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ABSTRACT 
 

Regulation of the human delta opioid receptor (hDOR) is implicated in the development 

of tolerance to chronic morphine (Zhu et al., 1999). In addition, DORs are promising 

analgesic targets for the management of chronic pain states such as inflammatory or 

neuropathic pain (Cahill et al., 2007). Therefore, in this study, we investigated multiple 

aspects of hDOR regulation, including receptor phosphorylation, β-arrestin binding, 

receptor internalization, down-regulation and desensitization, using recombinant Chinese 

hamster ovary (CHO) cells expressing the wild-type or various mutant hDOR constructs. 

We found that structurally diverse delta opioid agonists regulate the hDOR by different 

mechanisms. We demonstrate that morphine is able to activate the initial step of the 

regulatory events, phosphorylation of S363, but due to requirements for simultaneous 

activation of multiple sites, morphine fails to promote β-arrestin binding, receptor 

internalization and down-regulation. We also report that peptide delta opioid receptor 

agonists and a non-peptide agonist SNC80 differ in their ability to down-regulate the 

hDOR. Further differences in receptor phosphorylation, desensitization and β-arrestin 

translocation between these two classes of full DOR agonists are reveled by truncation of 

the receptor’s C-terminus or by mutation of the primary phosphorylation site, S363. 

Studies using the mutant receptors identify the C-terminus as the important domain for 

hDOR phosphorylation, β-arrestin binding and down-regulation by both peptide and non-

peptide agonists. S363 within the C-terminus is critically involved in receptor 

phosphorylation, desensitization and down-regulation, but not in β-arrestin binding and 
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receptor internalization. In contrast to peptide agonists, SNC80 is able to phosphorylate 

and activate secondary intracellular domain(s), in addition to the C-terminus, which 

participate in β-arrestin recruitment and receptor desensitization and down-regulation. 

Therefore, agonist-specific differences were detected for multiple regulatory events 

between morphine, peptide agonists and SNC80. Differential agonist-mediated regulation 

of the human delta opioid receptor may be used to design pain therapy drugs with 

improved analgesic properties and minimal side effects. 
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1. INTRODUCTION 

 

Opioid receptors 

Opioid receptors belong to the G protein-coupled receptor (GPCR) family, the largest 

family of membrane proteins in the human genome. Based on molecular cloning and 

pharmacological studies, three types of opioid receptors have been characterized: the μ-

opioid receptor (MOR), the δ-opioid receptor (DOR) and the κ-opioid receptor (KOR) 

(Kieffer and Gaveriaux-Ruff, 2002). Opioid receptors are expressed in the peripheral 

nervous system on pre- and post-synaptic sites in the spinal cord dorsal horn and on 

primary afferent neurons, as well as in the brain. The primary physiological function of 

the opioid receptors is the modulation of pain sensation. Alleviation of pain (analgesia) is 

achieved through activation of opioid receptors by binding of either endogenous or 

exogenous opioid agonists. Endogenous opioids (enkephalins, dynorphins, β-endorphin 

and endomorphins) (Przewlocki and Przewlocka, 2001) are neuropeptides synthesized in 

the body and released under pain conditions such as stress, injury and exercise (Drolet et 

al., 2001). Exogenously administered opioid agonists (morphine, levorphanol, 

oxymorphon, meperidine, oxycodone, fentanyl) (Inturrisi, 2002) represent the best 

analgesic drugs currently used for the treatment of moderate to severe pain. Regrettably, 

after prolonged treatment, these drugs produce serious side effects, including physical 

dependence and tolerance. Therefore, understanding the mechanism of sustained opioid-

mediated effects is critical for improving the properties of clinically used analgesics by 

minimizing their undesirable effects. 



 15

 

Upon stimulation, opioid receptors produce their effect by activating the inhibitory Gi/o 

proteins, and coupling to a number of signaling pathways involving ion channels (GIRK 

type K+ channels and Ca2+ channels), protein kinases (PKA, PKC, MAPK) and 

transcription factors (CREB, AP1). This acute signaling is extensively regulated by 

receptor phosphorylation, desensitization, internalization, degradation and expression 

(Borgland, 2001). Acute opioid signaling leads to hyperpolarization of the neuron and 

attenuation of neurotransmitter release, resulting in a decreased pain transmission. On the 

other hand, prolonged opioid signaling leads to regulatory events, which are thought to 

contribute to the development of opioid tolerance (von Zastrow, 2004a; von Zastrow, 

2004b; von Zastrow et al., 2003). Successful long-term pain therapy must therefore 

consider not only the analgesic effects of a drug but also its adverse effects upon 

sustained treatment, such as opioid tolerance. The exact cellular mechanisms underlying 

opioid tolerance, however, are not entirely understood. In addition, while considerable 

attention has been given to the role of the MOR in pain therapy, much less is known 

about the involvement of the delta opioid receptors. 

 

Role of the delta opioid receptor in pain treatment 

Studies on genetically altered mice have established that analgesics currently used in a 

clinical setting, such as morphine, produce their effects primarily by activating the mu 

opioid receptor (Kieffer, 1999). In spite of this, accumulating evidence points to the 
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usefulness of drugs acting on the delta opioid receptor in some clinical pain syndromes. 

In addition, DORs are critically involved in the development of tolerance to morphine. 

 

DOR-mediated analgesia. DOR-selective agonists are known to produce analgesia in 

animal models of chronic pain including inflammatory (Cahill et al., 2003; Fraser et al., 

2000; Hurley and Hammond, 2000), neuropathic (Kabli and Cahill, 2007), and cancer 

(Brainin-Mattos et al., 2006) pain. Animal studies indicate that delta opioid receptor 

selective drugs exhibit analgesic activity but produce less adverse side effects than MOR-

acting drugs (Mika et al., 2001; Rapaka and Porreca, 1991). Furthermore, both DOR 

agonists (Porreca et al., 1992) and antagonists (Gomes et al., 2004) potentiate morphine-

mediated analgesia. Interestingly, chronic inflammatory pain was shown to enhance 

plasma membrane expression of delta opioid receptors in the dorsal spinal cord neurons 

(Cahill et al., 2003) and the dorsal root ganglion (DRG) neurons (Gendron et al., 2006) of 

injured animals. Additionally, DORs are up-regulated in DRG neurons from neuropathic 

pain model rats (Kabli and Cahill, 2007). Neuropathic pain, resulting from peripheral 

nerve injury, is particularly difficult to treat with conventional MOR acting analgesics. 

Therefore, delta-agonists are attractive alternatives to morphine for treatment of chronic 

inflammatory and neuropathic pain. Indeed, increased expression of DORs in a model of 

chronic inflammation enhances DOR-mediated spinal analgesia (Cahill et al., 2003; 

Gendron et al., 2006). Furthermore, local peripheral administration of deltorphin II 

reversed mechanical allodynia (perception of pain to normally innoccuous stimulus) in a 

model of neuropathic pain (Kabli and Cahill, 2007). 
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Role of the DOR in analgesic tolerance. Chronic treatment with opioids leads to 

development of analgesic tolerance, defined as a decrease in pain relief. Therefore, higher 

doses of the drug are needed to maintain the same analgesic effect (King et al., 2005). 

Although acute morphine administration produces analgesic effects by activating the 

MORs, the DORs have been shown to play essential roles in the development and 

maintenance of analgesic tolerance to chronic morphine administration. Support for this 

conclusion comes from observations that morphine tolerance is abolished by 

administration of DOR specific antagonists (Abdelhamid et al., 1991) and in DOR knock 

out mice (Zhu et al., 1999). 

 

The cooperativity of MOR and DOR receptors on the development of analgesic tolerance 

may be explained by the formation of MOR-DOR heterodimers (Gomes et al., 2004) in 

which the DOR seems to negatively regulate MOR function. Furthermore, plasma 

membrane expression of DORs was increased in the dorsal horn neurons of animals 

chronically treated with morphine (Morinville et al., 2004) or with a selective MOR 

agonist fentanyl (Cahill et al., 2001). The translocation of DORs from intracellular to 

plasma membrane compartments upon sustained morphine treatment was also observed 

in neurons from some brain regions such as the nucleus accumbens and the dorsal 

neostriatum but not from the frontal cortex (Lucido et al., 2005). Importantly, it was 

found that the enhanced DOR expression has functional consequences, because delta 

opioid agonists inhibited GABA neurotransmitter release in the brainstem neurons from 
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morphine-tolerant rats, but not from opioid naïve rats (Ma et al., 2006). Moreover, delta-

selective opioid agonists did not inhibit Ca2+ currents in DRG neurons under basal 

conditions, but up-regulation of cell surface DORs induced their coupling to Ca2+ 

channels (Walwyn et al., 2005). Therefore, chronic MOR agonist treatment induces up-

regulation of functional delta opioid receptors.  This increased DOR expression may 

negatively alter MOR function by formation of MOR-DOR heterodimers, leading to 

reduced analgesic effects of μ-agonists. On the other hand, up-regulation of the DOR 

may facilitate δ-opioid receptor-mediated analgesia. Indeed, chronic (48h) morphine 

treatment potentiated intrathecal [D-Ala2]deltorphin II-induced antinociception (Cahill et 

al., 2001). Similarly, activation of DORs in the brainstem has no effect in opioid naïve 

rats, but produced analgesia in morphine-tolerant rats and reduced morphine tolerance 

(Ma et al., 2006).  

 

To summarize, DOR agonists may provide a better alternative to currently used 

analgesics for the treatment of chronic pain states such as inflammatory and neuropathic 

pain or in patients tolerant to morphine. Increasing evidence suggests that the underlying 

cause for the enhanced efficacy of DOR agonists under those pathological conditions is 

the altered expression of the DOR receptors at the plasma membrane. Therefore, an 

investigation of the mechanisms of DOR regulation is important for understanding the 

delta opioid receptor function in the treatment of pathological pain states. 
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Regulation of DOR expression 

The expression of the delta opioid receptor at the cell surface is regulated on multiple 

levels. It was demonstrated that the expression of the DOR gene is tightly controlled 

during development and differentiation by activation of PI-3 kinase/Akt/ NF-κB signaling 

pathway (Chen et al., 2006). Whether this pathway plays a role in transcriptional 

regulation of the DOR during chronic morphine treatment or in pathological pain states is 

not known. Newly synthesized DORs are delivered to the plasma membrane via a 

constitutive biosynthetic pathway and by a stimulus-regulated pathway. When plasma 

membrane localized receptors are stimulated by an agonist, they are removed from the 

cell surface and either degraded or recycled back to the membrane. Therefore, total 

expression of the DORs at the cell surface is determined by the balance between receptor 

synthesis, delivery, internalization, recycling and degradation. 

 

Delivery of the DOR to the plasma membrane. Until recently, DORs were assumed to be 

delivered to the plasma membrane by the constitutive biosynthetic pathway. In this 

pathway, native protein is synthesized and assembled in the endoplasmic reticulum and 

delivered to the Golgi apparatus, where it undergoes posttranslational modifications such 

as glycosylation. Mature protein is then packaged into exocytic vesicles and 

constitutively inserted into the membrane. While most GPCRs, including the MOR, are 

processed primarily by this mechanism, a large pool of newly synthesized DORs is 

associated with large dense-core vesicles (LDCV) distributed in the cytoplasm of the 

neurons. These secretory granules are localized inside of the cell under basal conditions 
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and are transported to the plasma membrane upon various stimuli (Cahill et al., 2007). 

Delta opioid ligands were shown to promote maturation of DORs and their trafficking to 

the plasma membrane, thereby acting as “chaperones” for DOR delivery (Petaja-Repo et 

al., 2002). Prolonged in vivo stimulation of the MOR results in targeting of the DOR to 

the plasma membrane. This up-regulation of plasma membrane DORs was not observed 

in MOR-/- mice, indicating that MORs play a crucial role in this process (Morinville et 

al., 2003). Finally, pronociceptive agents, such as capsaicin, bradykinin, and ATP, also 

promote trafficking of the DOR from intracellular stores to the plasma membrane (Zhang 

et al., 2006). Pronociceptive stimulus-induced delivery of DORs to the cell surface may 

explain why chronic inflammatory or neuropathic pain causes enhanced membrane 

expression of the DOR. 

 

It was demonstrated recently, that in dorsal root ganglion neurons the DOR is sorted into 

protachykinin-containing LDCVs (Guan et al., 2005). Direct interaction of the DOR with 

the substance P domain of protachykinin is required for sorting of the receptor into 

LDCVs, since it was abolished in protachykinin gene knock out mice. Moreover, 

protachykinin is required for stimulus-induced insertion of DORs into the plasma 

membrane. Importantly, protachykinin is also required for enhanced deltorphin I-

mediated spinal analgesia. 

 

Based on these findings it is evident that plasma membrane expression of the DOR is a 

dynamic process regulated by μ and δ opioid ligands and by pronociceptive agents. The 



 21

current model for plasma membrane delivery of the DOR involves packaging of the 

DORs in the Golgi network into neuropeptide-containing secretory vesicles. Exocytosis 

of these vesicles and insertion of DORs is stimulated by activation of some G protein-

coupled receptors (MOR, bradykinin receptor), ion channels (capsaicin-stimulated TRPV 

channels, ATP channels) or increased intracellular Ca2+. Inserted DORs are functional 

and able to induce analgesic effects in vivo. However, at the plasma membrane, the 

DORs are regulated by δ-opioid agonist activation. Therefore, the existing status of 

DORs is determined by a balance between delivery (constitutive and stimulus-activated) 

of DORs to the plasma membrane and agonist-mediated regulation of plasma membrane-

expressed DORs. The latter process involves receptor phosphorylation, β-arrestin 

binding, receptor internalization, recycling and down-regulation, as will be described in 

the following section. 

 

Agonist-mediated regulation of the DOR. Many cellular events are triggered by binding 

of opioid agonists to the delta opioid receptor. In addition to activating multiple second 

messenger signaling pathways, the DOR itself undergoes a number of regulatory events 

(Fig. 1.1) whose main purpose is to modulate responsiveness of the cell to further 

extracellular stimuli (Daaka et al., 1997; Hall and Lefkowitz, 2002). Activation of the 

DOR by an agonist facilitates the binding of G protein-coupled receptor kinases (GRK) 

(Li et al., 2003) recruited to the plasma membrane by βγ subunits of the activated Gi/o 

protein (Quock et al., 1999). GRKs then phosphorylate the activated receptor at several 

residues within the C-terminal region of the DOR. Among these residues S363 has been 
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identified as the primary phosphorylation site (Kouhen et al., 2000). Agonist-bound and 

phosphorylated receptors display high affinity for the cytosolic adaptor proteins, β-

arrestins. Binding of β-arrestins assists in the targeting of the receptor to clathrin-coated 

pits and receptor internalization via the endocytosis of the clathrin-coated vesicles. The 

internalization process may serve either to degrade the receptor in cellular digestive 

organelles, thereby terminating receptor function (down-regulation), or to reintroduce the 

receptor to the plasma membrane (resensitization).  

 

While the nature of agonist-mediated regulation is conserved for most GPCRs, individual 

differences exist in the mechanism or in the rate and extent of specific events. Therefore, 

even though most GPCRs are phosphorylated in response to agonist activation, there is 

no conserved sequence or region for this phosphorylation and even receptor kinases 

involved in receptor phosphorylation may differ. Affinities of β-arrestins to specific 

GPCRs vary, which led to the classification of GPCRs into two classes: class A receptors 

preferably bind to β-arrestin2, while class B receptors bind with high affinities to both β-

arrestin1 and 2 (Oakley et al., 2000). Association of β-arrestin with class A receptors is 

weak, and β-arrestin dissociates quickly after internalization. On the other hand, the 

complex between a class B receptor and β-arrestin remains stable after receptor 

internalization. The strength of the receptor-β-arrestin interaction is thought to have 

consequences on internalization of these receptors. Although most receptors endocytose 

via an arrestin- and clathrin coated pit-mediated mechanism, other pathways were 

described for example for muscarinic acetylcholine receptors mAchR (Lee et al., 1998) 
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and cholecystokinin CCK receptors (Roettger et al., 1995). Sorting of the receptors after 

endocytosis into recycling and degradative pathways is presumably dependent on sorting 

signals expressed selectively on different GPCRs. Thus, the μ-opioid and the β2 

adrenergic receptors are preferably sorted into the recycling pathway due to specific 

recycling signals present in their intracellular domains; LENLEA, (Tanowitz and von 

Zastrow, 2003) and DSLL, (Gage et al., 2001), for the MORs and β2 adrenergic 

receptors, respectively. On the other hand, degradation motifs present in the DOR (Cvejic 

et al., 1996; Wang et al., 2003) are responsible for preferential trafficking of this receptor 

into degradation pathways. Nevertheless, insertion of the LENLEA or DSLL recycling 

signals into the DOR sequence is sufficient to redirect the receptor from degradation into 

the recycling pathway (Gage et al., 2001; Tanowitz and von Zastrow, 2003). These 

findings indicate that sorting of internalized receptors is regulated by a complex multi 

signal mechanism. Additional sorting may take place during trafficking of the receptors 

into separate digestive systems (lysosomes, proteasomes), as was demonstrated for down-

regulation of the DOR (Chaturvedi et al., 2001) and the KOR (Li et al., 2000). 

 

In addition to receptor-specific differences, the same G protein-coupled receptor may also 

be differently regulated by various agonists. Using fluorescence lifetime analysis it was 

demonstrated that depending on the bound agonist, the β2-adrenergic receptor-ligand 

complex may stabilize diverse active receptor conformations (Ghanouni et al., 2001). 

Mutational analyses demonstrate that the third extracellular loop of the δ-opioid receptor 

selectively affects SNC80-mediated affinity and intrinsic activity while peptide agonist 
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(DPDPE) binding and activity were not changed (Hosohata et al., 2001). Therefore, 

agonist-selective receptor conformations could be responsible for some differences 

observed in agonist-mediated regulation of GPCRs. Probably the best characterized are 

the differences between morphine and other μ-opioid agonists in regulation of the MOR. 

In HEK 293 cells (Keith et al., 1996) and in neurons (Keith et al., 1998; Sternini et al., 

1996), etorphine but not morphine was shown to induce μ-opioid receptor internalization. 

Morphine, a partial agonist at the DOR, was also found very inefficient in 

phosphorylating the DOR (Zhang et al., 1999), recruiting β-arrestin to the receptor 

(Whistler et al., 1999), and promoting DOR internalization (Keith et al., 1996; Kramer 

and Simon, 2000). Additionally, agonist-specific differences in the ability to induce 

hDOR internalization were also found in SK-N-BE cells between a peptide agonist 

DPDPE and an alkaloid etorphine (Marie et al., 2003). These authors also demonstrate 

that even though prolonged treatment of SK-N-BE cells with peptide agonists targets the 

hDOR into lysosomes, treatment with etorphine results in recycling of the receptor. 

Therefore, structurally different agonists may have differential effects on the mechanism 

or the extent of receptor regulation, which may result in different fates of the receptor. 

 

Hypothesis 

 As reviewed above, cellular adaptations occurring in response to chronic morphine 

treatment and during pathological pain conditions include regulation of the plasma 

membrane expression of the DOR. Agonist-specific differences were identified in both 

the extent and the mechanism of DOR regulation among morphine, alkaloid agonists and 
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peptide agonists. However, the underlying molecular basis for such agonist-selective 

regulation is not completely understood. We hypothesized that structurally distinct delta-

opioid agonists may activate agonist-selective receptor domains resulting in differential 

mechanisms of hDOR regulation. We anticipate that differential regulation of the hDOR 

by various opioid agonists will have functional consequences on the development of 

analgesic tolerance. Therefore, in the future, based on the regulatory profiles induced by 

specific agonists, opioid analgesics with minimal side-effects can be developed. 

 

Goals 

To corroborate our hypothesis, we examined regulation of the human delta-opioid 

receptor in a model system- Chinese hamster ovary (CHO) cells expressing recombinant 

hDOR constructs. We studied cellular mechanisms of several events, which contribute to 

receptor regulation: receptor phosphorylation (Chapter 3), β-arrestin recruitment (Chapter 

4), receptor internalization (Chapter 5), receptor down-regulation (Chapter 6), and 

receptor desensitization (Chapter 7). For each regulatory event we investigated the 

molecular determinants of hDOR regulation using C-terminally truncated hDOR or 

several mutant hDOR constructs. Furthermore, we studied agonist-mediated differences 

in the cellular mechanisms of hDOR regulation and in molecular domains involved in 

this regulation, using three classes of DOR agonists: morphine, peptide agonists (DPDPE, 

deltorphin II), and a non-peptide agonist SNC80. 
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2. MATERIALS AND METHODS 

  

Delta opioid receptor ligands 

Cyclic[D-Pen2, D-Pen5]enkephalin (DPDPE) was synthesized in the laboratory of Dr. 

Hruby, University of Arizona, Tucson, AZ; (D-Ala2)deltorphin II (deltorphin II) and  (+)-

4-[(αR)-α-((2S,5R)-4-allyl-2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl]N,N-

diethylbenzamide (SNC80) were from Tocris; and morphine sulphate (morphine) is from 

Sigma-Aldrich. The chemical structures of these agonists are given in Fig. 2.1. In 

GTPγ[35S] assay these agonists dose-dependently stimulated GTPγ[35S] binding with the 

following Emax (as compared to maximum stimulation by SNC80) and EC50 values: 

deltorphin II (Emax = 100%, EC50 = 6.3 nM), DPDPE (Emax = 100%, EC50 = 26 nM), 

SNC80 (Emax = 100%, EC50 = 11 nM), morphine (Emax = 80%, EC50 = 2.5 μM). In cAMP 

assays these agonists dose-dependently inhibited forskolin-stimulated cAMP production 

with the following Emax (as compared to maximum inhibition by SNC80) and EC50 

values: deltorphin II (Emax = 100%, EC50 = 0.65 nM), SNC80 (Emax = 100%, EC50 = 0.64 

nM), morphine (Emax = 89%, EC50 = 0.15 μM). 

 

Other DOR ligands were obtained from the following sources: naltrindole hydrochloride 

(naltrondole, Research Biochemicals International); naltrexone hydrochloride (naltrexon, 

Tocris); [3H]naltrindole (PerkinElmer Life Sciences); [3H](D-Ala2)deltorphin II 

(PerkinElmer Life Sciences); fluo-Deltorphin (Advanced Bioconcept Ltd.); 

[Gln4]deltorphin-rhodamine was synthesized by solid phase synthesis using the Nα-Fmoc 
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strategy: [Gln4]deltorphin (Tyr-D-Ala-Phe-Gln-Val-Val-Gly) was conjugated to a 

fluorescent label, tetramethylrhodamine isothiocyanate (Molecular Probes) via the Nε-

Lys residue present in the β-Ala-Gly-β-Ala-Gly-Lys spacer that was included at the C-

terminus of [Gln4]deltorphin. In whole cell radioligand binding assay the rhodamine 

labeled [Gln4]deltorphin exhibited a high affinity for the hDOR with an IC50 = 11 ± 2 

nM. 

 

hDOR cDNA constructs and cell lines 

hDOR. The amino-acid sequence of the human delta opioid receptor (NCBI accession no: 

NP_000902) is indicated in Fig. 2.2. Two Chinese Hamster Ovary cell lines expressing 

the human δ-opioid receptor (subcloned into NheI and XhoI sites of pREP10 expression 

vector (Invitrogen)) were used in our studies. These cell lines differ in the receptor 

expression level: low expression cell line 1-209-19hDOR/CHO exhibited a BBmax of 1.8 

pmol/mg protein (Kd = 135 pM) and high expression cell line 2-209-19hDOR/CHO had a 

BmaxB  value of 6.5 pmol/mg protein (Kd = 130 pM) in [3H]naltrindole radioligand 

saturation binding assays. The previously characterized (Malatynska et al., 1996) high 

expression hDOR/CHO cell line was used in all experiments except in desensitization 

studies (Chapter 7) where the low expression cell line 1-209-19hDOR/CHO was used. 

For mutagenesis experiments the hDOR was subcloned into EcoRI and ApaI sites of the 

pcDNA3.1 expression vector (Invitrogen). 
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hDOR(S363A). A mutation (Ser363 to Ala) was introduced into the hDORpcDNA3.1 

vector using the Quick Change site-directed mutagenesis method (Stratagene) with 

addition of 1M betaine (Sigma) using 5’-CCT GCA CCC CGG CCG ATG GTC C-3’ and 

5’-GGA CCA TCG GCC GGG GTG CAG G-3’ primers. The presence of the Ser363 to 

Ala mutation was verified by nucleotide sequencing at the University of Arizona 

sequencing facility. A stable cell line expressing the human δ-opioid receptor (S363A) 

mutant was generated by transfecting the hDOR(S363A) pcDNA3 construct into CHO 

cells via FuGENE 6 (Roche Diagnostics) and G418 selection. In [3H]naltrindole 

radioligand binding assays the selected recombinant CHO cell line expressing the human 

δ-opioid receptor (S363A) mutant (hDOR(S363A)/CHO#13) displayed a BBmax value of 

2.0 pmol/mg (Kd=110 pM) (Navratilova et al., 2004). In functional assays the 

hDOR(S363A)/CHO#13 cells did not show any alteration in activation of GTPγ[ S] 

binding and inhibition of forskolin-stimulated cAMP formation as compared to the 

hDOR/CHO cells.  

35

 

hDOR(S249A/S255A/S363A). S249A and S255A mutations were introduced sequentially 

into the hDOR(S363A) pcDNA3.1 vector using the Quick Change site-directed 

mutagenesis method (Stratagene) with addition of 1M betaine (Sigma). 5’-TTC TCC 

TTG GCG CCC GAC AGC A-3’ and 5’-TGC TGT CGG GCG CCA AGG AGA A-

3’primers were used for the S249A mutation and 5’-GCA GGG CGC GGT CCT TCT 

CCT-3’ and 5’-GGT GTG CAT GCT CCA GTT CC-3’ primers were used for the S255A 

mutation. The presence of the S249A and S255A mutations was verified by nucleotide 
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sequencing at the University of Arizona sequencing facility. To ensure that no other 

mutations were accidentally created in the expression vector, a BstEII-NotI fragment of 

the hDOR sequence, which includes the two mutated sites, was excised and ligated with 

the complementary fragment of an undisturbed hDOR(S363A) pcDNA using T4 DNA 

ligation kit (Roche Diagnostics). The accuracy of the ligation and the presence of all 

three mutations were verified by nucleotide sequencing at the University of Arizona 

sequencing facility. A stable cell line expressing the human δ-opioid receptor 

(S249A/S255A/S363A) mutant was generated by transfecting the 

hDOR(S249A/S255A/S363A) pcDNA3.1 construct into CHO cells via FuGENE 6 

(Roche Diagnostics) and G418 selection. In [3H]naltrindole radioligand saturation 

binding assay the recombinant CHO cell line expressing the mutant receptor 

(hDOR(S249A/S255A/S363A)/CHO) bound with BBmax=1.6 pmol/mg, Kd=38 pM. 

