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Abstract
The delta opioid receptor (δOR) is a member of the G protein-coupled receptor family. This
transmembrane receptor has an important role in the regulation of pain. The OPRD1 gene that
encodes the human δOR (hδOR) contains at least 11 single-nucleotide polymorphisms (SNPs).
The only nonsynonymous SNP resides in the amino-terminal (N-terminal) domain of the receptor
and it replaces Phe at position 27 with Cys, thus introducing an unpaired Cys residue on the
extracellular surface of the receptor. The Cys27 variant has been shown to have an allelic
frequency of about 10% in Caucasian populations. The polymorphic site is flanked by two putative
N-glycosylation sites at Asn18 and Asn33. In this study, the folding, maturation and trafficking of
hδOR was assessed using the hδORPhe27 and hδORCys27 variants and the N-glycosylation
deficient forms of the latter as models in a heterologous expression system. The effects of Nglycosylation and the unpaired Cys-residue were studied with various biochemical,
pharmacological and cell biological methods. In addition, protein-protein interactions of the
intracellular hδOR precursors were assessed.
The hδORCys27 and hδORPhe27 variants differed significantly in their subcellular localization
and maturation efficiency. The newly synthesized hδORCys27 was found to accumulate in the
endoplasmic reticulum (ER) prior to its ER-associated degradation in proteasomes. Although a
slow maturation rate was characteristic for both variants, only the hδORCys27 had poor maturation
efficiency. The cell surface expression of hδORCys27 was further decreased because the
constitutive internalization of this receptor was enhanced compared to hδORPhe27.
N-linked glycosylation was not required for hδOR function or ligand binding, but was
important for the expression of the correctly folded receptor species at the cell surface. The mutant
non-N-glycosylated receptor was shown to traffic to the cell surface with enhanced kinetics, but
some of the plasma membrane receptors were in a nonnative conformation. Also, the overall levels
of the non-N-glycosylated hδORCys27 were decreased as the receptor was efficiently internalized
for lysosomal degradation in a constitutive fashion.
The hδORCys27 and hδORPhe27 precursors were found to interact with several ER localized
proteins, such as calnexin (CNX), protein disulfide isomerase (PDI) and ERp72. The receptors
also associated with the sarco(endo)plasmic reticulum calcium ATPase 2b (SERCA2b), which
was shown to occur during translocation of the receptor to the ER membrane or immediately
thereafter. The interaction was not receptor N-glycan dependent and the normal functional activity
of SERCA2b was shown to be required for proper cell surface expression of hδOR.

Keywords: biosynthesis, endoplasmic reticulum, ER quality control, ER-associated
degradation, G protein-coupled receptor, internalization, molecular chaperone, N-linked
glycosylation, opioid receptor, polymorphism, SERCA
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Tiivistelmä
δ-opioidireseptori kuuluu G-proteiinikytkentäisiin reseptoreihin, ja sillä on tärkeä rooli kivun
säätelyssä. Ihmisen δ-opioidireseptoria koodaavassa OPRD1 geenissä on havaittu ainakin 11
yhden nukleotidin polymorfiaa. Vain yksi tunnetuista polymorfioista aiheuttaa muutoksen proteiinin aminohapposekvenssiin. Se sijaitsee reseptorin aminoterminaalisessa osassa ja se muuttaa
fenyylialaniinin (Phe) kohdassa 27 kysteiiniksi (Cys), joka on pariton. Cys27-variantin yleisyys
eurooppalaisessa väestössä on noin 10 %. Polymorfisen kohdan molemmilla puolilla on N-glykosylaatiokohdat asparagiineissa Asn18 ja Asn33.
Tämän työn tavoitteena oli tutkia δ-opioidireseptorin laskostumista, maturaatiota ja kuljetusta
heterologisessa solumallissa käyttämällä Phe27- ja Cys27-variantteja sekä Cys27-variantin Nglykosyloimatonta mutanttia. Cys27-polymorfian ja N-glykosylaation vaikutuksia tutkittiin
useilla biokemiallisilla, farmakologisilla sekä solubiologisilla menetelmillä. Lisäksi työssä tutkittiin solunsisäisen δ-opioidireseptorin esiasteen vuorovaikutusta muiden proteiinien kanssa.
Phe27- ja Cys27-varianttien sijainti solun sisällä ja maturaatiotehokkuus eroavat toisistaan
merkittävästi. Vastasyntetisoitu Cys27-variantti kerääntyy endoplasmakalvostoon, josta se
ohjautuu proteasomihajoitukseen. Molemmat variantit kulkeutuvat solun pintaan hitaasti.
Cys27-variantin prosessointi on huomattavasti tehottomampaa ja sen määrää solun pinnalla vähentää myös lisääntynyt ohjaaminen solunsisäiseen lysosomihajotukseen.
N-glykosylaatiolla ei havaittu olevan vaikutusta reseptorin toimintaan tai ligandin sitomiseen, mutta sillä on tärkeä merkitys oikein laskostuneiden reseptorien kuljetukselle solun pinnalle, koska osa pintaan päässeistä N-glykosyloimattomista reseptoreista on muodossa, johon
reseptorispesifinen ligandi ei sitoudu. Vaikka mutanttireseptori kulkeutuukin solun pintaan nopeammin, sen määrä solun pinnalla on alhaisempi, koska mutanttireseptori ohjataan huomattavan
nopeasti solun pinnalta lysosomihajotukseen.
Phe27- ja Cys27-varianttien havaittiin olevan myös vuorovaikutuksessa eräiden endosomaalisen kalvoston proteiinien kanssa, kuten kalneksiinin, proteiinidisulfidi-isomeraasin ja ERp72proteiinin. Kumpikin reseptori havaittiin yhteisessä rakenteessa sarko(endo)plasmakalvoston
kalsium-ATPaasi 2b -pumpun (SERCA2b) kanssa N-glykosylaatiosta riippumattomalla tavalla.
Nämä proteiiniryhmät muodostuvat, kun reseptori liitetään synteesin aikana endoplasmakalvostoon tai heti sen jälkeen. Vuorovaikutus toiminnallisen SERCA2b:n kanssa havaittiin tärkeäksi
toimintakykyisen δ-opioidireseptorin esiintymiselle solun pinnassa.

Asiasanat:
endoplasmakalvosto,
endoplasmakalvoston
laadunvalvonta,
endoplasmakalvostoon kytkeytynyt proteiinihajotus, G-proteiinikytkentäinen reseptori,
internalisaatio, molekulaarinen kaperoni, N-glykosylaatio, opioidireseptori, polymorfia,
SERCA
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1

Introduction

The human δ opioid receptor (hδOR) belongs to the G protein-coupled receptor
(GPCR) family. By binding ligands from the extracellular space, these receptors
mediate various signals to the inside of cells. The scientific interest of this
receptor family arises from the fact that nearly 30% of prescription drugs used
today act via GPCRs (Panetta & Greenwood 2008). One of the historically most
important painkillers – morphine – acts via opioid receptors. This effective drug is
also commonly known to cause dependence and addiction, with serious
withdrawal symptoms. As the pharmacological industry is striving to develop
effective drugs with minimal side-effects, δOR, which has been shown to mediate
fewer deleterious side-effects, is an important target of pharmaceutical research
(Trescot et al. 2008).
The δOR is expressed mainly in the nervous system and it has been shown to
form heterodimers with other members of the opioid receptor family, the μ opioid
receptor (μOR) and the κ opioid receptor (κOR) (van Rijn et al. 2010). The
human OPRD1 gene has been shown to have at least 11 single-nucleotide
polymorphisms (SNPs), but only one nonsynonymous SNP has been
characterized in the coding region. The 80T→G replacement in exon 1 changes a
Phe residue to Cys, generating an additional unpaired Cys residue on the
receptor’s extracellular surface (Gelernter & Kranzler 2000, Zhang et al. 2008).
Generally, exposed and unpaired thiol groups of Cys residues make folding
substrates susceptible to endoplasmic reticulum (ER) retention and degradation
(Fra et al. 1993).
The folding of GPCRs occurs in the ER, where they are subjected to stringent
ER quality control. This involves molecular chaperones, such as calnexin (CNX)
and calreticulin (CRT), as nearly all GPCRs are N-glycosylated (LandoltMarticorena & Reithmeier 1994). Receptor species that are unable to achieve
their native conformation are targeted for ER-associated degradation (ERAD)
(Aebi et al. 2010). However, some GPCRs are inherently slowly folding
molecules and their poor cell surface expression can be rescued with
pharmacological chaperones (Morello et al. 2000a). The present study was carried
out to elucidate the effect of N-glycosylation and the Cys27 polymorphism on
hδOR maturation and intracellular trafficking. In addition, the association of
intracellular hδOR precursors with a number of ER resident proteins and
molecular chaperones was assessed.
21
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2

Review of the literature

2.1

ER as a protein folding environment

Each protein has a unique conformation, which depends on the primary aminoacid sequence, post-translational modifications and the physiological environment
surrounding the protein. In the process of acquiring the native conformation, the
unstable protein increasingly acquires a more stable conformation in which freesurface energies are minimized by burying the hydrophobic groups (Braakman &
Bulleid 2011). The ER is a major site of protein folding, but polypeptides fold
also in the cytosol and the mitochondria. However, all proteins with
transmembrane domains or proteins, which traverse the secretory pathway to the
Golgi, the cell surface or the extracellular space, fold in the ER (van Anken &
Braakman 2005).
The ER is a dynamic organelle and in addition to protein folding, it controls
2+
Ca release and uptake, and lipid biosynthesis. The ER membrane is a
continuous network of flattened sheets, cisternae and tubules. The membrane
surrounds the ER lumen, which serves as the cellular Ca2+ storage site. The
peripheral ER extends throughout the cellular cytoplasm and consists of rough
and smooth structures. The rough ER can be visualized in cells by its more
granular and tubular appearance caused by ribosomes attached to the membrane.
The newly synthesized polypeptides are translocated from ribosomes into the ER
lumen or they are integrated into the ER membrane for further processing. The
smooth ER is often more dilated and convoluted. Its amount in cells varies and it
is more enriched in cells that perform specialized functions in the smooth ER
region, such as detoxification of hydrophobic substances in liver cells. The ER
membrane extends continuously also around the nucleus, forming the nuclear
envelope, which is perforated with nuclear pores. (Voeltz et al. 2002)
Protein translocation into the ER lumen or insertion into the ER membrane
occurs cotranslationally with the aid of the signal recognition particle (SRP) that
slows down protein synthesis until the ribosome-polypeptide-SRP complex
interacts with the SRP-receptor at the ER membrane. Translocated polypeptides
usually contain a signal sequence, which consists of 15 to 30 amino acids. The
amino acids are organized into a positively charged amino-terminal (N-terminal)
region, a hydrophobic core and an uncharged polar carboxyl-terminal (Cterminal) region. Heat shock proteins 70 and 40 (Hsp70 and Hsp40, respectively)
23

aid polypeptides traffic posttranslationally to the translocon complex
(Zimmermann et al. 2011). The majority of GPCRs use their first transmembrane
domain as an uncleaved signal anchor sequence, but a small group of GPCRs
have an additional cleavable N- terminal signal peptide, which is cleaved by the
signal peptidase at the ER membrane (Wallin & von Heijne 1995). The
translocation occurs at the heterotrimeric Sec61 complex of α-, β- and γ-subunits.
It also involves other components, such as binding immunoglobulin protein (BiP),
which is an ER molecular chaperone and a member of the Hsp70 family. On the
lumenal side of the ER membrane the translocated proteins are processed by the
signal peptidase complex, the oligosaccharyltransferase (OST) and the
glycosylphosphatidylinositol (GPI) transamidase when applicable, to remove the
signal peptide or to attach N-linked glycosylation or a GPI-anchor to proteins,
respectively (Zimmermann et al. 2011).
2.1.1 ER quality control
Proteins that are translocated to the ER or into the ER membrane are subjected to
extensive ER quality control, which ensures that the polypeptides are properly
folded prior to their exit from the ER to other cellular compartments. The ER
quality control machinery consists of molecular chaperones, folding enzymes,
oxidoreductases, and oligosaccharide modifying enzymes. Although small
proteins may fold efficiently on their own, protein folding is usually assisted by
chaperones and folding enzymes to increase the folding rate and to prevent
undesired conformations and protein aggregation. All chaperones and folding
enzymes contribute as much as 15%–25% of the soluble protein content of the
cell. (van Anken & Braakman 2005)
N-linked glycosylation is an important link between the newly synthesized
proteins and several quality control proteins. The role of N-linked glycosylation is
described in detail in the following chapter. The N-linked glycan processing
enzymes, such as glucosidase I (GI), glucosidase II (GII), uridine diphosphate
(UDP)-glucose – glycoprotein glucosyl transferase (GT) and mannosidase I
(ManI) modify the oligosaccharide composition, thus enabling and disabling the
glycoprotein interactions with the molecular chaperones, such as calnexin (CNX)
and calreticulin (CRT). Table 1 summarizes the N-glycan modifying and binding
proteins involved in the ER quality control and degradation. Their functional roles
will be described in the following chapters. These molecular chaperones are not
part of the final protein structure and do not deliver structural information or
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accelerate the kinetics of the folding process. In contrast, folding enzymes, such
as protein disulfide isomerase (PDI) and ERp57, and peptidyl-prolyl cis-trans
isomerases (PPIs), such as cyclophilin B, accelerate the rate-limiting steps in the
folding reaction (Hebert & Molinari 2007, Feige et al. 2009). If protein folding
fails, the misfolded proteins are eventually targeted for ER-associated degradation
(ERAD) to prevent the accumulation of misfolded proteins in the ER
environment. The correctly folded proteins are released from the ER quality
control and are generally transported to the Golgi where the N-glycans are further
modified (Aebi et al. 2010).
Table 1. N-glycan binding proteins in ER quality control.
Protein

Recognized

Function

Reference

Folding

Nilsson & von Heijne (1993)
Shailubhai et al. (1987),

oligosaccharide structure
Oligosaccharyltransferase

Dolichol-P-PGlc3Man9GlcNAc2

Glucosidase I

Glc2Man9GlcNAc2

Folding

Glucosidase II

Glc0-1Man7-9GlcNAc2

Folding

Saxena et al. (1987))

UDP-glucose – glycoprotein

Glc1Man7-9GlcNAc2

Folding

Parodi et al. (1983)

Shailubhai et al. (1991)

glucosyltransferase
ER mannosidase I

Man7-8GlcNAc2

Degradation

Parodi & Cazzulo (1982)

Malectin

Glc2Man9GlcNAc2

ER stress

Schallus et al. (2008)

Calreticulin

Glc1Man7-9GlcNAc2

Folding

Hammond et al. (1994)

Calnexin

Glc1Man7-9GlcNAc2

Folding

Hammond et al. (1994)

EDEM

Man5-7GlcNAc2

Degradation

Hosokawa et al. (2001)

EDEM2

Man5-7GlcNAc2

Degradation

Olivari et al. (2005)

EDEM3

Man5-7GlcNAc2

Degradation

Hirao et al. (2006)

OS-9

Man5-7GlcNAc2

Degradation

Christianson et al. (2008)

XTP3-B

Man5-7GlcNAc2

Degradation

Christianson et al. (2008)

Abbreviations: EDEM, endoplasmic reticulum degradation-enhancing α-mannosidase-like; ER,
endoplasmic reticulum; Glc, glucose; GlcNAc, N-acetylglucosamine Man, mannose

2.1.2 N-linked glycosylation
N-linked glycosylation (N-glycosylation) is one of the most common posttranslational modifications of newly synthesized proteins (Fig. 1). The N-glycan
acceptor substrate is asparagine (Asn, N) within the N-glycosylation consensus
sequence (also called sequon) of Asn-X-Ser/Thr/Cys. The N-glycans are multitasking macromolecules. They modulate protein structure and recruit lectin-type
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chaperones to the folding process of a glycoprotein, thus enhancing proper
folding and reducing protein aggregation (Helenius & Aebi 2004). Although the
interactions formed via N-glycans are vital, the intrinsic chemical properties of
the N-glycan also appear to stabilize protein structure, accelerate folding, promote
secondary structure formation, reduce aggregation, shield hydrophobic surfaces,
enhance disulfide bond formation and increase folding cooperativity (Hanson et
al. 2009).
Structure of the core N-linked glycan
Core N-glycans consist of three glucoses, nine mannoses and two Nacetylglucosamines (Glc3Man9GlcNAc2) in the order described in Figure 1 (Aebi
et al. 2010). A recent analysis has shown that the very core of the N-glycan
consisting only of ManGlcNAc2 is sufficient to provide stability and accelerate
folding of the nascent protein (Hanson et al. 2009). The biosynthesis of the core
N-glycan is initiated on the cytosolic surface of the ER membrane, where
monosaccharyltransferases add monosaccharides to a dolichol-pyrophosphate
(dolichol-P) lipid carrier. After the addition of both GlcNAc residues and five
Man residues by the soluble nucleotide sugar donors UDP-GlcNAc and GDPMan, respectively, the glycan is flipped to the lumenal side of the membrane,
where the N-glycan structure is completed by dolichol-P-Man and dolichol-P-Glc
that add four Man and three Glc residues (Helenius & Aebi 2004, Trombetta
2003). The N-glycan consisting of Man9GlcNAc2 has a molecular weight of 1884
Da (Moore 1998).
Oligosaccharyltransferase and N-glycosylation sites of glycoproteins
The attachment of an N-glycan to the polypeptide by OST usually occurs as the
nascent polypeptide emerges from the translocon and the consensus sequence is
situated approximately 12-14 amino acids into the ER lumen (Nilsson & von
Heijne 1993). The mammalian OST is a complex of several subunits, such as
ribophorins I and II, OST48, STT3A and STT3B, N33, IAP and the defender
against apoptotic cell death (Kelleher et al. 1992, Kelleher & Gilmore 1997). It is
situated adjacent to the Sec61 translocon complex (Wilson et al. 2005).
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Fig. 1. Structure of an N-linked oligosaccharide. A) The tetradecasaccharide is a
branched triantennary structure that is transferred from a dolichol-P-donor in a
reaction catalyzed by oligosaccharyltransferase (OST). Dashed lines indicate the
polypeptide. Modified from Imperiali & O’Connor (1999). B) The core oligosaccharide
consists of two N-acetylglucosamines (GlcNAc, squares), nine mannoses (Man,
circles) and three glucose (Glc, triangles) residues. Letters a-n depict the order of the
oligosaccharide synthesis. Residues a-g are added on the cytoplasmic side of the ER
membrane and residues h-n on the lumenal side of the ER membrane after the
precursor is flipped across the membrane. Linkages between saccharide units are
depicted between the corresponding saccharides. Modified from Aebi et al. (2010).

Ribophorin I has been shown to regulate N-glycosylation by presenting the
nascent polypeptide substrates to the catalytic core (Wilson et al. 2005, Wilson et
al. 2008). The enzymatic activity resides in the STT3 proteins. The two isoforms
have different catalytic sites and their specificity towards N-glycosylation
substrates is different. The traditional paradigm is that proteins are N-glycosylated
co-translocationally and STT3A is primarily responsible for this process.
However, STT3B seems to be required for posttranslational N-glycosylation
(Ruiz-Canada et al. 2009). In addition, the complex formation of OST determines
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the preference to transport fully constructed oligosaccharides of
Glc3Man9GlcNAc2 to glycoprotein substrates (Castro et al. 2006).
The oligosaccharide is attached to the Asn residue in the N-glycosylation
consensus sequence Asn-X-Ser/Thr (where X can be any amino acid except Pro)
(Pless & Lennarz 1977, Welply et al. 1983). Additionally, a few examples show
that the Asn-X-Cys sequence can also be glycosylated (Bause & Legler 1981,
Miletich & Broze 1990, Stenflo & Fernlund 1982, Titani et al. 1986, Vance et al.
1997). The SWISS-PROT database analysis made by Apweiler et al. estimates,
that two thirds of proteins present in the database at the time of analysis carry an
Asn-X-Ser/Thr sequon (Apweiler et al. 1999). However, not all the sequons are
N-glycosylated. This was shown in an analysis employing the Protein Data Bank
crystallographic database (Berman et al. 2000), which revealed that of 2592
sequons in 929 peptide chains, 65% are occupied with an N-glycan. When the Nglycan occupied sequences are analyzed, 70% of the occupied Asn residues are in
the Asn-X-Thr sequence, whereas 59% of the unoccupied Asn residues are in the
Asn-X-Ser sequence (Petrescu et al. 2004). In addition to the consensus
tripeptide, the amino acid following the sequon is also important for the Nglycosylation efficiency. If the Y amino acid in the Asn-X-Ser/Thr-Y is Pro, Nglycosylation is nearly completely inhibited. A few other amino acids, such as
Glu, Trp, Gly and Phe at position Y reduce N-glycosylation over 50%, but the
deficiency is seen to this extent only for the Asn-X-Ser sequons (Mellquist et al.
1998). The N-glycan is most likely attached to a polypeptide in a nonnative
conformation. Furthermore, it may promote changes in the protein backbone
conformation during the folding process (Petrescu et al. 2004).
2.1.3 The role of N-glycans in ER quality control
The processing of oligosaccharides starts immediately after they are attached to
Asn in the polypeptide chain. The sequential processing of the core
oligosaccharide by GI, GII, GT and mannosidases is presented in Figure 2.
During ER processing of the nascent glycoprotein, the glucose residues are
removed by GI (Chen & Lennarz 1978) and GII (Fig. 2) (Burns & Touster 1982,
Trombetta et al. 1996). The resulting Asn-linked oligosaccharides interact with
different ER localized chaperones. The Glc2Man9GlcNAc2 has been shown to
interact with malectin (Schallus et al. 2008) and Glc1Man9GlcNAc2 associates
with molecular chaperones CNX and CRT (Hammond et al. 1994). The
Glc0Man9GlcNAc2 is generated by GII after the release of the polypeptide from
28

