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Abstract
The opioid receptors (δ, κ and μ) are family A G protein-coupled receptors (GPCRs) that have an
important role in the regulation of pain. Like all GPCRs they have a common structure that
consists of seven transmembrane domains with an extracellular amino (N)-terminus and an
intracellular carboxyl-terminus. The human δ opioid receptor (hδOR) has two polymorphic
variants. A single-nucleotide polymorphism causes replacement of Phe with Cys at the amino acid
position 27 in the receptor N-terminus. The allelic frequency of hδORCys27, the less common
variant, is about 10% in Caucasians.
In this study, the two hδOR variants were expressed in heterologous expression systems and
their biosynthesis was characterized in detail using various cell biological and biochemical
techniques. In particular, the role of receptor heteromerization and opioid receptor
pharmacological chaperones in processing, maturation and trafficking of the variants was
assessed.
The hδOR variants showed significant differences in maturation and trafficking. The
hδORCys27 had a significantly lower maturation efficiency compared with hδORPhe27. In addition,
long-term receptor expression led to the accumulation of hδORCys27 in the endoplasmic reticulum
(ER) and also impaired receptor targeting to ER-associated degradation. The hδOR variants also
differed at the cell surface, as the hδORCys27 variant was internalized constitutively in a faster and
more extensive manner than hδORPhe27. However, the variants had similar pharmacological
properties and activated G proteins in an identical manner.
This study also showed that hδORCys27 acted in a dominant negative manner and redirected
some hδORPhe27 precursors to degradation. This resulted in impaired plasma membrane
expression of hδORPhe27 in co-transfected cells. The hδOR variants were found to form
heteromers early in the secretory pathway, which is the most likely reason for the dominant
negative behavior of hδORCys27 on hδORPhe27.
The mechanism of action of opioid receptor pharmacological chaperones, membranepermeable opioid ligands, was investigated in detail using hδORCys27 and its mutant form
hδORCys27-(Asp95Ala) as models. Opioid antagonists were found to be able to bind to and
stabilize receptor precursors in the ER and enhance their dissociation from the ER molecular
chaperone calnexin. This led to an increase in the number of receptors at the plasma membrane.
In addition, hδORPhe27, like hδORCys27, was responsive to antagonist treatment whether the
variants were expressed together or individually.

Keywords: endoplasmic reticulum, ER-associated degradation, G protein-coupled
receptor, heteromerization, opioid receptor, pharmacological chaperone, polymorphism,
trafficking

Leskelä, Tarja, Ihmisen δ-opioidireseptorien Phe27 ja Cys27-varianttimuodot.
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Tiivistelmä
Opioidireseptorit kuuluvat G-proteiinikytkentäisiin reseptoreihin, ja niillä on tärkeä rooli kipuaistimuksen säätelyssä. Ne ovat solukalvoproteiineja, joiden aminohappoketju läpäisee kalvon
seitsemän kertaa. Reseptorien aminoterminaalipää sijaitsee solun ulkopuolella ja karboksiterminaalipää solun sisällä. Ihmisen δ-opioidireseptori esiintyy kahtena polymorfisena muotona,
Phe27:nä ja Cys27:nä, joissa aminohappo 27 on joko fenyylialaniini (Phe) tai kysteiini (Cys).
Cys27 on harvinaisempi muoto, ja sen yleisyys on noin 10 % eurooppalaista alkuperää olevalla
väestöllä.
Tämän väitöskirjan tavoitteena oli tutkia δ-opioidireseptorin varianttimuotojen biosynteesiä
reseptoriproteiinia tuottavissa heterologisissa solumalleissa (HEK293- ja SH-SY5Y-solut) solubiologisilla ja biokemiallisilla menetelmillä.
Väitöskirja osoittaa, että δ-opioidireseptorin varianttimuotojen välillä on eroa prosessoinnissa. Cys27-varianttia kuljetetaan endoplasmakalvostosta solun pinnalle vähemmän kuin Phe27varianttia, ja pitkäaikainen reseptorituotanto johtaa vastasyntetisoituneiden reseptorien kerääntymiseen solun sisälle. Samalla reseptorien ohjaus proteasomihajotukseen heikkenee. Soluissa, jotka tuottavat molempia varianttimuotoja samanaikaisesti, Cys27-variantin havaittiin ohjaavan
myös Phe27-varianttia proteasomihajotukseen vähentäen sen kuljetusta solun pinnalle. Tämä
Cys27-variantin dominanttinegatiivinen ominaisuus johtuu todennäköisesti siitä, että variantit
muodostavat dimeerisen rakenteen endoplasmakalvostossa. Havaittiin myös, että Cys27-varianttireseptorit ohjataan solun pinnalta lysosomihajotukseen tehokkaammin kuin vastaavat Phe27varianttimuodot. Prosessointieroista huolimatta variantit eivät poikkea toisistaan farmakologisilta ominaisuuksiltaan, ja ne aktivoivat G proteiineja samalla tavalla.
Väitöskirjassa tutkittiin myös farmakologisten kaperonien toimintamekanismeja käyttämällä
mallina δ-opioidireseptorin Cys27-varianttia ja sen pistemutaatiota (Asp95Ala). Farmakologisten kaperonien eli reseptorispesifisten ligandien todettiin sitoutuvan reseptoreihin endoplasmakalvostossa ja stabiloivan niiden rakennetta, mikä vähentää reseptorin ja proteiinien laadunvalvontaan osallistuvan kaperonin, kalneksiinin, välistä vuorovaikutusta. Tämä johtaa reseptorien
määrän kasvuun solun pinnalla.

Asiasanat: dimeeri, dominanttinegatiivisuus, farmakologinen
proteiinikytkentäinen reseptori, opioidireseptori, polymorfia

kaperoni,
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1

Introduction

G protein-coupled receptors (GPCRs) are the largest transmembrane (TM) protein
family involved in cell signaling. All these receptors have a similar structure and
are activated by a variety of ligands including light, odors, small organic
molecules, lipids, ions, glycoproteins and polypeptides (Karnik et al. 2003). It has
been estimated that 50% of the therapeutic drugs on the market act through
GPCRs (Urwyler 2011).
Opioid receptors (OR) belong to the rhodopsin subfamily of GPCRs, and
three ORs (δ,  and µ) have been cloned from a number of different vertebrate
species. These receptors are localized mainly in the nervous system where they
mediate the pharmacological effects of opioid drugs and endogenous opioid
peptides. They have a central role in pain, analgesia, euphoria and dysphoria. In
the past, opioid receptor research has mainly focused on pharmacology, signaling
and genetic association studies relating to drug and alcohol addiction. However,
much less is known how cells process and regulate the ORs. The human µOR
(hOR) has several polymorphic variants, whereas the human OR (hδOR) has
only one in its coding region. In this polymorphic variant, Phe has been replaced
with Cys at the amino acid position 27 in the amino (N)-terminal domain of the
receptor.
After synthesis, the ORs, like other GPCRs, fold in the endoplasmic
reticulum, (ER) which contains elaborate ER quality control machinery that
includes molecular chaperones and folding factors. They assure that only
correctly folded receptors are able to leave the ER and reach the plasma
membrane. The misfolded receptors are retrotranslocated to the cytosol and are
degradated in proteasomes. GPCRs exist as homo- and heteromers and it has been
suggested that dimerization is part of the ER quality control. The ER-retained
misfolded receptors that are not permanently misfolded can be rescued by
pharmacological chaperones that are membrane-permeable receptor specific
ligands, antagonists or agonists.
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2

Review of the literature

2.1

G protein-coupled receptors

2.1.1 Classification
GPCRs are the largest membrane protein family in the human genome. To day
more than 800 members of the GPCR family have been identified and, in humans
they are encoded by more than 2% of the genes (Dorsam & Gutkind 2007).
GPCRs are classified in several ways. The most frequently used AF
classification covers all GPCRs in both vertebrates and invertebrates (Kolakowski
1994). On the other hand, Bockaert & Pin (1999) classified GPCRs into families
1–5 and the cyclic adenosine monophosphate family according to receptor
structure and ligand binding (Bockaert & Pin 1999). More recently, Fredriksson et
al. (2003) presented a classification system that divides human GPCRs into five
main families on the basis of phylogenetic criteria (Fig. 1) (Fredriksson et al.
2003). These are the rhodopsin, glutamate, adhesion, frizzled/taste2 and secretin
families.
The rhodopsin family, which corresponds to family A in the AF
classification, contains about 670 full-length human GPCRs and is the largest and
the most studied family (Gloriam et al. 2007). The structure of the rhodopsin
family members is described in Chapter 2.1.2. The family is subdivided into four
groups α, ,  and  (Fig. 1) (Fredriksson et al. 2003). The α-subgroup has five
main branches (Fredriksson et al. 2003). For example, dopamine and adrenergic
receptors (AR) belong to the amine receptor subgroup whereas melanocortin,
endothelial differentiation GPCRs, cannabinoid and adenosine receptors form
their own subgroup (Fredriksson et al. 2003). The -subgroup has no main
branches; gonadotropin-releasing hormone and arginine vasopressin receptors, for
example, belong to this subgroup (Fredriksson et al. 2003). The δ-subgroup is
divided into four main branches in which the olfactory receptors form the largest
receptor cluster (Fredriksson et al. 2003). The fourth rhodopsin family subgroup,
γ-group has three main branches (Fredriksson et al. 2003). ORs belong to the
SOG receptor cluster that consists of somatostatin, opioid, and G protein-coupled
receptors 7 and 8 (Fredriksson et al. 2003).
The adhesion receptor family (belongs to family B in the AF classification)
is the second largest GPCR family in humans (Fredriksson et al. 2003). It consists
19

of 33 members and is divided into three or four subgroups (Lagerström & Schiöth
2008). These receptors have a long N-terminus and bind ligands that are involved
in cell adhesions (Bjarnadottir et al. 2004). For example, the brain-specific
angiogenesis-inhibitory and the lectomedin receptors belong to this family
(Fredriksson et al. 2003).
The secretin family (belongs to family B in the AF classification) is divided
into four main subgroups and has 15 members (Fredriksson et al. 2003). They
bind peptide hormones and act in a paracrine manner (Fredriksson et al. 2003).
Members of this family are, e.g., the glucagon receptor, the growth hormonereleasing hormone receptor and the secretin receptor (Fredriksson et al. 2003).
The glutamate receptor family (belongs to family C in the AF classification)
consists of 22 members that bind ligands within their N-terminus (Lagerström &
Schiöth 2008). The members of the glutamate receptor family are metabotropic
glutamate, -aminobutyric acid, calcium sensing, sweet and umami taste receptors
(Lagerström & Schiöth 2008).
The frizzled/taste2 receptor family consists of two subgroups. The frizzled
receptor subgroup contains several frizzled receptors and the smoothened receptor
(Lagerström & Schiöth 2008). The taste2 receptor subgroup consists of several
receptors that function as bitter taste receptors (Lagerström & Schiöth 2008).
Altogether, there are about 20 members in the frizzled/taste2 receptor family
(Fredriksson et al. 2003, Gloriam et al. 2007).
The ligands for a large number of GPCRs are known, but there are still
numerous orphan GPCRs. These receptors may have a similar structure to
receptors with known ligands, but their endogenous ligands have not yet been
identified (Chung et al. 2008). For example, it is estimated that there are about 60
orphan receptors in the rhodopsin family (Lagerström & Schiöth 2008).
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Fig. 1. The phylogenetic tree of the human G protein-coupled receptors (GPCRs).
GPCRs are divided into five main families. The subgroups of the rhodopsin family are
presented. Abbreviations: MECA (includes melanocortin, endothelial differentiation,
cannabinoid and adenosine receptors), SOG (includes somatostatin, opioid and
galanin and RF-amide binding receptors) and MCH (melanin –concentrating hormone
receptor). Modified from Fredriksson et al. (2003).

2.1.2 Structure
Rhodopsin was the first GPCR for which the crystal structure was resolved
(Palczewski et al. 2000). Thereafter, the structures of other GPCRs have been
determined (Table 1). All GPCRs have the same basic structure in which seven
membrane-spanning helical domains are connected by three intracellular loops
(ICL) and three extracellular loops (ECL) (Fig. 2A) (Baldwin et al. 1997). The Nterminus is extracellular and the carboxy (C)-terminus is intracellular (Palczewski
et al. 2000). It has been shown that the TM domains are conserved among the
rhodopsin family GPCRs, whereas the ligand binding domains, the ECL and the
N- and C-termini are the most divergent (Rosenbaum et al. 2009). The TM
helices form a tightly packed helical bundle, in which the helices are organized
sequentially in a counterclockwise manner when they are viewed from the
extracellular side of the plasma membrane (Fig. 2B) (Baldwin et al. 1997). Pro
residues cause non-helical distortions to the helices (Palczewski et al. 2000).
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Table 1. Crystal structures of GPCRs. The receptors have been crystallized in the
presence of receptor-specific ligands. The different ligands are defined more
specifically in Chapter 2.1.3.
Receptor

Species

Ligand

Reference

Adenosine A2A

Human

Antagonist ZM241385

Jaakola et al. (2008)

β1-AR

Turkey

Antagonist cyanopindolol

Warne et al. (2008)

Inverse agonist carazolol

Moukhametzianov et al. (2011)

Agonists carmoterol and

Warne et al. (2011)

Isoproterenol
β2-AR

Human

Inverse agonist carazolol

Cherezov et al. (2007),

Agonist BI-167107

Rasmussen et al. (2011),

Inverse agonist timolol

Hanson et al. (2008)

Rasmussen et al. (2007)
Rosenbaum et al. (2011)
CXCR4

Human

Antagonist IT1

Wu et al. (2010)

Dopamine D3

Human

Antagonist eticlopride

Chien et al. (2010)

Histamine H1

Human

Antagonist doxepin

Shimamura et al. (2011)

Opsin

Bovine

Rhodopsin

Bovine

Inverse agonist 11-cis retinal

Palczewski et al. (2000), Li et al.

Park et al. (2008)
(2004), Okada et al. (2004),
Salom et al. (2006)

Rhodopsin

Squid

Inverse agonist 11-cis retinal

Murakami & Kouyama (2008)

Abbreviations: AR, adrenergic receptor; CXCR, Cys-X-Cys-chemokine receptor (X denotes any residue);
IT1, 1,3-dicyclohexyl-2-(3-methyl-6,6-dimethyl-5,6-dihydroimidazo[1,2-b]thiazole)-2-thiopseudourea;
ZM241385, (4-(2-[7-amino-2-(2-furyl)-[1,2,4]triazolo-[2,3-a][1,3,5]triazin-5-ylamino] ethyl)-phenol

The N-terminus of the rhodopsin family GPCRs usually contains N- and O-linked
glycans that are described in Chapter 2.3. Very little is known about the structure
of the N-terminal domain, although it is thought that the extracellular domains,
the N-terminus and the ECLs of rhodopsin family GPCRs take part in ligand
binding. Small ligands are thought to bind to the space that is created by TM
helices and large peptide ligands bind to the TM domains that are close to the
ECL domains (Ji et al. 1998, Gether 2000). In addition, it has been shown by
conformation sensitive antibodies that receptor activation causes conformational
changes in the N-terminus (Gupta et al. 2007). In the case of rhodopsin, the Nterminus forms a four-stranded  sheet with ECL2 that closes off the retinal
binding site (Palczewski et al. 2000). The fold is stabilized by a disulfide link
between ECL2 and TM3 and this disulfide bond is conserved among GPCRs
(Palczewski et al. 2000, Mirzadegan et al. 2003). However in the case of the βAR family, the N-terminus is disordered, which complicates the crystallization,
22

and thus no structural information is available (Cherezov et al. 2007, Hanson &
Stevens 2009). This also applies to other GPCRs, the structure of which has been
resolved (Jaakola et al. 2008, Chien et al. 2010, Wu et al. 2010, Shimamura et al.
2011).
ECL2 is the longest ECL domain and has an important role in ligand binding
and GPCR activation (Klco et al. 2005, Goldfeld et al. 2011). In the case of 1and 2-AR, intra- and inter-loop disulfide bonds stabilize a short -helix in ECL2
(Warne et al. 2008). Warne et al. (2008) suggested that this -helix is a common
structure for GPCRs that bind their ligands rapidly and reversibly (Warne et al.
2008). However, this structure has not been demonstrated for most of the
crystallized receptors, such as adenosine A2A, dopamine D3, histamine H1 or CysX-Cys-chemokine receptors (CXCR) 4 (X denotes any residue) (Jaakola et al.
2008, Chien et al. 2010, Wu et al. 2010, Shimamura et al. 2011).
The structural studies have shown that TMs 3, 5, 6 and 7 form the ligand
binding pocket for 1-AR, β2-AR and rhodopsin (Rosenbaum et al. 2009).
Activation of the receptor causes conformational changes that shift the TM
domains. For example, in the dark, rhodopsin consists of opsin and a covalently
bound inverse agonist 11-cis retinal (Hofmann et al. 2009). Light causes the
conversion of 11-cis retinal to the full agonist all-trans retinal and this activates
the receptor (Hofmann et al. 2009). Briefly, the inactive state of rhodopsin is
stabilized by an ionic lock located between TM3 and TM6. It has been shown that
the highly conserved Glu/Asp-Arg-Tyr motif has a key role in the formation of
the ionic lock. The Glu/Asp-Arg3.50-Tyr motif is located in the cytosolic part of
TM3 and Arg1353.50 forms hydrogen bonds with Glu1343.49 on TM3 and with
Glu2476.30 on TM6 (Vogel et al. 2008). [The superscripts refer to the BallesterosWeinstein numbering (Ballesteros & Weinstein 1995)]. When rhodopsin is
activated, the ionic lock breaks down, and the activation causes conformational
changes in the TM domains. The cytoplasmic end of TM6 moves 6 Å apart from
the center of the receptor and TM5 rotates slightly and moves 23 Å towards
TM6. This creates a deep crevice in the cytoplasmic side of rhodopsin, which
allows binding of the G protein subunit Gαt (Okada et al. 2004, Park et al. 2008).
It has been shown that the ligand binding pockets of 1-AR and β2-AR are
fairly similar to rhodopsin but are somewhat different from the adenosine A2A
receptor (Cherezov et al. 2007, Jaakola et al. 2008, Warne et al. 2008). There
does not appear to be any ionic lock in the case of the adenosine A2A, β2-AR and
histamine H1 receptors, although, the dopamine D3 receptor seems to have the
ionic lock (Rasmussen et al. 2007, Jaakola et al. 2008, Chien et al. 2010,
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Shimamura et al. 2011). The presence of the ionic lock is also controversial in the
case of β1-AR. The study by Warne et al. (2008) shows that 1-AR has no ionic
lock whereas the study by Moukhametzianov et al. (2011) shows that Arg1393.50
and Glu2856.30 form a salt bridge (Warne et al. 2008, Moukhametzianov et al.
2011). The receptor ligands used in the crystallization probably cause the
discrepancy between these two studies because the study by Moukhametzianov et
al. (2011) shows that two distinct conformations (straight and bent) at the
cytoplasmic end of TM6 depend on the ligand used (Moukhametzianov et al.
2011). In the straight conformation, the ionic lock was disrupted, whereas the
ionic lock existed in the bent conformation (Moukhametzianov et al. 2011).
The second ICL has an important role in G protein activation (Burstein et al.
1998). The structural studies have shown that the adenosine A2A receptor, 1-AR
and the dopamine D3 receptor have a short α-helix in ICL2 (Jaakola et al. 2008,
Warne et al. 2008, Chien et al. 2010). The Asp-Arg-Tyr sequence interacts with
the α-helix by forming a hydrogen bond between Asp1383.49 and Tyr149 in ICL2
of 1-AR. In the case of the adenosine A2A receptor, Asp1013.49 forms a hydrogen
bond with Thr412.39 and Tyr112 in ICL2 (Jaakola et al. 2008, Warne et al. 2008).
It has been suggested that the interaction between ICL2 and the Asp-Arg-Tyr
sequence could have an influence on the low basal activity of 1-AR and the
adenosine A2A receptor (Hanson & Stevens 2009).
In addition to the conserved Glu/Asp-Arg-Tyr motif in TM3, the rhodopsin
family GPCRs also have a highly conserved Asn-Pro7.50-X-X-Tyr-(X)5,6-Phe motif
(X is any amino acid) at the cytoplasmic end of TM7, which participates in
activation by forming a hydrogen bonding network between TM1, TM2 and TM7
(Mirzadegan et al. 2003, Li et al. 2004). In addition, GPCRs have a conserved
Cys-Trp-X-Pro6.50 motif that participates in receptor activation by forming a Prokink conformation on TM6 (Shi et al. 2002). Finally, all crystallized GPCRs,
except the CXCR4, have an eighth helix immediately after TM7, which lies
parallel to the plasma membrane (Fig. 2A) (Hofmann et al. 2009, Chien et al.
2010, Wu et al. 2010, Shimamura et al. 2011). This helix is stabilized by the Tyr(X)5,6-Phe motif. Palmitoylation may play a role in the orientation of the helix
with respect to the plasma membrane (Krishna et al. 2002).
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Fig. 2. The common structure of GPCRs (A). Transmembrane domains (TM),
extracellular loops (ECL) and intracellular loops (ICL) and the amino (N) and carboxy
(C)-termini are shown. The conserved disulfide bond (S-S) is located between TM3 and
ECL2. The C-terminus also contains a conserved -helical domain followed by
cysteines that are palmitoylated (zigzag line). TMs are organized sequentially in a
counterclockwise manner when viewed from the extracellular side of the plasma
membrane (B). Roman numerials represent the numbering of the seven TM helices.
Figures are modified from Gether (2000) and Warne et al. (2008).

