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1 Introduction

In October 2017, the president of the United States of America declared the massive spread
of opioid drug addiction in the USA a national Public Health Emergency. In Europe,
opioid abuse is on the increase as well (Kimergard et al., 2017). The European Monitoring
Centre for Drugs and Drug Addiction recently reminded that “drug overdose deaths remain
high in Europe, and opioids are implicated in the majority of cases” (EMCDDA, 2018).
Nontheless, opioids represent the most efficient treatment for strong pain. As opioids are
indispensable for current medical practice, the World Health Organization lists several
such compounds amongst the essential medicines required by any functioning health care
system (World Health Organization, 2017). To improve patient safety, novel analgesics
that exert reduced side effects, most notably reduced abuse liability, are urgently needed.
This goal may be achievable by selective targeting of peripheral opioid receptors in injured
tissue (reviewed in Stein, 2018). In the introduction, I will therefore outline how locally
restricted activation of peripheral opioid receptor populations in injured and inflamed
tissue (the source of many painful conditions) is able to convey analgesia with reduced side
effects.

I will begin by providing a brief overview of pain perception and transmission, and then
point out general concepts of pharmacological pain treatment and the special importance of
opioids. By including both specific details on opioid function as well as general
pharmacological concepts, I will assemble the background knowledge to interpret and
contextualize the experiments conducted in this study. At the end of this section, I will
portray the studies that motivated the present work and the specific questions posed

therein.

1.1 Pain perception and transmission

Pain is a warning sign that directs important protective reflexes and behavior.
Notwithstanding, pain-induced suffering frequently compromises the evolutional benefits
of pain perception.

According to the International Association for the Study of Pain (IASP), pain is “An
unpleasant sensory and emotional experience associated with actual or potential tissue
damage, or described in terms of such damage” (Merskey, Bogduk, & International

Association for the Study of Pain. Task Force on Taxonomy., 1994). The definition gives



credit to the well-established notion that the perception of pain comprises sensory,
cognitive and affective components.

Sensory perception of painful stimuli, termed nociception, is mediated by specialized
sensory neurons (nociceptors) (Burgess & Perl, 1967; Sherrington, 1903) (Figure 1). The
cell bodies of these nociceptive neurons reside in the trigeminal and dorsal root ganglia
(DRG), and their axons innervate peripheral tissues. Painful stimuli cover a wide range of
potentially noxious cues, from intense mechanical pressure and extreme temperatures (heat
or cold) to chemical stimuli such as capsaicin (the pungent component of hot peppers) or
acids (i.e. protons). In vertebrates, nociceptive stimuli are registered by free nerve endings
of peripheral sensory neurons, converted into action potentials, and transmitted via thinly
myelinated Ad- or unmyelinated C-fibers to cell bodies in dorsal root and trigeminal
ganglia (Julius & Basbaum, 2001). Nociceptors are pseudounipolar, with axons projecting
into the dorsal horn of the spinal cord or, in case of the trigeminal neurons, the medulla.
From this primary afferent synapse, second and third order neurons project to areas within
the brainstem, diencephalon, and the thalamocortical system (Groh, Krieger, Mease, &
Henderson, 2018; Willis & Westlund, 1997). Conscious perception of pain arises at this
latter stage of information processing. In turn, several brain regions initiate inhibitory or
facilitatory descending pathways that modulate spinal nociception. This mechanism is
thought to provide behavioral prioritization of sensory inputs, but maladaptive responses in
descending pathways can also give rise to chronic pain states (Heinricher, Tavares, Leith,

& Lumb, 2009).
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Figure 1. The neural pathway of nociception. Noxious stimuli are registered by primary nociceptors in peripheral tissue
and transmitted via the spinal cord towards the brain. Pain results from processing of nociceptive signals in the brain.
Figure copied from “Essential Pain Management” by Wayne Morriss and Roger Goucke, ISBN 978-0-9873236-1-3,
Creative Commons Attribution-NonCommercial 3.0 Unported License.

Nociceptive neurons respond to noxious stimuli. Tissue injury sensitizes nociceptive
neurons, which leads to exaggerated responses to noxious stimuli (hyperalgesia) and
nociceptive responses to otherwise innocuous stimuli (allodynia).

Analgesia, the loss of pain perception, can be achieved by blocking transmission of

nociceptive cues at several levels of the nociceptive circuit.

1.2 Pharmacological treatment of pain — nonopioid analgesics

The most common nonopioid analgesics inhibit cyclooxygenases (COX-1 and COX-2), the
enzymes that synthesize prostanoids from arachidonic acid. Prostanoids, most notably
prostaglandin E» (PGE), elicit nociception and hyperalgesia in inflamed tissue. COX
inhibitors produce analgesic, anti-inflammatory and antipyretic (fever-reducing) effects,
but also increase the risks of cardiovascular adverse events, renal failure and gastric ulcers
(McMahon, 2013, p. 448).

Several medications not primarily developed to treat pain, termed co-analgesics, are
additionally used. Anticonvulsant drugs mostly act via inhibition of voltage-gated Ca®" and
Na' channels. Adverse effects are elicited in the cardiovascular and central nervous system

(CNS) (McMahon, 2013, p. 491). Analgesic effects of antidepressants appear to be
3



moderate and possibly confined to neuropathic pain (McMahon, 2013, p. 465). The use of
cannabinoids may be effective in neuropathic pain and multiple sclerosis, but clinical

evidence on efficacy and risks is as yet limited (McMahon, 2013, p. p. 538).

1.3 Opioids

The term ‘opioid’ is derived from opium, an extract from the opium poppy (Papaver
somniferum). Medical use of opium can be traced back to 1500 B.C. (Papyrus Ebers, see
e.g. Brownstein, 1993). Since the isolation of morphine from opium by Sertiirner around
1805, knowledge about the modes of action, naturally occurring variants (opiates and
opioid peptides) and efforts to generate synthetic analogs have increased drastically.
Initially used to treat diarrhea and coughing, today most opioids are used as pain
medication.

1.3.1 The endogenous opioid system

The endogenous opioid system evolved as a crucial mechanism guiding behavior, and its
importance is illustrated by a high degree of conservation across species and evolutionary
time (Dreborg, Sundstrom, Larsson, & Larhammar, 2008; Pasternak & Pan, 2013). Opioids
bind to specific sites, the opioid receptors (Pert & Snyder, 1973a; Simon, Hiller, &
Edelman, 1973; Terenius, 1973). Opioid peptides are derived by cleavage of the precursor
proteins pre-proenkephalin, pre-proopiomelanocortin and pre-prodynorphin. The origin of
a fourth class of opioid peptides, the endomorphins, is unknown to date (Matus-Ortega et
al., 2017; Terskiy et al., 2007). Opioid peptides are expressed throughout the nervous
system as well as in neuroendocrine cells (pituitary and adrenal glands), the
gastrointestinal tract and immune cells and modulate nociception, stress responses,
addictive behavior and emotions (Nummenmaa & Tuominen, 2018). The central challenge
of opioid drug development lies in dissecting the various roles, anatomical localization and
related pathways of opioid signaling, to selectively activate only those that are beneficial.
1.3.2 Opioid receptors

Opioid receptors belong to the class A (rhodopsin) family of guanine nucleotide-binding
protein (G-protein) coupled receptors (GPCRs) which are integral membrane proteins and
possess seven o-helical transmembrane domains connected by short extra-and intracellular
loops. Ligands bind to a specific binding site - termed the binding pocket - that is
accessible from the extracellular side and penetrates halfway into the receptors’ central

seven-helix bundle (McMahon, 2013, p. 415). High-resolution structures of opioid
4



receptors have been published and enable detailed analysis of the 3D receptor architecture
(Figure 2).

