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The d-opioid receptor belongs to the family of 7-transmem-
brane domain receptors coupled to heterotrimeric G proteins.
In addition to antinociceptive effects (Narita and Suzuki
2004), d-opioid receptor agonists have been shown to have
antidepressant-like (Broom et al. 2002a) and antiparkinson-
like activities (Hudzik et al. 2000). However, the potential
beneficial actions of d-opioid agonists are hindered by their
propensity to induce rapid and prolonged tolerance (Brandt
et al. 2001; Broom et al. 2002b,c; Jutkiewicz et al. 2005).
Internalization of the d-opioid receptor has long been thought
to play a role in tolerance (Eisinger and Schulz 2005).

After activation by agonist, the d-opioid receptor under-
goes phosphorylation by G protein coupled receptor kinase
2 (GRK) (Pei et al. 1995), followed by interaction with
b-arrestin to block further coupling to G proteins leading to
desensitization (Kovoor et al. 1997) and internalization
(Zhang et al. 1999) via clathrin coated pits (Trapaidze et al.
1996). Recruitment of GRK2 to the membrane requires the
bc subunits of the G protein heterotrimer (Li et al. 2003).

However, the necessity of G protein activation for d-opioid
receptor internalization is unclear. An early report (Law et al.
1985) showed that pre-treatment of NG108-15 cells (rat
neuroblastoma · mouse glioma hybridoma) with pertussis
toxin (PTX), to inhibit d-opioid receptor coupling to Gai/o

proteins, had no effect on the ability of the d-opioid agonist
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Abstract

Agonist activation of the d-opioid receptor leads to internali-

zation via Gbc recruitment of G protein coupled receptor

kinase-2, which phosphorylates the receptor at several sites,

including Ser363, allowing b-arrestin binding and localization

to clathrin coated pits. Using human embryonic kidney cells

expressing a d-opioid receptor we tested the hypothesis that

prevention of receptor coupling to G protein by treatment with

pertussis toxin (PTX) will block these processes. PTX treat-

ment did not reduce phosphorylation of d-opioid receptor

Ser363 in response to the agonist [D-Pen2, D-Pen5]enkeph-

alin, or recruitment of b-arrestin 2-green fluorescent protein to

the membrane and only slowed, but did not prevent, [D-Pen2,

D-Pen5]enkephalin-induced internalization. Similarly, PTX

treatment only partially prevented the ability of the d-opioid

peptide agonists deltorphin II and [Met5]enkephalin and the

non-peptide agonist BW373U86 to induce receptor internali-

zation. No internalization was seen with morphine, oxymor-

phindole or the putative d1-opioid agonist TAN-67 in the

presence or absence of PTX, even though TAN-67 showed a

strong activation of G protein, as measured by guanosine-5¢-
O-(3-[35S]thio)triphosphate binding. The ability of an agonist

to stimulate phosphorylation at Ser363 was predictive of its

capacity to induce internalization. The results suggest a role

for G protein in d-opioid receptor internalization, but show that

alternative G protein independent pathways exist.

Keywords: G protein coupled receptor kinase, internaliza-

tion, pertussis toxin, phosphorylation, b-arrestin, d-opioid

receptor.
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[D-Ala2, D-Leu5]enkephalin to induce receptor internaliza-
tion. Similarly, in mouse neuroblastoma Neuro2A cells, stably
expressing a d-opioid receptor, PTX failed to block inter-
nalization by the selective agonist [D-Penicillamine2, D-
Penicillamine5]enkephalin (DPDPE) (Chakrabarti et al.
1997). In contrast, in human embryonic kidney (HEK) 293
cells stably expressing the mouse d-opioid receptor, PTX
pre-treatment inhibited by 60% the ability of the d-opioid
agonist [D-Thr2]-Leu-enkephalin-Thr6 to mediate internali-
zation (Kramer et al. 2000b).

