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INTERNALIZATION OF THE H OPIOID RECEPTOR

VERONICA SEGREDO

ABSTRACT

The pu-opioid receptor was previously shown to internalize upon

agonist stimulation; however, internalization was agonist specific, i.e.,

DAMGO caused rapid internalization whereas morphine did not. To

determine receptor domains involved in internalization, we constructed two

truncation mutants of the C-terminal tail, shown to play a role in

internalization of several other G-protein-coupled receptors. The

truncations bracket a 4-residue-Ser/Thr domain (354TSST358) which is

unique to the C-terminal tail of the pi-opioid receptor and is absent in the

other opioid receptors. To the wild type and the two truncation mutant

receptors, an epitope tag was added to their extracellular N-terminal tail

(named pueB, T358EE and T354EE, respectively). The three pi receptor

constructs were transfected into HEK cells and did not noticeably differ in

their ability to bind opioid ligands and couple to G-proteins. Both pleE and

T358EE resided largely at the plasma membrane and internalized upon

DAMGO, but not morphine stimulation. In contrast, T354EE was already

iv



concentrated in intracellular vesicles before agonist exposure, and it

recycled back to the surface upon treatments that block endocytosis via

clathrin-coated vesicles. Therefore, T354EE internalized and recycled

constitutively. DAMGO stimulation of T354EE further reduced the

number of receptor at the cell surface while morphine stimulation did not.

Even though T354EE internalized in an agonist-independent manner, there

was no evidence of elevated basal G-protein coupling. To identify the

cellular pathway of H receptor internalization, we used antibodies directed

against clathrin and the transferrin receptor, which is known to recycle

constitutively via clathrin coated pits. Colocalization of both the DAMGO

stimulated pubE and the nonstimulated T354EE with clathrin and the

transferrin receptor in intracellular vesicles indicated that the cellular

pathway of pl-receptor internalization is similar to that of the transferrin

receptor. These results indicate that a portion of the C-terminus, and in

particular the Ser/Thr domain (354TSST357), suppresses receptor

internalization, and this suppression can be reversed either by stimulation

with a permissive agonist or by deletion of the inhibitory domain.

Furthermore, selective activation of agonist-independent internalization by

a mutation demonstrated that distinct receptor conformations are required

for G-protein coupling and internalization.
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INTRODUCTION

OBJECTIVE

The overall objective of these experiments was to better understand

the regulation of G-protein-coupled receptors after agonist exposure. The

pu opioid receptor was used as a model. The specific aims of this research

were to 1) characterize the internalization pattern of the pl-opioid receptor,

2) identify the pathway of internalization of the pu-opioid receptor,

3) determine whether the C-terminal tail of the pureceptor is

involved in internalization,

4) determine whether G-protein coupling is a prerequisite for

internalization.

BACKGROUND

All cells possess the capacity to receive and process information

from their surrounding. External signals such as light, odorants and dietary

chemicals stimulate target cells in specialized sensory organs; circulating or

locally released hormones and neurotransmitters serve as chemical

messengers between different types of cells in the body. All these signals

a sº



target specific receptors at the cell surface and represent only the first step

in a cascade of molecular events that underlies transmembrane signaling. In

many cases, stimulation of these receptors results in activation of effector

proteins (e.g., enzymes or ion channels) which mobilize chemical second

messengers that initiate characteristic actions within the cell. In all

eukaryotic organisms, a family of heterotrimeric GTP-binding proteins

(G-proteins) plays an essential transducing role in linking many cell

surface receptors to effector proteins at the plasma membrane.

G-proteins

G-proteins are heterotrimeric proteins, composed of three distinct

subunits: O., 3 and Y. The 3 and Y subunit exist as a tightly associated

complex that functions as a unit. The O. subunits have a single, high affinity

binding site for guanine nucleotides (GTP or GDP). Activation of the G

protein by a receptor leads to the exchange of GDP by GTP (Bourne et al.,

1991). The GDP-bound form of the O. subunit binds tightly to BY and is

inactive, whereas the GTP-bound form of O. dissociates from BY and serves

as a regulator of effector proteins. Activation of the G-protein by a

receptor leads to the exchange of GDP by GTP (Bourne, et al., 1991). All

O. subunits are themselves enzymes. That is, these proteins possess intrinsic

GTPase activity and will, at varying rates, hydrolyze the terminal



phosphate of bound GTP to yield bound GDP and free inorganic phosphate

(Pi) (Bourne, et al., 1991). GTPYS is a non-hydrolysable analogue of GTP.

Binding of GTPYS, like binding of GTP, is induced by activation of the G

protein and causes O. to dissociate from 3), but because GTPYS is not

hydrolysable, it will remain bound to the G-protein which will remain

constitutively activated (Lambright et al., 1994). Quantification of

[*S]GTPYS binding is a classical method for quantifying G-protein

activation, as the amount of [*S]GTPYS bound to G-proteins is proportional

to the amount of G-protein activation (Burford et al., 1995; Milligan,

1992; Schütz et al., 1992).

In some cases the O. subunit contains specific residues that can

covalently modified by bacterial toxins. Cholera and pertussis toxins

uncouple the G-protein from the receptor (Milligan, 1992). Cholera toxin

catalyses the transfer of the ADP-ribose moiety of NAD to a specific Arg

residue in certain O. subunits. Modification of O. by cholera toxin

constitutively activate these proteins (by inhibiting their GTPase activity)

(Hepler et al., 1992). Pertussis toxin, also catalyses the transfer of an ADP

ribose moiety in a different set of O. subunits, but instead of constitutively

activating the G-protein, it inactivates it by preventing receptor-mediated

activation (Hepler and Gilman, 1992). Because the specificity of the

cellular effect of these toxins, which modify only certain subtypes of G

proteins, while having very little extra toxic effect on the cell, these two
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toxins have been, and still are, an essential tool in the identification of G

protein mediated processes (Milligan, 1992).

For many years it was thought that the specificity of G-protein effect

on the second messenger cascade was due to the O. subunit (Hepler and

Gilman, 1992), as the same BY subunit complex can be shared among

different O-subunits to form the heterotrimer. Indeed, traditionally the BY

subunit complex has been viewed as a regulatory component for of which

stabilizes the GDP-bound form of O., “presenting of to the receptor”,

serving as a membrane anchor for the oligomer. Yet the activation of G

proteins yield two subunits, O. and BY, that could act on downstream targets.

A growing body of evidence now supports the idea that free 3) can itself

interact functionally with effector proteins (Clapham et al., 1993). In

mammalian systems, direct biochemical evidence for interactions of BY

with effectors has come from the study of different isoforms of adenylyl

cyclase (Clapham and Neer, 1993). Some of the isoenzymes of adenylyl

cyclase are regulated by BY in a type-specific fashion. Adenylyl cyclase I, a

calmodulin-sensitive enzyme from the central nervous system, is inhibited

by BY (Tang et al., 1991), whereas adenylyl cyclases II and IV, both

enzymes insensitive to calmodulin, are activated by BY (Federman et al.,

1992). By subunits have also been shown to stimulate another enzyme,

phospholipase C (PLC) (Clapham and Neer, 1993). In addition BY has been

shown to activate inward-rectifying K channels (Clapham and Neer, 1993).



The identity of the O. subunit is currently used to define an individual

G-protein oligomer. The family of G-protein O. subunits can be

subclassified according to functional relationships. To date cDNAs that

encode 21 distinct G protein O. subunits (the products of 17 genes) have

been cloned; these can be divided into five major subfamilies according to

their specificity in 2nd messenger activation. The five main subfamilies are

os/oolf, oi/oo, ot, O.Q., and 0.12/013. In addition, 6 distinct 3 and 11 Y

subunits have been cloned so far (Ray et al., 1995). :
The first subfamily of O. subunits, composed of Os and Oolf,

º
stimulate adenylyl cyclase, and thus enhance the rate of cAMP synthesis. At

£
least five distinct isoforms of adenylyl cyclase have been described to date,

- -

all of which are activated by os (Lustig et al., 1993). The Oolf subunit is

expressed exclusively in olfactory neuroepithelium and links odorant

receptors with an olfactory-specific form of adenylyl cyclase. In addition

to activation of adenylyl cyclase, purified O's regulates at least two types of

ion channels in reconstituted systems, stimulating dihydropyridine-sensitive

voltage-gated Caº” channels and inhibiting voltage-gated cardiac Na’

channels (Mattera et al., 1989; Schubert et al., 1989). G-protein subunits os

or Oolf are specifically modified by cholera toxin.

The second subfamily, composed of Oi, O■ o, and Oz, inhibits adenylyl

cyclase, and thus decrease the rate of cAMP synthesis. They also modulate

several ion channels, modifying K’ channel and inhibiting voltage-gate Ca”



channels. G-protein subunits Oi or O■ o subunits are specifically modified by

pertussis toxin, whereas Oz is not. The function of the G-protein Gz is still

unknown (Simon et al., 1991; Wong et al., 1992).

The third subfamily, composed of the transducins (O■ t), stimulate a

cGMP-specific phosphodiesterase, and thus decrease cytoplasmic

concentrations of c(3MP. In photoreceptor rod outer segments, light

activated rhodopsin activates transducin (O■ tl) to stimulate a

phosphodiesterase (Simon, et al., 1991). Although O't! is expressed

exclusively in retinal rods, a second form of transducin, Ot2, is expressed

in cones and links cone opsins to activation of a distinct phosphodiesterase.

A novel transducin-like G-protein named gusducin (Og) has been described

recently and is apparently expressed only in taste buds (McLaughlin et al.,

1992). Transducins can be modified by both cholera and pertussis toxins

(Hepler and Gilman, 1992).

The fourth subfamily, composed of O.Q., 0.11, 0:14, O.15 and 0.16,

activate phospholipase C3, an effector enzyme that catalyses hydrolysis of

the membrane lipid phosphatidylinositol 4,5-biphosphate to form two

second messengers, inositol 1,4,5-triphosphate and diacylglycerol (Qian et

al., 1994). Although O.Q., O.11 and 0.14 are found in many tissues, the other

two members of the O.Q family, O.15 and 0.16, are expressed only in cells of

hematopoietic lineage (Simon, et al., 1991).
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The fifth subfamily, composed of the ubiquitous O.13 and o.14,

modulate the ubiquitously expressed plasma membrane Na/H exchanger

NHE1 (Voyno-Yasenetskaya et al., 1994). Na/H exchangers comprise a

family of countertransport proteins participating in intracellular pH

homeostasis, cell volume regulation, and the transepithelial transport of Na.

NHE1 functions primarily in controlling the intracellular pH, and is

regulated by a number of hormones and neurotransmitters coupled to the

G-proteins G13 and G14 (Voyno-Yasenetskaya, et al., 1994).

G-Protein-Coupled Receptors

G-protein-coupled receptors are an extensive family of receptors.

Their activation by a specific agonist (e.g., hormones, neurotransmitters,

or odorants), or by light, lead to the activation of a specific G-protein and

consequently the stimulation of the second messenger cascade responsible

for specific cellular effects in response to the corresponding stimulus.

More than one hundred distinct receptors have been identified to date

which couple to heterotrimeric G-proteins (Probst et al., 1992). In 1982

the complete protein sequence of the visual pigment bovine rhodopsin was

determined (Ovchinnikov et al., 1982). Its predicted structure, containing

an extracellular N-terminal tail, seven membrane-spanning O-helices of 20

30 hydrophobic amino acids and an intracellular C-terminal tail was



remarkably similar to that of the membrane proton pump

bacteriorhodopsin, which had been previously identified by electron

diffraction and sequence analysis (Engelman et al., 1980; Hargrave et al.,

1983; Henderson et al., 1990; Nathans et al., 1983; Unwin et al., 1975).

These seven membrane spanning O-helices are referred to as

transmembrane domains 1-7 (TMD1-TMD7). This structural paradigm was

reinforced by cloning of human opsins and the hamster B-adrenergic
º

receptor, all of which contain similar seven putative transmembrane

domain sequences (Dixon et al., 1986; Nathans et al., 1986). In the

following years, the number of cloned proteins predicted to share this

structure has expanded rapidly. The published sequences for G-protein- *

coupled receptors include a wide range of sizes, varying from the 324- º
residue mas oncogene to the 744-residue thyroid-stimulating hormone º
receptor (Probst, et al., 1992). &

Opioid Receptors

Morphine and other opioid analgesics activate specific neuronal

receptors known as opioid receptors. Opioid receptors belong to the

superfamily of G-protein-coupled receptors (GPCR) because first,

activation of the opioid receptors inhibits adenylate cyclase through the

pertussis-toxin-sensitive G-protein Gi (Chen et al., 1993; Thompson et al.,



1993). Secondly, opioid receptors also modulate both potassium and

voltage-gated calcium channels which are known to be modulated by G

proteins (Kovoor et al., 1995). Activation of inwardly rectifying K’

channels appears to happen through the liberation of BY subunits from the

activated pertussis toxin-sensitive heterotrimeric G-proteins Gi/Go

(Wickman et al., 1995). The inhibition of voltage-gated calcium current

has been implicated in the presynaptic inhibition of neurotransmitter
* -

release in the central nervous system (Gross et al., 1987; Hescheler et al., º
1987; Tallent et al., 1994). And third, their amino acid structure inferred º

from cDNA cloning predict, like for all other members of the superfamily, º
seven transmembrane domains (TMD), an extracellular N-terminal tail and t

an intracellular C-terminal tail (Reisine et al., 1993). gº.