Opioid receptor types are classified as 9-, k- and p-opioid receptors (DOR, KOR and
MOR, respectively). A fourth, more distantly related subtype, the opioid receptor like-1
(ORL-1) or N/OFQ peptide receptor, is not considered a classical opioid receptor
(McMahon, 2013, p. 414). Alternative splicing of mRNA, posttranslational modifications
and receptor dimerization result in pharmacological appearance of additional receptor
subtypes (Pasternak & Pan, 2013; Regan, Langford, & Khalili, 2016). The clinical
relevance of receptor oligomers and splice variants is as yet unclear (Davis, LeGrand, &

Lagman, 2005; McMahon, 2013; p.418).
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Figure 2. The human MOR. (4) amino acid sequence depicted as snake plot depicting helical domains (packed areas),
extracellular and intracellular loops (ECL and ICL, respectively). (B) amino acid sequence depicted as transmembrane
helical bundles viewed from the top. Figures A and B were created using tools freely available at gpcrdb.org (Pandy-
Szekeres et al., 2018). (C) 3D-structure of the inactive human MOR bound to an antagonist (Manglik et al., 2012). The
figure was created using the structure deposited by Manglik et al. as PDB entry 4DKL.

High-resolution structures reveal that the three main opioid receptor types have high
sequence and structure similarities (Granier et al., 2012; Manglik et al., 2012; Thompson et
al., 2012; Wu et al., 2012). Topologically conserved residues typical of class A GPCRs as
well as opioid receptor-specific structure-function relationships have been demonstrated
(Huang et al., 2015).

Opioid analgesia is mediated via activation of opioid receptors at all levels of the neuraxis.
Under conditions of inflammatory tissue injury, peripheral opioid receptors become

particularly relevant to the analgesic effect of systemic opioids (Jagla, Martus, & Stein,
5



2014; Sun, Chen, Chen, & Pan, 2019). Peripheral opioid receptors are expressed on all
primary nociceptive neurons, as well as neurons of the enteric nervous system. In addition,

several types of immune cells express opioid receptors and contribute to opioid analgesia
(Machelska, 2007).

1.3.3 Expression patterns and effects mediated by opioid receptors

The opioid receptor subtypes differ in side effect profiles, largely due to their anatomical
localization patterns within the brain, on peripheral nerves and immune cells (Stein &
Machelska, 2011; Valentino & Volkow, 2018). To date, most opioid analgesics target
MOR in the CNS. MOR, or OP3 by nomenclature of the International Union of
Pharmacology (IUPHAR, Dhawan et al.,, 1996), is expressed in cortical areas,
hypothalamus, thalamus, cerebellum and the medulla oblongata. In addition, MOR is
expressed on DRG and trigeminal neurons, enteric neurons and on immune cells. MOR
activity regulates nociceptive responses, the reward system, respiratory, gastrointestinal
and immune functions (Le Merrer, Becker, Befort, & Kieffer, 2009; Ninkovic & Roy,
2013; Pattinson, 2008; Sobczak, Salaga, Storr, & Fichna, 2014). MOR activation can
induce potent analgesia, but also respiratory depression, constipation and addiction.
Overcoming MOR-dependent adverse effects is a major aim of current pharmacological
research, and as I will argue in the following chapters, peripheral opioid receptors may
hold the key to achieve that aim.

1.3.4 Molecular mechanisms of opioid analgesia

Neurons transmit signals in the form of action potentials. In the resting state, neurons
exhibit an inside-negative electric potential of -60 mV that is established by
electrochemical gradients of cations across the membrane (Lodish, 2013, p. 1021). Action
potentials are generated by transient depolarization of the resting membrane potential that
migrates along the nerve, mediated by voltage-gated Na" and K™ channels (Lodish, 2013,
p. 1029). Pre-synaptically, the arriving action potential triggers the release of
neurotransmitters into the synaptic cleft. The activation of opioid receptors leads to
silencing of neurons by inhibiting depolarization, action potential propagation and/or
neurotransmitter release via G-protein mediated pathways (Figure 3).

Following agonist binding, opioids activate mostly inhibitory G-proteins that consist of
three subunits termed o, B and y. In the inactive state, the o subunit is bound to guanosine

diphosphate (GDP). Receptor-mediated G-protein activation triggers exchange of GDP for



guanosine triphosphate (GTP), followed by the dissociation into Ga and Gy (the latter is a
complex of the subunits 3 and y that remain associated to one another).

The Gy subunits cause opening of inwardly rectifying K™ channels (GIRK or KIR3),
thereby triggering K" efflux and hyperpolarization (Ikeda, Kobayashi, Kumanishi, Niki, &
Yano, 2000; Logothetis, Kurachi, Galper, Neer, & Clapham, 1987). Furthermore, they
inhibit voltage-gated Ca?" channels, thereby blocking depolarization (Dembla et al., 2017).
Meanwhile, the Ga subunits inhibit adenylyl cyclases (AC), leading to reduced production
of the second messenger cyclic adenosine monophosphate (cAMP). Reductions in
intracellular cAMP indirectly lead to activation of KIR channels and desensitization of pro-
nociceptive ion channels such as transient receptor potential vanilloid 1 (TRPV1),
hyperpolarization-activated cyclic nucleotide-gated (HCN) channels and acid-gated ion
channels (ASIC) (Cai et al., 2014; Ingram & Williams, 1994; Vetter, Wyse, Monteith,
Roberts-Thomson, & Cabot, 2006; Wimpey & Chavkin, 1992).

Importantly, opioid receptors are selectively expressed on nociceptive neurons, leaving
other sensory perceptions such as innocuous touch unaffected.

Termination of opioid receptor signaling is initiated by phosphorylation of intracellular
receptor domains by protein kinases. Subsequently, the regulatory protein B-arrestin binds
to the receptor, thereby precluding G-protein binding and inducing internalization of opioid

receptors via the clathrin-mediated pathway.

a g
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PKA\_)
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Figure 3. Molecular mechanisms of opioid analgesia. Activation of opioid receptors by ligand binding causes activation
of G-proteins. Activated G-protein subunits modulate Ca’*, K* and Na* channels. p-arrestin binds to activated opioid
receptors, mediating removal of receptors from the plasma membrane.

1.3.5 Adverse effects of MOR activation

Most MOR-dependent adverse effects can be traced back to neuronal inhibition at distinct

sites. Rewarding effects, triggering addiction and dependence render opioid analgesics



potential drugs of abuse (see also Introduction, p.1). Addiction is defined as “a chronic,
relapsing disorder characterized by compulsive drug seeking and use despite adverse
consequences”, whereas dependence is “a state in which an organism functions normally
only in the presence of a drug, manifested as a physical disturbance when the drug is
removed (withdrawal)” (NIDA, 2007, 2018). The two pathologies often go hand in hand
and are mostly due to opioid-mediated disinhibition of GABAergic neurons in the reward
system (McMahon, 2013, p. 420). Sedation and cognitive impairment are caused by
inhibition of hypothalamic neurons steering arousal (Y. Li & van den Pol, 2008).
Respiratory depression is the major cause of overdose deaths and is primarily caused by
neuronal inhibition in the respiratory center of the brainstem. Activation of opioid
receptors on intestinal neurons causes constipation by reducing gut motility. Nausea is
caused by inhibition of neurons in the medulla, cortex, vestibular apparatus and the
gastrointestinal tract.

Alternative mechanisms underlying opioid adverse effects have been suggested. Most
prominently, B-arrestin recruitment has been proposed to be a key event (DeWire et al.,
2013; Manglik et al., 2016; Raehal & Bohn, 2014). However, opioid analgesics with
reduced propensity to trigger B-arrestin recruitment have so far failed to produce
significantly improved safety profiles in pre-clinical and clinical trials (Hill et al., 2018;
Viscusi et al., 2019).