Whether G proteins are required or not, there is evidence
that GRKs of some type, possibly including those not
recruited by Gbc such as GRK5 and GRK6 (Ferguson 2001;
Lodowski et al. 2006) are involved in d-opioid receptor
desensitization (Willets and Kelly 2001) and internalization
(Hasbi et al. 2000). Certainly, mutagenesis data from several
groups suggests that preventing phosphorylation of serine
and/or threonine residues in the C-terminus of the d-opioid
receptor blocks receptor internalization across a variety of
cell lines, although this effect is not always complete
(Trapaidze et al. 1996; Zhao et al. 1997; Murray et al.
1998; Kouhen et al. 2000; Whistler et al. 2001; Zhang et al.
2005; Navratilova et al. 2007). These data thus indicate that
the d-opioid receptor may be able to participate in both G
protein dependent and independent phosphorylation and
internalization.

Several studies have suggested that d-opioid receptor
agonists are capable of stimulating distinct fates of the
receptor. For example, pre-incubation of HEK293 cells stably
expressing the mouse d-opioid receptor with the peptide
agonists DPDPE or [D-Ser2, D-Leu5]enkephalin-Thr6, or the
alkaloid etorphine resulted in receptor desensitization and
internalization, but the alkaloid levorphanol, which induced
receptor desensitization failed to stimulate internalization
(Bot et al. 1997). In human neuroblastoma SK-N-BE cells
DPDPE and deltorphin I stimulated internalization and
subsequent lysosomal degradation of the d-opioid receptor,
whereas etorphine stimulated internalization followed by
recycling of receptor to the cell surface (Marie et al. 2003).
However, activation of a pathway for degradation of the
d-opioid receptor is not specific to peptides, as the endoge-
nous peptides, [Leu5]enkephalin and [Met5]enkephalin,
caused recycling after internalization, but the synthetic
d-opioid, SNC80, led to degradation (Lecoq et al. 2004).
Obviously, whether the d-opioid receptor is recycled or
degraded appears to be agonist and cell specific.

In the present study, we test the hypothesis that the
d-opioid receptor undergoes agonist-specific Gi/o-protein-
dependent and -independent phosphorylation and
internalization. To answer this question we have studied
these events in HEK293 cells expressing a FLAG-tagged
d-opioid receptor expressed in HEK293 cells (HEKd) in the
presence or absence of PTX and with a variety of d-opioid
agonists. PTX treatment had no effect on d-opioid receptor

phosphorylation or translocation of b-arrestin 2-green
fluorescent protein (GFP) to the cell surface, but did reduce
receptor internalization. There was agreement between the
ability of different agonists to stimulate G protein and cause
internalization with the exception of the non-peptide d-opioid
agonist, TAN-67, which caused a level of G protein
activation equal to that of DPDPE, but did not cause
internalization.

Materials and methods

Materials
Guanosine-5¢-O-(3-[35S]thio)triphosphate ([35S]GTPcS) and

[3H]diprenorphine were from Perkin Elmer Life and Analytical

Sciences (Boston, MA, USA). Morphine sulfate, (+)BW373U86,

deltorphin II, naltrindole, oxymorphindole (OMI), naloxone, and

TAN-67 were obtained through the Narcotic Drug and Opioid

Peptide Basic Research Center at the University of Michigan (Ann

Arbor, MI, USA). DPDPE, [Met5]enkephalin, 100 · protease

inhibitor cocktail, guanosine diphosphate, p-nitrophenyl phosphate,
M1 mouse anti-FLAG antibody and M2 mouse anti-FLAG

antibody conjugated to alkaline phosphatase were from Sigma-

Aldrich (St Louis, MO, USA). Goat-anti-rabbit or mouse anti-

bodies conjugated to horseradish peroxidase (HRP) were from

Santa Cruz Biotechnology (Santa Cruz, CA, USA) and rabbit anti-

phospho-Ser363-d-opioid receptor antibody from Cell Signaling

(Danvers, MA, USA). The following were gifts: bovine phosducin-

GFP cDNA (Rüdiger Schulz, University of Munich, Germany),

FLAG-d-opioid receptor cDNA coding for human d-opioid
receptor fused with FLAG epitope on the N-terminus (Lee-Yuan

Liu-Chen, Temple University, Philadelphia, PA, USA), b-arrestin
2-GFP cDNA (Marc Caron, Duke University, Durham, NC, USA).

Poly-D-lysine coated 24-well plates and poly-D-lysine coated

12 mm, no. 1 coverslips were from BD Biosciences (San Jose,

CA, USA). PTX was from List Biological Laboratories Inc.