the CNX/CRT interaction and it is subjected to inspection and reglucosylation by
the GT (also called UGT1 or UGGT) (Fig. 2) (Parodi & Cazzulo 1982). The
reglucosylated Glc1Man9GlcNAc2 is available for another round of CNX/CRT
interaction. This cycle of release and association from CNX/CRT is called the
CNX cycle. The oligosaccharide is also modified by ER-resident α1,2mannosidases such as ER mannosidase I (ERManI) (Bischoff & Kornfeld 1983,
Gonzalez et al. 1999). Deletion of mannose residues inhibits the folding attempts
and directs folding-defective polypeptides to the ERAD. The modification of the
N-glycans continues after glycoproteins exit from the ER to the Golgi, by
trimming of the core oligosaccharides to Man5GlcNAc2 and by adding new
terminal sugars including GlcNAc, galactose (Gal), sialic acid and fucose
(Helenius & Aebi 2001).
Glucosidases I and II
The first step of N-glycan modification is performed by GI (Fig. 2). It is a
membrane glycoprotein with a large lumenal domain, which contains the
glucosidase activity (Shailubhai et al. 1987, Shailubhai et al. 1991). The removal
of the outermost Glc residue (Glc3 or Glc n as described in Fig. 1) is fast as GI is
closely associated either with the translocon or the OST complex or both (Deprez
et al. 2005). Furthermore, as the binding specificity of the OST complex towards
the N-glycan is highest when all three Glc residues are present, the hydrolysis of
the outermost Glc also inhibits any subsequent interactions between OST and the
polypeptide-bound N-glycan (Petrescu et al. 1997, Kelleher et al. 2001). The GI
generated Glc2Man9GlcNAc2 oligosaccharide is recognized by malectin, which is
a highly conserved membrane-anchored ER protein (Schallus et al. 2008).
Malectin appears to associate stably with the misfolded Null Hong Kong variant
of α1-antitrypsin but not with the wild-type α1-antitrypsin. Its role in the ER
quality control is interesting, as the malectin-gene is stress-responsive and
malectin associates with misfolded proteins very early in the folding pathway and
may inhibit secretion of defective proteins under cellular stress with an
abnormally functioning ER quality control (Chen et al. 2011, Galli et al. 2011).
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Fig. 2. Sequential processing of the core oligosaccharide in the ER. N-glycan
processing in the ER is initiated immediately after transfer of the oligosaccharide from
the dolichol donor to a polypeptide by the oligosaccharyltransferase (OST). During
early stages of folding (white background), glucosidases I and II (GI and GII,
respectively) promptly remove the two outermost glucoses. Glc1Man9GlcNAc2
interacts with calnexin (CNX) and calreticulin (CRT). The interaction ends when GII
catalyzes the removal of the last glucose. The second stage of the glycoprotein
folding involves the CNX/CRT cycle (light grey background). UDP-Glc:glycoprotein
glucosyl transferase (GT) reglucosylates N-glycans and enables another round of
CNX/CRT interaction. The repeated interaction of a glycoprotein and CNX/CRT is
called the CNX/CRT cycle. During the CNX/CRT cycle, oligosaccharides are subjected
to demannosylation by mannosidase I (M). The correctly folded glycoproteins are
released from the CNX cycle and are exported from the ER to their final destinations.
Glycoproteins unable to acquire the native fold are subjected to further removal of
mannose residues, which decreases the efficiency of GT and GII towards the
oligosaccharide and thus affects the CNX cycle. Demannosylation also promotes
targeting of the misfolded glycoproteins to ER associated degradation (ERAD) (dark
grey background). Squares, circles and triangles represent N-acetylglucosamines
(GlcNAc), mannoses (Man) and glucoses (Glc), respectively. Modified from Trombetta
(2003).
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GII acts on both remaining glucoses (Fig. 2) (Saxena et al. 1987, Trombetta et al.
1996, Trombetta et al. 2001). It is a soluble heterodimeric enzyme, which cleaves
Glc2 (Glc m) and Glc1 (Glc l) residues of the peptide-bound oligosaccharide. Due
to the sequential hydrolysis of Glc2 and Glc1, a dual role can be assigned to GII:
the first hydrolysis prepares the oligosaccharide for CNX/CRT interaction and the
second hydrolysis impedes the association with CNX/CRT. Deprez et al. showed
that the action of GII and subsequent interaction with CNX requires more than
one N-glycan in the nascent polypeptides (Deprez et al. 2005). Nevertheless,
single N-glycosylated membrane proteins, such as the nicotinic acetylcholine
receptor (Gelman et al. 1995) and ribophorin I (de Virgilio et al. 1998), are able
to interact with CNX. Deprez et al. propose that membrane proteins stay in the
ER for a longer period and their movement is restricted to the membrane thus the
probability of encountering other glycoproteins and activated GII is higher
(Deprez et al. 2005).
Why don’t both Glc2 and Glc1 hydrolyses occur in a single GII binding
event? Petrescu et al. propose that the Glc2-Glc3 and Glc3-Man linkages are on
opposite sides of the oligosaccharide. Therefore, GII, which has only one active
site, has to reposition itself in order to process the second linkage (Petrescu et al.
1997). Although several models suggest that the second Glc hydrolysis performed
by GII dissociates the glycoprotein from CNX/CRT, Bosis et al. show that the
monoglucosylated N-glycan dissociates spontaneously from CNX/CRT in vivo
(Bosis et al. 2008). This is an apt model, as GII is unable to access the linkage
between Glc and Man when the N-glycan is associated with CNX (Schrag et al.
2001).
Calnexin and calreticulin interact with monoglucosylated N-glycans
CNX and CRT are lectin chaperones that specifically interact with
monoglucosylated Glc1Man9GlcNAc2 N-glycans (Hammond et al. 1994) by
recognizing
the
Glcα(1-3)Manα(1-2)Manα(1-2)Man
portion
of
the
oligosaccharide (Vassilakos et al. 1998). As discussed in the previous chapter,
CNX/CRT interactions occur after GI and GII have trimmed the oligosaccharide
to the monoglucosylated form (Fig. 2). The chaperoning starts cotranslationally,
as both the hydrolysis steps and the initial association can occur while the
glycoprotein is still bound to the translocon complex (Chen et al. 1995).
CNX/CRT has a moderate affinity of Kd = 1-2 μM towards the oligosaccharide
(Patil et al. 2000). CRT was first established as a high affinity Ca2+-binding
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protein (MacLennan et al. 1972, Ostwald & MacLennan 1974). The integral
membrane protein CNX was also found to bind Ca2+ and to be homologous to
CRT (Wada et al. 1991). Both chaperones have a globular lectin-binding domain
and a hairpin-like P-domain, which is 110 Å long in CRT and 140 Å in CNX
(Ellgaard et al. 2001, Schrag et al. 2001). The P-domain was first thought to be
involved in the binding of the folding substrate. In fact, the tip of the P-domain
interacts with ERp57, a member of the PDI-family of oxidoreductases, adding yet
another role for CNX and CRT in ER quality control (Frickel et al. 2002, Leach et
al. 2002). The CNX and CRT also form a complex in a similar fashion with
cyclophilin B, a protein with peptidyl prolyl cis-trans-isomerase (PPI) activity,
which expression is activated by ER stress (Kozlov et al. 2010).
Although most glycoproteins are able to bind to both CNX and CRT, there
are subsets that prefer either CNX or CRT (Peterson et al. 1995). Interestingly,
this preference is reversed when CRT is modified with the transmembrane
domain of CNX (Wada et al. 1991). The lectin chaperones may also bind to
glycoproteins in a sequential manner; CNX and CRT bind to the major
histocompatibility complex (MHC) Class I antigens at different stages of their
maturation (Sadasivan et al. 1996, Van Leeuwen & Kearse 1996).
Furthermore, association of CNX and CRT with non-N-glycosylated
substrates has been shown in vitro to suppress their thermally induced
aggregations, thus implicating a lectin-independent association (Ihara et al. 1999,
Saito et al. 1999).
UDP-glucose:glycoprotein glucosyltransferase and the calnexin cycle
To enable another round of interaction between the folding substrate and
CNX/CRT, the non-glucosylated oligosaccharide is reglucosylated by GT (Fig. 2)
(Parodi et al. 1983). GT recognizes the Man residue subject to reglucosylation
and the core pentasaccharide portion of the oligosaccharide consisting of
Man3GlcNAc2 (Totani et al. 2009). Although GT reglucosylates the majority of
glycoproteins (Ganan et al. 1991), the final substrate selection is based on the
glycoprotein conformation. GT recognizes poorly folded regions with exposed
hydrophobic peptide stretches (Ritter & Helenius 2000). It has been under debate
whether the recognized aglycon structure resides near (Ritter & Helenius 2000,
Ritter et al. 2005) or relatively far (Taylor et al. 2004) from the N-glycan site.
Studies by Taylor et al. and Totani et al. propose that although GT reglucosylation
is more efficient when the misfolded site and the N-glycan are adjacent, the
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glucosyltransferase and folding sensor domains of GT are separated by a flexible
linker domain able to span both long and short distances between poorly folded
patches and the glycosylation site (Taylor et al. 2004, Totani et al. 2009). GT
seems to have a preference for molten globule-like and late folding intermediates
as substrate glycoproteins (Caramelo et al. 2003). After reglucosylation, the α(13) linkage reformed by GT is identical to the original linkage in
Glc3Man9GlcNAc2-P-P-dolichol, and thus the reglucosylated glycoprotein is
available for another round of CNX/CRT interaction and GII deglucosylation
(Parodi et al. 1983, Trombetta et al. 1989). However, severely misfolded
glycoproteins are ignored by GT and are delivered to ERAD (Caramelo et al.
2004). Soldà et al. have divided the CNX substrates to three groups on the basis
of GT interaction (Soldà et al. 2007). First, certain proteins complete their folding
program in one binding event of the CNX/CRT cycle. This group of folding
substrates has no need for GT. Another group of glycoproteins require several
rounds of the CNX/CRT cycle, thus requiring the deglucosylation and
reglucosylation performed by GII and GT. For these proteins, the lack of GT
decreases their folding efficiency as they are prematurely released from the
CNX/CRT cycle. For the third group, GT deletion delays the release from the
CNX/CRT cycle, which suggests that for these glycoproteins the GT activity is
required for structural maturation in order for the substrate protein to exit from
the CNX cycle (Soldà et al. 2007).
ER mannosidase I
ER α1,2 mannosidase I, a member of the glycosyl hydrolase (GH) family 47,
removes Man residues of N-glycans as the glycoprotein enters and exits the
CNX/CRT cycle (Fig. 2). Eventually Glc0-1Man7-9GlcNAc2 forms of the
oligosaccharide are generated (Parodi & Cazzulo 1982, Parodi et al. 1983). Both
GT and GII express their highest efficiency towards Glc0-1Man9GlcNAc2, as their
activities towards Man8GlcNAc2 and Man7GlcNAc2 decrease significantly,
subsequently inhibiting the re-entry of the glycoprotein into the CNX/CRT cycle
(Grinna & Robbins 1980, Sousa et al. 1992). Removal of the Man residue g (Man
residues are named in Fig. 1. according to the order of the N-glycan assembly)
removes the glycoprotein from the CNX cycle completely as the mannose residue
g is the glucose acceptor-site. However, the removal of Man residues g and f also
appears to require intervention of other ER degradation-enhancing α33

mannosidase-like (EDEM) members of the GH family 47, EDEM1, EDEM2 and
EDEM3 (Olivari & Molinari 2007).
2.1.4 Binding immunoglobulin protein
The ER molecular chaperone BiP is a Hsp70 family member that interacts with
unfolded substrates by binding to exposed stretches of the polypeptide by its Cterminal substrate-binding domain. The binding is regulated by the N-terminal
nucleotide-binding domain, which upon adenosine triphosphate (ATP) hydrolysis
forms a lid over the substrate-binding domain and stabilizes the interaction
(Hendershot et al. 1996). BiP has also an important role in sealing the luminal
side of the inactive translocon and in directing the misfolded proteins to
retrotranslocation to the cytosol (Hebert & Molinari 2007). Although BiP is a
highly abundant protein in the ER lumen, its levels are tightly controlled. BiP
levels are elevated when the ER load is increased under pathological ER stress
conditions, when misfolded proteins accumulate in the ER (Hebert & Molinari
2007). Both BiP and CNX/CRT have important roles in preventing protein
aggregation in the ER. Although the N-glycans target glycoproteins to the
CNX/CRT cycle, the initial selection of the chaperone system is determined by
the site of the first N-glycan in the polypeptide sequence. It appears that if the
first N-glycan is positioned within the first 50 amino acids of the nascent
polypeptide sequence, the first choice is CNX/CRT. However, these proteins
associate with BiP if the oligosaccharide modification to the monoglucosylated
form is prevented with castanospermine and the CNX/CRT interaction is
abolished (Molinari & Helenius 2000). For certain proteins, such as glycoprotein
G of the vesicular stomatitis virus, both BiP and CNX associations are required.
The two chaperone systems function sequentially, first the incompletely oxidized
folding intermediates interact with BiP and later the folding intermediates with
disulfide bonds interact with CNX. In addition, ternary complexes of glycoprotein
G, BiP and CNX may occur (Hammond & Helenius 1994).
2.1.5 Disulfide bond formation and the protein disulfide isomerase
family
The disulfide bond formation between thiol groups of two Cys residues is an
important step of protein folding, as disulfide bonds increase the stability of the
native conformation. The absence of a disulfide bond or the formation of
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incorrect disulfide bonds causes the production of severely misfolded protein
species (Appenzeller-Herzog & Ellgaard 2008). The first characterized member
the PDI family, PDI has a domain architecture of a-b-b’-a’. The catalytically
active sites Trp-Cys-Gly-His-Cys are located in the a and a’ domains. The Cys
residues of the active site can acquire different chemical states: dithiol, disulfide
and mixed disulfide states, depending on the state of interaction with the folding
substrate (Kallis & Holmgren 1980). Twenty PDI-family members have been
reported for humans. Members of this protein family are defined to contain at
least one domain similar to PDI. In addition, ERp57, PDIp, ERp72, P5, ERp46
and TMX3 contain the same catalytically active site as PDI, and they are likely to
catalyze the same reactions in vitro as PDI (Hatahet & Ruddock 2009).
PDI binds polypeptides with broad specificity and high affinity (Klappa et al.
1998, Pirneskoski et al. 2004). By binding directly to the folding substrate, PDI is
able to catalyze disulfide bond oxidation, reduction and isomerization. The ability
of PDI to function as a chaperone in the protein refolding process after
denaturation has been demonstrated for disulfide-bond containing proteins, such
as lysozyme (Puig & Gilbert 1994) and proinsulin (Winter et al. 2002).
For glycoprotein folding, ERp57 is the most interesting member of the PDI
family. It has a PDI-like domain architecture, and a similar peptide-binding
domain. However, ERp57 lacks the broad specificity of peptide binding as it
binds only to CNX and CRT (Elliott et al. 1997, Oliver et al. 1997, Russell et al.
2004). Consequently, it can bring the glycoproteins into close proximity to the
catalytic binding site. The ERp57-mediated disulfide bond formation and
isomerization requires direct association with the CNX cycle as in the absence of
CNX/CRT-mediated interaction with the folding substrate, ERp57 is unable to
function (Jessop et al. 2009). ERp57 seems to have some degree of substrate
specificity towards glycoproteins with several disulfide bonds. These proteins are
likely to form non-native disulfide bonds and the isomerization activity of ERp57
is required to generate the native fold, leading to a release of the glycoprotein
from the CNX cycle (Jessop et al. 2007).
ERp72 shares prominent similarity in its domain structure with ERp57 and
PDI, with the exception that ERp72 has an additional catalytic ao domain and the
tail is negatively charged in contrast to the positively charged tail of ERp57
(Määttänen et al. 2006). Although the residues that associate with CNX in ERp57
have been conserved in ERp72, it does not interact with CNX (Soldà et al. 2006),
as the b-b’ domain surface lacks the basic residues present in ERp57 that are also
required for CNX binding (Kozlov et al. 2009).
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2.1.6 ER-associated degradation
A significant portion of the nascent proteins that are translocated into the ER fail
to achieve their native conformation. This is suggested by the following
observations. First, the error rate of protein synthesis is estimated to be one amino
acid in 103 – 104 (Cochella & Green 2005). During the synthesis of a GPCR, e.g.
hδOR, which contains 372 amino acids (Knapp et al. 1994, Simonin et al. 1994),
an error is likely to occur in at least every third receptor. Furthermore, 30% or
more of the newly synthesized proteins that pass through the ER are unable to
fold correctly and actually pass the ER quality control (Schubert et al. 2000). To
prevent the accumulation of misfolded proteins in the ER, they are
retrotranslocated for proteasomal degradation in the cytosol (Määttänen et al.
2010). Many neurodegenerative diseases, such as Parkinson’s disease and
amyotrophic lateral sclerosis (ALS), are caused by the accumulation of misfolded
proteins in the ER (Woehlbier & Hetz 2011).
The mannose residues of the N-glycan oligosaccharide have an important role
in targeting the misfolded proteins for degradation. Trimming of the mannoses
has been considered to make the N-glycans “timer tags” of protein folding
(Helenius 1994). As discussed in chapter 2.1.3, the α(1,2)-linked mannose
residues are removed by the ER α1,2 mannosidase I (Man g, see Fig. 1 for
oligosaccharide structure) and EDEM members of the GH family 47, EDEM1,
EDEM2 and EDEM3 (Man f, i and k) (Olivari & Molinari 2007). Targeting the
glycoproteins to ERAD requires trimming of Man g, which removes the
glycoprotein irreversibly from the CNX/CRT cycle, and trimming of Man k,
which exposes the α(1,6)-linked Man j. This residue is important in the ERAD, as
it is recognized by ERAD lectins OS-9 and XTP3-B. OS-9 and XTP3-B function
as ERAD shuttles transporting soluble ERAD substrates from the ER lumen to
the retrotranslocation complex consisting of a membrane adaptor protein SEL1L,
the E3 ubiquitin ligase 3-hydroxy-3-methylglutaryl – coenzyme A reductase
degradation protein 1 (HRD1) and the dislocon on the ER membrane (Fig. 3)
(Bernasconi et al. 2008, Christianson et al. 2008, Hosokawa et al. 2008,
Hosokawa et al. 2009). HRD1 and GP78 are E3 ubiquitin ligases, which regulate
separate ERAD pathways with distinct substrate specificity (Nakatsukasa &
Brodsky 2008). Membrane proteins and cytosolic proteins appear to have distinct
requirements for retrotranslocation. Soluble substrates require OS-9, XTP3-B,
SEL1L and HRD1 for efficient disclocation and degradation. In contrast,
membrane-bound misfolded proteins are likely to reach the dislocation sites by
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lateral diffusion in the ER membrane (Bernasconi et al. 2010a, Bernasconi et al.
2010b).
Efficient translocation from the ER to proteasomal degradation requires the
unfolding of terminally misfolded structures. Several PDI-family members, such
as PDI, ERp57, ERp72, ERp29 and ERdj5, have been demonstrated to have a role
in ERAD (Appenzeller-Herzog & Ellgaard 2008). ERdj5 is a reductase, which
cleaves the disulfide bonds of the misfolded proteins associated with EDEM. In
addition, ERdj5 associates with BiP in a manner that further facilitates
retrotranslocation: it activates the modification of ATP-bound BiP to the ADPbound form, which binds strongly to the misfolded substrates and maintains them
in a dislocation-competent state until the retrotranslocation takes place (Ushioda
et al. 2008). ERdj5 also associates with the ER flavoprotein associated with
degradation (ERFAD), which likely catalyzes the redox reaction of ERdj5.
ERFAD is also found in a complex with SEL1L and OS-9 (Riemer et al. 2009).
Furthermore, the cis-trans isomerization of the peptide bond between proline and
its preceding residue facilitates ERAD by “loosening up” the proteins from their
misfolded conformation, thus facilitating the retrotranslocation process
(Määttänen et al. 2010). One of the ER located PPIs, Cyclophilin B, has been
shown to function in the HRD1 pathway of soluble ERAD substrates (Bernasconi
et al. 2010b) and to protect cells from ER stress (Kim et al. 2008). Furthermore,
Cyclophilin B has been recently demonstrated to associate with the P domain of
CNX and CRT (Kozlov et al. 2010).
Eventually, the retrotranslocated polypeptides are poly-ubiquitinated and
degraded in proteasomes. The ubiquitin-activating enzyme (E1) transfers an
activated ubiquitin to one of the 30–40 ubiquitin-conjugating enzymes (E2). The
ubiquitin is then transferred to ubiquitin-protein ligases (E3), which conjugates
the ubiquitin to the Lys residues of the substrate (in this context to the protein
targeted for ERAD). The polyubiquitin chain is formed by repeating this process
and it serves as a targeting and degradation signal for the 26S proteasome, which
consists of 19S regulatory and 20S catalytic domains. The highest degree of
specificity in the ubiquitin-proteasome system towards the substrate is seen in E3
ligases, such as gp78 and HRD1 (Weissman et al. 2011). The N-glycans are
removed from the glycoproteins before proteasomal degradation by a cytosolic
peptide-N-glycosidase (Suzuki et al. 2002). Very recent proteomic approaches
have revealed several new components involved in ERAD and describe extensive
protein networks involved in the recognition of misfolded proteins and their
retrotranslocation and degradation (Fig. 3) (Christianson et al. 2012).
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Fig. 3. The functional organization of the mammalian ER-associated degradation
network. Targeting folding-incompetent, mutant and unassembled polypeptides for
ERAD is a complex process, in which ERAD components across the ER lumen, the
lipid bilayer and the cytosol recognize, target and deliver misfolded substrates for
degradation. Substrate recognition and processing occurs in the ER lumen and
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degradation), XTP3-B, OS-9 and EDEM1 complexes. Subsequent steps of protein
degradation require dislocation and ubiquitination by ubiquitin E3 ligases in the gp78
or HRD1 complexes. Substrate extraction for proteasomal degradation includes
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various recruitment factors and AAA ATPase VCP (also known as p97). Ubiquitin
chains of the misfolded polypeptides may be extended (polyubiquitination) or are
subjected to deubiquitination. Furthermore, prior to proteasomal degradation, the Nglycans are removed in a deglycosylation process. Modified from Christianson et al.
(2012).

To prevent stress-causing accumulation of misfolded proteins in the ER, three
ER-resident unfolded protein response (UPR) stress sensors, the inositol-requiring
enzyme 1α (IRE1α), the protein kinase RNA-activated - like ER kinase (PERK)
and the activating transcription factor 6 (ATF6), relay the information about
protein folding status from the ER lumen to the nucleus. The induced UPR results
in upregulation of a subset of ER quality control and ERAD components and a
decrease in the synthesis of proteins that are folded in the ER in order to decrease
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the load of misfolded proteins in the ER. If the cell is unable to restore the protein
homeostasis of the ER, the damaged cells are eliminated by apoptosis (Woehlbier
& Hetz 2011).
2.1.7 Exit from the ER to the Golgi complex
ER export of synthesized proteins occurs from distinct ER exit sites (ERES) in
the transitional ER (Mezzacasa & Helenius 2002), where budding of COPII
(coatamer protein II)-coated vesicles takes place. The majority of proteins
exported from the ER are packed into COPII vesicles to be transported from the
ER to the Golgi (Wieland et al. 1987). Transportable proteins contribute to the
formation of the ERES- and COPII-coated vesicles (Forster et al. 2006). In the
bulk-flow model, the export of proteins from the ER does not require transport
signals; rather, the retention signals are required to maintain ER-localization of
the ER-resident proteins and to prevent their unnecessary export from the ER. In
the receptor-mediated model of ER exit, the targeting information is on the cargo
proteins, which serves as a positive sorting signal for ER exit. The sorting signals
are recognized by transport receptors that couple the cargo proteins to the
cytosolic vesicle budding machinery (Appenzeller-Herzog et al. 2004). In the
transmembrane protein export a di-acidic motif, Asp-X-Glu, in the cytoplasmic
portion of the cargo protein has been shown to be recognized by COPII
components and thus functions as an export signal (Nishimura & Balch 1997).
Some proteins require additional elements in order to progress on their pathway to
the final destination. ER – Golgi intermediate compartment 53 (ERGIC-53)
(Appenzeller et al. 1999) is an example of such receptors that recognize the ER
exit signals of N-glycosylated cargo proteins and couple the cargo proteins to the
cytosolic vesicle budding machinery. These ER export receptors cycle between
the ER and post-ER compartments. ERGIC-53 is a mannose specific hexameric
transmembrane lectin (Schindler et al. 1993). It captures both monoglucosylated
and deglucosylated high-mannose type glycoproteins with low affinity and broad
specificity in the ER and upon a change of pH the cargo is released in the ERGIC
(Appenzeller-Herzog et al. 2004, Kamiya et al. 2008). Research results indicate,
that ERGIC-53 may serve at a second level of quality control in targeting proteins
to their final destination, as its substrate binding is affected by the untrimmed
glucose residues and it seems to recognize a tertiary motif with disulfide bonds in
the cargo proteins (Appenzeller-Herzog et al. 2005).
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2.1.8 O-linked glycosylation
Although more than 50% of proteins that pass through the secretory pathway are
O-glycosylated (Gill et al. 2011), research on O-glycosylation is difficult due to
the biosynthetic complexity of the modification, its heterologous nature and the
lack of a consensus sequence (Steentoft et al. 2011). O-glycosylation occurs in
the Golgi complex, where the core O-glycan forming enzymes are enriched in the
cis- and medial-Golgi cisternae and the late-acting capping machinery is enriched
in the trans-Golgi cisternae. The most common O-glycosylation is mucin-type Oglycosylation, containing N-acetylgalactosamine (GalNAc). To initiate Oglycosylation, Ser/Thr residues are modified with GalNAc-transferases that
catalyze the transfer of GalNAc from UDP-GalNAc to the substrate protein. The
GalNAc-Ser/Thr generated is called the Tn antigen, which is further modified by
attaching Gal and GlcNAc residues to generate different core O-glycans. The
most common elongation contains Gal attached to GalNAc by a β3-linkage.
These core O-glycans are further subjected to Gal extension and O-glycan
capping by sialic acid addition. The other types of core O-glycosylation are less
common, but they are known to contain GlcNAc (Gill et al. 2011).
2.2

Ca2+ in the ER and the sarco(endo)plasmic reticulum calcium
ATPase

An optimal Ca2+ concentration in the ER lumen is necessary for protein folding.
Depletion of Ca2+ inhibits protein synthesis by suppressing translation (Prostko et
al. 1995) and facilitating protein degradation (Jeffery et al. 2000). Furthermore,
folding and maturation of a number of proteins is affected by the depletion of ER
Ca2+ (Lodish et al. 1992). Ca2+ is also a highly important secondary messenger in
cells. Fluctuations in the Ca2+ concentration in the cytoplasm cause Ca2+
oscillations that control important cellular processes such as gene transcription
(Dolmetsch et al. 1998) and activation of mitochondrial respiration (RobbGaspers et al. 1998). Ca2+ is stored in the ER lumen and is released through
inositol 1,4,5-triphosphate receptor (IP3R) channels. The Ca2+ reuptake occurs
through Ca2+ ATPases, such as sarco(endo)plasmic reticulum Ca2+ ATPase
(SERCA) pumps. The free ER lumenal Ca2+ concentration has been estimated to
be between 100 and 700 µM with the total Ca2+ concentration being over 1 mM.
This is significantly higher when compared to the 50 to 100 nM cytosolic Ca2+
concentration in unstimulated cells (Foskett et al. 2007).
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Increased concentrations of Ca2+ in the cytosol are tolerable for only limited
periods of time, as prolonged upregulation of free Ca2+ levels would lead to
permanent activation of proteases, phospholipases and nucleases, and would
eventually lead to cell death. Hence, different Ca2+ binding and pumping proteins
are required. Three types of Ca2+ pumps reside in mammalian cellular
membranes. The plasma membrane Ca2+-ATPase (PMCA) and the secretory
pathway Ca2+/Mn2+ ATPase (SPCA) pumps can be localized to the plasma
membrane and to the Golgi membranes, respectively. SERCA pumps reside in the
ER and in the sarcoplasmic reticulum membranes and in the nuclear envelope
connected to them. In addition, SERCA pumps are also found in Golgi
membranes. (Brini & Carafoli 2009)
In the ER lumen Ca2+ levels are buffered by abundant Ca2+-binding proteins,
such as CRT and calsequestrin. Whereas CRT is distributed evenly in the ER
lumen, calsequestrin is found in terminal cisternae of the sarcoplasmic reticulum
of muscle cells, in which the Ca2+ concentration can reach up to 50 mM. CRT has
been shown to modulate IP3R and SERCA2b functions. In addition to the role of
Ca2+ as a cytosolic messenger, the ER lumenal Ca2+ levels are important for
various cellular processes. Low ER Ca2+ levels inhibit the activity of the lumenal
chaperone BiP, thus preventing its function in the ER quality control and
consequently causing the accumulation of improperly folded proteins in the ER
lumen. Furthermore, the traffic from the ER to the Golgi or from the cytoplasm to
the nucleus is impaired if ER Ca2+ stores are depleted. (Meldolesi & Pozzan
1998)
2.2.1 SERCA-family of Ca2+ ATPases
Mammals have three different SERCA genes that each express at least two
different protein isoforms with a well-regulated developmental and tissue-specific
expression pattern. SERCA1a and SERCA1b are expressed in the adult and
neonatal fast-twitch skeletal muscle cells. SERCA3 has six different isoforms,
SERCA3a-f (Fig. 4). They are expressed in a limited set of muscle and non-muscle
cells and have low Ca2+-affinity. (Vangheluwe et al. 2005)
The evolutionary most ancient SERCA, SERCA2 is the most widespread of
the SERCA pumps. It is expressed in three different isoforms that show tissuespecificity. SERCA2b is expressed in all cell types, whereas SERCA2a is the
major SERCA pump expressed in heart tissue (Dally et al. 2006, Wu et al. 1995).
SERCA2c is also expressed in the heart as well as in epithelial, mesenchymal and
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hematopoietic cells (Gelebart et al. 2003). Generally SERCAs contain 10
transmembrane domains (TMs), but SERCA2b differs from the other SERCA2s
by possessing a 46-amino acid hydrophobic tail, which forms an additional
transmembrane domain that targets the C-terminus of SERCA2b into the ER
lumen (Gunteski-Hamblin et al. 1988, Lytton & MacLennan 1988, Lytton et al.
1992). The C-terminal sequence contains an N-linked glycosylation consensus
sequence that may function to retain SERCA2b in the ER (Bayle et al. 1995). The
additional transmembrane segment increases SERCA2b affinity towards Ca2+ by
stabilizing the Ca2+-bound E1 conformation by interacting with transmembrane
domains 7 and 10 and with the lumenal loops (Vandecaetsbeek et al. 2009).
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Cytosolic Ca2+ is pumped back to the ER by Ca2+ ATPases
The SERCA, PMCA and SPCA pumps transport Ca2+ across the membranes by
binding free Ca2+ with high affinity on the cytosolic side of the membrane when
the protein is in the so-called E1 state (Fig 5). This causes structural changes in
the Ca2+ pumps allowing phosphorylation of the highly conserved catalytic Aspresidue by the γ-phosphate of ATP. Following the transition from the high Ca2+
affinity E1~P(Ca2+) enzyme to the lower affinity E2-P enzyme Ca2+ is released
into the extracellular space or the ER/Golgi lumen, depending on the pump.
Eventually, the enzyme is dephosphorylated and resumes the E1 state. Although
the simplified reaction scheme can be applied to all three types of Ca2+ pumps,
they differ in reaction stoichiometry. SERCA contains two Ca2+ binding sites, thus
it is able to achieve 2.0 Ca2+/ATP transport stoichiometry, whereas PMCA and
SPCA contain only one functional Ca2+ binding site and thus have 1.0 Ca2+/ATP
stoichiometry. In addition, SPCA is also able to transport Mn2+ across the Golgi
membranes, where it functions as a cofactor for several Golgi enzymes.
(Toyoshima et al. 2004)
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Fig. 5. The structure and catalytic cycle of the sarco(endo)plasmic reticulum ATPase
(SERCA). A) The SERCA pumps are composed of a membrane domain (M) and three
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2.2.2 SERCA2b interacts with components of the ER quality control
machinery
The regulatory function of CRT in Ca2+ transport across the ER membrane was
first established when overexpression of CRT in Xenopus oocytes was found to
inhibit the repetitive IP3-induced Ca2+ waves. Rather than affecting the peak
amplitude of the Ca2+ waves, CRT reduced the occurrence and frequency of the
repetitive Ca2+ wave activity. Interestingly, the modulation of Ca2+ waves was not
mediated by the CRT high-capacity/low-affinity Ca2+ binding domain. (Camacho
& Lechleiter 1995)
It was shown that CRT interacts with SERCA2b via the C-terminus of
SERCA2b that contains a putative N-glycosylation site and is lumenal due to the
11th TM domain (Fig. 6) (John et al. 1998). CNX is also able to inhibit the Ca2+
waves upon overexpression and was shown to physically interact with the
lumenal C-terminus of SERCA2b. This interaction is dependent on
phosphorylation of the CNX cytosolic domain. Upon IP3-induced Ca2+ release to
the cytoplasm, CNX is dephosphorylated and the interaction between CNX and
SERCA2b is disrupted. This allows SERCA2b to function normally and repump
Ca2+ back to the ER lumen (Roderick et al. 2000). ERp57, an oxidoreductase that
interacts with both CRT and CNX in the protein folding process, also interacts
with SERCA2b (Fig. 6). This interaction occurs between the ER facing thiols in
the intralumenal loop 4 in a Ca2+-dependent and specific manner. The interaction
requires CRT, as SERCA2a lacking the luminal N-glycosylation site altogether or
SERCA2b with a mutated N-glycosylation sequon are not affected by ERp57 (Li
& Camacho 2004). This is controversial, as the N-glycosylation of SERCA2b has
not been directly demonstrated. In fact, SERCA2b N-glycosylation is unlikely, as
Roderick et al. were unable to detect a shift in the molecular weight of SERCA2b
after endoglycosidase H (Endo H) treatment, which removes core
oligosaccharides (Roderick et al. 2000). Together CNX, CRT and ERp57 inhibit
the SERCA2b pumping activity when the ER Ca2+ levels are high, but upon Ca2+
storage depletion after IP3R mediated release of Ca2+ to the cytosol, the
interactions are disrupted and SERCA2b restores its full activity (Li & Camacho
2004). In addition, CRT has been shown to interact with PDI when the Ca2+
concentration is low. This interaction is abolished when the ER Ca2+
concentration increases (Corbett et al. 1999).
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2.3

