

indeed adding to the whole picture, the results reported here are highly reproducible

and present an interesting addition to previously published desensitisation results of

C-terminal phosphosite mutations.

The majority of the MOPr molecular studies utilises rat, mouse or human receptors.

The percentage identity of human versus mouse and human versus rat is 94.22% each

(Clustal Omega Software256) where most differences are in the C-terminal and the N-

terminal region; however one change is in the first extracellular loop and one, exclusively

in mMOPr, in the third transmembrane domain. Furthermore, in the C-terminal the

last threonine of the TSST cluster is changed to asparagine in human while mMOPr

doesn’t have a threonine after the constitutively phosphorylated residue Ser363. In the
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N-terminal of the rMOPr, a predicted N-glycosylation site in the proximal region is

deleted, but another arginine is added at the distal region of this receptor. The present

work supports the notion that a point mutation can affect receptor signalling and

regulation, thereby when comparing interspecies MOPr results, consideration should

be given to the possible signal and regulatory variation these amino acids changes can

bring. One example was reported by Koch et al. (2000)185 where the desensitisation

rate of rMOPr cAMP inhibition at one hour was 50%, whilst hMOPr was nearly

unchanged despite similar expression in HEK293 cells. Therefore, in addition to the

difference in assays and heterologous system used, variations according to species used

can be expected; thus further limiting comparison of results between studies.

Lastly, the allosteric binding influence of sodium was not discussed in this work.

Sodium is a well established negative allosteric modulator that stabilises the inac-

tive conformation of opioid receptors. Despite maintaining the same concentration

of sodium across assays, it is likely that variants studied here, especially ICL2 and

ICL3, affected sodium binding pocket if DOPr crystal structure can be translated to

MOPr115. Therefore the functional effect of this allosteric pocket in MOPr variants will

be assessed in later work, in addition to examining the effect of the newly described

MOPr positive allosteric modulator210.

In conclusion, this work supports the hypothesis that MOPr SNPs, especially from

the ICL2 and ICL3, in the molecular level can affect receptor function. However,

translational work is necessary to determine if this contributes to the inter-individual

variability in opioid analgesic response. Furthermore, using a wash-free method to

measure acute desensitisation, we determined that phosphorylation may not be an

important component for acute desensitisation.
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A
Recipes, Materials and Equipment

A large amount of materials and equipment were used to perform the experiments

required for this project. This appendix contains recipes, product codes/suppliers and

equipment information listed.

A.1 Recipes

A.1.1 Hank’s Balanced Salt Solution with HEPES (HBSS)

A.1.1.1 High Potassium HBSS

For FLPR® calcium 5 assays (see Appendix D.2.1)

225



226 Recipes, Materials and Equipment

Components MW Final Concentration (mM) Amount

NaCl 58.44 137.93 4.0g

HEPES 238.31 22 2.6g

Na2HPO4 141.96 0.338 24mg

NaHCO3 84.01 4.17 175mg

KH2PO4 136.09 0.441 30mg

MgSO4 120.37 0.407 24.5mg

MgCl2 95.21 0.493 123µL of 2M solution

KCl 74.55 5.33 198.7mg

Glucose 180.2 5.55 500mg

CaCl2 110.98 1.26 630µL of 1M solution

Milli-Q water To 500mL

Adjust pH to 7.4 and osmolarity to 300-330
Filter solution through a 0.22µm filter, for sterilisation and store at 4 oC

A.1.1.2 Low Potassium HBSS

For FLPR® membrane potential assays (see subsection 3.5)

Components MW Final Concentration (mM) Amount

NaCl 58.44 145 4.2g

HEPES 238.31 22 2.6g

Na2HPO4 141.96 0.338 24mg

NaHCO3 84.01 4.17 175mg

KH2PO4 136.09 0.441 30mg

MgSO4 120.37 0.407 24.5mg

MgCl2 95.21 0.493 123µL of 2M solution

Glucose 180.2 5.55 500mg

CaCl2 110.98 1.26 630µL of 1M solution

Milli-Q water To 500mL

Adjust pH to 7.4 and osmolarity to 300-330
Filter solution through a 0.22µm filter, for sterilisation and store at 4 oC
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A.1.2 4% Paraformaldehyde Solution

Fixative for immunocytochemistry techniques (see sections 3.7 and 3.8).