Among the superfamily of G-protein-coupled receptors, the opioid &

receptors share high sequence homology only with the family of º
somatostatin receptors (approximately 40% amino acid sequence similarity)

(Reisine, 1995; Yasuda et al., 1993). Both families of receptors are

targeted by endogenous peptide hormones (3-endorphin, enkephalins and

dynorphins, for the opioid receptors; somatostatin, for the somatostatin

receptors). The similarity between opioid and somatostatin receptors is

consistent with the pharmacological overlap of these receptors, since some

somatostatin analogs bind with moderate to high potency to plopioid

receptors (Maurer et al., 1982). The extremely potent and selective pl



opioid antagonist CTOP was developed from a somatostatin analog

(Kramer et al., 1989). Also, both families of receptors appear to couple to

the same types of G-proteins (i.e., Gi/Go) and to the same second

messengers (adenylate cyclase, calcium channels and inward-rectifying

potassium channels) (Bell et al., 1993; Tallent et al., 1992; Taussig et al.,

1992; Yasuda et al., 1992)

Four opioid receptor subtypes have been cloned so far; H, 6, k and

ORL1 (Opioid Receptor-Like 1) (Chen, et al., 1993; Evans et al., 1992;

Kieffer et al., 1992; Thompson, et al., 1993; Wang et al., 1994). The first

three subtypes share high sequence identity (60-70% identical amino acids)

whereas ORL1 has a lower sequence identity with the other three members

of the family (Mollereau et al., 1994; Yasuda, et al., 1993). Although the

function and distribution of pu, 6 and k has been studied at length, little is

known about those of ORL1. Cloned in 1994, the study of ORL1 has been

hindered by the lack of specific ligand, as this receptor does not bind the

usual opioid agonists and antagonists (Lachowicz et al., 1995; Mollereau, et

al., 1994). However, it appears to couple to the same second messenger

system as the other subtypes and it has been shown to be negatively coupled

to adenylyl cyclase (Mollereau, et al., 1994). It was only in 1995 that a

specific endogenous ligand, nociceptin, was purified (Meunier et al., 1995).

Nociceptin, contrary to other opioid agonists, is not analgesic but seems

instead to increase reactivity to pain stimulation (Meunier, et al., 1995). A

10



better understanding of the function of ORL1, therefore, is likely in the

next few years.

Although opioid receptors are mostly located in the central and

peripheral nervous system, they are also expressed in immunological cells,

though in much lesser amounts. Opioid receptors are present in

lymphocytes, macrophages, and monocytes, in which they mediate an

impairment of the immune function (Belkowski et al., 1995; Chuang et al.,

1995; Gavériaux et al., 1995; Seddi et al., 1995; Szabo et al., ). In the

nervous system, opioid receptors are mostly located in the central nervous

system (brain and spinal cord). Opioid receptors also are found in

parasympathetic ganglia, where they mediate morphine-induced

constipation and bladder retention (Corbett et al., 1986). All three main

receptor subtypes are found in areas involved in the sensory processing of

visual, auditory, olfactory and nociceptive information (Mansour et al.,

1987; McLean et al., 1986; Tempel et al., 1987). In the spinal cord, opioid

receptors are located in the superficial lamina of the dorsal horn and they

mediae presynaptic inhibition of excitatory, glutamatergic and peptidergic,

primary nociceptive input (Cheng et al., 1995; Glaum et al., 1994; Honda

et al., 1995; Kanjhan, 1995; Kar et al., 1995). They all mediate receptor

specific analgesia (Adams et al., 1994; Bilsky et al., 1994; Chen et al.,

1995; Chien et al., 1994; Rossi et al., 1994; Standifer et al., 1994; Tseng et

al., 1994). The k receptor is not only found in hypothalamic nuclei, like

* --

º

º -
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the other two subtypes, but also is found in the neural lobe of the pituitary.

This suggests that the K receptor may be important in regulation of

hypothalamic-pituitary hormone secretion and homeostatic behavior such

as food and water intake, reproductive behavior and temperature

regulation (Brady et al., 1987; Desjardins et al., 1990; Herkenham et al.,

1986).

Regulation of G-protein Coupled Receptors

The diminution of pharmacological response following continuous

exposure to a stimulus or agonist is defined as tolerance. Tolerance is a

common clinical phenomenon observed after chronic administration of

morphine and other opioid analgesics. Tolerance can be a multifactorial

phenomenon as many pharmacological events may contribute to its genesis. <.

Tolerance could be explained by both pharmacokinetic and
º

phamacodynamic mechanisms. Among the pharmacokinetic mechanisms

that can explain tolerance to a pharmacological agent are the accumulation

in the body of antagonistic metabolites and/or an increase in the rate of

metabolism of the parent compound. Among the pharmacodynamic

mechanisms that can explain tolerance are the changes in number or

properties of the target membrane receptors (Rowland et al., 1989).

Tolerance may be explained by three types of receptor behavior:

12



desensitization, internalization/sequestration and downregulation

(Hausdorff et al., 1990). Desensitization is the uncoupling of the receptor

to its corresponding G-protein. Desensitization of the B-adrenergic

receptor has been shown to be implemented by several processes: serine

threonine phosphorylation, and binding to an arrestin protein (Ferguson et

al., 1996; Hausdorff, et al., 1990; Lefkowitz, 1993). At least two kinases

appear to act on the ■ adrenergic receptor: a cAMP-dependent protein

kinase (PKA) and the 3-adrenergic receptor kinase which specifically ****

phosphorylates the receptor after activation (Lefkowitz, 1993; Lohse et al., r:
**

1990). ~.
Internalization-sequestration leads to the decrease of membrane --

receptor without a decrease of the total number of cellular receptors. The -
receptor is internalized in intracellular vesicles from where it can recycle º
back to the surface, to await new activation (recycling) (Pippig et al., 1995; &
Yu et al., 1993). During downregulation the receptor moves intracellularly

in vesicles which will eventually fuse with lysosomes leading to the

degradation of the receptor and therefore a decrease in the total number of

cellular receptors (Schvartz et al., 1987).

The process of internalization of GPCR after agonist stimulation is

poorly understood. The mediators of GPCR internalization have not been

identified, nor have the conditions which stimulate internalization/recycling

rather than downregulation been defined. Data on the pathway for

13



internalization of GPCR are conflicting, and the pathway of pi opioid

receptor internalization is still not known. GPCR internalization has been

reported to occur through different pathways: clathrin-coated vesicles,

caveolae and non coated vesicles. Endocytosis of receptors through

clathrin-coated pits and vesicles is the endocytic pathway that has been best

studied (Fonseca et al., 1995; Ghinea et al., 1992; Grady et al., 1995; Hoxie

et al., 1993; Slowiejko et al., 1996). Some treatments that specifically block

this pathway have also been identified (e.g., hyperosmolar sucrose, acetic ~

acid acidification) (Daukas et al., 1985; Sandvig et al., 1987). Furthermore º*

some receptors constitutively recycle through clathrin-mediated vesicles 2.

allowing further identification of the clathrin-mediated vesicular pathways ~
º

(e.g., transferrin receptor and LDL receptor). Caveolae are small plasma

membrane invaginations enriched in caveolin, a structural protein, that bud º
into intracellular endosomes. Caveolae have been implicated in the agonist- C.
induced internalization of various receptors (Anderson et al., 1992). Also,

caveolae may be involved in signal transduction as their membranes are

rich in numerous G-proteins and Tyr-kinases (Chang et al., 1994; Chun et

al., 1994). Clathrin-coated and caveolae-related vesicles can be studied

using antibodies to their structural proteins, but noncoated vesicles are

identifiable only by electron microscopy since the proteins involved are

not well-defined (Raposo et al., 1989; Raposo et al., 1987).

14



Internalization of Opioid Receptors

Although agonist-induced regulation of the different subtypes of

opioid receptors (i.e., pi, 6 and K) has been extensively studied, no real

consensus exists of the pattern of behavior of each subtype (Brady, 1993).

Each receptor subtype may behave differently after agonist treatment,
**

depending on the experimental model chosen (e.g., in vivo vs. in vitro, cell ~

type chosen, membranes vs. whole cells, subtype specificity of the chosen º
***

ligand, agonist vs. antagonist ligand, concentration of the agonist at the site 2.

of action, etc.). Ligand binding studies suggest that the H-opioid receptor -

has a different pattern of agonist-induced internalization and

downregulation than the endogenous 6 and K receptors (Cone et al., 1991; º
Tao et al., 1987; Werling et al., 1989). S.

Understanding opioid receptor regulation is important for the more

global understanding of regulation of G-protein coupled receptors. It also

is important for understanding clinical tolerance commonly observed after

long-term morphine treatment in patients with chronic pain.
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CHAPTER 1

INTERNALIZATION OF AN EPITOPE-TAGGED p OPIOID

RECEPTOR EXPRESSED IN HUMAN EMBRYONIC KIDNEY

CELLS: CHARACTERIZATION OF INTERNALIZATION

SUMMARY

Activation of the plopioid receptor by agonists induces the coupling

of the receptor to the G-protein Gi/Go and the subsequent inhibition of

adenylyl cyclase. Different full agonists induce different effects on pu

receptor internalization. Whereas most full agonists induce internalization

of the receptor, morphine, also a full agonist, does not. Conversely,

antagonists as well as partial agonists do not appear to induce receptor

internalization. I describe a method to quantify internalization of the tagged

|l opioid receptor using an indirect cellular enzyme-linked immunosorbent

assay (ELISA).

INTRODUCTION

Internalization is one of the regulatory mechanisms triggered by

agonist stimulation of GPCR, corresponding to the endocytosis of the
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receptor into intracellular vesicles. Following endocytosis, the receptor

may recycle back to the cell surface to await new activation, or it may fuse

into lysosomes for degradation (Yu, et al., 1993). Like other GPCR, the pl

opioid receptor has been shown to internalize upon agonist stimulation

(Arden et al., 1995). We have shown that two very effective and potent

agonists (for G-protein coupling) have very different effects on

internalization of the H receptor; morphine, a nonpeptide agonist, does not

cause plinternalization, whereas DAMGO, a pentapeptide, does (Arden, et

al., 1995). Because the endogenous opioid ligands of the plºreceptor are

polypeptides (i.e., 3-endorphin and Met-enkephalin) whereas opioid

analgesics are not, we wished to determine whether the difference in

internalization response to DAMGO and morphine could be explained by

differences in chemical structure. To investigate whether the efficacy in

inducing pureceptor internalization was related to chemical structure (e.g.,

peptide vs. non peptide), we tested the internalization efficacy of a series of

pu opioid ligands of different chemical structure.

A classical method to quantify internalization is to measure a

decrease in ligand binding to extracellular receptors after agonist treatment

(Moro et al., 1994). Contrary to other receptor systems, binding assays

assessing extracellular plopioid binding sites are confounded by multiple

receptor conformations, and thus tracer affinities that change during

agonist stimulation. In the following studies, internalization was determined
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as the presence of intracellular vesicles seen by confocal microscopy after

fluorescent labeling of the receptor. For these studies, the receptor was

tagged at its extracellular N-terminal tail, and labeled with a anti-epitope

monoclonal antibody. The problem with this method is that it permits only

a qualitative evaluation of the presence or absence of intracellular vesicles,

and therefore is limited as a quantitative method. The necessity of assessing

pharmacological modifications on internalization that may not be all-or

none responses, created the need to develop a quantitative method to assess

partial changes in cellular receptor distribution. This led us to develop an

indirect cellular enzyme-linked immunosorbent assay taking advantage of

the high affinity of the anti-epitope antibody for the tagged H receptor

(Grussenmeyer et al., 1985; Schöneberg et al., 1996).

EXPERIMENTAL PROCEDURES

Epitope Tagging and Stable Expression of The pu Opioid

Receptor

The wild-type plopioid receptor was tagged at the N-terminal tail

with the epitope tag sequence EYMPME (EE) by polymerase chain

reaction (PCR) (Grussenmeyer, et al., 1985). The template used for all

reactions was the wild-type rat H opioid receptor. The gene encoding for

18



the rat H opioid receptor was provided by Dr. Lei Yu (Indiana University

School of Medicine) in the plasmid pKC/CMV. In all cases, the 5’ primer

had the following sequence

TTTTAAGCTTACCATGGAATACATGCCAATGGAAGACAGCAGCAC

CACGGCCCAGGG containing a HindIII restriction site, the start codon,

and a sequence encoding the epitope EYMPME (the underlined bases in the

sequence). The 3’ primer sequences contained the stop codon and a Xbal

restriction site. The 3' primer sequence WaS

GCTCTAGAGCGAGGGTCTGGATGGTG. To verify the sequence of the

PCR product, approximately 80% of the epitope-tagged plopioid receptor

was sequenced and was found in agreement with the cloned receptor (Chen,

et al., 1993). The remaining 20% is composed of the 1st transmembrane

domain and part of the 1st intracellular loop, regions which are unlikely to

affect binding or coupling of the receptor (Moro, et al., 1994; Reisine,

1995).

Human embryonic kidney cells (HEK 293) were transfected by the

calcium phosphate method, and clonal cells stably expressing pland pueB

were selected in 400 pig■ ml of G418 and maintained in Dulbecco's modified

Eagle’s medium (DMEM H16/F12) with 10% fetal calf serum and 200

plg/ml of G418.
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Ligand Binding cAMP Assays

Receptor expression in HEK cells was quantified by binding of the

antagonist 'H-diprenorphine (H-DPN). “H-DPN and nonlabeled DPN were

obtained from the National Institute on Drug Abuse (Rockville, MD, USA).

HEK293 cells stably expressing pureceptors were harvested into phosphate

buffered saline (PBS), and triplicate samples were incubated with 0.6 nM

of ‘H-DPN with increasing concentrations of nonlabeled DPN

concentrations in a 50-mM Tris buffer (pH 7.4) with 1% bovine serum

albumin (Arden, et al., 1995). Cells were incubated for 1 hr at room

temperature and harvested on GF/C glass filters, washed three times with

ice-cold PBS, and ‘H content determined by scintillation counting.

Displacement data were fitted by the logistic function B=Bºx"LT"/[Kp"+LI"]

where B=['HLion-NSB]/[SA*HL/L], where B is the amount of ligand

bound, LT is the total concentration of ligand (LI='HL+L), L is the

concentration of unlabeled ligand, 'HL is the concentration of radiolabeled

ligand, Bma, is the maximum amount of ligand that could be bound, Kp is

the displacement constant, 'HLºnd is the amount of radiolabeled ligand

bound, NSB is the nonspecific binding of radiolabeled ligand, SA is the

specific activity of the radiolabeled ligand. The binding assay and the

calculation of Kp for DAMGO and DPN were performed the same way,

except for the incubation of the cells with the radiolabeled tracer.
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Incubation of cells with H-DAMGO was performed for 6 hrs at 4°C to

avoid internalization (von Zastrow et al., ). H-DAMGO and nonlabeled

DAMGO were obtained from the National Institute on Drug Abuse

(Rockville, MD, USA). Protein content was determined by the method of

Bradford using the BIO-RAD protein assay kit (Hercules, CA, USA).