G protein-coupled receptors

GPCRs form a physiologically significant family of transmembrane receptors.
Upon binding a wide range of receptor specific compounds, they regulate
downstream signaling via intracellular heterotrimeric guanine nucleotide-binding
proteins (G proteins). The physiological responses range from events such as
hormone secretion, neurotransmitter release and nociception to smooth muscle
relaxation/contraction, cell apoptosis and immune defence. The extensive range
of responses is constructed from the sheer number of different GPCRs. The
human genome contains approximately 800 GPCR sequences that have been
identified (Fredriksson et al. 2003). All members of this receptor family share the
same topological structure of seven transmembrane domains (7TM) with
connecting cytosolic and extracellular loops, as presented in Fig. 7. They mediate
the signal from receptor activating ligands (agonists) by changing from a
quiescent state to an active state upon agonist binding, which involves
conformational changes in the receptor transmembrane region. This enables
signal transfer to the heterotrimeric G protein complex, which associates only
with the active state of the receptor (Park et al. 2008b).
The importance of studying GPCRs stems from their value in clinical
medicine. Most drugs available compete with small endogenous molecules for
binding sites on proteins. Therefore, GPCRs are ideal targets for pharmaceutical
compounds, as they mediate extracellular signaling by binding a vast number of
different compounds. These receptors are major targets in the pharmaceutical
industry, as 30% of marketed small-molecular drugs target GPCRs (Hopkins &
Groom 2002). Human disorders associated with vision, cardiovascular system,
asthma, and strokes are treated with GPCR ligands that alter the activity of the
rhodopsin, the β1-adrenergic receptor (β1AR), the β2-adrenergic receptor (β2AR)
and the adenosine A2A receptor, respectively (Mustafi & Palczewski 2009). The
opioid receptor family is clinically important, as the opioid agonists are used to
treat severe pain (Trescot et al. 2008).
2.3.1 Evolution and classification of GPCRs
The first GPCRs and their signal transduction systems evolved 1.2 billion years
ago. The first rhodopsin-like GPCRs appeared approximately 580 – 800 million
years ago and the number of GPCRs started to expand 500 million years ago due
to the duplication of genes, chromosomes or even whole genomes (Armbruster &
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Roth 2005, Römpler et al. 2007). The expansion of the GPCR family has been
enormous, since the single-cell eukaryote Saccharomyces cerevisiae genome
contains only three GPCR genes (Hsueh et al. 2009), whereas the human genome
has been shown to contain approximately 800 GPCR genes and the mouse
genome nearly 1800 full-length GPCR genes (Gloriam et al. 2007).
Today the human GPCRs are divided into Glutamate, Rhodopsin, Adhesion,
Frizzled/Taste2 and Secretin families by phylogenetic analysis (Fig. 7). The
Rhodopsin family is by far the largest; over 80% of the receptors belong to this
family. The majority of the Rhodopsin family receptors contain only a short Nterminal sequence, hence the diversity within this heterologous group is created
within the transmembrane helices regardless of the specific sequence motifs that
are highly conserved in the transmembrane domains (Fredriksson et al. 2003,
Lagerström & Schiöth 2008). The Rhodopsin family can be divided into α, β, γ
and δ groups. Opioid receptors belong to the γ group in a receptor cluster with
somatostatin receptors and galanin receptors (Fredriksson et al. 2003). Orphan
receptors are GPCRs, whose physical function is still unknown and as such they
are a promising group of new targets for the pharmaceutical industry. Their
deorphanization is an ongoing process (Fredriksson et al. 2003).
2.3.2 GPCR structure
There are several highly conserved features in GPCRs (Fig. 7). The core of the
receptor is formed by seven transmembrane helices that are arranged in a bundle
in a counter-clockwise fashion, when viewed from the extracellular side of the
plasma membrane. GPCRs can be considered to consist of a ligand binding
module (extracellular parts and the extracellular half of the transmembrane
domains) and a downstream signaling module (intracellular parts and the
intracellular half of the transmembrane domains). The ligand binding module is
less conserved in GPCRs, thus it creates the great diversity of this receptor family.
The downstream signaling module is more conserved and is responsible for the
large conformational changes during the receptor activation process (Katritch et
al. 2011). Although GPCRs have been studied extensively for several decades,
only in the past decade has detailed knowledge of the GPCR structure become
available. Rhodopsin was the first GPCR for which the three dimensional (3D)structure was obtained, as it is produced abundantly in the disks of rod
photoreceptor cells and therefore is readily available for crystallization assays
(Unger et al. 1997).
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Fig. 7. GPCR structure and classification. The core bundle of a GPCR consists of
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intracellular and extracellular loops (ICL and ECL, respectively) and end in the
extracellular N-terminus and the cytosolic C-terminus. Two Cys residues forming a
disulfide bond between TM-III and ECL2 are highly conserved. In contrast to the well
conserved 7-transmembrane core, the size and the structure of other parts of the
receptors vary greatly in different receptor classes. The C-terminus is often
palmitoylated especially in the members of the Rhodopsin family. GPCRs are divided
into Rhodopsin, Secretin, Glutamate, Adhesion and Frizzled/Taste2 families. The
characteristic features of the most of the Rhodopsin family members are the short Nterminus, ligand binding site within the transmembrane domain and the palmitoylated
Cys residue in the C-terminus. In the other receptor families, the N-terminus is
generally longer and contains the ligand binding site. The Secretin family has
characteristic disulfide bonds in the N-terminus. The Glutamate, Adhesion and
Frizzled/Taste2 families have very short ICL3 and also a very long C-terminal domains.
Modified from Gether (2000).
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The rhodopsin structure was resolved at a low-resolution electron microscopic
level in 1997 (Unger et al. 1997), and finally the first GPCR 3D crystal structure
resolved to 2.8 Å resolution was published for bovine rhodopsin (Palczewski et
al. 2000). Today, the structure of rhodopsin has been resolved also in an activated
state bound to G-proteins (Park et al. 2008a, Scheerer et al. 2008) and in a
constitutively active mutant form (Standfuss et al. 2011). Furthermore, structures
of the human β2AR (Cherezov et al. 2007, Rasmussen et al. 2007), the human A2A
adenosine receptor (Jaakola et al. 2008), the turkey β1AR (Warne et al. 2008), the
squid rhodopsin (Murakami & Kouyama 2008), the human D3 dopamine receptor
(Chien et al. 2010), the human chemokine CXCR4 receptor (Wu et al. 2010), the
human histamine H1 receptor (Shimamura et al. 2011), the mouse μOR (Manglik
et al. 2012) and the human κOR (Wu et al. 2012) have been resolved. In addition
to rhodopsin, adrenergic receptors are another group of GPCRs that have been
structurally characterized and several different structures have been resolved with
various ligand bound states (Rosenbaum et al. 2011, Warne et al. 2011).
The extracellular domain of GPCRs consists of the N-terminal tail and three
extracellular loops ECL1, ECL2 and ECL3 (Fig. 7). This domain has an
important role in defining the ligand binding site and the access to it. For
rhodopsin, the extracellular domain folds in a conformation that prevents solvent
access to the ligand binding site, as the inactive receptor is already in a ligandbound state. Its extracellular loops ECL1 and ECL3 reside on the periphery of the
receptor while a part of ECL2, which forms two β-strands, folds deeply into the
helical bundle. The compact structure of the N-terminal tail forms the outermost
part of the receptor, with N-glycans attached to Asn2 and Asn15 projecting out
from the receptor (Palczewski et al. 2000). The extracellular domains of β2AR
and μOR, however, are designed to allow ligand binding to occur. The ECL2 of
β2AR is more exposed to the extracellular space when compared to the rhodopsin
ECL2 (Cherezov et al. 2007). The ligand binding pocket of μOR is large and
exposed to the extracellular surface and solvents. Subsequently, the μOR specific
ligands readily dissociate from the receptor (Manglik et al. 2012). The κOR
ligand binding appears to differ from μOR as the binding pocket is partially
capped by the β-hairpin of ECL2 (Wu et al. 2012). The ECL2 of both β1AR and
β2AR has α-helical segment, which appears to be typical for adrenergic receptors,
as it is not found in the D3 dopamine receptor structure (Chien et al. 2010,
Gonzalez et al. 2011). The ligand binding status directly affects ECL
conformation. Thus, the β2AR exists in three different conformations depending
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on the type of the ligand bound to the receptor (neutral antagonist, agonists,
inverse agonist) (Bokoch et al. 2010, Wang & Duan 2009).
Both rhodopsin and β2AR have a disulfide bond, which connects the
extracellular end of TM-III and ECL2. The Cys residues involved in the bond are
highly conserved in GPCRs. It has been estimated that about 80% of GPCR
sequences contain these conserved residues. The disulfide bond is critical for the
stability and function of GPCRs as it limits the conformational flexibility of the
receptor (Palczewski et al. 2000, Rader et al. 2004). The β2AR contains an
additional pair of Cys residues in ECL2 that form a disulfide bond. It creates a
loop in the outermost region of ECL2 while the middle portion with the short
helical segment constrains the conformation of the loop and further stabilizes the
receptor (Cherezov et al. 2007).
The members of the Rhodopsin family have the highest sequence and
structural conservation within the transmembrane regions, and the helical bundle
orientation and packing is similar in the solved GPCR structures. The differences
in this region associate with the different pharmacological properties of the
receptors (Hanson & Stevens 2009). TMs II, V, VI, and VII in both rhodopsin and
β2AR are bent at Pro residues that form kinks in the helical structures. They are
thought to enable the structural rearrangements that occur upon GPCR activation
(Cherezov et al. 2007, Palczewski et al. 2000). Biochemical and structural data
suggest that the intracellular ends of TMs III and VI of β2AR reside close to each
other forming an ionic interaction involving highly conserved residues of the
DRY motif (Asp-Arg-Tyr) in TM-III. Upon receptor activation this ionic lock is
disrupted and helical movements are allowed (Rasmussen et al. 2011).
ICL2 and ICL3 are believed to have a role in the activation of G proteins for
all GPCRs. ICL2 is important for the strength of the interaction, whereas ICL3 is
needed to define the specificity (Wong & Ross 1994). Furthermore, ICL2 has also
been proposed to serve as a control switch that facilitates G protein activation
through a set of interactions, while the conserved hydrophobic residues in both
ICL2 and ICL3 are likely to form a G-protein binding pocket (Burstein et al.
1998). The C-terminus of GPCRs is often attached to the cell membrane by
palmitoylation (Chini & Parenti 2009). Both rhodopsin and β2AR C-termini
contain an intracellular helical segment adjacent to TM-VII, the so-called helix
VIII, which is believed to be common to all rhodopsin-like GPCRs (Cherezov et
al. 2007, Palczewski et al. 2000). It is a 3-4 turn α-helix that runs parallel to the
membrane and is characterized by a Phe-Arg/Lys-X2-Phe/Leu-X3-Leu/Phe
amphiphilic motif, which is common in many GPCRs (Katritch et al. 2011).
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Together, the helix VIII and palmitoylation may act as a membrane dependent
conformational switch (Krishna et al. 2002). Of the currently known GPCR
structures, only the CXCR4 receptor is missing the helix VIII, probably due to the
lack of one of the Phe residues in the amphiphilic motif (Katritch et al. 2011). The
role of the GPCR C-terminus is further discussed in Chapter 2.3.5.
Oligomerization
The functional unit of GPCRs is often described in a simplified manner to be a
ternary complexes consisting of a single receptor, a heterotrimeric G protein and a
ligand molecule with a stoichiometry of 1:1:1. It has been shown, that GPCRs
function as monomers, dimers and higher-order oligomers. Initially it was
assumed that since GPCRs are 7TM-receptors, the multiple helices in the
transmembrane domain are sufficiently flexible to move upon ligand binding and
that this mediates signal transfer from the cell surface to the G protein. Although a
receptor monomer is sufficient for functionality, receptor dimers (e.g. GPCR
complexes of two identical or different receptor species) have additional
properties that benefit ligand recognition, receptor activation, signal transduction,
trafficking, and cell surface mobility. (Lohse 2010)
It is hypothesized that a stoichiometry of 2:1 for GPCRs and the
heterotrimeric G-protein complex is required for the interaction between an
activated receptor and a G protein. In the case of rhodopsin, the cytoplasmic face
of a single GPCR is not sufficient to achieve all the known contact points between
the receptor and the heterotrimeric G protein (Bulenger et al. 2005). The
interaction between the Rhodopsin family receptors within a dimer occurs
between the transmembrane helices. The α1bAR (Carrillo et al. 2004) forms a
homodimer (homomer, e.g. a dimer consisting of two identical receptors) via noncovalent interactions between TM-I and TM-IV but the TM-IV domain of the D2
dopamine receptor appear to be sufficient for homodimer formation (Guo et al.
2003). The heterodimer (heteromer, e.g. a dimer of two different receptors) of the
2A serotonin receptor and the metabotropic glutamate 2 receptor appears to
require the TM-IV and TM-V domains of the metabotropic glutamate 2 receptor
(Gonzalez-Maeso et al. 2008). The dimerization of μOR and δOR has also been
predicted to involve TM-IV, TM-V and TM-VI of δOR and TM-I of μOR
(Filizola et al. 2002). The μOR was very recently shown to crystallize in a
dimeric arrangement where the TM-IVs and TM-Vs of μOR-μOR pair were
arranged in a four-helix bundle motif. Interestingly, the amino acids involved in
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the dimer interface show a high degree of homology with δOR (Manglik et al.
2012). Furthermore, the μOR homodimers were arranged in higher oligomeric
structures in which the interfaces were formed by TM-I, TM-II and helix VIII
(Manglik et al. 2012).
The β2AR dimerization occurs in the ER and is important for receptor cell
surface targeting. In addition, cell surface expression of the wild-type β2AR is
inhibited if the receptor is expressed with an ER-retaining dominant negative
mutant receptor (Salahpour et al. 2004). The GABAB receptor is a unique
example as the dimer formation is mediated by parallel coiled-coil interactions at
the C-terminal regions of the GABAB-R1 and GABAB-R2 receptors (Kammerer
et al. 1999). There is ongoing research on the dynamic nature of GPCR
complexes at the plasma membrane. Even though dimerization appears to be
required for surface delivery of several receptors, there may be a dynamic
equilibrium between monomeric and dimeric receptor complexes at the cell
surface (Gonzalez-Maeso 2011).
2.3.3 GPCR signaling
The GPCR ligand binding sites are defined by the N-terminus, ECLs and the
extracellular halves of the transmembrane helices. Peptide ligands and other
larger ligand molecules often bind close to the surface of the plasma membrane.
Smaller ligands can bind deeper within the bundle of the transmembrane helices
(Katritch et al. 2011). Although various aspects make rhodopsin the archetypal
receptor of the Rhodopsin family, the binding of the endogenous rhodopsin
ligand, 11-cis-retinal, is unique among GPCRs. The 11-cis-retinal is bound
covalently to the binding crevice formed by the transmembrane helices. Upon
receptor exposure to light, 11-cis-retinal undergoes isomerization to all-transretinal, which leads to the formation of the metarhodopsin II state and receptor
activation (Okada et al. 2001). The comparison of rhodopsin with another
Rhodopsin family member, the human β2AR, suggests that a conserved structure
of the helices provides a common site for ligand binding in rhodopsin receptors,
whereas the ligand binding selectivity and plasticity in the human β2AR is
achieved by the variable helices, enabling binding of a large spectrum of ligands
(Cherezov et al. 2007).
The GPCR ligands can be grouped into different classes on the basis of
receptor stimulation (Fig. 8). Agonists are ligands capable of receptor stimulation.
They can be further divided into full and partial agonists, depending on whether
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they are able to elicit the maximal receptor stimulation or only partial stimulation
at a saturating ligand concentration. Neutral antagonists are able to bind to the
receptor, but they do not elicit any signaling activity. However, they can prevent
binding of other ligands to the receptor. To be able to detect inverse agonists, the
receptor must elicit basal activity in an unliganded state, thus it must be
constitutively active. The inverse agonist is thus able to decrease the receptor
basal activity. (Rosenbaum et al. 2009)
Conformational changes upon receptor activation
Receptor activation induces rotation of transmembrane helices, a large
conformational change that connects the ligand binding event to intracellular
signaling. This large, global-toggle switch movement is generated by several
highly conserved residues, which act as micro-switches. A hydrogen bond
network is created between the conserved polar residues and the structural water
molecules within the membrane module of the receptors. This creates an allosteric
interface between the membrane domains. (Nygaard et al. 2009)
One key motif in receptor activation is the DRY-motif, which resides at the
intracellular end of TM-III. The Arg-residue of the motif is a micro-switch that
interacts with TM-V and the G protein when the receptor is in an active
conformation. In the inactive conformation, the Arg-residue interacts with the
neighboring Asp-residue of the DRY-motif. The CWxP motif (Cys-Trp-X-Pro) in
the TM-VI is another micro-switch, although this one creates a kink in TM-VI,
which performs its rigid body movements during activation. The NPxxY motif
(Asn-Pro-X-X-Tyr) is located in the intracellular end of TM-VII. The Tyr-residue
in this motif functions also as a micro-switch, the Asn residue is part of the
hydrogen bond network and the Pro residue creates a kink in TM-VII. In addition,
there are several highly conserved kink-inducing proline residues located in the
middle of other transmembrane helices. (Nygaard et al. 2009)
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Fig. 8. GPCR ligands. Panel A depicts the variety of GPCR ligands, which range from
light or single ions to small molecules and proteins, including thyroid-stimulating
(TSH), luteinizing (LH) and follicle-stimulating hormones (FSH). Panel B describes the
biological response of a GPCR ligand. A neutral antagonist binds to the receptor, but
has no effect on the basal activity. A full agonist induces maximal receptor
stimulation, whereas a partial agonist mediates only partial stimulation. An inverse
agonist can inhibit constitutive receptor activation thus reducing the basal level of
activity by stabilizing the inactive receptor conformation. Modified from Bockaert et al.
(1999) and Rosenbaum et al. (2009).
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G proteins and downstream signaling
According to the naming of this transmembrane protein group, GPCRs couple
with and mediate their signaling via heterotrimeric G proteins, which consist of α,
β and γ subunits. The human genome contains at least 28 genes that encode α
subunits, which are grouped into Gs, Gi, Gq and G12, based on the sequence
homology, gene structure and regulation of the specific effectors (Cabrera-Vera et
al. 2003, Wilkie et al. 1992). G protein β and γ subunits form a tightly linked
dimer in vivo. The mammalian genome contains 5 different β (Watson et al. 1994)
and 12 different γ subunits (Morishita et al. 1995). In the inactive state, the GDPbound Gα subunit is associated with the Gβγ dimer (Fig. 9). Upon agonist
binding, the receptor goes through a conformational change and the activated
receptor promotes the release of GDP from the Gα subunit, which is followed by
GTP binding to Gα. The GTP binding event activates the G protein. The classic
model of G protein activation predicts that upon GTP-mediated activation, the
Gβγ heterodimer dissociates from the Gα subunit, thus permitting both Gα and
Gβγ to interact with their respective effector proteins (Oldham & Hamm 2008).
However, some studies indicate that a mere conformational change of the
heterodimer is sufficient to reveal effector-interacting surfaces (Rebois et al.
1997).
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Fig. 9. The G protein cycle. Resting G proteins are assembled as heterotrimes on the
plasma membrane. Upon agonist binding, the GPCR undergoes a conformational
change that permits G protein binding to the receptor and GDP is released from Gα
and replaced with GTP. Subsequently the heterotrimeric complex dissociates from the
GPCR into Gα(GTP) and Gβγ, both of which form complexes with downstream effector
(E) proteins. The signal is terminated by the hydrolysis of GTP to GDP and the
heterotrimeric G protein complex is reformed. Modified from Oldham & Hamm (2008).
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The four subgroups of Gα proteins induce different downstream signaling
cascades by interacting with different effector proteins, which in turn release
second messengers, such as the cyclic nucleotides cAMP and cGMP, IP3,
diacylglycerol, phosphatidylinositol (3,4,5)-triphosphate (PIP3) and the ions Ca2+
and K+ (Landry & Gies 2002). Adenylyl cyclase (AC) and phospholipase C
(PLC) are two of the most important effector proteins. Gαs activates the AC
family members that produce the second messenger cAMP, which in turn elicits
further downstream signaling by activating protein kinase A (PKA), thus
increasing protein phosphorylation. Gαi activation however, inhibits the activation
of AC5 and AC6, thus causing the opposite effect. Gαq induces the PLC pathways
of diacylglycerol activated protein kinase C (PKC) phosphorylation and IP3
activated Ca2+ release. The Gα12 family activates small Ras homology (Rho)
guanine exchange factors (Landry & Gies 2002, Kristiansen 2004). The Gβγ
complexes also regulate several effectors; such as PLCβa, ACs and K+ and Ca2+
channels (Cabrera-Vera et al. 2003). Various cellular effectors exist that regulate
G proteins. For example, members of the regulators of G protein signaling (RGS)
protein family have been identified to increase the GTPase activity of the G
protein α-subunits (Hollinger & Hepler 2002).