1.3.6 Targeting peripheral opioid receptors to improve drug safety

Since the most severe opioid side effects are mediated within the CNS, selective targeting
of opioid receptors in the peripheral nervous system represents a promising approach. Both
preclinical and clinical studies have shown that selective peripheral opioid receptor
activation produces analgesia with reduced adverse effects (Gonzalez-Rodriguez et al.,
2017; Tiwari et al., 2016; Vanderah et al., 2004; Y. L. Wang et al., 2015; Zeng et al.,
2013). Several lines of evidence suggest that such improved selectivity can be achieved by

exploiting inherent properties of painful injured and inflamed tissue.

1.4 GPCR pharmacology
1.4.1 The GPCR family
GPCRs constitute the largest family of transmembrane signaling proteins in the human

genome, and the most frequent drug targets. They are classified into five main families

(Wacker, Stevens, & Roth, 2017). All GPCRs possess an orthosteric binding site for
8



designated ligands. In addition, allosteric modulators (which bind outside the binding
pocket) can affect the receptors’ signaling state. GPCR ligands range from
neurotransmitters, hormones and metabolites to single ions or, in the case of rhodopsin,
photons, reflecting the diverse pivotal roles that GPCRs play. GPCRs represent attractive
drug targets because the specificity of receptor-ligand interactions enables the development
of efficacious exogenous ligands (Lodish, 2013, p. 687)

1.4.2 Classification of GPCR ligands

Receptor ligands are classified according to their effects on receptor activity: agonists
activate receptors, antagonists block and/or reverse receptor activation. Agonists are
further divided into “full” or “partial”, depending on their inherent ability to induce
maximal or submaximal receptor activation. Antagonists are further classified as neutral
antagonists if they reduce receptor activity to the baseline level observed for unbound
(“free”) receptors, or as inverse agonists if they reduce receptor activity below baselines

(Figure 4). (Freissmuth, Offermanns, & Bohm, 2016).

full agonist

partial agonist

response

neutral antagonist

inverse agonist

[drug]

Figure 4. Modes of GPCR modulation

Activation of GPCRs typically modulates several different signaling pathways. Thus, a
ligand can be a full agonist regarding G-protein activation, but a partial agonist regarding
B-arrestin recruitment. This concept is termed “biased” agonism (Jarpe et al., 1998;
Kenakin, 1995).

1.4.3 The driving forces of ligand binding

GPCRs exist in multiple conformations. In the ligand-free (apo) state, most receptors will
adopt an inactive state, while some receptors adopt an active state, causing constitutive
receptor activity. The distribution of receptor conformations is centered around the
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conformation with the lowest Gibbs energy. Agonists stabilize active, inverse agonists
inactive states. Neutral antagonists do not influence the equilibrium (Freissmuth et al.,
2016). The stabilizing effects of bound ligands are mediated by the various interactions
with the receptor as well as by entropic effects. Stronger and more numerous interactions
between ligand and receptor will lead to more efficient capturing of the receptor in the
energetically preferred state (Warne, Edwards, Dore, Leslie, & Tate, 2019). The affinity of
a ligand can thus be improved by introducing chemical moieties that establish additional
interactions between ligand and receptor (see e.g. Manglik et al., 2016). Single amino acid
exchanges by site-directed mutagenesis offer the possibility to experimentally assess the
contribution of individual amino acid side chains to the binding of ligands (Di Cera, 2000,
pp. 50 - 53; Munk, Harpsoe, Hauser, Isberg, & Gloriam, 2016). The most common
replacement is alanine (A), as its’ methyl group side chain induces minimal steric and
electrostatic effects (Cunningham & Wells, 1989). Alanine side chains are smaller than
those of all other amino acids except for glycine, which induces atypical angles in the
protein backbone and is therefore less suitable for such studies. Amino acids that resemble
the wildtype residue as closely as possible are typically used to assess the importance of
specific side chain properties (Munk et al., 2016). For example, histidine (H) is often
replaced by phenylalanine (F) because it approximately resembles histidine in size and
possesses an aromatic side chain with delocalized n-electrons (see e.g. Ludwig et al., 2003;
Murakami, Yokomizo, Okuno, & Shimizu, 2004; J. Q. Wang et al., 2004).

1.4.4 G-proteins

Heterotrimeric G-proteins are activated by GPCRs as described above (chapter 1.3.4).
Humans express numerous o,f and y subunits. By convention G-proteins are named
according to the respective Go subunits incorporated, as they dictate the major functional
differences between G-proteins (Lodish, 2013, p. 691). Most prominently, Gos subunits
stimulate, and Gai subunits inhibit AC activity. Activated Gao, and Gog subunits stimulate
Phospholipase C (Lodish, 2013, pp. 707-709). Ga. subunits that interact with neither of the
two well-established pathways have been discovered (Syrovatkina, Alegre, Dey, & Huang,
2016).

The separated subunits of activated G-proteins (see chapter 1.3.4) remain anchored to the
plasma membrane and initiate various signaling cascades (Lodish, 2013, p. 691). The
intrinsic GTPase function of G-proteins hydrolyzes the bound GTP to GDP, thereby

inactivating the Go; subunits within a few seconds to minutes. Experimentally, the
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longevity of active, GTP-bound states is often prolonged by using stable GTP analogs
(Lodish, 2013, pp. 689-690). Moreover, toxins of bacterial origin are commonly used to
block G-protein activity: while pertussis toxin (PTX) blocks Gie-proteins in the inactive,
GDP-bound form, cholera toxin (CTX) blocks GTP hydrolysis at activated Gos-subunits,
arresting them in the active form. Both types of G-protein arrest inhibit subsequent
stimulus-dependent signaling, thus the toxins can be utilized to identify the G-protein
subtypes involved in specific processes (Mangmool & Kurose, 2011). Binding of GTP to
the Ga-subunits can be monitored using labeled GTP analogs, for example [>°S]-GTPyS
(Strange, 2010).

Further downstream, G-protein modulation of AC activity can be monitored via

quantification of cAMP levels.

1.5 Inflammation and tissue injury: pain and opioid analgesia

1.5.1 General concepts

Inflammation is an organism’s response to tissue injury or infection (reviewed by
Chovatiya and Medzhitov (2014)). Inflammation is part of the innate immune system and
almost always accompanied by pain. In inflamed tissue, resident macrophages and mast
cells produce and release inflammatory mediators that trigger the extravasation of
leukocytes and plasma proteins from blood vessels, recruitment of other immune cells,
formation of an inflammatory exudate and the production of (further) cytokines (Chavan,
Pavlov, & Tracey, 2017). Cytokines and other inflammatory mediators such as
prostaglandins, nerve growth factor and protons activate and/or sensitize nociceptors
(McMahon, 2013, p. 14). Thus, inflammation leads to spontaneous pain, hyperalgesia and
allodynia (Mason, 2011).

1.5.2 Opioid analgesia in inflammation

Inflammation and injury rapidly enhance opioid effects (McMahon, 2013, p. 425).
Crucially, activation of peripheral p-, k- and d-receptors reduces inflammatory pain, while
it has little to no effect on noxious stimuli in naive animals (Kayser & Guilbaud, 1983;
Stein, Millan, Shippenberg, Peter, & Herz, 1989; Stein, Millan, Yassouridis, & Herz,
1988). In humans, peripherally restricted opioids likewise produce only mild effects in the
absence of tissue injury, but convey effective analgesia in inflammatory pain (Gupta,
Bodin, Holmstrom, & Berggren, 2001). In a clinical study, the peripherally restricted MOR

antagonist methylnaltrexone significantly increased patients’ postoperative demand for
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morphine, demonstrating that under inflammatory conditions, peripheral opioid receptors
significantly contribute to the analgesia conveyed by systemically acting opioids. (Jagla et
al., 2014). In line with these findings, conditional knockout mice lacking MOR in a
subpopulation of primary nociceptive neurons experienced diminished analgesia of
inflammatory pain in response to MOR agonists (Weibel et al., 2013).