The inhibition of cAMP accumulation by morphine and DAMGO

was determined in stably transfected cells stimulated with 100 puM forskolin

and increasing concentration of agonist for 15 min at 37°C in medium

without fetal calf serum. Forskolin directly stimulates adenylyl cyclase, and

is added to the assay to increase baseline cellular cAMP levels. The increase

in baseline cellular cAMP levels is essential for assessment of an inhibitory

effect on adenylyl cyclase, because the nonstimulated baseline cAMP levels

are otherwise too low to be quantified by the available cAMP assays.

Therefore, without forskolin stimulation it would not be possible to

measure a further decrease induced by opioid stimulation of the G-protein

Gi (Milligan, 1992). The total amount of cAMP per well was determined

by radioimmunoassay (Amersham, Arlington Height, IL, USA). Data were

fitted by logistic regression to the sigmoid function E=100%-

[E., "C"]/[C"+ECso"], where E is the percent inhibition of forskolin

stimulated-cAMP accumulation induced by the concentration of agonist C,

Ema, the maximum effect and ECso a constant. ECso equals the concentrationinax

at which the effect is half-maximal.
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Confocal Laser Microscopy

Cells were prepared for microscopy as previously reported (Arden,

et al., 1995). Cells stably expressing pueB were grown overnight, at low

density, directly on Permanox(8) chamber slides (Nunc Inc., Naperville, IL,

USA). Cells were then exposed to different drug treatments for 1 hr at

37°C in 5% CO,195% air, in incomplete medium (DMEM H16/F12 without

fetal calf serum). At the end of each drug treatment, cells were washed

once with PBS, fixed for 10 min at room temperature in 3.7%

paraformaldehyde (in PBS), and then permeabilized in PBS containing

0.25% fish gelatin, 0.04% saponin and 0.05% NaN, (IMF buffer) for 1 hr.

After permeabilization, cells were labeled with the monoclonal antibody to

the epitope EYMPME (anti-EE) for 1 hr at room temperature (in IMF

buffer), washed three times with PBS, incubated with goat anti-mouse

secondary antibody conjugated with Cy3 (indocarbocyanine) for 30 min (in

IMF buffer) (Jackson ImmunoResearch Labs, West Grove, PA, USA). The

monoclonal antibody to the epitope EYMPME was purchased from Onyx

Inc. (Richmond, CA, USA) (Grussenmeyer, et al., 1985). Cells were then

washed three times in PBS and once in water, dried, mounted using

Fluoromount G (Fisher Scientific, Pittsburgh, PA, USA) containing a trace

amount of phenylenediamine (Sigma Chemical Co., St. Louis, MO, USA)

º
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and stored at 4°C away from light. Samples were visualized using laser

scanning confocal microscopy with a krypton–argon laser coupled with a

BIO-RAD MRC-600 confocal head attached to an Optiphot II Nikon

microscope with a Plan Apo 60X 1.4 NA objective lens. Cy3 emission was

detected with a yellow high sensitivity block. Collection parameters were 3

s per scan, five frames per image, Kalman filter, motor step size 0.7 plm,

diaphragm one-third open.

Indirect Cellular Enzyme-Linked Immunosorbent Assay

(ELISA)

Cells stably expressing pueB were grown for 36 hrs in a 96-well dish

pretreated with poly-L-Lysine. Cells were treated, when noted, with

different drugs in incomplete medium. At the end of each drug treatment,

cells were washed once with PBS, fixed for 30 min at room temperature

with 3.7% paraformaldehyde (in PBS), and then incubated for 1 hr at

room temperature with complete medium (DMEM H16/F12 with 10% fetal

calf serum). Thereafter, cells were incubated with the anti-EE monoclonal

antibody (3 hrs at 37 °C in complete medium), washed 4 times with PBS,

incubated with goat anti-mouse secondary antibody conjugated to alkaline

phosphatase (for 1 hr at room temperature in complete medium). Cells

were then washed 4 times with PBS and 100 pil of p-nitrophenyl phosphate
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was added to each well (Pierce, Rockford, IL, USA). Alkaline phosphatase

activity was determined spectrophotometrically by reading light absorption

of each well at 402 nM. To the OD read for each well, the averaged OD of

6-12 wells containing the same number of untransfected HEK cells

(background) was subtracted.

To investigate whether this ELISA assay could quantify a loss of

surface receptors, a calibration curve was realized by seeding 6 series of 6

wells with different amounts of HEK cells stably expressing pubE and

untransfected HEK cells. For each well, the total number of cells seeded

was constant and added up to 62500 cells/well.

Statistical Analysis

Data are expressed as the mean-ESD, and were analyzed using one-way

analysis of variance and Student's t-test with Bonferroni correction.

Differences were considered statistically significant when P-30.05. All

images shown are of a representative cell from an experiment repeated at

least three times.

RESULTS
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Stable Expression of pueF in HEK 293 Cells

Human Embryonic Kidney cells (HEK) which do not express endogenous

opioid receptors were stably transfected with the wild-type and an epitope

tagged pu opioid receptor (pueB). For both constructs, only one clone

expressing high binding was selected for further study. Receptor

expression assessed by 'H-DPN binding was 42+2 pmol/mg of protein for H

and 92+10 pmol/mg of protein for pleE, corresponding to 5 and 11x10°

sites/cell, respectively.

Ligand Binding Affinities of pleE in HEK 293 Cells

To assess the affinity of pi and pueB for antagonists and agonists, we

calculated the Kp values of each construct for diprenorphine (DPN), an

antagonist, and for DAMGO, an agonist. Adding the epitope tag EE to the

extracellular N-terminal tail of the L opioid receptor only slightly altered

ligand binding affinities. The Kp values for DPN were similar for both

wild-type and tagged receptor (4.2+0.3 and 5.1 +1.3 nM, respectively).

The Kp value for DAMGO of pueB was slightly higher than that of pu

(1.4+0.3 and 2.2+0.2 nM, respectively), suggesting that the N-epitope

tagged receptor had a slightly lower affinity for DAMGO than the wild

type receptor.
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G-Protein Coupling of pueF in HEK293 Cells

In HEK cells stably transfected with pueB, morphine and DAMGO,

two plopioid receptor agonists, inhibit forskolin-induced accumulation of

cAMP. Forskolin directly stimulates adenylyl cyclase, and is added to the

assay to increase baseline cellular cAMP levels. Forskolin stimulation is

necessary because baseline cAMP levels are too low to measure with

available assays, and therefore it would not be possible to measure a

further decrease induced by opioid stimulation of the G-protein Gi

(Milligan, 1992). Inhibition of forskolin-induced accumulation of cAMP is

reversed by the specific plopioid receptor antagonist, naloxone (from

100+3% inhibition of 100puM forskolin-induced accumulation of cAMP by

morphine 1puM to 83+15 %inhibition by morphine 1 puM plus naloxone

10puM). The ECso values of morphine for pueB were in the same range of

that reported previously in HEK cells stably transfected with the nontagged

pl receptor (0.5+0.1 nM. vs. 1.1 nM, respectively) (Arden, et al., 1995).

The ECso of DAMGO for pueB was 0.5+0.1 nM. The maximum effects of

morphine and DAMGO for pueB were 93+1 and 100+1 % of forskolin

induced cAMP accumulation.
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Confocal Laser Microscopy

In HEK cells stably expressing pueB, the receptor was visualized

largely at the cell surface prior to any treatment. All but 3 agonists induced

internalization of the receptor. Morphine (1 puM and 10 puM), a full agonist,

buprenorphine (10 puM) and nalorphine (1 puM), two partial agonists, did

not change the distribution of pueB at the plasma membrane. Conversely,

DAMGO (1 puM and 10 puM), methadone (10 puM), fentanyl (10 puM), 3

endorphin (100 nM and 1 puM), Leu-enkephalin (10 puM), Met-enkephalin

(10 puM) and etorphine (1 puM) induced the redistribution of the receptor

into intracellular vesicles (Figure 1). DAMGO-induced internalization of

pueB was inhibited by the specific antagonist naloxone (1puM and 10 puM,

respectively). As expected, antagonists (naloxone (1 and 10puM), naltrexone

(1 and 10 puM), CTOP (11M) and diprenorphine (1 mM)) did not change

receptor distribution.

Indirect Cellular Enzyme-Linked Immunosorbent Assay

(ELISA)

The calibration curve showed a linear relationship between OD reading at

402 nM and receptor expression (R*=0.89) (Figure 2). Consistent with the

confocal microscopy results, the ELISA experiments showed that DAMGO
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as well as fentanyl induced a decrease of about 30% of extracellular

receptor (P<0.0001), whereas morphine did not change extracellular

receptor number (Figure 3).

DISCUSSION

Opioids (agonists and antagonists) are compounds that specifically

bind to the opioid receptor. Binding of an agonist activates the receptor,

while binding of an antagonist does not, as assessed by Gi inhibition of

adenylyl cyclase. Antagonists, because they are unable to activate the

receptor, bind to the receptor and consequently prevent agonists from

binding to and activating the receptor. Based on the maximal

pharmacological response that occurs when all receptors are occupied,

agonists can be divided into two classes: partial agonists produce a lower

response at full receptor occupancy, than do full agonists. The precise

molecular mechanism that accounts for blunted maximal response to partial

agonists is not known (Katzung, 1992).

As previously reported, opioid agonists can induce plopioid receptor

internalization (Arden, et al., 1995). DAMGO-induced internalization was

reversed by naloxone, an antagonist, demonstrating that DAMGO-induced

internalization is a receptor-mediated event. Most of the agonists tested

induced receptor internalization, whereas three agonists had no effect at all.
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Morphine, a full agonist, as well as buprenorphine and nalorphine, two

partial agonists, did not induce H receptor internalization. Morphine had no

effect at concentrations that were fully active for inhibiting adenylyl

cyclase (ECso of 0.5 nM). The concentrations used for buprenorphine and

nalorphine (i.e., 10 puM and 1 puM, respectively) also were expected to be

fully active as these compounds’ constant for inhibiting 4 nM-naloxone

binding (KI) was reported to be 0.38 and 0.68 nM, respectively (Raynor et

al., 1994b). The fact that different agonists have different effects on pu

receptor internalization, while all are capable of coupling to the G-protein

Gi, strongly suggests that G-protein Gi activation is not a prerequisite for

inducing internalization. This hypothesis will be further investigated in

chapter 4 of this dissertation.

As expected, all antagonists tested had no effects on pl receptor

internalization. One of them was a peptide (CTOP) and three were

nonpeptides (naloxone, naltrexone, diprenorphine). The concentrations of

antagonist tested were well above their reported inhibitory binding constant

K, (i.e., CTOP: 0.18nM; naloxone: 0.93nM; naltrexone: 1nM;

diprenorphine: 0.072nM) (Raynor et al., 1994a). Therefore, their lack of

effect of pi opioid receptor internalization cannot be attributed to a low

receptor occupancy. Although G-protein activation does not seem to be a

requirement for receptor internalization, the lack of activation of the G

protein (e.g., by an antagonist) fails to induce receptor internalization. This
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result suggests that different conformations of the plopioid receptor are

required for internalization and G-protein coupling.

Internalization was induced by peptide agonists (DAMGO, 3

endorphin, Met-enkephalin and Leu-enkephalin) as well as by nonpeptide

agonists (etorphine, fentanyl and methadone). This result appears to

exclude a parallel between internalization-induction and peptide structure.

The structural determinants of an agonist required for internalization

therefore remain to be elucidated.

To further investigate p receptor internalization we have developed a

quantitative ELISA assay to measure the decrease in surface receptors. The

calibration curve showed a linear relation between the OD absorption and

the number of receptors (R*=0.89). The ELISA assay confirmed the results

observed by confocal microscopy showing a significant decrease of surface

receptor after DAMGO and fentanyl, but no change after morphine. The

extent of receptor internalized estimated by ELISA was about 30%. This

radioimmunoassay is the first quantitative assay reported for the

internalization of the opioid receptor.

For many years investigators have noted decreased number of opioid

receptors after agonist exposure (Brady, 1993; Cone, et al., 1991; Tao, et

al., 1987; Werling, et al., 1989). The difference between downregulation

and internalization in the genesis of decreased receptor number was never

addressed because of the techniques then available. Older techniques
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assessed either downregulation (in most cases) or did not distinguish

between both phenomenons. Downregulation is a decrease in the total

number of cellular receptors, whereas internalization is a decrease in

surface receptors only, without any change in the total number of

receptors. In earlier studies, the amount of opioid receptor was assessed by

measuring changes in specific opioid radioligand binding in whole tissue or

membranes, obtained either from cultured cells or brain tissue (Law et al.,

1983; Tao, et al., 1987). Studies done in crude membranes preparations

assessed the total number of receptor because in crude membrane

preparations, plasma membrane and vesicles membranes are not well

separated (Tao, et al., 1987). Studies performed in vivo (e.g., measuring

opioid binding in brain slices) were confounded by the fact that all opioid

receptor subtypes are present in the central nervous system, and truly

specific type-specific ligands are rare (Brady, 1993; Leslie, 1987).

Furthermore, many opioid ligands are lipophilic, making assessment of

surface receptor binding not possible (Milne et al., 1990).

Because of our interest in the specific phenomenon of internalization,

we developed a quantifying internalization assay which would distinguish

internalization from downregulation. Downregulation has been assessed for

many years by 'H-diprenorphine binding (Arden, et al., 1995). H

diprenorphine is a lipophilic antagonist that binds with high affinity to all

three opioid receptor subtypes (Leslie, 1987). Because of its liposolubility,
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it penetrates the cells and it is assumed to bind to all accessible receptors at

the surface and inside the cell. Identification of opioid receptor-containing

vesicles by confocal microscopy is a reliable method to identify

internalization. Unfortunately results are dichotomous and not quantifying

with only determination of presence or absence of vesicles possible (i.e.

presence or absence of internalization ) (Arden, et al., 1995).