G-protein-independent signaling
The classical GPCR signaling presented in the previous chapter is terminated by
phosphorylation of the receptor cytoplasmic loops and the C-terminal tail by
GPCR kinases (GRKs) and by binding of β-arrestins, followed by receptor
internalization via clathrin-coated pits. However, the GPCRs are also able to
induce downstream signaling via β-arrestins independently from the
heterotrimeric G protein complex (Rajagopal et al. 2010) (see Fig. 10). The role
of β-arrestins in GPCR signaling was first noticed by Luttrell et al. as β-arrestin
mediated the interaction between an activated Src family tyrosine kinase c-Src
and β2AR, thus mediating β2AR activation of mitogen-activated protein (MAP)
kinases Erk1 and Erk2 (Luttrell et al. 1999). Arrestins are scaffold proteins that
interact with clathrins, adaptor protein 2 and Src kinase (Shenoy & Lefkowitz
2011). Arrestins form a small 4-member family of β-arrestins 1 and 2 (non-visual
arrestins 2 and 3, respectively), visual rod arrestin and cone arrestin (arrestins 1
and 4, respectively) (Shenoy & Lefkowitz 2011). The β-arrestins 1 and 2 serve as
multifunctional adaptors and scaffold proteins by recruiting a broad spectrum of
signaling molecules to the receptors in an activation-dependent fashion. The
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GPCR – G protein interaction is very short lived, but arrestin-bound GPCRs exist
in a relatively stable complex that may persist for periods ranging from minutes to
hours (Luttrell & Gesty-Palmer 2010). There are also a number of other effector
proteins that bind arrestins and are recruited to agonist-occupied GPCRs, such as
the E3 ubiquitin ligase Mdm2, cAMP phosphodiesterases, the diacylglycerol
kinase, the inhibitor of nuclear factor κB, the Ral-GDP dissociation stimulator and
the Ser/Thr protein phosphatase (PP)2A (Luttrell & Gesty-Palmer 2010).
2.3.4 GPCR biosynthesis
At the beginning of folding, GPCRs are integrated into the ER membrane. The
majority of GPCRs do not contain a signal peptide in the N-terminus, but rather
the hydrophobicity and the length of the first transmembrane helix cause
elongation arrest and the initiation of translocation. This is efficient for GPCRs
with short N-terminal tails, with an average of 40 amino acid residues. An Nterminal signal sequence is most often found for GPCRs with long N-terminal
sequences with an average number of 200 amino acid residues. The signal
sequence is necessary if the N-terminus acquires stably folded domains and
posttranslational translocation is blocked (Wallin & von Heijne 1995, Köchl et al.
2002). However, in heterologous expression systems a signal sequence is attached
to GPCR encoding cDNAs quite often to enhance translocation and expression of
the produced receptor (Guan et al. 1992). The importance of N-glycosylation of
GPCRs will be discussed below. Another important and highly conserved ERlocalized post-translational modification is the formation of a disulfide bond
between the extracellular end of the TM-III and ECL2 (Palczewski et al. 2000,
Rader et al. 2004).
N-glycosylation of GPCRs
N-glycosylation is a common post-translational modification for nearly all
GPCRs (Landolt-Marticorena & Reithmeier 1994). Two rare examples of
naturally non-N-glycosylated GPCRs are the α2B-adrenergic receptor (α2BAR)
(Lanier et al. 1988, Weinshank et al. 1990) and melanopsin (Provencio et al.
1998). A survey of mammalian polytopic membrane proteins, including GPCRs,
has shown that N-glycosylation sites appear to be mainly localized only in a
single extracellular domain. Approximately 90% of the surveyed GPCRs contain
an N-glycosylation site or sites in the N-terminus and only one-third of the
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GPCRs contain N-glycosylation sites in ECLs (Landolt-Marticorena &
Reithmeier 1994). Another study screened non-orphan GPCRs, which revealed
that GPCRs with an N-glycosylation site in the extracellular loops are
preferentially N-glycosylated in ECL2 (Lanctôt et al. 2005).
Several studies of GPCR N-glycosylation have been published and the
approaches range from inhibition of total cellular N-glycosylation by tunicamycin
to specific site-directed mutagenesis of the N-glycosylation sequons. Published
studies cover the effects of N-glycosylation on receptor biogenesis,
pharmacological properties and down-regulation. Prevention of N-glycosylation
makes GPCRs susceptible to ER retention, e.g. the AT1 angiotensin receptor and
the melanin concentrating hormone receptor (Deslauriers et al. 1999, Fan et al.
2005, Lanctôt et al. 1999); increased turnover of the receptor precursors, e.g. κOR
(Li et al. 2007); decreased stability at the cell surface, e.g. the AT1 angiotensin
receptor (Lanctôt et al. 2006); decreased ligand binding affinity, e.g. the V1a
vasopressin receptor (V1aR) (Lee et al. 2001); decreased receptor activity, e.g.
rhodopsin (Kaushal et al. 1994); increased or decreased internalization, e.g. the
κOR and the prostacyclin receptor, respectively (Li et al. 2007, Zhang et al. 2001)
and altered distribution at the plasma membrane, e.g. Edg-1 receptor (Kohno et
al. 2002). A few examples of the roles of GPCR N-glycosylation in receptor
folding and subsequent steps in trafficking and function are discussed below and
further examples are discussed in chapter 6.2.
The studied examples demonstrate the distinctive role of N-glycosylation for
each receptor. Some receptor families, however, have conserved N-glycosylation
sites and their mutation may have severe effects on receptor functional properties.
For example, of the five N-glycosylation sites in the human secretin receptor
(hSR), mutations inhibiting N-glycosylation at Asn72 cause a severe decrease in
ligand binding and downstream signaling (Pang et al. 1999). This N-glycosylation
site is conserved within this receptor family and has been shown to be important
at least for the transport of the functional human vasoactive intestinal peptide-1
receptor to the cell surface (Couvineau et al. 1996).
The total lack of N-glycosylation or even mutation of one specific
glycosylation site may lead to complete intracellular retention of GPCRs. For
example, cell surface expression and functional activity of bovine rhodopsin is
dependent on the glycosylation of Asn15, whereas a mutation that prevents Nglycosylation at Asn2 has no effect on rhodopsin folding, trafficking or function
(Kaushal et al. 1994). Frequently, the cell surface expression levels merely
decrease when N-glycosylation is prevented while the receptor remains
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functionally intact, as happens in the case of the prostaglandin E2 receptor (Böer
et al. 2000) and the AT1 angiotensin receptor (Lanctôt et al. 1999). For the V2
vasopressin receptor (V2R), the lack of its one N-glycan has no effect on ligand
binding or activity (Innamorati et al. 1996).
Two N-terminal Asn residues are highly conserved in β2ARs, but the human
β2AR has an additional N-glycosylation site in ECL2. Mutations of any of the Nglycosylation sites of β2AR do not affect agonist binding, receptor activity or
internalization. However, mutation of the ECL2 located N-glycosylation site
prevents receptor trafficking to lysosomes following a prolonged agonist
treatment. This eventually leads to a situation, in which the amount of nonglycosylated receptors at the cell surface exceeds the amount of the wild-type
receptor due to the lack of proper down-regulation of non-N-glycosylated β2AR.
As the additional ECL2 N-glycosylation of β2AR has been detected only in
humans and in four other greater or lesser apes, the ECL2 N-glycosylation may
have evolved to enable a specific type of glycosylation-dependent trafficking or
to compensate for the evolutionary loss of an alternative down-regulatory motif.
(Mialet-Perez et al. 2004)
During the folding process in the ER, the GPCRs are subjected to chaperones
of the ER quality control machinery. Interaction between a receptor and CNX has
been established for various GPCRs, such as for the lutropin/choriogonadotropin
receptor (LHR) and follitropin receptor (FSHR) (Rozell et al. 1998). Mizrachi
and Segaloff demonstrated that ER localized precursors of the human LHR,
FSHR and thyrotropin receptor (TSHR) immunoprecipitated with CNX, CRT and
PDI (Mizrachi & Segaloff 2004). The importance of the ER quality control was
also demonstrated for the wild-type and ER-retained mutant forms of the V2R,
which cause X-linked hereditary nephrogenic diabetes insipidus. The CNX
interaction was prolonged for ER retained receptor species, thus indicating the
possible role of CNX in retaining the receptor in the ER (Morello et al. 2001).
Both CNX and BiP interaction has been demonstrated for the μOR (Ge et al.
2009).
GPCR misfolding and rescue of cell surface expression
The folding of both wild-type or mutated GPCRs is occasionally held up by the
ER quality control. This is understandable as the receptors are flexible in
conformation, a capacity that is required to transmit the signal to G proteins.
There are examples of wild-type GPCRs, for which folding is inefficient and
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which are prematurely targeted for ERAD. ER exit was shown to be the ratelimiting step of δOR expression (Petäjä-Repo et al. 2000, Petäjä-Repo et al.
2001), whereas the long N-terminus devoid of a signal sequence directs the
cannabinoid receptor 1 to degradation already during translocation (Andersson et
al. 2003). Other examples of poorly folding GPCRs are the gonadotropinreleasing hormone receptor (Janovick et al. 2003), the thyrotropin-releasing
hormone receptor (Cook et al. 2003), the olfactory GPCRs, such as mI7 and
mOREG (Lu et al. 2003), and LHR (Pietilä et al. 2005). Mutations can also retain
receptors in the ER thus causing a severe illness, such as in the case of retinitis
pigmentosa caused by mutant forms of rhodopsin (Mendes et al. 2005) or
nephrogenic diabetes insipidus caused by mutant V2Rs (Morello et al. 2000b,
Morello et al. 2001).
Pharmacological chaperones rescue GPCRs
Although the poorly folding receptors are retained in the ER, it may be
misleading to refer to misfolded receptors, as quite often these receptor species
are folding competent, and their folding and subsequent trafficking to the cell
surface can be enabled and enhanced with pharmacological chaperones (or
pharmacoperones) that are thought to act on GPCRs by binding to partially folded
receptors. The binding shifts the thermodynamic equilibrium towards the
correctly folded conformation thus enabling the rescued receptors to escape the
ER quality control machinery and reach the cell surface. Chemical chaperones,
such as dimethyl sulfoxide or glycerol, which enable folding by binding nonspecifically to the newly synthesized protein can be distinguished from
pharmacological chaperones, which are typically small hydrophobic GPCR
binding compounds that are either receptor-specific agonists or antagonists.
(Bernier et al. 2004, Janovick et al. 2011)
The pharmacological chaperone effect has been shown for several GPCRs,
including the mutated forms of rhodopsin and V2R mentioned above (Morello et
al. 2000b, Noorwez et al. 2004) and poorly expressing wild-type receptors, such
as δOR (Leskelä et al. 2007, Petäjä-Repo et al. 2002). These receptor species are
targeted for ERAD, unless they are able to pass the ER quality control in time or
are rescued by the pharmacological chaperones (Petäjä-Repo et al. 2001).
From a clinical perspective, there are four reported misfolding GPCRs, which
could be targets for the clinical use of pharmacological chaperones, rhodopsin
causing retinitis pigmentosa, V2R causing nephrogenic diabetes insipidus, the
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gonadotropin-releasing
hormone
receptor
causing
hypogonadotropic
hypogonadism and the calcium-sensing receptor causing familial hypocalciuric
hypercalcemia, although there are also a high number of other diseases caused by
misfolded membrane proteins that could benefit from pharmacological
chaperones (Ng et al. 2011). However, as the concept of pharmacological
chaperones is still quite novel, there is only one published clinical trial that has
been performed on patients with nephrogenic diabetes insipidus with a mutant
V2R. The patients were treated with a non-peptide V2R antagonist that in vitro
rescued receptor cell surface expression and in vivo decreased urine volume and
water intake and also increased urine osmolality (Bernier et al. 2006).
Furthermore, melanocortin-4 receptor mutations cause severe early-onset obesity
in humans. A cell-permeable pharmacological chaperone has been shown to reach
the central nervous system where the receptor is expressed and to restore the
functional activity of the receptor in mice (René et al. 2010).
2.3.5 ER exit and Golgi processing of GPCRs
After folding and stringent ER quality control, the receptors are transported to the
cell surface. The correctly assembled receptors are available for recruitment into
the ER-derived COPII transport vesicles and they are transported to the Golgi,
where the N-glycans are modified and some GPCRs are also O-glycosylated
(Dong et al. 2007). The importance of the C-terminus in the trafficking of GPCRs
to the cell surface has been shown for several receptors, such as α2AR-adrenergic
receptor and the AT1 angiotensin receptor. They contain the highly conserved
Phe-(X)6-Leu/Ile-Leu/Ile motif (F(X)6LL) that resides in the membrane proximal
portion of the C-terminus (Duvernay et al. 2004). The dileucine motif functions
also as a sorting signal at the trans-Golgi network and at the plasma membrane
(Duvernay et al. 2009b). In the Rhodopsin family a single Leu in ICL1 is highly
conserved and has been shown to be required for the export of several GPCRs to
the cell surface (Duvernay et al. 2009a). In addition, there are more receptor
specific ER exit signals, such as Lys/Arg-(X)4-Lys/Arg-X-Lys/Arg in the
prostacyclin receptor (Donnellan et al. 2011). The cell surface expression of
GPCRs may require receptor specific escort proteins or chaperones, such as
NinaA that forms a stable complex with rhodopsin in Drosophila and is required
for cell surface expression (Webel et al. 2000) or the glandular epithelial cell 1
(GEC1) protein, that exhibits a chaperone-like effect for the prostaglandin EP3
receptor and κOR, but not for other opioid receptors (Chen et al. 2006, Chen et
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al. 2009). Some receptors have highly unique constraints in order to exit the ER:
for example, GABAB-R1 is dependent on dimerization with GABAB-R2 to mask
the otherwise exposed ER retention signal in the GABAB-R1 C-terminus
(Margeta-Mitrovic et al. 2000). Receptor-activity-modifying proteins (RAMPs)
are single transmembrane proteins that form stable complexes with certain
GPCRs, such as the calcitonin-receptor-like receptor and the calcium-sensing
receptor. The complexes persist during receptor trafficking from the ER to the
Golgi and to the cell surface and furthermore, during agonist-mediated activation,
internalization and trafficking to lysosomes (Bouschet et al. 2005, McLatchie et
al. 1998).
Only a few examples of O-glycosylated GPCRs have been reported. The V2R
was the first GPCR that was found to be O-glycosylated; most of its N-terminal
Ser and Thr residues were found to contain O-glycans (Sadeghi & Birnbaumer
1999). The δOR and κOR are also O-glycosylated (Petäjä-Repo et al. 2000, Li et
al. 2007). Pulse-chase labeling analysis with enzymatic digestion of the
oligosaccharides has revealed that O-glycosylation of hδOR occurs within 10
minutes after the receptor exits the ER and the linked O-glycans consist of
GalNAc, Gal and sialic acid (Petäjä-Repo et al. 2000, Li et al. 2007). Although
bovine rhodopsin is not O-glycosylated, both octopus rhodopsin and chicken
rhodopsin are modified with GalNAc (Nakagawa et al. 2001).
The post-translational modification of GPCRs that occurs after the receptors
have exited the ER often involves palmitoylation that is characterized by the
addition of a 16-carbon saturated fatty acid called palmitic acid to the thiol side
chain of a Cys residue through a thioester bond. The degree, location and
importance of palmitoylation vary greatly among GPCRs. Bovine rhodopsin was
the first documented palmitoylated GPCR. The palmitates attached to the two
adjacent Cys322 and Cys323 residues anchor the C-terminus to the plasma
membrane and form an additional extracellular loop (O'Brien & Zatz 1984,
Ovchinnikov et al. 1988, Chini & Parenti 2009). A similar C-terminal
palmitoylation of one or more Cys residues has been characterized for a number
of other Rhodopsin family GPCRs, such as β2AR and δOR (O'Dowd et al. 1989,
Petäjä-Repo et al. 2006). Palmitoylation has been shown to occur in the ER-Golgi
intermediate compartment and in the early Golgi compartments for LHR
(Bradbury et al. 1997) and δOR (Petäjä-Repo et al. 2006). It has an important role
in receptor trafficking, as inhibition of palmitoylation efficiently prevents normal
targeting of δOR to the cell surface (Petäjä-Repo et al. 2006). Receptor
palmitoylation may also have a structural role, as β1AR has a very stable
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palmitate that is located directly downstream of the C-terminal helix VIII. The
β1AR is also palmitoylated further downstream on the C-terminus, but the
turnover of this palmitoylation is much more dynamic and it is likely to be
attached after trafficking of the receptor through the medial Golgi. This palmitate
may have a regulatory role, as the mutation of this palmitoylation site impairs
agonist stimulated internalization (Zuckerman et al. 2011). A similar result has
been observed for the human α2A-adrenergic receptor (Qanbar & Bouvier 2003).
The α2C-adrenergic receptor lacks the palmitoylation site altogether and also fails
to down-regulate upon sustained agonist stimulation (Eason et al. 1994).
However, observations show that mutation of the palmitoylation sites actually
enhances LHR downregulation after internalization (Kawate et al. 1997).
2.3.6 GPCR desensitization, internalization and down-regulation
GPCR desensitization involves receptor phosphorylation, sequestration and
internalization. This process occurs immediately after the receptor has activated
the downstream signaling pathways. It terminates the response towards the
continuing or increasing agonist exposure. Internalized receptors are embedded in
endosomes, which are small membrane vesicles, in which the receptors are sorted
and targeted either for recycling back to the cell surface in a functionally active
form (resensitization) or for lysosomes, where they are degraded
(downregulation) (Fig. 10). There are two distinct desensitization processes in
response to GPCR activation in cells. Heterologous desensitization responds to
the overall activity of GPCRs in the cells and the receptors are desensitized in
response to elevated levels of second messengers (such as cAMP, Ca2+ and
diacylglycerol). Homologous desensitization occurs specifically in response to the
receptors’ own ligand induced activation, conformational change and
phosphorylation. This phosphorylation is mediated by GRKs (Delom & Fessart
2011). GRK phosphorylation sites are usually clusters of 3-4 Ser or Thr residues
and multiphosphorylation of the receptor has been shown to be necessary for
arrestin binding (Gurevich & Benovic 1993, Gurevich & Benovic 1995, Mendez
et al. 2000).
The phosphorylation enables the interaction of an activated receptor with
arrestins, which serve as scaffold proteins that sequester the receptor for
intenalization. The positively charged binding region of Lys and Arg residues
present on arrestins binds to a minimum of two phosphates attached to GPCRs in
close proximity to each other. The phosphorylated amino acids that interact with
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arrestin are located in the C-terminus in β2AR and rhodopsin, but several GPCRs
have phosphorylation sites in ICL3 or occasionally in ICL1 and ICL2, that
interact with arrestin (Gurevich & Gurevich 2006). The importance of
phosphorylation and arrestin binding was first established for β2AR where βarrestin binding is required to initiate internalization of the phosphorylated β2AR
(Benovic et al. 1987).
The next step in receptor desensitization is internalization via clathrin-coated
pits, which invaginate from the plasma membrane and are released to the cytosol
as free clathrin-coated vesicles (see Fig. 10). In order to pinch off from the
membrane, the clathrin-coated pits require the GTPase activity of dynamin and
subsequently clathrin-coated vesicles are endocytosed (Hanyaloglu & von
Zastrow 2008). Dynamin is a 100-kDa GTPase that colocalizes with clathrin and
binds to a component of the clathrin-coated pits, the α-adaptin. Internalization of
some GPCRs, such as the AT1 angiotensin receptor, may also occur through a
different, dynamin independent pathway (Zhang et al. 1996). The vesicles fuse
into early endosomal vesicles, which initially support receptor recycling back to
the plasma membrane, but after accumulating cargo, the vesicles move towards
the perinuclear space along microtubules and mature into late endosomal vesicles.
During maturation, they undergo fusion, grow in size and acquire intralumenal
vesicles. Eventually they fuse with lysosomes, in which the active receptor
degradation takes place (Fig. 10) (Hanyaloglu & von Zastrow 2008, Huotari &
Helenius 2011).
Several proteins participate in the sorting of GPCRs to either the recycling or
the lysosomal degradation pathway (Fig. 10). Sortin nexin 1 has been shown to
regulate the slow recycling pathway of the platelet P2Y1 receptor, whereas the
platelet P2Y12 receptors are recycled rapidly in a sortin nexin 1 independent
manner (Nisar et al. 2010). The G protein-coupled receptor-associated sorting
protein (GASP) has been shown to direct δOR further in the endosomal pathway
into lysosomes (Whistler et al. 2002). Some GPCRs, such as the δOR, have also
been shown to be ubiquitinated after agonist-induced internalization. This enables
the sorting of δOR into intralumenal vesicles inside the lysosomes, thus
promoting the degradation of both the extracellular and the intracellular domains
of the receptor (Henry et al. 2011).
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Fig. 10. GPCR endocytosis is commenced by receptor activation. The agonist-induced
receptor activation at the plasma membrane (1) induces downstream signaling via
heterotrimeric G-proteins (subunits marked as α, β and γ) or via a β-arrestin-mediated
pathway (light grey arrows). The activated receptors are desensitized by GPCR kinase
(GRK)-mediated phosphorylation, which enables β-arrestin binding to the receptor
and receptor transport to the clathrin-coated pits (2). Receptors are internalized in
clathrin-coated vesicles (3) and sorted in endosomes (4). Some receptor species are
sorted for the recycling pathway and they are transported back to the plasma
membrane in a resensitized conformation. The receptors destined for downregulation
are fused into multivesicular bodies (5) that mature into lysosomes (6) filled with
receptor degrading proteolytic enzymes. Modified from Lefkowitz & Shenoy (2005),
Hanyaloglu et al. (2008) and Delom et al. (2011).
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2.4