It has further been demonstrated that enhanced peripheral opioid responsiveness is locally
restricted to the area of inflammation (Labuz & Machelska, 2013; Mousa et al., 2017;
Schafer, Imai, Uhl, & Stein, 1995; Spahn et al., 2018).

Numerous studies illustrate mechanisms that may underlie these in vivo findings. At the
molecular level, it was demonstrated that hindpaw inflammation in rats enhanced MOR
binding sites and DAMGO-induced G-protein coupling in DRG neurons (Zollner et al.,
2003). The increase in MOR signaling was restricted to neurons innervating the injured
side, and MOR binding sites in the CNS were not altered by peripheral inflammation
(Shaqura, Zollner, Mousa, Stein, & Schafer, 2004). Hindpaw inflammation also increased
axonal MOR transport towards peripheral nerve terminals (Hassan, Ableitner, Stein, &
Herz, 1993; Mousa et al., 2007). In addition, increased permeability of nerve-blood barrier
and therefore access to opioid receptors is enhanced in inflamed tissue (Abram, Y1i, Fuchs,
& Hogan, 2006). It was further suggested that under physiological conditions, opioid
receptors in peripheral nociceptors are constitutively desensitized. In support of this
hypothesis, the antagonist naloxone (NLX) induced functional competence in cultured
primary neurons (Sullivan, Chavera, Jamshidi, Berg, & Clarke, 2016). Bradykinin, a
vasoactive peptide abundant in inflamed tissue, seems to be an important stimulus to
initiate this process (Patwardhan et al., 2005; Sullivan et al., 2016). However, many of
these phenomena were only observed after several days of persistent tissue injury.
Therefore, the present thesis sought to clarify whether additional features of inflammation
may contribute to the rapid enhancement of peripheral opioid receptor function observed in
some models.

1.5.3 Tissue injury, inflammation and acidification

Inflammation is accompanied by tissue acidosis. In humans, interstitial pH values as low as
6.0 have been measured under inflammatory conditions; in animal studies and human
tumors even stronger acidification has been observed (reviewed in Stein, 2018).

In inflamed tissue, insufficient oxygen supply and heightened metabolic activity forces

glycolysis along the anaerobic pathway, leading to accumulation of lactic acid that

12



dissociates into lactate and protons (Deetjen, Speckmann, Benndorf, & Alzheimer, 2005, p.
565; Karhausen, Haase, & Colgan, 2005). In addition, damaged cells release protons from
mitochondria and lysosomes (McMahon, 2013, p. 14; see also chapter 1.6.2). Immune cells
further contribute to acidosis by release of protons, and some immune cells are themselves
regulated by pH (Capasso, 2014; Erra Diaz, Dantas, & Geffner, 2018). Protons also
activate and sensitize nociceptors via acid-sensing ion channels (ASICs) and TRPVI.
Overall, protons produce pro-inflammatory and pro-nociceptive effects.

However, previous work from our group has demonstrated that tissue acidosis can also
modulate the analgesic potency of ligands at peripheral opioid receptors (Gonzalez-
Rodriguez et al., 2017; Spahn et al., 2017). The possible effects of acidic pH on opioid
receptors, their interaction with ligands and resulting downstream signaling pathways were

not comprehensively studied so far.

1.6 pH: from general concepts to its potential role in MOR function
1.6.1 pH, pKs and protonation: general concepts
The negative decadic logarithm of the proton activity within a homogeneous solution is
termed pH. The proton activity is directly proportional to the proton concentration. For
practical purposes, the proton activity is usually approximated as the proton concentration
in solution (Nelson, Cox, & Lehninger, 2017).

pH = —log [H"] (1)
The association and dissociation of protons to and from a weak acid (A) follows the law of

mass action and is described by

[A7] + [H*] = [AH] 2)
The equilibrium constant K, for this reaction is defined as
_ 147 ©
¢ [HA]

The negative decadic logarithm of K., the pKa, is commonly used to characterize the
propensity of a weak acid (that can be either a molecule or a functional group) to release a
proton, ergo the respective acidity.

Applying equation (/) to equation (3) and solving for pH yields the Henderson-
Hasselbalch equation

[A7] (4)
[HA]

pH = pK, + log
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The Henderson-Hasselbalch equation thus describes the quantitative relation of a weak
acid’s pKa, the surrounding pH, and the resulting ratio of deprotonated to protonated
species. In aqueous solution, free protons are quickly taken up by surrounding water
molecules to form hydronium ions (H3O"). The quick transfer of protons between
hydronium ions enables fast net movement of protons within aqueous solutions.

Small deviations in the proton concentration can be offset by buffers, mixtures of weak
acids and their conjugate bases that bind or release protons depending on the pK, of the
acidic component in relation to the pH (equation 4). The buffering capacity of such
systems is limited; if pKa of the buffering substance and the surrounding pH differ by more
than £ 1 units, changes in the proton concentration will cause significant changes in pH (J.
M. Berg, Gatto, Stryer, & Tymoczko, 2003, p. 81). Protonation and deprotonation in
aqueous solutions occur fast, providing almost immediate responses to deviations from
homeostasis. This renders protons potentially useful “signaling molecules”. However, cells
have specific requirements concerning the proton concentration of their environment and

intracellular fluids.

1.6.2 pH:general role in physiological processes

pH homeostasis is crucial to all living organisms; deviations from standard pH values
indicate malfunction and mediate adaptive or defensive reactions (Pocock, Richards, &
Richards, 2017). In humans, typical extracellular tissue pH lies at 7.4, and intracellular pH
close to 7.2 (Lodish, 2013, p. 47). Several intracellular compartments maintain pH values
that deviate from the cytosolic pH. In late endosomes and lysosomes, acidic pH is required
to support the functionality of enzymes that are quickly inactivated at cytosolic pH
(Lodish, 2013, p. 490). In mitochondria on the other hand, a proton gradient between the
intermembrane space and the lumen creates the proton motive force that is required for
synthesis of ATP (Lodish, 2013, p. 527). Despite these specific pH requirements, pH
regulation in vivo displays a wide dynamic range (Cockerill & Reed, 2011, pp. 228 - 231).
1.6.3 pH:rolein GPCR signaling

Several class A GPCRs are regulated by extracellular pH variations in the patho-
physiological range (Ghanouni et al., 2000; Lans, Dalton, & Giraldo, 2015a; Ludwig et al.,
2003). The OGR1 family of GPCRs is directly activated by extracellular protonation,
triggering activation of Gs, Gq or Gi proteins and the respective downstream signaling

cascades (Dai et al., 2017; Kawabata, 2011; Ludwig et al., 2003).
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In rhodopsin, protonation of several acidic residues was demonstrated to stabilizes the
active receptor conformation (Arnis, Fahmy, Hofmann, & Sakmar, 1994; Lans et al.,
2015a). A similar role of these highly conserved residues was confirmed in the oigs-
adrenergic receptor (Scheer, Fanelli, Costa, De Benedetti, & Cotecchia, 1996). In
membrane fractions expressing the Pr-adrenergic receptor fused with Gos, acidic pH
increased constitutive receptor activity by destabilizing the inactive receptor conformation,
but also reduced agonist affinity and induced receptor denaturation (Ghanouni et al., 2000).
Based on in silico analysis of high-resolution crystal structures, protonation of a highly
conserved aspartate was later suggested to trigger pH-dependent activity (Ranganathan,
Dror, & Carlsson, 2014).

Several amino acids that were demonstrated to convey proton-sensing functions in various

GPCRs are topologically conserved in the MOR (Table 1-1).