Components Final Concentration Amount

Paraformaldehyde 4% 4g

Phosphate-buffered saline (PBS) To 100mL

Warm PBS to 60 oC before adding PFA, then add ∼50µL of 10M NaOH
Adjust pH to ∼7.4 using pH strips then store at 4 oC or freeze

A.1.3 RIPA Lysis Buffer

Strong lysis buffer for protein extraction (see sections 3.4 and 3.6).

Components MW Final Concentration Amount

Tris-HCl 157.60 50mM 788mg

NaCl 58.44 150mM 876.6mg

EDTA 292.24 5mM 146.12mg

NaF 42 10mM 42mg

Sodium pyrophosphate 446.1 10mM 446.1mg

IGEPAL® CA-630 1% 1mL
(substitute for Nonidet P-40)

Sodium deoxycholate 414.55 0.5% 500mg

SDS 288.38 0.1% 100mg

Milli-Q water to 100mL

Ph Tris-HCl to 7.4 before adding extra igredients. Store at 4 oC in the dark

Filter solution through a 0.22µm filter for long term storage

Complete RIPA buffer contains the following additions:

• Protease inhibitor cocktail (Sigma) - 10µL/ml of buffer

• Phosphatase inhibitor cocktail (Roche) - 1 tablet in 10ml of buffer

Phosphatase inhibitor cocktail mix can be previously prepared and aliquots kept frozen;

while protease inhibitor cocktail is only added immediately prior to experiment.
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A.1.4 Phosphate-Buffered Saline with Tween-20 (PBST)

For immunocytochemistry experiments (see section 3.7).

Components Final Concentration Amount

Tween-20 0.01% 1mL

Phosphate-buffered saline to 1L

Store at 4 oC

A.1.5 Tris-Buffered Saline (TBS)

A.1.5.1 Concentrated Tris-Buffered Saline (10X TBS)

For preparation of TBST.

Components MW Final Concentration Amount

Tris base 121.14 0.5M 60.57g

NaCl 58.44 1.5M 87.66g

Milli-Q water to 1L

Adjust pH to 7.4 before completing water (∼42mL of 32% HCl necessary)

Autoclave if long-term storage and store at 4 oC

A.1.5.2 Tris-Buffered Saline with Tween-20 (TBST)

For western blot experiments (see subsection 3.6.2).

Components MW Final Concentration Amount

Tris base 121.14 0.05M 6.057g

NaCl 58.44 0.15M 8.766g

Tween-20 0.1% 1mL

Milli-Q water to 1L

Adjust pH to 7.4 before completing water

100mL 10XTBS can be used instead of the salts
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A.2 Materials

Cell Signalling and Radioligand Binding

DAMGO,[tyrosyl-3-5-3H(N)]-, 49.2 Ci/mmol NET902250UC PerkinElmer®

FLIPR® Calcium 5 Assay Kit R8172 Molecular Devices

FLIPR® Membrane Potential Blue Assay kit R8034 Molecular Devices

Probenecid P8761 Sigma-Aldrich®

Optiphase Supermix Scintillation Fluid 1200-439 PerkinElmer®

96well plate (black wall, clear bottom) 3603 Costar

Drugs

β-endorphin, human RP11344 GenScript

Buprenorphine D932 NMI

DAMGO (DAGO) 2283 Auspep

Endomorphin-2 2781 Auspep

Fentanyl ***

Methadone ***

Morphine ***

Naloxone Hydrochloride ab120074 Abcam®

Pentazocine ***

Pertussis Toxin 3097 Tocris Bioscience

Pertussis Toxin 181 List Biol. Lab.