Opioid receptors

The written history of the use of opioids as analgesics dates back to ancient
Egypt, and opioid compounds are still the most effective analgesics available for
the treatment of moderate and severe pain. The signals of these compounds are
mediated via the opioid receptor family. The discovery of “morphine” receptors in
1973 was an important milestone in the scientific history of opioids. These
receptors are currently known as µORs. Although the available compounds for
treating pain that target the opioid system are effective, they cause tolerance,
dependence and addiction. Therefore, studying this receptor family is important in
order to develop drugs for pain management devoid of these side effects. (Trescot
et al. 2008)
2.4.1 The opioid receptor family and the OPDR1 gene
The opioid receptor family of GPCRs evolved approximately 450 million years
ago by two tetraploidization events of the genome in the ancestral teleost fish.
Therefore, the receptor genes of this family are localized in distinct chromosomes
(Dreborg et al. 2008, Larhammar et al. 2009). The opioid receptor family consists
of μOR, κOR and δOR. Based on gene homology, the nociceptin (orphanin
FQ/ORL1) receptor is occasionally considered the fourth member of this GPCR
subfamily – although it is atypical as it is unable to bind opioid ligands (Waldhoer
et al. 2004). As discussed in chapter 2.3.1, this family belongs to the γ group of
the Rhodopsin family in a receptor cluster with somatostatin receptors and
galanin receptors (Fredriksson et al. 2003). The sequences are highly identical
within this GPCR family with an overall homology of 60%. In the middle of the
opioid receptor genes are highly conserved homologous coding regions, with a 73
– 100% conservation rate. These regions encode the transmembrane helices
(Waldhoer et al. 2004, Wei & Loh 2011). The highest homology is seen in TM-II,
TM-III and TM-VII, while the lowest similarity is in the TM-IV sequence. With
the exception of ICL1, most of the intracellular loops are rather conserved in
opioid receptors, whereas the extracellular loops have less conserved sequence
identity. The most conserved ECL is ECL1, which contains the fully conserved
Cys residue needed in the disulfide bond between TM-III and ECL2. However,
the lowest conservation in the genes is seen in the N- and C-termini, with only
9–20% conservation. They differ not only in amino acid composition but also in
length (Chen et al. 1993, Wei & Loh 2011).
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The mouse δOR was cloned in 1992 by two research groups (Evans et al.
1992, Kieffer et al. 1992) and the cDNA of the hδOR was published two years
later also by two research groups (Knapp et al. 1994, Simonin et al. 1994). The
hδOR gene OPDR1 contains three exon regions and is located in chromosome 1
at position p34.3–36.1 (Befort et al. 1994, Simonin et al. 1994). Although there is
only one δOR gene in mammals, δ1 and δ2 subtypes have been shown to exist
with different pharmacological profiles (Jiang et al. 1991). Recently, evidence
was presented that the δ2 subtype is the monomeric form of δOR, whereas the δ1
subtype is a µOR-δOR heterodimer with distinct binding affinities and is linked to
alcoholism (van Rijn & Whistler 2009).
As it happens, the human OPDR1 sequences published in 1994 presented two
variant forms of the receptor with a single nucleotide change of 80T→G, thus
encoding hδOR with Phe or Cys at position 27. The Cys27 variant has an allele
frequency of about 10% in the European-American population but 0% in the
Japanese population (Gelernter & Kranzler 2000). There are at least ten other
SNPs in OPDR1. In addition to the non-synonymous 80T→G in exon 1, there is
only one other SNP in the exon region, the synonymous 921C→T in exon 3, that
does not alter the Gly residue at position 307. One SNP resides in the promoter
region upstream of the exons, one is downstream of the exon region and the rest
are in intron 1 (Mayer et al. 1997, Bergen et al. 2003, Zhang et al. 2008). The
synonymous 921T→C polymorphism was shown to associate with heroin
addiction in a small German population, but several other studies revealed no
association in other populations (Mayer et al. 1997, Franke et al. 1999, Xu et al.
2002). However, it appears that the haplotype of 80G and 921C is associated with
alcohol, cocaine and opioid dependence (Zhang et al. 2008). Furthermore, a
combination of the intronic SNPs of both OPDR1 and OPMR1 (hµOR gene)
SNPs rs2236861 and rs510769, respectively, increase the risk of heroin addiction
(Levran et al. 2008). The SNP rs569356 in the OPDR1 promoter region is also
linked to opioid dependence, possibly through a mechanism that enhances the
transcription factor binding and receptor expression (Zhang et al. 2010). Problems
in the opioid system have also been linked to eating disorders. OPDR1 and the 1D
serotonin receptor gene HTR1D are closely located in the 1p33-36 region, and
their polymorphic variations are implicated in anorexia nervosa, particularly the
promoter region SNP rs569356 (Bergen et al. 2003, Brown et al. 2007).
Furthermore, δOR may have a role in Alzheimer’s disease, as it forms complexes
with β- and γ-secretases which cleave the amyloid precursor peptide (APP) in a
sequential manner (Teng et al. 2010). Interestingly, the Cys27 variant was
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recently shown to alter the processing of APP and affect its endocytotic
trafficking in human neuroblastoma SH-SY5Y cells and human embryonic kidney
293 (HEK 293) cells (Sarajärvi et al. 2011).
2.4.2 δOR expression in nociceptive networks
The sensation of pain after injury travels from the peripheral nervous system to
the central nervous system (spinal cord and brain). In more detail, the primary
afferent nociceptors are activated upon stimulus and transmit the information to
the dorsal horn of the spinal cord. The terminals of the peripheral afferent
nociceptors contact the neurons in the specific laminae of the dorsal horn of
which I, II and IV – VI relay nociceptive signals by releasing glutamate and
neuropeptides to activate the second order neurons. The axons of the dorsal horn
neurons form an ascending tract, which ends in the brainstem and several distinct
areas of the thalamus. Higher order neurons project from the thalamus to cortical
regions that mediate the pain experience (Fields 2004). The δOR, μOR and κOR
are found throughout the nervous system. They are expressed in somatic and
visceral sensory neurons, the spinal cord projection and interneurons, the
midbrain and the cortex (Stein et al. 2003). The mRNA of all three opioid
receptors is expressed in cell bodies in the dorsal root ganglia and the synthesized
receptors are intra-axonally transported into peripheral and terminal processes of
the primary afferent neurons, where they are incorporated into the cell surface of
neuronal cells and become functional receptors (Stein et al. 2003).
The small nociceptive dorsal root ganglion (DRG) neurons terminate in
laminae I and II, whereas the afferents that terminate in laminae III and IV are
mostly large and non-nociceptive. Both small and large DRG neurons express
either μOR and δOR mRNAs, although most of the mRNA expression is seen in
the small DRG neurons. Some of the DRG neurons express both δOR and μOR
mRNA (Wang & Wessendorf 2001). Recently the colocalization of μOR and δOR
in the small DRG neurons was challenged by a study, in which localization of the
C-terminally green fluorescent protein (GFP) tagged δOR was assessed (Scherrer
et al. 2009). Although this study revealed δOR expression mainly in the large
DRG neurons and its absence in the small μOR expressing DRG neurons, a
subsequent study by another research group reported that both δOR and μOR
were expressed and transported to the afferent fibers in laminae I and II (Wang et
al. 2010).
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Although both δOR and μOR are expressed in the cell bodies and the afferent
terminals of the small DRG neurons, their intracellular localization differs.
Immediately after μOR folding is completed, the receptors are inserted into
microvesicles in the trans-Golgi network and they are inserted into the plasma
membrane by spontaneous exocytosis. In contrast, only a minority of the newly
synthesized δORs appear to be transported to the cell surface by this constitutive
pathway in neurons. Rather, they are sorted into large dense-core vesicles
(LDCV) along with neuropeptides and other secretory proteins (Zhang et al.
1998). The activation of δORs causes intracellular Ca2+ release from IP3-sensitive
stores and Ca2+ entry, which leads to δOR insertion into the plasma membrane
and calcitonin gene-related peptide release. Both the exogenous δOR agonist
Deltorphin and the endogenous ligand Leu-enkephalin, which is enriched in the
local neurons in the spinal dorsal horn, can activate this mechanism (Bao et al.
2003). In addition to the agonist-induced activation of δOR, pronociceptive
stimulation with chemicals, such as capsaicin, ATP, K+ and bradykinin, induce
δOR insertion into the plasma membrane (Zhang et al. 2006). The sorting of δOR
to LDCVs appears to require interaction of the TM-III domain of δOR and the
substance P domain of protachykinin, the prohormone of substance P. The sorting
is important for δOR mediated analgesia in the spinal cord. However, if the
protachykinin-dependent sorting is restricted, the morphine-induced μORmediated analgesia is enhanced (Guan et al. 2005). The δOR is not the only
neuropeptide receptor that is transported to the cell surface by a regulated
pathway, namely the 1D and 7 serotonin receptors have also been found in the
LDCV membranes (Zhang et al. 2010).
The δORs in the C fiber terminals are known to be involved in analgesia at
the spinal cord level (Guan et al. 2005). When targeting a conditional δOR
knockout to the peripheral nociceptive neurons such as nonmyelinated C-fibers
and thinly myelinated Aδ-fibers, the deletion of δOR enhances mechanical
allodynia in both inflammatory and neurophatic pain, which ablates the analgesic
effects of a systemically and locally administered δOR agonist (Gaveriaux-Ruff et
al. 2011).
2.4.3 δOR ligand binding, activation and signaling
The highly identical sequences of the opioid receptor subtypes are likely to
contribute to similar properties, such as ligand binding, G-protein coupling and
receptor regulation. Opioid receptors mediate signaling of endogenous opioid
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peptides and exogenous compounds. Endogenous opioid peptides such as
endorphin, enkephalines and dynorphins are derived from pro-opiomelanocortin,
proenkephalin and prodynorphin, respectively, by proteolytic processing. Opiates,
such as morphine, codeine, heroin and oxycodone, are opium-derived drugs. All
agonistic drugs with morphine-like activities are considered as opioids, regardless
of their synthetic or naturally occurring origin. For the most part, the opioids that
cause drug abuse bind to µOR (Waldhoer et al. 2004, Kreek et al. 2005). Each
opioid receptor shows a distinct antinociceptive profile and constitutes a target for
pain treatment (Kieffer & Gaveriaux-Ruff 2002).
Computational and experimental analyses indicate that the opioid receptor
ligand-binding site resides in a cavity formed by the transmembrane helices TMIII, TM-IV, TM-V, TM-VI, and TM-VII. The mouth of the cavity is lined by the
extracellular ends of the helices and is partially covered by the extracellular loops.
As the extracellular loops are poorly conserved, they have a role in ligand binding
selectivity. Furthermore, as opioid ligands vary from small rigid alkaloids to
larger cyclic peptides, their binding sites and properties differ. The largest ligands,
such as the δOR-selective peptide agonist DPDPE (cyclic[D-Pen2,DPen5]enkephalin), nearly fill all the available space within the binding cavity and
interact with both conserved and variable regions. Smaller alkaloids, such as the
nonselective antagonist naloxone, mostly interact with conserved residues at the
bottom of the cavity. Studies modifying δOR ECL3 demonstrate the importance
of Trp284, Val296 and Val297 for δOR specific agonist binding, whereas
mutation of these amino acids or substitution of the entire loop with the μOR
ECL3 has no effect on the nonselective opioid ligand binding (Valiquette et al.
1996, Varga et al. 1996). Furthermore, Asp95 in the TM-II is also involved in the
δOR selective agonist binding without being crucial for the nonselective opioid
ligand binding (Kong et al. 1993).
The downstream signaling of opioid receptors occurs predominantly via the
Gi/G0 α and β subunits and causes various responses depending on the activated
receptor and the tissue, in which the receptor is expressed. Opioid receptor
activation has been reported to inhibit AC activity and Ca2+ channels, to activate
the G-protein-activated inwardly rectifying K+ channels and to increase
intracellular Ca2+ levels by activating phospholipase C. Furthermore, opioid
receptors may also regulate the MAP kinase cascade (Law et al. 2000). The
endogenous δOR has been shown to interact with five different G-protein α
subunits in neuroblastoma × glioma NG108-15 hybrid cells; the αi2 and two
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isoforms of αi3 cause inhibition of AC activity and two isoforms of αo inhibit Ca2+
channels (Roerig et al. 1992).
The antinociceptive effect of δOR activation was demonstrated already in
1984 (Galligan et al. 1984). Even though δOR agonists are not as effective in
acute pain treatment as μOR agonists, they are good candidates for treating
chronic pain and stress as they induce fewer side effects (Pradhan et al. 2011).
The most widely used drugs develope tolerance and dependence and continued
administration requires an increased opioid dosage to prevent symptoms of opioid
withdrawal. Therefore, they are problematic for the treatment of chronic pain.
Furthermore, μOR agonists may cause sedation, vomiting, respiratory depression,
pruritus, euphoria, anorexia, urinary retention and physical dependence. The κOR
activation causes analgesia, but it has also sedative and dysphoric effects and it
causes sedation and respiratory depression (Waldhoer et al. 2004, Rozenfeld et al.
2007, Trescot et al. 2008). In addition to antinociception, δOR activation by
exogenous administration of opioid peptides in humans and by non-peptidic
agonists in animals has been shown to have antidepressant-like effects (Broom et
al. 2002, Naidu et al. 2007, Hudzik et al. 2011). Furthermore, δOR agonists, such
as tonazine mesylate and SNC-80, may have antiparkinsonian effects (Hudzik et
al. 2000). δOR is upregulated in chronic inflammatory pain. The increased
number of receptors at the cell surface has been shown to enhance the
antinociceptic potency of δOR agonists, such as delthorphin, thus indicating a
potential role for δOR in antinociception (Cahill et al. 2003).
2.4.4 δOR biosynthesis and trafficking
HδOR biosynthesis is a complex process involving post-translational
modifications, folding and trafficking (Petäjä-Repo et al. 2000, Petäjä-Repo et al.
2001, Petäjä-Repo et al. 2002). For example, hδOR carries two potential Nglycosylation sites in its N-terminus, at Asn18 and Asn33 (Knapp et al. 1994,
Simonin et al. 1994). The maturation of hδOR has been demonstrated to be slow
and inefficient. A substantial amount of the receptor is retained in the ER and is
targeted for ERAD, although experiments with pharmacological chaperones have
shown that these receptor species are folding competent (Fig. 11) (Petäjä-Repo et
al. 2001, Petäjä-Repo et al. 2002, Leskelä et al. 2007). The ERAD targeted
receptors are polyubiquitinated, retrotranslocated to the cytosol and degraded in
proteasomes (Petäjä-Repo et al. 2001). The dimerization of δOR with μOR has
been shown to occur in the ER (Hasbi et al. 2007), thus indicating that
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dimerization is part of the maturation process. The receptor species that are able
to exit from the ER to the Golgi, are further modified by N- and O-glycosylation.
This phase of hδOR maturation takes only about 10 min, which is fast compared
to the ER phase of hδOR maturation (Petäjä-Repo et al. 2000).
Opioid receptors have been shown to interact with ribophorin I, which is one
of the subunits in the OST complex (Ge et al. 2009). Wilson and High have
proposed that ribophorin I may not have a role in N-glycosylation per se, but
rather it enhances N-glycosylation of selected substrates (Wilson & High 2007).
Ribophorin I has been shown to interact directly with μOR and to function as a
chaperone in an N-glycosylation dependent manner. It was shown to rescue the
cell surface expression of a deletion mutant with a truncated C-terminus, but not
the N-glycosylation deficient μOR. Although ribophorin I also associates with
δOR and κOR, its overexpression was found to enhance cell surface expression of
δOR and μOR but not that of κOR (Ge et al. 2009).
The hδOR is also modified by palmitoylation, which initially occurs during
the late stages of protein folding either in the ERGIC or in the cis-Golgi
compartment. Palmitoylation is important for receptor transport to the cell
surface, as the inhibition of palmitoylation severely reduces receptor cell surface
expression. However, palmitoylation of the receptor is highly dynamic and the
receptor goes through palmitoylation/depalmitoylation cycles at the cell surface.
(Petäjä-Repo et al. 2006)
δOR desensitization, internalization, sorting and downregulation
δOR internalization via the clathrin-coated pits (Zhang et al. 1999) occurs after
the agonist-induced receptor activation and subsequent phosphorylation by GRK2
(Pei at al. 1995), and β-arrestin induced desensitization (Kovoor et al. 1997) (Fig.
11). Phosphorylation promotes receptor selectivity for β-arrestin 2 over β-arrestin
1. Furthermore, δOR can also undergo phosphorylation-independent
internalization and desensitization. These two different pathways lead to
alternative fates of the receptor. If the receptor is phosphorylated in a GRK2dependent manner, the internalized δORs are recycled back to the cell surface,
whereas receptors that have been internalized in a phosphorylation-independent
manner are targeted for degradation. The degradation pathway is the predominant
pathway for δOR (Zhang et al. 2008). δOR internalization requires the
phosphorylation of Ser363 and can occur by G-protein dependent or independent
pathways (Bradbury et al. 2009). Upon receptor internalization, δOR is sorted to
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the lysosomal degradation pathway by GASP, which associates with the receptor
C-terminus (Whistler et al. 2002). Ubiquitination has also been shown to play a
role in the downregulation of GPCRs in the endocytotic pathway. Although this
was first thought not to occur for δOR, as mutated receptors devoid of
ubiquitinated Lys residues were also degraded (Tanowitz & Von Zastrow 2002), it
has recently been shown, that δORs do traverse from the endocytotic vesicles to
multivesicular bodies and localize to their intralumenal vesicles. Ubiquitination
does not appear to be essential for δOR degradation, as the extracellular portion
of the receptor in the intralumenal vesicular membrane is subjected to proteolytic
degradation. Nevertheless, ubiquitination increases δOR transfer to the
intralumenal vesicles and thus both extracellular and intracellular portions of the
receptor are exposed to proteolytic enzymes (Fig. 11) (Henry et al. 2011).
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Fig. 11. The δOR lifecycle. A newly synthesized polypeptide (1) is N-glycosylated and
after gaining its native structure, it passes the ER quality control and it is transported
to the cell surface via the Golgi complex (2), where it is modified with O-glycosylation
and palmitoylation. In neurons, the mature δOR is targeted to large-dense core
vesicles (LCDVs) (3), and from there it is trafficked to the cell surface (4). Alternatively,
misfolded protein species are targeted for ER associated degradation (ERAD) (5). At
the plasma membrane, the receptor is ready to be activated by an agonist, an event
that leads to receptor inactivation by phosphorylation and desensitization upon
arrestin mediated internalization (6) and degradation in multivesicular bodies (7) and
lysosomes (8). Although δOR is generally targeted to lysosomes, δOR recycling has
also been shown to occur (9). Modified from Bie et al. (2007) and Henry et al. (2011).

74

3

Aims of the present study

The opioid receptors are important clinical targets for the treatment of pain. The
functional and regulatory properties of cell surface opioid receptors have been
characterized in detail. However, it is important to understand why hδOR
maturation is slow and inefficient, because the hδOR has been shown to form a
heterodimer with hμOR, the most important opioid receptor involved in
analgesia. The heterodimerization occurs already in the ER. Impaired hδOR
biosynthesis may have a role in altering cellular responsiveness to opioid ligands.
The overall aim of this work was to study the biogenesis of hδOR in a
heterologous expression system and to assess the role of the ER quality control
machinery and ER-localized proteins in receptor folding and transport to the cell
surface.
The specific aims were:
1.
2.
3.

To assess the role of N-linked glycosylation in hδORCys27 biogenesis and
functionality.
To study the differences between hδORCys27 and hδORPhe27 in folding,
maturation and internalization.
To identify interactions between the ER-localized hδOR precursors and ER
resident proteins and chaperones.
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4

Materials and methods

4.1

Cell lines and DNA constructs (I, II, III)

The human embryonic kidney (HEK) Flp-In™-293 cell line with integrated Flp
Recombination Target (FRT) site (Invitrogen) was transfected with the
pcDNA6/TR construct (Invitrogen) to create a tetracycline inducible heterologous
expression system. The generated inducible HEK 293i cell line was chosen for
this study as it enabled expression of various receptor species from the same
genomic locus under tetracycline induction. Receptor expressing vectors
recombine to the FRT site when co-transfected with the pOG44 plasmid
(Invitrogen), which expresses Flp recombinase and thus mediates the
homologouos recombination event. The cell lines were each expanded from a
single cell and tested for antibiotic sensitivity and β-galactosidase activity. To
assess the possible effect of the cellular and the clone-specific background,
selected plasmids were transiently transfected into Flp-In 293 or Flp-In-Chinese
hamster ovary (CHO) cells (Invitrogen).
The cell lines were cultured at 37 °C in a humidified atmosphere of 5% CO2.
HEK 293 derived cells were cultured in Dulbecco’s Modified Eagle’s medium
(DMEM) supplemented with 10% (w/w) fetal bovine serum (FBS), 100 units/ml
penicillin, 0.1 mg/ml streptomycin (complete DMEM). The complete DMEM for
Flp-In™-293 cells was supplemented with 100 µg/ml zeocin. To select the
inducible HEK 293i cells, the complete DMEM was supplemented with 100
µg/ml zeocin and 4 µg/ml blasticidin S. Upon co-transfection of the receptor
expressing vector and the pOG44 plasmid, the complete DMEM was
supplemented with 400 µg/ml of hygromycin and 4 µg/ml of blasticidin S. The
Flp-In-CHO cell line was cultured in F-12 Ham nutrient mixture containing 100
µg/ml of zeocin and 2 mM glutamine.
The previously published hδORCys27-pFT-SMMF construct (I, II, III) (Leskelä
et al. 2007) was generated in the pFT-SMMF vector, which contains a cleavable
influenza hemagglutin (HA) signal peptide (KTIIALSYIFCLVFA), an N-terminal
Myc-tag (EQKLISEEDL) and a C-terminal Flag-tag (DYKDDDDK) in the
sequential order: “Kozak sequence – HA signal sequence – Myc-tag – polylinker
– Flag-tag – stop codon”. The constructs modified from the hδORCys27-pFTSMMF construct (Table 2) were generated by DNA modification with the
QuikChange Site-Directed mutagenesis kit (Stratagene) using the
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oligonucleotides presented in Table 3. In addition, the hδORCys27 and the
hδORCys27(N18/33E) constructs were made with the following vector background:
“Kozak sequence – polylinker – Flag-tag – stop codon” and “Kozak sequence –
HA signal sequence – HA-tag – polylinker – stop codon”. The HA-tag consists of
the peptide YPYDVPDYA (Table 2). The cell lines are presented in Table 4.
Table 2. Constructs.
Constructs

Vector

Use

Publication

Myc-hδORCys27-Flag

pcDNA5/FRT/TO

Stable HEK-cell line,

I, II, III

Myc-hδORCys27(N18E)-Flag

pcDNA5/FRT/TO

Stable HEK-cell line

I

Myc-hδORCys27(N33E)-Flag

pcDNA5/FRT/TO

Stable HEK-cell line

I

Myc-hδORCys27(N18/33E)-Flag

pcDNA5/FRT/TO

Stable HEK-cell line,

I, II, III

transient transfection

transient transfection
Myc-hδORCys27(D95A)-Flag

pcDNA5/FRT/TO

Stable HEK-cell line

III

Myc-hδORCys27(C121/198A)-Flag

pcDNA5/FRT/TO

Stable HEK-cell line

III

Myc-hδORPhe27-Flag

pcDNA5/FRT/TO

Stable HEK-cell line,

II

transient transfection
Myc-hδORAla27-Flag

pcDNA5/FRT/TO

Transient transfection

II

Myc-hδORIle27-Flag

pcDNA5/FRT/TO

Transient transfection

II

Myc-hδORSer27-Flag

pcDNA5/FRT/TO

Transient transfection

II

Myc-hδORTyr27-Flag

pcDNA5/FRT/TO

Transient transfection

II

Myc-hμOR-Flag

pcDNA5/FRT/TO

Stable HEK-cell line

III

Myc-hV2R-Flag

pcDNA5/FRT/TO

Stable HEK-cell line

III

Myc-hβ1AR-Flag

pcDNA5/FRT/TO

Stable HEK-cell line

III

Myc-hβ2AR-Flag

pcDNA5/FRT/TO

Stable HEK-cell line

III

Myc-hα2AAR-Flag

pcDNA5/FRT/TO

Stable HEK-cell line

III

Myc-hα2BAR-Flag

pcDNA5/FRT/TO

Stable HEK-cell line

III

Myc-rLHR-Flag

pcDNA5/FRT/TO

Stable HEK-cell line

III

HA-hδORCys27

pcDNA5/FRT/TO

Stable HEK-cell line,

I, II

transient transfection
HA-hδORCys27(N18/33E)

pcDNA5/FRT/TO

Transient transfection

I

HA-hδORPhe27

pcDNA5/FRT/TO

Stable HEK-cell line,

II

hδORCys27-Flag

pcDNA5

Transient transfection

I

hδORCys27(N18E/33E)-Flag

pcDNA5

Transient transfection

I

transient transfection

Abbreviations: AR, adrenergic receptor; h, human; HA, hemagglutinin; HEK, human embryonic kidney;
LHR, luteinizing hormone receptor; OR, opioid receptor; r, rat; V2R, V2 vasopressin receptor
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Our approach to inhibit the N-glycosylation at Asn18 and Asn33 was to mutate
the respective codons to Gln. However, an error occurred during the design of the
oligonucleotides. Due to an error in the table used in the nucleic acid conversion
to design the oligonucleotides, the Asn residues were mutated to Glu residues in
hδORCys27(N18Q)-Flag, Myc-hδORCys27(N33Q)-Flag, Myc-hδORCys27(N18/33Q)Flag, HA-hδORCys27(N18/33Q)-Flag and hδORCys27(N18/33Q)-Flag (as published
in I and III) and are referred to from now on as Myc-hδORCys27(N18E)-Flag, MychδORCys27(N33E)-Flag,
Myc-hδORCys27(N18/33E)-Flag,
HACys27
Cys27
hδOR
(N18/33E)-Flag and hδOR
(N18/33E)-Flag, respectively. In
contrast to Gln, Glu residues are negatively charged. However, based on an
analysis of the mutated receptor N-terminal sequences with SSpro v4.5 and
SSpro8 servers (http://www.ics.uci.edu/~baldig/scratch/index.html), the predicted
secondary structures were identical for the constructs N18/33Q and N18/33E.
Table 3. Oligonucleotides for site-directed mutagenesis.
Oligonucleotide Mutation

Sequence

direction

hDOR-N18E

5’-CCGCTCTTCGCCGAAGCCTCGGACGCC-3’

sense

5’-GGCGTCCGAGGCTTCGGCGAAGAGCGG-3’

antisense

5’-GCGCTGGCGCCGAAGCGTCGGGGCC-3’

sense

5’-GGCCCCGACGCTTCGGCGCCAGCGC-3’

antisense

5'-CCTACCCTAGCGCCTTCCCCAGCGCTGGCGC-3’

sense

5'-GCGCCAGCGCTGGGGAAGGCGCTAGGGTAGG-3’

antisense

hDOR-N33E
hDOR-C27F
hDOR-C121A

Asn18 to Glu18
Asn33 to Glu33
Cys27 to Phe27

Cys121 to Ala121 5’-CGGCGAGCTGCTCGCCAAGGCTGTGCTCTCC-3’
5’-GGAGAGCACAGCCTTGGCGAGCAGCTCGCCG-3’

hDOR-C198A
hDOR-A27
hDOR-I27
hDOR-S27
hDOR-Y27

Cys198 to Ala198 5’-CGGGGCAGTGGTGGCCATGCTCCAGTTCCCC-3’
Cys27 to Ala27
Cys27 to Ile27
Cys27 to Ser27
Cys27 to Tyr27

sense
antisense
sense

5’-GGGGAACTGGAGCATGGCCACCACTGCCCCG-3’

antisense

5’-CCTACCCTAGCGCCGCCCCCAGCGCTGGCGC-3’

sense

5’-GCGCCAGCGCTGGGGGCGGCGCTAGGGTAGG-3’

antisense

5’-CCTACCCTAGCGCCATCCCCAGCGCTGGCGC-3’

sense

5’-GCGCCAGCGCTGGGGATGGCGCTAGGGTAGG-3’

antisense

5’-CCTACCCTAGCGCCTCCCCCAGCGCTGGCGC-3’

sense

5’-GCGCCAGCGCTGGGGGAGGCGCTAGGGTAGG-3’

antisense

5’-CCTACCCTAGCGCCTACCCCAGCGCTGGCGC-3’

sense

5’-GCGCCAGCGCTGGGGTAGGCGCTAGGGTAGG-3’

antisense

Sites of mutagenesis are underlined
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Table 4. Stable cell lines.
Stable cell lines

Origin

Flp-In CHO (CHOc)

Invitrogen

I, II

Flp-In HEK 293 (HEK 293i)

In-laboratory made

I, II

HEK 293i – Myc – hδORys27 – Flag

In-laboratory made

I, II, III

HEK 293i – Myc – hδORCys27(N18E) – Flag

In-laboratory made

I

HEK 293i – Myc – hδORCys27(N33E) – Flag

In-laboratory made

I

HEK 293i – Myc – hδORCys27(N18/33E) – Flag

In-laboratory made

I, III

HEK 293i – Myc – hδORPhe27 – Flag

In-laboratory made

II, III

HEK 293i – Myc – hδORCys27(C121/198A) – Flag

In-laboratory made

III

HEK 293i – Myc – hδORCys27(D95A) – Flag

In-laboratory made

III

4.2

Publication

In vivo treatments (I, II, III)

The cultured cells were treated with drugs presented in Table 5.
Table 5. Inhibitors and drugs.
Drug

Description

Source

Publication

A23187

Ca2+-ionophore

Alexis

II

Brefeldin A

Inhibition of ER-Golgi trafficking

Alexis

I, III

Chloroquine

Inhibitor of lysosomal degradation

Sigma

I

Cyclopiazonic acid

Inhibitor of Ca2+-ATPase

Alexis

III

Lactacystin

Inhibitor of proteasomal degradation

Alexis

II, III

Leupeptin

Inhibitor of lysosomal degradation

Alexis

I

NH4Cl

Inhibitor of lysosomal degradation

Sigma

I

Thapsigargin

Inhibitor of Ca2+ pumping activity of Ca2+-ATPases Alexis

Tunicamycin

Inhibitor of protein N-glycosylation

Sigma

I, II

t-Butylhydroquinone

Inhibitor of Ca2+-ATPase

Alexis

III

III

Tetracycline

Induction of receptor expression

Invitrogen

I, II, III

Sulfo-N-

Protein biotinylation

Pierce

I, II

hydroxysuccimide-biotin,
membrane impermeable
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4.3

Antibodies (I, II, III)

The primary and secondary antibodies used for immunoblotting,
immunoprecipitations, immunofluorescence microscopy and flow cytometry are
summarized in Tables 6 and 7, respectively.
Table 6. Primary antibodies.
Antibody

Application

β-actin, mAb

IB

Marker

Sigma

Source

Publication
II

BiP (ET-21), mAb

IB

Sigma

II

CHOP, mAb

IB

Affinity BioReagents

II

cMyc (9E10), mAb

IF, FC

M. Bouvier, Santa Cruz,

I, II, III

AbD Serotec
cMyc (A-14), pAb

IB, IF

Calnexin (SPA-860), pAb

IP, IF

Santa Cruz

I, II, III

ER

Stressgen

I, II, III

Stressgen

Calreticulin (SPA-600), pAb

IF

ER

EEA1, mAb

IF

Early endosome BD Biosciences

I, II
II

ERGIC-53, mAb

IF

ERGIC

Alexis

II

ERp72, pAb

IF

ER

Stressgen

II

Sigma

I, II, III

FLAG M2, mAb

IB, IF, IP, FC

GM130, mAb

IF

HA (HA-7), mAb

IB, IP, FC

LAMP2, mAb

FC

LHR, pAb

IB

PDI, pAb

IB, IF

ER

Sec61β, pAb

IF

ER

SERCA2 (II-8D), mAb

IB

SERCA2b (N1), pAb

IB, IF, IP

SERCA2b (S.2b), pAb

IB

Golgi
Lysosome

ER

BD Biosciences

II

Sigma

I, II, III

BD Biosciences

II

J. Aatsinki & H. Rajaniemi

III

Stressgen

II

Upstate Cell Signaling

II

Sigma, Rockland

II, III

J. Lytton

II, III

F. Wuytack

III

Abbreviations: BiP, binding immunoglobulin protein; CHOP, CCAAT/enhancer binding protein homologous
protein; EEA, early endosomal antigen; ERGIC, endoplasmic reticulum-Golgi intermediate compartment;
ERp, endoplasmic reticulum protein; GM, Golgi matrix protein; FC, flow cytometry; HA, hemagglutinin; IB,
immunoblotting; IF, immunofluorescence; IP, immunoprecipitation; LAMP, lysosome-associated
membrane protein; LHR, luteinizing hormone receptor; mAb, monoclonal antibody; pAb, polyclonal
antibody; PDI, protein-disulfide isomerase; SERCA, Sarco(endo)plasmic reticulum calcium ATPase
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Table 7. Secondary antibodies.
Antibody

Application Source

Publication

Alexa Fluor 488 goat anti-mouse

IF

Invitrogen

I, II, III

Alexa Fluor 488 goat anti-rabbit

IF

Invitrogen

I, II

Alexa Fluor 568 goat anti-mouse

IF

Invitrogen

I, II

Alexa Fluor 568 goat anti-rabbit

IF

Invitrogen

I, II, III

HRP-conjugated anti-mouse

IB

Caltag, Jackson Immunochemicals,

I, II, III

HRP-donkey anti-rabbit F(ab)2

IB

Jackson Immunochemicals

II, III

PE-conjugated rat anti-mouse IgG1

FC

BD Biosciences

I, II, III

Invitrogen

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

4.4

Pharmacological analysis (I, II, III)

Membrane preparations were made to assess the ligand binding properties of the
receptors. In short, cells were homogenized and the nuclei fraction was pelleted
by low-speed centrifugation. Membrane fragments were then collected by highspeed centrifugation and frozen in aliquots. For ligand binding assays, the
membranes were supplemented with 0.01 to 10 nM [3H]diprenorphine with or
without an excess amount of 10 µM naltrexone to measure nonspecific binding.
Alternatively, a constant amount of [3H]diprenorphine (2 nM) was used with
increasing amounts of unlabeled opioid ligands (10 fM to 100 µM) in the ligand
displacement assays. The unbound ligands were separated by filtering and the
amount of membrane bound [3H]diprenorphine radioactivity was measured with a
Wallac MicroBeta triLux scintillation counter (PerkinElmer Life Sciences). The
ligands used are presented in Table 8.
The ability of hδORs to induce downstream signaling was measured by their
ability to stimulate the exchange of GDP to GTP in the α subunit of heterotrimeric
G proteins using an europium-labeled GTP analogue, Eu-GTP (Frang et al. 2003).
For the GTP-binding assay (Perkin Elmer Life Sciences), membranes were
incubated in a buffer containing 50 mM HEPES, 5 mM MgCl2, 3 µM GDP, 100
mM NaCl, 100 µg/ml saponin together with receptor specific agonists (SNC-80,
Leu-Enkephalin or DPDPE) to stimulate receptor activation for 30 min with or
without 5 µM GTPγ to determine nonspecific binding. Samples were
supplemented with 10 nM Eu-GTP and after a 30-min incubation they were
filtered and the time-resolved fluorescence of the bound Eu-GTP was measured
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with a VICWallac 1420 VICTOR2 Multilabel microplate reader. The agonists are
presented in Table 8.
Table 8. Ligands
Ligands