 

TruncEt-hDOR. The Chinese hamster ovary cell line, expressing the hDOR truncated 

after Gly338 and ligated in-frame into the pcDNA3.myc-His B+ expression vector 

(Invitrogen), (truncEt-hDOR/CHO), has been described and characterized previously in 

(Okura et al., 2003). 

 

hDOR-EGFP. To prepare the hDOR with a fluorescent enhanced green fluorescent 

protein (EGFP) epitope tag at the C-terminus, the hDOR open reading frame, containing 

a mutated stop-codon (Okura et al., 2003) has been excised from the pcDNA3.myc-His 

B+ shuttle vector, using HindIII and ApaI restriction enzymes and inserted in frame into 
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the HindIII and ApaI sites of the pEGFP-N3 vector (Invitrogen) using the T4 DNA 

ligation kit (Roche Diagnostics). The accuracy of the ligation was verified by nucleotide 

sequencing at the University of Arizona sequencing facility. A stable cell line expressing 

the human δ-opioid receptor with the EGFP epitope tag was generated by transfecting the 

hDOR-EGFP construct into CHO cells via FuGENE 6 (Roche Diagnostics) and G418 

selection. hDOR-EGFP/CHO#2 cell line was chosen based on the morphology of the 

cells and the hDOR-EGFP expression pattern using confocal fluorescent microscopy.  

  

Cell culture 

Recombinant Chinese hamster ovary (CHO) cells expressing the wild-type hDOR or 

different mutant hDOR constructs were grown and maintained in Ham’s-F12 medium 

containing 10% fetal calf serum, 100 U/ml penicillin, 100 µg/ml streptomycin and 800 

µg/ml of hygromycin (hDOR/CHO) or 500 µg/ml G418 (all other cell lines) at 37°C in a 

5% CO2 humidified atmosphere. 

 

Western blot analysis 

hDOR/CHO or hDOR(S363A)/CHO cells were treated for indicated time intervals with 

delta opioid receptor agonists at 37°C in a serum-free IMDM medium. After agonist 

treatment the cells were harvested in homogenization buffer (20 mM Tris, 4 mM EGTA, 

2 mM EDTA, pH 7.5) containing 1% protease inhibitor cocktail and 0.1% phosphatase 

inhibitor cocktails I and II (Sigma). Cell lysates were sonicated and boiled for 5 min with 

reducing sample buffer (Invitrogen). Total protein concentration in each sample was 
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determined by the Bradford assay. Sample aliquots containing 5 μg total protein were 

resolved on 10% polyacrylamide gels (NuPAGE, Invitrogen) and transferred to 

nitrocellulose membranes. Phosphorylation of the human δ-opioid receptor at S363 was 

measured by Western blots using a rabbit primary antibody specific for phospho-S363 of 

the δ-opioid receptor (1:1,000, Cell Signaling) and a horseradish peroxidase-conjugated 

goat anti-rabbit secondary antibody (1:100,000, Santa Cruz Biotechnology). 

Immunoreactive bands were detected using SuperSignal West Dura chemiluminescent kit 

(Pierce) and quantified using the Image J software (NIH). Statistical analyses were 

performed using the GraphPad Prism 4 software. 

 

Confocal microscopy 

For visualization of β-arrestin2 recruitment, CHO cells expressing the wild-type hDOR, 

the S363A mutant hDOR, or the truncEt-hDOR were grown on glass bottom chamber 

slides and transiently transfected with a green fluorescent protein-tagged β-arrestin2 

construct (β-arrestin2-GFP, a gift from Dr. Lefkowitz) using the FuGENE 6 transfection 

protocol (Roche Diagnostics). 48h after transfection, the cells were left untreated or 

treated with delta opioid receptor agonists for indicated time intervals at 37°C. For 

visualization of receptor internalization, the hDOR/CHO or hDOR(S363A)/CHO cells 

were incubated in serum-free IMDM medium with 300 μM Fluo-deltorphin II (Fluo-

Peptides) or 1 μM [Gln4]deltorphin-rhodamine for indicated time intervals at 37°C. 

Selective DOR antagonist naltrindole (1 μM, IC50 = 60 pM, Research Biochemicals 

International) was added to some wells to determine DOR specificity. After treatment, 
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the cells were rinsed with ice-cold PBS, fixed with 4% paraformaldehyde and mounted in 

a Vectashield Mounting Medium (Vector Laboratories). Slides were examined under a 

Zeiss LSM520 laser scanning confocal microscope equipped with a 100×/1.40 oil 

objective using excitation/emission filter sets 488/505 nm or 543/560 nm. Single optical 

sections were acquired through the trans-nuclear plane. The acquisition parameters were 

constant in all parallel experiments. The images were processed using the Adobe 

Photoshop 7.0 software. 

 

[3H] naltrindole radioligand binding assay 

To measure receptor down-regulation the proportion of receptors remaining in the cells 

after prolonged agonist treatment was measured by [3H] naltrindole radioligand binding. 

CHO cells stably expressing the wild-type or various mutant human δ-opioid receptors 

were grown in 10 mm cell culture dishes to confluency and treated for the indicated time 

periods with delta opioid receptor agonists. After three washes with Ca2+, Mg2+ deficient 

phosphate-buffered saline (PD), cells were harvested in PD buffer containing 0.02% 

EDTA. After centrifugation at 1500 × g for 10 min, the cells were homogenized in ice-

cold 10 mM Tris-HCl, 1 mM EDTA, pH 7.4 buffer. A crude membrane fraction was 

collected by centrifugation at 40,000 × g for 15 min, and resuspended in binding assay 

buffer (50 mM Tris-HCl, 5 mM MgCl2, 0.1% bovine serum albumin, 50 μg/ml 

bacitracin, 30 µM bestatin, 10 µM captopril and 0.1 mM phenylmethylsulfonyl fluoride, 

pH 7.4). Approximately 50 µg of membrane preparation was incubated at 30°C for 90 

min in 1 ml binding assay buffer, with 0.5 nM [3H] naltrindole (20 Ci/mmol, PerkinElmer 
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Life Sciences). 10 μM naltrexone was used to assess nonspecific binding. The reaction 

was filtered using a Brandel Cell Harvester through Whatman GF/B glass fiber filters. 

The filters were washed three times with 4 ml ice-cold saline (0.9% NaCl, pH 7.4). Filter-

bound radioactivity was measured in EcoLite scintillation cocktail using a Beckman LS 

6000SC liquid scintillation counter. Specific binding was calculated by subtracting from 

the total binding the nonspecific binding measured in the presence of 10 μM naltrexone. 

Down-regulation was defined as a decrease in specific binding per 1 μg membrane 

protein after the agonist treatment and expressed as a percentage of the buffer-treated 

control. Data were analyzed using the GraphPad Prizm 4 software. 

 

GTPγ[35S] binding assay 

Agonist-stimulated binding of GTPγ[35S] to crude membranes prepared from control and 

agonist pretreated hDOR/CHO or hDOR(S363A)/CHO cells was determined as 

previously described (Quock et al., 1997). Briefly, cell monolayers were washed with 

Ca2+, Mg2+ deficient phosphate-buffered saline (PD) and harvested in PD buffer 

containing 0.02% EDTA. After centrifugation at 1500 × g for 10 min, the cells were 

homogenized in ice-cold 10 mM Tris-HCl, 1 mM EDTA, pH 7.4 buffer. A crude 

membrane fraction was collected by centrifugation at 40,000 × g for 15 min, and 

resuspended in GTPγS assay buffer (25 mM Tris-HCl, 150 mM NaCl, 2.5 mM MgCl2, 1 

mM EDTA, 10 µM GDP, 30 µM bestatin, 10 µM captopril and 0.1 mM 

phenylmethylsulfonyl fluoride, pH 7.4). Approximately 50 µg of membrane preparation 

was incubated at 30°C for 90 min in 1 ml GTPγS assay buffer, with appropriate 
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concentrations of deltorphin II, in the presence of 0.1 nM guanosine 5’[γ-[35S] thio] 

triphosphate (GTPγ[35S], 1250 Ci/mmol, PerkinElmer Life Sciences). The reaction was 

filtered using a Brandel Cell Harvester through Whatman GF/B glass fiber filters. The 

filters were washed three times with 4 ml ice-cold 25 mM Tris-HCl, 120 mM NaCl, pH 

7.4. Filter-bound radioactivity was measured in EcoLite scintillation cocktail using a 

Beckman LS 6000SC liquid scintillation counter. The data were fitted and statistically 

analyzed using the GraphPad Prizm 4 software. 

 

 

Inhibition of forskolin-stimulated cAMP formation assay 

Cyclic AMP assays were performed according to a method modified from Gilman 

(Gilman, 1970). CHO cells expressing the wild-type or S363A mutant hDOR were plated 

in 24-well plates and grown in Ham’s F12 media containing 10% fetal calf serum and 

antibiotics to ~ 200,000 cells/well confluency. On the day of the experiment, cells were 

rinsed with IMDM and incubated in the presence or absence of 100 nM deltorphin II. 

After the appropriate time, the cells were washed three times (10 min each) with IMDM, 

to remove the agonist. Deltorphin II inhibition curves were measured by stimulating the 

cells with 100 µM water-soluble forskolin (7-deacetyl-7-[O-(N-methylpiperazino)-γ-

butyryl]-dihydrochloride, Calbiochem) in the presence of various concentrations of the 

agonist and a non-selective phosphodiesterase inhibitor, 3-isobutyl-methylxanthine (5 

mM), for 20 min, at 37°C, in 5% CO2 humidified atmosphere. The reaction was 

terminated by rinsing once with ice-cold IMDM, placing the plates on ice and replacing 
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the media with ice-cold TE buffer (50 mM Tris-HCl, 4 mM EDTA, pH 7.5). Cells were 

dislodged from the wells using a Costar cell scraper, transferred to microcentrifuge tubes 

and lysed by boiling for 10 min. Tubes were centrifuged in a bench top centrifuge for 3 

min. 50 µl of each supernatant and 50 µl of a standard (0.125-128 pmol of cAMP) were 

separately incubated with 50 µl (0.9 pmol/50 µl) of [3H]cAMP (PerkinElmer, Life 

Sciences) and 100 µl of protein kinase A solution (6 µg PKA/100 μl in TE buffer with 

0.1% BSA) on ice for 2h. Bound and free [3H]cAMP were separated by adding 100 µl of 

activated charcoal in ice-cold TE buffer, containing 2% bovine serum albumin, to each 

tube, and centrifuging at 5600 × g for 1 min. The radioactivity in 200 µl aliquots from 

each supernatant was counted in a Beckman LS 6000SC liquid scintillation counter. The 

amount of cAMP in the samples was determined by interpolating the cAMP standard 

curve using GraphPad Prizm 4 software.  
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3. AGONIST-MEDIATED HUMAN DOR PHOSPHORYLATION 

Taken in part from (Navratilova et al., 2005) 

 

Introduction 

Agonist-mediated phosphorylation of the hDOR represents an early step in a cascade of 

regulatory events outlined in Fig. 1.1. Phosphorylation of the δ-opioid receptor has been 

implicated in rapid desensitization (Pei et al., 1995) as well as in β-arrestin- and clathrin-

mediated internalization (Law et al., 2000). Both second messenger-regulated protein 

kinases (Xiang et al., 2001) and G protein-coupled receptor kinases (GRKs) (Guo et al., 

2000; Hasbi et al., 1998; Li et al., 2003) can phosphorylate and regulate the delta opioid 

receptor. Intracellular domains of the DOR contain several consensus phosphorylation 

sites for second messenger-regulated S/T protein kinases. A distinct phosphorylation 

consensus motif for GRKs has not been identified, but it is expected that S/T residues 

present in an acidic environment at the C-terminus of the DOR may serve as substrates 

for GRK-mediated phosphorylation. GRK family of protein kinases consists of seven 

members, GRK1-7, which share high sequence homology (Reiter and Lefkowitz, 2006). 

GRK2/3 are uniquely equipped to selectively regulate only activated receptors because 

they are recruited from the cytosol to the plasma membrane localized receptors by 

binding to βγ subunits of heterotrimeric G proteins (Pitcher et al., 1992). Phosphorylation 

of the DOR by GRK2 (Guo et al., 2000; Hasbi et al., 1998; Li et al., 2003) and 

heterologous phosphorylation by PKC (Xiang et al., 2001) has been demonstrated. While 

second-messenger kinases may be important in integrating cellular signals originating 
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from a number of different receptors, GRKs play a role in homologous phosphorylation 

and regulation of GPCRs.  

 

Interestingly, in contrast to other opioid agonists, it has been demonstrated that morphine 

elicits minimal δ-opioid receptor phosphorylation and β-arrestin translocation (Zhang et 

al., 1999), and does not stimulate rapid δ-opioid receptor internalization (Keith et al., 

1996). Overexpression of G protein-coupled receptor kinase 2 facilitated morphine-

mediated δ-opioid receptor phosphorylation (Zhang et al., 1999), suggesting that the 

morphine-activated δ-opioid receptor is a sub-optimal substrate for G protein-coupled 

receptor kinases (von Zastrow et al., 2003). 

 

The peptide agonist, DADLE ([D-Ala2, D-Leu5]enkephalin) was shown to phosphorylate 

several residues in the C-terminus of the rodent δ-opioid receptor, with S363 as the 

primary phosphorylation site (Kouhen et al., 2000). It is presently not known whether 

morphine is able to phosphorylate the same residues as full delta opioid agonists and 

whether morphine-mediated phosphorylation follows the same kinetics as other delta 

opioid agonists. To answer these questions, we used an antibody specific for S363-

phosphorylated δ-opioid receptor and investigated phosphorylation of S363 in the human 

δ-opioid receptor upon morphine treatment and correlated that with phosphorylation 

produced by full DOR agonists (SNC80, DPDPE, deltorphin II). In addition, we 

compared the time courses of morphine- and deltorphin II-mediated phosphorylation as 

well as the time courses of hDOR dephosphorylation after removal of the agonist. We 
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demonstrate that in Chinese hamster ovary cells (CHO) expressing the human δ-opioid 

receptor, morphine promotes phosphorylation of S363. Moreover, we show that the 

kinetics of morphine- and deltorphin II-mediated hDOR(S363) phosphorylation and 

dephosphorylation following morphine or deltorphin II treatment are different. Slower 

kinetics of hDOR(S363) phosphorylation by morphine and faster kinetics of 

dephosphorylation after removal of the drug indicates that complex regulatory 

mechanisms are involved in agonist-specific hDOR phosphorylation. 

  

Results 

S363 in the C-terminus of the hDOR is phosphorylated by morphine. To study the ability 

of different delta opioid agonists to stimulate phosphorylation of the hDOR at S363, 

hDOR/CHO cells were treated with SNC80, DPDPE, deltorphin II or morphine for 30 

min at 37°C in a serum-free medium. After cell harvesting, crude cell lysates were 

prepared and sample aliquots containing equal amounts of total protein were resolved by 

10% polyacrylamide gells. Phosphorylation of the receptor at S363 was measured by 

Western blots using a rabbit primary antibody specific for phospho-S363 of the human δ-

opioid receptor and quantified using the Image J software (NIH). As an internal control, 

we also quantified actin, a “housekeeping” protein, in each sample, and normalized the 

intensities of the phospho-S363 bands for actin immunoreactivity. We show that treatment 

of hDOR/CHO cells with full agonists SNC80 (100 nM), DPDPE (100 nM) or deltorphin 

II (100 nM) for 30 min at 37°C promotes phosphorylation of the human δ-opioid receptor 

at S363. This phosphorylation was identified as an increased immunoreactivity of several 
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bands in the molecular weight range of 50-70 kDa (Fig. 3.1, lane 3), corresponding to 

differently glycosylated (N-linked or O-linked) forms of the S363-phosphorylated human 

δ-opioid receptor (data not shown). Surprisingly, treatment of hDOR/CHO cells with 

morphine, a partial agonist at the hDOR, also led to receptor phosphorylation at S363 (Fig. 

3.1, lane 2). Quantitative analyses of the 50-70 kDa bands show that morphine (30 μM)-

mediated S363 phosphorylation was 53 ± 8 % of maximal phosphorylation mediated by 

deltorphin II (100 nM). Both morphine- and deltorphin II-mediated phosphorylation were 

completely blocked by concomitant treatment with the selective δ-opioid receptor 

antagonist, naltrindole (1μM) (Fig. 3.1, lanes 4, 5). The anti-phospho-S363 antibody did 

not interact with proteins in untreated cell lysates (Fig. 3.1, lane 1), indicating that S363 

phosphorylation is negligible under basal conditions. Finally, no specific 

immunoreactivity was detected upon morphine or deltorphin II treatment of CHO cells 

expressing a human δ-opioid receptor in which S363 was replaced by alanine 

(hDOR(S363A)/hDOR) (Navratilova et al., 2004), confirming that the antibody 

recognizes only the S363-phosphorylated human δ-opioid receptor (Fig. 3.1, lanes 6, 7). 

 

Phosphorylation of S363 by morphine and deltorphin II is concentration-dependent. To 

determine the EC50 values for deltorphin II- or morphine-mediated phosphorylation of 

S363, we treated the hDOR/CHO cells with increasing concentrations of the selected 

agonists. After collecting the cell lysates, Western blots were performed (Fig. 3.2A,B) 

and the intensities of bands corresponding to S363 phosphorylated hDOR were quantified 

using the Image J software (NIH). The band intensities representing the proportion of the 
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phosphorylated receptors were fitted with a sigmoidal dose response curves with variable 

Hill coefficients (Fig. 3.2C,D) and the EC50 values determined. The EC50 values for 

morphine- and deltorphin II-mediated phosphorylation were 1.4±0.1 μM and 1.3±0.1 nM, 

respectively. These values correlate well with the EC50 values for morphine- and 

deltorphin II-mediated GTPγS stimulation (2.5±0.7 μM and 6.3±0.4 nM, respectively).  

 

The rates of hDOR(S363) phosphorylation by morphine and deltorphin II differ. Receptor 

phosphorylation is a dynamic process dependent on the kinetics of phosphorylation and 

dephosphorylation. Both processes in turn depend on the accessibility of the receptor 

phosphorylation site to protein kinases and phosphatases, a process highly regulated by 

the agonist and by receptor trafficking. Since morphine, in contrast to deltorphin II, does 

not promote intensive endocytosis of the receptor, we speculated that the kinetics of 

morphine- and deltorphin II-mediated phosphorylation of S363 would be different. To 

investigate this hypothesis we measured a time course of hDOR phosphorylation at S363 

after morphine and deltorphin II treatment (Fig. 3.3A,B). The intensities of hDOR(S363) 

phosphorylation were quantified and plotted as a function of the time of the agonist 

treatment. The obtained data for early time points (0-30 min) were fitted with a single 

exponential association curve (Fig. 3.3C). The half lives of morphine- and deltorphin II-

mediated S363 phosphorylation determined from the regression analysis of the fitted 

curves were 4.2±0.8 min and 1.7±0.3 min, respectively. A statistical analysis using an F-

test demonstrates that the two curves are significantly different (p=0.003). Therefore, 
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morphine and deltorphin II phosphorylate S363 within the C-terminus of the hDOR with 

different rates. 

 

Morphine- and deltorphin II-mediated hDOR(S363) phosphorylation displays a biphasic 

time course. As evident from the time course of S363 phosphorylation (Fig. 3.3), receptor 

phosphorylation reaches a maximum after 30-60 min and then receptor 

dephosphorylation (still in the presence of the agonist) prevails. This biphasic time course 

indicates that the rates of receptor phosphorylation and dephosphorylation are not 

constant during the studied time period. Instead the kinetics of receptor phosphorylation 

and dephosphorylation change over the time of agonist treatment. The mechanisms 

governing this modulation of the agonist response are largely unknown, but may include 

changes at the receptor level such as sequestration into cellular microdomains 

(compartments) or recruitment of accessory molecules. Alternatively, a feedback 

mechanism regulating the activity of protein kinases and phosphatases may be present. 

Due to the complexity of the kinetics of hDOR(S363) phosphorylation and 

dephosphorylation at later time points, interpretation of the experimental data at later 

times becomes difficult. In order to study receptor dephosphorylation under better 

defined and simpler conditions, we investigated the time-course of hDOR 

dephosphorylation after removal of the agonist when new phosphorylation of the receptor 

does not occur. 
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Morphine and deltorphin II differ in the rates of hDOR(S363) dephosphorylation. In the 

hDOR dephosphorylation studies, the cells were treated for 30 min with either morphine 

(30 μM) or deltorphin II (100 nM), the conditions determined previously to produce 

maximal phosphorylation of hDOR(S363). Then the agonist was thoroughly washed away 

and the cells were left in IMDM medium for increasing time intervals before harvesting. 

We hypothesized that because morphine and deltorphin II treatments lead to differential 

trafficking of the receptor, the rates of dephosphorylation will depend on the status of 

receptor sequestration (thus, on the type of agonist that phosphorylated the receptor). Fig. 

3.4A,B shows the time-course of hDOR(S363) dephosphorylation after morphine or 

deltorphin II pretreatment. The intensities of the phosphorylated hDOR(S363) were 

quantified, plotted as the function of the time after agonist removal and fitted with a 

single exponential decay curve (Fig. 3.4C). The half life of receptor dephosphorylation in 

the absence of the agonist, as determined by regression analysis was 19±6 min and 64±22 

min for morphine and deltorphin II pretreated cells, respectively. Comparison of the two 

regression curves using the F-test shows that the rates of dephosphorylation after 

morphine and deltorphin II pretreatment are significantly different (p=0.003). Therefore, 

dephosphorylation following S363 phosphorylation by morphine or deltorphin II proceeds 

with different rates.  

 

These data demonstrate that morphine, similar to full agonists such as SNC80, DPDPE 

and deltorphin II, promotes phosphorylation of hDOR at S363. However, the rates of 

phosphorylation and dephosphorylation are significantly different between morphine and 



 43

deltorphin II. Specifically, morphine treatment promotes slower phosphorylation and 

after removal of the agonist faster dephosphorylation than deltorphin II. Finally, our data 

show that in the continuous presence of the agonist the time course of morphine and 

deltorphin II phosphorylation/dephosphorylation is biphasic, which indicates that this 

process involves multiple regulatory or feedback mechanisms. 

 

Discussion 

Our findings indicate that, like full δ-opioid receptor selective agonists deltorphin II, 

DPDPE and SNC80, morphine is also able to promote phosphorylation of S363 in the C-

terminus of the human δ-opioid receptor. Phosphorylation of S363 is the initial step in δ-

opioid receptor regulation and is a prerequisite for phosphorylation of other residues in 

the C-terminus including T358, T361 (Kouhen et al., 2000). Additional sites may also be 

phosphorylated in other intracellular domains. Since other investigators have found that 

total morphine-mediated phosphorylation of the δ-opioid receptor is only 6% of total 

phosphorylation by ethorphine (Zhang et al., 1999), we hypothesize that morphine fails to 

phosphorylate residues other than S363. Phosphorylation of at least two to three 

serine/threonine residues is necessary for binding of arrestin to rhodopsin (Gurevich and 

Gurevich, 2004). Therefore, phosphorylation of S363 alone may not be sufficient to recruit 

β-arrestin to morphine-bound DOR, impeding receptor internalization and down-

regulation. Recently, phosphorylation of a homologous residue in the μ-opioid receptor, 

S375, upon morphine treatment was demonstrated (Schulz et al., 2004). We hypothesize 

that phosphorylation of these homologous residues may therefore be involved in 
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responses mediated by morphine, including desensitization, while phosphorylation of 

additional residues is necessary for recruitment of β-arrestin, receptor internalization and 

down-regulation. 

 

By comparing the time courses of hDOR(S363) phosphorylation and dephosphorylation 

after removal of the agonist between morphine and deltorphin II, we demonstrate that the 

rates of phosphorylation and dephosphorylation are significantly different between the 

two agonists. Furthermore, both morphine and deltorphin II display a biphasic time-

course of hDOR(S363) phosphorylation in the continuous presence of the agonist, 

indicating that the rates of phosphorylation and dephosphorylation change during the 

time of agonist treatment. Based on these results we conclude that the process of 

phosphorylation/dephosphorylation is agonist specific, and involves multiple regulatory 

steps or feedback mechanisms that develop over the period of the agonist treatment. In 

the case of deltorphin II, these other regulatory mechanisms may include β-arrestin 

binding or hDOR internalization. However, morphine does not promote β-arrestin 

recruitment and hDOR internalization (discussed in Chapters 4 and 5). Therefore, we 

speculate that morphine stimulates some other regulatory or feedback mechanisms, which 

modulate the rates of receptor phosphorylation/dephosphorylation during the time of 

morphine treatment. In support of the feedback mechanism, it has been demonstrated that 

ERK1/2 kinases, which are activated by morphine treatment (Asensio et al., 2006), 

modulate the activity of several DOR regulatory proteins. For example it was shown that 

ERK1/2 kinase activity prevents opioid receptor desensitization and sequestration by 



 45

blocking β-arrestin interaction with activated DORs (Eisinger and Schulz, 2004). Another 

known substrate of ERKs is Ser670 in the GRK2. Phosphorylation of this residue 

attenuates βγ-mediated translocation of GRK2 to the plasma membrane and reduces its 

phosphorylating activity for the receptor (Elorza et al., 2000; Pitcher et al., 1999). 

Whether sequestration of the hDOR into plasma membrane microdomains inaccessible to 

phosphatases, or direct feedback inhibition of kinase activity are involved in morphine-

mediated regulation of hDOR phosphorylation remains to be determined. 