Phorbol-12-myristate-13-acetate (PMA) P8139 Sigma-Aldrich®

Somatostatin (14) 2076 Auspep

Staurosporine APN06113-1 Ascent

Staurosporine ALX-380-014 Enzo Life Sciences

*** Kind gift from the Department of Pharmacology, University of Sydney
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General Chemicals

Calcium Chloride (CaCl2) 190464K AUS Tritium (VWR)

Dimethyl Sulfoxide (DMSO) D45040 Sigma-Aldrich®

Di-sodium Hydrogen Orthophosphate (Na2HPO4) SA026 Chem-Supply

D-(+)-Glucose G7021 Sigma-Aldrich®

Ethanol EA043 Chem-Supply

Ethylenediaminetetraacetic Acid (EDTA) 10093.5 AnalaR

HEPES H4034 Sigma-Aldrich®

Hydrochloric Acid 32% (HCl) A256-2.5L Univar

IGEPAL® CA-630 I8896 Sigma-Aldrich®

Isopropanol AL03232500 Chem-Supply

Magnesium Chloride (MgCl2) M8266 Sigma-Aldrich®

Magnesium Sulphate (MgSO4) M7506 Sigma-Aldrich®

Paraformaldehyde 96% (PFA) 416785000 Acros Organics

Phosphate-Buffered Saline (PBS) tablets 09-8912 Medicago

Potassium Chloride (KCl) PA054 Chem-Supply

Potassium Dihydrogen Phosphate (KH2PO4) 26936.260 AnalaR Normapur

Sodium Bicarbonate (NaHCO3) S6297 Sigma-Aldrich®

Sodium Chloride (NaCl) 27810-362 AnalaR Normapur

Sodium Chloride (NaCl) SA046 Chem-Supply

Sodium Deoxycholate D6750 Sigma-Aldrich®

Sodium Dodecyl Sulphate (SDS) L4390 Sigma-Aldrich®

Sodium Fluoride (NaF) S1504 Sigma-Aldrich®

Sodium Hydroxide (NaOH) 221465 Sigma-Aldrich®

Sodium Pyrophosphate S6422 Sigma-Aldrich®

Tris Base 103157P AnalaR Normapur

Tris Base 1.08387 Merck

Tris-HCl 1.08219 Merck

Triton-X 30632 BDH Chem. (VWR)

Tween-20 0777 Amaresco
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Tissue Culture

Coverslip Round 12mm GG-12 neuVitro

Dimethyl Sulfoxide (DMSO) for tissue culture D2650 Sigma-Aldrich®

Dubelcco’s Modified Eagle Medium (DMEM) D6429 Sigma-Aldrich®

Fetal Bovine Serum (FBS) 12003C Sigma®/SAFC

Leibovitz’s L-15 Medium 11415-064 Gibco®

Penicillin(10,000U/mL)- Streptomycin(10,000µg/mL) 15140-122 Gibco®

Poly-D-Lysine P6407/P0899 Sigma-Aldrich®

Phosphate-Buffered Saline (PBS) 20012-027 Gibco®

Tetracycline Hydrochloride T9823 Sigma-Aldrich®

Trypan Blue Solution 0.4% T8154 Sigma-Aldrich®

Trypsin-EDTA Solution 0.25% T4049 Sigma-Aldrich®

Transfection

Beta-Glo® Assay System E4720 Promega

Fugene HD E2311 Promega

G418 Sulfate 100mg/ml ant-gn-5 InvivoGen

Hygromycin B 100mg/ml ant-hm-5 InvivoGen

pFRT/lacZeo2 Vector V6022-20 Life Technology™

pOG44 Flp-Recombinase Expression Vector V6005-20 Life Technology™

ScaI 1000U restriction enzyme R6211 Promega

Zeocin™ 100mg/mL ant-zn-1 InvivoGen
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Transformation

Agarose, LE, Analytical Grade V3125 Promega

Agar Bacteriological LP0011 Oxoid

Alpha-Select Gold Efficiency Competent Cells BIO-85027 Bioline

Ampicillin Sodium Salt A0166 Sigma-Aldrich®

Bam HI Restriction Enzyme R0260 Sigma-Aldrich®

Blue/Orange 6X Loading Dye G190A Promega

GelRed™ 41002 Biotium

Hind III Restriction Enzyme R1137 Sigma-Aldrich®

Hyperladder III BIO-33055 Bioline

LB Broth (Lennox) L3022 Sigma-Aldrich®

PureLink® Quick Plasmid Miniprep Kit K2100-10 Life Technologies ™

1 kB DNA Ladder G5711 Promega

Tris/Acetic acid/EDTA (TAE) Buffer (50X) 161-0743 Bio-Rad
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Western Blot, Immunocytochemistry and Internalisation