Receptor:

Assay

Source

DAMGO

μOR agonist

Ligand binding

Tocris/Sigma II

Publication:

DPDPE

δOR agonist

Ligand binding, G-protein-coupling

Tocris/Sigma II

ICI-174,864

δOR antagonist,

Flow cytometry

Tocris/Sigma I

Leu-enkephalin

δOR agonist

Ligand binding, G-protein-coupling

Tocris/Sigma I, II

Naltrexone

μOR and δOR

Ligand binding, flow cytometry

Tocris/Sigma I, II, III

Naltriben

δOR antagonist

Ligand binding

Tocris/Sigma II, III

Naltrindole

δOR antagonist

Ligand binding

Tocris/Sigma II

Radiolabeled

δOR antagonist

Ligand binding

partial agonist

antagonist

[3H]diprenorphine
SNC-80

PerkinElmer

I, II, III

Life Sciences
δOR agonist

Ligand binding, G-protein-coupling

Tocris/Sigma I, II, III

Abreviations: DAMGO, [D-Ala2,N-Me-Phe4,Gly-ol5]-enkephalin; DPDPE, [D-Pen2,D-Pen5]-enkephalin; ICI174,864, N,N-diallyl-Tyr-Aib-Aib-Phe-Leu; OR, opioid receptor; SNC-80, (+)-4-[(αR)-α-((2S,5R)-4-Allyl-2,5dimethyl-1-piperazinyl)-3-ethoxybenzyl]-N,N-diethylbenzamide

4.5

Metabolic pulse-chase labeling and analysis of receptor
maturation, degradation and interaction kinetics (I, II, III)

Receptor expressing cells were first depleted of Met, then pulse-labeled with
[35S]-Met/Cys (PerkinElmer Life Sciences) and finally chased in the presence of
excess Met. With this method, all the receptor species synthesized during the
pulse contained radioactively labeled [35S]-Met and [35S]-Cys residues in their
polypeptide chains. Receptors were purified from membrane extracts or whole
cell extracts with the anti-FLAG M2 antibody and analyzed by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and fluorography. The
amounts of receptor precursors and mature receptor species were measured from
the scanned images and analyzed with GraphPad Prism 4.01.
Cellular interactions of hδOR and CNX (I) or SERCA2b (III) were assessed
from the [35S]-Met/Cys labeled cells. The solubilized membrane extracts were
subjected to sequential immunoprecipitations and analyzed by SDS-PAGE and
fluorography. Furthermore, the lifespan of the interactions was assessed from the
pulse-chase samples described above by sequential co-immunoprecipitations.
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4.6

Flow cytometry and confocal microscopy (I, II, III)

For the analysis of receptor expression level at the cell surface after 24-hour
receptor expression, the cells were washed with phosphate-buffered saline (PBS)
– 1% (v/v) FBS and labeled with the anti-cMyc-antibody for 30 min at +4 °C.
Then the bound primary antibody was labeled with phycoerythrin (PE) conjugated secondary antibody and the cells were analyzed by flow cytometry.
Alternatively, to assess the total receptor content, cells were fixed with 2% (w/v)
paraformaldehyde in PBS and permeabilized using 0.5% (w/v) saponin in PBS –
1% (v/v) FBS prior to the labeling with the anti-FLAG M2-antibody. For all the
samples that were used to measure the cell surface receptors, dead and broken
cells were discriminated with 7-aminoactinomycin D (7-AAD) staining (Schmid
et al. 1992). Cells were analyzed with the FACSCalibur and the Cell Quest Pro
software (Becton Dickinson). The data were analyzed with GraphPad Prism 4.01
using the GeoMean values.
For the agonist induced internalization assay, receptor expression was
induced for 24 hours and the cells were supplemented with 1 µM Leu-enkephalin
for 0 to 60 min. Thereafter, the cells were labeled with the anti-cMyc-antibody
and the PE-conjugated secondary antibody as described above. Alternatively, the
constitutive internalization was assessed by staining the cells with the anti-cMycantibody for 30 min at +37 °C in complete-DMEM, washed with completeDMEM and chased in the cell incubator for 0 to 4 h. The remaining antibodybound receptors at the cell surface were labeled with the PE-conjugated
secondary antibody and the cells were analyzed by flow cytometry.
In order to assess the qualitative properties of the cell surface hδOR species,
receptor binding properties of the fluorescein-conjugated opioid ligand naltrexone
(FITC-NTX) (Invitrogen) were used in a flow cytometric assay. First, the receptor
binding properties of the conjugated ligand were determined. The hδORCys27 and
hδORCys27(N18/33E) expressing cells were treated with or without 500 ng/ml of
tetracycline to induce receptor expression for 24 hours and the intact cells were
labeled directly on the 24-well cell culture plates. The non-specific binding of
FITC-NTX was measured from cells that were not treated with tetracycline. To
assess the FITC-NTX binding affinity, increasing concentrations of the
conjugated ligand (0.1 nM to 10 µM) were used and the labeling was carried out
at room temperature in the dark for 30 min. A similar concentration-dependent
increase in the fluorescence intensity was detected for both cell lines with EC50 of
17 nM and 12 nM for hδORCys27 and hδORCys27(N18/33E), respectively. The EC50
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values are in line with the Ki value of NTX for hδORCys27 in a radioligand binding
assay (Ki 32.9 ± 4.3 nM) (II, Suppl. Table S1). The FITC-NTX concentration of
100 nM was chosen for further assays, as the non-specific binding increased
drastically at higher ligand concentrations. The specificity of FITC-NTX towards
hδORCys27 was further assessed in a ligand displacement assay. A 100-fold
concentration of NTX and ICI-174,864, another opioid ligand, effectively
competed with FITC-NTX for the receptor binding sites. The FITC-NTX binding
to the receptor was fast, as nearly a maximal level of fluorescence was detected
within 10 min. However, to ensure complete binding, a 30-min incubation period
with FITC-NTX was chosen for the assays. Furthermore, to ensure that the
binding of FITC-NTX occurs only at the cell surface and the conjugated ligand is
not membrane permeable, the hδORCys27 expressing cells were induced to express
the receptor for 6 hours with or without brefeldin A (BFA), a compound that
disrupts Golgi membranes and subsequently prevents hδORCys27 transport to the
cell surface (Doms et al. 1989). As expected, the BFA treated cells failed to bind
fluorescent-NTX. Routinely, all the flow cytometric samples were treated with 7AAD after sample preparation, to distinguish intact and broken cells. The excess
FITC-NTX was removed by washing and the cells were analyzed by flow
cytometry.
For confocal microscopy, the cells were labeled with antibodies directed
against the receptor epitope tags in complete-DMEM at +37 °C prior to fixation
or after fixation with 2% paraformaldehyde – PBS (w/v) and permeabilization
with Triton X-100 at room temperature. Cellular organelles were labeled with
various antibodies as specified in Table 6. The endosomal pathway was labeled
with LysoTracker Red DND-99 (200 nM, Invitrogen) by adding the reagent to
complete-DMEM 4 hours before the cells were collected and fixed. Cells were
viewed with a Zeiss LSM510 confocal microscope.
4.7

Trypsin fingerprinting (III)

In order to identify proteins that interact with the hδORCys27 precursors, receptor
expression was induced for 4 hours with 500 ng/ml tetracycline. The receptors
were immunoprecipitated with the immobilized anti-FLAG M2 antibody and the
eluate was separated on SDS-PAGE. To visualize the total pool of proteins in the
eluate, the gel was silver-stained. An identical gel was analyzed by Western
blotting to detect the hδORCys27 species. Protein bands were excised from the
silver-stained gel, alkylated and trypsin digested within the gel with a protocol
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modified from Shevchenko et al. (Shevchenko et al. 1996). Peptide fragments
were eluted from the gel pieces and dried in a vacuum. The dissolved peptide
fragments were analyzed with a Voyager DE-STR matrix-assisted laser
desorption ionization-time of flight (MALDI-TOF) (Applied Biosystems) and the
peptide data were decoded with the ProFound peptide mapping software.
4.8

Quantification and statistical analysis (I, II, III)

The relative intensities of the receptor bands on fluorographs and Western blots
were analyzed by densitometric scanning with the Agfa Duoscan HiD laser
scanner or the Umax PowerLook 1120 color scanner with the IMAGE MASTER
2D PLATINUM 6.0 software and quantified using the Scion Image software. The
local background was subtracted from each lane.
The data obtained from ligand binding and flow cytometry assays and from
densitometric measurements were analyzed with GraphPad Prism 4.01. The
following models were applied: one-phase exponential decay (I, Fig. 2E, 2F, Fig.
4, Fig S3; II, Fig. 3C, 3F, Fig. 8G; III, Fig. 3B, Fig. 6C), sigmoidal dose-response
(I, Table 1, Figure 2G, 2H, Fig S2A; II, Fig. 3C, 3F, Table S2; III, Fig 6D, 6E),
one- and two-site binding (I, Table 1, Fig S2B; II, Table S1; III, Fig. 7). For
statistical analysis of the data either the one-way ANOVA or t-test were used.
Significance was set at p < 0.05, and the values are presented as mean ± SEM
(standard error of the mean).
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5

Results

5.1

Biochemical and pharmacological characterization of hδORs
expressed in HEK 293i cells (I, II, III)

HδOR is expressed in tissues in very low amounts. For example, the human
neuroblastoma cell line SK-N-SH (derived from a bone marrow tumor) contains
100,000 δOR binding sites in a single cell (0.35 pmol/mg protein) and the mouse
neuroblastoma × rat glioma hybrid NG 108-05 cell line contains 300,000 sites in a
cell (0.53 pmol/mg protein) (Yu et al. 1986). Because the endogenous expression
levels are low and neuronal cells are difficult to maintain under cell culture
conditions, the majority of the research on hδOR biochemistry has been done
using heterologous expression systems. Transient transfections provide a
sufficient tool to study some biochemical properties of GPCRs. However,
transfection efficiency varies even on the same cell culture dish. This may lead to
a situation, in which poorly transfected cells express very little or no receptor at
all and efficiently transfected cells may suffer from cellular stress caused by very
high overexpression of the receptor. In contrast, stable cell lines usually overexpress transfected proteins constantly. However, the gene is randomly inserted
into the genome making it difficult to compare different receptor types even in the
same cellular background.
To investigate the various hδOR species, DNA constructs were prepared and
transfected into HEK 293i cells. This cellular background provided us efficient
expression of each hδOR variant under the same genomic locus, as the transfected
receptor constructs integrated into the same site. In addition, receptor expression
was initiated only under tetracycline treatment. We have previously shown that
hδORCys27 expression in HEK 293i cells reaches its maximal level within 24 hours
using 500 ng/ml of tetracycline (Leskelä et al. 2007). Various hδOR mutants were
generated using site-directed mutagenesis as presented in Tables 2 and 3. Their
biochemical and pharmacological properties were characterized after a 24-hour
tetracycline-induced expression. The topography of hδOR with the Myc- and
Flag-tags used is presented in Fig. 12.
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Fig. 12. The topography and the amino acid sequence of hδOR. The hδOR

is

presented as a snake plot diagram. The Myc and Flag-tags are presented in the Nterminus and the C-terminus of the receptor, respectively. The Cys residues involved
in the polymorphism (Cys27), disulfide bond formation (Cys121 and Cys198) and
palmitoylation (the precise site and the number of palmitate groups is not known) are
presented as black filled circles. The palmitate is identified as a wawy line and the
possible disulfide bond as a solid black line. The N-glycosylated Asn18 and Asn33 are
highlighted as grey filled circles and the N-glycans are presented as grey lines.
Extracellular and intracellular loops (ECL and ICL, respectively) and the N-terminus
and the C-terminus are indicated. 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. Modified from
Simonin et al. (1994) for the amino acid sequence and from Kiefer et al. (2009) for
determination of the transmembrane domains.
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5.1.1 Identification of the expressed hδOR species (I, II, III)
In previous studies, hδORCys27 has been shown to be N-glycosylated, Oglycosylated and palmitoylated (Petäjä-Repo et al. 2000, Petäjä-Repo et al. 2006).
These post-translational modifications, especially the glycosylation, have an
effect on the apparent molecular weight of the expressed receptor species on
SDS-PAGE. A single N-glycan increases the glycoprotein molecular weight by
nearly 2 kDa when the oligosaccharide is in the high-mannose, ER-localized form
consisting of Glc0-3Man7-9GlcNAc2 (Moore 1998). Subsequent modifications of
the N-glycans in the Golgi complex further increase the apparent molecular
weight of the receptor. Both ER-modified and Golgi-modified N-glycans can be
enzymatically removed with peptide-N-glycosidase F (PNGase F), whereas Endoβ-N-acetylglucosaminidase H (Endo H) is able to remove high-mannose type
glycans (Maley et al. 1989). O-glycosylation of hδORCys27 occurs in the Golgi.
Previous studies have shown, that the Golgi-processing of hδORCys27 takes only
about 10 min (Petäjä-Repo et al. 2000), thus receptors with Golgi-processed Nglycans and O-glycans are considered here as mature receptor species. Cell
surface receptor species can be identified by labeling cell surface proteins with
the membrane-impermeable sulfo-N-hydroxysuccimide-biotin and analyzing the
immunoprecipitated receptors by SDS-PAGE and Western blot analysis with
streptavidin (Petäjä-Repo et al. 2000). The identification of hδOR species is
outlined in Table 9 according to their PNGase F and Endo H sensitivity and the
results of the cell surface biotinylation assay (I, Fig 1. B, C, E).
To distinguish the precursor, mature and differentially N-glycosylated
receptor species, the receptors were purified from solubilized membranes with the
anti-FLAG M2 antibody and detected by SDS-PAGE followed by a Western Blot
analysis using the same antibody or alternatively by a fluorographic analysis (Fig.
13 and Table 9). The hδORCys27 and the hδORPhe27 variants were expressed as two
major receptor species with Mr of 61,000 and 47,000, respectively (I, Fig. 1. B
and II, Fig. 2. A). The hδORCys27 was also apparent as a Mr 44,000 and 51,000
species, especially on metabolic labeling assays (I, Fig. 2.A). As both mature
hδORCys27 species of Mr of 61,000 and 51,000 were deglycosylated with PNGase
F to one single band (I, Fig. 1.C), their migration difference was caused by
differential N-glycosylation, with the lower Mr band representing hδORs with
only one N-glycan. The faster migrating species of Mr 47,000 and Mr of 44,000
were not biotinylated and were Endo H sensitive, therefore they represent
receptor precursors with high mannose-type N-glycans (I, Fig. 1.C).
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Mr x 10

hδOR-Cys27

hδOR-Phe27

66

Mature receptor, 2 N-glycans
Mature receptor, 1 N-glycan

45

Premature receptor, 2 N-glycans
Premature receptor, 1 N-glycan

Chase (min)

0

120

240

0

120

240

Fig. 13. The hδOR is expressed in several forms with varying molecular weights. HEK
Cys27

293i cells expressing hδOR

Phe27

and hδOR

were induced to express the receptor for

35

2 hours, pulse-labeled with 100 µCi/ml [ S]methionine/cysteine for 40 min and chased
for the indicated periods of time (min). The time-dependent changes in molecular
weights represent different N-linked glycans attached to the receptor. In addition, the
mature receptor species are modified with O-linked glycosylation.
Table 9. Identification of expressed hδOR receptor species.
Receptor species
Mr (Da)

PNGase F
sensitivity

Endo H

Detection with

sensitivity sulfo-NHS-biotin

Number of

Identification/location

N-glycans

hδORCys27
61,000

+

-

+

2

Mature, cell surface

51,000

+

-

+

1

Mature, cell surface

47,000

+

+

-

2

Precursor, ER

44,000

+

+

-

1

Precursor, ER

hδORCys27(N18E)
52,000

+

-

+

1

Mature, cell surface

44,000

+

+

-

1

Precursor, ER

hδORCys27(N33E)
51,000

+

-

+

1

Mature, cell surface

45,000

+

+

-

1

Precursor, ER

45,000

-

-

+

-

Mature, cell surface

42,000

-

-

-

-

Precursor, ER

hδORCys27(N18/33E)

Abreviations: Endo H, endo-β-N-acetylglucosaminidase H; NHS, N-hydroxylsuccimide; PNGase F, Nglycosidase F

The hδORCys27(N18E) and hδORCys27(N33E) have only one intact N-glycosylation
site. They were found to be expressed as two major forms. The slower migrating
species [Mr 52,000 hδORCys27(N33E) and Mr 51,000 hδORCys27(N18E)] resembled
the mature one-N-glycosylated form of the wild-type hδOR – they were
biotinylated, PNGase F sensitive and Endo H resistant and thus mature receptors.
The faster migrating species [Mr 44,000 hδORCys27(N33E) and Mr 45,000
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hδORCys27(N18E)] represent Endo H sensitive receptor precursors (I, Fig. 1. B, C
and E). In addition, hδORCys27(N18E) was occasionally detected as a faster
migrating biotinylated species (I, Fig. 1. E), representing the non-N-glycosylated
mature receptors. Thus, it is likely that the one-N-glycosylated wild-type
hδORCys27 represents a receptor with only the Asn18 N-glycosylation site
occupied.
To create a fully non-N-glycosylated hδORCys27, both N-glycosylation sites,
Asn18 and Asn33 were mutated to generate the hδORCys27(N18/33E) construct.
Only one hδORCys27(N18/33E) species (Mr 45,000) was apparent on Western Blot
analysis (I, Fig. 1. A-E). This receptor was biotinylated, thus representing the
non-N-glycosylated receptor at the cell surface. Further analysis with Oglycosidase and neuraminidase showed that hδORCys27(N18/33E) was Oglycosylated during Golgi-processing (I, Fig. 1. D). Fluorographic analysis after
metabolic-pulse-chase labeling showed that the hδORCys27(N18/33E) precursor
was expressed as a Mr 42,000 protein species (I, Fig. 2. B).
In the hδORCys27(C121/198A) construct (III) the two conserved Cys-residues
of the receptor are mutated and only two receptor species corresponding to the
hδORCys27 precursor forms were detected (III, Fig. 4. A). The migration patterns
of the hδORCys27(D95A) receptor species were identical to the corresponding
wild-type hδORCys27 forms (III, Fig. 4. B).
5.1.2 Cell surface expression of hδORs (I, II)
The cell surface expression of hδORCys27, hδORCys27(N18E), hδORCys27(N33E),
hδORCys27(N18/33E) and hδORPhe27 was visualized with cell surface biotinylation
(I, Fig. 1. E). It was further investigated and quantified with a flow cytometry
assay, in which the cell surface receptors were labeled in intact cells with an anticMyc-antibody and a PE-conjugated secondary antibody (I, Table 2). The
comparison of hδORCys27 and hδORPhe27 after a 24-hour tetracycline-induced
receptor expression revealed a decrease of 17.5 ± 5.8% in the fluorescence
intensity of hδORPhe27 expressing cells (II, Fig. S1). The result did not have
statistical significance as assessed with a paired t-test. The lack of either one of
the N-glycan reduced the cell surface expression of hδORCys27 by 10.1 ± 7.0% or
12.8 ± 4.4% (p < 0.05) for hδORCys27(N18E) and hδORCys27(N33E), respectively.
The reduction in cell surface expression was most dramatic for
hδORCys27(N18/33E), 35.9 ± 3.3% (p < 0.001) (I, Table 2).
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Direct immunofluorescence staining and confocal microscopy was used to
analyze the subcellular localization of hδORCys27 and hδORCys27(N18/33E) after a
7-hour receptor expression. After this short expression period, hδORCys27 was
mainly found to co-localize with the ER marker CRT while the
hδORCys27(N18/33E) was mostly at the cell surface (I, Fig. 6. A-I).
5.1.3 Ligand binding and Eu-GTP binding assays (I, II)
The pharmacological properties of the expressed hδORs were assessed with
various methods. First, a saturation ligand binding assay with an increasing
concentration of [3H]diprenophine (0.05 to 15 nM) was used to assess the total
level of receptors (Bmax) and the ligand binding affinity (Kd) for [3H]diprenophine.
As the assay was performed with homogenized membrane preparations, the
binding was measured simultaneously for intracellular and plasma membrane
receptor species. Both hδORCys27 and hδORPhe27 were expressed at a similar level
of almost 60 pmol/mg of membrane protein (24 h induction with 500 ng/ml of
tetracycline) (II, Table S1). The affinity (Kd) for [3H]diprenorphine was similar
for these two receptors. In displacement binding assays, the Ki values were also
similar for hδORCys27 and hδORPhe27 when [3H]diprenorphine binding was
displaced with DPDPE, SNC-80, DAMGO, NTX, naltriben or naltrindole (II,
Table S1).
Although the lack of receptor N-glycosylation did not prevent ligand binding,
the Bmax values were decreased. The hδORCys27(N18E), hδORCys27(N33E) and
hδORCys27(N18/33E) expressed [3H]diprenophine binding sites at 41.5 ± 2.4, 36.7
± 3.0 and 21.6 ± 3.6 pmol/mg of membrane protein, respectively, after 24 h of
receptor expression with 500 ng/ml of tetracycline (I, Table I). To assess whether
the lack of N-glycosylation alters the structural stability of the receptor, an
inactivation assay (Gether et al. 1997, Leskelä et al. 2007) was applied to
hδORCys27 and hδORCys27(N18/33E) (I, Suppl. Fig. 3). Briefly, the cellular
membranes prepared from receptor expressing cells were incubated at +37 °C for
up to 60 min and the remaining ligand-binding ability was measured using
[3H]diprenorphine. Although the amount of hδORCys27(N18/33E) that was capable
of ligand binding decreased slightly faster, the remaining ligand-binding ability
was similar for the two constructs tested after the 60-min treatment at +37 °C.
The ability of the receptors to induce down-stream signaling was assessed
with a Eu-GTP-binding assay. The assay was done with extracted membranes and
was dependent on the existing endogenous G proteins. Therefore, the receptor
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expression levels were scaled down using low tetracycline concentrations
(approximately 2-3 pmol/mg of membrane proteins). The ability of hδORCys27 and
hδORPhe27 to activate G proteins was tested with δOR agonists SNC-80, DPDPE
and Leu-enkephalin. Although the maximal activation levels observed for
hδORCys27 were slightly higher than that for hδORPhe27, no statistical differences
were detected. Also the potency of the three agonists was similar in the case of
both wild-type receptors. In addition, Leu-enkephalin induced the greatest
maximal activation of both hδORCys27 and hδORPhe27 (II, Table S2).
The N-glycosylation deficient receptors hδORCys27(N18E), hδORCys27(N33E)
and hδORCys27(N18/33E) activated with SNC-80 yielded maximum signal levels
similar to those of the wild-type hδORCys27, thus all receptor constructs were able
to activate G proteins However, in the case of hδORCys27(N18/33E), a higher
amount of SNC-80 was required to induce the maximal response when compared
to hδORCys27, with the EC50 values being 24.1 ± 3.2 nM and 12.6 ± 1.8 nM for the
hδORCys27(N18/33E) and the hδORCys27, respectively. This significant difference
(p < 0.05, n=3) indicates that SNC-80 has a decreased potency to activate
downstream signaling for hδORCys27(N18/33E) (I, Table 1).
5.2

Importance of N-glycosylation in the folding and expression of
correctly folded receptors at the cell surface (I)