 

In conclusion, we were able to demonstrate for the first time that activation of the human 

δ-opioid receptor by morphine leads to phosphorylation of S363 in the C-terminus of the 

receptor (Navratilova et al., 2005). Interestingly, we found that the rate of hDOR(S363) 

phosphorylation is slower and the rate of dephosphorylation after the drug removal is 

faster for morphine than for deltorphin II. The differential kinetics of the 

phosphorylation/dephosphorylation process is probably responsible for the lower 

maximal S363 phosphorylation observed after morphine treatment than after deltorphin II 

treatment. Nevertheless, since receptor phosphorylation is a crucial step in G protein-

coupled receptor desensitization, we suggest that phosphorylation of S363 may have an 

important role in the regulation of human δ-opioid receptor signaling in response to 

morphine treatment. 
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 4. RECRUITMENT OF β-ARRESTIN TO THE AGONIST-STIMULATED 

HUMAN DOR 

 

Introduction 

Activated and phosphorylated GPCRs exhibit high affinity for the cytosolic scaffolding 

proteins: arrestins. Arrestins play crucial roles in regulation of GPCRs including receptor 

desensitization, internalization and signaling. Mammalian arrestin family consists of four 

highly homologous proteins of about 400 amino acids (Zhang et al., 1997): two visual 

arrestins (rod arrestin or arrestin1, and cone arrestin or arrestin4) are expressed almost 

exclusively in the retina; and two non-visual arrestins, called β-arrestins (β-arrestin1 or 

arrestin2, and β-arrestin2 or arrestin3), are ubiquitously expressed throughout the body 

including the nervous system. The main functions of arrestins were first elucidated for 

rod arrestin and rhodopsin in the visual system and were later confirmed, with very few 

modifications, for β-arrestins and other GPCRs.  

 

Arrestins bind to multiple sites on the cytoplasmic surface of activated and 

phosphorylated G protein-coupled receptors. To ensure high selectivity for activated 

receptors yet high flexibility in recognizing virtually all GPCRs, β-arrestins have two 

receptor recognition domains: a GPCR activation sensor domain and a GPCR 

phosphorylation sensor domain (Gurevich and Gurevich, 2004). The activation sensor 

domain of the arrestins recognizes GPCRs in their active agonist-bound conformation. 

Similar to G proteins and GRKs, this interaction is believed to involve the intracellular 
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part of the cavity formed by the seven transmembrane helices that opens upon agonist 

activation of the receptor, and intracellular domains such as the DRY motif that also 

participate in G protein binding (Gurevich and Gurevich, 2006). The phosphorylation 

sensor, composed of a polar core in the center of the arrestin molecule, binds to clusters 

of phosphorylated S/T residues (or, in some cases, negatively charged residues) in the 

intracellular domains of the GPCRs. Ionic interaction between the receptor phosphates 

and the arrestin’s polar core disrupts a salt bridge, opening the polar core and exposing 

additional receptor binding sites. Therefore the multistep binding of β-arrestin to GPCR 

results in extensive conformational changes in β-arrestin structure and its high affinity to 

the receptor (Vishnivetskiy et al., 2002). 

 

Several β-arrestin binding sites have been identified on the delta opioid receptor. Using 

plasmon resonance spectroscopy, two low affinity binding sites for β-arrestin were 

identified in the DOR C-terminus (S358, S361 and S363 residues) and in the third 

intracellular loop (S249 and S255 residues) (Cen et al., 2001a; Cen et al., 2001b). These 

sites may correspond to the proposed phosphorylation sensor binding domain. In 

addition, a phosphorylation independent but activation dependent β-arrestin binding 

region common to most GPCRs, including the DOR, was identified (Marion et al., 2006). 

This domain consists of highly conserved proline and alanine residues in the second 

intracellular loop, downstream to the DRY motif that plays a prominent role in the 

formation of the activated state of the GPCRs. These findings indicate that β-arrestins 

have the ability to bind to multiple sites on the activated and phosphorylated DOR. Some 
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of these sites may be to some extent dispensable; however, the overall affinity of the 

DOR-β-arrestin complex will be determined by the strength of all available binding sites.  

 

Due to the overlap of β-arrestin and G protein binding sites on the G protein-coupled 

receptor, β-arrestin is expected to uncouple (arrest) the receptor from G proteins (hence 

the name, arrestin) (Krupnick and Benovic, 1998). In addition to this original function, β-

arrestins also serve as scaffolds for a number of regulatory and signaling molecules. 

Among them are clathrin (Goodman et al., 1996), and the β2-adaptin subunit of the AP-2 

complex (Laporte et al., 2000), all necessary for clathrin-coated pit-mediated endocytosis. 

Indeed, a crucial role of β-arrestin in DOR internalization via clathrin-coated pits has 

been demonstrated (Laporte et al., 2000). Another important function of β-arrestins 

originates from the ability of β-arrestins to bind a number of signaling molecules and 

therefore assemble functional signaling complexes (signalosomes) (Shenoy et al., 2006). 

The best studied GPCR-β-arrestin signaling complex involves the ERK kinase cascade 

(Raf1-MEK1-ERK1/2) (Tohgo et al., 2003), but interaction with other partners have also 

been described (JNK3, p38 kinase, c-Src, ubiquitin ligase Mdm2) (Pierce et al., 2001). 

Undoubtedly β-arrestins are fundamental in DOR regulation and signaling. Therefore, it 

is important to determine how different DOR agonists facilitate the hDOR- β-arrestin 

interactions and to determine what are the molecular determinants of such interactions. 
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In this chapter we will first study the ability of different classes of DOR agonists to 

promote β-arrestin translocation to the plasma membrane in hDOR/CHO cells. Since 

receptor phosphorylation is essential for β-arrestin binding, we will next investigate 

whether mutations, which affect hDOR phosphorylation, will also affect β-arrestin 

recruitment. Our results demonstrate that treatment of hDOR/CHO cells with full delta 

opioid agonists (deltorphin II, DPDPE and SNC80) leads to mobilization of β-arrestin2 to 

the cell membrane. On the other hand, treatment with morphine does not promote the β-

arrestin2 translocation. Additionally, our data show that mutation of the primary 

phosphorylation site, S363, to alanine, which completely prevented phosphorylation of the 

DOR (Kouhen et al., 2000), has no effect on β-arrestin2 translocation by deltorphin, 

DPDPE and SNC80. In contrast, truncation of the C-terminus after Gly338 blocks β-

arrestin2 translocation by deltorphin II, but SNC80-mediated translocation to the 

truncated hDOR was still observed. 

 

Results 

To assess the role of β-arrestin in hDOR regulation, we studied the mobilization of β-

arrestin2 to the plasma membrane upon binding of different DOR agonists to the wild 

type and phosphorylation deficient mutant hDOR constructs. For β-arrestin2 

translocation experiments, hDOR/CHO cells were transfected with an EGFP-tagged β-

arrestin2 (β-arrestin2-GFP). 48h after transfection, the cells were treated with an 

appropriate agonist and fixed in 4% paraformaldehyde. Microscopic slides were prepared 
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as described in “Materials and methods”. β-arrestin was visualized using a Zeiss laser 

confocal fluorescent microscope.  

 

β-arrestin2 is recruited to the plasma membrane upon hDOR activation by deltorphin II, 

DPDPE, SNC80 but not morphine. First we investigated the ability of different DOR 

agonists (deltorphin II, DPDPE, SNC80 and morphine) to promote β-arrestin2-GFP 

translocation to the wild-type hDOR. Fluorescence micrographs of hDOR/CHO cells 

expressing β-arrestin-GFP (Fig. 4.1) show that, in untreated cells, β-arrestin2-GFP is 

evenly distributed throughout the cytosol. Treatment of the cells for 5 min with 

deltorphin II (500 nM), DPDPE (500 nM) or SNC80 (500 nM) at 37ºC led to the 

translocation of β-arrestin2-GFP to the cell surface. In contrast, after 5-60 min treatment 

of the cells with morphine (10 μM) we did not detect any changes in the localization of 

β-arrestin2-GFP in any of the investigated cells. Therefore, morphine treatment does not 

promote β-arrestin2-GFP translocation to the plasma membrane and binding of β-

arrestin2-GFP to the hDOR although this translocation is readily observed after treatment 

with full delta opioid agonists, deltorphin II, DPDPE and SNC80. 

 

β-arrestin2 interacts only transiently with the hDOR. The DOR is classified as a type B 

GPCR in respect to β-arrestin binding (Lowe et al., 2002; Oakley et al., 2000). Therefore, 

the hDOR is expected to form “stable” high affinity complexes with both β-arrestins and 

the whole complex should internalize into intracellular endosomes. To investigate the 
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time course of β-arrestin2 translocation, we treated the cells expressing β-arrestin2-GFP 

with deltorphin II or SNC80 for 2-30 min and visualized location of the fluorescently 

labeled β-arrestin2. Confocal fluorescent microscopic images (Fig. 4.2) demonstrate that 

β-arrestin2-GFP is mobilized to the plasma membrane as early as 2 min after agonist 

treatment. Contrary to the expected co-internalization of β-arrestin2 with the receptor into 

intracellular compartments, we rarely observed individual β-arrestin2-GFP-labeled 

endosomes inside the cell. Most of the compartments that contain β-arrestin2-GFP were 

localized at the cell surface or in close proximity even after 30 min of agonist treatment; 

consistent with the notion that β-arrestin2 associates with the hDOR only at the very 

early stages of receptor endocytosis. This conclusion is further emphasized on images 

taken though different sections of the same cell (Fig. 4.3). Confocal sections taken 

through the basal or apical membrane show punctuated endosome-like compartments 

over the entire plane of the membrane. In contrast, confocal sections taken through other 

regions of the cell show staining only on the edges of the cell, where the confocal section 

trans-sects the plasma membrane. Conversely, visualization of the receptor endocytosis 

using EGFP-labeled hDOR (hDOR-EGFP, Chapter 5) demonstrates that after 5 min 

agonist treatment already a significant number of receptors is internalized into late 

endosomes and perinuclear compartments. Therefore, based on these results we conclude 

that in our cellular system β-arrestin2 associates with the hDOR only transiently at early 

stages of receptor endocytosis and quickly dissociates from the hDOR before the receptor 

enters the intermediate and late stages of the endocytic pathway. For this reason, hDOR 

should more appropriately be classified as a type A G protein-coupled receptor. 
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S363A mutation does not eliminate agonist-mediated recruitment of β-arrestin2. Next we 

investigated the role of receptor phosphorylation in β-arrestin binding to the hDOR. It 

was suggested earlier that S363 is the primary phosphorylation site within the C-terminus 

of the DOR, since mutation of this amino acid to alanine prevented murine DOR 

phosphorylation in all other receptor phosphorylation sites (Kouhen et al., 2000). Because 

phosphorylation of multiple GPCR residues is required for high affinity binding of β-

arrestin to the receptor (Gurevich and Gurevich, 2004), we hypothesized that mutation of 

S363 to alanine in the hDOR would eliminate β-arrestin translocation. To study agonist-

mediated translocation of β-arrestin to the hDOR(S363A) mutant we transiently 

transfected the hDOR(S363A)/CHO cells with β-arrestin2-GFP. 48 h after transfection, 

the cells were treated for 5 min with saturating concentrations of deltorphin II (500 nM), 

DPDPE (500 nM), SNC80 (500 nM) or morphine (10 μM). Images acquired on a Zeiss 

laser confocal fluorescent microscope (Fig. 4.4) clearly show that deltorphin II, DPDPE 

and SNC80 treatment promoted the translocation of β-arrestin2-GFP to the plasma 

membrane in CHO cells expressing the hDOR(S363A) in a pattern similar to that 

observed in cells expressing the wild-type receptor (Fig. 4.1). Once again morphine 

treatment did not promote mobilization of β-arrestin2 to the plasma membrane. In 

addition, a semi-quantitative analysis indicates no difference in the kinetics of β-arrestin2 

translocation between the agonist-activated wild type hDOR and hDOR(S363A) mutant. 
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These results provide evidence that S363 in the hDOR is not required for agonist-mediated 

β-arrestin2 translocation to the cell surface. 

 

Truncation of the C-terminus of the hDOR eliminates deltorphin II-mediated recruitment 

of β-arrestin2. Since mutation of S363 to alanine in the hDOR C-terminus had no effect on 

the translocation of β-arrestin2, we next investigated whether truncation of the C-

terminus, which contains additional six putative phosphorylation sites, would prevent β-

arrestin binding. As shown in Fig. 4.5, treatment of the truncated hDOR/CHO cells with 

deltorphin II no longer leads to the plasma membrane recruitment of β-arrestin2-GFP. 

These results demonstrate that the C terminus of the deltorphin II-occupied hDOR 

stimulates β-arrestin binding by activating its phosphorylation sensor. In contrast, a very 

limited number of SNC80 treated truncated hDOR/CHO cells showed β-arrestin2-GFP 

translocation (Fig. 4.5). This finding may indicate that additional sites in the intracellular 

loops of the SNC80-bound hDOR could compensate for the lack of the primary β-arrestin 

phosphorylation sensor-activating domain.  

 

Discussion 

Our data provide evidence that full agonists (deltorphin II, DPDPE, SNC80) promote 

translocation of β-arrestin to the plasma membrane. In agreement with previous studies 

(Whistler and von Zastrow, 1998) morphine was completely unable to stimulate β-

arrestin binding. It has been demonstrated that binding of β-arrestin to GPCRs requires 
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phosphorylation of several S/T residues in the intracellular domains of the receptors 

(Gurevich and Gurevich, 2004). Accordingly, receptor phosphorylation was found to be 

the rate-limiting step for β-arrestin and β2-adrenergic receptor interaction (Krasel et al., 

2004). Surprisingly, our phosphorylation studies (Chapter 3) show that morphine is able 

to phosphorylate S363, yet morphine treatment had no effect on translocation of β-arrestin. 

Furthermore, confocal microscopy images show that mutation of the primary 

phosphorylation site, S363, in the hDOR did not eliminate the recruitment of β-arrestin2-

GFP to the agonist-activated hDOR. No visually apparent differences were observed in 

the time course and the extent of β-arrestin2-GFP translocation to the hDOR or 

hDOR(S363A). Therefore, phosphorylation of S363 does not support, and the lack of it 

does not prevent β-arrestin2 recruitment. Conversely, truncation of the C-terminus after 

G338 completely eliminated the ability of deltorphin II but not SNC80 to stimulate the 

translocation of β-arrestin2 from the cytosol to the plasma membrane.  

 

According to the multi-step theory of β-arrestin binding to GPCRs (Gurevich and 

Gurevich, 2006), activation of both β-arrestin’s sensors (the phosphorylation sensor and 

the activation sensor) by receptor phosphates and an active receptor conformation is 

necessary for high affinity binding. Our study, although not conclusive, provides some 

explanations for the molecular mechanisms of the observed agonist differences in hDOR-

β-arrestin interaction. 1) The phosphorylation sensor is activated by residues present on 

the C-terminus of the hDOR but this activation does not require S363. Therefore, 

phosphorylation of other residues in the C-terminus, or negatively charged amino acids is 
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sufficient to activate the phosphorylation sensor. 2) Morphine may be unable to activate 

the phosphorylation sensor even though it promotes phosphorylation of S363 in the hDOR. 

Alternatively, morphine may still activate the phosphorylation sensor, but fails to 

promote a conformational change in the second intracellular loop of the hDOR required 

for stimulation of the activation sensor. 3) Phosphorylation of the intracellular loops other 

than the C-terminus by SNC80 (Varga et al., 2004) may activate the phosphorylation 

sensor and thereby facilitate β-arrestin binding to the SNC80-occupied truncated hDOR. 

 

To summarize, our results show striking differences between the abilities of morphine, 

peptide agonists and SNC80 to stimulate the multi-step binding of β-arrestin2 to the 

hDOR. Due to the requirement of multiple activation events to occur, morphine is unable 

to promote hDOR-β-arrestin interaction. Conversely, due to some redundancy in 

activating the phosphorylation sensor, full agonists similarly activate β-arrestin 

translocation to the wild type hDOR. However, the differences between peptide agonists 

and SNC80 are revealed by mutations that eliminate this redundancy. 
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5. AGONIST-MEDIATED HUMAN DOR INTERNALIZATION 

 

Introduction 

Binding of β-arrestins to GPCRs facilitates the targeting of the receptors to clathrin-

coated pits and receptor internalization. Internalization of the GPCR into endosomes 

serves several purposes: 1) removal of the receptor from the plasma membrane precludes 

further activation of the receptor by agonists causing receptor desensitization; 2) 

assembly of signaling molecules on the receptor-arrestin complex assists in receptor 

signaling through diverse signaling pathways; 3) endosomal environment, which contains 

protein phosphatases, facilitates receptor dephosphorylation and allows recycling of a 

fully functional receptor back into the plasma membrane, resulting in receptor 

resensitization; 4) sorting of the receptor into degradation organelles provides the means 

for final destruction of the receptor (down-regulation). Delicate balance between these 

processes determines the ultimate functional consequences of receptor internalization 

(Daaka et al., 1997; Hall and Lefkowitz, 2002). Because of the importance of GPCR 

endocytosis, this process is highly regulated. Internalization has been found to be receptor 

specific (Chu et al., 1997), and receptor-specific motifs such as the PDZ domain have 

been demonstrated to affect the rate of receptor endocytosis (Puthenveedu and von 

Zastrow, 2006; Tsao and von Zastrow, 2000). Internalization of many GPCRs is 

dependent on phosphorylation. However, a phosphorylation independent pathway has 

been described for the DOR (Zhang et al., 2005). Mechanism of receptor internalization 
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may also be cell type specific. Finally, various agonists have been shown to differentially 

affect internalization of the same receptor (Zhang et al., 1999). Several mechanisms of 

internalization of plasma membrane associated receptors have been characterized in 

mammalian cells: clathrin-coated pits (Trapaidze et al., 1996), and lipid rafts and 

caveolae (Insel et al., 2005; Roettger et al., 1995) mediated endocytosis.  

 

Clathrin is a cytosolic protein, which assembles at the plasma membrane into a lattice 

structure creating basket-shaped pits. Clathrin-coated pits (CCPs) are recognized in 

electron microscopy as high density formations at the plasma membrane (Ghinea et al., 

1992). Clathrin-coated pits are later pinched off by dynamin, a cytosolic GTPase (van der 

Bliek et al., 1993) recruited to the neck of the CCP. The pinched off endocytic vesicles 

mature from early to late endosomes during trafficking through the endosomal 

compartments. In addition to clathrin, other associated proteins and membrane lipids 

participate in regulating vesicular scission, maturation and trafficking (Advani et al., 

1999; Prekeris et al., 1999). Membrane-bound proteins such as GPCRs and extracellular 

molecules such as ligands can both be internalized via CCPs. β-arrestin plays a crucial 

role in targeting the GPCR to CCPs and in the assembly of the clathrin coat. This is 

accomplished by direct binding of β-arrestin to clathrin (Goodman et al., 1996) and β-

adaptin of the AP-2 complex (Laporte et al., 2000).  

 

Caveolae and lipid rafts are plasma membrane microdomains enriched in cholesterol and 

sphingomyelin (Razani et al., 2002). Caveolae also contain scaffolding proteins, 
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caveolin-1α, 1β, 2, or 3 (Kiss et al., 2002) that promote the flask-shaped invagination of 

this microdomain. Like for CCPs, dynamin machinery is also responsible for scission of 

caveolae from the plasma membrane. 2-Hydroxypropyl-β-cyclodextrin is frequently used 

to study lipid rafts/caveolae-mediated effects because it sequesters cholesterol from the 

plasma membrane and, therefore, disrupts lipid rafts/caveolae (Neufeld et al., 1996). 

However, cholesterol depletion also attenuates endocytosis via clathrin-coated pits. A 

more selective inhibitor of lipid rafts, fillipin, intercalates into cholesterol-rich lipid rafts 

without altering cholesterol composition (Monis et al., 2006), and therefore specifically 

targets lipid rafts/caveolae without affecting other modes of endocytosis.  Several 

membrane proteins, including opioid receptors (Huang et al., 2007), have been shown to 

localize to lipid rafts and may undergo caveolae-mediated endocytosis (Insel et al., 2005).  

 

As reported above, DORs have been identified in two different endocytic plasma 

membrane domains: CCPs and lipid rafts or caveolae. It is assumed that the mechanism 

by which the receptor was endocytosed will affect the fate of the receptor. Therefore, by 

manipulating endocytosis of the receptor, we may be able to modulate the extent of 

receptor desensitization or resensitization. In this Chapter, we used fluorescently-labeled 

deltorphin II analogues or Green Fluorescent Protein-labeled hDOR (hDOR-EGFP) to 

study internalization of the delta opioid receptor in recombinant Chinese hamster ovary 

cells. The goal of the study was: 1) to determine the molecular mechanism of hDOR 

internalization; 2) to investigate agonist selectivity of hDOR endocytosis; 3) to study the 

role of S363 phosphorylation in hDOR internalization. 
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Results 

Time course of fluo-deltorphin internalization. Since DOR agonist deltorphin II is 

internalized together with its receptor, fluorescently labeled deltorphin II (fluo-

deltorphin, Fluo-Peptides) can be used to track the translocation of the hDOR in CHO 

cells after agonist treatment. hDOR/CHO cells were treated for increasing time intervals 

with fluo-deltorphin (300 nM) at 37ºC, cells were then fixed and examined under a Zeiss 

laser scanning confocal microscope. Fig. 5.1 illustrates that fluo-deltorphin is internalized 

in a time dependent manner into punctuated intracellular vesicles structurally consistent 

with endosomes. From our micrographs it is apparent that internalization of fluo-

deltorphin occurs already after 3 min and is even more pronounced after 10 min of fluo-

deltorphin treatment. After longer times (30-60 min) some fluo-deltorphin accumulates in 

the perinuclear compartments (Fig. 5.1C,D and F). Importantly, endocytosis of fluo-

deltorphin is strictly mediated by the hDOR since it is completely blocked by a delta 

opioid receptor antagonist naltrindole (10 μM, Fig. 5.1E). Similar internalization pattern 

was also observed in CHO cells expressing an EGFP labeled hDOR (hDOR-

EGFP/CHO#2 cell line), confirming that the internalized agonist traces the endocytic 

pathway of the receptor (Fig. 5.3). Therefore, a fluorescently labeled DOR agonist 

accurately monitors internalization of the human delta opioid receptor in the CHO cells. 

 

hDOR is internalized via a subset of clathrin-coated pits distinct from transferrin-

containing CCPs. Most GPCRs are internalized via clathrin-coated pit mediated 
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endocytosis (Luttrell and Lefkowitz, 2002). However, other modes of receptor 

endocytosis have also been described (Mueller et al., 2002; Okamoto et al., 2000). In 

order to establish the mechanism of hDOR internalization in CHO cells we first 

compared endocytosis of a fluorescently labeled analog of deltorphin II, 

[Gln4]deltorphin-rhodamine, with endocytosis of a prototypical CCP ligand transferrin 

(transferrin-AlexaFluor488, Molecular Probes). Secondly, we investigated deltorphin-

rhodamine and transferrin internalization in the presence of inhibitors of different 

endocytic pathways.  

 

Concomitant visualization of internalization of deltorphin-rhodamine (red) and 

transferrin-AlexaFluor488 (green) revealed that most endosomes contain only one type of 

ligand. Only a small portion of endosomes shows colocalization of both deltorphin-

rhodamine and transferrin (yellow). This observation led to a conclusion that the two 

ligands are not internalized through a homogeneous population of vesicles. Because of 

the heterogeneity of the endocytic vesicles, we asked whether vesicles carrying 

deltorphin II originate from CCPs or caveolae-mediated endocytosis. To address this 

question we studied internalization in the presence of inhibitors of CCP endocytosis 

(hypertonic sucrose) or caveolae-mediated endocytosis (2-hydroxypropyl-β-cyclodextrin 

and fillipin). As seen in Fig. 5.2B hypertonic sucrose (0.5 M), an inhibitor of CCP 

endocytosis, completely prevented internalization of both deltorphin-rhodamine and 

transferrin. Interestingly, 2-hydroxypropyl-β-cyclodextrin (2%) selectively inhibited only 

deltorphin-rhodamine endocytosis while transferrin was still endocytosed (Fig. 5.2C). In 
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contrast, fillipin had no effect on internalization of either ligand (Fig. 5.2D). Depletion of 

cholesterol from the plasma membrane by 2-hydroxypropyl-β-cyclodextrin destroys lipid 

rafts and caveolae formation. However, it was also demonstrated that cholesterol plays a 

role in CCP morphology and that 2-hydroxypropyl-β-cyclodextrin disrupted CCP-

mediated endocytosis (Neufeld et al., 1996). Filipin, on the other hand, selectively 

disrupts lipid rafts/caveolae by intercalating into cholesterol-rich domains without 

altering cholesterol content (Monis et al., 2006). The obtained results are consistent with 

the interpretation that the hDOR is internalized by a subset of clathrin-coated pits distinct 

from transferrin-containing CCPs. Our results also implicate a possible higher sensitivity 

of hDOR containing CCPs to cholesterol depletion.  

 

hDOR endocytosis is agonist-specific. In order to study the ability of different delta 

opioid agonists to promote receptor internalization, we constructed an hDOR with an 

EGFP epitope tag at the C-terminus (as described in “Materials and Methods”). The 

cDNA encoding the hDOR-EGFP construct was transfected into CHO cells and a stable 

cell line (hDOR-EGFP/CHO#2) expressing the tagged receptor was generated. 

Localization of the hDOR-EGFP was visualized on a Zeiss confocal fluorescent 

microscope. In untreated cells the receptor was expressed throughout the cell, consistent 

with previous reports of intracellular reserve pool of the DOR (Cahill et al., 2001; Wang 

and Pickel, 2001). However, enhanced plasma membrane localization was clearly visible 

(Fig. 5.3A). Upon treatment of the cells with deltorphin II (1μM) or SNC80 (1 μM), the 

receptor was internalized into punctuated intracellular endosomes (Fig. 5.3B and C, 
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respectively). A similar internalization pattern was also observed for DPDPE (not 

shown). In contrast, morphine treatment (10 μM) did not promote receptor internalization 

(Fig. 5.2D). These findings corroborate the results obtained for agonist-mediated 

translocation of β-arrestin2 (Fig. 4.1), which show that morphine does not promote 

translocation of β-arrestin2 to the plasma membrane. In conclusion, morphine, contrary 

to deltorphin II, DPDPE and SNC80, does not support hDOR internalization, apparently 

due to its inability to mobilize β-arrestin to the plasma membrane. 

 

S363A mutation of the hDOR does not eliminate agonist-mediated hDOR internalization. 

Phosphorylation of the receptor after agonist treatment was shown to be important for 

internalization of some GPCRs, but may not be crucial for the DOR (Zhang et al., 2005). 