2.1.3 Function
G proteins
GPCRs mediate extracellular stimuli to intracellular signaling cascades by
activating heterotrimeric G proteins. G proteins consist of three subunits: α,  and
 (Lambright et al. 1996). They have been named after their α-subunit and are
classified into four major families based on functional criteria and primary
sequence similarities: Gs, Gi/o, Gq/11 and G12/13 (Simon et al. 1991). So far,
over 20 Gα, 6 G and 12 G subunits have been characterized in mammals and
they are encoded by 16, 5 and 12 genes, respectively (Table 2). Some G protein
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subunits, e.g. Gs, Gi1, Gq and G11 are expressed ubiquitously, whereas some
G protein subunits have a restricted expression pattern. For example, G15/16 is
expressed only in hematopoietic cells and Gs-XL is expressed in neuroendocrine
cells (Strathmann & Simon 1990). The β and γ subunits form a tight structure that
can be separated only under denaturating conditions (Schmidt et al. 1992). Both α
and γ subunits are attached to the plasma membrane by lipid modifications. The α
subunits are either palmitoylated or myristoylated at the N-terminus, whereas the
γ subunits have either farnesyl or geranylgeranyl modifications at the C-terminus
(Lai et al. 1990, Linder et al. 1993, Yasuda et al. 1996).
Table 2. Subunits of the heterotrimeric G proteins in mammalian cells.
Subunit

Member

Reference

αs-S-A, αs-S-B, αs-L-A, αs-L-B, αs-XL, αolf, αXLolf

Bray et al. (1986), Wilkie et al. (1992),

α-subunit
Gαs

Kehlenbach et al. (1994),
Corradi et al. (2005)
Gαi/o

αi1, αi2, αi3, αoA, αo/B αz, αgust, αt-r, αt-c

Gαq/11

αq, α11, α14, α15/16

Gα12/13

α12, α13

Wilkie et al. (1992)

β-subunit

β1, β2, β3, β4, β5, β5L

Watson et al. (1994),

γ-subunit

γ1, γcone, γ2, γ3, γ4, γ5, γ7, γ8, γ10, γ11, γ12, γ13

Strathmann et al. (1990),
Wilkie et al. (1992)
Wilkie et al. (1992)

Watson et al. (1996)
Ray et al. (1995), Downes et al.
(1999), Kerr et al. (2008)

Activation
GPCR ligands are grouped into different classes according to the manner by
which they affect receptor conformation and stimulate G proteins and modulate
downstream effector proteins. Full agonists cause maximal receptor stimulation,
whereas partial agonists cause only a sub-maximal response even at saturating
concentrations (Violin & Lefkowitz 2007, Rosenbaum et al. 2009). Neutral
antagonists can prevent other ligands from binding to the receptor but they have
no direct effect on signaling (Rosenbaum et al. 2009). Inverse agonists stabilize
the inactive receptor conformation and block the effects of agonists and reduce
the basal and constitutive activity of receptors (Violin & Lefkowitz 2007,
Rosenbaum et al. 2009).
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In the classical signaling model, ligands regulate the activation of GPCRs,
which can be either in an inactive or active form. The activation of a GPCR by an
agonist leading to G protein activation and down-stream signaling is described in
Fig. 3. In the inactive state, the Gα subunit binds guanosine diphosphate (GDP)
and is bound to Gβγ. The binding of an agonist to the GPCR causes
conformational changes that activate G proteins, leading to an exchange of GDP
for guanosine triphosphate (GTP) and dissociation of the α subunit from the Gβγ
subunits. Both Gα and Gβγ can bind to a large variety of effectors and ion
channels. The hydrolysis of GTP to GDP by the intrinsic GTPase activity of the
Gα subunits terminates the signaling and leads to re-association of the inactive Gα
with the Gβγ subunits. The effectors continue signaling with a variety of second
messengers and activate down-stream signaling cascades. (Offermanns 2003,
Tuteja 2009)
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Fig. 3. GPCR activation by an agonist. In the basal inactive state, guanosine
diphosphate (GDP) is bound to Gα and the heterotrimeric G protein subunits (α, β and
γ) are associated with each other. When an agonist binds to the receptor, the
conformational changes lead to the replacement of G GDP with guanosine
triphosphate (GTP) and dissociation of Gα from Gβγ. Both Gα and Gβγ can activate
their own effectors that lead to signaling cascades. The signaling is terminated when
GTP is hydrolyzed to GDP by the intrinsic GTPase activity of G and finally Gα and
Gβγ reassociate. Lipid modifications attach both Gα and Gβγ to the plasma membrane.
Figure is modified from Offermanns (2003) and Tuteja (2009).

The most common GPCR effectors are adenylyl cyclase and phospholipase C
(PLC). The Gαs and Gi effector adenylyl cyclase converts ATP to the second
messenger cyclic adenosine monophosphate, which then activates protein kinase
A (PKA), whereas the Gαq/11 effector PLC hydrolyses phosphatidyl inositol 4,5
bisphosphate to inositol-1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol (Smrcka
et al. 1991, Ishikawa & Homcy 1997). IP3 mobilizes intracellular Ca2+ stores and
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diacylglycerol activates protein kinase C (PKC) (Rebecchi & Pentyala 2000).
Both PKA and PKC activate target proteins by phosphorylation (Rebecchi &
Pentyala 2000, Waltereit & Weller 2003).
Classically, the receptor-G protein coupling has been thought to occur
according to the collision coupling model, in which the receptors can diffuse
freely and contact a small number of effectors (Gross & Lohse 1991). In this
model, only the activated receptors interact with G proteins. This model has been
challenged by studies showing that both G proteins and GPCRs localize to
specialized plasma membrane domains known as caveolae (Chang et al. 1994, Li
et al. 1995). An alternative model has also been presented for G protein-receptor
coupling in vivo and in vitro. This model suggests that a G protein and a receptor
form a complex prior to agonist binding (Alves et al. 2003, Gales et al. 2006,
Audet et al. 2008). The receptor-G protein complex appears to exist already in the
ER and in the Golgi apparatus and the interaction continues at the plasma
membrane (Hasbi et al. 2007). It has been suggested that preassembly of a
receptor and a G protein increases the sensitivity and accelerates the signaling of
the receptor (Qin et al. 2011). Furthermore, bioluminescence resonance energy
transfer (BRET) studies using living cells have shown that several G protein αsubunits form stable complexes with adenylyl cyclase and the inwardly rectifying
K+ channel subunit before agonist activation (Rebois et al. 2006).
Desensitization and down-regulation
GPCR signaling is attenuated by desensitization and the function of the receptor
is controlled by phosphorylation of certain Ser and Thr residues in the
intracellular parts of the receptor (Bouvier et al. 1988). GPCRs have two
desensitization mechanisms, heterologous and homologous desensitization.
Heterologous desensitization is mediated by the second messenger kinases PKA
and PKC, which phosphorylate the target proteins (Benovic et al. 1985, Liang et
al. 1998). For example, dopamine D3 and purinergic P2Y1 receptors are
desensitized only by second messenger-dependent protein kinases (Hardy et al.
2005, Cho et al. 2007). Heterologous desensitization does not require activation
of the receptor by an agonist. For example, the agonist activated α1B-AR is able to
mediate the desensitization of the ligand free α2A-AR by activating PKA and PKC
that phosphorylate the latter (Liang et al. 1998). Some receptors such as β2-ARs,
parathyroid hormone and gastrin-releasing peptide receptors are desensitized both
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by second messenger kinase and G protein-coupled receptor kinase (GRK)
mechanisms (Hausdorff et al. 1989, Castro et al. 2002, Ally et al. 2003).
Homologous desensitization is mediated by GRK that phosphorylates
agonist-activated GPCRs, which thereafter bind to arrestins (visual arrestin, cone
arrestin, β-arrestin-1 and β-arrestin-2) (Shinohara et al. 1987, Attramadal et al.
1992, Sakuma et al. 1998). The β-arrestin forms a scaffold that recruits the
adaptor protein 2 and clathrins, and receptor endocytosis is mediated by the
GTPase dynamin that releases the clathrin coated pits from the plasma membrane
(Hanyaloglu & von Zastrow 2008). Clathrin coated pits consist of heavy and light
chain clathrin molecules and several accessory proteins (Wolfe & Trejo 2007).
Endocytosed receptors are either recycled back to the plasma membrane or are
targeted to lysosomes for degradation (Trejo & Coughlin 1999, Hanyaloglu &
von Zastrow 2008). Recycled receptors are dephosphorylated by intracellular
phosphatases and the receptor is again able to bind the ligand at the plasma
membrane (Marie et al. 2006). This process is called resensitization.
The targeting of receptors to lysosomes for degradation is called downregulation. Polyubiquitination mediates the targeting of some receptors to
lysosomal degradation. However, ubiquitination is not an absolute requirement
for lysosomal targeting (Henry et al. 2011). It is thought that ubiquitination occurs
at the plasma membrane where arrestins form a scaffold that recruits various
components of the ubiquitination machinery (Shenoy et al. 2001). Three enzymes
catalyze the conjugation of ubiquitin to lysine residues of the target protein. E1 is
a ubiquitin-activating enzyme, E2 is a ubiquitin-conjugating enzyme and E3 is
ubiquitin ligase that recognizes and interacts with the target (Marchese et al.
2008). Ubiquitinated receptors are targeted via early endosomes to lysosomes by
vesicles that are called multivesicular bodies (MVB). MVBs fuse with lysosomes,
which results in the degradation of proteins and lipids by hydrolysis in the acidic
interior of the lysosomes (Schröder et al. 2010). The endosomal sorting complex
required for the transport (ESCRT) machinery mediates the endosomal sorting of
ubiquitinated receptors, participates in the formation of MVBs and prevents
recycling and retrograde targeting (Marchese et al. 2008, Raiborg & Stenmark
2009).
G protein independent signaling
Several GPCRs can mediate mitogen activated protein kinase (MAPK) signaling
through a G protein independent pathway that is called -arrestin-dependent
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signaling. In this case, -arrestins form a scaffold that brings together different
MAPK signaling components (Luttrell & Gesty-Palmer 2010). A Src tyrosine
kinase dependent MAPK signaling route is also described that is independent of
either G protein or -arrestin (Sun et al. 2007). The agonist concentration has an
effect on the activation route. For example, in the case of 2-AR, a low agonist
concentration has been shown to lead to signaling through Gαs, which activates
the MAPK pathway, whereas a high concentration activates MAPK signaling by a
G protein independent, but a Src tyrosine kinase dependent route (Sun et al. 2007).
Several studies have shown that G protein independent signaling is slow in
comparison with G protein dependent signaling (Ahn et al. 2004, Gesty-Palmer et
al. 2006, Luttrell & Gesty-Palmer 2010).
2.2

Opioid receptors

2.2.1 Structure and expression in tissues and cells
The first cloned OR was the mouse δOR (mOR) from the mouse neuroblastoma
× rat glioma hybrid (NG108-15) cell line in 1992 (Evans et al. 1992, Kieffer et al.
1992). Since then, altogether three ORs have been cloned and characterized, OR,
OR and OR. These receptors are about 6070% identical in their amino acid
sequences (Reisine & Bell 1993, Minami & Satoh 1995, Zaki et al. 1996). The
TM and ICL domains are the most identical, whereas the N- and C-termini and
ECLs are the most divergent (Minami & Satoh 1995, Zaki et al. 1996). These
receptors carry Asn-linked N-glycans at the N-terminus and also have a conserved
disulfide bond between TM3 and ECL2 (Petäjä-Repo et al. 2000, Rader et al.
2004, Li et al. 2007, Ge et al. 2009). The amino acid sequence and Nglycosylation sites of hOR are shown in Fig. 4. ORs have been cloned from
various vertebrates and some invertebrates but most studies have been performed
using human, mouse and rat receptors (Waldhoer et al. 2004, Nieto-Fernandez et
al. 2009). In these species, each OR is about 90% identical in amino acid
sequence (Knapp et al. 1995). The genes encoding hORs are found on different
chromosomes; δOR on chromosome 1p34, µOR on 6q24 and OR on 8q11
(Befort et al. 1994, Wang et al. 1994, Yasuda et al. 1994). The mOR and rat OR
(rOR) localization has been widely studied by in situ hybridization,
immunohistochemical and radioligand binding techniques and by applying the
reverse transcriptase polymerase chain reaction (Mansour et al. 1987, Minami &
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Satoh 1995, Jongkamonwiwat et al. 2006, Mousa et al. 2010). ORs are expressed
in the central nervous system and dorsal root ganglia (DRG) and in a number of
cells that are presented in Table 3.
Table 3. Expression of opioid receptors (OR) in different tissues and cells.
Tissue

δOR

OR

µOR

Reference

Brain
Telencephalon

+

+

+

Diencephalon

+

+

+

Minami & Satoh (1995)
Minami & Satoh (1995)

Mesencephalon

+

+

+

Minami & Satoh (1995)

Metencephalon

+

+

+

Minami & Satoh (1995)

Myelencephalon

+

+

+

Minami & Satoh (1995)

Dorsal root ganglia

+

+

+

Minami & Satoh (1995)

Spinal cord

+

+

+

Minami & Satoh (1995)

+

+

Jejunum
Submucosal plexus

Bagnol et al. (1997),
Pol et al. (2001)

Myenteric plexus

+

+

Bagnol et al. (1997),
Pol et al. (2001)

Organ of Corti
Inner hair cells

+

+

+

Outer hair cells

+

-

+

Jongkamonwiwat et al. (2006)
Jongkamonwiwat et al. (2006)

Spiral ganglion cells

+

+

+

Jongkamonwiwat et al. (2006)

Nerve fibers

+

+

+

Jongkamonwiwat et al. (2006)

Pinealocyte

+

-

+

Phansuwan-Pujito et al. (2006)

Muscle satellite cells

+

+

-

Salemi et al. (2003)

T-cells

+

+

+

Gaveriaux et al. (1995), Börner

B-cells

+

+

+

Gaveriaux et al. (1995), Börner

Monocyte cells

+

+

+

Immune cells
et al. (2007)
et al. (2007)
Gaveriaux et al. (1995),
Chuang et al. (1995)
Spermatozoa

+

+

+

Agirregoitia et al. (2006)

Cell lines
NG108-15 cells

+

-

-

Kieffer et al. (1992)

SH-SY5Y cells

+

-

+

Kazmi & Mishra (1987)

The subcellular localization of endogenous ORs has been determined in several
studies. The ORs are found both pre- and postsynaptically in neurons (Zhang et al.
1998, Harris et al. 2004, Pennock & Hentges 2011). The µOR is located at the
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plasma membrane in the rat brain and DRG (Keith et al. 1998, Zhang et al. 1998).
In contrast, the localization of the endogenous δOR has remained controversial. A
wealth of evidence suggests that it is located mainly intracellularly and appears to
associate with the membrane of large dense-core vesicles (LDCV) in the DRG
neurons (Bao et al. 2003). A small number of δORs has been shown to be
transported to the plasma membrane constitutively via microvesicles (Zhang et al.
2006), and it has also been shown that protachykinin mediates the association
between δOR and LDCV by forming a physical interaction with the substance P
domain of protachykinin and the ICL3 domain of δOR (Guan et al. 2005). The
insertion of δORs into the plasma membrane appears to occur after stimulation
with opioid agonists or other chemicals, such as capsaicin or bradykinin (Bao et
al. 2003, Patwardhan et al. 2005, Walwyn et al. 2005). It has also been shown that
the targeting of δORs to the plasma membrane depends on Ca2+ influx and release
from intracellular stores (Bao et al. 2003). In contrast to these studies that
describe a predominantly intracellular location for OR, a study by Scherrer et al.
(2009) suggests that the enhanced green fluorescent protein (GFP)-tagged OR is
able to traffic to the plasma membrane constitutively and does not interact with
substance P (Scherrer et al. 2009). It has been suggested that the divergent results
can be explained by the different epitope tags added to the receptor. In contrast to
the GFP-tagged OR, the Myc (Glu-Gln-Lys-Leu-Ile-Ser-Glu-Glu-AspLeu) -tagged ORs showed a subcellular localization similar to that of
endogenous ORs (Wang et al. 2010). It has been also suggested that the GFP-tag
might interfere with the targeting of the receptor to LDCVs (Wang et al. 2010).
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Fig. 4. Snake plot diagram of the human δ opioid receptor (hδOR). Extracellular loops
(ECL) and intracellular loops (ICL) are indicated and the N-glycosylation sites are
marked at amino acid positions N18 and N33. Conserved amino acids among
rhodopsin family GPCRs are highlighted in dark gray and the conserved disulfide
bond is marked with a connecting line between the two Cys residues in TM3 and ECL2.
The polymorphic site is marked by an arrow and one palmitate chain is indicated by a
zigzag line (palmitoylation sites have not been identified). The amino acid sequence is
taken from a study by Simonin et al. (1994) and the TM domains were defined by the
Swiss-Prot database (Simonin et al. 1994, Kopp & Schwede 2004, Kiefer et al. 2009).
Amino acid abbreviations: A, alanine; R, arginine; N, asparagine; D, aspartic acid; C,
cysteine; Q, glutamine; E, glutamic acid; G, glycine; H, histidine; I, isoleucine; L,
leucine; K, lysine; M, methionine; F, phenylalanine; P, proline; S, serine; T, threonine;
W, tryptophan; Y, tyrosine and V, valine.

2.2.2 Opioid receptor variants
It has been estimated that 7075% of human genes produce alternatively spliced
variants that also create protein diversity for several GPCRs (Johnson et al. 2003,
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Xu et al. 2009). A number of splicing variants have been characterized for the
hOR, mOR and rµOR (Xu et al. 2009, Xu et al. 2011) and thus far 19 different
splicing variants of hµOR have been found (Shabalina et al. 2009). However,
only a few δOR and OR splicing variants have been characterized (Wei et al.
2004). It has been shown that alternative splicing can change the behavior of µOR.
For example, the alternatively spliced mµORs, MOR-1 and MOR-1C variants
show internalization differences (Abbadie & Pasternak 2001). In addition, it has
been demonstrated that alternative splicing of mµOR has an effect on morphine6β-glucuronide induced analgesia (Pan et al. 2009).
Single nucleotide polymorphisms (SNPs) create diversity for GPCRs as well.
SNPs may be located either in the non-coding regions or in the coding regions.
The latter are relatively rare (Mayer & Höllt 2001). The hµOR has several SNPs
in the coding area, which lead to amino acid changes (non-synonymous
substitutions) (Table 4). The hOR has a few SNPs in the coding area that do not
lead to amino acid changes (synonymous substitutions) and one non-synonymous
SNP (Table 4) (Yuferov et al. 2004). The hδOR has only one non-synonymous
SNP in the coding area, which substitutes Phe with Cys at amino acid position 27.
The Phe27 residue at position 27 in OR is conserved among mammals (Kieffer
et al. 1992, Fukuda et al. 1993). The allele frequency of the Cys variant
(hδORCys27) varies from 0 to 10% depending on the population studied (Gelernter
& Kranzler 2000, Sarajärvi et al. 2011). For example, 9% of European-Americans
have the Cys allele whereas Japanese do not have this variant at all (Gelernter &
Kranzler 2000). Interestingly, about 2% of Finns have been found to be
homozygous for the Cys allele and 20% are heterozygous (Sarajärvi et al. 2011).
The Phe27Cys polymorphism has been associated with substance dependence and
with acute thermal pain sensitivity (Kim et al. 2004, Zhang et al. 2008). In the
former study, the Cys variant was significantly associated with opioid dependence
and in the latter, the testees carrying the Cys27 allele had lower thermal pain
perception (Kim et al. 2004, Zhang et al. 2008). It has also been shown that
hORCys27 alters the processing of the amyloid precursor protein in a heterologous
expression system and might therefore have a role in Alzheimer´s disease
(Sarajärvi et al. 2011). The hOR also has a silent T921C polymorphism (Mayer
et al. 1997). This polymorphism has been linked to substance dependence but
other studies do not support this possibility (Mayer et al. 1997, Xu et al. 2002,
Zhang et al. 2010). In addition, there is a SNP (rs569356A/G) in the promoter
area of hOR which alters the promoter activity of the OR gene OPRD1 (Zhang
et al. 2010).
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Table 4. Single nucleotide polymorphisms of hORs that are located in the coding
regions and cause non-synonymous substitutions.
Receptor
hδOR

Nucleotide

Amino acid

exchange

exchange

T80G

Phe27Cys

Allele frequency
0–10%

Reference
Gelernter & Kranzler (2000),
Sarajärvi et al. (2011)

hOR

C508T

Arg169Cys

rare

hµOR

A118G

Asn40Asp

10–16%

Yuferov et al. (2004)
Bergen et al. (1997)

C17T

Ala6Val

1.5–22%

Bergen et al. (1997)

C440G

Ser147Cys

rare

Bergen et al. (1997)

A454G

Asn152Asp

rare

Hoehe et al. (2000)

G779A

Arg260His

rare

Bond et al. (1998)

G794A

Arg265His

rare

Hoehe et al. (2000)

T802C

Ser268Pro

rare

Hoehe et al. (2000)

Abbreviations: A, adenine; Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartate; C, cytosine; Cys,
cysteine; G, guanine; His, histidine; hOR, human opioid receptor; Pro, proline; Ser, serine; T, thymine

2.2.3 Opioid ligands and receptor function
Endogenous opioid peptides and exogenous opioid drugs activate ORs. The
endogenous opioid peptides are mainly derived from pro-enkephalin, proopiomelanocortin and pro-dynorphin (Table 5) (Corbett et al. 2006). In addition,
endomorphines have been also found in tissues but there are doubts about their
origin (Zadina et al. 1997, Corbett et al. 2006). The exogenous opioid drugs
include several receptor selective and non-selective alkaloid and peptide agonists
and antagonists, of which the µOR alkaloid agonist morphine is the most studied.
Table 5. Examples of endogenous opioid peptides that derive from opioid precursor
peptides (Dhawan et al. 1996, Corbett et al. 2006).
Receptor

Precursor peptide

Endogenous opioid peptide

δOR

Pro-enkephalin

[Met]-enkephalin

κOR

Prodynorphin

Dynorphin A

μOR

Pro-opiomelanocortin

β-endorphin

[Leu]-enkephalin
Dynorphin B
Abbreviations: [Met]-enkephalin, Tyr-Gly-Gly-Phe-Met; [Leu]-enkephalin, Tyr-Gly-Gly-Phe-Leu; Dynorphin
A, Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln; Dynorphin B, Tyr-Gly-GlyPhe-Leu-Arg-Arg-Gln-Phe-Lys-Val-Val-Thr-Arg-Ser-Gln-Glu-Asp-Pro-Asn-Ala-Tyr-Glu-Glu-Leu-Phe-AspVal; OR, opioid receptor; β-endorphin, Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-Leu-ValThr-Leu-Phe-Lys-Asn-Ala-Ile-Ile-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu
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ORs have a major role in mediating pain control but their activation also produces
a number of other biological effects that are listed in Table 6.
Table 6. Examples of effects that are mediated by OR activation.
Effect