Anti-GAPDH - Loading Control Rb Ab9485 Abcam®

Anti-HA 488 Conjugated (Clone 16B12) A488-101-L Covance

Anti-HA.11 Clone 16B12 Mouse MMS-101P Covance

Anti-Akt (pan)(40D4) Mouse 2920 Cell Signalling

Anti-phospho-µ-opioid receptor (Ser375)† Rb 3451 Cell Signalling

Anti-mouse IgG, HRP-linked 7076 Cell Signalling

Anti-rabbit IgG, HRP-linked 7074 Cell Signalling

Anti-mouse Alexa Fluor 594 IgG (H+L) A11032 Life technologies ™

Bovine Serum Albumin (BSA) A7906 Sigma-Aldrich®

4’,6-Diamidino-2-Phenylindole (DAPI) D3571 Life technologies ™

Clarity Western ECL Substract 170-5061 Bio-Rad

Diploma Skim Milk Powder n/a Coles

Mini-PROTEAN® SFX, 10% gel, 15 wells 456-8036 Bio-Rad

NuPAGE® Sample Reducing Agent (10X) NP0009 Life technologies™

NuPAGE® LDS Sample Buffer (4X) NP0007 Life Technologies ™

Perfect Western Blot Container B101S Bio Scientific

PhosSTOP Phosphatase Inhibitor Cocktail 04906837001 Roche

Pierce™ BCA Protein Assay Kit 23227 Thermo Scientific

Precision Plus Western C Standards 161-0376 Bio-Rad

Precision Plus Dual Color Standards 161-0374 Bio-Rad

Prolong® Gold Antifade Mountant with DAPI P36941 Life technologies ™

Protease Inhibitor Cocktail P8340 Sigma-Aldrich®

ReBlot Plus Strong Antibody Stripping Solution 2504 Merck Millipore

TransBlot Turbo RTA Transfer Kit, PVDF Mini 170-4272 Bio-Rad

Tris/Glycine/SDS Running Buffer (10X) 161-0772 Bio-Rad

†This product is called Ser375 as this is the position on mMOPr, yet for this thesis purposes Ser377
will be used as it is the correct residue position in hMOPr.
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A.3 Equipment

General Laboratories

Analytical Balance ED2245 Sartorius

Autoclave HICLAVE HV-110 Hirayama

ChemiDoc™ MP System Bio-Rad

Docu-pHmeter Sartorius

FlexStation® 3 Multi-Mode Microplate Reader Molecular Devices

Fume Cupboard Conditionaire Intern.

Gel Doc™ EZ System Bio-Rad

Horizontal Electrophoresis Mini-Sub®Cell GT Cell Bio-Rad

Incubator Shaker Innova® 42 Eppendorf

Magnetic Stirrer with Heating MR Hei-Standard Heidolph

Microcentrifuge 5415R Eppendorf

Mini-PROTEAN® Vertical Electrophoresis System Bio-Rad

Mixer Reax Top Heidolph

NanoDrop™ 2000 Spectrophotometer Thermo Fisher Scientific

PHERAstar FS BMG LABTECH

Pipettes (including automated multi-channel) Gilson® and Eppendorf

Oven with Natural Convection ED115/ED240 Binder

Platform Rocker 8040 Biolone Global

PowerPac™ Universal Power Supply Bio-Rad

Precision Balance EK-610i A&D

Rotatory Suspension Mixer Bacto Laboratories

Trans-Blot® Turbo™ Transfer System Bio-Rad
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Tissue Culture Laboratory