Table 1-1.Conserved proton-sensing GPCR residues

residue | domain | MOR H+-activated Rho- ag-adrenergic B2-adrenergic
GPCRs dopsin receptor receptor
D2.50 | TM2 D114 D83 [1] D79 [2]
D3.49 | T™M3 D164 E134 [3] [4] D130 not involved
(3]
H6.52 | TM6 H297 [6, 7, 8]
H7.36 | TM7 H319 [6, 9]

1 > (Lans, Dalton, & Giraldo, 2015b); 2 > (Ranganathan et al., 2014); 3 >(Arnis et al., 1994); 4 > (Scheer et al., 1996)
5 >(Ghanouni et al., 2000); 6 > (Ludwig et al., 2003); 7 > (J. Q. Wang et al., 2004); 8 > (Murakami et al., 2004); 9 > (Liu
etal., 2010)

Considering both the enhanced opioid efficacy in inflamed tissue and the potentially
proton-sensing residues conserved in the MOR tertiary structure, it is reasonable to
hypothesize that opioid receptor activation is pH-dependent.

1.6.4 Acidic pH and opioid signaling

A small number of studies has assessed the influence of pH on MOR. In Ca*'-imaging
experiments on cultured rat DRG neurons, acidic extracellular pH enhanced inhibition of
capsaicin- and high potassium-induced Ca?’-currents by morphine and PB-endorphin
(Vetter, Kapitzke et al. 2006). The authors concluded that acidic pH might thus contribute
to the enhanced analgesic efficacy of opioids in injured tissue. The underlying

mechanisms, however, remained unclear.
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Previously, it was found that transient pre-incubation of membrane fractions from rat brain
homogenates at pH 4.5 irreversibly enhanced the opioid inhibition of basal AC activity
(Childers & LaRiviere, 1984). Interestingly, the low pH pre-incubation altered neither the
binding of [*H]-agonists to the receptor nor the affinity of GTP to G-proteins at pH 7.4
(Lambert & Childers, 1984; Selley, Breivogel, & Childers, 1993). It was then concluded
that in these experiments, an irreversible reduction of GTPase activity had potentiated the
downstream effects of G-protein activation (Selley et al., 1993). Unfortunately, these
studies did not assess immediate effects of acidic pH on opioid signaling.

Some early studies on opioid receptors included assessments of the pH range for optimal
radioligand binding and found that acidic pH impaired binding of [°’H]-NLX, *H-di-
hydromorphine and N-methylmorphine to rat brain membranes (Pert & Snyder, 1973a,
1973b; Smith, 1977). The mechanism underlying this effect has to date not been
illuminated.

1.6.5 Acidic pH: putative protonation of MOR residues

To fully characterize effects of low pH on opioid receptor-ligand interactions, it is
important to also consider plausible pH-sensitive moieties within the MOR binding pocket.
In order to be able to discriminate between normal and inflamed conditions, a pH-sensing
moiety must show a pKa value in the neutral to acidic range (for an overview of pH values
in injured and inflamed tissue see Stein, 2018). In folded proteins, pKa values of amino
acid side chains may vary significantly around the pK. of the isolated species and are
difficult to predict. According to a meta-analysis of pKa measurements in folded proteins,
the mean amino acid side chain pKa values of the protonatable side chains show
considerable variation: aspartate (D; pKa 3.5 £ 1.2), glutamate (E; pKa 4.2 + 0.9), histidine
(H; pKa 6.6 = 1.0) and cysteine (C; pKa 6.8 £ 2.7). (Grimsley, Scholtz, & Pace, 2009).
Among these candidate amino acids were repeatedly demonstrated to serve important
functions in ligand binding and receptor activity at physiological pH.

An ionic bond between D147%32 and MOR ligands has been observed in all high-resolution
structures, and ample evidence suggests that this interaction is necessary for receptor
binding (Dosen-Micovic, Ivanovic, & Micovic, 2006; J. G. Li et al., 1999). Protonation of
D side chains neutralizes their charge. Thus, D*3? in the protonated form is incapable of
forming ionic bonds. D114%% serves as binding site for an allosteric Na' that stabilizes the
receptor in an inactive conformation, a role that is widely conserved across class A GPCRs

(Huang et al., 2015; Katritch et al., 2014; Mirzadegan, Benko, Filipek, & Palczewski,
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2003). Another highly conserved interaction that stabilizes the receptor in an inactive
conformation is the intramolecular salt bridge between D164%4° and R165%%°. Protonation
of either D?*° or D**° has been experimentally connected to receptor activation in several
pH-sensitive class A GPCRs (Arnis et al., 1994; Lans et al., 2015a; Ranganathan et al.,
2014; Scheer et al., 1996). Protonation of either residue abolishes the intramolecular salt
bridge that consists of ionic and hydrogen bonds.

H297%5? is topologically conserved across species and class A GPCRs (including all three
opioid receptors) and conveys proton sensing to several proton-activated receptors (Liu et
al., 2010; Ludwig et al., 2003; Murakami et al., 2004; J. Q. Wang et al., 2004). High-
resolution structures of all main opioid receptor subtypes have consistently reported
hydrogen bonds between H*? and bound ligands (Granier et al., 2012; Koehl et al., 2018;
Manglik et al., 2012; Wu et al., 2012). Introduction of a positive charge by exchange of
H297552 for the glutamine or asparagine renders NLX an agonist of the mutant receptor
(Spivak et al., 1997). H side chains, in comparison, carry a positive charge only in the

double protonated form that predominates at acidic pH (Figure 5B). Protonation changes H

side chains from potential hydrogen bond acceptors into ~ donors (S. Li & Hong, 2011)

H2975.52

Figure 5. (A) Possible protonation sites among the highly conserved residues of MOR. Structure of the inactive human
mu-opioid receptor (MOR) bound to the irreversible antagonist beta-Funaltrexamine (p-FNA) modified from the PDB
entry 4DKL (Manglik et al., 2012) with the software USCF Chimera (Pettersen et al., 2004). (B) Protonation of a
histidine side chain
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1.7 Objectives
In the present studies, I sought to answer two main questions
1. Does acidic pH per se affect MOR binding and signaling of conventional opioids?
2. Does acidic pH alter interaction between ligand and receptor in the MOR binding
pocket? If yes, can the effect be exploited for drug targeting?
Based on the pre-existing knowledge presented above, the experiments were designed to

test two main hypotheses.

1.7.1 Hypotheses
Hypothesis 1: Acidic pH regulates MOR function

The immediate effects of acidic pH on MOR function have not been comprehensively
studied so far. By studying MOR binding, G-protein activation and modulation of
intracellular cAMP accumulation, I sought to establish modes and mechanisms of pH-

dependent alterations in MOR function.

Hypothesis 2: Protonation of MOR H297% regulates MOR function at acidic pH

Data from our group that were published during the course of this study revealed that
binding of fentanyl is not impaired at acidic pH (Rodriguez-Gaztelumendi, Spahn, Labuz,
Machelska, & Stein, 2018; Spahn et al., 2017). A general incapacity of opioids to bind
MOR could therefore be excluded. An in silico study suggested that, in contrast to the
morphinan-based ligands present in MOR crystal structures, fentanyl does not form
hydrogen bonds to H297%? (Dosen-Micovic et al., 2006; Huang et al., 2015; Manglik et
al., 2012). Therefore, it was reasonable to assume that H297%>2 could discriminate between
fentanyl and NLX in a pH-dependent manner. In contrast, formation of an ionic bond
between ligand and D**? of MOR is a prerequisite for the binding of fentanyl, as for MOR
ligands in general (Dosen-Micovic et al., 2006; J. G. Li et al., 1999). Destabilization of
inactive receptor conformations generally reduces the binding of antagonists, but not of
agonists (De Lean, Stadel, & Lefkowitz, 1980). Accordingly, D*%, D>, D% and R3>°
are unlikely to mediate a pH-dependent inhibition of binding that does affect NLX, [*H]-
NLX, 3H-di-hydromorphine and N-methylmorphine, but not fentanyl. I hypothesized that
pH-dependent protonation of residue H297%%? in the MOR leads to alterations in the

hydrogen bond network between receptor and ligand.
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2 Materials & Methods
2.1 Materials