5.2.1 Lack of N-glycosylation increases ER export of hδORCys27 (I)
The rate-limiting step in hδORCys27 biogenesis is receptor export from the ER
(Petäjä-Repo et al. 2000). Therefore, the role of N-glycosylation in the folding of
hδORCys27 was assessed with metabolic pulse-chase labeling experiments using
cell lines expressing the N-glycosylation deficient hδORCys27(N18E),
hδORCys27(N33E) and the non-N-glycosylated hδORCys27(N18/33E). After the
pulse with a metabolic marker, only hδORCys27 precursors (Mr 47,000 and Mr
44,000) were detectable (I, Fig. 2. A. Lane 1) During the 6 hours of chase, the
hδORCys27 precursors disappeared and the mature hδORCys27 species gradually
appeared (see Fig. 13). The two hδORCys27 precursors had half-lives of 87 ± 8 min
and 53 ± 8 min for the Mr 47,000 (2 N-glycans) and the Mr 44,000 (1 N-glycan)
receptor forms, respectively. The levels of the mature receptor species reached
their maximum within 4 hours for the two-N-glycan hδORCys27 (Mr 61,000) and
within two hours for the hδORCys27 form carrying one N-glycan (Mr 51,000). The
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maturation efficiency indicates the amount of synthesized receptors that reach the
mature form. For the Mr 61,000 hδORCys27, the maturation efficiency was 48 ±
3%, which is in good agreement with previous results (Petäjä-Repo et al. 2000).
The efficiency was even lower for the Mr 51,000 hδORCys27 (36 ± 3%). After a 2
hour chase, the one-N-glycan hδORCys27 levels started to decrease rapidly, with
only 58.2 ± 7.6% of mature receptor species detected after 6 hours.
Receptor constructs with only one N-glycosylation site available were
generated in order to establish whether either one of the N-glycans is of greater
importance
for
hδORCys27
maturation.
The
hδORCys27(N18E)
and
Cys27
hδOR
(N33E) precursors disappeared with a rate almost identical to that of the
wild-type one-N-glycan and two-N-glycan hδORCys27 precursors (I, Fig. 2. C, D
and F). In contrast to the hδORCys27, a small amount of the mature
hδORCys27(N18E) and hδORCys27(N33E) was visible on the fluorographs
immediately after the pulse. These receptor species reached their mature state
during the 20 min labeling. Aside from the early stages of maturation,
hδORCys27(N18E) matured with an almost identical rate when compared to the
two-N-glycan wild-type hδORCys27 and the amount of the mature
hδORCys27(N18E) reached its maximum within 4 hours. The hδORCys27(N33E),
however, reached the maturation maximum within 2 hours resembling the one-Nglycan wild-type hδORCys27 (I, Fig. 2. C, D and H).
The most dramatic difference in the maturation kinetics and the amount of
mature receptor levels was seen for the fully non-N-glycosylated receptor mutant,
hδORCys27(N18/33E). During the 40 min pulse, about 50% of the newly
synthesized hδORCys27(N18/33E) precursors were converted to the Mr 45,000
receptor species and the maximal mature receptor level was reached within 1 hour
after the beginning of the chase (I, Fig. 2. B and C). Corresponding to the fast
maturation level, the half-life of the hδORCys27(N18/33E) receptor precursor was
significantly shorter (43 ± 4 min, p < 0.05) compared to the fully N-glycosylated
wild-type hδORCys27. The N-glycosylation of hδORCys27 was inhibited with
tunicamycin (McDowell & Schwarz 1988) as a control for the mutagenesis
approach. In the tunicamycin treated cells, the non-N-glycosylated wild-type
hδORCys27 receptor precursors disappeared with an increased rate and reached the
maximal maturation faster than the fully N-glycosylated receptor in the nontreated control cells (I, Fig. 2. E and G). After reaching the maximal maturation at
the 1 hour chase time, the mature hδORCys27(N18/33E) levels started to decrease.
Only 43.7 ± 2.8% of the mature hδORCys27(N18/33E) was present after the 6 hour
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chase, whereas 80.6 ± 8.1% of the mature two-N-glycan wild-type hδORCys27 was
still present at that time (I, Fig. 2. G).
5.2.2 Lack of hδORCys27 N-glycosylation compromises the ER quality
control (I)
The hδORs are subject to various protein-protein interactions during the folding
process. The important connection between hδOR and the ER quality control is
the CNX interaction, which has been previously shown for hδORCys27 (Leskelä et
al. 2007). CNX interacts with nascent proteins via monoglucosylated N-glycans.
To establish, whether the complete lack of N-glycosylation inhibits interaction
between the nascent hδORCys27 and CNX, sequential co-immunoprecipitation was
performed
for
hδORCys27,
hδORCys27(N18E),
hδORCys27(N33E)
and
Cys27
35
hδOR
(N18/33E). Cells were pulse-labeled with [ S]-Met/Cys for 30 min and
the whole cell extracts were sequentially immunoprecipitated with the anti-CNXantibody and the immobilized anti-FLAG M2 antibody. All receptor species
carrying at least one N-glycan were co-immunoprecipitated with the anti-CNX
antibody. As expected, only the non-N-glycosylated hδORCys27(N18/33E) failed to
co-immunoprecipitate with the anti-CNX antibody (I, Fig. 3. B).
Expression of non-native hδORCys27(N18/33E) forms at the cell surface (I)
The total hδORCys27(N18/33E) expression level was decreased by 64% (ligand
binding assay, Chapter 5.1.3) but the cell surface expression decreased by only
36% (flow cytometry, Chapter 5.1.2). As the difference was extensive, we
investigated whether the compromised ER quality control might cause expression
of non-native receptors at the cell surface. This was tested by labeling the cell
surface hδORCys27 with membrane impermeable FITC-NTX, a ligand that binds
specifically to δORs (I, Fig. S2). Cells were labeled with FITC-NTX and
analyzed with flow cytometry and the results were compared to those obtained
with the anti-cMyc-antibody and a PE-conjugated secondary antibody. The ratio
of FITC-NTX and anti-cMyc antibody signals were calculated (I, Table 2).
Although a decrease of 10% and 20% in the individual signal intensities were
detected for hδORCys27(N18E) and hδORCys27(N33E), respectively, compared to
the values obtained for the wild-type receptor, the calculated ratios of the signal
intensities were identical to that of hδORCys27, demonstrating that all receptor
species at the cell surface were capable of binding the conjugated ligand.
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The non-N-glycosylated hδORCys27(N18/33E) was able to bind only 64.1 ±
3.3% of the anti-cMyc antibody when compared to the wild-type hδORCys27 and
the signal was further decreased when the hδORCys27(N18/33E) cell surface
receptor species were measured with FITC-NTX, giving only 49.9 ± 2.0% of the
hδORCys27 signal. The FITC-NTX / anti-cMyc antibody ratio was significantly
reduced for hδORCys27(N18/33E) when compared to that of the hδORCys27 ratio
(77.3 ± 3.8%, p < 0.05) (I, Table 2). This provides information that a fraction of
hδORCys27(N18/33E) that reaches the cell surface is unable to bind the hδOR
ligand and is likely to be in a misfolded or incompletely/incorrectly folded
conformation.
5.2.3 Deficient N-glycosylation enhances hδORCys27 constitutive
internalization and targeting for lysosomal degradation (I)
The kinetics of receptor internalization was assessed with flow cytometry. Both
hδORCys27 and hδORCys27(N18/33E) responded quickly to the opioid agonist Leuenkephalin and the cell surface localized receptor levels were reduced to 48 ± 3%
and 16 ± 1% for hδORCys27 and hδORCys27(N18/33E), respectively, within 60
minutes. The internalization rate was enhanced significantly (p < 0.05) when the
N-glycans were absent (I, Fig. 4. B). The constitutive internalization (e.g. not
induced by an agonist) was assessed by treating the cells with the anti-cMyc
antibody as described in Chapter 4.6. Both receptors were internalized during the
4 hour chase, yet again the non-N-glycosylated receptor was internalized with an
enhanced rate. After the 1 hour chase, nearly half of the hδORCys27(N18/33E) was
already internalized and after 4 hours only 14 ± 1% of this receptor was
detectable at the cell surface with the anti-cMyc antibody. The hδORCys27 was
significantly more stable at the cell surface, with 48 ± 9% of receptors detectable
after the 4-hour chase (p < 0.05) (I, Fig. 4. A).
To study the fate of the internalized receptors, the cellular localization of the
internalized hδORs was compared to the localization of LysoTracker Red DND99 (Invitrogen), a marker of late endosomes and lysosomes (I, Fig.6 J-O). The
internalized hδORCys27(N18/33E) co-localized with LysoTracker Red when
lysosomal degradation was inhibited with leupeptin (I, Fig. 6. M-O). In addition
to leupeptin, other inhibitors of lysosomal degradation, chloroquine and NH4Cl,
stabilized hδORCys27(N18/33E) by 30% during the 6-hour chase after metabolic
labeling with [35S]-Met/Cys (p < 0.001 for leupeptin and chloroquine, p < 0.05 for
NH4Cl), while they had no effect on the hδORCys27.
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5.3

Phe27Cys polymorphism alters the maturation and subcellular
localization of hδOR (II)

Single nucleotide changes leading to amino acid replacements have been shown
to impair protein folding and function. However, the pharmacological and
functional properties of hδORCys27 and hδORPhe27 were identical (II, Table S1 and
Table S2), as presented in Chapter 5.1. Nevertheless, we noticed prominent
differences in the basic characteristics of these two receptor variants when they
were assessed by SDS-PAGE and Western blot analysis (II, Fig. 2. A). First, after
24 hours of receptor expression, nearly all hδORPhe27 species were detected as
mature receptor species (86 ± 2% of total), while only 58 ± 5% of hδORCys27 was
in the mature form. Second, as seen in the pulse-chase labeling assays (II, Fig. 3.
A and D), the majority of hδORPhe27 precursors were seen in a fully Nglycosylated form with only a minor portion with a deficient N-glycan occupancy.
The one-N-glycan hδOR precursor band (Mr 44,000) was far more prominent for
hδORCys27.
5.3.1 The hδORCys27 is expressed with a poor mature/precursor
ratio (II)
It has been previously shown that when hδORCys27 expression is initiated in the
stably transfected HEK 293i cells by supplementing complete-DMEM with 500
ng/ml of tetracycline, the receptor precursors start to appear within 2 hours
(Leskelä et al. 2007). To compare the differences between hδORCys27 and
hδORPhe27 after short periods of receptor expression, hδORCys27 and hδORPhe27
expressing HEK 293i cells were induced with 500 ng/ml of tetracycline for 0 – 10
hours. After 3 – 4 hours of expression, the hδOR precursors were apparent. The
difference between the variants in the mature/precursor receptor ratio was already
apparent after 5 hours of expression. The mature hδORPhe27 species were
predominant after 6 hours of expression and the amount of precursors remained
low. For hδORCys27, however, the increase in the mature receptors was slower and
the number of receptor precursors was found to increase throughout the 10-hour
expression period (II, Fig. 2. D). The total hδOR level was similar in both cell
lines after 10 hours as measured by flow cytometry using permeabilized cells. A
decrease in cell surface expression of hδORCys27 compared to hδORPhe27 was
detected in intact cells as measured with the anti-cMyc-antibody or FITC-NTX
(81%, not significant, and 73%, p < 0.05, respectively). (II, Fig. S1)
97

In addition to the wild-type hδORs, hδORAla27, hδORIle27, hδORSer27 and
hδORTyr27 constructs were generated by site-directed mutagenesis to assess the
impact of the amino acid residue at position 27 in more detail. All six constructs
were transiently transfected into HEK 293i cells and after 24 hours of expression,
the receptors were analyzed by SDS-PAGE and Western blot and the
mature/precursor ratio was calculated. The hδORCys27 generated the lowest
mature/precursor ratio of all the receptor constructs tested, and hδORPhe27 and
hδORTyr27 had significantly higher mature/precursor ratios (p < 0.05). HδORAla27,
hδORIle27 and hδORSer27 also had a higher mature/precursor ratios than hδORCys27
although the differences were not significant (II, Fig. 5).
5.3.2 Folding of hδORCys27 is less efficient and the precursors are
retained in the ER (II)
The differences in hδORCys27 and hδORPhe27 biosynthesis were assessed in more
detail by metabolic pulse-chase labeling with [35S]-Met/Cys (II, Fig. 3). Although
the hδORPhe27 precursors disappeared faster than the hδORCys27 precursors (t½ 49 ±
4 min and 87 ± 8 min, respectively, p < 0.001), the maturation kinetics were
similar (95 ± 6 min and 97 ± 6 min for hδORPhe27 and hδORCys27, respectively) (II,
Fig. 3. C,F). However, the maturation efficiency of hδORPhe27 was significantly
improved when compared to hδORCys27 (85 ± 12% and 48 ± 3%, respectively, p <
0.05). This difference was more pronounced when hδORCys27 and hδORPhe27 were
expressed for 17 hours prior to the labeling pulse (II, Fig. 3. D,E). The maturation
rate remained unaffected, but the hδORCys27 precursors had an even more
prolonged t½ of 171 ± 34 min when compared to the cells that were induced for
only 2 hours before the labeling pulse. Although an opioid antagonist naltriben
enhanced maturation of both hδORCys27 and hδORPhe27 by 1.9 ± 0.20 and 1.6 ±
0.15 fold, respectively (II, Fig. 3. G), the results described above indicate that
folding of the hδORCys27 is less efficient than that of hδORPhe27.
Impaired targeting of the hδORCys27 precursors to ERAD (II)
Lactacystin inhibits proteasomal degradation, which in the case of ER-targeted
proteins occurs after the proteins are retrotranslocated from the ER to the cytosol
(Fenteany et al. 1995). The degradation of hδOR species that are unable to
achieve their correct fold has been shown to occur via this pathway (Petäjä-Repo
et al. 2001). Because the longer induction time before the pulse-chase labeling
98

caused the newly synthesized hδORCys27 to accumulate in its precursor form, the
effect of lactacystin was assessed for both hδORCys27 and hδORPhe27 with a short
(2 hours) or a long (17 hours) tetracycline treatment before the pulse-chase assay
(II, Fig. 4). Similar to previous findings (Petäjä-Repo et al. 2001), lactacystin
stabilized the receptor precursors and a deglycosylated degradation intermediate
was detectable for both hδORCys27 and hδORPhe27 after the 4 hour chase, hence
both hδORs are targeted to ERAD (II, Fig. 4. E). Interestingly, after 17 hours of
pre-expression, the hδORCys27 precursors were further stabilized by 1.4 ± 0.15
fold during the pulse when the cells were treated with lactacystin. This indicates
problems in targeting of the incompletely folded hδORCys27 species into the
cytosol for proteasomal degradation, which may cause accumulation of the
receptor precursors in the ER upon long-term expression.
5.3.3 The N-terminal polymorphism alters hδOR subcellular
localization and internalization (II)
After a 6 hour receptor expression, hδORCys27 was mainly found to reside in the
intracellular ER compartment (I, Fig 6. A-C). To assess the subcellular
localization of the wild-type hδORs at a steady-state expression level, the cells
expressing the two variants were treated with tetracycline for 24 hours, fixed with
paraformaldehyde and stained with the anti-cMyc-antibody together with
antibodies that are known to recognize proteins that reside in the ER (anti-CRT,
anti-SERCA, anti-PDI, anti-Sec61β) (II, Fig. 6 and 7), the ERGIC and the Golgi
complex (anti-ERGIC-53 and anti-GM130, respectively) (II, Fig. 7) or in the
endocytotic pathway (anti-EEA1, anti-LAMP2) (II, Fig. 8) and analyzed with
confocal microscopy.
After 24 hour of induced receptor expression, hδORCys27 co-localized strongly
with the ER-marker CRT, which correlates well with the low hδORCys27
mature/precursor ratio and the evident ER accumulation. Accordingly, hδORPhe27
was mainly visible at the cell surface with only modest CRT co-localization (II,
Fig. 6. A-F). The intracellular perinuclear receptors were quantified and the ratio
of cell surface receptors/intracellular receptors was 1.31 ± 0.73 for hδORPhe27.
This was over 2-fold higher than the ratio for hδORCys27 (0.52 ± 0.29, p < 0.0001).
The intracellular localization of hδORCys27 was also characterized by the apparent
receptor staining in dense vesicular-type structures, which did not co-localize
either with the ER or the Golgi markers (II, Fig. 6).
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5.3.4 Enhanced constitutive internalization of hδORCys27 occurs via
the endocytotic pathway (II)
The hδORCys27 mature receptor species were found to internalize constitutively in
a fashion that reduced the cell surface expression by 52 ± 9% within 4 hours (I,
Fig. 4. B. and Chapter 5.2.3). To assess whether hδORPhe27 shows constitutive
internalization similar to that of hδORCys27, the receptors were stained in live cells
and the internalization was followed with flow cytometry. Both receptors were
internalized constitutively, but the rate of hδORPhe27 internalization was lower,
only 39 ± 10% of the cell surface receptor species internalized within 4 hours.
The internalization rate of hδORCys27 was significantly higher; (p < 0.05) as 64 ±
6% of the receptors internalized during the 4-hour incubation period (II, Fig. 8.
G).
For hδORCys27(N18/33E), a dense vesicular staining was observed when cell
surface receptors in live cells were stained with the anti-cMyc antibody and the
receptors were allowed to internalize while lysosomal degradation was inhibited
with leupeptin (I, Fig. 6. M-O). The same phenomenon occurred for hδORCys27.
When the cells that were induced for 24 hours to express hδORCys27 were stained
with the anti-cMyc antibody, we noticed vesicular-like staining in the majority of
cells. This staining did not co-localize with ER- or Golgi-markers. Instead, a
portion of these vesicular-structures co-stained with the anti-EEA1 antibody
(early endosomal marker) or the anti-LAMP2 antibody (late endosomal and
lysosomal marker). The co-localization was more extensive in the late endosomal
vesicles with the anti-LAMP2 antibody (II, Fig. 8 A-F). These results indicate that
the enhanced constitutive internalization targets hδOR for the endocytotic
pathway and lysosomal degradation.
5.4

The hδOR precursors interact with various component of the
ER quality control

N-glycosylation renders hδOR subject to interaction with CNX and CRT. The
interaction between CNX and hδORCys27 has been observed previously in our
laboratory (Leskelä et al. 2007). In the present study, CNX interaction was
demonstrated for both hδORCys27 and hδORPhe27 (Figure 14). To assess the
interaction kinetics between CNX and hδORCys27 or hδORPhe27, the stably
transfected HEK 293i cells were pre-treated with 500 ng/ml tetracycline for 2
hours, then pulse-labeled with [35S]-Met/Cys followed by a 6-hour chase. The
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total pool of hδOR species was purified with two-step immunoprecipitation with
the anti-FLAG M2 antibody and the CNX-interacting pool of hδORs with
sequential immunoprecipitation with the anti-CNX and anti-FLAG M2
antibodies. Only hδOR precursors were detected in the CNX-interacting pool of
receptors. These receptor species had a half-life of 48 min and 37 min for
hδORCys27 and hδORPhe27, respectively. The turnover times for the total hδOR
pools were slower, 119 min and 57 min for hδORCys27 and hδORPhe27, respectively.
The CNX interaction with receptors with only one N-glycan attached was
negligible in this assay.
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Fig. 14. CNX interaction with hδOR precursors. HEK 293i cells expressing hδOR
Phe27

hδOR

or

were induced to express the receptor for 2 hours, pulse-labeled with 100

35

µCi/ml[ S]methionine/cysteine for 40 min and chased for the indicated periods of
time. Receptors were purified from lysates by two-step immunoprecipitation. In panels
C and F, the total pool of immunoprecipitated hδOR precursors is shown with closed
circles and the hδOR precursors co-immunoprecipitated with the anti-CNX-antibody
with open circles. Symbols represent mature receptor with 2 N-glycans (closed
square) or 1 N-glycan (closed diamond), premature receptor with 2 N-glycans (closed
circle) or 1 N-glycan (closed triangle).
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Other receptor-protein interactions were tested by immunoprecipitating hδORs
from cellular lysates of chemically crosslinked (20 nM dithiobis(succinimidyl
propionate), reducible, Pierce) cells. The proteins that were coimmunoprecipitated with hδORs were analyzed by SDS-PAGE and Western
blotting using protein specific antibodies. PDI and ERp72 were readily coimmunoprecipitated with hδORCys27, hδORPhe27 and hδORCys27(N18/33E) in the
presence of the corresponding antibodies (Figure 15) but no PDI or ERp72 was
detected if the antibody was replaced with mouse immunoglobulin G (IgG) (data
not shown).
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Fig. 15. The hδOR precursors associate with ERp72 and PDI. Receptor expression was
induced for 16 hours with 500 ng/ml tetracycline in HEK 293i cells expressing
Cys27

hδOR

Phe27

, hδOR

Cys27

and hδOR

(N18/33E). The cells were chemically crosslinked

with reducible 20 nM dithiobis(succinimidyl propionate) for 10 min at room
temperature, then the hδOR species were immunopurified from lysed cells with the
immobilized anti-FLAG M2 – antibody and analyzed by SDS-PAGE and Western
blotting. The membranes were immunoblotted with the anti-FLAG M2 antibody to
detect immunopurified hδORs and with anti-PDI and anti-ERp72 antibodies to detect
the co-immunopurified PDI and ERp72, respectively.

5.4.1 SERCA2b interacts with hδOR (III)
To dissect hδOR biosynthesis in further detail, a trypsin-fingerprinting method
was used to determine factors involved in hδORCys27 maturation and processing.
To ascertain interaction of the factors with only the receptor precursors, the HEK
293i cells expressing hδORCys27 were induced to express the receptor for only 4
hours, a time during which only a minor amount of hδORCys27 exists in a mature
form. The interacting proteins were co-immunoprecipitated from solubilized
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membrane preparations with the anti-FLAG M2 antibody, separated on SDSPAGE and visualized with silver staining (III, Fig. 1. A). The silver-stained
proteins were excised from the gel and digested with trypsin for MALDI-TOF
analysis. Various ER-localized proteins known to participate in the ER quality
control were identified by this method, such as CNX and BiP. A new interesting
candidate for hδOR interaction was SERCA2, which co-immunoprecipitated in
amounts comparable to CNX and BiP (III, Fig. 1. A).
The identity of the Mr 110,000 band detected on the silver-stained gels was
confirmed on Western blots to be SERCA2b with the polyclonal anti-SERCA2b
antibody (III, Fig. 1. B), the monoclonal anti-SERCA2 II-8D antibody (III, data
not shown) and the anti-SERCA2b N1 antiserum (III, Supplemental data Fig. S1).
They all recognized the Mr 110,000 band but also a band of Mr 135,000 (III, Fig.
1. B). The higher molecular weight band is likely to be an SDS-PAGE-resistant
conformer of SERCA2b or SERCA2b in a post-translationally modified form.
The ER localization of SERCA2b was confirmed with confocal microscopy using
the anti-SERCA2b N1 antibody. The SERCA2b staining pattern was typical for
ER proteins. Interestingly, the perinuclear reticular labeling pattern and the
juxtanuclear localization of SERCA2b were intensified when cells were induced
to express hδORCys27 (III, Fig. 2. B).
To verify the identification of the receptor species that interact with
SERCA2b, the cells were labeled with [35S]-Met/Cys for 3 hours (III, Fig. 3. A).
Both precursor and mature hδORCys27 species were apparent on fluorographs
when the receptors were immunoprecipitated with the anti-FLAG M2 antibody
from the solubilized membrane extracts. However, only the hδORCys27 precursors
were apparent when the immunoprecipitation was first performed with the antiSERCA2b N1 antibody and the co-immunoprecipitated hδORCys27 was purified
with the anti-FLAG M2 antibody, confirming the ER-localized interaction
between SERCA2b and hδOR (III, Fig. 2. A).
5.4.2 SERCA2b interaction occurs during early stages of hδOR
maturation (III)
The kinetics of the SERCA2b-hδOR interaction were studied by the metabolic
pulse chase labeling assay, in which the cells were pulsed for 30 min with [35S]Met/Cys and chased for up to 6 hours. Solubilized membrane extracts were
subjected to immunoprecipitation with the anti-FLAG M2 antibody and reimmunoprecipitation with either the anti-FLAG M2 antibody or the anti103

SERCA2b antibody to recover the total hδORCys27 pool and the SERCA2bassociated hδORCys27 pool, respectively. The total hδORCys27 precursor pool had t½
of 69 ± 10 min, whereas the SERCA2b-associated hδORCys27 precursors
disappeared with t½ of 32 ± 3 min (p < 0.05). Thus, the interaction takes place
during and/or directly after receptor synthesis.
SERCA2b-hδOR Interaction does not occur via calnexin and does not
require receptor N-glycosylation (III)
SERCA2b and CNX have been shown to interact with each other (Roderick et al.
2000, Li & Camacho 2004). To assess whether the interaction between hδORCys27
and SERCA2b is mediated by CNX, the interaction was assessed between
SERCA2b and hδORCys27(N18/33E), the non-N-glycosylated receptor unable to
bind CNX (I, Fig. 3. B). The hδORCys27(N18/33E) was co-immunoprecipitated
with the anti-SERCA2b antibody (III, Fig. 5. A). In addition, SERCA2b seems to
interact equally with the one-N-glycan wild-type hδORCys27, whereas CNX
interaction was poor with the hδORCys27 species with only N-glycan attached (III,
Fig. 5. B).
SERCA2b interacts with folding hδOR intermediates and terminally
misfolded receptor mutants (III)
In order to assess whether SERCA2b is able to interact only with folding
competent receptors, two mutant receptor constructs were prepared and used as
models. First, we created a terminally misfolding hδORCys27 receptor in which the
conserved cysteines Cys121 and Cys198 were mutated to alanines,
hδORCys27(C121/198A), to prevent disulfide bond formation between TM-III and
ECL2. After 4 hours of hδORCys27 or hδORCys27(C121/198A) expression under
tetracycline induction in the corresponding stably transfected HEK 293i cells, it
was noticeable that whereas a minor pool of hδORCys27 was visible as mature
receptor species, no mature hδORCys27(C121/198A) receptor species were
detected.
Nevertheless,
SERCA2b
co-immunoprecipitated
both
Cys27
Cys27
hδOR
(C121/198A) and wild-type hδOR
equally (III, Fig. 4. A). Thus,
SERCA2b is able to interact with folding incompetent hδORCys27 precursors. The
second mutant used, hδORCys27(D95A) has been shown to mature very
inefficiently but the ER-retained receptors can be rescued by opioid antagonists
that act as pharmacological chaperones (Petäjä-Repo et al. 2002, Leskelä et al.
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2007). This mutant also co-immunoprecipitated with SERCA2b in a normal
manner, but when its folding was assisted with a pharmacological chaperone, the
opioid antagonist naltriben, the interaction diminished remarkably (III, Fig. 4. B).
This indicates, that SERCA2b readily interacts with folding intermediates of
hδOR.
5.4.3 Functionally active SERCA2b is required for
hδOR biogenesis (III)
To assess the role of the Ca2+-pumping activity of SERCA2b in hδOR biogenesis,
cells were treated with the SERCA2b inhibitor thapsigargin. When hδORCys27
expressing cells were treated with thapsigargin for one hour before the pulse with
[35S]-Met/Cys or during the chase, the maturation efficiency of hδORCys27 was
reduced by 40% during the 3-hour chase (III, Fig. 6. A, D). The impaired
hδORCys27 maturation was likely caused by enhanced ERAD as the turnover of the
hδORCys27 precursors was increased. Interestingly, the receptors that matured had
maturation kinetics similar to those of receptors expressed in the non-treated
control cells (III, Fig. 6. A, B, D).
The functionality of the mature receptors was assessed by saturation ligand
binding, Eu-GTP binding and FITC-NTX/anti-cMyc-antibody flow cytometry
assays using samples that were prepared under conditions identical to those used
for the pulse-chase assay. The number of [3H]diprenorphine binding sites was
reduced by 54% after thapsigargin treatment (Bmax 5.36 ± 0.12 and 2.46 ± 0.45
pmol/mg, p < 0,05, for control and thapsigargin-treated cells, respectively; III,
Fig. 7. A), but curiously, the ligand binding affinity was increased (Kd for
[3H]diprenorphine: 3.56 ± 0.12 and 2.10 ± 0.09 nM, p < 0.001, respectively).
SNC-80 had equal potency in both thapsigargin-treated and non-treated cells in
the Eu-GTP-binding assay (EC50: 59.5 ± 8.1 nM and 55.7 ± 6.4 nM in
thapsigargin-treated and control cells, respectively). In the flow cytometric assay,
the cell surface receptor expression was reduced in the thapsigargin-treated cells
by 48% (p < 0.001) and 61% (p < 0.001) as measured with the anti-cMyc
antibody and FITX-NTX, respectively. After thapsigargin treatment, a portion of
the cell surface hδORCys27 thus appears to be in a non-native conformation unable
to bind FITC-NTX (III, Fig. 7. B), possibly due to a leakage of the ER quality
control following the thapsigargin-induced reduction of the ER lumenal Ca2+
concentration.
105