Receptor

Analgesia

μOR

Reference
Perlikowska et al. (2010)

Anxiety

δOR

Perrine et al. (2006)

Dysphoria

δOR, κOR and μOR

Greenwald & Stitzer (1998)

Euphoria

μOR

Mani et al. (2006)

Feeding

μOR

Obese et al. (2007)

Hormone release

κOR and μOR

Tavakoli-Nezhad & Arbogast
(2010)

Inhibition of gastrointestinal transit δOR and μOR

Tavani et al. (1990)

Immunosuppression

κOR, μOR

Börner et al. (2009)

Respiratory depression

μOR

Kamei et al. (2011)

ORs couple mainly to Gαi/o and their signaling can be blocked by pertussis toxin
that adenosine diphosphate-ribosylates and inactivates the Gα subunits of G
proteins. It has been shown that all three ORs inhibit voltage-gated Ca2+ channels
(L, N and P/Q-types) and the inhibition is mediated mainly by the subunits Gαi
and Gαo (Rhim & Miller 1994, Tang et al. 1995, Piros et al. 1996, Rusin et al.
1997, Wu et al. 2004, Yoshii et al. 2004). In addition, ORs activate inwardly
rectifying K+ channels (Ma et al. 1995). A decrease in Ca2+ current and an
increase in K+ current lead to hyperpolarization and presynaptic inhibition in the
nervous system (Ma et al. 1995). Generally, it is thought that activation of ORs
inhibits adenylyl cyclase activity, which is mediated by Gαi and Gαo and in the
case of OR by Gαz, (Prather et al. 1994, Lai et al. 1995, Murthy & Makhlouf
1996). Interestingly, in contradiction to the classical point of view, several studies
indicate that δOR and µOR can also activate adenylyl cyclases (Chan et al. 1995,
Olianas & Onali 1995, Tsu et al. 1995). It has been suggested that the activation is
mediated by Gαz or by δOR2, the receptor subtype that is probably the δOR-µOR
heteromer (Chan et al. 1995, Olianas & Onali 1995, Levac et al. 2002). Recently
it was also shown that µOR can couple to Gαs in lipid raft caveolae, which can
explain the activation of adenylyl cyclase (Chakrabarti et al. 2010). In addition,
the alternatively spliced hµOR has been shown to couple to Gαs (Gris et al. 2010).
Finally, ORs have been shown to activate PLCβ by the Gβγ subunit (Murthy &
Makhlouf 1996).
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Three MAPK signaling cascades: extracellular signal-related kinase
(ERK1/2), c-Jun N-terminal kinases and p38 MAPK, have also been suggested to
mediate the effects of agonist-activated ORs. Especially, ERK1/2 is the most
studied opioid-induced MAPK signaling cascade (Bruchas & Chavkin 2010). For
example, ERK 1/2 has been shown to mediate withdrawal symptoms and
morphine tolerance (Macey et al. 2009, Li et al. 2010). In most studies, ERK 1/2
signaling is mediated by Gβγ that binds to the effector phosphatidylinositol 3kinase, which then activates several downstream proteins: e.g. PKC, epidermal
growth factor receptor, Src kinases, Cdc42 and son-of-sevenless (Kam et al. 2004,
Belcheva et al. 2005, Cao et al. 2005). In addition, it has been shown that OR
activates ERK 1/2 and p38 MAPK by a G protein independent signaling pathway,
which requires β-arrestin and GRK3 (Bruchas et al. 2006, McLennan et al. 2008).
A study by Mc Lennan et al. (2008) has shown that both G protein dependent and
β-arrestin dependent mechanisms co-exist in cells that express OR (McLennan
et al. 2008). It has also been suggested that the effectors that mediate the signal
transduction routes leading to the activation of MAPK are dependent on the cell
type studied (Cao et al. 2005). The MAPK are eventually translocated to the
nucleus where they phosphorylate transcription factors (Chen et al. 1992).
2.2.4 Pharmacological subtypes
Although only three OR subtypes have been identified, the characterization of
ORs by ligand binding assays has suggested that there could be several δ, µ and 
subtypes in the central nervous system. For example, it has been shown
pharmacologically that δOR has two subtypes, δ1 and δ2 that bind preferentially to
different OR specific agonists. The δ1 preferentially binds DPDPE (cyclic[Dpen2,D-Pen5]enkephalin) and the δ2 subtype DSLET (Tyr-D-Ser-Gly-Phe-Leu-Thr)
and [D-Ala2] deltorphin II (Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NH2) (Mattia et al.
1991, Sofuoglu et al. 1991). The µORs have also been divided into subtypes µ1
and µ2. Morphine and enkephalins bind to the µ1 subtype with high affinity and
enkephalins bind to µ2 with lower affinity (Pasternak & Wood 1986). The ORs
have been divided into three subtypes 1, 2 and 3, and the first two are further
subdivided into two groups; 1a, 1b, 2a and 2b based on differences that have
been seen in ligand binding assays (Clark et al. 1989, Rothman et al. 1992,
Rothman et al. 1993). In spite of the various subtypes, only one gene for each OR
has been found, which has also been revealed in receptor knock-out studies (Sora
et al. 1997, Loh et al. 1998, Nitsche et al. 2002). Dimerization of ORs, which will
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be discussed in more detail in Chapter 2.4., can explain the different subtypes. It
has been suggested that the δ2 subtype corresponds to the δOR-µOR heteromer
(Porreca et al. 1992, Fan et al. 2005b), but reports contradicting this notion have
also been published. For example, Gomes et al. (2000) have shown that the δORµOR heteromer is able to bind both δ1 and δ2 specific ligands (Gomes et al. 2000).
In addition, a knockout study has revealed that the δOR-µOR heteromer could
represent the δ1 subtype and the δ2 subtype could be the δOR homomer (van Rijn
& Whistler 2009). In the case of OR, it has been shown that the 2 subtype is the
δOR-OR heteromer (Jordan & Devi 1999). Alternative splicing of the OR genes
has also been suggested as a mechanism to produce different OR subtypes (Pan et
al. 2005).
2.2.5 Desensitization and internalization
Agonist binding to the ORs causes dissociation of the G protein subunits Gαi/o
and Gβγ. In the cytoplasm, Gβγ subunits bind to GRKs and relocate them to the
plasma membrane and then the GRKs phosphorylate several Thr and Ser residues
in the receptor ICLs and the C-terminus (Pak et al. 1997, Kouhen et al. 2000,
Wang 2000, McLaughlin et al. 2003). Especially GRKs 2, 3 and 5 have been
shown to phosphorylate ORs. Both β-arrestin 1 and 2 bind to the phosphorylated
ORs and this blocks the binding of G proteins to the receptors and leads to their
desensitization (Cen et al. 2001, Bohn et al. 2004, Sterne-Marr et al. 2004). It has
also been shown that OR desensitization does not necessarily require -arrestin
binding (Chu et al. 2008).
The fate of the internalized receptors is not identical for the three OR
subtypes. After internalization, OR is recycled back to the plasma membrane,
whereas ORs are targeted for degradation in lysosomes (Wang et al. 2003). The
OR is either recycled or targeted to degradation (Li et al. 2002, Li et al. 2008).
Both OR and OR contain the recycling sequences Leu-Glu-Asn-Leu-Ala-Glu
and Asn-Lys-Pro-Val in their C-termini, respectively (Li et al. 2002, Tanowitz &
von Zastrow 2003). Table 7 lists proteins that have been shown to interact with
ORs and are involved their trafficking. A few studies have also demonstrated that
δORs are recycled, but whether they are recycled or targeted to lysosomes
appears to depend on the selectivity of the agonist, cellular model and treatment
time with the agonist (Hasbi et al. 2000, Tsao & von Zastrow 2000, Marie et al.
2003). Polyubiquitination mediates the targeting of ORs to lysosomal
degradation whereas δORs are targeted to lysosomes via MVBs, which requires
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ESCRT components but not ubiquitination (Tanowitz & Von Zastrow 2002, Li et
al. 2008, Henry et al. 2011). The G protein-coupled receptor-associated sorting
protein (GASP) and sorting nexin 1 bind to non-ubiquitinated δORs and direct
them to lysosomal degradation (Whistler et al. 2002, Heydorn et al. 2004). It has
also been assumed that a cytoplasmic protein, dysbinding, could mediate the
internalization of δORs by ESCRT (Marley & von Zastrow 2010). GASP is also
shown to bind to a mutant OR that is not able to recycle and directs it to
degradation (Thompson et al. 2007).
Table 7. Proteins that interact with ORs in either recycling or lysosomal targeting
pathways.
Receptor

Interacting protein

Route

Reference

κOR

NHERF-2/EBP50

Recycling

Li et al. (2002)

μOR

Filamin A

Recycling

Onoprishvili et al. (2003)

μOR

Membrane glycoprotein M6a

Recycling

Liang et al. (2008)

µOR

Synaptophysin

Recycling

Liang et al. (2007)

δOR

NSF

Recycling

Heydorn et al. (2004)

δOR

GASP

Degradation

Whistler et al. (2002)

δOR

SNX1

Degradation

Heydorn et al. (2004)

Abbreviations: GASP, G protein-coupled receptor-associated sorting protein; NHERF-2/EBP50, Ezrinradixin-moesin-binding phosphoprotein-50/Na+/H+ exchange regulatory factor; NSF, N-ethylmaleimidesensitive factor; OR, opioid receptor; SNX1, sorting nexin 1

2.3

Transport of proteins from the ER to the plasma membrane

2.3.1 Protein folding and quality control in the ER
Membrane proteins like GPCRs are synthesized cotranslationally in the
membrane-bound ribosomes that are attached to the ER membrane. Most of the
GPCRs do not have a signal sequence at the N-terminus, but the first TM domain
is suggested to function as a targeting sequence (Friedlander & Blobel 1985,
Wallin & von Heijne 1995). At the ER membrane, the Sec61αβγ heteromeric
complex forms a proteinaceous channel, a translocon that interacts with
ribosomes and through which the nascent polypeptide chain is cotranslationally
inserted into the ER (Hebert & Molinari 2007, Kalies et al. 2008).
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Molecular chaperones in the ER
The ER is very crowded and it has been estimated to contain 100 mg proteins/ml
(Hebert & Molinari 2007). Protein folding depends on numerous ER resident
proteins that locate in the lumen or in the membrane of the ER and function as
either molecular chaperones or folding factors. For example, the binding
immunoglobulin protein (BiP)/glucose-regulated protein 78 binds to the
hydrophobic backbone of proteins and is thought to be the main regulator in the
ER (Matlack et al. 1999). BiP seals the luminal side of the translocon, facilitates
translocation, participates in protein folding and oligomerization, regulates
aggregation of proteins, influences Ca2+ homeostasis and participates in the
transfer of misfolded proteins into the cytosol and ER associated degradation
(ERAD) (Hebert & Molinari 2007). The ER-localized DnaJ (ERdj) proteins 1–5
have been shown to be cofactors for BiP (Shen & Hendershot 2005). Members of
the peptidyl-prolyl cis-trans isomerase family catalyze cis/trans isomerization of
peptide bonds in proteins, whereas most of the protein disulfide isomerase (PDI)
family members participate in disulfide bond formation by oxidizing, reducing
and isomerizing their substrates (Lang et al. 1987, Hatahet & Ruddock 2007,
Hebert & Molinari 2007). In addition, PDI acts as a molecular chaperone by
preventing the aggregation of proteins that do not contain cysteines (Song &
Wang 1995).
Protein N-glycosylation and the calnexin/calreticulin cycle
A majority of proteins that are synthesized in the ER are glycoproteins (Deprez et
al. 2005). N-glycosylation has an important role in the general ER quality control.
It takes place cotranslationally and starts when the oligosaccharyl transferase
recognizes a consensus sequence of N-glycosylation (Asn-X-Ser/Thr, in which X
is any amino acid except Pro) in a nascent polypeptide (Hebert & Molinari 2007).
The N-glycosylation and the calnexin/calreticulin cycle are shown in Fig. 5. The
oligosaccharyl
transferase
transfers
the
preassembled
glycan
(Nacetylglucosamine2-mannose9-glucose3) from a lipid pyrophosphate donor,
dolichol to the consensus site of the target (Parodi et al. 1972). After that,
glucosidases I and II rapidly trim two terminal glucoses creating a
monoglucosylated glycan that is recognized by the lectin chaperones calnexin and
calreticulin. Calnexin is located in the ER membrane and has a single
carbohydrate binding domain in its C-terminus (Wada et al. 1991, Schrag et al.
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2001). Calreticulin is a soluble luminal protein that is homologous to calnexin
(Spiro et al. 1996). Several other molecular chaperones have been shown to
interact with calnexin and calreticulin. For example, ER protein (ERp) 57, a
member of the PDI family, has a role in the quality control of glycoproteins by
associating with the lectin chaperones calnexin and calreticulin (Oliver et al.
1999). Cyclophilin B, a member of the peptidyl-prolyl cis-trans isomerase family,
has also recently been shown to interact with calnexin and calreticulin (Kozlov et
al. 2010). Glucosidase II mediates the release of the target protein from the
calnexin and calreticulin cycle by removing the third glucose. This creates
unglucosylated substrates that do not bind to the lectin chaperones (Hebert &
Molinari 2007). Uridine diphosphate-glucose:glycoprotein glucosyltranferase (GT)
is a regulator of the calnexin/calreticulin cycle. It recognizes misfolded or
partially folded proteins that have exposed hydrophobic amino-acid clusters and
molten globule-like conformations (Caramelo et al. 2003). GT reglucosylates the
target proteins and then calnexin and calreticulin can bind again to the
monoglucosylated protein (Hebert & Molinari 2007). The glucosylation and
deglucosylation of the substrate proteins in the calnexin/calreticulin cycle by GT
and glucosidase II continue as long as the target protein achieves the fully folded
state. Interestingly, it has been suggested that demannosylation of mis/slowfolded glycoproteins by ER -1,2-mannosidase I also regulates the
calnexin/calreticulin cycle by slowing the activity of glucosidase II (Stigliano et
al. 2011). The properly folded proteins are packed in transport vesicles that leave
the ER and then they are transported through the Golgi apparatus to the plasma
membrane (Hebert & Molinari 2007).
Most GPCRs contain several consensus sites for N-glycosylation, which
makes them ideal targets for the ER glycoprotein quality control (LandoltMarticorena & Reithmeier 1994). The role of N-glycosylation of GPCRs is
elusive. It has been reported that some GPCRs, like angiotensin II AT1a and
follicle stimulating hormone receptors require N-glycosylation for their plasma
membrane expression (Davis et al. 1995, Deslauriers et al. 1999). However, Nglycosylation is not an absolute requirement for trafficking to the plasma
membrane as is the cases for hδOR and the neuropeptide S receptor: destruction
of the N-glycosylation sites enhances the plasma membrane expression of these
receptors (Markkanen & Petäjä-Repo 2008, Clark et al. 2010).
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Fig. 5. Protein

N-glycosylation

in

the

endoplasmic

reticulum

(ER)

and

the

calnexin/calreticulin cycle. Only glycans are shown in the figure. The oligosaccharyl
transferase transfers the preassembled glycan (N-acetylglucosamine2-mannose9glucose3) from a lipid pyrophosphate donor, dolichol to the Asn-X-Ser/Thr consensus
site (X is any amino acid except Pro). N-acetylglucosamine is marked as square.
Glucosidase I and II trim glucoses (triangle) creating a monoglucosylated glycan that
is recognized by calnexin (CNX) and calreticulin (CRT). Glucosidase II releases the
folded protein from the calnexin/calreticulin cycle by removing the third glucose.
Uridine

diphosphate-glucose:glycoprotein

glucosyltransferase

(GT)

recognizes

misfolded or partially folded proteins and reglucosylates them. The folded proteins
are released from the calnexin/calreticulin cycle and are transported through the Golgi
apparatus to the plasma membrane. ER α-1,2-mannosidase I removes the mannose
(circle) residues from the misfolded proteins that are targeted to ER associated
degradation (ERAD). Modified from Hebert & Molinari (2007).
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2.3.2 N-glycosylation and O-glycosylation in the Golgi apparatus
N-glycosylation is completed in the Golgi apparatus. The glycoproteins are first
modified by Golgi mannosidases. Then N-acetylglucosamine is added, and finally
the glycans are galactosylated, fucosylated and sialylated (Milland et al. 2001,
Roth 2002). Sialylation occurs in the trans-Golgi network (Roth 2002). It has
been shown that the final processing of hδOR takes place in the trans-Golgi
network and the N-glycans are of the complex-type after the receptor leaves the
Golgi apparatus (Petäjä-Repo et al. 2000).
O-glycosylation is initiated by transferring N-acetyl-galactosamine (GalNAc)
to a Ser or Thr residues of the target protein by the enzyme uridine diphosphateGalNAc:polypeptide N-acetylgalactosaminyltransferase (Wopereis et al. 2006).
Subsequently, other glycosyltransferases add single monosaccharides to the
glycans creating various structures (Wopereis et al. 2006). It has been shown that
hδOR has mucin-type O-glycans, which contain galactose and sialic acids (PetäjäRepo et al. 2000). Investigation of the O-glycosylation is challenging because no
common consensus sequence or common structures have been determined
(Wopereis et al. 2006). O-glycosylation can begin in the ER but for hδOR it has
been shown that it starts after the receptor has left the ER and the final processing
occurs in the trans-Golgi cisternae (Petäjä-Repo et al. 2000). KOR is both N- and
O-glycosylated and µOR also contains N-linked glycans (Li et al. 2007, Ge et al.
2009). However, O-glycosylation of the µOR has not yet been shown.
2.3.3 Transport of GPCRs from the ER to the plasma membrane
The folded proteins leave the ER at ER exit sites where the coatomer protein
(COP) II forms vesicles that, traffic via the ER-Golgi intermediate compartment
and attach to the cis face of the Golgi apparatus (Ellgaard & Helenius 2003). The
COPII coat consists of the heterotrimeric protein complexes Sec23-Sec24 and
Sec31-Sec13 and the small GTPase Sar1, which anchors the vesicle to the
membrane and participates in membrane budding (Jensen & Schekman 2011).
The SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein
receptor) proteins mediate the fusion of the COPII vesicle with the cis-Golgi
(Jahn & Scheller 2006). The targeting of GPCRs to the plasma membrane is a
highly regulated process. GPCRs have several motifs in the N- and C-termini,
which have been suggested to have a role in export from the ER or the Golgi
apparatus (Duvernay et al. 2005). Some of these motifs are highly conserved in
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GPCRs, like Phe-(X)6-Leu-Leu and Asn-X-Ser/Thr, whereas some of them are
specific for certain GPCRs, like the Lys/Arg-(X)4-Lys/Arg-X-Lys/Arg sequence
of the prostacyclin receptor (Duvernay et al. 2004, Donnellan et al. 2011). In
addition, several proteins control the trafficking of GPCRs to the plasma
membrane. These proteins can enhance receptor targeting to the plasma
membrane e.g. protachykinin for the OR, GEC-1 (glandular epithelial cell
protein 1) for the OR, ribophorin I for the OR and receptor transport protein 4
for the OR-OR heteromer (Guan et al. 2005, Chen et al. 2006, Decaillot et al.
2008, Ge et al. 2009). Some of the interacting proteins can prevent receptors from
reaching the plasma membrane, e.g. homer1 b for the metabotropic glutamate
receptor 1a and neurofilament M for the dopamine D1 receptor (Roche et al. 1999,
Kim et al. 2002). Finally, GPCRs are transported from the Golgi apparatus to the
trans-Golgi network and then to the plasma membrane (Dong et al. 2007). This
takes only 10 min for δOR in human embryonic kidney (HEK) cells (Petäjä-Repo
et al. 2000).
2.3.4 ER associated degradation and the unfolded protein response
Terminally misfolded or incompletely folded receptors are retrotranslocated into
the cytosol in a process that is called ERAD. Misfolded glycoproteins are targeted
for ERAD by removing mannose residues from the N-glycans by the ER α-1,2mannosidase I (Fig. 5) (Tremblay & Herscovics 1999, Hosokawa et al. 2003),
leading to the mannose5-7-N-acetylglucosamine2 glycan structure (Avezov et al.
2008). It has been shown that the ER degradation enhancing α-mannosidase-like
proteins (EDEM), BiP and ERdj5 form a functional ERAD complex (Ushioda et
al. 2008). For example, EDEM 1 is suggested to be a connection between the
calnexin/calreticulin cycle and ERAD by escorting the ERAD substrates out of
the calnexin/calreticulin cycle (Molinari et al. 2003). The precise mechanism,
however, has not been clarified. For mammals, three EDEM proteins have been
characterized in the ER (Hebert & Molinari 2007). EDEM 1 and EDEM3 have
been shown to demannosylate ERAD substrates and these proteins also accelerate
ERAD (Hirao et al. 2006, Olivari et al. 2006). EDEM2 does not have α-1,2mannosidase activity, but it has been shown that overexpression of EDEM2
accelerates ERAD (Mast et al. 2005, Olivari et al. 2005). EDEM1 acts as a
molecular chaperone by inhibiting the formation of covalent aggregates or
disulfide bonded dimers (Hosokawa et al. 2006, Olivari et al. 2006). EDEM1
levels are upregulated by the inositol-requiring kinase (IRE) 1/X-box-binding
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protein 1 protein, which is an unfolded protein response (UPR) target gene
(Yoshida et al. 2003). This would indicate that EDEM proteins act under UPR
stress, whereas ER α-1,2-mannosidase I would act more in the typical ER quality
control (Kanehara et al. 2007). PDI has also been shown to interact with BiP
before retrotranslocation of misfolded substrate proteins (Molinari et al. 2002).
The possible role of ERdj5 and PDI is to reduce disulfide bonds of their ER
substrates before retrotranslocation so that the misfolded proteins are able to fit
into the retrotranslocation channel (Ushioda et al. 2008).
In retrotranslocation, ER chaperones recognize the ERAD substrates and they
are partially translocated through the translocon (Tsai & Weissman 2011). Then
the proteins are polyubiquitinated by the ubiquitin ligase E3 in the cytosol.
Several mammalian ubiquitin ligases have been found (Kostova et al. 2007). For
example, one of them, gp78 is an ER membrane protein with its ligase activity
located on its cytoplasmic side (Tsai & Weissman 2011). It is known to interact
with ER chaperones (Tsai & Weissman 2011). Ubiquitination also involves the
enzymes E1 and E2, which were described in Chapter 2.1.3. Ubiquitinated
proteins are completely retrotranslocated through Sec61 or Derlin-1 by the help of
AAA-ATPases, p97/valosin-containing protein and the ATPases of the
proteasome (Meusser et al. 2005, Ye et al. 2005, Schäfer & Wolf 2009). For
example, intracellularly retained human vasopressin V2 receptors are
retrotranslocated via the Derlin-1 mediated ERAD pathway (Schwieger et al.
2008). However, the ER retained hδOR precursors are retrotranslocated into the
cytosol through the Sec61 translocon (Petäjä-Repo et al. 2001). In addition, it is
also shown that before the proteins are degraded by the 26S proteasome, they are
deglycosylated and deubiquitinated (Kim et al. 2006, Wang et al. 2006).
Accumulation of unfolded or misfolded proteins in the ER causes cellular
stress conditions that trigger signaling cascades known as UPR. UPR signaling is
mediated by three sensor proteins: the activating transcription factor 6, IRE and
the PKR-related ER kinase (Wang et al. 1998, Yoshida et al. 1998, Harding et al.
2000). All these proteins are activated by BiP, which binds to the luminal domain
of the sensor proteins under non-stressed conditions (Bertolotti et al. 2000, Shen
et al. 2002). When unfolded proteins accumulate in the ER, BiP is released from
the activating transcription factor 6, IRE1 and PKR-related ER kinase and each of
these proteins participates in the activation of gene transcription in the nucleus
(Malhotra & Kaufman 2007). For example, IRE1/X-box-binding protein 1
regulates the transcription of genes that encode the ER proteins EDEM, ERdj4,
HEDJ (human ER-associated DNAJ), p58IPK, PDI-P5 and the receptor-activity46