(Campbell, CA, USA) and gallein from TCI America (Portland,

OR, USA). EcoLume scintillation cocktail and ultrapure formal-

dehyde were obtained from MP Biomedicals (Aurora, OH, USA)

and Polysciences Inc. (Warrington, PA, USA), respectively.

ProLong Gold antifade reagent, Alexa 594 goat anti-mouse IgG

and Lipofectamine 2000 were from Invitrogen (Carlsbad, CA,

USA).

Cell culture and transfection
To prepare cells stably expressing FLAG-d-opioid receptor, cDNA

was transfected into HEK293 cells using Lipofectamine 2000

reagent according to the manufacturer’s instructions. Cells express-

ing FLAG-d-opioid receptor were selected in the presence of

0.8 mg/mL geneticin and receptor number was determined using a

[3H]diprenorphine binding assay (described below). Cells were

grown in Dulbecco’s modified Eagle medium supplemented with

10% fetal bovine serum, 90 units/mL penicillin, and 90 lg/mL

streptomycin and 0.8 mg/mL geneticin (for stable FLAG-d-opioid
receptor cells only). For transient transfection HEK293 cells were

seeded onto poly-D-lysine coated 24-well plates containing the

appropriate cDNA (plasmids and amounts are given in the Figure
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legends) in complex with Lipofectamine 2000 reagent and the cells

were used 48 h after transfection.

Ligand binding assay
Membranes (15–20 lg), prepared as described previously (Clark

et al. 2003), were incubated in 50 mM Tris–HCl, pH 7.4 with a

saturating concentration of [3H]diprenorphine (2–4 nM) in the

presence or absence of 50 lM naloxone for 60 min in a shaking

water bath at 25�C. Samples were filtered through glass fiber

filters mounted on a Brandel cell harvester (Gaithersburg, MD,

USA) and rinsed three times with 4�C 50 mM Tris–HCl.

EcoLume scintillation cocktail was added to the filters and the

radioactivity counted by liquid scintillation counting. The FLAG

d-opioid receptor cell line used in this study expressed 12 pmol

receptors/mg protein.

Second messenger assays
Measurement of cyclic AMP levels, MAPK phosphorylation and

release of intracellular calcium in response to 10 lM DPDPE or

10 lM UK14304 where indicated, were measured in HEK293 cells

stably expressing the d-opioid receptor as described previously

(Clark et al. 2003). Cyclic AMP accumulation during a 10-min

incubation with 10 lM DPDPE was measured. In the intracellular

calcium assay, cells were incubated with or without 10 lM gallein

for 10 min prior to the addition of DPDPE.

Confocal microscopy
Human embryonic kidney 293 cells stably expressing FLAG-d-opioid
receptors (0.6 · 106 cells/well) were added to 24-well plates

containing poly-D-lysine 12 mm coverslips. After overnight incuba-

tion, cells were treated with or without 100 ng/mL PTX. The

following day cells were incubated for 60 min in the presence or

absence of 10 lM DPDPE with or without PTX. Cells were fixed in

4% formaldehyde in phosphate-buffered saline for 20 min, followed

by permeabilization with 0.1% Triton X-100 for 10 min. FLAG-d-
opioid receptor was detected with 1 : 1000 dilution of M1 mouse

anti-FLAG antibody and 1 : 1000 Alexa 594 goat anti-mouse

antibody. The coverslips were mounted onto slides using ProLong

Gold antifade reagent according to the manufacturer’s instructions.

For b-arrestin 2-GFP transiently transfected cells, b-arrestin 2-GFP

cDNA (0.4 lg) in complexwith Lipofectamine 2000was added to 24-

well plates containing poly-D-lysine 12 mm coverslips. HEK293 cells

stably expressing FLAG-d-opioid receptors (0.6 · 106 cells/well)

were then added immediately to the wells. After overnight incubation,

cells were treated with or without 100 ng/mL PTX. The following day

cells were incubated for 5 min in the presence or absence of 10 lM
drug with or without PTX. Cells were stained as described above

except that the cells were not permeabilized. Images were collected

using an Olympus Fluoview 500 confocal microscope (Olympus,

Center Valley, PA, USA) with argon or helium-neon lasers.

Internalization assay
Transiently or stably transfected cells were seeded (0.75 · 106 cells

per well) onto poly-D-lysine coated 24-well plates. After overnight

incubation, cells were treated with or without 100 ng/mL PTX and

the next day incubated with drug in the presence or absence of PTX.