Benchtop 314 Incubator (Ambient CO2) Lab-Line

Centrifuge 5430 Eppendorf

Countess® Automated Cell Counter Life Technologies ™

Herasafe™ KS, ClassII Biological Safety Cabinet Thermo Scientific™

HeraCell™ 150i CO2 Incubators Thermo Scientific™

Microscope Olympus CKX41 Olympus

Mr. Frosty™ Freezing Container Thermo Scientific™

Water Bath - Constant temperature (NBCT2) Labec

Microscopy Laboratory

Confocal Laser Scanning Microscope System Leica TCS

SP5X fitted with a variety of lasers, mercury/neon lamps

and halogen lamps , camera Leica DFC 360FX

Leica Microsystems

Dept. of Pharmacology, University of Sydney

MicroBeta® Plate Counter PerkinElmer®
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Abcam® Melbourne, Victoria, Australia

Auspep Tullamarine, Victoria, Australia

A&D Thebarton, South Australia, Australia

Bacto Laboratories Mt Pritchard, New South Wales, Australia

BD Biosciences Macquarie Park, New South Wales, Australia

Binder Tuttlingen, Germany

Bioline Alexandria, New South Wales, Australia

Bioline Global Smeaton Grange, New South Wales, Australia

Bio-Rad Gladesville, New South Wales, Australia

BioScientific Kirrawee, New South Wales, Australia

Bio-Strategy Broadmeadows, Victoria, Australia

Biotium Hayward, California, USA

BMG LABTECH Mornington, Victoria, Australia

Cell Signalling Technology® Danvers, Massachusetts, USA

Chem-Supply Gillman, South Australia, Australia

Conditionaire International Marrickville, New South Wales, Australia

Corning Life Sciences Clayton, Victoria, Australia

Covance® Macquarie Park, New South Wales, Australia

Enzo Life Sciences Farmingdale, New York, USA

Eppendorf North Ryde, New South Wales, Australia
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C.1 Flp-In™ System Vectors

The information present in this section was obtained from Life Technologies™ manuals.

C.1.1 FRT/lacZeo2 Vector

pFRT/lacZeo2 is a 6.5kbp vector that expresses a fusion protein containing β-galactosidase

and the Zeocin™ resistance marker under the control of a truncated SV40 early pro-

moter (PSV 40∆). This vector is shown on Figure C.1, where it is possible to observe that

neither the lacZ gene nor the Zeocin™ resistance gene contains its native ATG codon.

The ATG initiation codon is placed directly upstream of a FRT site, also known as the

FlpIn site. Therefore, before transfecting the gene of interest into the cells, the LacZ-

Zeocin™ fusion genes are expressed, however after transfection they lose the initiation

codon and the cells become Zeocin™ sensitive.

Figure C.1. pFRT/lacZeo2 vector map. Reproduced with permission from Life
Technologies™/Thermo Fisher Scientific.

C.1.2 pOG44 Vector

pOG44 is a 5.8kb Flp recombinase expression vector designed for use with the Flp-

In™ System (see subsection 3.3.2). This vector expresses a temperature-sensitive Flp
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Figure C.2. pOG44 vector map. Reproduced with permission from Life
Technologies™/Thermo Fisher Scientific.

recombinase (flp-F70L) under the control of the human CMV promoter as previously

described254.

The expression of the FLP gene is enhanced by a synthetic intron, and it is im-

portant to point out that this vector does not contain an antibiotic resistance marker,

thus its transfection is transient. The vector map for this construct is shown in Figure

C.2.

C.1.3 pcDNA™5/FRT/TO Vector

pcDNA™5/FRT/TO Vector is a inducible expression vector designed for use with Flp-

In™ T-REx™ System, but can also be used with Flp-In™ System.

Note that transfection of this plasmid alone into mammalian cells, not in a Flp

recombinase-dependent manner, will not confer hygromycin resistance to the cells be-

cause hygromycin resistance gene lacks a promoter and its native ATG start codon.
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Figure C.3. pcDNA™5/FRT/TO vector map. Reproduced with permission from Life
Technologies™/Thermo Fisher Scientific.

C.2 Transfection related results

Zeocin™ and hygromycin kill curves were performed to determine antibiotic concentra-

tion to select FRT/lacZeo and hMOPr transfected clones respectively. Kill curves are

shown in Figure C.4

(A) Zeocin™ selection curve (B) Hygromycin selection cruve

Figure C.4. Antibiotics kill curves

Beta-galactosidase activity were determined after FRT/lacZeo transfection and re-

sults for all isolated clones, positive and negative controls are presented in Figure C.5.