modifying protein 4 (Lee et al. 2003). All these proteins are involved in protein
folding and degradation in the ER and they either enhance the folding or
degradation of the misfolded proteins (Lee et al. 2003).
2.3.5 Palmitoylation is a post-translational modification
Palmitoylation is a highly dynamic post-translational lipid modification that
involves attachment of the 16-carbon saturated palmitate to a Cys residue by an
acyl-thioester bond at the C-terminus of GPCRs. In addition, some receptors have
been shown to be palmitoylated in the ICL domains e.g., OR and vasopressin
V1a (Chen et al. 1998, Hawtin et al. 2001). Proteins are palmitoylated in the ERGolgi intermediate compartment and at the plasma membrane (Hobman et al.
1992, Petäjä-Repo et al. 2006). Palmitoylation has been shown to have an
important role in the plasma membrane expression of GPCRs. Inhibition of hOR
palmitoylation decreases the amount of plasma membrane receptors (Petäjä-Repo
et al. 2006). Similarly, mutations of the palmitoylation sites have been shown to
lead to decreased plasma membrane expression of some GPCRs, such as
histamine H2 receptor and Cys-Cys-chemokine receptor 5 (Fukushima et al. 2001,
Percherancier et al. 2001). Palmitoylation also regulates receptor function, such
as signaling, internalization and down-regulation (Qanbar & Bouvier 2003).
Importantly, the palmitate turnover can be regulated by agonist activation of the
receptor. For example, activation of 2A-AR appears to increase palmitate
turnover, whereas treatment of the vasopressin V2 receptor with vasopressin
decreases palmitate turnover (Kennedy & Limbird 1994, Sadeghi et al. 1997).
Moreover, in the case of hOR, agonist treatment increases the palmitate turnover
at the plasma membrane (Petäjä-Repo et al. 2006). However, receptor
internalization or recycling of the internalized receptors was not found to be
necessary for the palmitate turnover (Petäjä-Repo et al. 2006).
2.4

Oligomerization of GPCRs

GPCRs were originally expected to exist as monomers but now it is assumed that
they also function as homo- and heteromeric entities. Most GPCRs are thought to
exist as dimers but they have also been shown to form higher order oligomers
(Guo et al. 2008, McMillin et al. 2011). Receptor homomers consist of two or
more identical receptors and receptor heteromers consist of at least two different
receptor units (Ferre et al. 2009). All ORs have been shown to form homomers
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(Cvejic & Devi 1997, Li-Wei et al. 2002, Wang et al. 2005). They also form
heteromers with each other and also with a few other GPCRs (Table 8). TM4 and
TM5 have been suggested to participate in oligomerization of GPCRs and
homomerization of ORs (Kota et al. 2006, Provasi et al. 2010, Johnston et al.
2011). In addition, TM6 has been shown to be involved in heteromerization
between OR and OR (Filizola et al. 2002). It is also assumed that TM1, TM2
and TM3 would participate in the formation of oligomeric structures, especially in
the case of higher order oligomers (Dean et al. 2001, Liang et al. 2003).
Dimerization of GPCRs occurs constitutively but ligands can change the
conformation of the preformed oligomers, (Terrillon et al. 2003, Percherancier et
al. 2005, Mandrika et al. 2010). Heteromerization has been shown to affect
receptor plasma membrane targeting, ligand binding, signal transduction and
internalization. Importantly, the existence of OR-OR and OR-OR heteromers
has also been shown in vivo (Gomes et al. 2004, Waldhoer et al. 2005, Gupta et al.
2010). For example, a heteromer-selective agonist was used to demonstrate that
OR-OR heteromers exist in the mouse spinal cord (Waldhoer et al. 2005). In
addition, a OR-OR heteromer-selective antibody was used to detect heteromers
in the mouse brain (Gupta et al. 2010). Interestingly, the heteromerization of OR
and OR appears to enhance morphine-mediated analgesia in mice (Gomes et al.
2004).
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Table 8. Heteromerization between ORs and other GPCRs.
Receptor pair

Reference

δOR
α1A-AR

Ramsay et al. (2004)

β2-AR

McVey et al. (2001)

CCR5

Suzuki et al. (2002)

CXCR2

Parenty et al. (2008)

CXCR4

Pello et al. (2008)

κOR

Jordan & Devi (1999)

μOR

George et al. (2000)

Sensory neuron specific GPCR

Breit et al. (2006)

κOR
β2-AR

Jordan et al. (2001)

CCR5

Suzuki et al. (2002)

μOR

Wang et al. (2005)

μOR
α2A-AR

Jordan et al. (2003)

Cannabinoid receptor 1

Rios et al. (2006)

CCR5

Suzuki et al. (2002)

Dopamine D1

Juhasz et al. (2008)

Orphanin FQ/nociceptin receptor

Pan et al. (2002)

Somatostatin2A receptor

Pfeiffer et al. (2002)

Substance P

Pfeiffer et al. (2003)

Abbreviations: AR, adrenergic receptor; CCR, Cys-Cys-chemokine receptor; CXCR, Cys-X-Cyschemokine receptor; GPCR, G protein-coupled receptor; OR, opioid receptor

2.4.1 Influence of dimerization on receptor plasma membrane
targeting
Several studies have suggested that GPCR dimerization occurs in the ER and it is
thought to be an important part of the ER quality control. The first evidence for
this notion came from studies on metabotropic -aminobutyric acid receptors
(GABABR), which show that heteromerization between GABABR1 and
GABABR2 is required for the plasma membrane targeting of GABABR1 (Jones et
al. 1998, Kaupmann et al. 1998, White et al. 1998). Similarly, the plasma
membrane targeting of 1D-AR seems to require heteromerization between 1DAR and 1B-AR (Hague et al. 2004). It is also apparent that heteromerization is
obligatory for the formation of sensory receptors that detect sweet and umami
tastes. Co-expression of T1R2 and T1R3 results in the receptor for the sweet taste
and co-expression of T1R1 and T1R3 for the umami taste (Nelson et al. 2001,
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Nelson et al. 2002). The importance of dimerization on ER export of GPCRs has
also been studied using homomerization-compromised mutants. Mutations in
domains that are thought to disrupt oligomerization have led to ER retention of
1b-AR, 1-AR and 2-AR (Salahpour et al. 2004, Canals et al. 2009, Kobayashi
et al. 2009). One study has suggested that OR-OR heteromers form at the
plasma membrane and this requires the interaction between the receptor and a G
protein (Law et al. 2005). However, other studies have argued that OR heteromers
also form intracellularly and that the plasma membrane targeting of the OR-OR
heteromer is enhanced by the receptor transport protein 4 that increases the
plasma membrane expression of some GPCRs (Wang et al. 2005, Hasbi et al.
2007, Decaillot et al. 2008).
A dominant negative effect is a situation, in which some mutant GPCRs are
able to impair the plasma membrane targeting of the corresponding wild type (wt)
receptor and both receptors remain in the ER. In most cases, ER retention has
been thought to result from dimerization between the mutant receptor and the wt
receptor, a phenomenon that has been described for several GPCRs (Table 9) (Lee
et al. 2000, Ibrahim et al. 2010, Zarinan et al. 2010). The mutant receptor can
also disturb the function of the wt receptor in ways other than just preventing its
plasma membrane expression. For example, the mutant human luteinizing
hormone receptor dimerizes with the wt receptor and attenuates its signaling
ability at the plasma membrane (Zhang et al. 2009).
Table 9. Examples of GPCR mutants that impairs expression of the wild type receptor
in a dominant negative manner.
Receptor

Species

Reference

α1b-AR

Hamster

Canals et al. (2009)

CCR5

Human

Benkirane et al. (1997)

Dopamine D2

Human

Lee et al. (2000)

Dopamine D3

Human

Karpa et al. (2000)

Dopamine D4

Human

Van Craenenbroeck et al. (2011)

Follicle stimulating hormone

Human

Zarinan et al. (2010)

Gonadotropin releasing hormone

Human

Brothers et al. (2004)

Luteinizing hormone

Rat

Apaja et al. (2006)

Melanocortin 1

Human

Sanchez-Laorden et al. (2006)

Prostacyclin

Human

Ibrahim et al. (2010)

Thyroid-stimulating hormone

Human

Calebiro et al. (2005)

Vasopressin V2

Human

Zhu & Wess (1998)

Abbreviations: AR, adrenergic receptor; CCR, Cys-Cys-chemokine receptor
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2.4.2 Effects of heteromerization on ligand binding, signal
transduction and internalization
Heteromerization of GPCRs creates pharmacological diversity. It has been
thought that when a ligand binds to one receptor within a dimer, it may lead to
conformational changes that have an effect on the ligand binding of the other
receptor (Szidonya et al. 2008, Kabli et al. 2010). This can be seen in cases, in
which heteromerization changes the ligand binding affinity of receptor selective
ligands (Jordan & Devi 1999, George et al. 2000, Wang et al. 2005). For example,
the OR-OR heteromer has a 5-fold lower affinity for the OR specific agonists
DAMGO ([D-Ala2,N-Me-Phe4,Gly-ol5]-enkephalin) and endomorphin-1, whereas
the OR-OR heteromer has no affinity for  or  selective agonists or
antagonists but has a strong affinity for a partially selective ligand (Jordan & Devi
1999, Wang et al. 2005). Heteromers can also bind ligands synergistically. For
example, the OR selective agonists TIPP (H-Tyr-Tic-(CH2NH)-Phe-Phe-OH)
or deltorphin II increase binding of the OR selective agonist DAMGO even in
small doses in cells that co-express OR and OR (Gomes et al. 2000).
Synergistic ligand binding is dependent on the ligand. For example, DPDPE and
SNC-80 [(+)-4-[(((2S,5R)-4-Allyl-2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl]
-N,N,-diethylbenzamide] were found to be ineffective even in high doses (Gomes
et al. 2000). However, heteromerization does not always cause alteration in the
pharmacological properties, as is the case for the 2-AR-OR heteromer (Jordan
& Devi 1999).
It has been suggested that there is a 2:1 stoichiometry for the interaction
between a receptor and a G protein, although a monomeric receptor has also been
shown to be capable of activating a G protein (Baneres & Parello 2003, Chabre &
le Maire 2005, Herrick-Davis et al. 2005, Whorton et al. 2007). Heteromerization
clearly alters G protein activation. In the case of the OR-OR and OR-OR
heteromers, the treatment of cells simultaneously with receptor specific agonists
increases MAPK phosphorylation in a synergistic manner (Jordan & Devi 1999,
Gomes et al. 2000). However, a simultaneous agonist treatment may also cause
reduction in the MAPK activation as is the case for the cannabinoid CB1-OR
heteromer or the 2A-AR-OR heteromer (Jordan et al. 2003, Canals & Milligan
2008). Heteromerization has also been shown to lead to a switch in G protein
coupling. For example, the OR-OR heteromer has a higher affinity for Gz
than for Gi that is the primary G for individually expressed ORs (Fan et al.
2005b, Hasbi et al. 2007). Also, a bivalent agonist that binds simultaneously to
51

both OR and to the sensory neuron-specific receptor-4 has been shown to switch
the signaling from Gi/o to Gq (Breit et al. 2006). Furthermore, heteromerization
has been shown to have an effect on -arrestin mediated signaling. For example,
treatment of OR expressing cells with an agonist induces ERK 1/2 activation in
the nuclear compartment which is mediated by coupling of the receptors to G
proteins (Rozenfeld & Devi 2007). However, when cells that express the OROR heteromer are treated with both OR and OR agonists, ERK 1/2 localizes
in the cytoplasm, which is mediated by -arrestin (Rozenfeld & Devi 2007).
Importantly, heteromerization between OR and OR appears to have a role in
the regulation of pain and opiate tolerance (Rozenfeld & Devi 2007). An
interesting example of the heteromerization is the CXCR4-OR heteromer, which
forms a silent complex. When the cells expressing this heteromer are treated
separately with either a OR or a CXCR4 specific agonist, the heteromer is
disrupted and this triggers receptor specific signaling cascades. However, when
the cells are simultaneously treated with both receptor agonists, the signaling
cascades are blocked (Pello et al. 2008). This has been proposed to be a
mechanism that activates the inflammatory process when the pain sensation
increases and cell infiltration is reduced at the inflammation site (Pello et al.
2008).
The study by Hasbi et al. (2007) has shown that OR homomers internalize
more rapidly than the OR-OR heteromers (Hasbi et al. 2007). Furthermore, the
internalization appears to depend on the agonist used to stimulate the receptors.
For example, in the case of OR-OR heteromers, treatment of cells with either
the OR specific DAMGO or the OR specific deltorphin II causes
internalization of both receptors, whereas treatment with the OR specific
DPDPE or DSLET does not cause internalization of the OR-OR heteromer
(Hasbi et al. 2007). Internalization is also receptor specific. For example, the 2AR agonist isoproterenol causes the internalization of the 2-AR-OR heteromer,
whereas it does not have an effect on the internalization of the 2-AR-OR
heteromer even at high doses (Jordan et al. 2001). Dimerization has also been
shown to influence the fate of the internalized receptors. For example, the µOR
specific agonist methadone causes the internalization of the OR-OR receptor
heteromer and these heteromers are targeted for degradation (Milan-Lobo &
Whistler 2011). In contrast, the µOR homomers were not targeted for degradation
in the same study (Milan-Lobo & Whistler 2011).
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2.5

Rescue of proteins with chemical and pharmacological
chaperones

2.5.1 Chemical and pharmacological chaperones
The proteins that are not able to fold correctly and are recognized by the ER
quality control as aberrant can, in many cases, be rescued from ERAD by either
chemical or pharmacological chaperones. Chemical chaperones are chemical
compounds, like dimethyl sulfoxide, deuterated water, trimethylamine N-oxide
and glycerol, which non-specifically bind to and stabilize the folding of mutant
proteins (Brown et al. 1996, Robben et al. 2006). However, they are not useful as
therapeutic compounds because they are not specific and have to be used in high
concentrations. Lower temperature (2630 C) has also been used to rescue
misfolded proteins under cell culture conditions; this is the case, for example,
with a mutant form of the cystic fibrosis transmembrane conductance regulator
(CFTR) (Rennolds et al. 2008).
Pharmacological chaperones are receptor-specific antagonists or agonists that
can penetrate the plasma membrane and the ER membranes. The use of receptor
ligands as pharmacological chaperones was first reported by Morello et al. (2000)
(Morello et al. 2000). In this study, a small cell permeant antagonist SR121463A
(1-[4-(N-tert-butylcarbamoyl)-2-methoxybenzene sulfonyl]-5-ethoxy-3-spiro-[(2-morpho-linoethoxy)cyclohexane]indol-2-one fumarate) was found to increase
maturation and cell surface expression of a mutant vasopressin V2 receptor that
was retained in the ER and is known to cause the disease X-linked nephrogenic
diabetes insipidus (Morello et al. 2000). Since then, several other examples have
been reported. For example, several studies have described the use of receptorspecific ligands to rescue ER-retained mutant gonadotropin releasing hormone
receptors (Janovick et al. 2003, Leanos-Miranda et al. 2005). In addition, the
endogenous rhodopsin ligand 11-cis-retinal has been used to improve folding and
trafficking of the retinitis pigmentosa causing mutant form of rhodopsin,
Pro23His (Noorwez et al. 2009). Pharmacological chaperones have also been
used to enhance the plasma membrane expression of wt receptors as is the case
for the Cys27 polymorphic variant of hOR, the hOR, dopamine D2 receptor, the
bradykinin B1 receptor and the vasopressin V2 receptor (Petäjä-Repo et al. 2002,
Wuller et al. 2004, Van Craenenbroeck et al. 2005, Chen et al. 2006, Fortin et al.
2006).
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Pharmacological chaperones have also been used to rescue other proteins in
addition to GPCRs. For example, the reversible competitive inhibitor 1deoxygalactonojirimycin has been used as a pharmacological chaperone to
improve folding and lysosomal trafficking of mutant α-galactosidase A (Benjamin
et al. 2009). One of the most extensively studied diseases that has been
investigated in the context of chemical and pharmacological chaperones is cystic
fibrosis. For example, the mutant CFTR can be rescued by the folding corrector
RDR1 (5-(4-nitrophenyl)-2-furaldehyde 2-phenylhydrazone) that leads to the
appearance of functional CFRTs at the plasma membrane (Sampson et al. 2011).
2.5.2 The mechanism of action of pharmacological chaperones
Several studies have shown that pharmacological chaperones rescue ER-retained
mutant GPCRs, thus it is hypothesized that they bind to the partially folded
proteins in the ER, help them to escape from the ER quality control and increase
the level of the functional protein at the plasma membrane (Morello et al. 2000).
Their precise mechanism of action, however, remained unresolved until the
studies presented in this thesis. It is hypothesized that ligand binding might
stabilize the labile receptor conformation by favoring the thermodynamic
equilibrium that leads to correctly folded protein (Petäjä-Repo et al. 2002).
Interestingly, the activation state of the receptor does appear to have an effect on
the action of the pharmacological chaperones because both agonists and inverse
agonists can function as pharmacological chaperones (Petäjä-Repo et al. 2002).
Because pharmacological chaperones are specific and are used in micromolar
levels, they have also been studied widely from the therapeutic point of view.
However, the potential clinical usefulness of GPCR ligands as pharmacological
chaperones has been challenged by the fact that agonists rapidly cause receptor
endocytosis and lead to down-regulation of the target receptors, whereas
antagonists prevent the binding of the natural ligand and inhibit receptor action
(Bernier et al. 2004a). This problem could be avoided by using either partial
agonists that cause only limited down-regulation or antagonists that have only
moderate affinity for the receptor (Bernier et al. 2004a).
2.5.3 Conformational diseases
Misfolded proteins that aggregate in the ER can cause a number of diseases in
humans (Table 10). A few of them involve GPCRs, such as the calcium sensing
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receptor, the melanocortin-4 receptor, gonadotropin-releasing hormone receptor,
the vasopressin V2 receptor and rhodopsin. The rest of them are either channel
proteins like CFTR or lysosomal proteins like α-glucosidase A and β-glucosidase.
Several ligands or substrates of these proteins have been studied as
pharmacological chaperones in order to determine whether if they could be used
as potential therapeutic agents (Table 10). Fabry and Gaucher diseases are
lysosomal storage diseases. In the case of Gaucher disease, it has been shown that
a mutation in the lysosomal β-glucosidase leads to retention of the protein in the
ER and thus results in the accumulation of glucosylceramide in lysosomes (Yu et
al. 2007). When the cells are treated with β-glucosidase inhibitor isofagomine, the
mutated protein is trafficked to the lysosomes where it degrades glucosylceramide
into glucose and ceramide (Yu et al. 2007, Sun et al. 2011). The vasopressin V2
receptor antagonist SR49059 ((2S)-1-[[(2R,3S)-5-chloro-3-(2-chlorophenyl)-1[(3,4-dimethoxyphenyl)sulfonyl]-2,3-dihydro-3-hydroxy-1H-indol-2 yl]carbonyl]
-2-pyrrolidinecarboxamide) has been used as a pharmacological chaperone in a
small clinical trial for patients with X-linked nephrogenic diabetes insipidus that
is caused by missense mutations in the gene that encodes the vasopressin V2
receptor (Bernier et al. 2006). The mutant receptor is trapped in the ER but can be
rescued by pharmacological chaperones (Morello et al. 2000).
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Table 10. Examples

of

diseases

that

might

be

treated

with

pharmacological

chaperones.
Disease

Protein

Pharmacological

Reference

chaperone
Cystic fibrosis

CFTR

Corrector RDR1

Sampson et al. (2011)

Early onset obesity

Melanocortin-4 receptor

Antagonist DCPMP

Rene et al. (2010)

Fabry

-Galactosidase A

Inhibitor DGJ

Familial hypocalciuric

Calcium sensing receptor Agonist NPS R-568

Shin et al. (2007)
White et al. (2009)

hypercalcemia
Gaucher disease

-Glucosidase

Inhibitor isofagomine

Sun et al. (2011)

Hypogonadotropic

GnRHR

Antagonist IN3

Janovick et al. (2007)

Long QT syndrome

hERG channel

Channel blocker E-4031

Gong et al. (2006)

Retinitis pigmentosa

Rhodopsin

Inverse agonist 11-cis-

Noorwez et al. (2009)

hypogonadism

retinal
X-linked nephrogenic

Vasopressin V2 receptor

Antagonist SR49059

Bernier et al. (2006)

diabetes insipidus
Abbreviations: CFRT, cystic fibrosis transmembrane conductance regulator; DCPMP, N-((2R)-3(2,4dichlorophenyl)-1-(4-(2-((1-methoxypropan-2-ylamino)methyl)phenyl)piperazin-1-yl)-1-oxopropan-2yl)propionamide; GnRHR, gonadotropin-releasing hormone receptor; DGJ, 1-deoxygalactonorijimycin; E4031, N-[4-[[1-[2-(6-methyl-2-pyridinyl)ethyl]-4-piperidinyl]carbonyl]phenyl]methanesulfonamide
dihydrochloride; hERG, human ether-a-go-go-related gene; IN3, [(2S)-2-[5-[2-(2-azabicyclo[2.2.2]oct-2yl)-1,1-dimethyl-2-oxoethyl]-2-(3,5-dimethylphenyl)-1H-indol-3-yl]-N-(2-pyridin-4-ylethyl)propan-1-amine];
NPS R-568, 3-(2-chlorophenyl)-N[(1R)-1-(3-methoxyphenyl)ethyl]propan-1-amine; RDR1, 5-(4nitrophenyl)-2-furaldehyde 2-phenylhydrazone; SR49059, (2S)-1-[[(2R,3S)-5-chloro-3-(2-chlorophenyl)-1[(3,4-dimethoxyphenyl)sulfonyl]-2,3-dihydro-3-hydroxy-1H-indol-2-yl]carbonyl]-2-pyrrolidinecarboxamide
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3

Aims of the present study

Opioid receptors have an important role in the regulation of pain and mood
modulation and their pharmacological properties have been investigated
extensively. In contrast, their biosynthesis and trafficking have remained poorly
characterized. The overall aim of this work was to study these properties in detail
in mammalian cells using two polymorphic variants hδORPhe27 and hδORCys27 as
the model receptors.
The specific aims of the present study were:
1.
2.
3.
4.