In this chapter, we report that various agonists can have different

effects on internalization. This observation led us to ask the following

questions: first, are all the agonists equipotent in eliciting internalization,

or are there partial agonists for internalization as there are for G-protein

coupling? Second, is there basal recycling; do a small number of receptors

internalize before any contact with an agonist? If basal recycling does

occur, a treatment inhibiting internalization (e.g., sucrose) could increase

cell surface receptors. The need to further investigate these questions led us

to develop a quantitative assay for internalization.

A traditional way of quantifying internalization of G-protein-coupled

receptors (GPCRs) is to measure the decrease in specific binding to the

receptor after agonist exposure (Moro et al., 1993; Tao, et al., 1987). This

technique suffers from various technical issues that have to be addressed

(Leslie, 1987). Specifically, three important drawbacks were considered

when developing such an assay for the opioid receptor. First, because the

assay aims to quantify only cell surface receptors, the radioligand has to be
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a hydrophilic compound. Lipophilic radioligands may penetrate the cell

through the cell membranes and bind to internal receptors.

Second, the agonist inducing internalization must be washed out

before assessing radioligand binding. Agonists are used in concentrations at

the micromolar range (to insure concentrations well above the EC.)

(Cone, et al., 1991)whereas radioligands are used in concentrations at the

nanomolar range (close to the Kp) (Leslie, 1987). Increasing concentrations

of radioligand would compensate for very low remaining amounts of

nonlabeled agonist, but would increase both specific and nonspecific

binding. The result would be a drastic decrease in signal-to-noise ratio and

a decrease in precision of measurement. Because it is usually not possible to

increase at will the concentration of radioligands, a complete wash out of

the nonlabeled agonist is essential before assessing radioligand binding. If

the agonist is very lipophilic, it may penetrate the cells to be slowly

released back into the medium, confounding the results of radioligand

binding.

The third technical drawback to be addressed with this method, is the

recommended use of an antagonist as radioligand (Werling et al., 1988). If

the radioligand is an agonist, then all binding has to be done at less than

4°C to avoid adding radioligand-induced internalization to the nonlabeled

agonist-induced internalization (Cone, et al., 1991; von Zastrow and

Kobilka, 1994). G-protein-coupled receptors have different affinities for
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agonists while they have only one high affinity site for antagonists

(Milligan, 1992). Therefore, the use of labeled agonists to measure

binding-site properties essentially restricts the information that is obtained

to possible changes in the high affinity states of the receptor, since low

affinity agonist binding cannot be reliably quantified against a high

background nonspecific agonist binding (Werling, et al., 1989). Activation

of GPCRs is associated with low agonist-affinity states of the receptor

(Milligan, 1992; Werling, et al., 1988), whereas GPCRs have only one high

affinity site for antagonists. Using an agonist as radioligand may therefore

just label the subset of receptors with high affinity instead of labeling the

whole population. In conclusion, such an assay would work best if the

radioligand chosen is a hydrophilic antagonist and the agonist inducing

internalization washes out completely.

Another widely used quantitative internalization binding assay

determines the amount of radiolabeled agonist-induced internalized

receptors, by measuring the amount of intracellular radioactivity after

incubation with the radiolabeled agonist. Surface binding is eliminated by

washing cells with an acid buffer (Munoz et al., 1992; Slice et al., 1994).

The acid wash procedure has been shown to remove cell surface

membrane bound ligands such as insulin, epidermal growth factor or

transferrin without removal of internalized receptor (Cone, et al., 1991).

This assay solves the problem of having an agonist as a radioligand, but it
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does not allow comparison of the effect of various agonists on receptor

internalization.

All these problem have hindered the development of a successful

quantitative binding assay for the internalization of the opioid receptor. We

tried to develop such an assay using 'H-DAMGO as radioligand. DAMGO

is a hydrosoluble polypeptide, with high affinity for the plopioid receptor,

that is assumed to bind only to surface receptors. Unfortunately it is an

agonist and there are no commercially available hydrosoluble radiolabeled

antagonists for the opioid receptor. An equivalent binding assay was tried

in 1991 by Cone et a using “I-3 endorphin as a ligand instead of H

diprenorphine. Although it had reasonably reliable results it suffered from

high non specific binding (85% of the total binding) making signal to noise

ratio far from ideal. I was not successful in developing such an assay for all

the reasons described in details above. The results were hindered by

nonreproducibility and high variability. One important cause for failure

seemed to be the presence of low affinity binding sites induced by agonist

treatment, which has been described for many GPCRs as well as for the

opioid receptor (Werling, et al., 1988). To circumvent this problem we

decided to measure, as a marker of surface receptors, the difference

between "H-diprenorphine binding (assessing the total cell receptor

number) and the 'H-diprenorphine binding displaced by high

concentrations of nonlabeled DAMGO (200 puM) (assumed to assess
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intracellular receptors). Unfortunately this assay did not improve

reproducibility. This likely resulted from difficulties in completely

washing out very liposoluble agonists like morphine.

As a solution to the above problems we turned to an ELISA assay,

using the high affinity and specificity of the monoclonal anti-EE antibody

for the tagged plopioid receptor. Because the binding of the antibody to the

epitope tag does not interfere with opioid ligand binding (see figure 3, first

and second columns) the assay can be done without the need of extensive

washing. Also, as the cells are fixed with paraformaldehyde immediately

after agonist treatment, there is not need to perform the assay at 4°C (von

Zastrow and Kobilka, 1994).

This is the first quantitative assay for internalization of the opioid

receptor reported. Success in developing this assay is important and will

allow us to further investigate the novel idea that agonists have different

effects on opioid receptor internalization.

- sº
- **

s- sº - **

- a
* -

** - - ºn

* ... -º

.* * * *

* *-* *-
* - -

* : * : * ~ *

sº a *-

*** * *

º
* --- sº

º
sº - -

º * * *
:

* - -- **
*- : * * *

36



Figure 1. Distribution of pubE Stably Transfected HEK Cells Before and

After Agonist and Antagonist Treatment as Visualized by

Confocal Microscopy

The tagged plopioid receptor pee was labeled with an anti-EE antibody and
visualized by confocal microscopy.
Figure (A) shows the distribution of pubE before any treatment, (B) shows the
distribution of pHE after morphine treatment (10pm, 1 hr., 37°C), (C) shows the
distribution of HEE after DAMGO treatment (1,1M, 1 hr., 37°C), (D) shows the
distribution of pHE after DAMGO treatment (10/M, 5 min, 37°C), (E) shows the
distribution of pHE after cotreatment by DAMGO (1plM) and naloxone (101M),
(F) shows the distribution of peF, after fentanyl treatment (10puM, 1 hr., 37°C), (G)
shows the distribution of pubE after nalorphine treatment (1plM, 1 hr, 37°C), (H)
shows the distribution of pleE after buprenorphine treatment (10puM, 1 hr., 37°C),
(I) shows the distribution of pubE after 3-endorphin treatment (1p M, 1 hr., 37°C),
(J) shows the distribution of pleE after Met-enkephalin treatment (1p M, 1 hr,
37°C).
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Figure 2. ELISA Determination of Number of Surface Tagged pi Opioid
Receptors pubE Stably Expressed in HEK Cells (Calibration
Curve).
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OD

MORPHINE DAMGO FENTANYL

Figure 3. ELISA Determination of Superficial pueB Receptors Stably
Expressed in HEK cells Before and after Agonist Treatment

The first column represents baseline OD reading, the second column represents the OD
reading after stimulation by morphine (10piM), the third column represents the OD reading
after stimulation by DAMGO (109M), and the fourth column represents the OD reading
after stimulation by fentanyl (10puM).
*=Values are different from control, P-3 0.001, n=12, one representative experiment
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CHAPTER 2

INTERNALIZATION OF AN EPITOPE-TAGGED p OPIOID

RECEPTOR EXPRESSED IN HUMAN EMBRYONIC KIDNEY

CELLS: INTERNALIZATION PATHWAY

SUMMARY

In HEK cells stably expressing a N-epitope tagged plopioid receptor, the

receptor internalizes after stimulation by several agonists (e.g., DAMGO).

Agonist-induced internalization of the plopioid receptor is inhibited by

treatments known to specifically inhibit clathrin-mediated internalization

(hyperosmolar sucrose and acetic acid acidification). To further identify

the cellular pathway of pi receptor internalization, we used antibodies

directed against clathrin, caveolin, as well as the transferrin receptor which

is known to internalize and recycle constitutively via clathrin-coated

vesicles. Colocalization of DAMGO-stimulated pubE in intracellular

vesicles with clathrin and the transferrin receptor, but not with caveolin,

indicated that the cellular pathway of pi receptor internalization is similar

to that of the transferrin receptor, i.e., clathrin-mediated. These results

strongly suggest that the primary pathway of H receptor internalization is

clathrin-mediated.
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INTRODUCTION

Internalization is one of the regulatory mechanisms triggered by

agonist stimulation of GPCRs, corresponding to the endocytosis of the

receptor into intracellular vesicles from which it may recycle back to the

cell surface to await new activation (Yu, et al., 1993). Like other GPCRs,

the H opioid receptor has been shown to internalize upon agonist

stimulation (Arden, et al., 1995). Receptor trafficking of GPCRs is not

well characterized, whereas for single transmembrane receptors such as the

insulin, the transferrin or the LDL receptors, the process of internalization

and the receptor domains involved are well understood (Ghinea, et al.,

1992; Paccaud et al., 1993; Thies et al., 1990). In general, endocytosis can

occur by three routes: clathrin-coated vesicles, caveolae and non coated

vesicles. The best studied of these is clathrin-mediated endocytosis

(Fonseca, et al., 1995; Ghinea, et al., 1992; Grady, et al., 1995; Hoxie, et

al., 1993; Slowiejko, et al., 1996). Receptors such as the transferrin

receptor are endocytosed into membrane vesicles that are enclosed in

clathrin lattices which are bound to the membrane via intermediate proteins

called adaptor complexes (Schmid, 1992). Two different sets of adaptor

complexes exist: AP2 (composed of O. and 3 adaptins) which link

endocytosed receptors with clathrin, and AP1 (composed of Y and 3
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adaptins) which link Golgi complex to the clathrin coat. Some treatments

which specifically block this pathway have been identified (e.g.,

hyperosmolar sucrose, acetic acid acidification) (Daukas and Zigmond,

1985; Sandvig, et al., 1987). Some receptors constitutively recycle through

clathrin-mediated vesicles allowing further identification of the clathrin

mediated vesicular pathways (e.g., transferrin receptor and LDL receptor).

Another mechanism of receptor-mediated endocytosis is via non

coated vesicles. The proteins involved in this pathway of receptor

internalization have not been characterized; however, a number of toxins,

such as cholera toxin, have been shown to internalize via non coated

vesicles (Montesano et al., 1982).

Finally, the third possible means of receptor endocytosis is via

caveolae. Caveolae are small plasma membrane invaginations enriched in

the protein caveolin, a structural protein, that bud into intracellular

endosomes. These membrane compartments have been shown to be

involved in potocytosis and internalization of folate receptors and the

agonist-induced internalization of various receptors (Anderson, et al.,

1992). Also, caveolae may be involved in signal transduction as their

membranes are rich in numerous G-proteins and Tyr-kinases (Chang, et

al., 1994; Chun, et al., 1994). Clathrin-coated and caveolae-related vesicles

can be studied using antibodies to their structural proteins, but noncoated
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vesicles are identifiable only by electron microscopy because the proteins

involved are not well-defined (Raposo, et al., 1989; Raposo, et al., 1987).

The mechanism by which GPCR internalize has been an area of

controversy and not studied in detail. Some investigators have reported that

the £2 adrenergic receptor internalizes via non coated vesicles (Raposo, et

al., 1989) while others have reported that the 32 adrenergic receptor was

colocalized with the transferrin receptor after internalization, suggesting

that they were endocytosed via clathrin-coated vesicles (von Zastrow et al.,

1992). While these differences could be a result of different cell systems

used for the studies, they suggest different possible routes of internalization

of GPCRs.

The goals of the present study were to identify the cellular pathway

of DAMGO-induced internalization of the pi opioid receptor. To determine

|l opioid receptor internalization by fluorescent microscopy, an epitope tag

EYMPME (EE) was added to the extracellular N-terminal tail of the

receptor (LEE) to allow immunocytochemistry with a specific monoclonal

antibody (Grussenmeyer, et al., 1985).

EXPERIMENTAL PROCEDURES

Epitope Tagging and Stable Expression of The pi Opioid

Receptor
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The wild-type plopioid receptor was tagged at the N-terminal tail

with the epitope tag sequence EYMPME (EE) by polymerase chain

reaction (PCR) (Grussenmeyer, et al., 1985). The template used for all

reactions was the wild-type rat plopioid receptor. The gene encoding for

the rat H opioid receptor was provided by Dr. Lei Yu (Indiana University

School of Medicine) in the plasmid pKC/CMV. In all cases, the 5’ primer

had the following sequence

TTTTAAGCTTACCATGGAATACATGCCAATGGAAGACAGCAGCAC

CACGGCCCAGGG containing a HindIII restriction site, the start codon,

and a sequence encoding the epitope EYMPME (the underlined bases in the

sequence). The 3’ primer sequences contained, for all cases, the stop codon

and a Xbal restriction site. The 3’ primer sequence was

GCTCTAGAGCGAGGGTCTGGATGGTG. The PCR product was ligated

into the HindIII site and the Xbal site of the pKC/CMV plasmid (Invitrogen

San Diego, USA) containing an ampicillin and a neomycin resistance gene

and then sequenced by the Biomolecular Resource Center DNA Sequencing

Facility at the University of California, San Francisco.

Human embryonic kidney cells (HEK 293) were transfected by the

calcium phosphate method, and one clonal cell line stably expressing high

opioid binding were selected in 400 pig■ ml of G418 and maintained in



Dulbecco's modified Eagle's medium (DMEM H16/F12) with 10% fetal

calf serum and 200 pig■ ml of G418.

Ligand Binding and cAMP Assays

Receptor expression in HEK cells was quantified by 'H-

diprenorphine (H-DPN) binding. ‘H-DPN and nonlabeled DPN were

obtained from the National Institute on Drug Abuse (Rockville, MD, USA).