Therefore, we investigated if a mutation of the primary phosphorylation site S363 in the C-

terminus of the hDOR will affect agonist-mediated endocytosis. Internalization of the 

wild type and S363A mutant hDOR was determined using confocal fluorescent 

microscopy by investigating the ability of the receptor to internalize a fluorescent 

analogue of deltorphin II ([Gln4]deltorphin-rhodamine). In hDOR/CHO cells, after 30 

min of agonist treatment, the fluorescent marker was concentrated in intracellular 

punctuated compartments resembling endosomes (Fig. 5.4A). In cells expressing the 

S363A mutant receptor we observed virtually indistinguishable internalization of 

fluorescent deltorphin. These results coincide with our findings that S363A mutation does 

not appreciably affect β-arrestin2 binding to the mutant receptor (Fig. 4.4) Therefore, 

S363A mutation in the hDOR has a minimal effect on the ability of deltorphin II to 
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mobilize β-arrestin to the hDOR and to trigger receptor endocytosis. This finding implies 

that phosphorylation of S363 is not necessary for agonist-mediated hDOR internalization. 

 

Discussion 

The results presented in this Chapter demonstrate that treatment of the hDOR/CHO cells 

with fluorescent deltorphin II analogs leads to receptor-mediated internalization of the 

agonists. Endocytosis is already apparent 3 min after the treatment and continues for up 

to 60 min. By comparing internalization of deltorphin-rhodamine with that of transferrin, 

a marker of clathrin-coated pits-mediated endocytosis, we found that the mechanism of 

GPCRs internalization is more complex than previously envisioned. Our confocal 

micrographs provide evidence that in CHO cells the hDOR is internalized via 

heterogeneous population of transferrin-containing CCPs and also via vesicles devoid of 

transferrin. Therefore, a simple concept of homogeneous population of clathrin-coated 

vesicles carrying random mixture of endocytosed receptors can no longer be sustained. In 

addition to CCPs, some membrane associated receptors may be internalized via a 

caveolae-mediated mechanism (Ostrom and Insel, 2004). To investigate a possible role of 

lipid rafts or caveolae in hDOR endocytosis, we studied sensitivity of hDOR 

internalization to inhibitors of CCP-mediated and lipid rafts-mediated endocytosis. We 

found that, like transferrin, deltorphin II endocytosis is sensitive to an inhibitor of CCP 

endocytosis, hypertonic sucrose, but not to filipin, an inhibitor of caveolae. Interestingly, 

hDOR internalization is more sensitive to cholesterol depletion than transferrin. Since 

cholesterol also plays a role in the morphology of CCPs, these results indicate that the 
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hDOR is internalized via a cholesterol depletion-sensitive subset of CCPs different from 

transferrin-containing CCPs. Indeed, it was reported recently that even within CCPs 

vesicles, multiple subpopulations of vesicles containing different assembly of receptors 

exists (Puthenveedu and von Zastrow, 2006). The composition of these vesicles is 

probably very dynamic and depends on the overall status of the cell. It has been well 

documented that the signaling of a GPCR extends beyond the plasma membrane and 

continues in a different mode after receptor endocytosis (Luttrell et al., 1999; Miller et 

al., 2000). Scaffolding proteins β-arrestins bound to the receptors assemble signaling 

complexes consisting of regulatory and signaling molecules (Maudsley et al., 2000). In 

addition, cholesterol rich lipid rafts have also been shown to serve as scaffolding 

microdomains to which GPCRs, G-proteins, enzymes (adenylyl cyclase) and protein 

kinases translocate during agonist-mediated signaling (Ostrom and Insel, 2004; Ostrom et 

al., 2000). Therefore, endosomes are ideally suited to integrate signaling from multiple 

scaffolding complexes. In this respect it is tempting to speculate that depending on the 

existing extracellular signals transduced at the moment by a number of different 

receptors, diverse populations of intracellular vesicles are assembled. Each vesicle 

selectively integrates a set of relevant incoming signals thereby creating a meaningful 

signaling message, which determines the ultimate response of the cell. Therefore, one 

message is constructed from a combination of multiple signals and, conversely, one type 

of signal (transduced by one type of receptor) participates on formulation of several 

messages. 
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In addition to the complexity of the mechanism of DOR internalization, it has also been 

demonstrated that various DOR agonists have different effects on receptor 

internalization. Thus, it was shown that the kinetics of hDOR internalization by alkaloids 

(etorphine) and peptide agonists (DPDPE) differs in SK-N-BE cells (Marie et al., 2003). 

Moreover, it has been demonstrated that morphine, a non-selective MOR and DOR 

agonist, is unable to promote internalization of either receptor (Keith et al., 1998; Keith et 

al., 1996; Sternini et al., 1996) In our studies, we used GFP-labeled hDOR stably 

expressed in CHO cells to assess agonist specific differences in hDOR internalization. 

We found that in our cellular system morphine was unable to bring about hDOR-EGFP 

internalization. However, no visually detectable differences were found between 

deltorphin II, DPDPE and SNC80-mediated internalization.  

 

The C-terminus of the DOR plays a crucial role in receptor endocytosis. However, the 

exact details of this role may be agonist and cell type specific. Truncation of the C-

terminus was shown to block DPDPE-mediated internalization in CHO cells (Trapaidze 

et al., 1996). In contrast, the truncated DOR was still internalized upon etorphine and 

DADLE treatment in HEK293 cell (Murray et al., 1998). Surprisingly, in the same cells a 

DOR with mutated C-terminal phosphorylation sites did not internalize (Whistler et al., 

2001). To explain these data, Whistler et al. suggested that the C-terminus functions as a 

“brake” precluding the interaction of the receptor with β-arrestin (and therefore receptor 

internalization) in the absence of an agonist. Phosphorylation of the C-terminus is 

required to relieve this brake (Whistler et al., 2001). To investigate the role of C-terminal 
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phosphorylation in the hDOR, we studied receptor internalization in a mutant hDOR in 

which the primary phosphorylation site, S363, was mutated to alanine. We found that 

S363A mutation in the hDOR did not eliminate the ability of the receptor to internalize 

[Gln4]deltorphin-rhodamine. From these results we conclude that in CHO cells 

phosphorylation of S363 is not necessary for agonist-mediated hDOR internalization. 

 

In summary, our results demonstrate that: 1) in hDOR/CHO cells agonist-mediated 

hDOR internalization occurs via a subset of clathrin-coated pits distinct from transferrin 

containing pits. Moreover, hDOR endocytosis differs from endocytosis of transferrin by 

its higher sensitivity to cholesterol depletion. 2) Internalization of hDOR is agonist 

selective, since morphine is completely inefficient in promoting receptor endocytosis. 3) 

Elimination of the primary phosphorylation site in the C-terminus of the hDOR has no 

significant effect on receptor internalization. 
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6. AGONIST-MEDIATED HUMAN DOR DOWN-REGULATION 

Taken in part from (Navratilova et al., 2004) 

 

Introduction 

Down-regulation of G protein-coupled receptors is different from receptor internalization 

because it represents total loss of cellular receptors rather than receptor redistribution 

from the cell surface into intracellular compartments. Down-regulation of the DOR was 

demonstrated by other investigators (Afify et al., 1998; Belcheva et al., 1992; Malatynska 

et al., 1996) but the exact mechanism is still not completely understood.  

As with other GPCRs, down-regulation of the DOR requires receptor internalization via 

endocytosis and subsequent degradation inside the cell. 

 

Two mechanisms of endocytosis have been proposed for GPCRs: clathrin-coated pits-

mediated or caveolae-mediated endocytosis (as described in Chapter 5). In this Chapter 

we investigate whether inhibitors of endocytosis also inhibit hDOR down-regulation in 

hDOR/CHO cells. After the receptor is internalized, it is trafficked through a cascade of 

endosomes either to the recycling or to the degradation pathways. Recycling receptors are 

de-phosphorylated, re-sensitized and inserted into the plasma membrane, where they can 

continue their function. Receptors destined for degradation are targeted to intracellular 

digestive organelles, where they are destroyed. Two intracellular compartments may 

function as protein degradation machineries: lysosomes and proteasomes.  

 



 68

The lysosome was initially characterized as a membrane protected vacuolar structure that 

contains various hydrolytic enzymes and has an acidic luminal pH. Lysosomal/vacuolar 

system is now recognized as a heterologous digestive system of endosomes at different 

stages of maturation (Ciechanover, 2005). At the initial stages of lysosomal proteolysis 

are the early/intermediate/late endosomes and phagocytic vacuoles, which converge into 

multivesicular bodies (MVB). MVBs later fuse with the digestive lysosome. The end 

products of the completed digestive process are the residual bodies. Many cellular as well 

as exogenous proteins targeted to the lysosome by receptor-mediated endocytosis, 

pinocytosis, and phagocytosis, are degraded by this system in a highly regulated manner. 

Most of the lysosomal proteases function optimally at acidic pH, therefore low pH is 

essential for the ability of the lysosomes to degrade cargo proteins. Lysosomal 

degradation plays a major role in regulating exogenous as well as endogenous proteins. 

 

The proteasome is a large, 26S, multicatalytic protease complex consisting of a barrel 

shaped 20S core particle and two 19S regulatory units at both ends of the core particle 

(Ciechanover, 2006). The core particle contains the catalytic activity of the proteasome, 

while the role of the regulatory subunits is to recognize substrate proteins destined for 

degradation by the proteasome. The recognition signal for the regulatory subunit is 

composed of multiple ubiquitin molecules arranged in a polyubiquitin chain and 

covalently attached to the substrate proteins. Ubiquitin, a small protein of 76 residues, is 

conjugated to a lysine residue of the substrate protein in a cascade of enzymatic reactions, 

which involve the ubiquitin-activating enzyme, E1, the ubiquitin-carrier protein, E2, and 
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the ubiquitin-protein ligase, E3. The variety of ubiquitin-protein ligases ensures a high 

selectivity of the ubiquitin/proteasome degradation mechanism. Among the diverse 

processes regulated by the ubiquitin/proteasome degradation are quality control of the 

protein synthetic pathway, cell cycle, development, differentiation and receptor-mediated 

down-regulation (Li et al., 2000; Petaja-Repo et al., 2001). In this study the contribution 

of each degradation mechanism to hDOR down-regulation was investigated using 

selective inhibitors. 

 

Sequestration of proteins into different organelles is tightly regulated and governed by 

consensus targeting motifs (sorting motifs). Targeting motifs for some GPCRs into 

recycling or degradative pathways have been identified. In addition, post-translational 

modifications (ubiquitination, phosphorylation) have been implicated as receptor 

trafficking signals. In that respect, it was found that T353 located within the C-terminal tail 

of the mouse DOR is involved in receptor down-regulation (Cvejic et al., 1996). 

However, in the human DOR sequence this residue corresponds to an A, therefore a 

different yet unidentified signal serves as a down-regulation motif in the human DOR.  

 

As demonstrated previously in our laboratory (Okura et al., 2000), truncation of the 

carboxyl-terminus of the hDOR at Gly338 completely abolishes DPDPE and attenuates 

SNC80-mediated down-regulation. These results led us to a conclusion that the primary 

down-regulation motif for peptide agonists is located within the C-terminus of the hDOR. 

In addition, SNC80 may be able to expose a secondary down-regulation motif in other 



 70

intracellular domains. In this Chapter, after demonstrating that ubiquitination is not 

involved in hDOR down-regulation, we investigated a putative role of phosphorylation as 

a down-regulation signal. 

 

In order to identify the primary down-regulation motif within the C-terminus we 

hypothesized that the primary phosphorylation site S363 (Kouhen et al., 2000) may also 

serve as the degradation sorting signal. To validate this hypothesis we measured down-

regulation of the wild-type hDOR and hDOR(S363A) mutant after chronic treatment with 

DOR agonists. In search for the secondary down-regulation motif used by SNC80 in 

addition to the primary signal, we focused on the distal part of the third intracellular loop 

shown to participate in β-arrestin binding to the DOR (Cen et al., 2001a; Cen et al., 

2001b). Phosphorylation is crucial for the activation of β-arrestins and a high affinity 

binding between β-arrestin and a GPCR (Celver et al., 2002). Phosphorylation of the 

truncated hDOR by SNC 80 but not DPDPE was demonstrated earlier in our laboratory 

(Varga et al., 2004). Magnitude of phosphorylation of the truncated hDOR correlates 

with the ability of SNC80 but not DPDPE to down-regulate the truncated hDOR. This led 

us to select two serine residues, S249 and S255, localized in the β-arrestin binding domain 

of the DOR as potential candidates for the secondary down-regulation motif used 

exclusively by SNC80. The role of the putative down-regulation motifs (S363 and 

S249/S255) was investigated by measuring down-regulation of mutant receptors in which 

respective serines were replaced by alanines. 
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Results 

hDOR is down-regulated in a time and dose dependent manner. Down-regulation of the 

wild-type hDOR was studied using the 2-209-hDOR/CHO cell line characterized in 

“Materials and Methods”. The cells were treated with six different concentrations of 

SNC80 for 24h or with 500 nM SNC80 for 2-24h at 37ºC in IMDM medium. Cell 

membranes were prepared and the amount of receptors remaining after the treatment was 

determined by measuring the specific [3H] naltrindole binding. Down-regulation was 

defined as a decrease in specific binding per 1 μg membrane protein after agonist 

treatment as described in “Materials and Methods”. Fig. 6.1A demonstrates that the 

hDOR is dose dependently down-regulated by SNC80. Using a sigmoidal dose response 

curve fitting with the Hill coefficient nH = 1, the EC50 concentration was determined to be 

21 ± 8 nM. Maximal down-regulation was achieved with 500 nM of SNC80. This 

concentration was chosen for further experiments. Fig. 6.1B shows a time course of 

SNC80 (500 nM)-mediated hDOR down-regulation. Data were fitted with a single 

exponential decay curve and the half-life of down-regulation t½ = 2.3±0.4 h was 

determined. Maximal down-regulation achieved after 24h of 500 nM SNC80 treatment, 

calculated by subtracting the percent of remaining receptors from 100 %, was 90 %. 24h 

time of treatment was chosen for further experiments. 

 

hDOR down-regulation is agonist specific. It has been demonstrated that a partial DOR 

agonist, morphine, is very inefficient in down-regulating the DOR. As reported in 

Chapters 4 and 5 in our cellular system, morphine displays differential efficacies in 
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activating G protein signaling pathways (GTPγS stimulation and cAMP inhibition) and 

regulatory pathways (β-arrestin recruitment, hDOR internalization). Allouche and 

coworkers (1999) reported that additional differences in hDOR down-regulation exist 

between etorphine and peptide agonists (Allouche et al., 1999). In our previous report 

(Okura et al., 2003) we also found that peptide (DPDPE) and non-peptide (SNC80) 

agonists exhibit differential efficacies in down-regulating the hDOR even though they 

both are full agonists in GTPγS stimulation and cAMP inhibition assays. To carefully 

characterize agonist-specific differences in hDOR down-regulation, in the present study 

we examined receptor down-regulation by all three classes of DOR agonists, as shown in 

Fig. 6.2. Treatment of hDOR/CHO cells for 24h with morphine (5 μM) does not cause 

down-regulation of the hDOR. We did not detect any down-regulation even after 48h of 

morphine treatment (data not shown). In contrast, treatment with DPDPE (500 nM) or 

SNC80 (500 nM) led to a reduction of hDOR numbers by 80±1 % and 90±1 %, 

respectively. The difference between the ability of DPDPE and SNC80 to down-regulate 

the hDOR is statistically significant (p<0.001) and was reproduced in many other down-

regulation experiments involving inhibitors of down-regulation or mutations of the 

receptor. To summarize, we identified three classes of hDOR agonist: morphine, a 

peptide agonist (DPDPE) and a non-peptide agonist (SNC80), which have different 

efficacies to down-regulate the hDOR. These efficacies do not correspond to the 

efficacies to stimulate G protein-mediated signaling. 
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hDOR endocytosis via clathrin-coated pits is necessary for receptor down-regulation. 

Hypertonic sucrose has been used to inhibit clathrin-coated pits-mediated endocytosis 

(Law et al., 2000). Using confocal microscopy we have demonstrated (Chapter 5) that 

indeed, hypertonic sucrose (0.5 M) prevents hDOR-mediated internalization of 

rhodamine-labeled deltorphin II. In this Chapter we investigated whether internalization 

is necessary for hDOR down-regulation or whether an internalization-independent 

mechanism of hDOR degradation at the plasma membrane exists. 

 

To answer this question, we measured down-regulation after 2h of DPDPE or SNC80 

treatment in the absence and presence of hypertonic sucrose (0.5 M). Fig. 6.3 shows that 

hypertonic sucrose almost completely blocked hDOR down-regulation by DPDPE (39±1 

% vs. 10±6 % in control and sucrose treated cells, respectively) and by SNC80 (51±6 % 

vs. 16±1 % in control and sucrose treated cells, respectively). We speculate that the 

residual reduction in receptor number in sucrose and agonist treated cells is due to either 

a slight toxicity of hypertonic sucrose treatment (as indicated by a small decrease in 

receptor number observed in sucrose treated controls) or incomplete inhibition of hDOR 

endocytosis (as indicated in Fig. 5.2B by the appearance of some internalized deltorphin-

rhodamine in sucrose treated cells). Similarly, 2% 2-hydroxypropyl-β-cyclodextrin, 

which also blocked internalization of rhodamine-labeled deltorphin analog (Fig. 5.2C), 

prevented down-regulation of the hDOR (data not shown). These results demonstrate that 

hDOR endocytosis is required for agonist-mediated down-regulation of the receptor. 
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hDOR is not down-regulated in the proteasomes. What is the organelle responsible for 

hDOR down-regulation? It was reported that the delta opioid receptors are down-

regulated by the proteasomes in HEK 293 cells (Chaturvedi et al., 2001; Yadav et al., 

2006). To investigate whether this mechanism also occurs for the human DOR in CHO 

cells, we measured the total number of receptors before and after agonist treatment in the 

presence or absence of proteasomal inhibitors. We confirmed that the decrease of 

receptor number after agonist treatment was reversed by a selective inhibitor of the 

proteasome, lactacystin (25 μM) (Fig. 6.4). However, the same treatment increased the 

basal levels of hDOR in the absence of the agonist by 2.1 fold. Therefore, even though 

the percent of receptors decreased by agonist treatment is lower in the presence of 

lactacystin, the absolute number of decreased receptors is approximately the same 

compared to the controls. 

 

Proteasomes play a critical role in the quality control of newly synthesized proteins, 

including the DOR, by degrading misfolded proteins (Petaja-Repo et al., 2001). 

Therefore, we hypothesized that the increase in the receptor number after lactacystin 

treatment is caused by accumulation of incorrectly folded receptor proteins. To 

investigate this possibility, we performed the same down-regulation experiment in the 

presence of an inhibitor of new protein synthesis, cycloheximide (5 μg/ml) (Fig. 6.5). 24h 

treatment with cycloheximide alone caused a small decrease in receptor number as 

compared to the control cells (26±16 %). However, as hypothesized, cycloheximide 

completely blocked the increase in hDOR observed after lactacystin treatment (24±16 % 



 75

decrease in receptor number by cycloheximide in the presence of lactacystin). Most 

importantly, cycloheximide also blocked any reduction in DPDPE- and SNC80-mediated 

hDOR down-regulation in the presence of lactacystin (90±2 % vs. 87±2 % down-

regulation by DPDPE in the absence and presence of lactacystin, respectively and 92±1 

% vs. 91±1 % down-regulation by SNC80 in the absence and presence of lactacystin, 

respectively). These data clearly indicate that the effect of lactacystin on hDOR 

expression is caused by blockade of the degradation of newly synthesized receptors not 

by blockade of degradation of agonist activated and internalized receptors targeted for 

down-regulation. 

 

To obtain further support for this conclusion, we measured receptor down-regulation after 

only 4h of agonist treatment in the presence or absence of another proteasome inhibitor, 

MG132 (25 μM) (Fig. 6.6). After 4h of DPDPE treatment already about 54±6 % of the 

receptors are down-regulated, but no significant increase in the basal levels of hDOR 

expression by MG132 is observed. Importantly, down-regulation in the presence and 

absence of MG132 are indistinguishable (54±6 % vs. 50±3 %, respectively), confirming 

that proteasomes are not critically involved in agonist-mediated hDOR down-regulation. 

 

hDOR down-regulation does not require ubiquitination. Ubiquitination is an important 

prerequisite for recognition of the target protein by the proteasome’s regulatory subunit 

and its subsequent degradation. Interestingly, ubiquitination was also demonstrated to be 

necessary to direct some GPCRs into lysosomes (Shenoy et al., 2001). To investigate the 
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role of ubiquitination in hDOR down-regulation we utilized E36ts20 cells which harbor a 

temperature sensitive ubiquitin-activating enzyme E1 (Handley-Gearhart et al., 1994). 

The enzyme is fully functional at temperatures below 37ºC and inactivates at 41ºC. As 

apparent from Fig. 6.7, DPDPE treatment led to similar down-regulation of the human 

delta opioid receptors transfected into E36ts20 cells when the cells were incubated at 

permissive (33ºC) or non-permissive (41ºC) temperatures (39±9 % and 46±3 %, 

respectively). Similar results were obtained for SNC80 treated cells (% of down-

regulated receptors was 41 % at 33ºC and 43 % at 41ºC) These results confirm our 

previous finding that hDOR is not down-regulated by the proteasome. In addition, these 

results demonstrate that in contrast to the β2AR (Shenoy et al., 2001) which requires 

ubiquitination for its down-regulation in lysosomes, hDOR down-regulation proceeds 

normally in the absence of ubiquitination. Later, these findings were reported by the 

laboratory of M. von Zastrow (Tanowitz and von Zastrow, 2002). These authors find that 

mutation of all lysine residues within the intracellular domains of the DOR , which 

prevents receptor ubiquitination, had no effect on targeting the DOR to degradation in 

lysosomes. 

 

hDOR is down-regulated in the lysosome. Since we found that proteasomes are not 

involved in hDOR down-regulation we investigated whether hDOR down-regulation 

takes place in lysosomes. Lysosomal proteases are active at acidic pH, therefore low pH 

is essential for the ability of the lysosomes to degrade the cargo proteins. Lysosomal 

acidic environment is created and maintained by the function of vacuolar H+ ATPases 
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that actively transport protons into the lysosomes. Therefore blocking the H+ pump by a 

selective inhibitor, folimycin, impairs the ability of the lysosomes to degrade proteins 

(Mousavi et al., 2001). 

 

In our control experiments we found (similar to the proteasomal inhibitors) that folimycin 

treatment for 24h increases the basal levels of hDOR, indicating that the lysosomes may 

also be involved in the quality control of the newly synthesized proteins. To eliminate the 

influence of the synthetic pathway we performed the down-regulation assays in the 

presence of a blocker of new protein synthesis, cycloheximide. As seen in Fig. 6.8, down-

regulation of hDOR is significantly less efficient in the presence of folimycin than in 

control cells. This finding identifies the lysosomes as the primary organelle of hDOR 

degradation in CHO cells. 

 

C-terminus of the hDOR contains the degradation targeting motif. In order to identify a 

putative down-regulation motif in the amino acid sequence of the hDOR, we followed up 

on the previous experiments from our laboratory (Okura et al., 2000) and confirmed that 

the C-terminus contains the primary degradation domain. Fig. 6.9 shows that in CHO 

cells expressing a truncated hDOR, down-regulation by DPDPE is completely eliminated 

(6 % vs. 80 % for the truncEt-hDOR and wild type hDOR, respectively). In contrast, 

SNC80 treatment leads only to a reduction in the number of down-regulated receptors 

(47±6 % vs. 90±1 % for the truncEt-hDOR and wild type hDOR, respectively). This 

finding indicates that DPDPE and SNC80 utilize different molecular mechanisms to 
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down-regulate the hDOR. Specifically, these experiments identify the C-terminus as the 

crucial domain for targeting the receptor to down-regulation after a peptide agonist 

(DPDPE) stimulation, but SNC80 may be able to utilize other intracellular domains.  

 

S363 within the C-terminus of the hDOR is involved in DPDPE-mediated down-

regulation. In order to find a specific down-regulation motif within the C-terminus, we 

hypothesized that the primary phosphorylation site, S363, will also play a key role in 

DPDPE-mediated down-regulation. To validate this hypothesis, we mutated S363 to A and 

created CHO cell line stably expressing the hDOR(S363A) mutant, as described in 

“Materials and Methods” (hDOR(S363A)/CHO#13 cell line). The recombinant 2-209-19-

hDOR/CHO and hDOR(S363A)/CHO#13 cells were treated with 500 nM DPDPE or 500 

nM SNC80 for 24h and the extent of receptor down-regulation was measured using [3H] 

naltrindole radioligand binding assay. The results indicate (Fig. 6.10) that after 24h 

DPDPE treatment, down-regulation of the hDOR(S363A) mutant receptor was 

significantly attenuated (45±9 %) compared to that of the wild-type human δ-opioid 

receptor (80±1 %), p<0.01. In contrast, SNC80-mediated down-regulation was virtually 

unaffected by the mutation (87±1 % for the hDOR(S363A) mutant, and 90±1 % for the 

wild-type human δ-opioid receptor) (Navratilova et al., 2004). In our interpretation, these 

data demonstrate that Ser363 is part of the primary down-regulation targeting motif in the 

C-terminal region of the hDOR. 
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The secondary down-regulation targeting motif in the hDOR exposed by SNC80 does not 

involve S249 and S255. As demonstrated, in all experiments SNC80 is more efficacious 

then DPDPE in down-regulating the hDOR, the truncated hDOR and the hDOR(S363A) 

mutant. Notably, truncation of the C-terminus of the hDOR at Gly338 completely 

abolishes down-regulation by DPDPE while SNC80 is still able to down-regulate about 

50% of the receptors. In addition, mutation of S363 to A attenuates DPDPE but not 

SNC80-mediated down-regulation. Based on these results, we hypothesized that SNC80 

may activate a secondary down-regulation motif located in intracellular domains other 

than the C-terminus. Since SNC80 is able to phosphorylate the truncated hDOR while 

DPDPE is not (Varga et al., 2004), we also hypothesized that the putative secondary 

degradation motif will include phospho S/T residues. Using the plasmon resonance 

spectroscopy Cen and collaborators (Cen et al., 2001a) identified S249 and S255 as crucial 

amino acids for binding of β-arrestins to the third intracellular loop of the DOR. β-

arrestin binding to a GPCR is considered necessary for subsequent receptor 

internalization and down-regulation. Therefore, we tested whether these serine residues 

may function as necessary signals for residual SNC80-mediated hDOR down-regulation. 