To compare processing, maturation and trafficking of the two N-terminal
hOR variants, hORPhe27 and hORCys27.
To study the consequences of co-expression of the two hOR variants and to
assess whether hORCys27 has a dominant negative effect on hORPhe27.
To study dimerization between hORPhe27 and hORCys27
To characterize the mechanism of action of OR pharmacological chaperones
using the hORCys27 and its mutant form hORCys27-(Asp95Ala) as model
receptors.
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4

Materials and methods

4.1

DNA constructs (I, II, III)

The expression vectors used are listed in Table 11. The expression vector pFTSMMF was created by ligating the HindIII/KpnI digested pcDNA5/FRT/TO
vector with a DNA sequence encoding a cleavable influenza hemagglutinin signal
peptide (Lys-Thr-Ile-Ile-Ala-Leu-Ser-Tyr-Ile-Phe-Cys-Leu-Val-Phe-Ala), an Nterminal Myc-tag (Glu-Gln-Lys-Leu-Ile-Ser-Glu-Glu-Asp-Leu), a polylinker site
and a C-terminal Flag-tag (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys).
Table 11. Expression vectors.
Vector

Source

Original publication

pcDNA3.1

Invitrogen

II

pcDNA5/FRT/TO

Invitrogen

III

pcDNA6/TR

Invitrogen

I, III

pFT-SMMF

Modified from pcDNA5/FRT/TO

I, II, III

pOG44

Invitrogen

I, III

The cDNA constructs used are listed in Table 12. The DNA construct encoding
hORCys27 with an HA-tag (Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala) was first
created from Myc-hORCys27-Flag in pFT-SMMF by inserting the HA-tag in place
of the Myc-tag, and the C-terminal Flag-tag was then mutated to a stop-codon
using the QuikChange site-directed mutagenesis kit (Stratagene) with the
oligonucleotide primers listed in Table 13 (I). Finally, this construct was
subcloned into the expression vector pcDNA3.1 (II). HA-tagged hORCys27 was
subcloned into a modified pcDNA3.1-Venus (gift from M. Bouvier, Montreal)
using restriction enzymes NheI and AvrII (II).
The constructs encoding hORPhe27, hORAla27, hORIle27, hORSer27 and
hORTyr27 (Table 12) were created from the corresponding hδORCys27 constructs
by the QuikChange site-directed mutagenesis kit using oligonucleotide primers
(Table 13) and their respective reverse complements (I, II, III).
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Table 12. DNA constructs.
cDNA and tags/protein

Vector

Name of mutagenesis

Source

primer

Original
publication

Myc-hδORAla27-Flag

pFT-SMMF



I

Myc-hδORCys27-Flag

pFT-SMMF



I, II, III

Myc-hδORCys27-

pFT-SMMF

Gift (Montreal)

III

Cys-Ala

(Asp95Ala)-Flag
Myc-hδORIle27-Flag

pFT-SMMF

Cys-Ile



I

Myc-hδORPhe27-Flag

pFT-SMMF

Cys-Phe



I

Myc-hδORSer27-Flag

pFT-SMMF

Cys-Ser



I

Myc-hδORTyr27-Flag

pFT-SMMF

Cys-Tyr



I

Myc-rLHR-Flag

pFT-SMMF



II

HA-hδORCys27

pFT-SMMF

HA-hδORCys27-Venus

pcDNA3.1

HA-hδORPhe27

pFT-SMMF

Cys-Phe



I

HA-hδORPhe27

pcDNA3.1

Cys-Phe



II

HA-hδORPhe27-Venus

pcDNA3.1

Cys-Phe

hδORCys27-Rluc

pcDNA3.1

hδORPhe27-Rluc

pcDNA3.1

HA-GABAB-R2-Venus

pcDNA3.1

Gift (Montreal)

II

Calnexin-Venus

pcDNA3.1

Gift (Montreal)

II

Flag-stop

Cys-Phe



I



II



II

Gift (Montreal)

II

*

II

Abbreviations: hδOR, human δ opioid receptor; rLHR, rat luteinizing hormone receptor;  prepared in the
Department of Anatomy and Cell Biology as part of this study

Table 13. Sequences of the mutagenesis primers.
Name of the primer

Sequence

Cys-Ala

5´-CCTACCCTAGCGCCGCCCCCAGCGCTGGCGC-3´

Cys-Ile

5´-CCTACCCTAGCGCCATCCCCAGCGCTGGCGC-3´

Cys-Phe

5´-CCTACCCTAGCGCCTTCCCCAGCGCTGGCGC-3´

Cys-Ser

5´-CCTACCCTAGCGCCTCCCCCAGCGCTGGCGC-3´

Cys-Tyr

5´-CCTACCCTAGCGCCTACCCCAGCGCTGGCGC-3´

Flag-stop

5´-GTGGCGCTGCCGCCTGAAGCATCGATCCCGG-3´

The site of mutagenesis is shown in bold.

4.2

Cell culture (I, II, III)

All cell lines were cultured at 37 C in a humidified atmosphere of 5% CO2.
HEK293 and HEK293i cells were grown routinely in Dulbecco´s Modified Eagle
Medium (DMEM) containing 10% (w/w) fetal bovine serum (FBS), 100 units/ml
penicillin and 0.1 mg/ml streptomycin (complete DMEM) and the appropriate
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selection antibiotics (I, II, III). For transient transfections, the cells were cultured
in complete DMEM without selection antibiotics (I, II). NG108-15 cells
expressing endogenous mOR were cultured in complete DMEM supplemented
with the HAT supplement (Invitrogen; 100 M sodium hypoxanthine, 0.4 M
aminopterin and 16 M thymine) (III). Flp-In-293 cells (Invitrogen) were
cultured in complete DMEM containing zeocin (100 g/ml) and Flp-In-Chinese
hamster ovary (CHO) cells (Invitrogen) in F-12 Ham nutrient mixture containing
zeocin (100 g/ml) and glutamine (2 mM) (I). SH-SY5Y cells expressing
endogenous hOR were cultured in complete DMEM (II).
4.3

Transfections

4.3.1 Preparation of stable cell lines (I, II, III)
Flp-In-293 cells (Invitrogen) were transfected with the pcDNA6/TR plasmid
according to the instructions of the manufacturer to create a tetracycline inducible
cell line HEK293i that expresses the Tet repressor. Stable inducible receptorexpressing HEK293i cell lines were generated by cotransfecting the pOG44
plasmid and the specific receptor plasmids (Table 14) into HEK293i cells using
the Lipofectamine 2000 transfection reagent under hygromycin (400 g/ml) and
blasticidin S (4 g/ml) selection. The isolated clones were tested for zeocin
sensitivity, -galactosidase activity and receptor expression by tetracycline
induction. (I, III)
A HEK293i cell line coexpressing HA-hORPhe27 constitutively and MychORCys27-Flag by tetracycline induction was created by transfecting HAhORPhe27-pcDNA3.1 into the cells expressing Myc-hORCys27-Flag. These cells
were cultured under hygromycin, blasticidin S and geneticin (400 g/ml)
selection. (II)
Table 14. Constructs used to prepare stable HEK293i cell lines.
Construct

Original publication

HA-hδORCys27-pFT-SMMF

I

HA-hδORPhe27-pFT-SMMF

I

Myc-hδORCys27-Flag-pFT-SMMF

I, II, III

Myc-hδORCys27-(Asp95Ala)-Flag-pFT-SMMF

III

Myc-hδORCys27-Flag-pFT-SMMF/ HA-hδORPhe27-pcDNA3.1

II

Myc-hδORPhe27-Flag-pFT-SMMF

I
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4.3.2 Transient transfections (I, II)
Transient transfections into Flp-In-293 (I), Flp-In-CHO (I) and SH-SY5Y (II)
cells (II) were performed using the Lipofectamine 2000 transfection reagent in
Opti-MEM medium (Invitrogen). Polyethyleneimine was used in the case of
HEK293 cells that were used for BRET assays (II). The used constructs are listed
in Table 15.
Table 15. Constructs used for transient transfections
Construct

Cell line

Myc-hδORAla27-Flag-pFT-SMMF

HEK293i

Original publication
I

Myc-hδORCys27-Flag-pFT-SMMF

Flp-In-293

I

Myc-hδORCys27-Flag-pFT-SMMF

Flp-In-CHO

I

Myc-hδORIle27-Flag-pFT-SMMF

HEK293i

I

Myc-hδORPhe27-Flag-pFT-SMMF

Flp-In-293

I

Myc-hδORPhe27-Flag-pFT-SMMF

Flp-In-CHO

I

Myc-hδORSer27-Flag-pFT-SMMF

HEK293i

I

Myc-hδORTyr27-Flag-pFT-SMMF

HEK293i

I

HA-hδORCys27-Venus-pcDNA3.1

HEK293

II

HA-hδORPhe27-Venus-pcDNA3.1

HEK293

II

hδORCys27-Rluc-pcDNA3.1

HEK293

II

hδORPhe27-Rluc-pcDNA3.1

HEK293

II

HA-GABAB-R2-Venus-pcDNA3.1

HEK293

II

Calnexin-Venus-pcDNA3.1

HEK293

II

Abbreviations: GABA, -amino butyric acid; OR, opioid receptor; Rluc, Renilla luciferase

4.4

Drug treatments (I, II, III)

The drug treatments used for the cultured cells are listed in Table 16.
Table 16. Drug treatments.
Drug

Effect

Source

Brefeldin A (5 g/ml)

Inhibition of ER-Golgi trafficking

Alexis

Original publication
III

Cycloheximide (20 g/ml)

Translation inhibitor

Sigma

III

Lactacystin (10 M)

Proteasome inhibitor

Alexis

I, II

Sulfo-NHS-biotin (0.5 mg/ml)

Protein biotinylation

Pierce

I, III

Tetracycline (101000 ng/ml)

Induction of receptor expression

Invitrogen

I, II, III

Tunicamycin (5 g/ml)

N-glycosylation inhibitor,

Sigma

I

Induction of UPR response
Abbreviations: NHS, N-hydroxysuccinimide; UPR, unfolded protein response
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4.5

Ligands (I, II, III)

The ligands that were used as pharmacological chaperones or for ligand binding
assays are listed in Table 17.
Table 17. Receptor ligands.
Ligand

agonist/

Receptor

antagonist

specificity

Source

Original

DAMGO

Agonist

OR

Tocris/Sigma

I

[15,16-3H]Diprenorphine

Antagonist

DPDPE

Agonist

OR

PerkinElmer Life Sciences

I, II, III

δOR

Tocris/Sigma

[Leucine5]-enkephalin

Agonist

I, III

δOR

Tocris/Sigma

Fluorescein-conjugated

Antagonist

I

OR

Invitrogen

I

publication

naltrexone
Naltrexone

Antagonist

OR

Tocris/Sigma

I, II, III

Naloxone

Antagonist

OR

Tocris/Sigma

III

Naltriben

Antagonist

δOR

Tocris/Sigma

I, III

Nalrindole

Antagonist

δOR

Tocris/Sigma

I

Phentolamine

Antagonist

α-AR

Tocris/Sigma

III

SNC-80

Agonist

δOR

Tocris/Sigma

I, III

Abbreviations: AR, adrenergic receptor; DAMGO, [D-Ala2,N-Me-Phe4,Gly-ol5]-enkephalin; DPDPE,
cyclic[D-pen2,D-Pen5]enkephalin; OR, opioid receptor; SNC-80, (+)-4-[(((2S,5R)-4-Allyl-2,5-dimethyl-1piperazinyl)-3-methoxybenzyl]-N,N,-diethylbenzamide

4.6

Antibodies (I, II, III)

The primary and secondary antibodies used for flow cytometry, immunoblottings
and immunofluorescence microscopy are summarized in Tables 18 and 19,
respectively. The antibodies used for immunoprecipitations are included in Table
18.
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Table 18. Primary antibodies.
Antibody

Description

Application

Source

Original

-actin

Mouse (M)

IB

Sigma

I

BiP (ET-21)

Mouse (M)

IB

Sigma

I, II

Calnexin (SPA-860)

Rabbit (P)

IB

Stressgen

III

Calreticulin (SPA-600) Rabbit (P)

IF

Stressgen

I, III

CHOP

Mouse (M)

IB

Affinity BioReagents

I

cMyc (9E10)

Mouse (M)

FC, IF

AbD Serotec, prepared I, II, III

publication

by M. Bouvier,
(Montreal), Santa Cruz
cMyc (A-14)

Rabbit (P)

IB, IF

Santa Cruz

I, II

EEA1

Mouse (M)

IF

BD Biosciences

I

GM130

Mouse (M)

IF

BD Biosciences

I

ERGIC53

Mouse (M)

IF

BD Biosciences

I

ERp72

Rabbit (P)

IB

Stressgen

I, II

FLAG (M2)

Mouse (M)

FC, IB, IF, IP

Sigma

I, II, III

HA (HA-7)

Mouse (M)

IB, FC, IP

Sigma

I, II

LAMP2

Mouse (M)

IF

BD Biosciences

I

IP

Sigma

II, III

PDI

Rabbit (P)

IB, IF

Stressgen

I, II

Sec61

Rabbit (P)

IF

Upstate Cell Signaling

I

SERCA2 (IID8)

Mouse (M)

IB

Calbiochem

I

SERCA (N1)

Rabbit (P)

IF

prepared by J. Lytton,

I

Mouse IgG

(Calgary)
Transferrin receptor

Mouse (M)

IP

Zymed

II

Ubiquitin

Rabbit (P)

IB

Stressgen

II

Abbreviations: BiP, binding immunoglobulin protein; CHOP, CCAAT/enhancer binding protein
homologous protein; EEA, early endosomal antigen; ERp, endoplasmic reticulum protein; ERGIC,
endoplasmic reticulum-Golgi intermediate compartment; FC, flow cytometry; GM, Golgi matrix protein; IB,
immunoblotting; IF, immunofluorescence; Ig, immunoglobulin; IP, immunoprecipitation; LAMP, lysosomeassociated membrane protein; M, monoclonal antibody; P, polyclonal antibody; PDI, protein-disulfide
isomerase; SERCA, Sarco(endo)plasmic reticulum calcium ATPase
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Table 19. Secondary antibodies.
Antibody

Application

Source

Original

Alexa Fluor 488 goat anti-mouse

IF

Invitrogen

I, II, III

Alexa Fluor 488 goat anti-rabbit

IF

Invitrogen

I

Alexa Fluor 568 goat anti-mouse

IF

Invitrogen

I

Alexa Fluor 568 goat anti-rabbit

IF

Invitrogen

I, II, III

Concanavalin A Alexa Fluor 594

IF

Invitrogen

III

HRP-conjugated-anti-mouse

IB

Caltaq

III

HRP-conjugated donkey anti-mouse

IB

Bio-Rad, Jackson

I, II

publication

F(ab)2

Immunochemicals

HRP-conjugated goat anti-mouse

IB

Invitrogen

I

HRP-donkey anti-rabbit F(ab)2

IB

Bio-Rad, Jackson

I, II, III

Immunochemicals
PE-conjugated rat anti-mouse IgG1

FC

BD Biosciences

I, II, III

Abbreviations: ab, antibody; FC, flow cytometry; HRP, horseradish peroxidase; IB, immunoblotting; IF,
immunofluorescence; PE, phycoerythrin

4.7

Biochemical methods

4.7.1 Cell surface biotinylation (I, III)
Cells were washed three times with Dulbecco´s phosphate buffered saline (PBS)
and cooled on ice. Thereafter 0.5 mg/ml EZ-linked sulfo-N-hydroxysuccinimide
(NHS)-biotin was added and the cells were incubated at 4 C for 30 min. The
reaction was stopped by adding Tris-HCl, pH 7.4 to a final concentration of 50
mM and the cells were incubated at 4 C for 30 min. The cells were then washed
with Dulbecco´s PBS and harvested.
4.7.2 Metabolic pulse-chase labeling (I, II, III)
Cells were incubated in the depletion medium (methionine and cysteine-free
DMEM) for 1 h and labeled for 40 min in the depletion medium containing
75150 Ci/ml [35S]methionine/cysteine (Easytag Express 35S-protein labeling
mix 1175 Ci/mmol, Perkin Elmer). Thereafter, the cells were washed twice with
the chase medium (DMEM supplemented with 5 mM methionine) and chased for
various periods of time before harvesting.
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4.7.3 Preparation and solubilization of cellular membranes and
whole cell extracts (I, II, III)
For radioligand binding assays, the cells were homogenized in buffer A (25 mM
Tris-HCl, pH 7.4, 5 mM MgCl2, 2 mM ethylenediaminetetraacetic acid (EDTA), 5
g/ml leupeptin, 5 g/ml soybean trypsin inhibitor, and 10 g/ml benzamidine)
and for immunoprecipitations in buffer B [25 mM Tris-HCl, pH 7.4, 2 mM EDTA,
2 g/ml aprotinin, 0.5 mM phenylmethylsulfonyl fluoride, 2 mM 1,10phenanthroline, 5 g/ml leupeptin, 5 g/ml soybean trypsin inhibitor, and 10
g/ml benzamidine (with or without 20 mM N-ethylmaleimide (NEM))] using a
Polytron homogenizer (Ultra-Turrax T-25; Ika). The homogenates were
centrifuged at 1000  g for 5 min to separate unbroken cells and nuclei. The
pellets were rehomogenized and centrifuged again and the supernatants were
centrifuged at 45000  g for 20 min. The pellets containing the crude membrane
fraction were washed and centrifuged and finally either used immediately or
stored at -70 C. The membranes that were used for immunoprecipitation were
solubilized in buffer C [buffer B containing 0.5% (w/v) n-dodecyl--D-maltoside
(DDM) (Alexis) and 140 mM NaCl, but without NEM] by mixing on a magnetic
stirrer at 4 C for 1 h and centrifuged at 100000  g for 1 h.
Total cellular lysates were prepared by suspending cells with buffer C or
buffer D [buffer B containing 0.5% (w/v) digitonin and 10 mM CaCl2, but
without NEM and EDTA] and mixing at 4 C for 30 min. The insoluble material
was removed by centrifugation at 16000  g.
4.7.4 Immunoprecipitation (I, II, III)
Solubilized receptors were purified by one or two-step immunoprecipitation using
the antibodies mentioned in Table 18. Total cellular lysates were subjected to
preclearing
with
protein
G-Sepharose
(GE
Healthcare)
before
immunoprecipitation (I). Solubilized membranes (I, III) or total cellular lysates (I,
II, III) were incubated with the equilibrated antibody conjugated resin (20 g) in
buffer C [containing 0.1% bovine serum albumin (BSA)] at 4 C for 2 h or
overnight with gentle agitation. Unbound proteins were removed by washing
twice with buffer C and four times with buffer E [buffer C containing 0.1%
DDM].
Receptors subjected to a second immunoprecipitationstep were eluted with 1%
(w/v) sodium dodecyl sulfate (SDS), 25 mM Tris-HCl, pH 7.4, first at 22 C for
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15 min and then at 95 C for 5 min (I, II). Samples were diluted 10-fold with
buffer C prior to the next immunoprecipitation step. Before SDS-polyacrylamide
gel electrophoresis (SDS-PAGE), the receptors were eluted either by peptide
elution (I, III) or SDS-sample buffer (Bio-Rad) (I, II). The peptide elution was
performed by incubating the resins three times with 100 l of buffer E containing
175 g of FLAG peptide/ml at 4 C for 10 min (I, III). Then 100150 l of the
peptide eluates were concentrated by membrane filtration over Microcon-30
concentrators (GE Healthcare), 25 l of SDS-sample buffer was added and
samples were subjected to SDS-PAGE. SDS-eluates were incubated at 95 C for 5
min and loaded immediately onto SDS-PAGE (I, II). Transferrin receptors were
eluted after the second immunoprecipitation step by SDS-sample buffer (50 l),
reduced by adding 10 l of 0.2 M dithiothreitol, incubated at 95 C for 5 min and
finally alkylated by adding 10 l of 0.5 M iodoacetamide (II). Samples were then
incubated at 37 C for 30 min and subjected to SDS-PAGE.
4.7.5 Deglycosylation of immunoprecipitated receptors (I, II, III)
After immunoprecipitation, the receptors were eluted with 1% (w/v) SDS, 50 mM
sodium phosphate, pH 5.5 or 7.5 and incubated first at 22 C for 15 min and at 95
C for 5 min. The eluates were diluted either 7.5 or 10 –fold with 0.5% (w/v)
DDM, 50 mM Na-phosphate, pH 5.5 [Endo--N-acetylglucosaminidase H; Endo
H (Roche Applied Science)] or pH 7.5 [N-Glycosidase F; PNGase F (Roche
Applied Science)], 50 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 2 mM
1,10-phenanthroline, 5 g/ml leupeptin, 5 g/ml soybean trypsin inhibitor, and 10
g/ml benzamidine. Endo H or PNGase F were added to a final concentration of
50 mU/ml and 50 U/ml, respectively and the samples were incubated at 30 C for
16 h. The reaction was terminated by adding SDS-sample buffer and the samples
were subjected to SDS-PAGE and Western blotting.
4.7.6 SDS-PAGE and Western blotting (I, II, III)
The samples were reduced by adding 50 mM dithiothreitol and heated at 95 C
for 2 min. They were separated by SDS-PAGE using the Bio-Rad´s MiniPROTEAN 3 cell apparatus (7% and 10% SDS-polyacrylamide gels, reagents
from Bio-Rad or Amresco). For Western blotting, the proteins were electroblotted
onto Immobilon P membrane (GE Healthcare) using the Mini Trans-Blot cell
apparatus (Bio-Rad) at 50 mA for 16 h. After blotting, the molecular weight
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markers (Bio-Rad) were stained with Ponceau S (Sigma) and the blots were
probed with the appropriate primary (Table 18) and secondary (Table 19)
antibodies. The blotted proteins were detected using ECL (enhanced
chemiluminescence) or ECL plus Western blotting detection reagents (GE
Healthcare) and exposed for various periods of time to the appropriate films.
The SDS-PAGE gels containing radiolabeled samples were treated with
3
EN HANCE (PerkinElmer Life Sciences), dried and exposed at −70 °C for
various periods of time to the appropriate films. The films from Western blotting
and radiolabeling were scanned and the data were quantified with either Scion
Image or Image J software.
4.7.7 Radioligand (I, II, III) and GTP-binding assays (I)
Ligand binding assays were performed using triplicate samples of 560 g of
membrane protein (I, II, III) in a final volume of 300 l of buffer A containing 0.1%
(w/v) BSA. The saturation binding assays were done by incubating the samples
with 0.0415 nM of the radiolabeled opioid antagonist [3H]-diprenorphine ([15,
16-3H]diprenorphine, 50.054.9 Ci/mmol, PerkinElmer Life Sciences) (I, II, III).
The competition binding experiments were done by incubating the samples with 2
nM [3H]diprenorphine and increasing amounts of opioid antagonists and agonists
(I, III). The non-labeled ligands displaced the [3H]diprenorphine binding. In onepoint binding assays, the samples contained 712 nM [3H]diprenorphine (II, III).
In all binding assays, the non-specific binding was determined using a saturating
concentration (10 M) of unlabeled naltrexone (NTX). All samples were
incubated at 22 C for 60 min. The membranes were harvested with cold 25 mM
Tris-HCl, pH 7.4 by rapid filtration over glass fiber filters (Filtermat B,
PerkinElmer) using a Brandel MWR-96T harvester. After the filters were dried,
MeltiLex B/HS scintillator (PerkinElmer) was melted on the filters and the
radioactivity was counted with a Wallac MicroBeta TriLux scintillation counter
(PerkinElmer).
GTP-binding assays were performed using the DELFIA GTP-binding kit
(PerkinElmer) with modifications described earlier (Frang et al. 2003) (I). Briefly,
10 g of membrane protein was preincubated in a reaction buffer (50 mM HEPES,
5 mM MgCl2, 3 M guanosine diphosphate, 100 mM NaCl and 100 g/ml
saponin; final volume of 100 l) for 30 min on a plate shaker. Thereafter, 10 l of
100 nM europium-labeled GTP was added and the receptors were activated by
0.011000 nM SNC-80 and incubated for 30 min. The non-specific binding was
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determined using 5 M GTPS. The reaction was terminated by vacuum filtration
(Multiscreen Vacuum Manifold, Millipore). The unbound europium-labeled GTP
was washed away and the specifically bound label was measured with the
VICWallac 1420 VICTOR2 multilabel microplate reader.
4.7.8 Heat inactivation assay (III)
Suspensions of cellular membranes were incubated in an Eppendorf thermomixer
at 650 rpm with or without ligands at 37 C for 03 h. The incubation was
terminated by placing the samples on ice. Membranes were collected by
centrifugation at 20000  g for 20 min, washed and suspended in 1 ml of buffer A.
The ligand binding ability of the receptors was determined by a one-point binding
assay using 100 l of the membrane suspension.
4.8