For the gallein experiments, cells were pre-incubated with 10 lM
gallein in dimethyl sulfoxide (DMSO) or DMSO for 10 min prior to

the addition of DPDPE. At the end of the incubation period, the

cells were fixed with 3.7% formaldehyde in Tris-buffered saline

[(TBS), 25 mM Tris–HCl, pH 7.4, 2.7 mM KCl, 140 mM NaCl] for

5 min at 23�C. The cells were washed three times with TBS,

blocked with 1% non-fat dry milk for 1 h at 23�C and washed two

times with TBS and incubated with monoclonal anti-FLAG M2

alkaline phosphatase antibody for 1 h at 23�C. Cells were washed

five times and incubated with p-nitrophenyl phosphate for 30 min

at 23�C. 0.2 mL aliquots were added to 0.05 mL 3 N NaOH in

a 96-well plate. Absorbance at 405 nm was measured using a

VERSAmax tunable microplate reader (Molecular Devices, Sunny-

vale, CA, USA). The percentage of receptors internalized was

calculated using the following equation: [1 ) (Drug O.D. ) Back-

ground O.D./Control O.D. ) Background O.D.) · 100], where

O.D. is optical density. Background was defined as the absorbance

of untransfected HEK293 cells and control as absorbance from

untreated FLAG d-opioid receptor expressing cells.

[35S]GTPcS binding assay
As described previously (Traynor and Nahorski 1995), membranes

(15–20 lg) were incubated in 20 mM Tris–HCl, pH 7.4, 1 mM

EDTA, 5 mM MgCl2, 100 mM NaCl, 2.2 mM dithiothreitol

(prepared freshly), 30 lM guanosine diphosphate, 0.1 nM

[35S]GTPcS, and 10 lM drug or Super Q H2O for 60 min in a

shaking water bath at 25 �C. Samples were filtered through GF/C

glass-fiber filtermats mounted on a Brandel cell harvester and rinsed

four times with 4�C 50 mM Tris–HCl, pH 7.4, 5 mM MgCl2, and

100 mM NaCl. After drying, EcoLume scintillation cocktail was

added to the filtermats, which were counted in a Wallac 1450

MicroBeta Liquid Scintillation and Luminescence Counter (Perkin

Elmer).

Western blot analysis
FLAG-d-opioid receptor cells were seeded on plates and treated

with 100 ng/mL PTX overnight, then incubated with 10 lM drug

for 1 h at 37�C. The cells were rinsed with phosphate-buffered

saline and lysates collected with radioimmuno-precipitation assay

buffer [50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1%

sodium deoxycholic acid, 0.1% sodium dodecyl sulfate (SDS)] plus

protease inhibitor, 2 mM EDTA, 100 lM NaF, 100 lM phen-

ylmethanesulfonyl fluoride, and 10 lM sodium orthovanadate.

Lysates were sonicated briefly and centrifuged at 10 000 g for

10 min. For each sample, equal protein amounts (measured by

bicinchoninic acid assay) diluted in SDS sample buffer (62.5 mM

Tris–HCl, pH 6.8, 2% SDS, 10% glycerol, 0.0008% bromophenol

blue) and b-mercaptoethanol were loaded onto 10% polyacrylamide

gels. After transfer to nitrocellulose membranes and blocking for 1 h

with 5% non-fat dried milk, the membrane was incubated with

1 : 1000 dilution of rabbit anti-phosphorylated d-opioid receptor

antibody overnight. After washing, the membrane was incubated

with 1 : 10 000 HRP-goat anti-rabbit IgG for 1 h. To probe for

FLAG-d-opioid receptor, the membrane was stripped (2% SDS,

0.1 M b-mercaptoethanol, 63 mM Tris, pH 6.8 at 55�C for 45 min),

washed, incubated with 5% non-fat dried milk overnight and then

with 1 : 2000 mouse-anti-FLAG for 1 h in 5% non-fat dried milk

made up in TBS-Tween containing 1 mM CaCl2. After washing, the

membrane was treated with 1 : 10 000 HRP-goat-anti-mouse IgG

for 1 h. Membranes were treated with LumiGLO and bands were
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detected using the EpiChemi3 darkroom (UVP, Upland, CA, USA).