 

In order to investigate the role of the S249/S255 motif in SNC80-mediated down-

regulation we used the hDOR(S363A) mutant, which displays an amplified differential 

down-regulation between SNC80 and DPDPE. S249A and S255A mutation was 

introduced into the hDOR(S363A)pcDNA3.1 using the QuickChange mutagenesis kit 

generating an hDOR(S249A/S255A/S363A) triple mutant, as described in “Materials and 
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Methods”. hDOR(S249A/S255A/S363A) or hDOR(S363A) cDNA was transiently 

transfected into CHO cells using FuGENE 6 transfection protocol and the ability of 

DPDPE and SNC80 to down-regulate the two receptors was measured. Fig. 6.11 shows 

that contrary to our expectation, SNC80 still down-regulates the triple mutant 

hDOR(S249A/S255A/S363A) more effectively than DPDPE (69±7% for SNC80 and 

57±4% for DPDPE). No change was detected compared to the hDOR(S363A) control 

(74±12% for SNC80 and 55±11% for DPDPE). In conclusion, S249 and S255 do not 

participate in the residual SNC80-mediated down-regulation. Instead, we hypothesize 

that other S/T residues in the intracellular loops of the hDOR may be involved as 

secondary degradation motif. 

 

Discussion 

It has been demonstrated that the fate of the internalized G-protein coupled receptors is 

both receptor-, and cell type-specific (Tsao and von Zastrow, 2000). Our studies on 

receptor down-regulation provide ample evidence that hDOR down-regulation is also 

agonist-specific. In support of this conclusion, chronic morphine treatment was 

completely unable to down-regulate the hDOR (Fig. 6.2) even though morphine activated 

G protein signal transduction pathways (as measured by stimulation of GTPγS binding 

and inhibition of forskolin stimulated cAMP, “Materials and Methods”). In addition, a 

peptide agonist DPDPE and a non-peptide agonist SNC80, which both are full agonists in 

stimulating G protein signaling, display differential efficacies in their abilities to down-

regulate the receptor (Fig. 6.2). Other authors also demonstrated differences in regulation 
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of the hDOR by etorphine and peptide agonists in SK-N-BE cells (Allouche et al., 1999). 

The differential efficacy observed in this study between SNC80 and DPDPE was detected 

in all experiments involving inhibitors of clathrin-coated pit-mediated endocytosis and 

inhibitors of proteasomes or lysosomes. Therefore, differential down-regulation is not 

caused by separate degradation machineries, but rather by enhanced targeting of SNC80-

bound receptors to the same degradation process. This more effective targeting of 

SNC80-bound receptors can be explained by the ability of SNC80 to activate more 

“down-regulation” domains in the hDOR than DPDPE. Support for this conclusion 

comes from our experiments using the C-terminally truncated hDOR and the S363A 

mutant hDOR.  

 

Using the hDOR(S363A) receptor we identify Ser363 as a C-terminal residue critical for 

DPDPE-mediated down-regulation. In contrast, this residue has no effect on down-

regulation by SNC80 (Fig 6.10 and (Navratilova et al., 2004)). Phosphorylation of the 

COOH-terminus is important for receptor internalization (Whistler et al., 2001). In the 

mouse δ-opioid receptor, receptor phosphorylation is hierarchical with Ser363 being the 

primary phosphorylation site upon DPDPE treatment (Kouhen et al., 2000). The 

carboxyl-terminal residues are also involved in post-endocytic sorting of the δ-opioid 

receptor to degradation pathways upon chronic peptide agonist treatment (Trapaidze et 

al., 2000). Significantly, in the present study we demonstrate that although Ser363 has an 

important role in the human δ-opioid receptor down-regulation by DPDPE, it is not 

essential for receptor down-regulation by SNC 80. 
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Using a truncated human δ-opioid receptor, we demonstrate that truncation of the 

carboxyl-terminus at Gly338 completely abolished DPDPE-, but not SNC80-mediated 

down-regulation (Fig. 6.9) and (Okura et al., 2000). Therefore, in addition to the 

carboxyl-tail, other domains are involved in SNC80-mediated down-regulation (Okura et 

al., 2003). These findings corroborate the conclusion that structurally distinct agonists 

utilize specific receptor domains to regulate receptor trafficking; namely, DPDPE 

requires an intact carboxyl-terminus while SNC80 is able to activate other domains, in 

addition to the C-terminus, to down-regulate the human δ-opioid receptor. This additional 

mechanism is able to compensate for the lack of Ser363 phosphorylation in the (S363A) 

mutant receptor and in the truncated hDOR. 

  

In conclusion of this section, we found that in CHO cells hDOR is down-regulated after 

chronic (several hours) treatment with an agonist in a time- and dose-dependent manner. 

Furthermore, different agonists have different propensities to down-regulate the hDOR 

with the rank order: morphine < DPDPE < SNC80. Internalization of the hDOR is 

necessary to allow receptor down-regulation. Once inside the cell, the receptor is 

degraded by the lysosomes, not by the proteasomes, as earlier suggested (Chaturvedi et 

al., 2001). Importantly, ubiquitination of the hDOR, in contrast to other GPCRs, is not 

necessary for its efficient down-regulation. By truncating the C-terminus we demonstrate 

that this domain is absolutely required for peptide agonist (DPDPE) mediated down-

regulation. Within the C-terminus we identified S363 as a crucial amino acid for peptide 
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agonist mediated down-regulation. In contrast to DPDPE, SNC80-mediated down-

regulation is not significantly affected by S363A mutation. Moreover, SNC80 is still able 

to down-regulate the truncated hDOR. These findings indicate that a domain other than 

the C-terminus is activated by SNC80 binding and used to target the receptor for 

degradation. In search of this putative down-regulation domain we found that β-arrestin 

binding site in the third intracellular loop, the S249/S255 motif, is not involved. Other 

intracellular domains, probably involving phospho-S/T residues, are therefore activated 

by SNC80 and function as a secondary down-regulation motif. 
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7. AGONIST-MEDIATED DESENSITIZATION OF THE HUMAN DOR 

Taken in part from (Navratilova et al., 2007) 

 

Introduction 

Agonist-mediated desensitization of the opioid receptor is thought to function as a 

protective mechanism against sustained opioid signaling and may prevent the 

development of opioid tolerance.  However, the exact molecular mechanism of opioid 

receptor desensitization remains unresolved, due to difficulties in measuring and 

interpreting receptor desensitization.  Agonist-mediated receptor desensitization is 

usually classified on the basis of the duration as rapid or prolonged, and on the basis of 

the mechanism triggering desensitization as homologous (caused by activity of the same 

receptor molecule) or heterologous (caused by activation of other receptors) (Lohse et al., 

1990; Tran et al., 2004). Long lasting opioid receptor desensitization may be responsible 

for some aspects of opioid tolerance. Rapid agonist-mediated desensitization, on the other 

hand, may protect the organism from sustained opioid signaling and prevent the 

development of tolerance. In this study we examined the molecular mechanisms of the 

rapid homologous desensitization of the human delta opioid receptor (hDOR). 

 

Multiple regulatory mechanisms contribute to the rapid homologous desensitization of 

the DOR: GRK-mediated receptor phosphorylation, β-arrestin binding and receptor 

internalization. Since these regulatory events are all causally dependent on each other, it 

is not clear which is the key process directly responsible for DOR desensitization. In 
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earlier studies, phosphorylation of the endogenous human DOR in SK-N-BE cells was 

found to correlate with receptor desensitization (Hasbi et al., 1998) and DOR 

desensitization occurred under conditions impairing receptor internalization (Hasbi et al., 

2000; Willets and Kelly, 2001). In contrast, Law and coworkers demonstrated that both 

phosphorylation and internalization contribute to DOR desensitization in HEK 293 cells 

(Law et al., 2000). High affinity binding of β-arrestin to the receptor is expected to 

sterically interfere with G protein coupling, thereby effectively attenuating G protein 

signaling (Gurevich and Gurevich, 2004). In some studies β-arrestin recruitment has been 

considered a hallmark of the homologous receptor desensitization (Barak et al., 2006). 

However, the direct role of β-arrestin binding in DOR desensitization has not yet been 

studied in detail. 

 

As reviewed above, significant inconsistencies exist in the interpretation of the 

relationship between different DOR regulatory events and DOR desensitization. In 

addition, there is no clear agreement on the definition of the term “receptor 

desensitization”. Usually, receptor desensitization is interpreted as molecular changes 

occurring at the level of the receptor, but is generally measured at the level of the 

receptor’s function. The functional effect, however, depends not only on the functional 

status of the receptor but also on the signal transduction amplification between the 

receptor and the effector (Trzeciakowski, 1999). We hypothesize that some of the 

difficulties in interpreting desensitization experiments are due to the non-linearity in 
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receptor/effector coupling and could be prevented if the number of desensitized receptors 

is correctly determined.  

 

In this chapter we will: 1) characterize hDOR desensitization by measuring 

desensitization of the GTPγS stimulation and cAMP inhibition; 2) develop a 

mathematical analysis based on the Operational Model of Agonist Action (Black et al., 

1985) to quantitatively evaluate the proportion of hDOR molecules desensitized after 

agonist treatment; 3) discuss the role of delta opioid receptor phosphorylation at S363, β-

arrestin binding and receptor endocytosis in rapid hDOR desensitization; and 4) 

investigate agonist-specific differences in hDOR desensitization. To perform detailed 

analyses of hDOR functions, we used a well characterized cellular model system, 

Chinese hamster ovary (CHO) cells stably expressing either the wild-type hDOR or a 

phosphorylation deficient mutant, in which S363 was mutated to alanine [hDOR(S363A)]. 

Receptor desensitization was measured by two second messenger assays: stimulation of 

GTPγ[35S] binding and inhibition of forskolin-stimulated cAMP production. The results 

were analyzed using a modified version of the Operational Model of Agonist Action 

(Black et al., 1985). Our data demonstrate that: 1) the developed mathematical model can 

be used to analyze a complex phenomenon, such as the time-course of receptor 

desensitization, and correctly calculate the proportion of desensitized receptors; 2) 

although a mutation of the primary phosphorylation site, S363, does not prevent β-

arrestin2 recruitment and receptor internalization, it significantly attenuates deltorphin II-
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mediated hDOR desensitization; and 3) SNC80 is more effective in desensitizing the 

hDOR than deltorphin II because it does not depend solely on phosphorylation of S363. 
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Results 

Deltorphin II-mediated hDOR desensitization. To study rapid desensitization of the 

human delta opioid receptor, we used recombinant Chinese hamster ovary (CHO) cells 

expressing the human delta opioid receptor (1-209-19hDOR/CHO, “Materials and 

Methods”) and measured the effects of agonist pretreatment on two different cellular 

functions. 1) We measured concentration-response curves for deltorphin II-stimulated  

GTPγ[35S] binding in cell membranes isolated from untreated (non-desensitized) cells or 

cells that were pretreated (desensitized) for increasing time intervals with deltorphin II 

(100 nM).  2) In separate sets of experiments, we measured deltorphin II dose-response 

curves for forskolin-stimulated cAMP production in untreated and deltorphin II 

pretreated cells. 

 

As seen in Fig. 7.1A, the concentration curves of GTPγ[35S] binding in hDOR/CHO cells 

pretreated with deltorphin II were shifted to the right, and at longer times of agonist pre-

treatment maximal GTPγ[35S] binding was also reduced compared to the control cells. 

The deltorphin II-mediated shift in EC50, and the reduction of Emax were dependent on the 

time of pretreatment (Table 7.1). Similarly, Fig. 7.1B demonstrates that in agonist 

pretreated cells, deltorphin II was less efficacious and less potent in inhibiting forskolin-

stimulated cAMP production as compared to the control cells. This effect was also 

dependent on the time of deltorphin II pre-treatment (Table 7.1). The reduced cellular 

response to deltorphin II, as measured by either GTPγ[35S] binding or inhibition of cAMP 

accumulation, is indicative of a decreased ability of pretreated receptors to couple to G 
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proteins. Our results are in agreement with previous studies, which found that DOR 

signaling is desensitized upon agonist treatment. However, although qualitatively 

important, this observation does not provide any quantitative measure of the number of 

desensitized receptors. 

 

Operational Model of Drug Action. Because, in our system, receptor desensitization leads 

to a reduction in Emax as well as an increase in EC50, both of these changes need to be 

considered in order to correctly evaluate the proportion of desensitized hDOR. In this 

circumstance, the reduction of the maximal effect after desensitization is not proportional 

to the number of desensitized receptors. Therefore, changes occurring at the receptor 

level, like receptor phosphorylation or internalization, cannot be directly correlated with 

the measured changes in the maximal effect. To obtain a quantitative estimate of the 

number of desensitized receptors we employed the Operational Model of Drug Action 

developed by Black and collaborators (Black et al., 1985), which describes the 

correlation between a biological effect E and agonist concentration [A] as a function of 

three parameters: Em, KA and τ: 

[ ]
[ ] [ ]AτAK
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++
=            (7.1)  

Where Em, or the operational maximum, represents the maximum possible effect in the 

tissue, KA is the dissociation constant of the agonist and τ is the operational efficacy or 

the transducer ratio. Parameter τ is defined as: 

[ ] [ ]ET KR /=τ          (7.2) 
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Where [R]T is the total concentration of receptors and [KE] is the concentration of 

occupied receptors required to produce half of the maximum Em. The operational model 

describes how both Emax and EC50 change when either the total concentration of receptors 

[R]T, or the concentration of receptors [KE] necessary to produce half of the operational 

maximum (Em) changes. Therefore the Operational Model calculates the operational 

efficacy τ (and thus the receptor number) based on changes in both Emax and EC50.  

 

The dependence of the effect on [R]T was used earlier to estimate the proportion of β2 

adrenergic (Lohse et al., 1990) or μ opioid receptors (Osborne and Williams, 1995) 

desensitized by agonist pretreatment. Using the approach of Lohse (Lohse et al., 1990), a 

paired set of dose-response curves obtained pre- and post-desensitization was fitted 

simultaneously using equation (7.1). The parameters Em and KA characterize the cellular 

system and the agonist used, and therefore do not change with the number of desensitized 

receptors. The only parameter that distinguishes the pre- and post-desensitization curves 

is the operational efficacy (τ). Since τ is proportional to the number of functional (non-

desensitized) receptors, the fraction of the desensitized receptors D can be calculated as: 

control

eddesensitizD
τ
τ

−= 1         (7.3) 

In this equation, τcontrol is the initial operational efficacy in the non-desensitized state and 

τdesensitized is the operational efficacy after a fraction of receptors have been desensitized 

(Lohse et al., 1990). Two functional effects of hDOR stimulation by deltorphin II were 

measured in this study: stimulation of GTPγ[35S] binding and inhibition of forskolin-
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stimulated cAMP formation. In order to quantitatively analyze the magnitude of the 

effect, the measured levels of GTPγ[35S] binding or cAMP formation were normalized to 

0% in the absence of the agonist and to 100% at saturating amounts of the agonist in 

untreated (control) cells. In GTPγ[35S] binding experiments, deltorphin II-stimulated 

levels of bound GTPγ[35S] (B) were first adjusted by subtracting the basal levels (BB0) and 

then normalized to the percent of adjusted maximum stimulation (BmaxB ) in control cells 

according to the equation: Effect = (B - BB0)/ [BmaxB (con) - BB0(con)] × 100%. 

 

In cAMP experiments, the residual level of cAMP production in control cells, which was 

not inhibited by saturating concentrations of deltorphin II (Pmax(con)), was first subtracted 

from all dose-response curves for deltorphin II-mediated inhibition of cAMP production 

(P). Subsequently, each dose response curve was normalized to 100% forskolin-

stimulated levels in the absence of the agonist (P0) and expressed as an increase in cAMP 

inhibition, rather then decrease in cAMP production, in accordance with the equation: 

Effect =  (P0 –  P)/[ P0 –  Pmax(con)] × 100%. The average maximum level of forskolin-

stimulated cAMP in the absence of the agonist was 37 ± 12 and 30 ± 9 pmol/100,000 

cells in hDOR/CHO and hDOR(S363A)/CHO cells, respectively. The residual level of 

cAMP was 12 ± 5 and 14 ± 5 pmol/100,000 cells in hDOR/CHO and 

hDOR(S363A)/CHO cells, respectively. During the assay time interval (0-60 min) the 

levels of cAMP production were not affected by agonist-mediated superactivation of 

adenylyl cyclase (Varga et al., 2003). 
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Modification of the Operational Model to calculate the kinetics of receptor 

desensitization. To analyze data from experiments involving the time-course of receptor 

desensitization, we have modified the operational model by adding restrictions that 

should be fulfilled for the parameterτ. In the simplest model, we can assume that the 

number of functional receptors [R]T, and consequently τ, decreases exponentially as a 

function of the time of the pretreatment, according to: 

∞+−= τττ )exp()( 0 ktt        (7.4) 

where k is the rate constant of desensitization, τ∞ is the asymptotic value of τ approached 

when the maximum number of receptors has been desensitized. (τ0 + τ∞) = τcontrol is the 

initial τ value in non-desensitized cells. We can now introduce this restriction on 

parameters τ into equation (7.1) and obtain more meaningful estimates of the time course 

of receptor desensitization, which will allow us to calculate the rate of receptor 

desensitization and the maximum level of desensitization at equilibrium. Substituting τ(t) 

from equation (7.4) into equation (7.1) yields: 
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This equation is a five-parameter equation, which describes a whole series of dose-

response curves as a function of one variable, the time of deltorphin II pretreatment. Fig. 

7.2 illustrates the theoretical dependence of the dose-response curves on the time of 

pretreatment as predicted from equation (7.5). The theoretical curves were generated 

using arbitrary values Em = 100, τ0 = 20, τ∞ = 1, KA = 1 nM and k = 0.1 min-1, which were 

chosen to describe a realistic cellular model. The selected value of τ0 = 20 describes a 
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cellular system with significant receptor reserve. In this situation, Emax of the dose 

response curve for non-desensitized receptors approaches the theoretical operational 

maximum Em and the EC50 is smaller than KA. As τ decreases with increasing time of 

pretreatment, EC50 increases, initially with little change in the Emax. After an extended 

pretreatment period, a decrease in Emax becomes apparent and is accompanied by further 

increase in EC50 to the asymptotic value KA. In systems with no receptor reserve the 

maximum effect (Emax) does not reach the theoretical maximum Em in the non-

desensitized state. Therefore, an attenuation of the Emax is already apparent when only a 

small proportion of the receptors have been desensitized. However, because the reduction 

in Emax is always accompanied by an increase in EC50, the reduction in Emax alone will 

underestimate the proportion of desensitized receptors. This emphasizes the importance 

of using changes in both Emax and EC50 when evaluating desensitization experiments. The 

presented analysis expands the Operational Model of Agonism to calculate the kinetics of 

receptor desensitization. A similar approach can also be applied to calculate 

desensitization of any GPCR under various experimental conditions.  

 

Quantitative evaluation of the kinetics of hDOR desensitization using the modified 

Operational Model. The experimental data for the time-course of receptor desensitization 

were analyzed using equation (7.5), with the parameters Em and KA shared for all time 

points (0-60 min). For curves corresponding to times (0-45 min), τ is defined by equation 

(7.4) in which τ0 and τ∞ were fitted shared parameters; for the 60 min curve τ = τ60 was 

fitted independently since at this time long-term desensitization mechanisms may already 
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be present. In Figs. 7.3A and 7.3B the data obtained for the time course of hDOR 

desensitization (Figs. 7.1A and 7.1B, respectively) were fitted using equation (7.5). All 

five parameters (Em, τ0, τ∞, KA and k) were shared among all dose-response curves for 

GTPγ[35S] binding and again in a separate calculation using inhibition of cAMP 

production. The values obtained for these parameters for the GTPγ[35S] and the cAMP 

assays are summarized in Table 7.2. The initial value of τcontrol  = (τ0 + τ∞) is reported in 

Table 7.2 instead of the fitted τ∞ value. 

 

From Table 7.2 we can observe the fitted operational maximum Em is 120 ± 5% and 106 

± 4% for the GTPγ[35S] and cAMP assays, respectively. In GTPγ[35S] measurements the 

operational efficacy in control cells τcontrol = (τ0 + τ∞) was 7.8 ± 2.4. Since by definition τ 

= [R]T/[KE], we can conclude that the expression of the receptors in our cells is 

approximately 7.8 times higher than the number of receptors necessary to produce half of 

the operational maximum Em. Consequently, some receptor reserve exists in our cellular 

system for the GTPγ[35S] stimulation assay. After deltorphin II pretreatment, the 

operational efficacy τ is reduced and, at infinity, would reach the value 1.4 ± 0.5. The 

operational efficacy measured by the cAMP assay τcontrol = (τ0 + τ∞) = 36 ± 21 is higher 

than that measured by the GTPγ[35S] assay. The expression of the receptors in our cells is 

approximately 36 times higher than the number of receptors necessary to produce half of 

the operational maximum Em in the cAMP assay. This supports the conclusion that signal 

amplification measured by the cAMP assay is higher, as would be expected because it 
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reflects signaling events several steps downstream of G protein activation. Therefore, 

even when significant portion of the receptors is desensitized upon agonist treatment, 

only a small reduction in Emax is observed in cAMP assay and the predominant effect of 

desensitization remains the rightward shift in EC50 value. Importantly, the desensitization 

calculated using equation (7.3) from τ values before (τcontrol) and after (τ∞) the maximum 

number of receptors have been desensitized correlates very well when comparing the two 

assays: 82% for both GTPγ[35S] and cAMP assays, confirming that this parameter is not 

dependent on which assay is chosen. The half-lives of receptor desensitization estimated 

using t1/2 = 0.693/k from GTPγ[35S] and cAMP assays were 9.8 min and 8.4 min, 

respectively. The estimated theoretical dissociation constants KA for deltorphin II 

measured by the two assays were 81 ± 16 nM and 16 ± 8 nM, respectively. Values of KA  

are about 10 -50 fold larger than the EC50 values measured in untreated cells, again 

supporting the presence of spare receptors. 

 

S363A mutation attenuates hDOR desensitization. The molecular mechanisms underlying 

receptor desensitization remain controversial. It is currently accepted that several 

mechanisms may contribute to rapid receptor desensitization including receptor 

phosphorylation, binding of β-arrestin and receptor internalization. In HEK 293 cells 

phosphorylation of the mouse DOR is hierarchical with S363 in the C-terminal region 

being the primary phosphorylation site (Kouhen et al., 2000). In addition, mutation of 

S363 to Ala was shown to reduce agonist-mediated uncoupling of the receptor from 

adenylyl cyclase signaling (Law et al., 2000). Since receptor phosphorylation leads to β-
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arrestin recruitment and receptor internalization, it is not clear which of these 

mechanisms is crucial for hDOR desensitization. 

 

To study the role of S363 phosphorylation in the desensitization of the human DOR we 

mutated S363 to alanine and created a CHO cell line stably expressing the mutant 

hDOR(S363A) receptor (Navratilova et al., 2004). In Chapter 3 we demonstrated using 

the Western blot analysis with a specific phospho-hDOR(S363) primary antibody (Cell 

Signaling) that treatment of hDOR/CHO cells with deltorphin II (500 nM) leads to 

phosphorylation of the hDOR at S363 (Fig. 3.1). The half-life of receptor phosphorylation 

estimated from the time course of S363 phosphorylation is t1/2 = 1.7 ± 0.2 min (Fig. 3.3). 

In addition, these experiments confirmed that S363 phosphorylation is eliminated by 

mutating this amino acid to alanine (Fig. 3.1). 

 

In this chapter we investigate the effect of S363A mutation on the hDOR desensitization. 

Using the GTPγ[35S] binding assay, we showed that hDOR(S363A) mutant receptor was 

desensitized by deltorphin II pretreatment to a much lesser extent than the wild-type 

hDOR, as evident from a smaller shift of the dose-response curve (Fig. 7.4A). This 

finding was reproduced by measuring the dose-response curves for inhibition of cAMP 

production in hDOR/CHO and hDOR(S363A)/CHO cells (Fig. 7.4B). In order to 

evaluate the statistical significance of these findings we fitted the observed data with 

sigmoidal concentration-response curves using the Hill coefficient equal to 1, and 

compared all curves using the extra sum-of-squares F test calculated with GraphPad 
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Prizm 4. The resulting Emax and EC50 values for the individual curves are shown in Table 

7.3. We found that the control dose-response curves for untreated wild-type and mutant 

receptors were not significantly different in either GTPγ[35S] or cAMP assay, confirming 

that the S363A mutation had no effect on acute receptor signaling. Importantly, in 

hDOR/CHO cells the shift in dose-response curves upon deltorphin II pretreatment was 

significant (EC50 increased 4.5-fold from 6.9 to 31 nM in GTPγ[35S] assay, p<0.0001 and 

5.5-fold from 1.4 to 7.5 nM in cAMP assay, p<0.05). Conversely, in 

hDOR(S363A)/CHO cells the shift upon deltorphin II pre-treatment was much smaller 

(2.3-fold from 5.8 to 13 nM and 1.4-fold from 2.0 to 2.8 nM in GTPγ[35S]  and cAMP 

assay, respectively). This shift was statistically significant in GTPγ[35S] assay (p<0.001) 

but did not reach statistical significance in cAMP assay (p=0.48). Finally, the difference 

between the deltorphin II-mediated shift in hDOR/CHO cells and hDOR(S363A)/CHO 

cells was statistically significant for both assays (p<0.0001). These analyses clearly show 

that pretreatment of the hDOR/CHO cells for 60 min with 100 nM deltorphin II causes 

desensitization of the G protein signaling which is significantly attenuated in 

hDOR(S363A)/CHO cells. This finding identifies S363 as an important residue for hDOR 

desensitization. 

 

To estimate the proportion of the wild-type and S363A mutant receptors desensitized by 

agonist pretreatment, we applied the Operational Model of Agonist Action (Black et al., 

1985) as explained in ”Materials and Methods”. For this analysis, we assumed that the 

dose-response curves for the hDOR and hDOR(S363A) under control conditions 
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(untreated) are described by the same equation and, therefore, share the parameter τ = 

τcontrol. This assumption is justified by the results of the regression statistical comparison. 