HEK293 cells stably expressing pueB were harvested into phosphate

buffered saline (PBS), and triplicate samples were incubated with 0.6 nM

of ‘H-DPN with increasing concentrations of nonlabeled DPN

concentrations in a 50-mM Tris buffer (pH 7.4) with 1% bovine serum

albumin (Arden, et al., 1995). Cells were incubated for 1 hr at room

temperature and harvested on GF/C glass filters, washed three times with

ice-cold PBS, and ‘H content determined by scintillation counting.

Displacement data were fitted by the logistic function B=Bºx"LT"/[Kp"+LI"]

where B=['HLion-NSB]/[SA*HL/L], where B is the amount of ligand

bound, LT is the total concentration of ligand (LI='HL+L), L is the

concentration of unlabeled ligand, 'HL is the concentration of radiolabeled

ligand, Bma, is the maximum amount of ligand that could be bound, Kp is

the displacement constant, 'HLond is the amount of radiolabeled ligand

bound, NSB is the nonspecific binding of radiolabeled ligand, SA is the

* - - -

. . . **
* - sº

s

45



specific activity of the radiolabeled ligand. The binding assay for DAMGO

and DPN were performed the same way, except for the incubation of the

cells with the radiolabeled tracer. Incubation of cells with *H-DAMGO was

performed for 4 hrs at 4°C to avoid internalization (von Zastrow and

Kobilka, 1994). “H-DAMGO and nonlabeled DAMGO were obtained from

the National Institute on Drug Abuse (Rockville, MD, USA). Protein

content was determined by the method of Bradford using the BIO-RAD

protein assay kit (Hercules, CA, USA).

Confocal Laser Microscopy

Localization of pueF by Immunofluorescence Confocal

Microscopy

Cells were prepared for microscopy as previously reported (Arden,

et al., 1995). Cells stably expressing pubE constructs were grown

overnight, at low density, directly on Permanox(8) chamber slides (Nunc

Inc., Naperville, IL, USA). Cells were then exposed to different drug

treatments, for different periods of time, at 37°C in 5% CO2/95% air, in

medium with no fetal calf serum when treatments were shorter than 4 hrs,

or in complete medium when treatments were longer than 4 hrs. At the end

of each drug treatment, cells were washed once with PBS, fixed for 10 min
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at room temperature in 3.7% paraformaldehyde in PBS, and then

permeabilized in PBS containing 0.25% fish gelatin, 0.04% saponin and

0.05% NaN, (IMF buffer) for 1 hr. After permeabilization, cells were

labeled with the monoclonal antibody to the epitope EYMPME (anti-EE)

for 1 hr at room temperature (in IMF buffer), washed three times with

PBS, incubated with goat anti-mouse secondary antibody conjugated with

either FITC (fluorescein isothiocyanate) (Cappell Technika, Durham, NC,

USA) or Cy3 (indocarbocyanine) for 30 min (in IMF buffer) (Jackson

ImmunoResearch Labs, West Grove, PA, USA). The monoclonal antibody

to the epitope EYMPME was purchased from Onyx Inc. (Richmond, CA,

USA) (Grussenmeyer, et al., 1985). Cells were then washed three times in

PBS and once in water, dried, mounted using Fluoromount G (Fisher

Scientific, Pittsburgh, PA, USA) containing a trace amount of

phenylenediamine (Sigma Chemical Co., St. Louis, MO, USA) and stored

at 4°C away from light.

Samples were visualized using laser scanning confocal microscopy

with a krypton-argon laser coupled with a BIO-RAD MRC-600 confocal

head attached to an Optiphot II Nikon microscope with a Plan Apo 60X 1.4

NA objective lens. FITC emission was detected with a blue high sensitivity

block. Cy3 emission was detected with a yellow high sensitivity block.

Collection parameters were 3 s per scan, five frames per image, Kalman

filter, motor step size 0.7 plm, diaphragm one-third open.
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Cytosol Acidification

Cells stably expressing pueB, grown overnight on Permanox(8)

chamber slides, were pretreated for 5 min at 37°C in DMEM medium (pH

5), 0.2% BSA, 10 mM acetic acid, following a 30-min-preincubation in

DME medium (pH 7.4), 0.02% BSA (Damke et al., 1995). Then DAMGO

was added to the DMEM/acetic acid medium (10 puM final concentration).

After 1 hr of DAMGO treatment at 37°C, cells were washed and prepared

for confocal microscopy as described above.

Hyperosmolar Sucrose

Cells stably expressing pueB, grown overnight on Permanox(8)

chamber slides, were pretreated for 30 min at 37°C in incomplete medium

with 0.5 M sucrose (Daukas and Zigmond , 1985). Then DAMGO was

added to the medium (10 puM final concentration). After 1 hr of DAMGO

treatment at 37°C, cells were washed and prepared for confocal

microscopy as described above.

Colocalization Studies of pueF with the Transferrin Receptor,

Clathrin and Caveolin

48



For double labeling, we directly conjugated a fluorophore (Cy3) to

the anti-EE mouse monoclonal antibody (Cy3" Labeling Kit, Biological

Detection Systems Inc., Pittsburgh, PA, USA). Detection of the second

protein of interest was carried out sequentially with primary antibody and

secondary antibody conjugated to another fluorophore (Cy5). This allowed

us to use two mouse primary antibodies to localize the protein of interest

without the possibility of interaction of the secondary antibody with both

primary antibodies. The colocalization assay was performed as follows:

cells grown overnight on Permanox(8) chamber slides were treated with or

without a drug in serum-free medium at 37°C. Cells were then washed,

fixed, and permeabilized as above, incubated for 1 hr with a mouse

monoclonal antibody to clathrin, transferrin receptor, or caveolin. The

monoclonal antibody anti-clathrin was a gift from Dr. Frances Brodsky

(University of California, San Francisco), the monoclonal antibody anti

transferrin receptor was purchased from Amersham (Arlington Heights, IL

USA) and, the monoclonal antibody anti-caveolin was purchased from

Transduction Laboratories (Lexington, KY, USA). After four washes with

PBS, cells were incubated with Cy5-labeled goat-anti-mouse secondary

antibody for 30 min followed by four washes with PBS prior to incubation

with Cy3-conjugated anti-EE monoclonal antibody for 1 hr. After washing,

cells were mounted and visualized as above. Cy3/Cy5 double emission was
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detected using a C1/C2 filter block combination (Sargent, 1994). Images of

a mid-section of cells from two distinct photomultiplier tubes were

collected simultaneously and then superimposed to identify areas of

colocalization. When the images were merged, pub E was arbitrary colored

in red, the image of the other proteins (clathrin, transferrin or caveolin)

was colored in green, and areas of colocalization appeared yellow.

Statistical Analysis

Data are expressed as the mean-HSD, and were analyzed using one

way analysis of variance and Student's t-test with Bonferroni correction.

Differences were considered statistically significant when P30.05. All

images shown are of a representative cell from an experiment repeated at

least three times.

RESULTS

Stable Expression of pueF in HEK 293 Cells

Human Embryonic Kidney cells (HEK) which do not express

endogenous opioid receptors were stably transfected with pueB. A clone

expressing high binding was selected for further study. Receptor

... * *
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expression, assessed by 'H-DPN binding was 92+10 pmol/mg of protein,

corresponding to 11x10" sites/cell.

Confocal Microscopy of Agonist-Induced Internalization of pueF

In HEK cells stably expressing pleE, the receptor was visualized

largely at the cell surface prior to any treatment (Figure 1A). DAMGO

treatment (10puM, 1 hr., 37°C) induced a redistribution of the receptor into

intracellular vesicles(Figure 1B).

To investigate whether clathrin was involved in pl receptor

internalization, we pretreated HEK cells expressing pubE with

hyperosmolar sucrose or acetic acid. Hyperosmolar sucrose treatment and

acetic acid acidification, which have been shown to inhibit clathrin-coated

vesicle formation, suppressed DAMGO-induced internalization of pubE

(Figure 1C and D).

Before any treatment, pleE was colocalized at the plasma membrane

with clathrin, the transferrin receptor, and caveolin. Vesicles containing

pubE were colocalized with clathrin and the transferrin receptor, but not

with caveolin after DAMGO treatments for 10 min and 1 hr (10puM, 37°C)

(Figure 2).
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Opioid Binding in HEK Cells Stably Expressing pleE

To investigate whether 0.5 M sucrose can impair DAMGO binding,

DPN and DAMGO binding were determined in whole cells expressing pubE

with and without sucrose added to the incubation buffer (0.5M final

concentration). The presence of sucrose slightly decreased DPN and

DAMGO binding (from 52442+8079 to 46026+353 dpm/mg protein, and

from 28633+1682 to 22213+531 dpm/mg protein, respectively).

DISCUSSION

These results indicate that the pathway of agonist-induced

internalization of the H receptor appears to be mediated primarily by

clathrin-coated vesicles and not caveolae. We have shown that DAMGO

induced internalization of the pu opioid receptor is inhibited by two

treatments that specifically inhibit clathrin-mediated internalization

(hyperosmolar sucrose and acetic acid cytosol acidification), and that many

|l receptor-containing vesicles also contain clathrin and transferrin receptor

but not caveolin. Hyperosmolar sucrose slightly decreased DAMGO

binding (20% decrease), but this slight decrease does not, by itself, explain

the complete inhibition of DAMGO-induced internalization by sucrose

which was observed at 10puM of DAMGO, well above the ECso for Gi
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coupling (i.e., 0.5 nM). The partial colocalization of pleE with caveolin at

the plasma surface before DAMGO treatment may represent actual

colocalization of both proteins, as caveolae have been involved in signal

transduction (Chang, et al., 1994; Chun, et al., 1994). Partial colocalization

also might simply reflect the same cellular topology of both proteins at the

plasma membrane, without implying the presence of the receptor in

caveolae. Also, we cannot exclude a concomitant minor pathway through

caveolae that would be too small to be detected by confocal microscopy.

Roettger et al. have reported, using electron microscopy, two pathways of

internalization for the cholecystokinin receptor. In addition to a major

pathway through clathrin-coated vesicles, they reported a minor pathway

through caveolae (Roettger et al., 1995). Although we cannot exclude the

possibility of a minor additional internalization pathway through caveolae

or noncoated vesicles too small to be detected by confocal microscopy

(Roettger, et al., 1995), our observations clearly indicate that the primary

internalization pathway is clathrin-mediated.
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Figure 1. Distribution of pubE in Stably Transfected HEK Cells before

and after Agonist Treatment as Visualized by Confocal

Microscopy

pleE was labeled with an anti-EE antibody and visualized by confocal

microscopy.

Figure (A) shows the distribution of pueB before any treatment and (B) shows the

distribution of peF after DAMGO treatment (10puM, 1 hr, 37°C).

Figure (C) shows the distribution of pleE after DAMGO treatment when cells

were pretreated with acetic acid (pH 5). Figure (D) shows the distribution of pubE

after DAMGO treatment when cells were pretreated with hyperosmolar sucrose

(0.5M).
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Figure 2. Double Label Immunofluorescence Confocal Images of pleE

with Clathrin, the Transferrin Receptor, and Caveolin in Stably

Transfected HEK Cells before and after DAMGO Treatment (10

HM, 1 hr., 37°C)

Clathrin (a), the transferrin receptor (e), and caveolin (i) were labeled with a specific

antibody and are shown in green.

(b), (f) and (j) pleE was labeled with an anti-EE antibody and is shown in red.

(c), (g) and (k) Double label immunofluorescence images of pueB with clathrin (c), the

transferrin receptor (g), or caveolin (k) in DAMGO-treated cells. The yellow color indicates

colocalization of pleE with clathrin (c) or transferrin receptor (g), as shown by arrows.

(d), (h) and (l) Double label immunofluorescence images of pueB with clathrin (d), the

transferrin receptor (h), or caveolin (l) in untreated cells. The yellow color indicates

colocalization of pueB with the other proteins.
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CHAPTER 3

INTERNALIZATION OF TWO C-TAIL MUTANTS OF THE H.

OPIOID RECEPTOR: ROLE OF THE C-TAIL IN

INTERNALIZATION OF THE H OPIOID RECEPTOR

SUMMARY

To investigate the role of the intracellular C-terminal tail in the

internalization of the plopioid receptor, we constructed two mutants having

their C-terminal tail truncated. The truncations bracketed a 4-residue

Ser/Thr domain (354TSST358). An epitope tag was added to the wild-type

and the two mutant receptors (HEE, T354EE and T358EE, respectively).

The three receptor constructs did not markedly differ in ligand binding

affinities or G-protein coupling. Both pueB and T358EE resided largely at

the plasma membrane and internalized upon DAMGO, but not morphine,

stimulation. In contrast, T354EE internalized and recycled constitutively,

prior to any agonist treatment. These results strongly suggest that the

354TSST358 domain suppresses receptor internalization, and that

suppression can be reversed by stimulation with a permissive agonist (e.g.,

DAMGO).

:
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INTRODUCTION

Although agonist-induced regulation of the different subtypes of

opioid receptors has been extensively studied, no real consensus exists on

the pattern of behavior of each subtype (Brady, 1993). Each receptor

subtype may behave differently after agonist treatment, depending on the

experimental model chosen (e.g., in vivo vs. in vitro, cell type chosen,

membranes vs. whole cells, subtype specificity of the chosen ligand, agonist

vs. antagonist ligand, concentration of the agonist at the site of study, etc.).

Ligand binding studies suggest that the pl-opioid receptor has a different

pattern of agonist-induced internalization and downregulation than the 6

and k opioid receptors (Cone, et al., 1991; Tao, et al., 1987; Werling, et

al., 1989).

The sequence of the three opioid receptors, pu, 6, and K, differ from

each other mostly at the extracellular domains (i.e., N-terminal tail and

three extracellular loops) and at the intracellular C-terminal tail. The

extracellular domains are believed to be involved mostly in ligand

recognition and specificity, while the cytoplasmic C-tail is believed to be

involved in the association of the receptor to other regulatory proteins like

G-proteins, arrestin and kinases (Haga et al., 1994; Hausdorff, et al., 1990;

Reisine, 1995). Because of the difference in behavior after agonist

º
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treatment between the plopioid receptor and the other two subtypes, we

searched for a sequence difference in the C-tail of the pureceptor and that

of the other two subtypes.