Bioluminescence energy transfer assay (II)

In the BRET1 assay, the Renilla luciferase (Rluc)-tagged receptors acted as
luminescent donors and the Venus-tagged receptors as fluorescent acceptors. For
the assay, the transiently transfected cells were washed with PBS containing 5
mM EDTA, detached and resuspended in PBS. The protein content was quantified
using the Bio-Rad DC protein assay kit and 2 g of cells were distributed on gray
96-well plates (PerkinElmer Life Sciences). The total fluorescence was measured
using the FlexStation IV (Molecular Devices) with the excitation at 485 nm and
emission at 538 nm. The cells were then transferred onto white 96-well plates
(Corning) and 5 M of the Rluc substrate coelenterazine H (Invitrogen) was
added. The BRET1 signal was defined as the ratio of light intensity emitted at
510550 nm (Venus) over 460500 nm (Rluc) measured using the Mithras LB
940 device (Berthold Technologies). The background signal (Rluc tagged
constructs were expressed alone) was subtracted from the sample signals and the
BRET values were plotted as a function of the ratio of total fluorescence and
luminescence.
4.9

Immunofluorescence microscopy (I, II, III)

Cells were cultured on poly-L-lysine (Sigma) coated 12-mm coverslips on 6 or
12-well plates for 23 days. Plasma membrane receptors were labeled under
nonpermeabilizing conditions using the anti-cMyc antibody for 30 min and the
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plasma membrane proteins were labeled with Alexa594-conjugated concanavalin
A for 5 min (III). Cells were then washed and fixed with 2% (w/v)
paraformaldehyde in PBS for 20 min and permeabilized with 0.1% (v/v) Triton
X-100, 0.5% (w/v) BSA in PBS for 45 min. Intracellular hORs and marker
proteins were labeled with the appropriate primary antibodies (Table 18) in the
permeabilization buffer for 30 min after fixation and permeabilization. The cells
were then washed with PBS and treated with the respective Alexa Fluor
conjugated secondary antibodies (Table 19) in the permeabilization buffer for 30
min. The nuclei were labeled with TO-PRO-3 iodine (Invitrogen) at 20 C for 10
min (II). Finally, the coverslips were mounted on glass slides with Immu-mount
(ThermoShandon) and viewed with the Zeiss LSM510 confocal microscope.
4.10 Flow cytometry (I, II, III)
To analyze plasma membrane receptors on intact cells, the cells were first cooled
on ice and detached with PBS. Thereafter, they were incubated with the
appropriate primary antibody (Table 18) on ice for 30 min, washed and incubated
with 0.5 or 1 g/ml of the phycoerythrin-conjugated secondary antibody (Table
19). The plasma membrane receptors were also analyzed using fluoresceinconjugated NTX (0.1 M) (I). Intracellular and plasma membrane receptors were
detected simultaneously by fixing the cells with 2% (w/w) paraformaldehyde in
PBS on ice for 10 min, and then permeabilizing them with 0.5% (w/v) saponin in
PBS, complemented with 1% fetal bovine serum and labeling with 1.0 g/ml of
the anti-FLAG antibody and the phycoerythrin-conjugated secondary antibody (I).
Receptor constitutive internalization was studied by labeling plasma membrane
receptors first with the anti-cMyc antibody in DMEM at 37 C for 30 min (I). The
unbound antibody was then washed away and the cells were chased in the
medium at 37 C for 04 h and labeled with the secondary antibody (I). Dead
cells were labeled with 0.25 g/ml of 7-amino-actinomycin D (BD Biosciences)
and 10000 cells were analyzed using the BD Biosciences FACSCalibur flow
cytometer and the CellQuest Pro 4.02 or 6.0 software (BD Biosciences).
4.11 Sequence alignment (I)
The ClustalW and Macaw multiple sequence alignment software were used to
align sequences of the N-terminal domains of vertebrate ORs (Schuler et al.
1991, Thompson et al. 1994).
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4.12 Data analysis (I, II, III)
Data were analyzed using the GraphPad Prism 4.01 software. The following
models were applied: one-phase exponential decay (I, Fig. 3C, 3F, 8G; III, Fig.
7A), sigmoidal dose-response (I, Fig. 3C, 3F, Table S2; II, Fig. 2D; III, Fig. 1A),
one- and two-site binding (I, Table S1; II, Fig. 6C; III, Fig. 4). For statistical
analyses, the t-test and the analysis of variance were used, and the limit of
significance was set at p  0.05. Data were presented as mean  standard error of
mean.
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5

Results

5.1

Processing, maturation and trafficking of the hδOR variants

The intracellular processing of hORCys27 has been studied in detail earlier
(Petäjä-Repo et al. 2000, Petäjä-Repo et al. 2001). In these studies, hORCys27 had
only a C-terminal Flag-tag and there was no cleavable hemagglutinin signal
sequence at the N-terminal end of the receptor. In addition, HEK293S cells
expressing the receptor constitutively were used. The results of these earlier
studies by Petäjä-Repo et al. (2000) showed that the maturation of hORCys is
very inefficient and only 40% of the receptor precursors are able to reach the
plasma membrane (Petäjä-Repo et al. 2000). The rest of the receptors accumulate
in the ER and finally they are targeted for 26S proteasomal degradation (PetäjäRepo et al. 2000, Petäjä-Repo et al. 2001). Although hORPhe27 is the more
common variant, its biosynthesis and processing has not been investigated until
now. We especially wanted to study whether the low maturation efficiency is also
characteristic for hORPhe27. Receptor maturation can be defined to include all
folding and post-translational processing steps that take place before the protein
reaches the plasma membrane.
5.1.1 Preparation of tetracycline-inducible HEK293 cell lines (I, II, III)
To compare processing of the two hOR variants, stable tetracycline-inducible,
HEK293i cell lines were created to express the epitope-tagged (Myc/HA and Flag)
hORCys27 and hORPhe27 (I, III). This inducible cell system allows the study of
receptor expression in an identical cellular background at a high expression level.
The epitope tags were added to make the purification and detection of the
receptors possible. Furthermore, a cleavable hemagglutinin signal sequence was
included at the N-terminal end of the Myc and HA epitopes to facilitate ER
translocation of the nascent receptors. The snake-like plot of hδORPhe27 is
presented in Fig. 4.
The expression of the Myc- and Flag-tagged hOR variants was investigated
by flow cytometry (III, Fig. 1B), ligand binding assays (III, Fig. 1A) and Western
blotting (I, Fig. 2A–D; III, Fig. 1C and D; III, 2A and B). The results from the
ligand binding assays are described in Chapter 5.2. The tetracycline-inducible
expression pattern of the various receptor species was first studied by analyzing
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the immunoprecipitated hORCys27 by Western blotting with the anti-FLAG
antibody (III, Fig. 1C). The data showed that without induction, there were no
specific receptor species expressed (I, Fig. 2A, D and F; III, Fig. 1C and D) but
when the cells were treated with increasing amounts of tetracycline, several
receptor forms appeared and their amount reached a maximum after 24-h
treatment with 500 ng/ml tetracycline (III, Fig. 1C). After 4 h of induction with
500 ng/ml of tetracycline, the first receptor forms were two sharp bands of 44
kDa and 47 kDa (I, Fig. 2D; III, Fig. 1D). These receptor forms were sensitive to
Endo H, indicating that they represent precursors in the ER (I, Fig. 2B; III, Fig.
2B). Endo H digests unprocessed high mannose type N-glycans of glycoproteins
in the ER (Maley et al. 1989). After 58 h of induction, higher molecular weight
heterogenous species (61 kDa and 51 kDa) also appeared (I, Fig. 2D; III, Fig. 1D).
These were sensitive to PNGase F that digests all N-glycans indicating that they
were mature receptors with fully processed N-glycans (Maley et al. 1989).
Interestingly, the Myc- and Flag-tagged hORCys27 appeared as two mature (61
kDa and 51 kDa) and precursor forms (47 kDa and 44 kDa) (III, Fig. 1C and D).
By using site-directed mutagenesis of the two putative hOR N-glycosylation
sites (Asn18 and Asn33), it was demonstrated earlier that the 61 kDa and 47 kDa
forms of the hORCys27 variant are receptors carrying two N-glycans and the 51
kDa and 44 kDa forms are receptors with only one N-glycan (Markkanen &
Petäjä-Repo 2008). Cellular localization of the different receptor forms was also
studied by a cell surface biotinylation assay. The cells were labeled with
membrane-impermeable sulfo-NHS-biotin and the biotinylated receptors were
then detected by Western blotting using horse radish peroxidase (HRP)conjugated streptavidin (Cole et al. 1987). Streptavidin recognized the two mature
receptors with fully processed N-glycans, confirming that they are located at the
plasma membrane (I, Fig. 2C; III, Fig. 2A). Altogether, the cells expressed the
maximum amount of hORCys27 at the plasma membrane within 24 h, which was
detected by a flow cytometry assay (III, Fig. 1B).
In the case of the Myc- and Flag-tagged hORPhe27, similar precursor and
mature forms compared with hORCys27 were detected by Western blotting (I, Fig.
2). Intrestingly, the mobilities of hORCys27 and hORPhe27 were slightly different
on SDS-PAGE (I, Fig. 2B, E and F); the hORPhe27 precursors migrated slightly
faster on SDS-PAGE than the hORCys27 precursors. The reason for this may be
that the two receptors bind SDS differently during SDS-PAGE.
Two additional tetracycline inducible HEK293i cell lines were created to
study co-expression of the hOR variants (Chapter 5.1.4). These cell lines were
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created by transfecting the HA-tagged hORPhe27 in pcDNA3.1 into the cell line
that expressed the Myc- and Flag-tagged hORCys27 by tetracycline induction.
These cell lines expressed stably (i.e. in the absence of tetracycline) either low or
high amounts of hORPhe27 (2 and 19 pmol/mg of membrane protein,
respectively). The cell line that expressed the higher amount of hORPhe27 was
used only for co-immunoprecipitation assays [see Chapter 5.3 for more details (II,
Fig. 6A and B)]. In the co-transfected cells, the HA-tagged hORPhe27 was
expressed as two mature forms (55 kDa and 48 kDa) (II, Fig. 1A and E; Fig. 2A
and 3A), but only one Endo H cleavable precursor hORPhe27 (43 kDa) was
observed by Western blot experiments (II, Fig. 1E). This form is the precursor of
the 55 kDa mature form and has two unprocessed N-glycans. The precursor of the
48 kDa receptor was only seen in metabolic pulse chase labeling experiments (II,
Fig. 2A). The missing C-terminal Flag-tag causes the change in the
electrophoretic mobility of the HA-tagged hORPhe27. Specifically, the HA-tagged
receptor precursors migrated faster than the corresponding Myc- and Flag-tagged
receptors (II, Fig. 6A and B).
5.1.2 Subcellular localization of the hδOR variants (I, II)
Western blot analyses of the immunoprecipitated receptors revealed clear
differences in the relative amount of the different receptor forms for the two
hOR variants. In the case of hORPhe27, most of the receptors were mature and
there was only a small amount of precursors, whereas a large fraction of
hORCys27 was in the precursor form (I, Fig. 2; II, Fig. 1A and C). Transient
transfections were therefore performed to show that the difference in the
mature/precursor ratio was not characteristic of the HEK293i cells used. For this
purpose, both variants were transiently transfected into Flp-In-293, Flp-In-CHO
and SH-SY5Y cells and receptor expression was analyzed by Western blotting.
SH-SY5Y cells are neuronal cells that express ORs endogenously (Simonin et al.
1994). The difference in the mature/precursor ratio was even more evident in
these cells than it was in the HEK293i cells (I, Fig. 2E; II, Fig. 4A). The
transiently transfected cells expressed the same receptor forms that have been
described in Chapter 5.1.1.
It was also investigated whether the epitope tags added to the N- and Ctermini of the variants might have an effect on the different mature/precursor
ratios observed between the two hOR variants. For this purpose, two more
tetracycline inducible HEK293i cell lines were created by stably transfecting the
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N-terminally HA-tagged hORCys27 and hORPhe27 constructs that did not contain
a C-terminal Flag-tag. In these cells, there was a similar difference in the
mature/precursor ratio between hOR variants as described above (I, Fig. 2F).
To test the possibility that the Cys amino acid was the main reason for the
low mature/precursor ratio of the hORCys27, the amino acid position 27 was
mutated to Ala, Ile, Ser, or Tyr (I, Fig. 5). The mutated constructs were transiently
transfected into HEK293i cells and the receptors were detected by Western blot
experiment. The mature/precursor ratio was the lowest for hORCys27 compared
with any other tested construct.
The clear difference in the mature/precursor ratio that was observed between
the hOR variants in Western blot experiments suggests that the variants have a
divergent subcellular localization. This was supported by the finding that in the
flow cytometry assay using a membrane-impermeable fluorescein-conjugated
NTX (Markkanen & Petäjä-Repo 2008), the number of cell surface receptors was
28  14% lower for hORCys27 compared with hORPhe27 in the stably transfected
HEK293i cells (p  0.05, n = 3) (I). To study this possibility further,
immunofluorescence microscopy was used to investigate the subcellular
localizations of the Myc- and Flag-tagged hORCys27 and hORPhe27. The stably
transfected HEK293i cells were induced with tetracycline for 24 h and the
receptors were labeled with the anti-cMyc antibody after fixation and
permeabilization. Both variants localized at the plasma membrane but hORCys27
was found more extensively in intracellular compartments (I, Fig. 6). The
intracellular receptors mainly localized perinuclearly and co-localized with the
ER chaperones calreticulin (I, Fig. 6) and PDI (I, Fig. 7 panels AC), and also
with other ER-localized proteins such as Sarco(endo)plasmic reticulum calcium
ATPase (SERCA) 2b (I, Fig. 7 panels GI) and Sec61 (I, Fig. 7 panels DF). In
addition, the intracellular receptors co-localized to some extent with the ER-Golgi
intermediate compartment (ERGIC) 53 (I, Fig. 7 panels JL) and a Golgi
apparatus membrane protein, GM130 (I, Fig. 7 panels MO). This indicated that
these receptors were likely to be on their way to the plasma membrane or
represented incompletely folded receptors that were recycled between the ER and
the ERGIC. Furthermore, the intracellular hORCys27 localized to dense vesiculartype structures that were near the plasma membrane. These structures were not
stained with ER, ERGIC or Golgi markers (I, Fig. 6 and 7). Quantification of the
intracellular perinuclear receptors revealed that the cell surface/intracellular
receptor ratio was higher for hORPhe27 than for hORCys27 (1.31  0.73, n = 47
and 0.52  0.29, n = 54, p  0.0001, respectively), as was expected.
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Immunofluorescence microscopy was also used to study the subcellular
localization of HA-tagged hORPhe27 and Myc- and Flag-tagged hORCys27 in the
transiently (co-)transfected SH-SY5Y cells. In these cells, the hORPhe27 also
localized more to the plasma membrane whereas hORCys27 localized
intracellularly (II, Fig. 5 and data not shown).
5.1.3 Maturation of the hδOR variants (I)
The lower in the mature/precursor receptor ratio of hORCys27 compared to
hORPhe27 may be due to low maturation efficiency or slow maturation
kinetics/rate of hORCys27 precursors. This possibility was studied in more detail
by metabolic pulse-chase labeling by labeling the stably transfected HEK293i
cells with [35S]methionine/cysteine for 40 min and following the fate of the
labeled receptor precursors during a chase ranging from 0 to 4 h. Before the pulse,
the cells were treated with tetracycline for 2 h to produce the Myc- and Flagtagged hOR variants. The receptors were immunoprecipitated with the antiFLAG antibody and were analyzed by SDS-PAGE and fluorography. The
fluorograms were scanned and the amount of receptors was quantified. After the
pulse, two receptor precursor forms were detected for both variants (I, Fig. 3).
During the chase, the receptor precursors disappeared and they were converted to
the corresponding mature forms (I, Fig. 3). The disappearance of the hOR
precursors was dissimilar for the two variants. The hORCys27 precursors
disappeared slower than that of the hORPhe27 variant. The half-life of the two Nglycan hORCys27 precursor was 87  8 min and the half-life of the corresponding
hORPhe27 form was 49  4 min (p  0.001, n = 78). In addition, the one Nglycan precursor of the hORCys27 variant (half-life 53  8 min, p  0.05, n = 47)
disappeared faster than the corresponding two N-glycan receptor form. However,
the conversion of the hOR precursors to the mature forms occurred with similar
slow kinetics, the half-time for maturation for the hORCys27 precursors was 97 
8 min and for the hORPhe27 precursors was 95  6 min (n = 67). Maturation
efficiency can be defined as the percentage of precursors at the end of the pulse
that are converted to the corresponding mature receptors. This efficiency was
lower for hORCys27 than for hORPhe27 (48  3% and 85  12%, p  0.05, n = 78,
respectively). This is in line with the hypothesis that the low mature/precursor
ratio of hORCys27 is a result of the low maturation efficiency.
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5.1.4 Co-expression of the hδOR variants (II)
Because the maturation of the hOR variants was clearly dissimilar, the influence
of hORCys27 on the maturation of hORPhe when both receptors are co-expressed
in the same cells was also studied. First, the co-transfected HEK293i cells were
induced with increasing concentrations of tetracycline in order to produce
different amounts of the Myc- and Flag-tagged hORCys27 and the expressed
receptors were immunoprecipitated and analyzed by Western blotting using either
the anti-HA or anti-FLAG antibody. The Western blot assays revealed that coexpression of the hOR variants led to a decrease in the amount of the mature
hORPhe27 (55 kDa) (II, Fig. 1A). In addition, the amount of the corresponding
hORPhe27 precursor increased when both variants were expressed (II, Fig. 1A
insets). Plasma membrane receptors were then studied by flow cytometry that
detected a significant decrease in the amount of hORPhe27 when the expression of
hORCys27 increased (II, Fig. 1F).
Processing of the hORPhe27 in the co-transfected cells was studied in more
detail by metabolic pulse-chase labeling experiments, in which the cells were
induced to express hORCys27 for 16 h (II, Fig. 2A). Conversion of the hORPhe27
precursors to the mature forms was clearly delayed in the cells that co-expressed
hORCys27. Co-expression of the two variants also led to a significant decrease in
the mature/precursor ratio of hORPhe27 (II, Fig. 2E). The endogenously expressed
transferrin receptor was used as a control and the over-expression of hORCys27
did not disturb its expression and processing (II, Fig. 2C). This result showed that
expression of hORCys27 did not cause a general impairment in membrane protein
biosynthesis. Interestingly, the pulse-chase labeling experiments also revealed that
co-expression resulted in less efficient co-translational addition of an N-glycan to
Asn33. This was seen as an increase in the amount of the one N-glycan hORPhe27
forms in cells that expressed both hOR variants (II, Fig. 2A).
Co-expression of the hOR variants was also studied in human
neuroblastoma SH-SY5Y cells in order to demonstrate that the expression system
used, HEK293i cells, did not cause the impairment in processing of hδORPhe27 (II,
Fig. 4). The cells were transiently co-transfected with a constant amount of
hORPhe27 and an increasing amount of hORCys27 and receptor expression was
studied by Western blotting and flow cytometry. According to expectations, the
Western blot experiments showed that co-expression of the hOR variants led to a
decreased mature/precursor ratio for hORPhe27 (II, Fig. 4A). It also resulted in a
decrease in the amount of plasma membrane hORPhe27 (II, Fig. 4B). The decrease
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in the mature/precursor ratio and cell surface expression was not due to a general
membrane protein overexpression because rLHR did not impair the maturation
and trafficking of hδORPhe27 (II, Fig. 4C and D).
5.1.5 ER associated degradation of the hδOR variants (I, II)
The lower maturation efficiency of hORCys27 compared with hORPhe27 indicates
that ER exit of hORCys27 is impaired. This might eventually lead to accumulation
in the ER. This possibility was studied further by expressing the hOR variants in
HEK293i cells for a long period of time (I). The effect of the long-term
expression of the Myc- and Flag-tagged hORCys27 and hORPhe27 was studied by
metabolic pulse-chase labeling experiments (I, Fig. 4). HEK293i cells expressing
either hORCys27 or hORPhe27 were induced with tetracycline for 2 or 17 h before
labeling. The long-term expression (17 h) increased the half-life of the hORCys27
two N-glycan precursor form from 87  8 min to 171  34 min (p  0.05, n = 47)
(I, Fig. 4). However, the receptor maturation efficiency and kinetics did not
change.
The targeting of the two hδOR variants for proteasomal degradation was then
studied by treating the cells with lactacystin that is a specific inhibitor of
proteasomal degradation (Lee & Goldberg 1998). The cells were induced either
for 2 or 17 h before the pulse-chase labeling and lactacystin (or vehicle) was
added to the cells one hour before the pulse. The cells were harvested either
immediately after the pulse or after a 4-h chase. The lactacystin treatment
increased the amount of both hORCys27 and hORPhe27 precursors after the 4-h
chase and the induction time had no apparent effect (I, Fig. 4). This proved that
both variants are targeted for ERAD. In addition, the lactacystin treatment caused
the appearance of an additional smaller molecular weight receptor species that comigrated with the deglycosylated receptor precursors (I, Fig. 4). This small
receptor species is probably a deglycosylated degradation intermediate and it has
been shown earlier that if the proteasomal degradation of hORCys27 is inhibited,
these degradation intermediates will accumulate in the cytosol (Petäjä-Repo et al.
2001). Importantly, the lactacystin treatment stabilized the hORCys27 precursors
at the end of the pulse more extensively in the cells that were induced for 17 h
compared to those that were induced for only 2 h (I, Fig. 4). This suggests that the
long-term expression of hORCys27 impairs retrotranslocation of the incompletely
folded precursors into the cytosol and targeting to proteasomes, which then
apparently leads to their accumulation in the ER.
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Metabolic pulse-chase labeling experiments were also used to study the
targeting of the two hOR variants to ERAD in the co-transfected HEK293i cells
(II, Fig. 3A). Also in this case, lactacystin stabilized the hORPhe27 and hORCys27
precursors. However in the case of the hORPhe27 precursors, the effect of
lactacystin was clearer in cells that co-expressed both variants. This indicates that
co-expression of hORCys27 and hORPhe27 inappropriately targets some hORPhe27
precursors to ERAD. The lactacystin treatment also caused the appearance of a
heterogeneous slowly migrating smear at the top of the SDS-PAGE separating
gels (II, Fig. 3A). This high-molecular smear probably contains polyubiquitinated
receptors that accumulate after proteasomal blockade (Petäjä-Repo et al. 2001).
Western blot experiments supported this possibility as the ubiquitin antibody
recognized a smear at the top of the gel for samples that were prepared from
lactacystin-treated cells expressing both hORs (II, Fig. 3B).
Importantly, the accumulation of hORCys27 in the ER did not cause ER stress,
which was determined by Western blotting experiments in which the amount of
ER chaperones BiP, PDI and ERp72 were measured from the HEK293i cells that
expressed either hORCys27 or hORPhe27 (I, Fig. S2). Similarly, the level of CHOP
was not changed in these cells (I, Fig. S2). CHOP is a CCAAT/enhancer binding
protein (C/EBP) homologous protein that is involved in apoptosis after ER stress
(Oyadomari & Mori 2004). When the hOR variants were co-expressed in the
HEK293i cells, neither the amount of BiP, PDI nor ERp72 was changed. This
indicated that co-expression did not cause ER stress, although hORCys27
enhanced targeting of hORPhe27 to ERAD and thus increased the amount of
precursors that accumulated in the ER (II).
5.1.6 Constitutive internalization of the hδOR variants (I)
The difference in the mature/precursor ratio between the two hOR variants may
also be explained, at least partially, by differences in internalization of the mature
receptors. This was supported by the finding that the hORCys27 variant appeared
to localize in vesicular-type structures that were near the plasma membrane (see
Chapter 5.1.2). The constitutive internalization of the hOR variants was
therefore studied by flow cytometry. The stably transfected HEK293i cells were
induced for 24 h and the plasma membrane receptors were labeled with the anticMyc antibody. The cells were chased for different periods of time and the
remaining plasma membrane receptors were stained with the secondary antibody
and were finally analyzed by flow cytometry. The internalization of plasma
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membrane receptors was significantly faster for hORCys27 compared with
hORPhe27. After 6 h, 36  6% of the plasma membrane labeling was left for
hORCys27 and 61  10% for hORPhe27 (p  0.05, n = 3).
Immunofluorescence microscopy was also used to detect the localization of
the internalized hORCys27. A few vesicles containing internalized hORCys27 were
positive for the early endosomal vesicle marker (early endosomal antigen 1,
EEA1) (I, Fig. 8 panels AC) but a large number of receptor vesicles stained
positive for the lysosome marker (lysosome-associated membrane protein 2,
LAMP2) (I, Fig. 8 panels DF). These results indicate that the hORCys27 variant
is internalized constitutively and the internalized receptors are targeted for
lysosomal degradation.
5.2