2.1.1 Plasmids and constructs

Name Supplier
pcDNA™3.1 / myc-His Invitrogen,
Thermo Fisher Scientific (Hennigsdorf, Germany)

pCMV6-Entry OriGene Technologies GmbH (Herford, Germany)

The plasmid containing the cDNA encoding the FLAG-epitope-tagged rat mu-opioid
receptor (MOR) (oprm1, NM 013071.2) in pcDNA™3.1 vector with geneticin resistance
gene was provided by Prof. Christian Zollner (University Hamburg, Germany) and was
used to generate MOR mutants MOR-H297%32A and MOR-H297%%’F. Gnail
(NM_013145) rat tagged ORF clone in pCMV6-Entry vector was purchased from OriGene

Technologies.
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2.1.2 Bacteria and cell lines

Name

Escherichia coli
(E.coli)

XL 10-Gold ®
Ultracompetent Cells

HEK 293

HEK MOR-WT

HEK MOR-H297%2A

HEK MOR-H297%°?F

Genotype

Tet'A(mcrA)183; A(mcrCB-
hsdSMR-mrr)173 endAl supE44
thi-1 recAlgyrA96 relAl lac Hte
[F” proAB lacl"ZAM15 Tnl0 (Tet")
Amy Cam']

HEK 293 cells wildtype

(human embryonic kidney cells)

HEK 293 cells stably transfected
with FLAG-epitope-tagged rat
mu-opioid receptor (MOR)
(oprm1, NM_013071.2) in
pcDNA™3 1 vector

HEK 293 cells stably transfected
with FLAG-epitope-tagged rat
MOR mutated at H297%52 to A in
pcDNA™3 1 vector

HEK 293 cells stably transfected
with FLAG-epitope-tagged rat
MOR mutated at H297%2 to F in
pcDNA™3 1 vector
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Supplier/ generated by
Agilent Technologies
(Waldbronn, Germany)

DSMZ- German Collection
of Microorganisms and Cell
Cultures (Braunschweig,
Germany)

Prof. Christian Zollner

Dr. Viola Spahn

Johanna Meyer



2.1.3 Antibiotics

Name Supplier
Ampicillin Sigma Aldrich (Taufkirchen, Germany)
Geneticin (G418) Biochrom (Berlin, Germany)

Penicillin / Streptomycin Biochrom

(100 U/ml / 100 png/ml)

2.1.4 Oligonucleotides
Oligonucleotides were designed as described in the corresponding paragraphs of the

chapter “Methods” and ordered from TIB MOLBIOL Sytheselabor GmbH (Berlin,

Germany).
Name 5’ -3’ sequence Application
c913t_a914t for TTgATgATgACgTAgATgAAgATggggeTCCAgCAgAC mutagenesis
MOR
H297652F
c913t _a9l4trev gTCTgCTggACCCCCATCTTCATCTACETCATCATCAA mutagenesis
MOR
H297652F
ratMOR-01_for gCgACTgCTCAgACCCCTTA RT-PCR
ratMOR-01 rev TCATggTgCAgAgggTgAAT RT-PCR
ratMOR-flag.1 for: TACAAggACgACGACGACAA RT-PCR
ratMOR-flag.1 rev ggTTCAgACCgCATggAT RT-PCR
huGAPDH_for ACATCAAgAAgeTgeTgAAg RT-PCR
huGAPDH_rev AgCTTgACAAAgTggTCgTTg RT-PCR
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2.1.5 Kits
Name
Amersham cAMP Biotrak

Enzymeimmunoassay kit

Gai Activation Assay Kit

High-Capacity-RNA-to-cDNA kit

LSBio Mouse/Human/Rat OPRM1/
Mu Opioid Receptor Cell-based
ELISA Kit

QIAfilter Plasmid Maxi Kit (25)
QIAprep Spin Miniprep Kit

QuickChange II XL Site-Directed

Mutagenesis Kit
RNeasy Mini Kit

2.1.6 Enzymes

Supplier

GE Healthcare (Solingen, Germany)

NewEast Biosciences (Malvern, USA)

(Applied Biosystems) Thermo Fisher

Scientific

LifeSpan BioSciences (Seattle, USA)

QIAGEN (Hilden, Germany)
QIAGEN

(Stratagene) Agilent Technologies

QIAGEN

Enzymes solely purchased as parts of kits are not listed separately.

Name

BgllI restriction enzyme

DreamTaq Green PCR Master Mix

Supplier
New England Biolabs (Frankfurt am Main,

Germany)

Thermo Fischer Scientific
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2.1.7 Antibodies

Antibodies purchased as parts of kits are not listed separately.

Primary antibodies

Name Specifier
Anti-Active Gai Mouse 26901
Monoclonal Antibody

c-Myc Mouse Monoclonal 9E10
antibody, FITC conjugate
guinea pig anti-MOR-1 AB1774

Secondary antibodies

Name Specifier
Alexa Fluor 488 (AF488) A11073
goat anti-guinea pig

HRP-coupled Polyclonal P044701-2
Goat Anti-Mouse

Immunoglobulin
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Supplier

NewkEast Biosciences

Thermo Fisher Scientific

(Chemicon) Merck
(Darmstadt, Germany)

Supplier
(Invitrogen)Thermo Fisher
Scientific

(Dako) Agilent

Technologies



2.1.8 Pharmacological agents

2.1.8.1 Opioids

Name

Fentanyl citrate

Naloxone (NLX) hydrochloride
[D-Ala2,N-Me-Phe4,Gly5-ol]-
enkephalin (DAMGO)

2.1.8.2 Radiochemicals

Name

[*H]-DAMGO

[PH]-NLX

[*°S]-GTPyS

2.1.8.3 Other

Name

Cholera toxin (CTX)

Forskolin (FSK)
Isobutylmethylxanthine (IBMX)
Pertussis toxin (PTX)
Prostaglandin E; (PGE3)

Supplier

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Supplier
Perkin Elmer (Waltham, USA)
Perkin Elmer

Perkin Elmer

Supplier

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
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2.1.9 Chemicals, reagents and media

Name Supplier
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid Sigma-Aldrich
(HEPES)

4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic Sigma-Aldrich

acid (EPPS)

2-(N-Morpholino)ethanesulfonic acid (MES) Sigma-Aldrich

Calcium chloride (CaCl,) Sigma-Aldrich

Complete mini EDTA-free protease inhibitor Roche (Mannheim, Germany)

cocktail

D-(+)-Glucose Sigma-Aldrich

DAPI (NucBlue™ Fixed Cell Stain) Sigma-Aldrich

Dulbecco’s Modified Eagles Medium (DMEM) Sigma-Aldrich

ECL GE healthcare

Ethanol Carl Roth GmbH + Co. KG
(Karlsruhe, Germany)

Etylenediaminetetraacetic acid (EDTA) Sigma-Aldrich

Ethylene glycol-bis(pf-aminoethyl ether)-N,N,N',N'-  Sigma-Aldrich
tetraacetic acid (EGTA)

Fetal bovine serum (FBS) Biochrom

Fluorescent Mounting Medium (Dako) Agilent Technologies

Hydrochloric acid 37% Sigma-Aldrich

Isopropyl alcohol Sigma-Aldrich

LB Agar (Invitrogen) Thermo Fisher
Scientific

LB Broth Base (Lennox) Carl Roth

Magnesium chloride (MgCl») Sigma-Aldrich

Methanol (J.T. Baker) Thermo Fisher
Scientific

Midori Green Advance Biozym Scientific GmbH
(Hessisch Oldendorf, Germany)

Non-fat dry milk powder Carl Roth

Normal goat serum (NGS) Jackson Immunoresearch Europe
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Optiphase HISAFE 3
Paraformaldehyde (PFA)

Phosphate Buffered Saline (PBS) without Ca*"

Mg?*

Potassium chloride (KCI)
Polyethyleneimine (PEI)

Poly-L-lysine

Protein Assay Dye Reagent Concentrate

Protein G agarose resin

RNAlater

Sodium Chloride (NaCl)

Trethylamine (TEA)

Tris base

Tris hydrochloride

Triton"X-100

Trizma® Pre-set crystals, pH 7.4.