Beta-Glo® Assay Kit manufacture’s instructions were followed and FlexStation 3 was

used to measure luminescence.
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Figure C.5. β-Galactosidase Assay results. AtT-20 WT is the negative control and CHO-
K1 Flp-In™ T-Rex™ WT is the positive control (n=2, ±SEM).
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D
Kinase Modulator Controls

D.1 Introduction

In this project, MOPr signalling and desensitisation in the presence of a phorbol ester

PKC activator, phorbol-12-myristate-13-acetate (PMA), and a kinase inhibitor, stau-

rosporine, were analysed with the FLPR® Membrane Potential Assay (MPA) Kit.

Considering that a small change was observed with these treatments, it was essential

to have positive controls to ensure the activity of the kinase modulators.

Therefore to validate the assays performed on Chapter 4, activity of PMA and

staurosporine was assessed using Transient Receptor Potential Vanilloid 1 (TRPV1)

transfected in HEK-293 Flp-In™ T-REx™ cells. This receptor is a calcium permeable

non-selective cation channel that transmits pain signals induced by noxious stimuli.

This receptor is activated by vanilloid ligands as capsaicin55 and activation of PKC
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has also been reported to independently induce this channel activity277.

D.2 Experimental Methods

HEK-293 Flp-In™ T-REx™ expressing TRPV1 was a kind gift from Prof. Peter McIntyre

from RMIT University (Melbourne, Australia).

HEK-293 Flp-In™ T-REx™ TRPV1 cells†, in addition to all Flp-In™ advantages, also

exhibit tetracycline-inducible expression of TRPV1. Therefore these cells only express

this receptor when treated with tetracycline, which is important for cell viability.

D.2.1 FLIPR®Calcium 5 assay

The FLPR® Calcium 5 Assay (CA) Kit allows for the detection of intracellular calcium

changes in a simple and reliable assay. This kit utilises a calcium sensitive dye that

is absorbed into the cell’s cytoplasm during incubation. When intracellular calcium is

increased by ligand-receptor binding, the dye binds to the extra calcium and fluores-

cence signal increase. This dye also contains an extracellular masking technology that

decreases background interference and increase assay signal window (see Figure D.1).

Calcium 5 dye was purchased in bulk, reconstituted using 10mL of high-potassium

HBSS (recipe in Appendix A) per vial, aliquoted and frozen at -80 oC. Before use, the

dye was thawed, diluted 10X with high-potassium HBSS, mixed with probenecid to

final concentration of 2.5mM and solution pH adjusted to 7.4. Probenecid, an anion-

exchange protein inhibitor, is used to retain the calcium indicator since HEK-293 cells

contain an anion-exchange protein.

FlexStation® 3 Microplate reader can simultaneously read and pipet therefore is

uniquely suited to capture the fast kinetics associated with this assay. SoftMax Pro

5.4 microplate reader software was used to run FlexStation® 3.

†This is a stable cell line selected with hygromycin as previously described for the Flp-In™ system
and blasticidin S for the Tet repressor expression plasmid.
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Figure D.1. FLPR® Calcium 5 assay principle. Reproduced from Molecular Devices.

D.2.1.1 Experimental Procedure

On the day before assay, cells are detached from each flask and resuspended in supple-

mented L15 as described on Section 3.1. Using an automated multi-channel pipette,

80µL of cells was loaded per well of a sterile, black wall, clear bottom 96-well plate

previously coated with poly-D-lysine , and incubated at 37 oC overnight. Approxi-

mately 4 hours before loading dye, cells were induced by adding 20µL of tetracycline

(final concentration 2µg/ml) to wells. 100µL of dye was loaded per well (200µL total)

and incubated for 1 hour inside FlexStation® 3 set to 37 oC. During incubation, the

dye passes through the cell membrane and esterases in the cytoplasm cleave the AM

portion of the molecule. PMA, staurosporine and capsaicin (positive control) dilu-

tions in HBSS were prepared and loaded to a V-shape 96-well drug plate according to

experimental protocol.