The most noticeable sequence difference in the C-tail of the 3

subtypes consists in the number and distribution of serines and threonines

(Thompson, et al., 1993). The plopioid receptor has twice as many serines

and threonines than the other two subtypes. Furthermore, the rat pu

receptor has a unique 4-amino acid region consisting of only Ser and Thr

residues (354TSST358) which is absent in the other two receptor subtypes

(the human pl receptor has a corresponding TSSN region instead) (Wang, et

al., 1994). Because of the parallel differences in behavior after agonist

stimulation and in C-tail sequence between the pureceptor and the other two

subtypes, we wished to investigate the role of the C-terminal tail, and more

specifically, the role of the TSST region, in agonist -induced internalization

of the plopioid receptor.

EXPERIMENTAL PROCEDURES

Epitope Tagging and Stable Expression of The pi Opioid

Receptor Constructs

-g-
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The wild-type plopioid receptor and its two C-tail truncation mutants

were tagged at the N-terminal tail with the epitope tag sequence EYMPME

(EE) by polymerase chain reaction (PCR) (Grussenmeyer, et al., 1985)

(Figure 1). The template used for all reactions was the wild-type rat pu

opioid receptor. The gene encoding for the rat m opioid receptor was

provided by Dr. Lei Yu (Indiana University School of Medicine) in the

plasmid pKC/CMV. In all cases, the 5’ primer had the following sequence

TTTTAAGCTTACCATGGAATACATGCCAATGGAAGACAGCAGCAC

CACGGCCCAGGG containing a HindIII restriction site, the start codon,

and a sequence encoding the epitope EYMPME (the underlined bases in the

sequence). The 3’ primer sequences contained, for all cases, the stop codon

and a Xbal restriction site. The 3’ primer sequence for the tagged 354

truncation mutant (T354) WaS GCTCTAGATTATGGG

ATGCAGAACTCTCTGAAGC. The sequence for the tagged 358

truncation mutant (T358) WaS

GCTCTAGATTAGTTTTGCTGTTCGATCGTGGACG. The PCR

products were ligated into the HindIII site and the Xbal site of the

pRC/CMV plasmid (Invitrogen San Diego, USA) containing an ampicillin

and a neomycin resistance gene and then sequenced by the Biomolecular

Resource Center DNA Sequencing Facility at the University of California,

San Francisco.
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Human embryonic kidney cells (HEK 293) were transfected by the

calcium phosphate method, and clonal cells stably expressing each construct

were selected in 400 pig■ ml of G418 and maintained in Dulbecco's modified

Eagle's medium (DMEM H16/F12) with 10% fetal calf serum and 200

plg/ml of G418.

Ligand Binding and cAMP Assays

Receptor expression in HEK cells was quantified by 'H-

diprenorphine (H-DPN) binding. ‘H-DPN and nonlabeled DPN were

obtained from the National Institute on Drug Abuse (Rockville, MD, USA).

HEK293 cells stably expressing pi receptors were harvested into phosphate

buffered saline (PBS), and triplicate samples were incubated with 0.6 nM

of 'H-DPN with increasing concentrations of nonlabeled DPN

concentrations in a 50-mM Tris buffer (pH 7.4) with 1% bovine serum

albumin (Arden, et al., 1995). Cells were incubated for 1 hr at room

temperature and harvested on GF/C glass filters, washed three times with

ice-cold PBS, and H content determined by scintillation counting.

Displacement data were fitted by the logistic function B=B.*L,"/[Ko"+LI"]

where B=['HLº-NSB]/[SA*HL/L], where B is the amount of ligand

bound, LT is the total concentration of ligand (LI='HL+L), L is the

concentration of unlabeled ligand, 'HL is the concentration of radiolabeled
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ligand, B, is the maximum amount of ligand that could be bound, Kp is

the displacement constant, 'HLºnd is the amount of radiolabeled ligand

bound, NSB is the nonspecific binding of radiolabeled ligand, SA is the

specific activity of the radiolabeled ligand. The binding assay and the

calculation of Kp for DAMGO and DPN were performed the same way,

except for the incubation of the cells with the radiolabeled tracer.

Incubation of cells with H-DAMGO was performed for 4 hrs at 4°C to

avoid internalization (von Zastrow and Kobilka, 1994). “H-DAMGO and

nonlabeled DAMGO were obtained from the National Institute on Drug

Abuse (Rockville, MD, USA). Protein content was determined by the

method of Bradford using the BIO-RAD protein assay kit (Hercules, CA,

USA).

The inhibition of cAMP accumulation by morphine and DAMGO

was determined in stably transfected cells stimulated with 100 puM forskolin

and increasing concentration of agonist for 15 min at 37°C in medium

without fetal calf serum. The total amount of cAMP per well was

determined by radioimmunoassay (Amersham, Arlington Height, IL,

USA). Data were fitted by logistic regression to the sigmoid function

E=100%- [E., "C"]/[C"+ECso"], where E is the percent inhibition of

forskolin-stimulated-cAMP accumulation induced by the concentration of

agonist C, Ema, the maximum effect and ECso a constant.
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Confocal Laser Microscopy

Agonist-Induced Internalization of pueF, T358EE and T354EE

by Immunofluorescence Confocal Microscopy

Cells were prepared for microscopy as previously reported (Arden,

et al., 1995). Cells stably expressing the pureceptor constructs were grown

overnight, at low density, directly on Permanox(8) chamber slides (Nunc

Inc., Naperville, IL, USA). Cells were then exposed to different drug

treatments, for different periods of time, at 37°C in 5% CO,■ }5% air, in

medium with no fetal calf serum when treatments were shorter than 4 hrs,

or in complete medium when treatments were longer than 4 hrs. At the end

of each drug treatment, cells were washed once with PBS, fixed for 10 min

at room temperature in 3.7% paraformaldehyde in PBS, and then

permeabilized in PBS containing 0.25% fish gelatin, 0.04% saponin and

0.05% NaNs (IMF buffer) for 1 hr. After permeabilization, cells were

labeled with the monoclonal antibody to the epitope EYMPME (anti-EE)

for 1 hr at room temperature (in IMF buffer), washed three times with

PBS, incubated with goat anti-mouse secondary antibody conjugated with

either FITC (fluorescein isothiocyanate) (Cappell Technika, Durham, NC,

USA) or Cy3 (indocarbocyanine) for 30 min (in IMF buffer) (Jackson

sº --
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ImmunoResearch Labs, West Grove, PA, USA). The monoclonal antibody

to the epitope EYMPME was purchased from Onyx Inc. (Richmond, CA,

USA) (Grussenmeyer, et al., 1985). Cells were then washed three times in

PBS and once in water, dried, mounted using Fluoromount G (Fisher

Scientific, Pittsburgh, PA, USA) containing a trace amount of

phenylenediamine (Sigma Chemical Co., St. Louis, MO, USA) and stored

at 4°C away from light.

To visualize the receptor in nonpermeabilized cells, cells were first

incubated with the anti-EE monoclonal antibody at 4°C for 1 hr, followed

by washing with ice-cold PBS and 15 min fixation in 3.7%

paraformaldehyde in PBS. Thereafter, the procedure was identical to that

described for permeabilized cells except no saponin was used in the IMF

buffer (Arden, et al., 1995).

Samples were visualized using laser scanning confocal microscopy

with a krypton–argon laser coupled with a BIO-RAD MRC-600 confocal

head attached to an Optiphot II Nikon microscope with a Plan Apo 60X 1.4

NA objective lens. FITC emission was detected with a blue high sensitivity

block. Cy3 emission was detected with a yellow high sensitivity block.

Collection parameters were 3 s per scan, five frames per image, Kalman

filter, motor step size 0.7 plm, diaphragm one-third open.

*** - - -
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Inhibition of T354EE Trafficking

Cytosol Acidification

Cells stably expressing T354EE, grown overnight on Permanox(8) chamber

slides, were treated for 3 hrs at 37°C with DMEM medium (pH 5), 0.2%

BSA, 10 mM acetic acid (Damke, et al., 1995), following a 30-min

preincubation in DMEM medium, pH 7.4, 0.02% BSA. Thereafter, cells

were washed and prepared for confocal microscopy as described above.

Hyperosmolar Sucrose

Cells expressing T354EE, grown overnight on Permanox(8) chamber slides,

were treated for 30 min and 3 hrs at 37°C with incomplete medium and 0.5

M Sucrose (Heuser et al., 1989). Thereafter, cells were washed and

prepared for confocal microscopy as described above.

Colocalization Studies of T354EE with the Transferrin

Receptor, Clathrin and Caveolin by Immunofluorescence

Confocal Microscopy

64
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For double labeling, we directly conjugated a fluorophore (Cy3) to the

anti-EE mouse monoclonal antibody (Cy3" Labeling Kit, Biological

Detection Systems Inc., Pittsburgh, PA, USA). Detection of the second

protein of interest was carried out sequentially with primary antibody and

secondary antibody conjugated to another fluorophore (Cy5). This allowed

us to use two mouse primary antibody to localize the protein of interest

without the possibility of interaction of the secondary antibody with both

primary antibodies. The colocalization assay was performed as follows:

cells grown overnight on Permanox(8) chamber slides were treated with or

without a drug in serum-free medium at 37°C. Cells were then washed,

fixed, and permeabilized as above, incubated for 1 hr with a mouse

monoclonal antibody to clathrin, transferrin receptor, or caveolin. The

monoclonal antibody anti-clathrin was a gift from Dr. Frances Brodsky

(University of California, San Francisco), the monoclonal antibody anti

transferrin receptor was purchased from Amersham (Arlington Heights, IL

USA); and, the monoclonal antibody anti-caveolin was purchased from

Transduction Laboratories (Lexington, KY, USA). After four washes with

PBS, cells were incubated with Cy5-labeled goat-anti-mouse secondary

antibody for 30 min followed by four washes with PBS prior to incubation

with Cy3-conjugated anti-EE monoclonal antibody for 1 hr. After washing,

cells were mounted and visualized as above. Cy3/Cy5 double emission was

detected using a C1/C2 filter block combination (Sargent, 1994). Images of
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a mid-section of cells from two distinct photomultiplier tubes were

collected simultaneously and then superimposed to identify areas of

colocalization. When the images were merged, T354EE was arbitrary

colored in red, the image of the other proteins (clathrin, transferrin or

caveolin) was colored in green, and areas of colocalization appeared

yellow.

Statistical Analysis

Data are expressed as the mean-ESD, and were analyzed using one-way

analysis of variance and Student's t-test with Bonferroni correction.

Differences were considered statistically significant when P-30.05. All

images shown are of a representative cell from an experiment repeated at

least three times.

RESULTS

Stable Expression of pu Receptor Constructs in HEK 293 Cells

Human Embryonic Kidney cells (HEK) which do not express endogenous

opioid receptors were stably transfected with pu, pubE, T358EE or T354EE.

For each construct, a clone expressing high binding was selected for
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further study. Receptor expression was assessed by H.-DPN binding

corresponding to 5-11 10° sites/cell (Table 1).

Opioid Ligand Binding Affinities of pi Receptor Constructs in

HEK 293 Cells

To assess the affinity of H, HEE, T358EE or T354EE for antagonists and

agonists, we calculated the Kp values of each construct for diprenorphine

(DPN), an antagonist, and for DAMGO, an agonist.

The Kp values for DPN were all in the same range (Table 1). The Ko

values of T358EE and T354EE were slightly lower than those of H and

|IBE , suggesting that the two C-tail truncation mutants had a slightly

higher affinity for DPN than the wild-type receptors (tagged and

nontagged). The Kp values for DAMGO also were all in the same range

(Table 1). The Kp values of pleE, T358EE or T354EE were slightly higher

than that of L, suggesting that all three N-epitope tagged constructs had a

slightly lower affinity for DAMGO than the wild-type receptor.

G-Protein Coupling of H Receptor Constructs

In HEK cells stably transfected with pleE, T358EE or T354EE, morphine

and DAMGO, two plopioid receptor agonists, inhibit forskolin-induced
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accumulation of cAMP. This inhibition is reversed by the specific pi opioid

receptor antagonist, naloxone (from 100% inhibition by morphine 1puM to

83% inhibition by morphine 1 puM plus naloxone 10puM, for pueB; from

54% to 5% inhibition, for T358EE, and from 79% to 68% inhibition, for

T354EE, of 100puM forskolin-induced accumulation of cAMP,

respectively). The EC, values of morphine and DAMGO were all in the

same range (Table 1). LEE was the most sensitive to both agonists as

indicated by the lowest EC, values, while T358EE was the least sensitive.

Confocal Microscopy of Agonist-Induced Internalization of

T358EE

The truncation mutant T358EE was localized at the cell surface, as seen for

the tagged wild-type receptor HEE (Figure 2). Also, as for pueB, morphine

treatment (10puM, 37°C) did not change T358EE distribution at the cell

membrane, whereas DAMGO treatment (10puM, 37°C) induced the

redistribution of the receptor into intracellular vesicles (Figure 2) which

was inhibited by the antagonist naloxone (10puM, 37°C) (Figure 2).

Confocal Microscopy of Agonist-Induced Internalization of

T354EE

º
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Contrary to the tagged wild-type receptor pueB, T354EE was visualized in

intracellular vesicles prior to agonist treatment (Figure 3). To determine

whether any receptor was present at the cell surface we labeled surface

receptors in nonpermeabilized cells prepared without saponin; T354EE was

visualized at the plasma membrane (Figure 3).

As seen with DAMGO-induced internalized pubE, dual labeling

confocal microscopy showed that T354EE-containing vesicles also

contained clathrin and the transferrin receptor, but not caveolin (Figure 4).

Hyperosmolar sucrose treatment as well as acetic acid acidification

redistributed T354EE from intracellular vesicles to the cell surface (Figure

5).

DISCUSSION

Truncation of most of the intracellular C-terminal tail of the pu

opioid receptor creates a constitutively internalizing and recycling mutant.