Tween-20

X-tremeGENE HP DNA Transfection Reagent
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Ltd. (Cambridgeshire Business
Park, UK)

Perkin Elmer

Sigma-Aldrich

Biochrom

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Bio-Rad, Miinchen, Germany
Pierce Biotechnology (Rockford,
USA)

Thermo Fisher Scientific
Carl Roth

Sigma-Aldrich

Carl Roth

Carl Roth

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Roche



2.1.10 Buffers and solutions
Distilled water was used for Tris buffer for wash steps in radioligand and [*°S]-GTPyS
binding assays. Distilled and deionized water was used for the preparation of all other

buffers and solutions.

Name Composition
2% agarose, 0.004% Midori Green Advance in TAE
1% (w/v) BSA, 0.3% (v/v) Triton"" X-100 in PBS

Agarose gel

Antibody dilution buffer 1
(primary antibodies ICC)
Antibody dilution buffer 2 0.3% (v/v) Triton™ X-100 in PBS

(secondary antibodies ICC)

Assay/ lysis buffer
(immunoprecipitation)
Blocking buffer
(immunocytochemistry)
Blocking buffer
(immunoblot)

Blotting buffer
(immunoblot)

Extracellular solution

Formaldehyde solution
HEM buffer
HEM G protein buffer

LB agar

LB medium

sodium dodecyl sulfate
polyacrylamide gel
electrophoresis (SDS-
PAGE) running buffer

SDS-PAGE sample buffer

50 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100 in H2O, pH 7.4
5% normal goat serum, 0.3 Triton™ X-100 in PBS

5% (w/v) non-fat dry milk powder in TBST

25 mM Tris base, 190 mM glycine, 20% (v/v) methanol in
H>O, pH 8.3

140 mM NacCl, 5 mM KCl, 2 mM MgCl,, 2 mM CaCl,, 10
mM HEPES, 10 mM D-(+)-Glucose in H,O

4% tormaldehyde in PBS

8 mM HEPES, 8 mM EPPS, 8§ mM MES in H,O

8 mM HEPES, 8 mM EPPS, 8 mM MES, 100 mM NaCl, 5
mM MgCl, 0.2 mM EGTA, 1mM DTT, 0.1% (w/v) BSA in
H>O

1.5% (w/v) LB agar (Lennox L Agar)

2% (w/v) LB Broth Base in H>O, autoclaved

25 mM Tris base, 190 mM glycine, 10% SDS in H>O, pH
8.3

250 mM Tris, 8% (w/v) SDS, 40% (v/v) glycerol, 0.04%
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(4x)

SDS-PAGE separating gel

SDS-PAGE stacking gel

TAE
TBST
TBST

Tris buffer

2.1.11 Consumable materials

Name
Amersham Hyperfilm™ ECL
Cell culture bottles

Cell culture dishes

Cell culture plates

Cell scrapers

Coverslips

Cryo tubes (Nalgene)

Gel blot paper (Whatman)
GF/B glass fiber filters
(Whatman)

Microscope slides

Nalil polish

Needles

(w/v) bromphenol blue, 10% (v/v) B-mercaptoethanol in
H>O, pH 6.8

375 mM Tris, 12% acrylamide/bisacrylamide (Rotiphorese
® Gel), 0.1% (w/v) SDS, 1% (w/v) ammonium persulfate,
0.1% (v/v) TEMED in H>O, pH 8.8

125 mM Tris, 5% (v/v) acrylamide/bisacrylamide, 0.1%
(w/v) SDS, 1% (w/v) ammonium persulfate, 0.1% (v/v)
TEMED in H20, pH 6.8

40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.3

10 mM Tris base, 150 mM NacCl, pH 7.4

10 mM Tris base, 150 mM NacCl, 0.05 % (v/v) Tween20, pH
7.4

50 mM Tris

Supplier

GE healthcare

Corning (Wiesbaden, Germany), Sarstedt
(Nirmbrecht, Germany)

TPP Techno Plastic Products AG (Trasadingen,
Switzerland),

Corning (Wiesbaden, Germany)

TPP

TPP

Carl Roth

Thermo Fisher Scientific

GE healthcare

GE healthcare

R. Langenbrinck (Emmendingen, Germany)
p2 cosmetics, Vienna, Austria

BD, Becton Dickinson GmbH (Heidelberg,
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Parafilm

PCR tubes and caps

Pipettes (5-25 ml, single use;
Falcon®)

Pipet tips (1-1000 pl)

Reaction tubes 0.5 ml, 1 ml and 2

ml

Spatulas, disposable

Sterile filtration device (single
use)

Syringes

Tubes (15 ml and 50 ml, Falcon

®)

Vacuum pumps
Glassware

Name

Beaker

Measuring cylinders
Microscope slides

Neubauer counting chambers

SDS-PAGE equipment
(Mini PROTEAN® 3 System)

2.1.12 Instruments

Name

Agarose gel station

Avanti JXN-26 ultracentrifuge

Bacterial shaker

Balances (BP1215, BP4100)
Centrifuge tabletop (Biofuge

Germany)
Bemis packaging (Rheinbach, Germany)
Thermo Fisher

Corning

Sarstedt; Eppendorf AG (Hamburg, Germany)
Sarstedt

VWR International GmbH (Darmstadt, Dermany)

Thermo Fisher Scientific

B. Braun (Melsungen, Germany)

Corning

KNF Neugeberger GmbH (Freiburg, Germany)

Supplier

Schott Ag (Mainz, Germany)

Brand GmbH (Wertheim, Germany)

Carl Roth

Paul Marienfeld GmbH (Lauda-Koénigshofen,
Germany)

Bio-Rad

Supplier

Bio-Rad

Beckmann Coulter (Krefeld, Germany)
GFL Gesellschaft fiir Labortechnik mbH
(Burgwedel, Germany)

Sartorius AG (Géttingen, Germany)

Heraeus (Hanau, Germany)
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fresco)

Centrifuge tabletop mini
Centrifuge (Multifuge 4KR)
CO; incubator

Confocal microscope;

Objectives

Dispenser single channel
(“Multipette*)

Dispenser multichannel
Dispergierstation T8.10
(mechanical homogenizer)
DS-11+ spectrophotometer
GelDoc EZ Imager (

Harvester

Immunoblot transfer chamber &
equipment

Laminar airflow (HS18)
Microwave

pH-meter MP220

Pipets (Pipetus®-Akku)

Pipets (1-1000 pl)

Power station electrophoreses
Scales (BP1215, BP4100)
Shaker (various models)
SDS-PAGE gel chambers %
equipment

Spectrophotometer plate reader
(Spectra Max 340PC)

Thermocycler

Biozym

Heraeus

(MMM Group) Heraeus

LSM 510 Meta; EC Plan-Neofluar 40x/1.30 Oil
DIC; Objective Plan-Apochromat 63x/1.40 Oil
DIC

Carl Zeiss AG (Oberkochen, Germany)
Eppendorf

Thermo Fischer

IKA-Werke GmbH Co. KG (Staufen, Germany)

DeNovix (Wilmington, USA)
Bio-Rad

Brandel (Gaithersburg, USA)
Bio-Rad

Heraeus

Galanz (Foshan city, China)

Mettler-Toledo GmbH (GieBBen, Germany)
Hischmann Laborgerite (Eberstadt, Germany)
B. Braun, Eppendorf, Gilson International B.V.
(Limburg, Germany)