Pharmacological properties of the hδOR variants (I, II, III)

The pharmacological properties of the hOR variants were investigated by
performing one-point, saturation and displacement ligand binding assays and GTP
binding assays. When the HEK293i cells expressing hORCys27 were treated with
tetracycline for increasing periods of time, the number of [3H]diprenorphine
binding sites increased and the half-time for maximal binding was 13.1  2.7 h
(III, Fig. 1A). The number of [3H]diprenorphine binding sites in the stably
transfected HEK293i cells after the 24-h induction of receptor expression was
similar for both variants 58 ± 11 pmol/mg of membrane protein for hORCys27 and
59 ± 13 pmol/mg of membrane protein for hORPhe27 (I). In addition, the variants
bound [3H]diprenorphine with similar affinity. The dissociation constant Kd was
1.51 ± 0.19 nM for hORCys27 and 1.40 ± 0.14 nM for hORPhe27 (I). The Ki
values for a number of different opioid antagonists and agonists were determined
in displacement binding assays (I). The values for the OR selective agonists
DPDPE and SNC-80 and for the antagonists NTX, naltriben (NTB) and
naltrindole were similar for both variants (I).
The maximal [3H]diprenorphine binding in the co-transfected HEK293i cells
that expressed both variants and were used for all except the coimmunoprecipitation experiments, was 37.1  1.8 pmol/mg protein after 24 h
induction of hORCys27 (Kd 0.60  0.02 nM, n = 3) (II). In the absence of
hORCys27 expression, the hORPhe27 expression level was 2.1  0.4 pmol/mg
protein (Kd 0.88  0.15 nM, n = 3).
GTP-binding assays were used to determine the ability of the hOR variants
to activate G proteins using stably transfected HEK293i cells that were induced
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for 24 h with a low amount of tetracycline. This was done to make sure that the
number of receptors remained low in comparison with the available G proteins (I).
The variants activated G proteins in an equal manner. The results showed that
DPDPE and SNC-80 acted as partial agonists and Leu-enkephalin as a full agonist
for both variants.
5.3

Dimerization of the hδOR variants (II)

The co-expression of hORCys27 and hORPhe27 in HEK293 and SH-SY5Y cells
showed that hORCys27 disturbs the processing of hORPhe27. This may be due to
the formation of heteromers of the two variants, possibly already shortly after
synthesis. Thus heteromerization of hORCys27 and hORPhe27 was investigated by
a co-immunoprecipitation assay. Co-immunoprecipitation with differentially
epitope tagged receptors has been used previously in a number of studies to show
homo- and heterodimerization of GPCRs (George et al. 2000, Pfeiffer et al. 2002).
HEK293i cells expressing constitutively the HA-tagged hORPhe27 were induced
with tetracycline to express the Myc- and Flag-tagged hORCys27. Then the cells
were pulse-labeled and were harvested immediately after the pulse or after a 6-h
chase. The receptors were immunoprecipitated first with either the HA or the
FLAG antibody and, after denaturation, the eluates were aliquoted and the
receptors were again immunoprecipitated with the same antibodies as indicated in
Fig. 6A and B (II). Only receptor precursors were immunoprecipitated from the
pulse samples (II, Fig. 6A) and only mature receptors from the 6-h chase samples
(II, Fig. 6B). The HA antibody immunoprecipitated the HA-tagged hORPhe27
from the FLAG antibody immunoprecipitate. Similarly, the FLAG antibody
immunoprecipitated the Myc- and Flag-tagged hORCys27 from the HA antibody
immunoprecipitate. These results thus show that both precursor and mature hOR
variants are able to form homo- and heteromers. In addition, these results confirm
the hypothesis that the homo- and heteromerization occurs in the ER.
BRET is one of the most popular methods for studying protein-protein
interactions in living cells (Pfleger & Eidne 2006). In this method, the
investigated proteins are fused either to a luminescent donor or a fluorescent
acceptor. The enzyme Rluc is used as the energy donor and GFP or its variants
(e.g. Venus) are used as energy acceptors (Pfleger & Eidne 2006). The Rluc
oxidizes the substrate, usually coelenterazine H or DeepBlueC, and the energy is
transffered from the donor to the acceptor when the two interacting proteins are
no further than 100 Å (10 nm) apart (Pfleger & Eidne 2006). The BRET signal is
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dependent on the distance and relative orientation of the donor and acceptor
molecules (Terrillon et al. 2003). The BRET assay was used as an alternative
technique to study the homo- and heteromerization of the hOR variants (II, Fig.
6C). The variants had either Rluc or Venus-tags at their C-termini. In addition, the
Venus-tagged receptors contained an HA-tag at the N-terminus. The BRET
titration assays were performed by transiently transfecting diverse amounts of the
Venus and Rluc-tagged hORs into HEK293 cells. The BRET titration curves
showed that the co-expressed variants formed heteromers and homomers equally
well. The Venus-tagged GABAB-R2 was used as a negative control to show the
specificity of the BRET results.
5.4

Effects of opioid receptor pharmacological chaperones on
expression of the hδOR variants (I, II, III)

5.4.1 Separation of receptor precursors and mature receptors by
Brefeldin A treatment (III)
It has been hypothesized earlier that pharmacological chaperones can bind to and
stabilize immature proteins in the ER and enhance plasma membrane targeting of
misfolded/incompletely folded receptors (Morello et al. 2000, Bernier et al.
2004a). This hypothesis was tested in detail in the HEK293i cells that express the
Myc- and Flag-tagged hORCys27 by tetracycline induction. To analyze whether
the receptor precursors are able to bind opioid ligands, the precursors were first
separated from the mature receptors by treating the stably transfected HEK293i
cells with brefeldin A (BFA). BFA is known to inhibit membrane vesicle traffic
and therefore the newly-synthesized proteins accumulate in the ER (Doms et al.
1989). To increase the relative proportion of receptor precursors compared with
mature receptors, the HEK293i cells were induced for only 7 h (III, Fig. 1D).
After 1 h, BFA was added for the remaining 6 h. Several different approaches
were used to ensure that all receptors in the BFA treated cells were precursors.
First, the plasma membrane receptors were labeled with the anti-cMyc antibody
and analyzed by flow cytometry. As expected, there was no specific fluorescence
signal in the cells that had been treated with BFA compared to the control cells
(III, Fig. 2C). Second, receptor localization was studied by cell surface
biotinylation and Western blotting (III, Fig. 2A). In these experiments, the cell
surface proteins were labeled with sulfo-NHS-biotin and the biotinylated
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receptors were detected by HRP-conjugated streptavidin in Western blotting. In
the BFA treated cells, there were no receptor species that were detectable by
streptavidin (III, Fig. 2A). Finally, immunofluorescence microscopy was used to
detect the subcellular localization of hORCys27 in the BFA treated and control
cells (III, Fig. 3). The cell surface proteins and hORCys27 were labeled with
Alexa-conjugated concanavalin A and the anti-cMyc antibody, respectively, under
nonpermeabilizing conditions. Intracellular receptors and the ER marker
calreticulin were then labeled with the anti-FLAG antibody and the calreticulin
antibody, respectively, after permeabilization. In the nontreated control cells,
hORCys27 co-localized with the cell surface marker concanavalin A (III, Fig. 3
panels AC). In addition, the receptor co-localized intracellularly with the ER
marker calreticulin (III, Fig. 3 panels GI). The BFA treatment led to the absence
of hORCys27 from the plasma membrane and the intracellular receptors colocalized with calreticulin (III, Fig. 3 panels DF and JL).
5.4.2 Pharmacological chaperones act by binding and stabilizing
receptor precursors (III)
The binding capability of the hORCys27 precursors was studied by saturation
binding assays using cellular membranes from the BFA treated cells. hORCys27
precursors bound the opioid antagonist [3H]diprenorphine with high affinity (Kd,
0.9  0.1 nM, n = 4). The membranes that contained only mature receptors were
used as a control. These were obtained by treating the cells with cycloheximide
(CHX) for 12 h after the 7-h tetracycline induction. CHX inhibits protein
synthesis by blocking the translation elongation (Schneider-Poetsch et al. 2010).
The mature hORCys27 bound [3H]diprenorphine with a significantly higher
affinity (Kd, 0.5  0.08 nM, p  0.005, n = 4). Displacement binding assays were
also performed to assess whether the ER and plasma membrane receptors were
able to bind agonists SNC-80 and DPDPE in a divergent manner. However in this
case, the cell surface receptors showed only slightly higher binding affinity than
the ER-retained receptor precursors.
An in vitro heat inactivation assay was used to show that opioid ligands were
able to stabilize the newly-synthesized receptor precursors (III, Fig. 7). The
HEK293i cells expressing hORCys27 were treated with BFA for 6 h and the
cellular membranes were incubated with or without NTX for 03 h at 37 C and
then the [3H]diprenorphine binding ability was measured. The incubation led to a
decreased in [3H]diprenorphine binding with time. The NTX treatment slowed the
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time-dependent decrease in binding significantly (III, Fig. 7A). This indicates that
NTX stabilized the receptor precursors. The half-time for inactivation was 32.9 
2.9 min with NTX and 14.2  1.8 min without NTX (p < 0.0001, n = 4). In
addition, other opioid ligands, the antagonist naloxone and the agonist SNC-80,
were found to stabilize the hORCys27 precursors by increasing the
[3H]diprenorphine binding in the heat inactivation assay (III, Fig. 7B). However,
the -AR antagonist phentolamine had no effect on the stabilization of hORCys27
precursors, which indicated that opioid ligands functioned specifically (III, Fig.
7B).
5.4.3 Effect of pharmacological chaperones on maturation of the
hδOR variants (I, II, III)
Saturation binding assays were performed in order to demonstrate the ability of
NTX to increase the number of binding competent hORCys27 in the ER (III). The
binding assays were performed using membranes from the stably transfected
HEK293i cells that had been treated with BFA simultaneously with or without
NTX for 6 h during tetracycline induction (III, Fig. 4). The NTX treatment
increased the binding ability of hORCys27 2.2-fold in the BFA treated cells. The
Bmax value for the NTX treated cells was 3.38  0.70 pmol/mg of membrane
protein and the corresponding value for the nontreated control cells was 1.55 
0.30 pmol/mg of membrane protein (p  0.005, n = 4). A Western blot analysis
showed a similar increase in the number of receptor precursors after NTX
treatment (III, Fig. 4, inset).
To further test the hypothesis that the pharmacological chaperones enhance
the plasma membrane targeting of the ER-retained receptors, the HEK293i cells
expressing the hORCys27 were subjected to a flow cytometry assay. The cells
were first induced and treated with BFA for 6 h and simultaneously with or
without NTX. The BFA block was then removed and the cells were treated with
CHX for 2 h to prevent new receptor synthesis. This allowed the existing receptor
precursors to mature and reach the plasma membrane. The NTX treatment caused
a 1.9  0.2 (n = 5) -fold increase in the amount of plasma membrane receptors
that was detected as increased plasma membrane fluorescence by flow cytometry
(III, Fig. 5A). Another opioid antagonist naloxone increased the plasma
membrane fluorescence in a similar manner (III, Fig. 5B). The specificity of the
effect was verified by the -AR antagonist phentolamine that did not enhance the
cell surface expression of hORCys27 (III, Fig. 5B). In addition, saturation binding
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assays with [3H]diprenorphine were used to show that NTX increased the number
of receptors by 1.4  0.08-fold in NG108-15 cells expressing the endogenous
mOR (III). The binding affinity of [3H]diprenorphine did not change for
receptors in the cells that were treated with or without NTX (Kd of 4.6  0.6 nM
and 4.2  0.3 nM, n = 5, respectively).
The plasma membrane biotinylation assay was also used to study the
influence of the opioid ligands on receptor trafficking. For this purpose, the
HEK293i cells expressing hORCys27 were treated as described above for the flow
cytometry assay, except that the CHX chase was performed in the absence or
presence of BFA. The plasma membrane receptors were then labeled with sulfoNHS-biotin and after immunoprecipitation the receptors were detected by
Western blotting using either the FLAG antibody or HRP-conjugated streptavidin.
As expected, BFA prevented the receptor precursors from reaching the plasma
membrane during the CHX chase (III, Fig. 6A). In the absence of BFA, the
intracellular receptors reached the plasma membrane and NTX enhanced their
amount. The glycans of these receptors were not processed in a normal manner
after the removal of BFA, which was suggested by the fact that the receptors
showed heterogeneity in their molecular weight. Probably, this was because the
receptors were transported to the plasma membrane before the Golgi enzymes had
reached their correct location. HORCys27 has been shown to transit the Golgi
apparatus within 10 min (Petäjä-Repo et al. 2000). Despite this apparent fast
transport, the receptor glycans were processed to some extent because Endo H
was not able to digest the receptors after the 2-h CHX chase (III, Fig. 6B). In
addition, the NTX treatment increased the resistance of hORCys27 to Endo H,
which was seen whether receptors were localized in the ER or at the plasma
membrane (III, Fig. 6B).
The fate of the receptor precursors in BFA treated cells was investigated by
metabolic pulse-chase labeling using a mutant form of hORCys27, hORCys27(Asp95Ala) (III). Most of the receptors of this mutant are located in the ER and
the opioid antagonist NTB significantly increases their maturation (Petäjä-Repo et
al. 2002). BFA and NTB were added at the beginning of the chase and the cells
were harvested after various periods of time (III, Fig. 9). Control cells were not
treated with NTB. The receptors were immunoprecipitated with the anti-FLAG
antibody and analyzed by SDS-PAGE and fluorography. The NTB treatment
decreased the degradation of receptor precursors, which was seen as slower
turnover (III, Fig. 9 A). In addition, during the chase the electrophoretic mobility
of the precursors slightly decreased and they became Endo H resistant (III, Fig.
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9B). This was the consequence of disruption of the Golgi apparatus when the cells
had been treated with BFA, which relocates the Golgi enzymes to the ER and
leads to processing of the N-glycans (Doms et al. 1989). NTB treatment enhanced
the conversion of the precursors to the slower migrating receptor forms (III, Fig.
9B).
As the OR ligands were shown to be able to enhance maturation of hORCys27,
that shows intrinsically lower maturation efficiency than hORPhe27, it was
important to investigate whether they could enhance maturation of the latter
variant as well. Metabolic pulse-chase labeling experiments were therefore
performed to compare the response of the two variants to OR ligands (I, Fig. 3G).
Stably transfected HEK293i cells were induced for 2 h to express the receptors
and NTB was added during the chase for 2 or 4 h. The receptors were
immunoprecipitated with the anti-FLAG antibody and analyzed by SDS-PAGE
and fluorography. The NTB treatment decreased the amount of receptor
precursors and increased the amount of mature receptors for both hOR variants
(I, Fig. 3G). At 4-h chase, the amount of the mature hORCys27 and hORPhe27
increased 1.9  0.20 and 1.6  0.15-fold (n = 4), respectively. Finally, the
influence of the pharmacological chaperones on the two variants was studied in
the co-transfected HEK293i cells (II). NTX was added to the cells at the
beginning of induction and was maintained thereafter. As in the experiments
described above, NTX treatment decreased the amount of receptor precursors for
both variants and simultaneously increased the amount of mature receptors (II,
Fig. 2F). For hORCys27, the increase was more evident than for hORPhe27 as was
the case when both variants were expressed separately.
5.4.4 Effect of pharmacological chaperones on calnexin-receptor
precursor interaction (III)
Calnexin interacts with a number of wt GPCRs and is involved in ER-retention of
mutant GPCRs and of other mutant proteins (Morello et al. 2001, Robert et al.
2005, Gong et al. 2006, Rosenbaum et al. 2006, Chang et al. 2008). It is thus an
important component of the ER quality control machinery. The pharmacological
chaperones may enhance the dissociation of receptor precursors from calnexin. To
test this possibility, the interaction between the hORCys27 precursors and calnexin
was studied by co-immunoprecipitation and Western blotting (III, Fig. 8). The
stably transfected HEK293i cells were induced with tetracycline for 7 h to express
the Myc- and Flag-tagged hORCys27. The receptors were then
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immunoprecipitated by the anti-FLAG antibody and analyzed by Western blotting
using the anti-calnexin antibody. The anti-calnexin antibody was able to recognize
calnexin from the samples that were immunoprecipitated with the anti-FLAG
antibody (III, Fig. 8A). This shows that calnexin interacts with the hORCys27
precursors. The effect of opioid ligands on the receptor-calnexin interaction was
then studied by using hORCys27-(Asp95Ala) (III, Fig. 8B and C). This mutant
receptor was used because opioid ligands did not appear to cause any significant
effect on the wt receptor-calnexin interaction in Western blot experiments (data
not shown). This was probably due to the reason that only part of the wt receptor
precursors are retained in the ER and can be rescued by pharmacological
chaperones. The hORCys27-(Asp95Ala) mutant is an ideal model to study
interaction between a receptor and calnexin because it is retained in the ER
almost completely (Petäjä-Repo et al. 2002). For the experiment, the HEK293i
cells expressing hORCys27-(Asp95Ala) were treated with BFA, NTX and NTB,
and the receptors were detected as described above. Both opioid antagonists
enhanced the maturation of the mutant receptor as expected (III, Fig. 8B) (PetäjäRepo et al. 2002). The ligands also increased the amount of receptor precursors in
the cells that were treated with BFA. The calnexin/receptor precursor ratio
decreased when the cells were treated with either NTX or NTB (III, Fig. 8C).
This result was consistent with the idea that the opioid antagonists enhanced the
dissociation of calnexin from the receptor precursor. The decrease in the
calnexin/receptor precursor ratio was significant following the NTB treatment
(p  0.001, n = 3; III, Fig. 8C).
Finally, the BRET assay was used to study the influence of NTB on the
receptor-calnexin interaction. For this purpose, HEK293 cells were transiently
transfected with a constant amount of hORCys27-Rluc and an increasing amount
of Venus-tagged calnexin for 24 h; the cells were simultaneously treated or not
with NTB before the BRET measurements. The NTB treatment had no apparent
effect on the BRET50 value (Fig. 6), which suggests that the relative affinity of the
receptor and calnexin remained unaltered (Mercier et al. 2002). In contrast, the
treatment appeared to clearly decrease the maximum BRET signal (Fig. 6),
suggesting that the number of receptors interacting with calnexin was decreased
following NTB treatment. This supports the idea that NTB enhances the
dissociation of calnexin from the receptor precursors. However, the difference in
the maximum BRET signals cannot directly be used as a quantitative measure of
the relative number of the interacting proteins as the maximal BRET level also
depends on the distance between the energy donors and acceptors as well as their
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relative orientation within the heteromers (Mercier et al. 2002). Thus the
observed decrease in the maximal BRET signal can also be interpreted to result
from NTB-induced conformational changes in the receptor that can change the
distance and/or orientation between the energy donor and acceptor (Percherancier
et al. 2005).