We have identified a 4-amino acid region in the C-terminal tail of the pu

receptor that appears to be involved in inhibiting internalization. Deletion

of most of the C-tail of the pureceptor in T358EE (41 terminal amino

acids) did not markedly impair ligand binding, coupling to Gi/Go, or

º
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agonist-induced internalization. Conversely, truncation of 4 extra amino

acids (TSST) at the C-tail in T354EE did not markedly impair ligand

binding or Gi/Go coupling, but induced constitutive internalization of the pl

receptor.

The initial evidence suggesting constitutive recycling is the

difference in cellular distribution of the wild-type and the truncation

mutant receptor T354EE. Prior to any treatment, pleE and T358EE were

located at the plasma membrane, while T354EE was present in intracellular

vesicles. This intracellular location of T354EE may be explained by the

mutant accumulating in vesicles from the export pathway (from the trans

Golgi Network to the plasma membrane) due to some impairment in this

pathway, or constitutive internalization of the mutant receptor. This

constitutive internalization may be followed by recycling to the cell

surface, establishing a continuous recycling process.

To determine whether the export pathway of T354EE was impaired,

we first investigated whether the mutant receptor was expressed at the cell

surface. Because of the high intensity of fluorescence signal given by the

vesicles, it was difficult to assess the presence of a fainter fluorescence

signal at the plasma membrane. Therefore, we labeled the intact cells

expressing T354EE without permeabilization by the detergent saponin,

revealing T354EE at the cell surface. Thus, at least a portion of the
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receptors was capable of reaching the surface, i.e., the export pathway

could not be completely defective.

If T354EE was found in intracellular vesicles because of a very slow

externalization process from the trans-Golgi Network to the plasma

membrane, then a treatment that would specifically block internalization

(but not externalization) should not induce any major modification in

T354EE cellular distribution. However, using two treatments that

specifically block clathrin-mediated internalization (i.e., hyperosmolar

sucrose and acetic acid acidification), we induced a complete redistribution

of the mutant receptor from intracellular vesicles to the plasma surface,

indicating that the receptor continuously internalized and recycled to the

surface.

In contrast to the wild-type pureceptor which internalizes only after

DAMGO, but not morphine stimulation (see Chapter 1), we constructed a

mutant lacking the ability to suppress internalization when the receptor is

not activated by the appropriate stimulus (e.g., DAMGO). Moreover,

T358EE differed from T354EE only by retaining the 4-amino-acid region

TSST at its C-terminal tail, yet acted like the wild-type receptor, indicating

that the TSST region alone can function as a suppressor domain of

internalization for the pureceptor. The partial colocalization of the vesicles

containing T354EE with the transferrin receptor and clathrin, but not

*
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caveolin, indicated that constitutive internalization followed the same

internalization pathway as the agonist-stimulated wild-type receptor (see

Chapter 2).

The presence of a suppressor domain for internalization at the C-tail

of GPCR has been suggested previously. Hertel et al. reported that

truncation of the C-tail of the avian B adrenegic receptor resulted in

internalization requiring agonist treatment, in contrast to the wild-type

receptor which does not internalize at all (Hertel et al., 1990). However,

most mutagenesis studies report impaired internalization after truncation

of the C-tail of GPCR (Benya et al., 1993; Campbell et al., 1990; Chabry et

al., 1995; Huang et al., 1995; Thomas et al., 1995). Despite no identifiable

internalization domain in the C-tail of GPCR, it is clear that the C-tail has a

role, either inhibitory or stimulatory, in internalization.

Our finding that truncation of most of the C-terminal tail of the pu

opioid receptor did not markedly impair ligand binding or G-protein

coupling was not surprising. Extensive mutagenesis studies and competition

studies with peptides have shown that most of the C-tail of GPCR is not

involved in ligand binding and G-protein coupling. Conversely, a few

amino acids proximal to the 7th TMD appear to be essential for coupling

and G-protein activation (Cotecchia et al., 1990; Cyr et al., 1993; König et

al., 1989; O'Dowd et al., 1988; Pin et al., 1994). The truncation mutant

T354EE still contained, at its C-tail, 5 amino acids proximal to the TMD7

sº
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that may be essential for G-protein coupling of other GPCR, accounting

for the observed minimal differences between pl and the truncation mutants

for G-protein coupling.

In summary, we have identified a region (TSST) of the C-terminal

tail that may participate in the regulation of internalization and appears to

act as a suppressor domain for the internalization of the plopioid receptor.

A mutant receptor, with this region truncated at its C-terminal tail,

constitutively internalizes and recycles to the plasma surface, apparently

following the internalization pathway of the wild-type receptor. Thus far,

constitutive activity of GPCR has been described only for G-protein

coupling, making the mutant T354EE the first constitutively internalizing

GPCR reported to date. This mutant receptor may become an important

tool to study the regulation and the transduction of GPCR internalization.

Moreover, our results demonstrate that different receptor conformations

are involved in G-protein coupling and internalization and that these

conformations can be induced selectively, either by specific ligands (e.g.,

DAMGO vs. morphine) or by receptor mutations.
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Table 1. Diprenorphine binding, DAMGO binding and forskolin-stimulated cAMF
accumulation in HEK293 cells expressing all pi receptor constructs

pu opioid receptor construct

|l pHE T358EE T354EE

Diprenorphine Binding

Bma, (pmol/mg of protein) 42+2 92+10 86+17 42+ 1 1

Ko (nM) 4.2+0.3 5.1+1.3 2.2+0.4 ° 1.3+0.4 °

DAMGO Binding

Ko (nM) 1.4+0.3 2.2+0.2 3.8+0.5 2.6+0.5

Inhibition of cAMP accumulation

Morphine, ECso (nM) 1.1 b 0.5-E0.1 6.8+0.9 ° 2.6+0.5 °
Morphine, Ema, (%)" 76 b 93+ 1 94+1 94+1

DAMGO, ECso (nM) 0.5-E0.1 6.7+2.2° 2.8+0.6 °

DAMGO, Ema, (96)" 100+1 100+1 100+1

* cAMP values are expressed as % of forskolin-induced cAMP accumulation
* The values for the wild-type p receptor, reported for reference, are from a
previous work (Arden, et al., 1995).
* Values are different from those of pi and pleE, P-0.05.
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T358EE

Wild-type pu opioid receptor C-tail truncation mutants

Figure 1. The Wild-type pi Opioid Receptor and the Two C-Tail
Truncation Mutants

The truncation mutant T354EE had only 5 amino acids remaining at the C
terminal tail while the mutant T358EE conserved 4 additional amino acids

corresponding to the TSST region of interest.
An epitope tag, EYMPME (EE), was added at the extracellular N-terminal
tail of the wild-type receptor and the C-tail truncation mutants,
immediately following the Met initiation codon.
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Figure 2. Distribution of pubE and T358EE in Stably Transfected HEK º ■

Cells before and after Agonist Treatment as Visualized by ".

Confocal Microscopy s

.The plmeceptor constructs pubE ((A)-(D) and T358EE ((E)-(H) were labeled with cº

an anti-EE antibody and visualized by confocal microscopy. A.

Figures (A) and (E) show the distribution of the receptor constructs before any ... .

treatment, (B) and (F) show the distribution of the receptor constructs after

morphine treatment (10puM, 1 hr, 37°C), (C) and (G) show the distribution of the

receptor constructs after DAMGO treatment (10p M, 1 hr., 37°C), AND (D) and .

(H) show the distribution of the receptor constructs after morphine 1pm + n

naloxone 10 puM treatment (1 hr., 37°C).
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Figure 3. Distribution of T354EE in Stably Transfected HEK Cells as * ,
º Yi

- - * -- --"

Visualized by Confocal Microscopy º
* * L

-

º

(A) shows the distribution of T354EE in intracellular vesicles when cells were º

permeabilized with saponin.

(B) shows the distribution of T354EE at the cell surface, without permeabilization. º
A.
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Figure 4. Double Label Immunofluorescence Confocal Images of

T354EE with Clathrin, the Transferrin Receptor, and

Caveolin in Stably Transfected HEK Cells

Clathrin (a), the transferrin receptor (d), and caveolin (g) were labeled with a specific

antibody and are shown in green.

(b), (e) and (h) T354EE was labeled with an anti-EE antibody shown in red.

(c), (f) and (i) Double label immunofluorescence image of T354EE with clathrin (c), the

transferrin receptor (f), or caveolin (i). The yellow color indicates colocalization of T354EE

with clathrin (c) or transferrin receptor (f), as shown by arrows.



Figure 5. Effect of Acetic Acid Acidification and Hyperosmolar Sucrose

Treatments on T354EE Distribution in Stably Transfected HEK

Cells

(A) T354EE is distributed in intracellular vesicles.

(B) Acetic acid treatment induced the redistribution of the receptor to the cell surface.

(C) Hyperosmolar sucrose treatment induced the redistribution of the receptor to the cell

surface.
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CHAPTER 4

INTERNALIZATION OF AN EPITOPE-TAGGED p OPIOID

RECEPTOR AND A CONSTITUTIVELY INTERNALIZING

MUTANT: ROLE OF GI COUPLING IN p OPIOID RECEPTOR

INTERNALIZATION

SUMMARY

Morphine and DAMGO, two potent agonists in respect to G-protein

coupling have different effects regarding plopioid receptor internalization:

DAMGO induces rapid internalization of the receptor whereas morphine

does not. To investigate whether the pertussis-toxin-sensitive G-protein

family Gi/Go are involved in pl receptor internalization we pretreated cells

with pertussis toxin and found no inhibition of agonist-induced

internalization. Therefore, pu opioid receptor internalization is independent

from coupling to the G-protein family Gi/Go.

INTRODUCTION

The triggering events required for receptor internalization and the

proteins involved in the initial steps of receptor internalization are not well

:
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defined. Receptor internalization leads to interaction of the receptor with a

variety of intracellular proteins, such as heterotrimeric and small GTP

binding proteins that could play a role in different intracellular functions.

Several investigators have indicated that heterotrimeric G-proteins (Bomsel

et al., 1992) as well as small GTP binding proteins play a role in receptor

trafficking (Simons et al., 1993). A role for the heterotrimeric GTP

binding proteins (G-proteins) in endosome fusion is supported by a number

of observations. For example aluminum fluoride, which activates

heterotrimeric G-proteins but not small GTP binding proteins, inhibits
º

endosome fusion (Lenhard et al., 1994). Mastoparan, a small peptide with

sequence homology to the third loop of the GPCRs, which enhances

nucleotide exchange on G-protein, inhibits endosome fusion (Lenhard, et º

al., 1994). G-protein subunits O. and BY have been localized in early and º
late endosomes in rat liver (Ali et al., 1989), and By subunits of G-protein s
have been shown to play a role in endosome fusion. Also, Gs has been

shown to regulate endosome fusion in vitro (Colombo et al., 1994). In

contrast to a role of G-proteins in receptor endocytosis in general, their

role in agonist-induced internalization of GPCRs is controversial. The bulk

of evidence suggests that while second messenger production is not

necessary for receptor internalization, activation of a G-protein might be

involved in these processes (Thompson et al., 1991).
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The cellular factors mediating GPCR internalization are not known.

The triggering events required for receptor internalization and the proteins

involved in the initial steps of receptor internalization are not well defined.

Whereas agonist binding to the receptor can trigger both G-protein

activation and internalization, a role for the involvement of G-proteins in

internalization remains to be resolved. We have shown that two agonists

(for Gi coupling) have different effects on internalization of the pi opioid

receptor: morphine, a nonpeptide agonist, does not cause receptor

internalization, whereas DAMGO, a pentapeptide, does (Arden, et al.,

1995). Therefore, the behavior of the plopioid receptor after agonist

stimulation suggests that the G-protein Gi may not be sufficient to trigger

internalization. To further investigate the involvement of the pertussis

toxin-sensitive G-protein family Gi/Go, we determined the effect of

pertussis toxin on agonist-induced internalization. We also investigated

whether a constitutive internalizing and recycling mutant of the pu opioid

receptor was basaly active in regard to Gi coupling.

EXPERIMENTAL PROCEDURES

Epitope Tagging and Stable Expression of The pi Opioid

Receptor Constructs

*…*
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The wild-type plopioid receptor and the C-tail truncation mutant

T354EE were tagged at the N-terminal tail with the epitope tag sequence

EYMPME (EE) by polymerase chain reaction (PCR) (Grussenmeyer, et

al., 1985). The template used for all reactions was the wild-type rat pu

opioid receptor. The gene encoding for the rat plopioid receptor was

provided by Dr. Lei Yu (Indiana University School of Medicine) in the

plasmid pKC/CMV. In all cases, the 5’ primer had the following sequence

TTTTAAGCTTACCATGGAATACATGCCAATGGAAGACAGCAGCAC

CACGGCCCAGGG containing a HindIII restriction site, the start codon,

and a sequence encoding the epitope EYMPME (the underlined bases in the

sequence). The 3’ primer sequences contained, for all cases, the stop codon

and a Xbal restriction site. The 3’ primer sequence for the tagged wild

type receptor was GCTCTAGAGCGAGGGTCTGGATGGTG. The

sequence for the tagged 354-truncation mutant (T354) was

GCTCTAGATTATGGG-ATGCAGAACTCTCTGAAGC. The PCR

products were ligated into the HindIII site and the Xbal site of the

pRC/CMV plasmid (Invitrogen San Diego, USA) containing an ampicillin

and a neomycin resistance gene and then sequenced by the Biomolecular

Resource Center DNA Sequencing Facility at the University of California,

San Francisco.
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Human embryonic kidney cells (HEK 293) were transfected by the

calcium phosphate method, and clonal cells stably expressing each construct

were selected in 400 pig■ ml of G418 and maintained in Dulbecco's modified

Eagle’s medium (DMEM H16/F12) with 10% fetal calf serum and 200

pug/ml of G418.

Ligand Binding and cAMP Assays

Receptor expression in HEK cells was quantified by 'H-

diprenorphine (H-DPN) binding. ‘H-DPN and nonlabeled DPN were

obtained from the National Institute on Drug Abuse (Rockville, MD, USA).