To test whether reduction of the high Ca2+ concentration in the ER lumen
caused the impairment in hδORCys27 maturation or whether the interaction
between hδORCys27 and SERCA2b was critical, the lumenal Ca2+ concentration
was reduced with the Ca2+ ionophore A23187. It had no effect on hδORCys27SERCA2b association, hδORCys27 ER exit or the level of receptor maturation. It
did however cause a shift in the electrophoretic mobility of the mature hδORCys27,
possibly due to abnormal receptor N-glycan processing in the Golgi (Di Jeso et al.
1997) (III, Fig. 8).
5.4.4 SERCA2b interacts also with other GPCR precursors (III)
To test whether other GPCRs, such as for hμOR, rat LHR, hV2R, hα2AAR,
hα2BAR, hβ1AR and hβ2AR, also interact with SERCA2b, the receptors were
expressed under tetracycline induction in stably transfected HEK 293i cells. After
4-hour receptor expression, the amount of the co-immunopurified SERCA2b
correlated with the amount of receptor precursors for hδOR, hµOR, and hα2AAR.
Although hV2R and hβ1AR matured rapidly during the 4-hour expression period
they still co-immunoprecipitated fairly high amounts of SERCA2b. Interestingly,
although hβ2AR precursor levels were moderately high, only low amounts of the
receptor co-immunoprecipitated with SERCA2b (III, Fig. 9. B). SERCA2b
interaction with the rat LHR was confirmed using tissue samples of
pseudopregnant rat ovaries expressing the two proteins endogenously. SERCA2b
was co-purified along with the receptor using ligand affinity chromatography, and
LHR co-immunopurified with SERCA2b with the anti-SERCA N1 antibody. (III,
Fig. 9. A).
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6

Discussion

The folding of hδOR has been considered to be slow and inefficient for
unspecified reasons (Petäjä-Repo et al. 2000). This work focused on the
maturation and intracellular trafficking of newly synthesized hδORs at a more
detailed level, and on the dialogue of the receptor with the ER quality control
machinery and with other ER resident proteins. Emphasis was placed on the role
of N-glycosylation in the maturation process and how the Phe27Cys
polymorphism of the receptor N-terminal tail affects receptor expression and
function. Only the minor variant hδORCys27 has been used in previous publications
describing hδOR maturation, targeting to ERAD and rescue by pharmacological
chaperones (Petäjä-Repo et al. 2000, Petäjä-Repo et al. 2001, Petäjä-Repo et al.
2002). Our current results using hδORCys27 define the characteristics that cause the
susceptibility for poor maturation efficiency. This was done using the more
common variant of the receptor, hδORPhe27, and the N-glycosylation deficient
forms of hδORCys27.
6.1

Expression of wild-type hδOR variants in the heterologous
expression system (I, II)

In order to study the differences between the two wild-type hδORs and the Nglycosylation deficient forms of hδORCys27, stable cell lines expressing the
receptors under tetracycline induction were generated as described in chapter 4.1.
The inducible expression system enabled expression of various receptors under
same genomic locus, thus increasing the quantitative validity of the results. In
addition, the receptors were also assessed in transiently transfected Flp-In 293 and
Flp-In CHO cells in order to evaluate the effect of the tetracycline-inducible
expression system for receptor biosynthesis. We found that the heterologous
expression system provided an efficient tool to study different qualities of
receptors: we were able to express both low and high quantities of receptors by
adjusting the tetracycline induction conditions and more importantly, we were
able to study the biosynthesis of receptor in a system where the receptor
expression was initiated, for example, only two hours before the metabolic pulse
in pulse-chase labeling assays. Furthermore, the expressed receptor constructs in
HEK 293i cells were modified with cMyc and Flag epitope tags in both N- and Cterminus to facilitate efficient immunopurification and immunostaining of
receptors. To assess the effect to the epitope tags on receptor maturation, the N107

terminal Myc-tag was substituted with an HA-tag or alternatively, the receptor
was expressed devoid of the C-terminal Flag-tag. Importantly, neither
modification had effect on the receptor maturation or the mature/precursor ratio
of the receptors.
HδORCys27 and hδORPhe27 were compared at several levels of receptor
biosynthesis, intracellular trafficking and pharmacology. Western blot analysis of
the receptor variants showed significant differences in the outcome of the receptor
biosynthesis and trafficking. Our findings revealed that the hδORCys27 precursors
are retained in the ER in an accumulative fashion, thus leading to a major
difference in the mature/precursor receptor ratio between the two wild-type forms
of hδOR. Also, N-glycosylation was inefficient for hδORCys27, as a significant
portion of the receptor is expressed in a one-N-glycosylated form. Detailed
metabolic labeling experiments revealed that both hδORCys27 and hδORPhe27
mature with nearly identical half times of 97 min and 95 min, respectively. This is
an indication of the slow maturation that is characteristic of both receptor species.
However, a major difference was seen in the maturation efficiency. Comparable
with previous results (Petäjä-Repo et al. 2000), hδORCys27 maturation efficiency
was 48% but for hδORPhe27 it was nearly 85%. Similar to hδORCys27, only 50% of
the D1 dopamine receptor precursors are converted to the mature form and
transported to the cell surface (Bermak et al. 2001). For μOR expressed in a
heterologous expression system in CHO cells, the maturation efficiency was 87 ±
25% (Huang et al. 2011). Both μOR and κOR are able to reach their maturation
maximum within 2 hours (Chen et al. 2006, Huang et al. 2011), which is faster
compared to the maturation peak at 4 hours for both hδORCys27 and hδORPhe27.
The human β1AR is an example of a GPCR that shows excellent folding kinetics.
Its folding was evaluated in our laboratory in the same heterologous expression
system. To assess the folding, the pulse-chase was performed with only a 15-min
pulse as opposed to the 40 min required for hδORs, and the half-time to acquire
the maximum level of the mature β1AR was only 26 min (Hakalahti et al. 2010).
It has been suggested that the slow and inefficient folding of certain GPCRs, such
as LHR, might actually function as a posttranslational regulatory step of receptor
expression at the cell surface (Pietilä et al. 2005).
Even though the differences in folding and trafficking of the variants were
significant, the quantitative findings in the ligand binding assays revealed no
differences, as both the ligand binding affinities for the tested opioid ligands and
the number of receptors capable of ligand binding, were nearly identical. These
results were comparable with our previous research (Leskelä et al. 2007).
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Furthermore, the abilities of both hδORCys27 and hδORPhe27 to activate
downstream signaling as measured by the GTP-binding assay were comparable.
These results indicate that the variants show no, or very minor, differences in
pharmacological properties. Although the cell surface hδORCys27 and hδORPhe27
appears to have similar pharmacological characteristics, hδORCys27 was found to
be less stable at the cell surface and is internalized in a constitutive manner.
Interestingly, in a very recent study, a very highly selective δOR agonist
AZD2327, 4-{(R)-(3-aminophenyl)[4-(4-fluorobenzyl)-piperazin-1-yl]methyl}N-N-diethylbenzamine, which was shown to possess robust anxiolytic and
antidepressant activities in preclinical tests, showed somewhat better affinity
towards hδORCys27 whereas its potency to activate the receptor was higher for
hδORPhe27 (Hudzik et al. 2011).
Taken together, our results indicate that the hδOR-Phe27Cys polymorphism
affects receptor biosynthesis and trafficking, but not receptor function. The
hδORCys27 and hδORPhe27 have two Cys-residues in the extracellular region at
positions 121 and 198, in the ECL2 and TM-III, respectively (Knapp et al. 1994,
Simonin et al. 1994). Cys residues located in this manner are highly conserved in
GPCRs and are shown to form an important disulfide bond, such as is the case for
rhodopsin (Rader et al. 2004). Both residues are vital for proper hδORCys27
expression at the cell surface, as hδORCys27(C121/198A) is retained in the ER in a
misfolded conformation unable to bind opioid ligands (Leskelä et al. unpublished
results). It has been shown that exposed and unpaired thiol groups of Cys residues
as such make folding substrates susceptible for ER retention and degradation (Fra
et al. 1993). Disulfide bond formation between the unpaired Cys27 with either of
the conserved Cys residues could cause misfolding of the receptor. This has been
shown to occur in rhodopsin, which contains three extracellular domain Cys
residues located in the end of TM-III (Cys110) and ECL2 (Cys185 and Cys187).
The conserved disulfide bond is formed between Cys110 and Cys187, thus
Cys185 is unpaired. The disease retinitis pigmentosa has been associated with
various mutations affecting the disulfide bond, causing total or partial misfolding
of the receptor. Interestingly, the mutation of Cys110 or Cys187 enables abnormal
disulfide bond formation between Cys185 and Cys187 or Cys110 and Cys185,
which causes loss of ability to bind retinal or a conformation that allows retinal
binding but otherwise abnormal behavior, respectively (Hwa et al. 1999).
There are only a few known examples of nonsynonymous polymorphisms
that induce insertion of unpaired Cys residues into the extracellular regions of
GPCRs. The olfactory 1A1 receptor contains a polymorphic site in ECL3 that
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converts Arg260 to Cys (Stitham et al. 2007). Furthermore, the B2 bradykinin
receptor C181T polymorphism converts the N-terminal Arg at position 14 into
Cys (Braun et al. 1995). Although no information on receptor folding or ER
interactions is available for the B2 bradykinin receptor Cys variant, it is similar to
hδORCys27, as the additional Cys has no major effect on receptor function. Rather,
the potency of bradykinin to activate downstream signaling of the receptor Cys
variant and to lower blood pressure in type 2 diabetic patients is increased (Houle
et al. 2000, Zychma et al. 2003). In contrast, a severe outcome of mutation of
Arg181, Gly185, Tyr205 or Arg203 to Cys in V2R has been established in patients
suffering from nephrogenic diabetes insipidus, in which case receptor function is
abolished (Pan et al. 1992, van den Ouweland et al. 1992).
6.2

Maturation of hδORCys27 is affected by N-glycosylation (I)

One major difference between hδORCys27 and hδORPhe27 biosynthesis was the
inefficient N-glycosylation of hδORCys27, as only a fractional amount of hδORPhe27
was detected in an incompletely N-glycosylated form. The comparison of
hδORCys27 with hδORCys27(N18E) and hδORCys27(N33E) mutants revealed that the
first N-glycosylation sequon is fully N-glycosylated at Asn18 and that the
inefficiency occurs in the second sequon at Asn33. It has been presented that
inefficient N-glycosylation might occur due to a short interaction of the sequon
with OST or to a low amount of the dolichol donor (Allen et al. 1995). However,
these are unlikely possibilities in the expression system used here, as the
inefficiency was also seen at lower receptor expression levels. Another possibility
that can be raised for the inefficient N-glycosylation is that OST might have very
low accessibility to Asn33 (Petrescu et al. 2004). However, Asn33 resides in the
middle of the receptor N-terminus and is not likely subjected to hindering protein
structure. Most importantly, the only difference between incompletely Nglycosylated hδORCys27 and fully N-glycosylated hδORPhe27 is the polymorphic
amino acid substitution. However, the second N-glycosylation sequon Asn33-AlaSer is followed by Gly, an amino acid that has been shown to reduce Nglycosylation by over 50% (Mellquist et al. 1998). It is notable though, that only
a very minor fraction of hδORCys27(N18E) suffered from the inefficient Nglycosylation at Asn33, indicating that neither Gly36 nor Cys27 alone can prevent
the N-glycosylation, but rather the combination of the attached N-glycan at Asn18
and Cys27 is required to hinder the second N-glycosylation event.
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N-glycosylation appears to have an important role in determining the hδOR
maturation kinetics, as the one-N-glycosylated wild-type hδORCys27 matured
faster when compared to the corresponding two-N-glycosylated form.
Furthermore, the maturation kinetics of the mutant hδORCys27(N33E) was
increased when compared to hδORCys27. Interestingly, hδORCys27 and
hδORCys27(N18E) reached their maturation maximum within 4 hours, indicating
that the N-glycan attached to Asn33 may have a more significant role in the slow
maturation of hδOR than the N-glycan at Asn18. Although the differences in Nglycosylation appear to have an effect on the receptor ER export, the turnover of
the hδORCys27(N18E) and hδORCys27(N33E) precursors appeared to remain the
same.
The hδORCys27(N18/33E) precursor was not retained in the ER but it was
effectively either exported from the ER to the Golgi or targeted to degradation
proteasomal degradation. Furthermore, the lower cell surface expression levels of
hδORCys27(N18/33E), when compared to hδORCys27, appeared to be a consequence
of the fast turnover of the mature receptors, as after reaching the maximal level of
maturation after 1 hour, the hδORCys27(N18/33E) level started to decrease
significantly. The fast maturation of a non-N-glycosylated GPCR mutant has also
been characterized for hκOR (Li et al. 2007). However, although the non-Nglycosylated hκOR is transported to the cell surface, its reduced expression levels
appear to be caused by the ER retention of receptor precursors (Li et al. 2007).
The total lack of N-glycosylation has been shown to prevent ER exit of
several GPCRs, including the rat μOR, which contains five N-glycosylation sites
in its N-terminus. Mutation of any single Asn to Asp reduces cell surface
expression of μOR severely (Ge et al. 2009). The V1aR contains three occupied
N-glycosylation sites, two in the N-terminus and a third one in ECL2. Similar to
hδORCys27, only 40% of V1aR is detected at the cell surface. Interestingly,
mutation of the N-terminal N-glycosylation sites increases the cell surface
expression of the receptor whereas mutation of the ECL2 N-glycosylation site
alone has no effect. Furthermore, the non-N-glycosylated V1aR is mainly detected
at the cell surface (Hawtin et al. 2001), similar to the non-N-glycosylated
hδORCys27(N18/33E), which was also transported to the cell surface. When
compared to hδORCys27, the transition from the precursor to the mature receptor
form was dramatically faster for the non-N-glycosylated hδORCys27 than for any
one-N-glycosylated hδOR species. Similar behavior has been reported for the
AT1 angiotensin receptor, which was shown to be transported to the cell surface
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at an increased rate (Lanctôt et al. 2006). It is thus another example of GPCRs
that resemble hδORCys27.
6.3

The ER-localized protein-protein interactions of newly
synthesized hδORs (I, III)

The silver staining of the anti-FLAG M2 immunopurified samples of cellular
extracts containing hδORCys27 precursors revealed co-immunopurified protein
bands in abundance. The identified proteins included important ER quality
control machinery components, such as CNX and BiP, which have been shown to
be involved in the folding of other GPCRs, such as LHR, FSHR and TSHR
(Mizrachi & Segaloff 2004). Furthermore, one of the identified proteins was
SERCA2b, representing a novel GPCR interacting protein. The CNX interaction
with hδOR has been previously established in our laboratory (Leskelä et al.
2007), and our initial perception was that the ER retention of hδORCys27 is caused
by prolonged CNX interaction. The interaction was also apparent for
hδORCys27(N18E) and hδORCys27(N33E) and the one-N-glycosylated wild-type
hδORCys27, whereas it was not detectable for hδORCys27(N18/33E). The kinetics of
CNX interaction with hδORCys27 and hδORPhe27 were also assessed, but even
though the turnover of the two receptor precursors differed significantly, the
turnover of receptors that were associated with CNX was virtually identical. This
indicates that even though CNX participates in hδOR folding, it is not the
restricting component of ER exit for the folding competent receptors.
The
co-immunoprecipitation
of
hδORCys27,
hδORPhe27
and
Cys27
hδOR
(N18/33E) with PDI and ERp72 was also established. The ER retention
of hδORCys27 was apparent in the Western blot and pulse-chase labeling
experiments, but also under immunofluorescence microscopy as seen as an
enhanced co-localization with CRT and PDI. It is thus tempting to speculate, that
the ER retention is mediated by a PDI-family member, such as PDI, ERp57 or
ERp72. The results of PDI and ERp72 interactions are preliminary and analyzed
from chemically crosslinked samples. In addition, we were unable to establish
whether hδORCys27 interacts with ERp57. ERp57 is known to interact with both
CNX and SERCA2b (Li & Camacho 2004), thus it is conceivable that hδOR
interacts with ERp57. In order to establish a more precise role of oxidoreductases
in hδOR folding, future studies are necessary. Furthermore, our observation of
inefficient N-glycosylation of hδORCys27 raises a question whether Cys27 might
form a transient disulfide bond as it emerges from the translocon. Free thiol112

groups readily interact with oxidoreductases, for example, ERp44 has been shown
to form reversible mixed disulfide bonds with proteins harboring exposed Cys
residues, thus preventing exit of unassembled proteins from the ER to the Golgi
(Anelli et al. 2003). It is possible that the interaction of Cys27 with an
oxidoreductase hinders the OST mediated N-glycosylation of Asn33. The Cys27
mediated disulfide bond formation can be tested using the cell line expressing the
hδORCys27(C121/198A) construct and by chemically trapping the transient
disulfide bonds. The presence of mixed disulfides can be analyzed by twodimensional SDS-PAGE under non-reducing and reducing conditions (Molinari &
Helenius 1999).
The interaction of the hδORCys27, hδORPhe27 and hδORCys27(N18/33E)
precursors with SERCA2b was established to occur in the ER. Although the
interaction between SERCA2b and hδOR was not N-glycan dependent, it has
later been established that they exist in a ternary complex together with CNX
(Tuusa et al. 2010). We showed that the interaction takes place during receptor
biosynthesis or immediately thereafter, because the half-life of the receptor
precursors that interacted with SERCA2b was only 32 min, much faster than the
half-life of the total pool of receptors. The SERCA2b Ca2+-pumping activity was
demonstrated to be important for receptor biogenesis, as its inhibition resulted in
a severe decrease in the number of cell surface receptors as a higher portion of the
hδORCys27 precursors was targeted for ERAD. In addition, the lack of functional
SERCA2b enabled transport of receptor species to the cell surface that were
unable to bind the receptor specific ligand, FITC-NTX.
The SERCA2b interaction with the other GPCRs was an important finding, as
this suggests that SERCA2b may have a common role in GPCR membrane
integration. SERCA2b function is required to sustain the 1000-fold difference in
the Ca2+ concentration between the cytosol and the ER. Ca2+-dependent ER
chaperones and folding catalysts, such as CNX and CRT, are closely associated
with protein translocation channels, that passively leak a significant amount of
Ca2+ from the ER to the cytosol (Van Coppenolle et al. 2004), thus SERCA2b is
conceivably recruited close to the translocon e. g. by translocating chainassociated membrane protein 2 (TRAM2) to ensure adequate Ca2+ concentration
to maintain protein synthesis (Stefanovic et al. 2004).
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6.4

The non-N-glycosylated hδORCys27(N18/33E) bypasses the ER
quality control in a non-native conformation (I)

The apparent similarity in the ligand binding affinities and the agonist efficacies
for hδORCys27 and hδORPhe27 indicates that both amino acids at position 27 are
acceptable in terms of achieving the correct fold for the hδOR N-terminus. On the
basis of the ligand binding and the GTP-binding assays performed for the Nglycosylation deficient mutant receptors, hδORCys27(N18E) and hδORCys27(N33E),
neither N-glycan as such appears to be vitally important for hδOR activity or
ligand binding. Although no significant difference was observed for
[3H]diprenorphine ligand binding affinity, it was slightly increased for
hδORCys27(N18/33E) when compared to hδORCys27. This may be a result of the
low amount of hδORCys27(N18/33E) precursor present in the membrane extract as
opposed to a high amount of the hδORCys27 precursor, which has been shown to
have a slightly lower affinity for [3H]diprenorphine than the mature receptor
(Leskelä et al. 2007). In addition, the double mutant hδORCys27(N18/33E)
exhibited similar SNC-80 stimulated GTP-binding activity albeit the tested
agonist SNC-80 showed lowered efficacy.
Although a major portion of the hδORCys27(N18/33E) species was able to bind
both FITC-NTX and [3H]diprenorphine, we were able to show that 23% of the
non-N-glycosylated hδORCys27(N18/33E) was detected at the cell surface in a
conformation unable to bind FITC-NTX. This indicates that a portion of
hδORCys27(N18/33E) bypasses the ER quality control and is transported to the cell
surface in a non-native conformation. There are other examples of GPCRs that
are transported to the cell surface in a non-native conformation, such as the
mutant AT1 angiotensin receptor. When the N-glycosylated Asn of this receptor is
shifted by two amino acids in ECL2, the mutant receptor is trafficked to the cell
surface in a misfolded conformation. Thus, similar to hδORCys27(N18/33E), it
bypasses the ER quality control machinery, as depicted from the reduced ratio of
the number of receptors measured with flow cytometry and ligand binding assays.
Furthermore, the non-N-glycosylated AT1 angiotensin receptor is retained in the
ER and its accumulation causes UPR (Lanctôt et al. 2005).
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6.5

The effect of Phe27Cys polymorphism and N-linked
glycosylation on δOR internalization and downregulation (I, II)

The stability and half-life of a cell surface receptor may have a significant effect
on downstream signaling. The effect of N-glycosylation and the Phe27Cys
polymorphism on hδOR stability at the cell surface was studied with flow
cytometry. First, the ability of hδORCys27(N18/33E) to internalize in an agonistinducible manner was confirmed. Surprisingly, the non-N-glycosylated receptors
were internalized with enhanced kinetics when compared to the wild-type
hδORCys27. Second, the rate of cell surface hδOR constructs to internalize in the
absence of an agonist was assessed. This was done because δOR has been shown
to exhibit constitutive activity (Befort et al. 1999, Neilan et al. 1999) and to be
internalized in a constitutive manner (Trapaidze et al. 1996, Trapaidze et al.
2000). All the hδOR constructs tested, hδORCys27, hδORPhe27 and the mutant
hδORCys27(N18/33E), had detectable basal level activity in the Eu-GTP binding
assay in the absence of an agonist. Constitutive internalization was assessed with
flow cytometry in an assay that measured time-dependent disappearance of
antibody-labeled receptors from the cell surface. The non-N-glycosylated receptor
had a significantly increased constitutive internalization rate and it nearly
disappeared within 4 hours. Interestingly, hδORCys27 had a significantly increased
constitutive internalization rate when compared to hδORPhe27. Thus it can be
speculated that the different N-glycosylation efficiency of hδORCys27 may reflect
on receptor stability at the cell surface.
We were also able to show with immunofluorescence confocal microscopy
that the cell-surface anti-cMyc-antibody-labeled hδORCys27(N18/33E) colocalized with LysoTracker Red, a lysosomal marker. However, this was
detectable only under conditions that inhibited lysosomal degradation (e.g. with
leupeptin). This may be due to the fact that extracellular portions of δORs have
been shown to be proteolytically degraded in multivesicular bodies prior to
degradation of the rest of the receptor in lysosomes (Henry et al. 2011).
Internalization of the receptors appears to occur relatively soon after the mature
hδORCys27(N18/33E) has reached the cell surface, as the inhibition of lysosomal
degradation stabilized hδORCys27(N18/33E) when leupeptin, chloroquinine or
NH4Cl were added to the chase medium for 6 hours after the [35S]-Met/Cys pulse.
However, hδORCys27 was also transported to lysosomes, as it was found to localize
occasionally in early endosomal vesicles (with EEA1-antibody) and more densely
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in lysosomal vesicles (with LAMP2-antibody) with immunofluorescence
microscopy.
The receptor constructs carry a C-terminal Flag-tag, which may disturb the
internalization by interfering with the association of receptor with sorting proteins
such as GASP, which targets hδOR to lysosomal degradation (Whistler et al.
2002). This is not the case, as the hδOR constructs were shown to localize in
early endosomal vesicles and lysosomes. In contrast, supplementation of the
complete-DMEM with antibody may induce receptor internalization. However, as
the hδORPhe27 internalization rate was significantly lower than the internalization
rate of hδORCys27 or hδORCys27(N18/33E), we were able to deduce that increased
internalization is due to intrinsic properties of hδORCys27 and
hδORCys27(N18/33E).
The increased internalization rate after agonist-induced hδORCys27(N18/33E)
activation is in line with that described for the non-N-glycosylated κOR, which
internalizes also at an enhanced rate (Li et al. 2007). The Edg-1 receptor is an
interesting example of the importance of N-glycosylation in GPCR cell surface
expression, as the wild-type receptor has been shown to localize in caveolae at the
plasma membrane, but upon deletion its single N-glycosylation site its plasma
membrane localization is dispersed and the receptor internalization rate is
decreased (Kohno et al. 2002). Furthermore, the effect on receptor
downregulation may occur even though the agonist-induced internalization occurs
normally. This has been shown for β2AR during an extended agonist treatment,
when normal receptor targeting to the lysosomes is prevented due to the non-Nglycosylated status of ECL2 (Mialet-Perez et al. 2004). This was not the case in
hδORCys27(N18/33E), as it was shown to be endocytosed into the lysosomes,
where the rate of degradation was enhanced when compared to hδORCys27.
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7

Conclusions

This study originated from the need to elucidate hδOR processing and trafficking
in HEK 293 cells in a detailed manner that would allow interpretation of the
previous findings of slow and inefficient maturation of the receptor (Petäjä-Repo
et al. 2000, Petäjä-Repo et al. 2001). Using a heterologous expression system that
expressed the hδOR polymorphic variants, hδORPhe27 and hδORCys27, we were
able to distinguish that inefficient maturation occurs only for hδORCys27.
Furthermore, we showed that hδORCys27 is retained in the ER in an accumulative
fashion and it is constitutively internalized with enhanced kinetics from the cell
surface to the lysosomes. This alters the mature/precursor receptor ratio
significantly. We also showed that a significant portion of hδORCys27 is
inefficiently N-glycosylated at the receptor N-terminus, whereas hδORPhe27 is
efficiently N-glycosylated. Although the Gly residue following the Nglycosylation sequon has been shown to significantly weaken the N-glycosylation
efficiency, it is intriguing that the inefficiency concerned only hδORCys27 and not
hδORPhe27. It is conceivable that Cys27 forms a transient disulfide bond with an
oxidoreductase, which may inhibit N-glycosylation at Asn33. The unpaired Cys
residue in the hδORCys27 N-terminus did not affect the ligand binding affinity of
the receptor towards opioid ligands or the potency of receptor specific agonists to
induce hδOR mediated G-protein binding.
We were able to show a novel GPCR interaction with SERCA2b, which
occurs for hδORCys27 and hδORPhe27 either during the translocation event or
immediately thereafter. This study also showed that hδORCys27 and hδORPhe27
interact with CNX, even though the interaction does not explain the ER retention
of hδORCys27. The hδORCys27 and hδORPhe27 variants and the non-N-glycosylated
hδORCys27(N18/33E) mutant were also shown to interact with PDI and ERp72.
The unpaired Cys residue together with the N-glycan mediated ER quality control
causes ER retention through a yet undefined association that prevents either
efficient receptor ER exit to the Golgi or receptor targeting to ERAD.
N-glycosylation proved to be important in several steps of hδOR maturation
and trafficking. Although the receptor was functional in a non-N-glycosylated
form, the absence of N-glycans prompted its transport from the ER to the cell
surface in a manner, that every fifth receptor at the cell surface was in a nonnative
conformation unable to bind a receptor specific ligand. Thus, the N-glycan
mediated quality control is highly important for hδORCys27. Furthermore, the Nglycans are important for stabilization of hδOR at the cell surface as the non-N117

glycosylated hδORCys27 internalization and lysosomal degradation was
significantly enhanced. The enhanced constitutive internalization was also
demonstrated for hδORCys27 but not for hδORPhe27. The different trafficking
behavior of hδORCys27 in various subcellular compartments may have a
detrimental effect on receptor cell surface expression in the central nervous
system, especially in the case of receptor heterodimers consisting of δOR and
μOR or the two polymorphic hδOR variants.
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