Bio-Rad

Sartorius

VWR, Medgenix (Wevelgem, Belgium)
Bio-Rad

Molecular Devices (Biberach an der Riss,
Germany)

(Applied Biosystems) Thermo Fisher Scientific
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(GeneAmp PCR System 9700)
Thermomixer

UV light, detector, camera
Vortexmixers

Wallac 1414 Win Spectral Liquid

Scintillation Counter

Water bath

Water purification system

Direct-Q®

2.1.13 Software
Name
Adobe Illustrator CS5

BIOVIA Draw version 18.1.NET
Endnote X8.2

Imagel

Image Lab

Microsoft Office

Primer3: WWW primer tool

Primer-BLAST

Prism

Stratagene QuikChange Primer

Design
UCSF Chimera

Eppendorf
Bio-Rad
Scientific Industries (Bohemia, USA)

Perkin Elmer

Grant Instruments (Shepreth, UK)

(Millipore) Merck

Supplier

Adobe systems Software Ireland Limited (Munich,
Germany)

Dassault Systémes (Vélizy-Villacoublay, France)
Clarivate Analytics (London, GB)

National Institutes of Health, USA

Bio-Rad

Microsoft Corporation (Munich, Germany)
Whitehead Institute for Biomedical Research,
(Cambridge, USA)

National Center for Biotechnology Information,
U.S. National Library of Medicine (NCBI;
Bethesda, USA)

GraphPad (San Diego, USA)

(Agilent Technologies) Thermo Fisher Scientific

Resource for Biocomputing, Visualization, and

Informatics at the University of California (USA)
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2.2 Methods
All methods were based on established techniques. Detailed descriptions of the underlying

principles can be found in standard textbooks on molecular biology or bio-analytics.
2.2.1 Molecular Biology

2.2.1.1 Amplification and isolation of plasmids from bacteria
Plasmids are strands of extrachromosomal DNA that naturally occur in bacterial, fungal
and plant, but not mammalian cells. Engineered plasmids harboring a bacterial replicon
and mammalian gene inserts with matching promoters can be amplified in fast growing
bacteria, most commonly e.coli, and are used as expression vectors of transgenes in
mammalian origin cells such as HEK 293 cells.
Plasmids were either isolated from e.coli glycerol stocks previously used in our group or
inserted into and amplified in XL 10-Gold® Ultracompetent cells using QuikChange II XL
Site Directed Mutagenesis Kit (Agilent Technologies). Briefly, XL-10 Gold
Ultracompetent Cells were permeabilized by incubation with B-mercaptoethanol (2ul per
45 ul cell suspension) for 10 min on ice. After addition of 2ul of the desired plasmid,
samples were incubated for further 30 min on ice, followed by a 30 sec heat pulse at 42 °C.
Pre-warmed SOC medium was added, samples were transferred to Greiner round-bottom
tubes and samples were incubated for 1 h at 37 °C with gentle shaking to allow the bacteria
to amplify.
Transformed bacteria were amplified and grown on agar plates containing 50 pg or 100 pg
ampicillin per ml overnight. Single colonies were isolated and amplified in LB medium
containing 100 pg/ml ampicillin. Plasmids were isolated using “QIAfilter Plasmid Maxi
Kit” or “QlAprep Spin Miniprep Kit’ (Qiagen). Briefly, cells were subjected to alkaline
lysis, the sample pH was neutralized, and lysates were cleared by centrifugation. Protein-
depleted lysate was loaded onto silica DNA purification columns under high-salt
conditions, the columns were washed to remove RNA, metabolites, and cellular proteins,
and purified DNA was eluted in water.
The resulting DNA concentration was determined via absorption at 260 nm measured with
a spectrophotometer. The device’s inbuilt software uses the formula

Ayeo * 50 ng/ml = c (dsDNA)

to determine dsDNA concentration.
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2.2.1.2 Invitro site-directed mutagenesis

In vitro site-directed mutagenesis was performed by DNA polymerase-mediated
amplification of whole plasmids using complementary primer pairs with specifically
designed mismatches of a few basepairs. Primers, and thereby the desired mutation, were
irreversibly incorporated in the newly synthesized DNA strands, and parent DNA was
subsequently digested with a DNAse that targets methylated and hemimethylated DNA
only, sparing plasmids synthesized in vitro.

Primers for in vitro site-directed mutagenesis were designed using “Stratagene
QuikChange Primer Design” online software (Agilent Technologies). Mutagenesis and
subsequent digestion of parental DNA was conducted using the “QuickChange II XL Site-
Directed Mutagenesis Kit” (Agilent Technologies). Briefly, template pcDNAT™3.1
plasmids with FLAG-epitope-tagged rat MOR were incubated with mutagenesis primers as
provided in Table 2-1.

Table 2-1. Mutagenesis master mix per reaction

Sul 10x reaction buffer

1 ul (10 png) pcDNA3.1 MOR (10 mg/ ml)
Ll dNTP mix

3ul Quik Solution

36.5 ul H>O

Mutagenesis primers used are listed under “materials” in Table 3.1-3. Reactions were

pipetted as provided in Table 2-2.

Table 2-2. Mutagenesis pipetting scheme per reaction

1.25 pul Forward primer

1.25 pul Reverse primer

46.5 ul master mix

1 ul PfuUltra HF DNA polymerase

The expected size of the plasmid containing either wildtype or mutant MOR was ~ 6.6 kb.
Accordingly, the duration of the extension step in the thermocycling profile was set to 7
min (1 min per kb of plasmid length). Thermocycling was performed as described in Table

2-3.
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Table 2-3. Mutagenesis thermocycling profile

Temperature Step Duration Number of cycles
95 °C denaturation 1 min 1
(initial)
95 °C denaturation 50 sec 18
60 °C annealing 50 sec
68 °C extension 7 min
68 °C extension (final) 7 min 1
4°C storages 00

Remaining template DNA was removed by incubation with Dpnl restriction enzyme (10
U/ul, 1 pl per reaction) for 1 h at 27 °C.

Resulting DNA was amplified as described above. Glycerol stocks of all clones were
frozen in liquid nitrogen, plasmids were isolated using “QIAprep Spin Miniprep Kit” as
described above and aliquots of all samples were sequenced by an external service
provider (Source BioScience, formerly Berlin, Germany). Plasmids carrying the desired
inserts were isolated from glycerol stocks as described above (paragraph 2.2.1.1).

2.2.1.3 mRNA isolation

mRNA encoding MOR and GAPDH (as control) was isolated from HEK 293 cells and
analyzed in a semi-quantitative approach.

HEK 293 (untransfected), HEK MOR-WT, and HEK MOR-H297%3%F cells were split into
aliquots of ~5x10° cells, centrifuged, and pellets without supernatant were frozen at -80°C
in “RNAlater”. Pellets were thawed on ice, resuspended in buffer, and mechanically
homogenized for 35 sec with a mechanical disperser. Whole mRNA content was isolated
from frozen wildtype and stably transfected HEK 293 cells using “RNeasy Mini Kit”. Cells
were lyzed and homogenized with concomitant inactivation of RNases in a guanidine-
thiocyanate-containing lysis buffer provided with the kit. After addition of ethanol,
samples were applied to silica membrane spin columns, the columns were washed,
incubated with RNA-free DNAse I, washed again, and RNA was eluted in water.
Absorption at 260 nm was measured with a spectrophotometer and the RNA concentration
was calculated according to the formula Azeo * 40 pg/ml = ¢ (RNA) by the device’s inbuilt

software.
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2.2.1.4 Reverse-Transcription PCR (RT-PCR)

Reverse transcriptases are enzymes that synthesize cDNA strands complementary to RNA
templates. Reverse transcription (RT) enables the indirect quantification of mRNA levels
via polymerase chain reaction (PCR) (Mullis & Faloona, 1987).

Reverse 