HEK293 cells stably expressing pureceptors were harvested into phosphate

buffered saline (PBS), and triplicate samples were incubated with 0.6 nM

of 'H-DPN with increasing concentrations of nonlabeled DPN

concentrations in a 50-mM Tris buffer (pH 7.4) with 1% bovine serum

albumin (Arden, et al., 1995). Cells were incubated for 1 hr at room

temperature and harvested on GF/C glass filters, washed three times with

ice-cold PBS, *H content determined by scintillation counting. Displacement

data were fitted by the logistic function B=Bºy"LT"/[Kp"+LT") where

B=['HLºnd-NSB]/[SA*HL/L], where B is the amount of ligand bound, LT

is the total concentration of ligand (LI='HL+L), L is the concentration of

is theunlabeled ligand, 'HL is the concentration of radiolabeled ligand, B max

i
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maximum amount of ligand that could be bound, Kp is the displacement

constant, 'HLond is the amount of radiolabeled ligand bound, NSB is the

nonspecific binding of radiolabeled ligand, SA is the specific activity of the

radiolabeled ligand. Protein content was determined by the method of

Bradford using the BIO-RAD protein assay kit (Hercules, CA, USA).

The inhibition of cAMP accumulation by morphine and DAMGO

was determined in stably transfected cells stimulated with 100 puM forskolin

and increasing concentration of agonist for 15 min at 37°C in medium

without fetal calf serum. The total amount of cAMP per well was

determined by radioimmunoassay (Amersham, Arlington Height, IL,

USA). Data were fitted by logistic regression to the sigmoid function

E=100%- [Ema,”C"]/[C"+ECso"], where E is the percent inhibition of

forskolin-stimulated-cAMP accumulation induced by the concentration of

agonist C, Ema, the maximum effect and ECso a constant.

[*S]GTPYS Binding Assay

Cell membranes were prepared as follows. Cells were harvested in

10 mM HEPES (pH 7.4), 0.9% NaCl and 0.02% EDTA, and washed once

in the same buffer at 4°C. Then the cell pellet was resuspended in ice-cold

10 mM HEPES (pH 74), 10 mM EDTA. After disruption with a polytron

and 20 min-centrifugation at 50,000g, the pellet was resuspended in ice
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cold 10 mM HEPES (pH 7.4), 0.1 mM EDTA. After a second 20 min

centrifugation at 50,000g, the pellet was resuspended in the same buffer,

frozen in 100-pil aliquots of about 150 pig of protein and stored at -80°C.

The [*S]GTPYS binding was conducted for 1 hr at 37°C in a 1-ml

final volume. The reaction buffer was 10 mM HEPES (pH 7.4), 10 mM

MgCl2, 15 or 100 mM NaCl (as indicated), 0 or 10puM GDP (as indicated),

0.09 nM of [*S]GTPYS. [*S]GTPYS was purchased from Du Pont

Company-Biotechnology Systems (Wilmington, DE, USA). The binding

reaction was started by adding 150 pig of membrane into the reaction

mixture. The nonspecific binding was assessed by adding nonradiolabeled

GTPYS (10 puM final concentration) to the reaction buffer. The effect of

morphine or DAMGO on [*S]GTPYS binding was assessed by adding the

corresponding agonist to the reaction buffer (1 puM final concentration)

(Burford, et al., 1995).

Confocal Laser Microscopy

Cells were prepared for microscopy as previously reported (Arden,

et al., 1995). Cells stably expressing pueB were grown overnight, at low

density, directly on Permanox(8) chamber slides (Nunc Inc., Naperville, IL,

USA). Cells were then exposed to different drug treatments, for different

periods of time, at 37°C in 5% CO2/95% air, in medium with no fetal calf
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serum when treatments were shorter than 4 hrs, or in complete medium

when treatments were longer than 4 hrs. Cells were pretreated for 20 hrs

with pertussis toxin (100 ng/ml, 37 °C). Pertussis toxin was purchased

from (Sigma Chemical Co., St. Louis, MO, USA). Thereafter, cells were

treated for 1 hr at 37°C with incomplete medium and pertussis toxin alone

(100 ng/ml), or pertussis toxin plus morphine, DAMGO, methadone and

fentanyl (10 puM final concentration). At the end of each drug treatment,

cells were washed once with PBS, fixed for 10 min at room temperature in

3.7% paraformaldehyde in PBS, and then permeabilized in PBS containing

0.25% fish gelatin, 0.04% saponin and 0.05% NaN, (IMF buffer) for 1 hr.

After permeabilization, cells were labeled with the monoclonal antibody to

the epitope EYMPME (anti-EE) for 1 hr at room temperature (in IMF

buffer), washed three times with PBS, incubated with goat anti-mouse

secondary antibody conjugated with either FITC (fluorescein

isothiocyanate) (Cappell Technika, Durham, NC, USA) or Cy3

(indocarbocyanine) for 30 min (in IMF buffer) (Jackson ImmunoResearch

Labs, West Grove, PA, USA). The monoclonal antibody to the epitope

EYMPME was purchased from Onyx Inc. (Richmond, CA, USA)

(Grussenmeyer, et al., 1985). Cells were then washed three times in PBS

and once in water, dried, mounted using Fluoromount G (Fisher Scientific,

Pittsburgh, PA, USA) containing a trace amount of phenylenediamine
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(Sigma Chemical Co., St. Louis, MO, USA) and stored at 4°C away from

light.

Samples were visualized using laser scanning confocal microscopy

with a krypton-argon laser coupled with a BIO-RAD MRC-600 confocal

head attached to an Optiphot II Nikon microscope with a Plan Apo 60X 1.4

NA objective lens. FITC emission was detected with a blue high sensitivity

block. Cy3 emission was detected with a yellow high sensitivity block.

Collection parameters were 3 s per scan, five frames per image, Kalman

filter, motor step size 0.7 plm, diaphragm one-third open.

Statistical Analysis

Data are expressed as the mean-HSD, and were analyzed using one

way analysis of variance and Student's t-test with Bonferroni correction.

Differences were considered statistically significant when P-30.05. All

images shown are of a representative cell from an experiment repeated at

least three times.

RESULTS

Stable Expression of pu Receptor Constructs in HEK 293 Cells
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Human Embryonic Kidney cells (HEK) which do not express

endogenous opioid receptors were stably transfected with pueB or T354EE.

For each construct, a clone expressing high binding was selected for

further study. Receptor expression, assessed by 'H-DPN binding, was

92+10 pmol/mg of protein for pueB and 42+11 pmole/mg of protein for

T354EE, corresponding to 11x10° and 5x 10°sites/cell, respectively.

G-Protein Coupling of pueF and T354EE, Assessed by Inhibition

of Forskolin-Induced cAMP Accumulation

In HEK cells stably transfected with pleE and T354EE, morphine

and DAMGO, two plopioid receptor agonists, inhibit forskolin-induced

accumulation of cAMP. The ECso values of morphine were 0.5+0.1 nM for

pleE and 2.6+0.5nM for T354EE. The ECso values of DAMGO were

0.5+0.1 nM for pueB and 2.8+0.6nm for T354EE. The maximum effect of

morphine was 93+1% of forskolin-induced cAMP accumulation, for pueB,

and 94+1% for T354EE. The maximum effect of DAMGO was 100+1%

for pueB of forskolin-induced cAMP accumulation, and 100+1% for

T354EE

Pretreatment with pertussis toxin (100 ng/ml, 5 hrs, 37°C) of

untransfected HEK cells and HEK cells stably expressing pi or T354EE, to
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uncouple the pureceptors from Gi/Go, did not increase forskolin-stimulated

cAMP levels, but, rather, decreased them (untransfected HEK: 57+6% of

baseline; p, 60+9% of baseline; T354EE, 32+4% of baseline). The absence

of increased cAMP levels after pertussis toxin pretreatment suggests that

T354EE does not couple constitutively to Gi. Although not understood, a

decrease in cAMP levels after pertussis toxin treatment has also been

described by other investigators in different systems (Burford, et al.,

1995).

G-Protein Coupling of p and T354EE, Assessed by [*S]GTPYS

Binding Assay

In membranes from cells expressing the untagged wild-type pl

receptor, morphine (1 plM) and DAMGO (1 puM) increased [*S]GTPYS

binding to 178+8% and 155+7% of baseline, respectively. This increase

was largely abolished by pretreatment by pertussis toxin (100 ng/ml, 20

hrs, 37°C) to 105+1% and 108+9%, respectively, indicating that the pu

opioid receptor couples predominantly to the pertussis-toxin-sensitive-G-

protein family Gi/Go.

The baseline [*S]GTPYS binding in membranes from cells stably

expressing the pureceptor was similar to the baseline from cells expressing

T354EE (Figure 1). Morphine (1 puM) and DAMGO (1 puM), increased

90



[*S]GTPYS binding to 262% and 281% of baseline for p and to 228% and

229% of baseline for T354EE (Figure 1). This increase was reversed by

addition of the specific pi opioid antagonist naloxone (baseline [*S]GTPYS

binding: 40 dpm/ug; morphine 1 puM: 92 dpm/ug; morphine 1 puM +

naloxone 10 puM: 43 dpm/pug of protein, for pu). The similarity in baseline

[*S]GTPYS binding between p and T354EE also was found in assay

conditions known to increase basal [*S]GTPYS binding binding; i.e.,

decreased NaCl concentration (15 mM NaCl instead of 100 mM) or

decreased GDP concentration (0 instead of 10 puM GDP) (Tian et al.,

1993). At 15 mM of NaCl and 109M of GDP, baseline [*S]GTPYS binding

was 103 dpm/ug for pi and 112 dpm/ug of protein for T354EE; and at 15

mM NaCl and 0 puM of GDP baseline [*S]GTPYS binding was 499 dpm/ug

for p and 373 dpm/ug of protein for T354EE). The receptor expression in

the membrane preparations, measured by 'H-DPN binding, was 15

pmol/mg for pland 2 pmol/mg for T354EE. This discrepancy in receptor

expression in intact cells may be a result of the different cellular

distribution of H and T354EE, as pueB is mostly distributed at the plasma

membrane while T354EE seems to be distributed mostly in vesicular

membranes. Crude membrane preparations may loose some of their

vesicular component during centrifugations.
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Confocal Laser Microscopy

In HEK cells stably expressing pueB, the receptor was visualized largely at

the cell surface prior to any treatment (Figure 2). Morphine treatment

(10puM, 1 hr., 37°C) did not change the distribution of pueB at the cell

membrane whereas DAMGO, methadone and fentanyl treatment (10puM, 1

hr, 37°C) induced a redistribution of the receptor into intracellular vesicles

(Figure 2).

To investigate whether coupling to Gi/Go was essential for pu

receptor internalization, we pretreated HEK cells expressing pueB with

pertussis toxin for 20 hrs (100 ng/ml). Pretreatment with pertussis toxin

did not change the distribution of the pueB before or after morphine

treatment (10puM, 1 hr., 37°C); in each case the receptor remained at the

cell surface (Figure 2). Moreover, pretreatment with pertussis toxin also

did not inhibit agonist-induced internalization seen after DAMGO,

methadone and fentanyl (10puM, 1 hr., 37°C) (Figure 2).

DISCUSSION

The cellular factors mediating GPCR internalization are not known.

The triggering events required for receptor internalization and the proteins

involved in the initial steps of receptor internalization are not well defined.
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Whereas agonist binding to the receptor can trigger both G-protein

activation and internalization, a role for the involvement of G-proteins in

internalization remains to be resolved. Despite reports of involvement of

heterotrimeric G-protein in receptor internalization, Gi/Go coupling does

not appear to be involved in H opioid receptor internalization, based on our

observation that pertussis toxin treatment did not inhibit agonist-induced

internalization of pueB. This is further confirmed by the fact that morphine

and DAMGO, both potent agonists of the plopioid receptor for coupling to

Gi, have different effects on agonist-induced internalization of the

receptor. In addition, mutagenesis studies have confirmed that G-protein

coupling does not appear to be necessary for internalization. Also, a

number of mutants of GPCR have been identified that are defective in

coupling but still fully capable of internalizing after agonist treatment

(Cheung et al., 1990; Moro, et al., 1994). Although we can exclude Gi/Go

as a main transduction mechanism for internalization, we cannot exclude

the possibility that another G-protein is involved in the transduction of the

internalization signal.

We have identified a C-tail truncation mutant of the plopioid

receptor which constitutively internalizes and recycles (see chapter 3). If

G-protein coupling were involved in pl receptor internalization, we would

expect this constitutively recycling mutant also to couple constitutively to a

G-protein. To investigate whether T354EE constitutively coupled to Gi/Go,
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we first determined basal [*S]GTPYS binding in HEK membranes

containing T354EE. The basal binding of T354EE was similar to that of pu,

suggesting no increased basal G-protein coupling for T354EE. To further

investigate the presence of constitutive Gi/Go coupling, we measured the

forskolin-stimulated increase in cAMP before and after pretreatment by

pertussis toxin, and found no stimulation by pertussis toxin pretreatment.

These results suggest that T354EE does not couple constitutively to Gi/Go

or another abundantly represented G-protein. However, we cannot exclude

a small level of constitutive coupling undetectable by the [*S]GTPYS

binding assay, or constitutive coupling to another type of G-protein that

would be less represented relative to the other G-proteins in HEK

membranes. The fact that this mutant receptor constitutively recycles but

does not constitutively couple to Gi/Go confirms the paradigm that

transduction of agonist-induced internalization does not seem to involve G

protein coupling.
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Figure 1. [*S]GTPYS Binding in Membranes from HEK Cells Stably
Transfected with the Wild-type p Opioid Receptor or the T354EE Mutant
Receptor before and after Agonist Treatment

The first and fourth columns represent baseline binding, the second and
fifth columns represent stimulation by DAMGO (1puM) and the third and
sixth columns represent stimulation by morphine (1puM).
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Figure 2. Distribution of pueB in Stably Transfected HEK Cells before

and after Agonist Treatment as Visualized by Confocal

Microscopy

The tagged plopioid receptor was labeled with an anti-EE antibody and visualized by

confocal microscopy.

Figure (A) shows the distribution of pueB before any treatment.

Figures (B)-(C) show the distribution of pueB after agonist treatment (101M, 1 hr., 37°C)

by morphine (B) and DAMGO (C).

Figures (D) shows the distribution of the receptor constructs after 20 hrs pretreatment by

pertussis toxin (100 ng/ml, 37°C) followed by 1 hr DAMGO treatment (101M, 37°C).
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