BRE T signal

0.30
0.25
0.20

Control

0.15

NTB
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0.00
0.00

0.01
0.02
0.03
Fluorescence/luminescence ratio

Fig. 6. Influence of the opioid antagonist naltriben (NTB) on the hδOR-calnexin
interaction as assessed by the bioluminescence resonance energy transfer (BRET)
assay. HEK293 cells were transiently transfected with a constant amount of the energy
Cys27

donor hδOR

–Renilla luciferase (Rluc) and different amounts of the energy

acceptor calnexin-Venus. NTB was added to the cells 24 h before the BRET
measurement. The BRET signals were measured after the addition of the substrate
coelenterazine H. The signal is plotted as a function of the expression ratio of
Cys27

calnexin-Venus over hδOR

-Rluc and the curves were fitted using a non-linear

regression analysis with a single binding site.
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6

Discussion

6.1

The hδOR variants differ in maturation, processing and
trafficking

This study describes significant differences between the hδOR variants hORCys27
and hORPhe27 when they were expressed stably in HEK293 cells and transiently
in HEK293, CHO and SH-SY5Y cells. In all cases, the maturation of hORCys27
was less efficient in comparison with hORPhe27. This was demonstrated by a
number of independent approaches. 1) In Western blot experiments, this was seen
as a lowered mature receptor/precursor ratio. 2) Flow cytometry assays revealed
that the number of plasma membrane receptors for hORCys27 was lower than for
hORPhe27. 3) Immunofluorescence microscopy confirmed that hORCys27
localized mainly in intracellular compartments, whereas hORPhe27 localized more
at the plasma membrane. 4) Metabolic pulse-chase labeling assays revealed that
the maturation efficiency was lower for hORCys27 than for hORPhe27 and that the
hORCys27 precursors accumulated over time. This can explain the observed
difference between the mature receptor/precursor ratios of the hOR variants.
Furthermore, hORCys27 internalized constitutively and faster than hORPhe27,
which may be an additional explanation for the difference in the mature
receptor/precursor ratios. Despite the apparent differences in maturation, the
pharmacological properties of the two hOR variants were similar, which is
expected because the polymorphism is located in the N-terminal domain of the
receptor.
Importantly, the various epitope tags were not found to have an effect on the
maturation difference observed between the hδOR variants. The same difference
still existed whether the receptors had either a Myc- or an HA-tag in the Nterminus. Also, the C-terminal Flag-tag did not seem to contribute to the
maturation difference because its absence did not alter the mature/precursor ratios
of the hδOR variants. However, the Flag-tag may have an effect on the
internalization of hδORs by interfering with interactions between the receptor and
regulatory proteins that are involved in internalization. For example, GASP and
sorting nexin 1 bind to the C-terminal domain of ORs and they target the
receptor to lysosomal degradation (Whistler et al. 2002, Heydorn et al. 2004).
The Cys amino acid at position 27 of the receptor N-terminus had the
strongest influence on hOR maturation compared to Phe or to the other amino
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acids tested, Ala, Ile, Ser, or Tyr. There is a free thiol in the extracellular domain
of hORCys27 because of the uneven number of Cys residues. An uneven number
of extracellular Cys residues are rarely found in the rhodopsin family GPCRs;
only 4.5% of rhodopsin family GPCRs contain an uneven number of extracellular
cysteines (Schulein et al. 2001), which indicates that the unpaired Cys is probably
harmful for the receptor protein. For example, the human vasopressin V2 receptor
has a number of mutations that introduce additional Cys residues to the ECL
domains of the receptor and cause X-linked nephrogenic diabetes insipidus (Pan
et al. 1992, van den Ouweland et al. 1992). In addition, mutations that disrupt the
disulfide bond formation in rhodopsin lead to retinitis pigmentosa (Hwa et al.
1999). It is probable that the conserved Cys 121 and 198 of hOR form a
disulfide bond between ECLII and TM3 (Knapp et al. 1994, Simonin et al. 1994,
Rader et al. 2004). These Cys are important for ER exit and ligand binding of the
receptor (our unpublished data). The additional Cys may disturb the formation of
the disulfide bond between ECLII and TM. This is, however not very likely
because the hOR variants showed similar maturation kinetics. It is more likely
that the additional Cys forms an intermolecular disulfide bond with glutathione or
another protein, such as ER oxidoreductin 1 α and β, which may then impair the
folding of hORCys27. Glutathione and the ER oxidoreductins participate in the
formation of disulfide bonds by oxidizing and reducing PDI (Lappi & Ruddock
2011). Members of the PDI family, ERp44 and ERp72 have also been shown to
mediate the thiol-mediated ER retention of proteins that have an uneven number
of cysteines (Anelli et al. 2003, Menon et al. 2007). Since hORCys27 interacts
with calnexin, ERp57 might also be a possible candidate to mediate ER retention,
because so far it is the only member of the PDI family that has been shown to
interact with calnexin and calreticulin (Oliver et al. 1999, Kozlov et al. 2009). In
addition, ERp57 has been shown to decrease the plasma membrane expression of
mutant human gonadotropin releasing hormone receptor that has broken disulfide
bridges (Ayala Yanez & Conn 2010). In the present study, site-directed
mutagenesis of the hOR amino acid 27 revealed that large and hydrophopic side
chains of Phe and Tyr favored the maturation of hδOR. So, it is unlikely that the
thiol-dependent ER retention is the only explanation for the low maturation
efficiency of hORCys27. An alternative explanation is that there is an
unfavourable conformational change in the receptor N-terminus.
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6.2

Both hδOR variants are targeted to ER associated degradation

It has been demonstrated earlier that proteasomes degrade hORCys27 precursors
(Petäjä-Repo et al. 2001). In the present study, metabolic pulse-chase labeling
experiments showed that proteasomes are also able to degrade hORPhe27.
However, the long-term receptor expression enhanced the difference between
these two variants, and resulted in impaired targeting of hORCys27 to ERAD and
extensive accumulation in the ER. Furthermore, when the two hδOR variants
were co-expressed, targeting of the hORPhe27 precursors to ERAD was increased,
and simultaneously, the number of polyubiquitinated receptors was increased
when lactacystin was used to inhibit the proteasomal degradation. Accumulation
of misfolded proteins in the ER has been shown to lead to UPR (Haynes et al.
2004), but importantly in neither of the cases when hδORs were expressed
separately or together, was UPR activated. This is in contrast to what has been
reported for the mutant form of rhodopsin Pro23His, which misfolds in the ER
(Lin et al. 2007). Accumulation of proteins in the ER or in the cytosol is harmful
for cells and may lead to several diseases. ER stress is connected to some
neurodegenerative diseases like Parkinson’s disease and Alzheimer’s disease
(Chaudhuri & Paul 2006). In Parkinson’s disease, misfolding of Pael receptors
has been suggested to contribute to cell death of dopaminergic neurons (Kitao et
al. 2007).
6.3

HδORCys27 impairs the maturation of hδORPhe27 by forming
heteromers in the ER

In this study, dimerization of the hOR variants is called heteromerization
because dimerization of the hOR variants has an effect on the expression of
receptors as discussed below. Homomerization does not have an effect on
receptor behavior. Similar nomenclature has been used before, for example for the
human LHR and human melanocortin 1 receptor point mutants (Sanchez-Laorden
et al. 2006, Zhang et al. 2009). The co-immunoprecipitation assay using
metabolically labeled receptors was used to show that both precursors and mature
forms of the hOR variants formed heteromers. This gave direct evidence in
support of the idea that receptor homo- and heteromerization occurs in the ER
before the receptors reach the plasma membrane. This was also supported by
indirect evidence, as co-expression of the hOR variants led to an increased
amount of hδORPhe27 precursors and mature receptors that contained only one N93

glycan. In the case of hORCys27, N-glycosylation of Asn33 is inefficient which
leads to expression of two glycoforms (Markkanen & Petäjä-Repo 2008). One of
these has an N-glycan attached to Asn18 and the other has two N-glycans attached
to Asn18/Asn33 (Markkanen & Petäjä-Repo 2008). However, hδORPhe27was Nglycosylated efficiently at both sites when it was expressed alone.
In contrast to the present study, earlier co-immunoprecipitation assays have
been done using Western blotting which does not discriminate between the
different biosynthetic intermediates and plasma membrane receptors (Jordan &
Devi 1999, George et al. 2000, McVey et al. 2001). In general, the coimmunoprecipitation results must be interpreted cautiously because they may
create false positive results because the hydrophobic TM domains of GPCRs may
cause nonspecific aggregation (Milligan & Bouvier 2005). The homo- and
heteromerization of the hδOR variants was therefore verified by BRET assays
using intact cells. The BRET technique gives information about the affinity
between the receptor protomers. However, it is not possible to use BRET to assess
the cellular localization, in which the homo- and heteromerization occurs.
However, a combination of subcellular fractionation and BRET has been used to
show that GPCRs dimerize in the ER (Terrillon et al. 2003, Salahpour et al. 2004,
Wang et al. 2005). In addition, BFA has been used to separate the ER-localized
receptors from the plasma membrane receptors before BRET measurements
(Kobayashi et al. 2009).
An increasing amount of evidence suggests that ER-retained mutant GPCRs
prevent the plasma membrane targeting of the corresponding wt receptors
(Benkirane et al. 1997, Calebiro et al. 2005, Ibrahim et al. 2010). This study
shows that this applies also to receptors that have subtle difficulties in folding.
Maturation of hδORPhe27 was impaired when the hδOR variants were coexpressed, which suggests a dominant negative behavior of hORCys27. This was
seen both in HEK293 and SH-SY5Y cells. The impaired plasma membrane
expression of hδORPhe27 was not due to overloading of the cells´ capacity to
process the receptors because there was no change in processing of the
endogenous transferrin receptor. Similarly, overexpression of rLHR had no effect
on the maturation of the co-expressed hδORPhe27 although it is shown that this
receptor matures inefficiently (Pietilä et al. 2005). This also indicates that rLHR
does not heteromerize with hδOR.
The co-expression of hδOR variants was found to lead to altered intracellular
trafficking of hδORPhe27 but it is important to notice that the co-expression may
also have an effect on its constitutive internalization, which should be
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investigated. Furthermore, the heteromerization of µOR and δOR has been shown
to alter the internalization fate of µORs (Milan-Lobo & Whistler 2011). It is very
likely that the heteromerization of µOR and δOR might have an influence on the
trafficking of µORs from the ER to the plasma membrane and from the plasma
membrane to endosomes and lysosomes.
6.4

Pharmacological chaperones bind to and stabilize hδORs in
the ER and improve their maturation

Earlier studies have suggested that the pharmacological chaperones bind to newly
synthesized receptors before they are transported to the plasma membrane, but the
precise action mechanism of pharmacological chaperones has remained undefined
(Petäjä-Repo et al. 2002, Bernier et al. 2006). This present study showed that
hδORCys27 precursors are capable of binding OR pharmacological chaperones in
the ER, as the ER-localized hδORCys27 were able to bind the opioid antagonist
[3H]diprenorphine in ligand binding assays. The ER-localized receptors were
separated from the plasma membrane receptors by treating the cells with BFA,
which blocks protein transport from the ER to the plasma membrane (Doms et al.
1989). BFA was used because the separation of ER and plasma membrane
fractions using sucrose density gradient centrifugation was unsuccessful. In
accordance with our findings, a few other studies have also demonstrated that
ligand binding occurs before the receptors reach the plasma membrane. For
example, the ER-localized receptors of α1C-AR and G protein-coupled receptor 30
are cabable of ligand binding (Hurt et al. 2000, Revankar et al. 2005). In addition,
ligand binding affinity chromatography has been used to purify the rLHR
precursors, which also indicates that precursors are able to bind ligands (Pietilä et
al. 2005). It has also been shown that LHR precursor and mature receptors bind
ligand with similar high affinity after solubilization (Fabritz et al. 1998).
The hδORCys27 precursors were found to bind both opioid antagonists and
agonists with high affinity but the affinity was lower than for the mature receptors.
The reason for this might be that the binding assays were done using membrane
preparations, which have different composition in the ER and plasma membrane.
The ER membranes contain mainly glycerol phospholipids, whereas the plasma
membrane has sphingolipids and cholesterol (van Meer 2005). Cholesterol may
especially have an effect on receptor conformation, ligand binding capacity and
affinity, as well as signal transduction (Burger et al. 2000). It has been shown that
cholesterol stabilizes the structure of the human 2-AR (Hanson et al. 2008).
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However, it is unlikely that the difference in cholesterol in the ER and plasma
membranes was the reason for the observed differences in ligand binding between
the mature and precursor receptors, because there were no detectable changes in
the binding affinity after cholesterol depletion of the membranes by treating the
cells with methyl-β-cyclodextrine (data not shown).
The structural stability of mutant GPCRs has been studied previously by
following the binding capacity of the receptors as a function of time (Alewijnse et
al. 2000, Li et al. 2001, Wilson et al. 2001). Consequently, the stability of the
hδORCys27 precursors was studied by the in vitro heat inactivation assay. The
results showed that the pharmacological chaperones stabilized the hδORCys27
precursors in the ER. Similar ligand induced stabilization has been seen for the
constitutively active mutant β2-ARs and µORs (Rasmussen et al. 1999, Li et al.
2001). These mutants disrupt intramolecular interactions that lead to constitutive
activation and also to marked structural instability (Rasmussen et al. 1999). So in
the case of hδORCys27, it is possible that opioid ligands stabilize the newlysynthesized receptors by creating interactions that may cause more stable packing
of the transmembrane α-helices. This notion is also supported by studies in which
small ligands increase protein thermostability (Kahn et al. 1992, Celej et al. 2003).
In addition, several GPCRs that have been rescued by pharmacological chaperone
have mutations in amino acids that participate in intramolecular interactions
(Bernier et al. 2004b, Wuller et al. 2004, Fan et al. 2005a). Furthermore, both
active and inactive opioid receptors are able to leave the ER because both agonist
and antagonist have been shown to enhance cell surface targeting of hOR and
OR (Petäjä-Repo et al. 2002, Chen et al. 2006).
It has been reported previously that opioid antagonists and agonists enhance
maturation of the C-terminally Flag-tagged hδORCys27 in HEK293 cells
expressing the receptor constitutively (Petäjä-Repo et al. 2002). In the present
study this was confirmed using the N-terminally Myc-tagged and C-terminally
Flag-tagged construct and a stably transfected HEK293i cell line expressing the
receptor in an inducible manner. Furthermore, the opioid antagonists NTB and
NTX were also found to enhance maturation of hδORPhe27 that showed inherently
more efficient maturation. In the case of co-expression of the hδOR variants, the
opioid antagonist enhanced the maturation of both variants. As expected, the
maturation of hδORCys27 was enhanced more effectively. Previously,
pharmacological chaperones have been used to rescue other wt receptors that are
located in the ER because of the dominant negative effect of the respective
mutant receptor (Brothers et al. 2004, Canals et al. 2009). For example, the wt
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1b-AR can be rescued by a pharmacological chaperone after the mutant 1b-AR
has prevented its cell surface delivery (Canals et al. 2009).
The present study also showed that hδORCys27 is able to interact with the
molecular chaperone calnexin in the ER, and OR pharmacological chaperones
were found to enhance the dissociation of the wt and hδORCys27-(Asp95Ala)
mutant precursors from calnexin. This was shown by co-immunoprecipitation as
well as by BRET assays. This finding was also supported by the results obtained
from the metabolic pulse-chase labeling assay using cells that had been treated
with BFA and NTB. In these cells, NTB treatment enhanced the conversion of
receptor precursors to the electrophoretically slower migrating forms. It can be
speculated that the reason for this observation was the enhanced processing of the
N-glycans after the receptors had dissociated from calnexin. Consistent with our
results, the receptor specific antagonists have been shown to reduce receptorcalnexin interaction in the case of mutant vasopressin V3 and opsin (Robert et al.
2005, Noorwez et al. 2009). This indicates that pharmacological chaperones
release the precursors from the calnexin cycle and they are therefore not
recognized as misfolded/incompletely folded. Interestingly, it has been shown
earlier that calreticulin is involved in the maturation of bradykinin B2 receptors
and it was observed that their heteromerization with angiotensin II AT1 receptors
was impaired when expression of calreticulin was down-regulated (Abd Alla et al.
2009).
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7

Conclusions

In this study, the processing, maturation and trafficking of two hδOR variants,
hδORCys27 and hδORPhe27, were compared using a heterologous expression system.
The two variants had similar pharmacological properties but showed different
behavior during their life cycle. The maturation efficiency, for example, differed
considerably between the variants; only 48% of hδORCys27 precursors were
converted to mature receptors in stably transfected HEK293 cells, whereas the
corresponding value was 85% for the hδORPhe27 precursors. The cell surface
hδORCys27 also internalized constitutively in more efficient way than hδORPhe27.
Transient transfection in neuroblastoma SH-SY5Y cells also showed inefficient
maturation of hδORCys27 indicating that this phenomenon occurs in neuronal cells.
However, whether the endogenous hδORCys27 is processed inefficiently in neurons
is still unclear. In addition, targeting of hδORCys27 to ERAD was impaired when
HEK293 cells expressed receptors for a long period of time. This long-term
expression may be harmful for cells and may have some detrimental ramifications
for people carrying the hδORCys27 allele.
Co-expression of the hδOR variants in either HEK293 or SH-SY5Y cells
impared maturation of hδORPhe27. This demonstrated that hδORCys27 acted in a
dominant negative manner by forming heteromers in the ER. Both precursors and
mature receptors were found to form homo- and heteromers. It can be speculated
that this dominant negative effect of hδORCys27 may also lead to ER-retention of
the pharmacologically important OR, which may have implications for the
biological effects that hOR mediates, e.g. for analgesia or substance dependence.
This study also provides additional support to the hypothesis that
pharmacological chaperones bind to ER-localized receptor precursors with high
affinity and enhance their trafficking to the plasma membrane. The opioid ligands
were found to stabilize the hδOR precursors in the ER and enhance their
dissociation from calnexin, a molecular chaperone involved in the glycoprotein
quality control. It seems that inefficient maturation is a common phenomenon
among GPCRs. Thus understanding the precise mechanism of action of the
pharmacological chaperones may help to bring them eventually into clinical use.
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