The fitted curves for GTPγ[35S] binding and inhibition of cAMP production experiments 

in cells expressing the wild-type and S363A mutant receptors are presented in Figs. 7.5A 

and 7.5B, respectively, and the calculated values for the fitted parameters are summarized 

in Table 7.4. From the fitted parameters, τ, desensitization of the wild type and S363 

mutant hDOR was computed using equation (7.3). Desensitization of the hDOR achieved 

after 60 min of deltorphin II treatment was 85% and 81% in GTPγ[35S] and cAMP 

assays, respectively; values comparable to the maximal desensitization calculated from 

the desensitization time course (82% in both assays). On the other hand, desensitization 

of the S363A mutant was markedly lower, reaching only 20% and 18% in GTPγ[35S] and 

cAMP assays, respectively. Because the S363A mutation significantly reduces the 

number of receptors desensitized by deltorphin II, S363 must play a crucial role in receptor 

desensitization. 

 

One possibility for the role of S363 in hDOR desensitization may be that S363 

phosphorylation hinders the interaction of the receptor with G proteins. Alternatively, 

other events dependent on S363 phosphorylation may also be necessary for complete 

receptor uncoupling. These events may include: phosphorylation of other residues; 

binding of GRKs or β-arrestins to the receptor; receptor sequestration into clathrin-coated 

pits, and receptor internalization into endosomes. Since deltorphin II-mediated 

desensitization of the hDOR is significantly reduced by the mutation of S363 to alanine, 
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we hypothesized that every molecular event involved in receptor desensitization would 

also be significantly attenuated by this mutation.  

 

As described earlier in Chapter 4 the ability of the hDOR to recruit β-arrestin2-GFP to 

the plasma membrane upon treatment of the cells with saturating concentrations of 

deltorphin II (100 nM) was not altered by mutating the S363 to alanine (Fig. 4.4). 

Conversely, in this chapter we show that S363A mutation almost completely eliminates 

rapid deltorphin II-mediated receptor desensitization. These results indicate that β-

arrestin2 binding to the receptor is not sufficient to uncouple the hDOR from its cognate 

G proteins. Similarly, in Chapter 5 we demonstrated that S363A mutation does not 

eliminate receptor-mediated internalization of a fluorescently labeled analog of 

deltorphin II ([Gln4]deltorphin-rhodamine, Fig. 5.4). Therefore we can also deduce that 

hDOR internalization is not sufficient to completely uncouple the receptor from G 

proteins. Taken together, we conclude that neither β-arrestin2 binding nor internalization 

of the receptor themselves are sufficient to desensitize the hDOR without 

phosphorylation of S363. 

 

Agonist-specific hDOR desensitization. We have demonstrated in Chapter 6 and in 

(Varga et al., 2004) that peptide agonists and SNC80 differentially down-regulate the 

hDOR (Fig. 6.2). Moreover, using truncated and S363A mutant hDOR constructs, we 

showed that qualitative differences exist in the efficacies of peptide agonists and a non-

peptide agonist SNC80 to down-regulate the receptor. Namely, peptide agonists required 
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the C-terminus while SNC80 was able to use other intracellular domains to down-

regulate the hDOR (Fig. 6.9). In addition, phosphorylation of S363 seems to be crucial for 

peptide agonists but is dispensable in SNC80-mediated down-regulation (Fig. 6.10) 

(Navratilova et al., 2004).  

 

In this chapter we extended our down-regulation studies and investigated whether hDOR 

is also desensitized more effectively by SNC80 than by peptide agonist deltorphin II. 

Furthermore, we studied the effect of S363A mutation on receptor desensitization by 

SNC80. We hypothesized that due to putative additional phosphorylation sites activated 

by SNC80, hDOR would be desensitized more effectively and desensitization would not 

depend solely on S363. 

 

SNC80 desensitizes the hDOR more effectively than deltorphin II. To study the 

differences in the abilities of peptide agonists (deltorphin II) and SNC80 to desensitize 

the hDOR, we measured concentration-response curves of deltorphin II-stimulated  

GTPγS binding in cell membranes isolated from non-desensitized (untreated) cells or 

cells that were pretreated for 60 min with either deltorphin II (100 nM) or SNC80 (100 

nM).  In a separate set of experiments we measured deltorphin II dose responses of 

forskolin-stimulated inhibition of cAMP production in untreated and deltorphin II or 

SNC80 pretreated cells. Fig. 7.6A shows that in cells expressing the wild-type hDOR the 

concentration curves of GTPγS binding are shifted to the right and the maximum GTPγS 

binding is reduced by pretreatment of the cells with deltorphin II or SNC80 compared to 
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the control cells. Notably, the desensitization effect is larger with SNC80 than with 

deltorphin II. A similar trend is observed in Fig. 7.6B where pretreatment of the cells 

with both agonists reduces the efficacy of deltorphin II to inhibit forskolin-stimulated 

cAMP production; however, the effect of SNC80 was again stronger. The experimental 

data were fitted with sigmoidal dose-response curves using the GraphPad Prizm 4 

software, the calculated Emax and EC50 values are summarized in Table 7.5. To determine 

the statistical significance of the differences between the curves for control, deltorphin II-

pretreated and SNC80-pretreated cells we compared the fitted curves using extra sum-of-

square F test. In the GTPγS assay, deltorphin II and SNC80 shifted the dose-response 

curves for hDOR activation significantly to the right (EC50 increased 4.6 fold, p<0.0001 

for deltorphin II and 3.4 fold, p<0.01 for SNC80). The difference between deltorphin II 

and SNC80 is not statistically significant (p=0.6). SNC80 however, attenuated the 

maximum effect Emax more than deltorphin II (81% and 72% of the untreated control for 

deltorphin II and SNC80, respectively). In the cAMP assay again both deltorphin II and 

SNC80 significantly shifted the dose-response curves to the right (EC50 increased 3.0 

fold, p<0.01 for deltorphin II and 8.3 fold, p<0.0001 for SNC80). Although SNC80 

produced a larger shift compared to deltorphin II, the difference between the two agonists 

did not reach statistical significance (p=0.09).  

 

S363A mutation of the hDOR has a differential effect on SNC80- and deltorphin II-

mediated receptor desensitization. As shown in Fig. 7.7A and Table 7.5, in cells 

expressing the S363A mutant hDOR, deltorphin II pretreatment produced a much lower 
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desensitization of GTPγS binding compared to the wild-type receptor (EC50 increases 1.7 

fold, p<0.01). In contrast, the non-peptide agonist SNC80 considerably desensitized the 

deltorphin II dose response curve for GTPγS binding measured in hDOR(S363A)/CHO 

cells (EC50 increases 4.4 fold, p<0.0001). This finding was reproduced by measuring 

cAMP inhibition in hDOR(S363A) cells pretreated with deltorphin II or SNC80. Fig. 

7.7B and Table 7.5 indicates that deltorphin II pretreatment does not appreciably 

desensitize the hDOR(S363A) while SNC80 pretreatment does (EC50 increased 1.5 fold, 

p=0.17 for deltorphin II and 2.5 fold, p<0.0001 for SNC80). The difference between 

deltorphin II and SNC80 is statistically significant in GTPγS assay (p=0.013), but did not 

reach statistical significance in cAMP assay (p=0.06). 

 

Quantitative evaluation of agonist-specific hDOR or hDOR(S363A) desensitization using 

the Operational Model of Drug Action. In order to estimate the proportion of receptors 

desensitized by agonist pretreatment, we used the Operational model of agonist action 

(Black et al., 1985). By fitting the measured data to the theoretical equation of the 

operational model (equation 7.1) we calculated the best fit of the operational maximum 

Em and the dissociation constant KA for deltorphin II in our cellular model as well as the 

operational efficacy τ for untreated, and deltorphin II or SNC80 pretreated cells. The 

fitted curves for the hDOR are plotted in Fig. 7.6C,D and for the hDOR(S363A) in Fig. 

7.7C,D. The level of desensitization caused by different agonists was estimated from the 

fitted τ values using equation (7.5). The calculated values of these parameters for GTPγS 

binding and cAMP inhibition experiments in cells expressing the wild-type and (S363A) 
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mutant receptors are summarized in Table 7.6. The estimates of the operational efficacy τ 

(16 and 15 for the hDOR and hDOR(S363A) in GTPγS assay, respectively; 18 and 30 for 

the hDOR and hDOR(S363A) in cAMP assay, respectively) correlate very well with the 

previously obtained values (Tables 7.3 and 7.5) and with the conclusion that more spare 

receptors are available in cAMP measurements than in GTPγS measurements. According 

to equation (7.2), agonist-mediated desensitization of the receptors results in a reduction 

of the operational efficacy (Table 7.6). In both assays, SNC80 reduced the τ value for the 

hDOR more than deltorphin II, signifying a larger desensitizing efficacy of SNC80. 

Using equation (7.5) the proportion of desensitized hDOR was estimated to be 79% or 

78% for deltorphin II and 84% or 90% for SNC80 in GTPγS or cAMP assays, 

respectively. Mutation of S363 to alanine in the hDOR further enhanced the differential 

desensitizing efficacies of deltorphin II and SNC80. The calculated proportion of 

desensitized hDOR(S363A) was 29% or 14% for deltorphin II and 83% or 50% for 

SNC80, in GTPγS or cAMP assays, respectively. Finally, the operational model provides 

an estimate of deltorphin II dissociation constants KA for stimulation of GTPγS binding 

and inhibition of cAMP production. In GTPγS assay the calculated KA values were 

116±22 nM for the hDOR and 112±26 nM for the hDOR(S363A). In cAMP assay the KA 

values are lower: 20±4 nM for the hDOR and 68±53 nM for the hDOR(S363A), which 

correlates to the previously obtained results (Table 7.4). 

 

It can be concluded from these results that desensitization of hDOR shows agonist 

specificity revealed by the mutation of the primary phosphorylation site in the receptor’s 
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C-terminal domain. This finding corresponds to our previous study (Varga et al., 2004) 

which demonstrated the differential ability of a peptide agonist DPDPE and a non-peptide 

agonist SNC80 to induce delta opioid receptor down-regulation. Similarly to the present 

work, agonist specific down-regulation was further amplified by the mutation of S363 to A 

(Navratilova et al., 2004). However, receptor down-regulation is not likely to be 

responsible for the observed rapid desensitization, since the time frame for receptor 

degradation (down-regulation) is several hours, rather than several minutes observed for 

hDOR desensitization. Notably, we have not detected any measurable loss of receptor 

binding sites after 1h pretreatment in our cell line (Fig. 6.1).  
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Discussion 

A major obstacle in understanding the exact mechanism of rapid homologous DOR 

desensitization is the difficulty to correctly determine the fraction of desensitized 

receptors. In our present study we used a mathematical analysis based on the Operational 

Model of Agonist Action (Black et al., 1985) to calculate the proportion of desensitized 

hDOR from measurements of deltorphin II-mediated desensitization of two functional 

effects: stimulation of GTPγ[35S] binding and inhibition of cAMP accumulation. We 

expanded the Operational Model by incorporating the time-course of receptor 

desensitization. To determine the molecular mechanism of rapid hDOR desensitization 

we investigated the role of deltorphin II-mediated phosphorylation of S363, translocation 

of β-arrestin2 to the plasma membrane and hDOR internalization. The results of these 

experiments demonstrate that: 1) the operational model allows one to correctly calculate 

the proportion of desensitized receptors; and 2) β-arrestin binding and receptor 

internalization are not sufficient to bring about hDOR desensitization without 

phosphorylation of S363.  

 

As emphasized in “Materials and Methods”, receptor desensitization results not only in 

an attenuation of the maximum effect but also in a rightward shift of the concentration 

response curve (Fig. 7.2). Consequently, the measured reduction of a functional effect is 

not directly proportional to the number of desensitized receptors, particularly in the 

presence of spare receptors (Borgland et al., 2003; Connor et al., 2004). To minimize this 

disproportionality, many desensitization studies have been performed either in cell lines 
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which express low levels of the DOR, such as SK-N-BE (Hasbi et al., 1998), or in cells 

where receptor level was experimentally manipulated (Law et al., 2000). In other studies, 

a mathematical analysis was used to calculate the proportion of desensitized receptors. 

Lohse adapted the Operational Model of Agonism (Black et al., 1985) and, assuming that 

desensitization represents a loss of signal-transduction efficacy of the receptor/effector 

system, derived an equation to calculate the number of desensitized receptors (Lohse et 

al., 1990). Similarly, Whaley and coworkers (Whaley et al., 1994) adapted models of 

receptor/G protein activation of adenylyl cyclase to derive expressions that predict 

changes in EC50 and Emax as the receptor number varies. It can be demonstrated that after 

transformation, the two methods yield identical equations. Since the Operational Model 

(Black et al., 1985) is not limited to activation of adenylyl cyclase but describes generally 

any relationship between receptor activation and effector function, we used this method 

in our study. In addition, we expanded the method of Lohse (Lohse et al., 1990), and 

assuming that the time dependence of receptor desensitization can be approximated by an 

exponential function, we derived an equation which allows us to estimate the half-life of 

hDOR desensitization. 

 

Results of our analysis indicate that in recombinant CHO cells the hDOR is desensitized 

by deltorphin II treatment in a time-dependent manner with a half-life of approximately 

10 min. Desensitization after 60 min of agonist treatment reached maximal levels that 

corresponded to about 80% of receptors desensitized. The same treatment desensitized 

only 20% of a mutant hDOR in which the primary phosphorylation site, S363, was 
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mutated to alanine. The obtained rate of DOR desensitization corresponds to results 

reported by other investigators using cell lines with low expression levels of DOR 

(Allouche et al., 1999; Law et al., 2000). These results suggest that the use of the 

Operational Model enables us to correctly analyze receptor desensitization even in high 

receptor expression systems containing spare receptors.  

 

Agonist-mediated phosphorylation of the DOR by high affinity agonists was 

demonstrated in our laboratory (Okura et al., 2000) as well as by other investigators 

(Allouche et al., 1999; Eisinger et al., 2002; Li et al., 2003; Willets and Kelly, 2001). 

Based on mutational analysis, S363 in the C-terminus of the mouse DOR was identified as 

the primary phosphorylation residue (Kouhen et al., 2000). In Chapter 3, we found using 

a phospho-hDOR(S363) primary antibody that S363 of the human DOR is phosphorylated 

upon deltorphin II treatment in a time-dependent manner with a half-life of about 2 min.  

This half-life is shorter than the half-life of receptor desensitization (~10 min), indicating 

that the relationship between receptor phosphorylation and desensitization is not direct. 

Indeed, elimination of S363 phosphorylation by mutation of this residue to alanine did not 

completely prevent hDOR desensitization produced by 60 min deltorphin II treatment, 

but only reduced the number of desensitized receptors from 80 to 20%.  Therefore, the 

hDOR is desensitized by a S363 dependent and by a S363 independent mechanism. 

Phosphorylation-dependent and independent mechanisms of desensitization were also 

identified for rhodopsin (Xu et al., 1997) as well as for the DOR (Law et al., 2000). In 

addition, it was reported that binding of a kinase-negative mutant (K220R) of GRK2 
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could desensitize the parathyroid hormone receptor (Dicker et al., 1999), and the 

endothelin A and B receptors (Freedman et al., 1997) even in the absence of receptor 

phosphorylation. However, the phosphorylation-independent mechanism of DOR 

desensitization likely does not involve GRK, since binding of GRK2 alone to a 

phosphorylation deficient mutant of the DOR did not cause desensitization of GTPγ[35S] 

binding in HEK 293 cells (Li et al., 2003). 

 

Binding of β-arrestin to GPCRs requires phosphorylation of several S/T residues in the 

intracellular domains of the receptors (Gurevich and Gurevich, 2004). Accordingly, 

receptor phosphorylation was found to be the rate-limiting step for β-arrestin and β2-

adrenergic receptor interaction (Krasel et al., 2004). GPCR- β-arrestin interaction, in turn, 

is considered to be a key step in the uncoupling of receptors from G proteins (Barak et 

al., 2006). In agreement with this concept, cotransfection of β-arrestin1 or 2 with GRK3 

was required for desensitization of DOR-coupled inwardly rectifying potassium channel 

(Kir3) in Xenopus oocytes (Lowe et al., 2002). Surprisingly, our confocal microscopy 

images (Chapter 4) show that mutation of the primary phosphorylation site S363 in the 

hDOR that significantly impairs receptor desensitization did not prevent the recruitment 

of β-arrestin2-GFP to plasma membrane. No visually apparent differences were observed 

in the time course and the extent of β-arrestin2-GFP translocation to the hDOR or 

hDOR(S363A). Fluorescent microscopy does not allow quantification of the β-arrestin-

receptor interaction, however, β-arrestin2-GFP translocation clearly occurs after 5 min of 

deltorphin II treatment in the hDOR(S363A) mutant receptor. Therefore, any undetected 
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changes in the interaction between β-arrestin2-GFP and the hDOR(S363A) compared to 

the wild type hDOR cannot explain an almost complete blockade of receptor 

desensitization observed after 60 min of agonist treatment. These results demonstrate that 

β-arrestin2 binding to hDOR alone is not sufficient for receptor desensitization without 

S363 phosphorylation. In support of this conclusion, it was reported recently using locus 

coeruleus neurons from β-arrestin2 knock-out mice that lack of β-arrestin2 expression 

has no effect on the rate or the magnitude of the mu opioid receptor desensitization (Dang 

and Christie, 2006). Nevertheless, in our system β-arrestin binding may still function as 

an essential mechanism in the residual S363 phosphorylation-independent desensitization, 

probably in conjunction with receptor internalization. Indeed, phosphorylation 

independent, β-arrestin2 dependent internalization of the DOR was reported in HEK 293 

cells (Zhang et al., 2005). In addition, a study by Burns et al. found that visual arrestin is 

able to quench nonphosphorylated rhodopsin (Burns et al., 2006). Recently, Marion and 

coworkers (Marion et al., 2006) identified a common β-arrestin binding site formed by 

ten residues of the second intracellular loop of most GPCRs which is independent of 

GRK phosphorylation but dependent on agonist activation. 

 

Desensitization of the DOR was reported in some studies to be independent of receptor 

internalization (Hasbi et al., 2000; Willets and Kelly, 2001). In contrast, Law et al. 

reported that both receptor phosphorylation and receptor endocytosis contribute to DOR 

desensitization in HEK 293 cells (Law et al., 2000). Our results support the idea that the 

primary mechanism of hDOR desensitization is S363 phosphorylation-dependent. In 
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addition, a small fraction of receptor desensitization is S363 phosphorylation-independent. 

Further studies are needed to determine whether phosphorylation of other residues is 

responsible for the residual desensitization or whether it is indeed caused by 

phosphorylation-independent and β-arrestin-dependent internalization. 

 

By comparing desensitization produced by two structurally distinct agonists we were able 

to demonstrate that SNC80 more effectively desensitizes the wild-type hDOR than 

deltorphin II. This differential desensitization efficacy is caused by agonist-selective 

activation of different receptor domains, not just by partial activation of the same 

domains, since S363A mutation specifically affects deltorphin II-mediated 

desensitization. The ability of SNC80 but not deltorphin II to activate non-C-terminal 

receptor domains was also demonstrated in phosphorylation and down-regulation studies. 

 

In summary, this study demonstrates that the Operational Model of Agonism provides an 

accurate mathematical approach to quantify the number of receptors desensitized by 

agonist treatment. By using this model on wild-type and phosphorylation-deficient 

mutant hDOR we were able to correlate desensitization with receptor phosphorylation, β-

arrestin2 translocation and receptor internalization. We have demonstrated that in CHO 

cells expressing the hDOR, deltorphin II treatment leads to phosphorylation of S363, 

translocation of β-arrestin2 to the plasma membrane, receptor internalization and 

uncoupling from G proteins. Interestingly, the S363A mutation completely eliminates 

phosphorylation of this residue, yet it has virtually no effect on β-arrestin2 translocation 
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and receptor internalization. On the other hand, S363A mutation significantly attenuates 

receptor desensitization by deltorphin II. These results provide evidence that 

phosphorylation of S363 is required to uncouple the receptor from G proteins. Recruitment 

of β-arrestin2 and receptor internalization, on the other hand, are not sufficient to 

desensitize the hDOR without S363 phosphorylation. Therefore, we conclude that 

phosphorylation of S363 represents the primary mechanism of the human delta opioid 

receptor desensitization by deltorphin II. SNC80 desensitizes the hDOR more effectively 

than deltorphin II. In addition, S363A mutation has little effect on SNC80-mediated 

desensitization. Whether hDOR desensitization by SNC80 requires phosphorylation of 

other residues or whether β-arrestin dependent mechanism is sufficient to desensitize 

SNC80-bound receptors remains to be determined. 
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 8. SUMMARY AND CONCLUSION 

 

Enhanced plasma membrane expression of the DORs was observed after chronic 

morphine treatment (Zhu et al., 1999) and in chronic inflammatory and neuropathic pain 

states (Cahill et al., 2007). Importantly, upregulation of delta opioid receptors led to 

potentiation of deltorphin II-mediated analgesia in morphine tolerant animals (Cahill et 

al., 2001) and in animal models of chronic inflammation (Cahill et al., 2003). Delta 

opioid receptor acting drugs may therefore, provide better alternatives to the currently 

used analgesics for treatment of some pathological pain conditions. Agonist-mediated 

regulation of the hDOR by non-selective agonists such as morphine, or delta selective 

analgesics, will inevitably alter the effectiveness of the pain therapy. We hypothesize that 

modifications of DOR regulation, either by use of pharmacological inhibitors of 

regulatory pathways or by use of DOR agonists with specific regulatory properties, may 

improve analgesic properties and minimize the side effects of opioid treatment.  

 

Therefore, in this study, we investigated multiple aspects of hDOR regulation using a 

recombinant Chinese hamster ovary cellular system expressing the wild-type or various 

mutant hDOR constructs. We studied receptor phosphorylation using Western blot 

analysis, recruitment of β-arrestin and receptor internalization using confocal laser 

scanning microscopy, receptor down-regulation using radioligand binding, and receptor 

desensitization using GTPγ[35S] binding and cAMP inhibition assays. To determine the 

cellular mechanisms of these events we utilized a variety of selective inhibitors of the 
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regulatory pathways. Furthermore, to identify the signaling domains in the hDOR 

responsible for receptor regulation, we generated several mutated and truncated receptor 

constructs using molecular cloning techniques. We studied agonist differences in cellular 

mechanisms of hDOR regulation and in molecular domains involved in this regulation 

using three classes of DOR agonists: morphine, peptide agonists (DPDPE, deltorphin II) 

and SNC80.  

 

We confirmed that full delta agonists, such as deltorphin II, DPDPE and SNC80, 

phosphorylate the hDOR at S363, facilitate translocation of β-arrestin2 to the cell surface, 

and promote receptor internalization and down-regulation. In contrast to reports that 

DOR interacts strongly with both β-arrestins in Xenopus oocytes (Lowe et al., 2002), we 

observed that in CHO cells, the interaction of β-arrestin2 with the hDOR is transient and 

accordingly, β-arrestin2 dissociates soon after the receptor is internalized. The hDOR is 

internalized via clathrin-coated pit-mediated endocytosis, as reported earlier (Trapaidze et 

al., 1996). However, we found that the hDOR internalizes into vesicles separate from 

transferrin-containing vesicles and the two populations of CCPs can be separated by their 

differential selectivity to cholesterol depletion. In contrast to these acute effects, which 

occur minutes after agonist treatment, receptor down-regulation takes place in response to 

sustained (several hours) agonist treatment. We confirmed that internalization is required 

for hDOR down-regulation. Furthermore, we clarified contradictory data in the literature 

regarding the digestive system involved in DOR down-regulation (Chaturvedi et al., 

2001; Yadav et al., 2006). We demonstrate that in CHO cells the hDORs are not down-
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regulated by the proteasome in response to agonist treatment, as initial results using 

proteasomal inhibitors may indicate, but rather by the lysosomes. However, proteasomes 

play a critical role in the synthetic pathway for the regulation of newly synthesized 

receptors (Petaja-Repo et al., 2001). Therefore, separating new protein synthesis and 

agonist-mediated receptor down-regulation is crucial for the correct interpretation of the 

effects of proteasomal inhibitors on the total receptor number. Next, by measuring 

changes in GTPγ[35S] stimulation and inhibition of cAMP production upon acute (2-60 

min) agonist activation, we found that the regulatory events induced by the agonist lead 

to receptor desensitization. Further investigation led us to a conclusion that the primary 

event required for receptor desensitization is phosphorylation of S363 in the C-terminus of 

the hDOR. Surprisingly, our study indicates that β-arrestin2 binding and receptor 

internalization alone, without phosphorylation of S363, are not sufficient to fully 

desensitize the receptor (Navratilova et al., 2007). 

 

Morphine is usually characterized as a partial agonist at the DOR. However, in our 

system, morphine is still able to stimulate GTPγ[35S] binding and inhibit cAMP to an 

approximately 80-90% level of the full agonists deltorphin II, DPDPE and SNC80 (Table 

8.1). It is reported in the literature, that morphine is disproportionally less efficient in 

inducing receptor regulatory effects (Keith et al., 1996; Zhang et al., 1999). In this study 

we confirmed morphine is not able to mobilize β-arrestin2 to the cell surface, and 

promote receptor internalization and down-regulation. In contrast, we found that 

morphine treatment leads to phosphorylation of S363 (53% of the maximal 
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phosphorylation by deltorphin II, Table 8.1) (Navratilova et al., 2005). This finding is the 

first to demonstrate that morphine effectively activates the initial step of the regulatory 

pathway, phosphorylation of S363. Two possibilities exist to explain why morphine is not 

able to activate the later regulatory events: 1) morphine may not be able to promote 

phosphorylation of other residues within the C-terminus, which activate the 

phosphorylation sensor in the two-step β-arrestin binding (Gurevich and Gurevich, 

2006); 2) morphine may stabilize an active receptor conformation distinct from the 

conformation imposed by full agonists, which is not recognized by the activation sensor 

of β-arrestins. We conclude that even though some features of active receptor 

conformation are preserved in morphine-bound state, other features are not. Therefore, 

morphine-bound hDOR is not able to activate both sensors on the β-arrestin molecule. 

Due to the requirement for simultaneous activation of both sensors, β-arrestin binding 

and all regulatory events beyond β-arrestin binding are not supported by morphine. 