After a 1 hour incubation, the experiment was run on a FlexStation® 3 using the

experimental software setup parameters for CA which are shown on Table D.1.

First transfer was Staurosporine or HBSS, second transfer PMA or HBSS and third

transfer capsaicin or HBSS. Incubation for 10 minutes occured between first and sec-

ond, and also second and third addition. At least three technical and three biological
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Table D.1. Calcium 5 assay experimental setup parameters

Read Mode
Fluorescence (RFUs)
Bottom Read

Wavelength (nm)
485 (Ex)
525 (Em)
515 (Cutoff)

Sensitivity
Reading: 6 (normal)
PMT sensitivity: Medium

Timing
Interval: 2 sec
Time: 1620 sec

Assay Plate Type 96 well Costar blk/clrbtm

Compound Transfer - T1

Pipette Height: 190µL
Volume: 20µL
Rate: 2 (∼31µL/sec)
Time Point: 120 sec

Triturate Assay Plate - T1
Volume: 20µL
Cycles: 2
Height: 190µL

Compound Transfer - T2

Pipette Height: 210µL
Volume: 20µL
Rate: 2 (∼31µL/sec)
Time Point: 720 sec

Triturate Assay Plate - T2
Volume: 20µL
Cycles: 2
Height: 210µL

Compound Transfer - T3

Pipette Height: 230µL
Volume: 20µL
Rate: 2 (∼31µL/sec)
Time Point: 1320 sec

Triturate Assay Plate - T3
Volume: 20µL
Cycles: 2
Height: 230µL

Compound Source Greiner 96 Vbtm plate

Auto Calibrate On

Auto Read Off
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replicates were done when collecting signalling data for this thesis using CA Kit.

D.2.1.2 Data Analysis

Raw data collected in RFUs was exported in .txt format and analysed using Microsoft®

Excel. First, baseline average was calculated for each sample using the last 30 seconds

previous to drug addition. Then results were normalised to baseline and corrected

for the addition of the vehicle. Results were pasted in GraphPad Prism software and

plotted.

No statistical analysis was done as for the purpose of this experiment only visual

confirmation was required.

D.3 Results

PMA treatment of tetracycline induced HEK-293 Flp-In™ T-REx™ TRPV1 cells led to

a small increase on intracellular calcium concentration, indicating PKC activity. To

determine staurosporine activity, this kinase inhibitor was added before PMA, and as

expected PMA calcium release was inhibited. Capsaicin response was much faster and

larger than PMA. Representative traces of results are presented in Figure D.2.
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Figure D.2. Traces showing changes in intracellular calcium in the presence of
kinase modulators and capsaicin. First addition was 0.3µM staurosporine or HBSS at 2
minutes point, then 1µM PMA or HBSS at 12 minutes followed by 1µM Capsaicin or HBSS
at 22 minutes. Note that PMA leads to calcium increase (purple trace) which is inhibited by
staurosporine (blue trace).

D.4 Discussion and Conclusion

Premkumar and Ahern (2000)277 reported that treatment with the phorbol ester 12-O-

tetradecanoylphorbol-13-acetate (TPA) evokes a slowly developing current on TRPV1

transfected oocytes. In this project, a similar current was observed with PMA, another

phosrbol ester, using CA kit, confirming this kinase activator activity. In addition,

staurosporine inhibited PMA induced intracellular calcium increase, hence supporting

the kinase inhibitor activity (Figure D.2).

Therefore based on results from this appendix both kinase modulators were active

and behaved as expected.



E
Biosafety Approvals

Approval from the Institution Biosafety Committee was obtained to create and work

with cell lines expressing the human µ-opioid receptor variants. These genetically

modified organisms are classified as exempt dealings by the Office of Gene Technology

Regulator. Biosafety approval numbers are IBC REF: 5201200023, 5201500367
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F
Radiation Safety Certificate

In order to work with radioisotopes, it was necessary to complete a radiation safety

course, which was completed in Sydney University where radioligand binding assays

were carried out. This course covers the safe use of unsealed isotopes in research

laboratories. The content includes:

• Radiation basics

• Safety with unsealed sources

• Regulatory requirements

• Local responsibilities
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