 

Our studies using different mutated and truncated receptor constructs identified some 

molecular domains involved in hDOR regulation (Table 8.2). The C-terminus was found 

absolutely necessary for peptide agonist-mediated receptor phosphorylation (Varga et al., 

2004), recruitment of β-arrestin and receptor down-regulation. In contrast, SNC80 is able 

to activate other intracellular domain(s) to support receptor regulation, as demonstrated 

by the ability of SNC80 to partially phosphorylate the truncET-hDOR (Varga et al., 

2004), promote β-arrestin translocation to the truncated receptor, and cause moderate 

receptor down-regulation. In search for this additional regulatory domain, we tested 
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whether S249/S255, a putative phosphorylation site and a β-arrestin binding site (Cen et al., 

2001a), may be involved. However, the mutation of these two serines to alanines had no 

effect on the higher efficacy of SNC80 compared to peptide agonists to down-regulate 

the receptor. Therefore, we hypothesize that other S/T residues in the intracellular loops 

of the hDOR function as the secondary regulatory motif activated by SNC80.  

 

To identify the motif in the C-terminus of the hDOR responsible for receptor 

phosphorylation and regulation by peptide agonists and SNC80, we focused on the 

primary phosphorylation site, S363 (El Kouhen et al., 2001). Our results indicate that the 

mutation of S363 to alanine significantly, but not completely, attenuates peptide agonist-

mediated down-regulation and desensitization. Conversely, SNC80-mediated down-

regulation and desensitization were not affected by this mutation, indicating that a 

putative secondary regulatory motif activated by SNC80 is able to compensate for the 

lack of the S363 motif. Surprisingly, S363A mutation had virtually no effect on β-arrestin2 

binding and receptor internalization. This is a novel finding in regulation of G protein-

coupled receptors, which indicates that β-arrestin binding and receptor internalization 

may be regulated by intracellular domains distinct from those that regulate receptor 

desensitization and down-regulation. Moreover, these data demonstrate that β-arrestin 

binding and receptor internalization alone are not sufficient to desensitize the hDOR 

without phosphorylation of S363. This conclusion contradicts the generally accepted 

notion that β-arrestin binding to the GPCR serves to uncouple the receptor from G 

proteins (Barak et al., 2006).  
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In most of our studies we observed noticeable differences between the abilities of 

morphine, peptide agonists and SNC80 to stimulate the receptor regulatory mechanisms. 

We conclude that due to the requirement of multiple activation events to occur for β-

arrestin binding, morphine is unable to promote hDOR-β-arrestin interaction and, 

therefore, all downstream events including receptor internalization and down-regulation. 

Conversely, SNC80 in contrast to peptide agonists is able to phosphorylate (Varga et al., 

2004) and activate additional intracellular domains. This additional activation is 

responsible for an increased efficacy of SNC80 to down-regulate the hDOR, but may be 

redundant in other regulatory events for the wild-type hDOR. However, the effect of the 

supplementary SNC80 activation domain is revealed by mutations that eliminate this 

redundancy. Therefore, S363A mutation and truncation of the C-terminus of the hDOR 

both enhance the differences between SNC80 and peptide agonists in receptor down-

regulation and uncover additional differences in receptor desensitization and β-arrestin 

binding (Table 8.2). 

 

In conclusion, we found that structurally diverse delta opioid receptor agonists regulate 

the hDOR by different mechanisms. We demonstrate that morphine is able to activate the 

first step of the regulatory events, phosphorylation of S363, but due to requirements for 

simultaneous activation of multiple sites, morphine fails to promote β-arrestin binding, 

receptor internalization and down-regulation. We also report that peptide DOR agonists 

and a non-peptide SNC80 differ in their ability to down-regulate the hDOR. Further 
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differences in receptor phosphorylation, desensitization and β-arrestin translocation 

between these two classes of full delta opioid agonists are uncovered by truncation of the 

receptor’s C-terminus or by mutation of the primary phosphorylation site, S363. Studies 

using the mutant receptors identify the C-terminus as the important domain for hDOR 

phosphorylation, β-arrestin binding and down-regulation by both peptide and non-peptide 

agonists. S363 within the C-terminus is critically involved in receptor phosphorylation, 

desensitization and down-regulation by peptide agonists, but not in β-arrestin binding and 

receptor internalization. In contrast to peptide agonists, SNC80 is able to phosphorylate 

and activate secondary intracellular domain(s), in addition to the C-terminus, which 

participate in β-arrestin recruitment and receptor desensitization and down-regulation. 

Therefore, agonist-specific differences were detected for multiple regulatory events 

between morphine, peptide agonists and SNC80. We propose that the differential agonist-

mediated regulation of the hDOR may be utilized to design opioid drugs with improved 

analgesic properties and minimal side effects. In our future studies we first want to 

confirm that similar agonist-specific differences are also observed in rat dorsal root 

ganglion neurons. These primary sensory neurons are responsible for detection of a pain 

stimulus and its transmittion to the spinal cord. We hypothesize that agonist-mediated 

regulation of the DOR in DRG neurons may affect the development of tolerance. 

Therefore, next we will investigate whether agonist-specific differences in DOR 

regulation will affect the development of opioid tolerance in vivo. 
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TABLES 

 

Table 7.1. Emax and EC50 values of deltorphin II-mediated stimulation of GTPγ[35S] 

binding and inhibition of cAMP production in hDOR/CHO cells pretreated for 

indicated times with deltorphin II. 

Time (min) 0 2 5 10 30 45 60 

Emax 

(GTPγ[35S]) 

100 

±1 

105 

±2 

113 

±1 

102 

±2 

81 

±2 
- 

58 

±4 

EC50 

(GTPγ[35S]) 

6.3 

±0.4 

13 

±1 

16 

±1 

18 

±2 

24 

±3 
- 

23 

±7 

Emax 

(cAMP) 

100 

±3 

102 

±7 

108 

±5 

103 

±3 

102 

±4 

99 

±6 

82 

±6 

EC50 

(cAMP) 

0.36 

±0.06 

0.33 

±0.15 

1.0 

±0.2 

0.98 

±0.18 

1.8 

±0.4 

3.1 

±1.0 

1.7 

±0.6 

 

Deltorphin II concentration responses for GTPγ[35S] stimulation and cAMP inhibition in 

hDOR/CHO cells pretreated for different time intervals with deltorphin II were fitted 

with sigmoidal curves (Hill coefficient nH = 1). Calculated EC50 ± SE are presented in 

nM concentrations, Emax ± SE are in %. 
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Table 7.2. Parameters of deltorphin II-mediated desensitization of hDOR calculated 

by equation (7.5). 

 Em (%) τcontrol τ∞ k (min-1) KA (nM) 

GTPγ[35S] 
120 

±5 

7.8 

±2.4 

1.4 

±0.5 

0.070 

±0.018 

81 

±16 

cAMP 
106 

±4 

36 

±21 

6.4 

±3.4 

0.082 

0.034 

16 

±8 

 

Five parameters of equation (7.5) (Em = operational maximum, τcontrol = (τ0 + τ∞), and τ∞ 

the  operational efficacies before and after desensitization, k = desensitization rate 

constant, KA = dissociation constant) were calculated by fitting the dose response curves 

of GTPγ[35S] or cAMP assays.
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Table 7.3. EC50 values of deltorphin II-mediated stimulation of GTPγ[35S] binding 

and inhibition of cAMP production in naïve and deltorphin II pretreated 

hDOR/CHO or hDOR(S363A)/CHO cells. 

 hDOR(control) hDOR(deltorphin) S363A(control) S363A(deltorphin)

Emax 

(GTPγ[35S]) 

99 

±2 

77 

±5 

100 

±2 

110 

±3 

EC50 

(GTPγ[35S]) 

6.9 

±0.9 

31 

±7 

5.8 

±0.7 

13 

±2 

Emax 

(cAMP) 

99 

±6 

83 

±9 

99 

±5 

108 

±5 

EC50 

(cAMP) 

1.4 

±0.5 

7.5 

±4.0 

2.0 

±0.7 

2.8 

±0.8 

 

Deltorphin II concentration responses for GTPγ[35S] stimulation and cAMP inhibition in 

naïve and deltorphin II pretreated hDOR/CHO or hDOR(S363A)/CHO cells were fitted 

with sigmoidal curves (Hill coefficient nH = 1). Calculated EC50 ± SE are presented in 

nM concentrations, Emax ± SE are in %. 
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Table 7.4. Parameters of deltorphin II-mediated desensitization of hDOR and 

hDOR(S363A) calculated using the operational model (equation (7.1)). 

 Em (%) τcontrol τdel-wt τdel-S363A KA (nM) 

GTPγ[35S] 
110 

±4 

13 

±5 

1.9 

±0.5 

10 

±4 

97 

±33 

cAMP 
107 

±7 

19 

±18 

3.6 

±2.3 

16 

±15 

36 

±30 

 

Parameters of the operational model (equation (7.1)) (Em = operational maximum; τcontrol , 

τdel-wt , τdel-S363A are operational efficacies for untreated cells and deltorphin II pretreated 

hDOR/CHO or hDOR(S363A)/CHO cells, respectively; KA = dissociation constant) were 

calculated by fitting the dose response curves of stimulation of GTPγ[35S] binding or 

inhibition of cAMP production. 
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Table 7.5. EC50 values of deltorphin II-mediated stimulation of GTPγ[35S] binding 

and inhibition of cAMP production in naïve and deltorphin II or SNC80 pretreated 

hDOR/CHO or hDOR(S363A)/CHO cells. 

 hDOR 
control 

hDOR 
deltorphin 

hDOR 
SNC80 

S363A 
control 

S363A 
deltorphin 

S363A 
SNC80 

Emax 

(GTPγ[35S]) 

99 

±2 

83 

±5 

70 

±10 

100 

±2 

100 

±3 

78 

±7 

EC50 

(GTPγ[35S]) 

6.8 

±0.3 

31 

±3 

23 

±6 

5.7 

±0.2 

9.5 

±0.7 

25 

±4 

Emax 

(cAMP) 

100 

±2 

81 

±5 

72 

±7 

97 

±4 

100 

±3 

99 

±4 

EC50 

(cAMP) 

1.1 

±0.1 

3.3 

±0.5 

9.1 

±1.9 

1.7 

±0.2 

2.5 

±0.2 

4.2 

±0.4 

 

Deltorphin II concentration responses for GTPγ[35S] stimulation and cAMP inhibition in 

naïve and deltorphin II or SNC80 pretreated hDOR/CHO or hDOR(S363A)/CHO cells 

were fitted with sigmoidal curves (Hill coefficient nH = 1). Calculated EC50 ± SE are 

presented in nM concentrations, Emax ± SE are in %. 
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Table 7.6. Parameters of deltorphin II-mediated desensitization of hDOR and 

hDOR(S363A) calculated using the operational model (equation (7.1)). 

 Em (%) τcontrol τdel τSNC80 KA (nM) 

GTPγ[35S]      

hDOR 105±6 16 3.3 2.5 116±22 

hDOR(S363A) 112±6 15 11 2.7 112±26 

cAMP      

hDOR 105±6 18 3.9 1.9 20±4 

hDOR(S363A) 106±9 30 25 15 68±53 

 

Parameters of the operational model (equation (7.1)) (Em = operational maximum; τcontrol , 

τdet , τSNC80 are operational efficacies for untreated cells and deltorphin II or SNC80 

pretreated hDOR/CHO or hDOR(S363A)/CHO cells, respectively; KA = dissociation 

constant) were calculated by fitting the dose response curves of stimulation of GTPγ[35S] 

binding or inhibition of cAMP production. 
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Table 8.1. Maximal effects produced by activation of the wild-type hDOR by 

morphine, peptide agonists or SNC80. 

 GTPγS 
(%) 

cAMP 
(%) 

p-S363 
(%) β-arrestin Internalization 

Down-
regulation 

(%) 

Morphine 80 89 53 0 0 0 

Peptide 100 100 100 ++ ++ 80 

SNC80 100 100 100 ++ ++ 90 

 
Summary of the effects of morphine, peptide agonists (DPDPE, deltorphin II), or SNC80 

treatment on signaling and regulation of the wild-type hDOR. Maximum agonist-

mediated GTPγS stimulation and inhibition of cAMP caused by saturating concentrations 

of the agonist are expressed as % of maximal effect produced by SNC80. Receptor 

phosphorylation at S363 is expressed as % maximal phosphorylation produced by SNC80. 

Qualitative evaluation of β-arrestin2 recruitment and receptor internalization is indicated 

by ++ and 0 if the effect is strong or not detectable. Down-regulation is expressed as % of 

total receptor number down-regulated after 24h treatment with saturating concentrations 

of the agonist.
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Table 8.2. Maximal effects produced by activation of the wild-type hDOR, the 

hDOR(S363A) or the truncET-hDOR by peptide agonists or SNC80. 

Phosphorylation 
(% max) β-arrestin  Desensitization 

(%) 
Down-

regulation (%) 
 

Peptide SNC80 Peptide SNC80 Peptide SNC80 Peptide SNC80

Wt hDOR 100 100 ++ ++ 81 89 80 90 

hDOR(S363A)   ++ ++ 18 65 45 87 

Trunc-hDOR 0 19 0 +   6 47 

 
Summary of the differential effects of peptide agonists (DPDPE, deltorphin II), or SNC80 

treatment on regulation of the wild-type hDOR, the hDOR(S363A) mutant , and the 

truncET-hDOR. Total receptor phosphorylation as reported in (Varga et al., 2004) is 

expressed as % maximal phosphorylation produced by SNC80. Qualitative evaluation of 

β-arrestin2 recruitment is indicated by ++, + and 0 if the effect is strong, weak, or not 

detectable, respectively. Desensitization represents the percent of desensitized receptors 

by 60 min of agonist treatment calculated by averaging the results of GTPγS and cAMP 

assays. Down-regulation is expressed as % of total receptor number down-regulated after 

24h treatment with saturating concentrations of the agonist. 

 

 

 



Fig. 1.1. Agonist-mediated regulation of the human delta opioid receptor. Schematic 

diagram of regulatory events occurring after activation of the hDOR with an agonist: 1) 

agonist binding to the hDOR leads to activation of multiple second messenger signaling 

pathways producing cellular effects. 2) The activated receptor is then phosphorylated by 

G protein-coupled receptor kinases (GRKs) at several residues. 3) The agonist-bound and 

phosphorylated receptor displays high affinity for the cytosolic adaptor protein, β-

arrestin, which targets the receptor to clathrin-coated pits. 4)  β-arrestin also assists in 

receptor internalization via the endocytosis of the clathrin-coated vesicles. 5) The 

internalization process may serve either to degrade the receptor in cellular digestive 

organelles, thereby terminating receptor function (down-regulation), or to reintroduce the 

receptor to the plasma membrane (recycling). 
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Fig. 2.1. Molecular structures of the delta opioid receptor agonists. Molecular 

structures of three classes of the DOR agonists used in this study are given: A) cyclic[D-

Pen2, D-Pen5]enkephalin (DPDPE); B) (+)-4-[(αR)-α-((2S,5R)-4-allyl-2,5-dimethyl-1-

piperazinyl)-3-methoxybenzyl]N,N-diethylbenzamide (SNC80); C) (D-Ala2)deltorphin II 

(deltorphin II); D) morphine.
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Fig. 2.2. Molecular structure of the human delta opioid receptor. The human DOR is 

a member of G protein-coupled receptor (GPCR) family, which is characterized by a 

conserved seven transmembrane structure with an extracellular N-terminal domain and 

an intracellular C-terminal domain. Amino-acid composition of the hDOR and location 

of extracellular, transmembrane, and intracellular domains is depicted. Possible 

intracellular phosphorylation serine and threonine sites are indicated by the asterixes. 

Positions of mutated amino acids are indicated by the numbers. Truncation of the C-

terminus after G338 is indicated by the arrow.

Fig. 2.2
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Fig. 3.1. Agonist-mediated phosphorylation of the human δ-opioid receptor at S363. 
Recombinant CHO cells expressing the hDOR or the S363A mutant hDOR were treated 

in serum free IMDM medium with opioid ligands for 30 min at 37°C and Western blot 

samples were prepared as described. Aliquots from each sample, corresponding to 5 μg 
total protein, were loaded onto 10% polyacrylamide gels, resolved and transferred to 

nitrocellulose membranes. Western blot analyses were performed using an anti-phospho-

S363 antibody (Cell Signaling). Treatment of cells for 30 min with morphine (30 μM) or 
deltorphin II (100 nM) led to phosphorylation of the hDOR at S363 (lanes 2, 3). This 

phosphorylation was completely blocked by concomitant incubation of cells with 1μM 
naltrindole (lanes 4, 5). No immunoreactivity was detected in cells expressing the S363A 

mutant receptor after identical treatment with morphine or deltorphin II (lanes 6, 7). 

Intensities of the 50-70 kDa protein bands were quantified using the Image J software 

(NIH). For each sample the intensity of phospho-S363 bands was normalized to the 

intensity of actin immunoreactivity. The results were analyzed using GraphPad Prizm 4 

and calculated as percent of the maximal phosphorylation produced by deltorphin II. In 

four independent experiments, morphine produced 53 ± 8% (mean ± S.E.M.) of the 
maximal deltorphin II-mediated phosphorylation, which was significantly greater than 

basal phosphorylation (5.4 ± 1.2%, p < 0.05).

Fig. 3.1

130



0    0.3   1   3   10  30  100
[Morphine], (μM)

0    0.3   1   3   10  30  100
[Deltorphin II], (nM)

-10.0 -9.5 -9.0 -8.5 -8.0 -7.5 -7.0
0

20

40

60

80

100

120

Log [Deltorphin II], (M)

Ph
os

ph
or

yl
at

io
n

(%
m

ax
im

um
 p

ho
sp

ho
ry

la
tio

n)

-7.0 -6.5 -6.0 -5.5 -5.0 -4.5 -4.0
0

20

40

60

80

100

120

Log [Morphine], (M)

Ph
os

ph
or

yl
at

io
n

(%
m

ax
im

um
  p

ho
sp

ho
ry

la
tio

n)

A B

C D

Fig. 3.2. Dose-response of morphine- and deltorphin II-mediated phosphorylation of 

the hDOR at S363. Recombinant CHO cells expressing the hDOR were treated in serum 

free IMDM medium with increasing concentrations of morphine or deltorphin II for 30 

min at 37°C and Western blot samples were prepared as described. Aliquots from each 
sample were loaded onto 10% NuPAGE gels, resolved and transferred to nitrocellulose 

membranes. Western blot analyses were performed using an anti-phospho-S363 antibody. 

Treatment of cells for 30 min with morphine or deltorphin II led to a dose-dependent 

phosphorylation of the hDOR at S363. Representative immunoblots for morphine and 

deltorphin II are shown in (A) and (B), respectively. Intensities of the 50-70 kDa protein 

bands were quantified using the Image J software (NIH), the results were plotted as 

percent of the maximal phosphorylation produced by morphine (C) or deltorphin II (D) 

(mean ± S.E.M., n=2) and fitted with sigmoidal dose response curves with variable Hill 

coefficients. The EC50 values determined by regression analysis are 1.4±0.1 μM and 

1.3±0.1 nM for morphine and deltorphin II, respectively.
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Fig. 3.3. Time course of morphine- and deltorphin II-mediated phosphorylation of 

the hDOR at S363. Recombinant CHO cells expressing the hDOR were treated in serum 

free IMDM medium with morphine (30 μM) or deltorphin II (100 nM) for increasing 

time intervals (0-240 min) at 37°C and Western blot samples were prepared as described. 
Aliquots from each sample were loaded onto 10% NuPAGE gels, resolved and 

transferred to nitrocellulose membranes. Western blot analyses were performed using an 

anti-phospho-S363 antibody. Treatment of cells with morphine or deltorphin II led to a 

time-dependent phosphorylation of the hDOR S363. Representative immunoblots for 

morphine and deltorphin II are shown in (A) and (B), respectively. Intensities of the 50-

70 kDa protein bands were quantified using the Image J software (NIH), the results were 

plotted as percent of the maximal phosphorylation produced by each drug after 30 min of 

treatment (mean ± S.E.M., n=3) and early time points (0-30 min) fitted with a single 
exponential association curve (C). The half-lives of hDOR(S363) phosphorylation 

determined by regression analysis are 4.2±0.8 min and 1.7±0.3 min, respectively. 
Statistical analysis demonstrates that the two curves are significantly different (p=0.003). 
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Fig. 3.4. Time course of hDOR(S363) dephosphorylation after morphine or 
deltorphin II treatment. Recombinant CHO cells expressing the hDOR were treated in 
serum free IMDM medium with morphine (30 μM) or deltorphin II (100 nM) for 30 min 
at 37°C, then the agonists were washed and the cells were left in fresh IMDM medium 
for indicated time intervals before harvesting. Western blot samples were prepared as 
described, aliquots from each sample were loaded onto 10% NuPAGE gels, resolved and 
transferred to nitrocellulose membranes. Western blot analyses were performed using an 
anti-phospho-S363 antibody. Removal of morphine or deltorphin II led to a time-
dependent dephosphorylation of the hDOR. Representative immunoblots for morphine 
and deltorphin II are shown in (A) and (B), respectively. Intensities of the 50-70 kDa
protein bands were quantified using the Image J software (NIH), the results were plotted 
as percent of the initial phosphorylation before removal of the agonist (mean ± S.E.M., 
n=4) and fitted with a single exponential dissociation curve (C). The half-lives of 
dephosphorylation determined by regression analysis are 19±6 min and 64±22 min for 
morphine and deltorphin II pretreated cells, respectively. Comparison of the two 
regression curves using the F-test shows that the rates of dephosphorylation after 
morphine and deltorphin II pretreatment are significantly different (p=0.003).
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Fig. 4.1. Deltorphin II, DPDPE and SNC80 but not morphine stimulate 

translocation of β-arrestin2-GFP in CHO cells expressing the hDOR. CHO cells 

expressing the wild type hDOR were transfected with a green fluorescent protein tagged 

β-arrestin2 construct (β-arrestin2-GFP, a gift from Dr. Lefkowitz). 48 h after transfection 

the cells were treated for 5 min at 37°C with vehicle (A), 500 nM deltorphin II (B), 500 

nM DPDPE (C), 500 nM SNC80 (D) or 10 μM morphine (E). After agonist treatment, 

the cells were fixed with 4% paraformaldehyde and mounted in a Vectashield Mounting 

Medium. Slides were examined under a Zeiss LSM520 laser scanning confocal 

microscope equipped with a 100×/1.40 oil objective using a 488/505 nm 

excitation/emission filter set. Single optical sections were acquired through the trans-

nuclear plane. The magnification bar represents 10 μm. Images were processed in Adobe 

Photoshop 7.0.
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Fig. 4.2. β-arrestin2-GFP does not internalize after agonist treatment into 

intracellular compartments. hDOR/CHO cells transfected with a green fluorescent 

protein tagged β-arrestin2 construct were treated with 500 nM SNC80 at 37°C for 0 (A), 

5 (B), 10 (C) and 30 (D) min time intervals as indicated. After agonist treatment, the cells 

were fixed and localization of β-arrestin2-GFP was examined under a Zeiss LSM520 

laser scanning confocal microscope equipped with a 100×/1.40 oil objective. Single 

optical sections were acquired through the trans-nuclear plane. The magnification bar 

represents 10 μm. Images were processed in Adobe Photoshop 7.0.
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basal trans-nuclear apical

Fig. 4.3. After agonist treatment β-arrestin2-GFP associates with endosomes only at 

or near the plasma membrane. hDOR/CHO cells transfected with a green fluorescent 

protein tagged β-arrestin2 construct were treated with 500 nM SNC80 for 5 min at 37°C. 

After the treatment, the cells were fixed and examined under a Zeiss LSM520 laser 

scanning confocal microscope equipped with a 100×/1.40 oil objective. Optical sections 

were acquired through the entire height of the cell. Optical sections taken through the 

basal membrane (A), trans-nuclear plane (B) and apical membrane (C) of the same cell 

are shown. The magnification bar represents 10 μm. Images were processed in Adobe 

Photoshop 7.0.
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Fig. 4.4. Deltorphin II, DPDPE, SNC80 but not morphine stimulate translocation of 

β-arrestin2-GFP to the hDOR(S363A). CHO cells expressing the S363A mutant hDOR 

were transfected with a green fluorescent protein tagged β-arrestin2 construct. 48 h after 

transfection the cells were treated for 5 min at 37°C with vehicle (A), 500 nM deltorphin 

II (B), 500 nM DPDPE (C), 500 nM SNC80 (D) or 10 μM morphine (E). After agonist 

treatment, the cells were fixed and examined under a Zeiss LSM520 laser scanning 

confocal microscope equipped with a 100×/1.40 oil objective. Single optical sections 

were acquired through the trans-nuclear plane. The magnification bar represents 10 μm. 

Images were processed in Adobe Photoshop 7.0.
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Fig. 4.5. SNC80 but not deltorphin II promotes translocation of β-arrestin2-GFP to 

the truncated hDOR. CHO cells expressing the truncated hDOR (truncEt-hDOR/CHO) 

were transfected with a green fluorescent protein tagged β-arrestin2 construct. 48 h after 

transfection the cells were treated for 5 min at 37°C with vehicle (A), 500 nM deltorphin 

II (B) or 500 nM SNC80 (C). After agonist treatment, the cells were fixed and examined 

under a Zeiss LSM520 laser scanning confocal microscope equipped with a 100×/1.40 

oil objective. Single optical sections were acquired through the trans-nuclear plane. The 

magnification bar represents 10 μm. Images were processed in Adobe Photoshop 7.0.
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Fig. 5.1. Fluo-deltorphin is internalized in CHO cells expressing the hDOR in a 

time-dependent manner. hDOR/CHO cells were incubated with fluo-deltorphin (300 

nM) for 3 (A), 10 (B), 30 (C, E) or 60 (D,F) min at 37°C. In (E) selective DOR 

antagonist naltrindole (10 μM) was added together with the agonist. Panel (F) shows an 

individual cell at a higher magnification incubated with fluo-deltorphin for 60 min. After 

treatment, the cells were fixed and examined under a Zeiss LSM520 laser scanning 

confocal microscope equipped with a 100×/1.40 oil objective. Single optical sections 

were acquired through the trans-nuclear plane. The acquisition parameters were constant 

in all parallel experiments. Images were processed in Adobe Photoshop 7.0.
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Fig. 5.2. hDOR is internalized via a subset of clathrin-coated pits distinct from 

transferrin-containing CCPs. hDOR/CHO cells were serum starved for 1h and pre-

treated with IMDM (A), 0.5M sucrose (B), 2% 2-hydroxypropyl-β-cyclodextrin (C) or 2 

μg/ml fillipin (D) for an additional 1h. All cells were treated at 37°C simultaneously with 

both [Gln4]deltorphin-rhodamine (1μM) and transferrin-AlexaFluor488 (250 μg/ml). 30 

min after the treatment, the cells were rinsed with ice cold PBS, fixed with 4% 

paraformaldehyde and mounted in a Vectashield Mounting Medium. Slides were 

examined under a Zeiss LSM520 laser scanning confocal microscope equipped with a 

100×/1.40 oil objective using excitation/emission filter sets 488/505 nm and 543/560 nm. 

Single optical sections were acquired through the trans-nuclear plane. The acquisition 

parameters were constant in all parallel experiments. Images were processed in Adobe 

Photoshop 7.0. The magnification bar represents 10 μm. 
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Fig. 5.3. hDOR-EGFP is internalized in CHO cells upon deltorphin II and SNC80 

treatment. hDOR-EGFP/CHO#2 cells were incubated with IMDM medium (A), 500 nM 

deltorphin II (B), 500 nM SNC80 (C) or 10 μM morphine (D) for 30 min at 37°C. After 

treatment, the cells were fixed and examined under a Zeiss LSM520 laser scanning 

confocal microscope equipped with a 100×/1.40 oil objective. Single optical sections 

were acquired through the trans-nuclear plane. The acquisition parameters were constant 

in all parallel experiments. Images were processed in Adobe Photoshop 7.0. The 

magnification bar represents 10 μm.
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Fig. 5.4. [Gln4]deltorphin-rhodamine is internalized in CHO cells expressing either 

the wild-type or S363A mutant hDOR. CHO cells expressing the wild-type hDOR (A) 

or hDOR(S363A) mutant (B) were grown on glass bottom chamber slides, incubated in 

serum-free IMDM medium with 1 μM [Gln4]deltorphin-rhodamine for 30 min at 37°C. 

After treatment, the cells were rinsed with ice-cold PBS, fixed with 4% 

paraformaldehyde and mounted in a Vectashield Mounting Medium. Slides were 

examined under a Zeiss LSM520 laser scanning confocal microscope equipped with a 

100×/1.40 oil objective using a 543/560 nm excitation/emission filter set. Single optical 

sections were acquired through the trans-nuclear plane. The acquisition parameters were 

constant in all parallel experiments. The images were processed using the Adobe 

Photoshop 7.0 software. The magnification bar represents 10 μm. 
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Fig. 6.1. SNC80 down-regulates the hDOR in a concentration and time dependent 

manner. CHO cells stably expressing the human δ-opioid receptors were treated for 24h 

with 1-500 nM SNC80 (A) or for 2-24h with 500 nM SNC80 (B). After three washes, 

cell membranes were prepared and [3H] naltrindole (0.5 nM) binding was measured. 

Total number of receptors remaining after the agonist treatment was determined as 

specific binding per 1 μg membrane protein and expressed as a percentage of the buffer-

treated control. Data shown represent means ± S.E.M. (A) Experimental data were fitted 

with a sigmoidal dose response curve using the Hill coefficient nH = 1. The curve fitting 

provides the EC50 = 21±8 nM. (B) Experimental data were fitted with a one phase 

exponential decay curve. The fitted value of the half life of hDOR down-regulation t½ = 

2.3±0.4h and the maximum desensitization reached 12±5 %. 
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Fig. 6.2. The human δ-opioid receptor down-regulation is agonist specific. CHO cells 

stably expressing the hDOR were treated for 24h with 500 nM DPDPE, 500 nM SNC80 

or 5 μM morphine. Total number of receptors remaining after the agonist treatment was 

determined by specific [3H] naltrindole binding per 1 μg membrane protein and 

expressed as a percentage of the buffer-treated control. Data shown represent means ±

S.E.M. The hDOR is more effectively down-regulated by SNC80 (90±1 %, n=5) than by 

DPDPE (80±1 %, n=5). The difference is statistically significant * p<0.001. No hDOR 

down-regulation was observed upon morphine (5 μM) treatment.
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Fig. 6.3. Hypertonic sucrose prevents agonist-mediated hDOR down-regulation.

CHO cells stably expressing the human δ-opioid receptors were treated for 2h with 500 

nM DPDPE or 500 nM SNC80 in the absence or presence of 0.5 M sucrose. Total 

number of receptors remaining after the agonist treatment was determined by specific 

[3H] naltrindole binding per 1 μg membrane protein and expressed as a percentage of the 

buffer-treated control. Data shown represent means ± S.E.M. The results demonstrate 

that hypertonic sucrose reduces hDOR down-regulation after 2h of agonist treatment 

from 39±1 % to 10±1 %, n=2 for DPDPE and from 51±6 % to 16±1 %, n=2 for SNC80. 
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Fig. 6.4. Lactacystin increases the number of human δ-opioid receptors in agonist-

treated and untreated cells. CHO cells stably expressing the human δ-opioid receptors 

were treated for 24h with 500 nM DPDPE or 500 nM SNC80 in the absence or presence 

of 25 μM lactacystin. Total number of receptors remaining after the agonist treatment 

was determined by specific [3H] naltrindole binding per 1 μg membrane protein and 

expressed as percent in untreated cells. Data shown represent means ± S.E.M of three 

independent experiments. In lactacystin untreated cells DPDPE and SNC80 treatment led 

to a reduction of total number of receptors by 84±2 % and 92±2 %, respectively. 

Lactacystin treatment seems to prevent this reduction and even increases the number of 

hDORs by 21±18 % and 6±25 % after DPDPE and SNC80 treatment, respectively. 

However, lactacystin also increases the basal levels of hDOR by 110±49 %.

Fig. 6.4

146



control SNC80 DPDPE
0

20

40

60

80

100

120

control
Chx
Chx+Lactacystin

-20

0

20

40

60

80

100

sp
ec

iff
ic

 [3 H
]N

TI
 b

in
di

ng
(%

co
nt

ro
l)

D
ow

n-regulation
(%

 control)

Fig. 6.5. Lactacystin has no effect on DPDPE and SNC80 mediated down-regulation 

of human δ-opioid receptors when new protein synthesis is blocked by 

cycloheximide. CHO cells stably expressing the hDOR were treated for 24h with 500 

nM DPDPE or 500 nM SNC80 in the presence of 5 μg/ml cycloheximide alone (Chx) or 

5 μg/ml cycloheximide plus 25 μM lactacystin (Chx+Lactacystin). Total number of 

receptors remaining after the agonist treatment was determined by specific [3H] 

naltrindole binding per 1 μg membrane protein and expressed as percent in untreated 

cells. Data shown represent means ± S.E.M of three independent experiments. 

Cycloheximide alone causes a decrease in the total number of receptors by 26±16 % 

compared to untreated cells. Cycloheximide plus lactacystin show almost identical 

reduction (24±16 %). In cycloheximide treated cells DPDPE and SNC80 treatment leads 

to hDOR down-regulation by 90±2 % and 92±1 %, respectively. In cycloheximide plus 

lactacystin treated cells, DPDPE and SNC80 treatment causes similar hDOR down-

regulation (87±2 % and 91±1 % after DPDPE and SNC80 treatment, respectively).
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Fig. 6.6. MG132 has no effect on DPDPE mediated down-regulation of human δ-

opioid receptors after 4h of treatment. CHO cells stably expressing the human δ-

opioid receptors were treated for 4h with 500 nM DPDPE in the absence or presence of 

25 μM MG132. Total number of receptors remaining after the agonist treatment was 

determined by specific [3H] naltrindole binding per 1 μg membrane protein and 

expressed as percent in untreated cells. Data shown represent means ± S.E.M of two 

independent experiments. MG132 alone causes an insignificant increase in the total 

number of receptors by 12±15 % compared to untreated cells. 4h treatment with DPDPE 

leads to down-regulation of 54±6 % of receptors in the absence and 50±3 % of receptors 

in the presence of MG132, respectively. 

Fig. 6.6
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Fig. 6.7. Inactivation of the ubiquitin conjugating enzyme E1 in E36ts20 cells  has no 

effect on DPDPE and SNC80 mediated down-regulation of the hDOR. E36ts20 cells 

were transiently transfected with the human δ-opioid receptors. 48h post transfection, the 

cells were treated for 4h with 500 nM DPDPE or 500 nM SNC80 at a permissive (33ºC) 

or a non-permissive (41ºC) temperature. Total number of receptors remaining after the 

agonist treatment was determined by specific [3H] naltrindole binding per 1 μg 

membrane protein and expressed as percent in untreated cells maintained at 33ºC. Data 

shown represent means ± S.E.M. At 41ºC the total number of hDORs is increased, 

compared to the total number of receptors expressed at 33ºC by 12±15 % in untreated 

cells. 4h DPDPE treatment leads to down-regulation of 39±9 % of receptors at the 

permissive and 46±3 % of receptors at the non-permissive temperature, respectively 

(n=2). 4h SNC80 treatment leads to down-regulation of 41 % of receptors at the 

permissive and 43 % of receptors at the non-permissive temperature, respectively (n=1).

Fig. 6.7
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Fig. 6.8. Folimycin attenuates DPDPE mediated down-regulation of human δ-opioid 

receptors. CHO cells stably expressing the hDORs were treated for 24h with 500 nM 

DPDPE in the absence or presence of 5 μg/ml cycloheximide alone (Chx) or 5 μg/ml 

cycloheximide plus 25 μM folimycin (Chx+Foli). Total number of receptors remaining 

after the agonist treatment was determined by specific [3H] naltrindole binding per 1 μg 

membrane protein and expressed as percent in untreated cells. Data shown represent 

means ± S.E.M of three independent experiments. Cycloheximide alone causes a small 

decrease in the total number of receptors by 26±16 % while cycloheximide plus 

folimycin causes a small increase in the total number of receptors by 26±17 % compared 

to untreated cells. 24h treatment with DPDPE leads to down-regulation of 90±2 % of 

receptors in the presence of cycloheximide and only 11±10 % of receptors in the 

presence of both cycloheximide plus folimycin. 

Fig. 6.8

150



0

20

40

60

80

100

53%

94%

DPDPE
SNC80

10%
20%

hDOR trunc-hDOR

0

20

40

60

80

100

Sp
ec

ifi
c 

[3 H
]N

TI
 b

ou
nd

(%
 c

on
tr

ol
)

D
ow

n-regulation
(%

 control)

Fig. 6.9. Truncation of the C terminus of the human δ-opioid receptor specifically 

eliminates down-regulation by DPDPE but not by SNC80. CHO cells stably 

expressing the wild-type hDOR or truncEt-hDOR were treated for 24h with 500 nM 

DPDPE or 500 nM SNC80. After three washes, cell membranes were prepared and [3H] 

naltrindole (0.5 nM) binding was measured. Down-regulation was defined as a decrease 

in specific binding per 1 μg membrane protein after the agonist treatment and expressed 

as a percentage of the buffer-treated control. Data shown represent means ± S.E.M. of 

four independent experiments. Down-regulation by DPDPE in the truncEt-hDOR is 

almost eliminated (6 %) as compared to the hDOR (80±1 %). Down-regulation by 

SNC80 in the truncEt-hDOR is significantly attenuated (47±6 %) as compared to the 

hDOR (90±1 %). 

Fig. 6.9
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Fig. 6.10. Mutation of S363 to Ala in the human δ-opioid receptor specifically 

attenuates down-regulation by DPDPE. CHO cells stably expressing the wild-type 

hDOR or hDOR(S363A) mutant were treated for 24h with 500 nM DPDPE or 500 nM 

SNC80. After three washes, cell membranes were prepared and [3H] naltrindole (0.5 nM) 

binding was measured. Down-regulation was defined as a decrease in specific binding 

per 1 μg membrane protein after the agonist treatment and expressed as a percentage of 

the buffer-treated control. Data shown represent means ± S.E.M. of at least four 

independent experiments. Down-regulation by DPDPE in the hDOR(S363A) mutant is 

significantly attenuated (45±9 %) as compared to the wild-type hDOR (80±1 %), p<0.01. 

The hDOR is more effectively down-regulated by SNC80 (90±1 %) than by DPDPE 

(80±1 %), p<0.001. The hDOR(S363A) mutant is more effectively down-regulated by 

SNC80 (87±1 %) than by DPDPE (45±9 %), p<0.01.

Fig. 6.10
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Fig. 6.11

Fig. 6.11. Mutation of S249 and S255 to Ala in the human δ-opioid receptor does not 

affect down-regulation by SNC80. CHO cells were transiently transfected with 

hDOR(S249A/S255A/S363A) triple mutant or hDOR(S363A) single mutant human δ-

opioid receptors. 48h post-transfection the cells were treated for 24h with 500 nM 

DPDPE or 500 nM SNC80. After three washes, cell membranes were prepared and [3H] 

naltrindole (0.5 nM) binding was measured. Down-regulation was defined as a decrease 

in specific binding per 1 μg membrane protein after the agonist treatment and expressed 

as a percentage of the buffer-treated control. Data shown represent means ± S.E.M. of at 

least three independent experiments. Down-regulation by SNC80 is significantly more 

effective than by DPDPE in the hDOR(S363A) single mutant (74±12 % and 55±11 %, 

respectively). Same down-regulation efficacies are also observed in the 

hDOR(S249A/S255A/S363A) triple mutant (69±7 % and 57±4 %, respectively).
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Fig. 7.1. Pretreatment of hDOR/CHO cells with deltorphin II leads to time-

dependent desensitization of deltorphin II-stimulated GTPγ[35S] binding and 

inhibition of cAMP production. hDOR/CHO cells were pretreated for the indicated 

times with 100 nM deltorphin II in serum free IMDM medium at 37ºC. (A) Cell 

membranes were prepared and deltorphin II-stimulated GTPγ[35S] binding was measured 

as described in “Materials and Methods”. The measured deltorphin II concentration 

curves were normalized to percent of the maximal effect in control (untreated) cells. (B) 

After pretreatment, the cells were washed and deltorphin II inhibition of forskolin (100 

μM, 20 min)-stimulated cAMP accumulation was measured as described in “Materials 

and Methods”. Dose-response curves are plotted as percent increase of cAMP inhibition 

relative to control cells. The data points in (A) and (B) represent the averages and 

standard errors obtained from three independent experiments performed in duplicates. 

Deltorphin II pretreatment: (●) 0 min, (○) 2 min, (■) 5 min, (□) 10 min, (▲) 30 min, (△) 

45 min, (◆) 60 min. The dose-response curves for each time point of pretreatment in (A) 

and (B) were fitted to sigmoidal curves with a Hill coefficient equal to 1.

Fig. 7.1
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Fig. 7.2. Mathematical simulation of the effect of agonist pre-treatment on 

concentration-response curves. (A) The concentration-response curves for an agonist 

[A] were generated using equation (7.5), with parameters Em = 100, τ0 = 20, τ∞ = 1, KA = 

1 nM and k = 0.1 min-1. The time of treatment for the individual curves was set to: 0, 5, 

10, 30, and 60 min. (B) The time course of receptor desensitization was simulated with 

equation (4) using the same values of parameters τ0, τ∞ , and k as in graph (A). 

Fig. 7.2
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Fig. 7.3. Time course of deltorphin II-stimulated desensitization of hDOR fitted by 

the modified operational model (equation 7.5). (A) The concentration-response curves 

for deltorphin II-stimulated GTPγ[35S] binding from graph 7.1A were fitted 

simultaneously using equation (7.5). (B) The concentration-response curves of deltorphin 

II-mediated inhibition of forskolin (100 μM, 20 min)-stimulated cAMP accumulation 

plotted in graph 7.1B were fitted simultaneously using equation (7.5). Deltorphin II 

pretreatment: (●) 0 min, (○) 2 min, (■) 5 min, (□) 10 min, (▲) 30 min, (△) 45 min, (◆) 60 

min. The parameters Em and KA were shared for all time points (0-60 min); for times 0-45 

min the parameter τ is defined by equation (7.4) in which τ0 and τ∞ are fitted shared 

parameters; for the 60 min curve the τ was designated τ60 and was fitted independently. 

The fitted parameters Em, KA, k, τ0, and τ∞ for (A) and (B) are summarized in Table 7.1.

Fig. 7.3
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Fig. 7.4. S363A mutation attenuates deltorphin II-mediated hDOR desensitization.

hDOR/CHO (solid line) or hDOR(S363A)/CHO (dotted line) cells were pretreated with 

IMDM medium or 100 nM deltorphin II for 60 min at 37ºC. (A) Cells were harvested, 

cell membranes prepared and deltorphin II-stimulated GTPγ[35S] binding measured, as 

described in “Materials and Methods”. Deltorphin II concentration curves were 

normalized to percent of maximum effect in control (untreated) cells. (B) Cells were 

washed three times to remove the agonist, and dose-response curves for deltorphin II-

mediated inhibition of forskolin (100 μM, 20 min)-stimulated cAMP accumulation were 

measured as described in “Materials and Methods”. The inhibition curves were plotted as 

the percent of cAMP inhibition in control cells. The normalized data from three (A) and 

five (B) independent experiments (performed in duplicates) were combined and fitted by 

sigmoidal dose-response curves with a Hill coefficient set to 1. (●) hDOR/CHO cells, no 

pretreatment, (○) hDOR/CHO cells, deltorphin II pretreatment, (■) hDOR(S363A)/CHO 

cells, no pretreatment, (□) hDOR(S363A)/CHO cells, deltorphin II pretreatment. 

Fig. 7.4
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Fig. 7.5. Desensitization of the hDOR and hDOR(S363A) fitted by the operational 

model. The hDOR/CHO (solid line) or hDOR(S363A)/CHO (dotted line) cells were 

pretreated for 60 min with 100 nM deltorphin II in IMDM medium at 37ºC. (A) The 

concentration-response curves of deltorphin II-stimulated GTPγ[35S] binding from graph 

7.4A were fitted simultaneously using equation (7.1). (B) The concentration-response 

curves of deltorphin II-mediated inhibition of forskolin (100 μM, 20 min)-stimulated 

cAMP accumulation from graph 7.4B were fitted simultaneously using equation (7.1). 

The parameters Em and KA are shared for all curves. (●) hDOR/CHO cells, no 

pretreatment, (○) hDOR/CHO cells, deltorphin II pretreatment, (■) hDOR(S363A)/CHO 

cells, no pretreatment, (□) hDOR(S363A)/CHO cells, deltorphin II pretreatment. The 

fitted parameters Em, KA, and τ for (A) and (B) are summarized in Table 7.4.

Fig. 7.5
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Fig. 7.6
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Fig. 7.6. hDOR is desensitized more efficiently by SNC80 than by deltorphin II 
pretreatment. hDOR/CHO cells were pretreated with IMDM (solid line), 100 nM 
deltorphin II (dotted line) or 100 nM SNC80 (dashed line) in IMDM medium for 60 min 
at 37ºC. (A) Deltorphin II-stimulated GTPγ[35S] binding was measured, as described in 
“Materials and methods”. Deltorphin II concentration curves were normalized to percent 
of maximum effect in control cells. (B) Dose-response curves for deltorphin II-mediated 
inhibition of forskolin-stimulated cAMP accumulation were measured as described in 
“Materials and Methods”. The inhibition curves were plotted as the percent of cAMP 
inhibition in control cells. The normalized data from three (A) and five (B) independent 
experiments (performed in duplicates) were combined and fitted by sigmoidal dose-
response curves with a Hill coefficient equal to 1. (C) The concentration-response curves 
of deltorphin II-stimulated GTPγ[35S] binding from graph A were fitted simultaneously 
using equation (7.1) with parameters Em and KA shared for all curves. (D) The 
concentration-response curves of deltorphin II-mediated inhibition of forskolin-
stimulated cAMP accumulation from graph B were fitted simultaneously using equation 
(7.1) with parameters Em and KA shared for all curves. (●) no pretreatment, (○) deltorphin 
II pretreatment, (■) SNC80 pretreatment. 
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Fig. 7.7
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Fig. 7.7. hDOR(S363A) is desensitized by SNC80 but not by deltorphin II 
pretreatment. hDOR(S363A)/CHO cells were pretreated with IMDM (solid line), 100 
nM deltorphin II (dotted line) or 100 nM SNC80 (dashed line) in IMDM medium for 60 
min at 37ºC. (A) Deltorphin II-stimulated GTPγ[35S] binding was measured, as described 
in “Materials and Methods”. Deltorphin II concentration curves were normalized to 
percent of maximum effect in control cells. (B) Dose-response curves for deltorphin II-
mediated inhibition of forskolin-stimulated cAMP accumulation were measured as 
described in “Materials and Methods”. The inhibition curves were plotted as the percent 
of cAMP inhibition in control cells. The normalized data from three (A) and five (B) 
independent experiments (performed in duplicates) were combined and fitted by 
sigmoidal dose-response curves with a Hill coefficient equal to 1. (C) The concentration-
response curves of deltorphin II-stimulated GTPγ[35S] binding from graph A were fitted 
simultaneously using equation (7.1) with parameters Em and KA shared for all three 
curves. (D) The concentration-response curves of deltorphin II-mediated inhibition of 
forskolin-stimulated cAMP accumulation from graph B were fitted simultaneously using 
equation (7.1) with parameters Em and KA shared for all curves. (●) no pretreatment, (○) 
deltorphin II pretreatment, (■) SNC80 pretreatment. 
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	 ABSTRACT
	Regulation of the human delta opioid receptor (hDOR) is implicated in the development of tolerance to chronic morphine (Zhu et al., 1999). In addition, DORs are promising analgesic targets for the management of chronic pain states such as inflammatory or neuropathic pain (Cahill et al., 2007). Therefore, in this study, we investigated multiple aspects of hDOR regulation, including receptor phosphorylation, (-arrestin binding, receptor internalization, down-regulation and desensitization, using recombinant Chinese hamster ovary (CHO) cells expressing the wild-type or various mutant hDOR constructs. We found that structurally diverse delta opioid agonists regulate the hDOR by different mechanisms. We demonstrate that morphine is able to activate the initial step of the regulatory events, phosphorylation of S363, but due to requirements for simultaneous activation of multiple sites, morphine fails to promote (-arrestin binding, receptor internalization and down-regulation. We also report that peptide delta opioid receptor agonists and a non-peptide agonist SNC80 differ in their ability to down-regulate the hDOR. Further differences in receptor phosphorylation, desensitization and (-arrestin translocation between these two classes of full DOR agonists are reveled by truncation of the receptor’s C-terminus or by mutation of the primary phosphorylation site, S363. Studies using the mutant receptors identify the C-terminus as the important domain for hDOR phosphorylation, (-arrestin binding and down-regulation by both peptide and non-peptide agonists. S363 within the C-terminus is critically involved in receptor phosphorylation, desensitization and down-regulation, but not in (-arrestin binding and receptor internalization. In contrast to peptide agonists, SNC80 is able to phosphorylate and activate secondary intracellular domain(s), in addition to the C-terminus, which participate in (-arrestin recruitment and receptor desensitization and down-regulation. Therefore, agonist-specific differences were detected for multiple regulatory events between morphine, peptide agonists and SNC80. Differential agonist-mediated regulation of the human delta opioid receptor may be used to design pain therapy drugs with improved analgesic properties and minimal side effects.
	 1. INTRODUCTION
	Opioid receptors
	Caveolae and lipid rafts are plasma membrane microdomains enriched in cholesterol and sphingomyelin (Razani et al., 2002). Caveolae also contain scaffolding proteins, caveolin-1(, 1(, 2, or 3 (Kiss et al., 2002) that promote the flask-shaped invagination of this microdomain. Like for CCPs, dynamin machinery is also responsible for scission of caveolae from the plasma membrane. 2-Hydroxypropyl-(-cyclodextrin is frequently used to study lipid rafts/caveolae-mediated effects because it sequesters cholesterol from the plasma membrane and, therefore, disrupts lipid rafts/caveolae (Neufeld et al., 1996). However, cholesterol depletion also attenuates endocytosis via clathrin-coated pits. A more selective inhibitor of lipid rafts, fillipin, intercalates into cholesterol-rich lipid rafts without altering cholesterol composition (Monis et al., 2006), and therefore specifically targets lipid rafts/caveolae without affecting other modes of endocytosis.  Several membrane proteins, including opioid receptors (Huang et al., 2007), have been shown to localize to lipid rafts and may undergo caveolae-mediated endocytosis (Insel et al., 2005). 
	As reported above, DORs have been identified in two different endocytic plasma membrane domains: CCPs and lipid rafts or caveolae. It is assumed that the mechanism by which the receptor was endocytosed will affect the fate of the receptor. Therefore, by manipulating endocytosis of the receptor, we may be able to modulate the extent of receptor desensitization or resensitization. In this Chapter, we used fluorescently-labeled deltorphin II analogues or Green Fluorescent Protein-labeled hDOR (hDOR-EGFP) to study internalization of the delta opioid receptor in recombinant Chinese hamster ovary cells. The goal of the study was: 1) to determine the molecular mechanism of hDOR internalization; 2) to investigate agonist selectivity of hDOR endocytosis; 3) to study the role of S363 phosphorylation in hDOR internalization.
	In conclusion, we found that structurally diverse delta opioid receptor agonists regulate the hDOR by different mechanisms. We demonstrate that morphine is able to activate the first step of the regulatory events, phosphorylation of S363, but due to requirements for simultaneous activation of multiple sites, morphine fails to promote (-arrestin binding, receptor internalization and down-regulation. We also report that peptide DOR agonists and a non-peptide SNC80 differ in their ability to down-regulate the hDOR. Further differences in receptor phosphorylation, desensitization and (-arrestin translocation between these two classes of full delta opioid agonists are uncovered by truncation of the receptor’s C-terminus or by mutation of the primary phosphorylation site, S363. Studies using the mutant receptors identify the C-terminus as the important domain for hDOR phosphorylation, (-arrestin binding and down-regulation by both peptide and non-peptide agonists. S363 within the C-terminus is critically involved in receptor phosphorylation, desensitization and down-regulation by peptide agonists, but not in (-arrestin binding and receptor internalization. In contrast to peptide agonists, SNC80 is able to phosphorylate and activate secondary intracellular domain(s), in addition to the C-terminus, which participate in (-arrestin recruitment and receptor desensitization and down-regulation. Therefore, agonist-specific differences were detected for multiple regulatory events between morphine, peptide agonists and SNC80. We propose that the differential agonist-mediated regulation of the hDOR may be utilized to design opioid drugs with improved analgesic properties and minimal side effects. In our future studies we first want to confirm that similar agonist-specific differences are also observed in rat dorsal root ganglion neurons. These primary sensory neurons are responsible for detection of a pain stimulus and its transmittion to the spinal cord. We hypothesize that agonist-mediated regulation of the DOR in DRG neurons may affect the development of tolerance. Therefore, next we will investigate whether agonist-specific differences in DOR regulation will affect the development of opioid tolerance in vivo.
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