Bands were quantitated using the LabWorks program.

Data and statistical analysis
All graphs were created in GraphPad Prism 4.02 (La Jolla, CA, USA).

Points and error bars represent the mean of three independent

experiments ± SEM except where indicated in figure legends.

Two-way ANOVA without matching and the Bonferroni post-test or

the Student’s t-test (unpaired) were used to assess statistical

significance.

Results

d-opioid receptor internalization
[D-Pen2, D-Pen5]enkephalin treatment afforded internaliza-
tion of HEKd pre-treated with or without PTX (Fig. 1a). At
1 h internalization was consistently greater in the absence of
PTX treatment (60.3 ± 3.0%) than following PTX treatment
(37.7 ± 2.7%, p < 0.0001, n = 26). Shorter time points
(Fig. 1b, inset) did not show a significant difference.
However, over a longer period DPDPE-induced internaliza-
tion (Fig. 1b) showed a significant difference between PTX
treated and untreated cells (p < 0.01) such that internaliza-
tion occurred at a slower rate in cells pre-treated with PTX
than control cells, (t1/2 = 0.25 ± 0.034 h in control cells and
0.52 ± 0.12 h in PTX-treated cells). However, the same
maximum degree of internalization was obtained at 6 h in
the absence (82 ± 5%) or presence of PTX (79 ± 5%). EC50

values obtained at 1 h for DPDPE-induced internalization in
cells treated with or without PTX were 22.7 ± 4.2 and
26.6 ± 12.0 nM, respectively (Fig. 2a). Based on the results
in Fig. 2a, 10 lM DPDPE was used to obtain maximal
internalization in subsequent experiments.

The potency of DPDPE to cause internalization was
similar to the potency (12 ± 3 nM) obtained when measur-
ing DPDPE activation of G protein in membranes from cells
that were not treated with PTX using the [35S]GTPcS
binding assay (Fig. 2b). The effectiveness of PTX to block
Ga coupling was confirmed by measuring DPDPE-stimula-
tion of [35S]GTPcS binding, DPDPE-induced phosphoryla-
tion of MAPK or DPDPE-inhibition of cyclic AMP
production in HEKd cells, after overnight treatment with
100 ng/mL PTX. Stimulation of [35S]GTPcS binding and
phosphorylation of MAPK were blocked completely by pre-
treatment with PTX (data not shown), while inhibition of
cyclic AMP production dropped from 89 ± 4% to 28 ± 3%,
a decrease similar to that reported previously (Bot et al.
1997; Selley et al. 1998).

The above results suggest that there is an efficient G protein
independent mechanism of internalization that appears to
occur at a slightly slower rate. To determine if this alternate
pathway requires clathrin coated pits for internalization,
HEKd cells pre-incubated with or without PTX were treated

with hypertonic sucrose in order to inhibit clathrin-coated pit
formation (Heuser and Anderson 1989). In both cases,
hypertonic sucrose blocked internalization (Fig. 2c).

Effect of Gbc inhibitors on d-opioid receptor
internalization
To address the possibility that the PTX insensitive Go/i

protein, Gz, is coupling with d-opioid receptors in

(a)

(b)

Fig. 1 [D-Pen2, D-Pen5]enkephalin (DPDPE)-induced FLAG d-opioid

receptor internalization in the presence or absence of PTX. (a) HEKd

cells were treated overnight with, or without, 100 ng/mL PTX, then

incubated with 10 lM DPDPE ± 100 ng/mL PTX for 60 min at 37�C.

Visualization of FLAG d-opioid receptor by confocal microscopy was

as described in Materials and methods. Bar represents 10 lm. (b)

HEKd cells were treated overnight with, or without, 100 ng/mL PTX,

then incubated with 10 lM DPDPE ± 100 ng/mL PTX for either short

(inset) or longer time periods at 37�C. Measurement of cell surface

FLAG d-opioid receptor was as described in Materials and methods.

Internalization (%) is expressed as the mean of three or four experi-

ments each performed in triplicate. The effect of PTX (0.5–6 h) was

significant p = 0.0079.
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PTX-treated HEKd cells and supplying the Gbc subunits
necessary to recruit GRK, we examined the effects of
gallein, a compound that prevents the interaction of Gbc
with effectors (Lehmann et al. 2008). Gallein (10 lM) had
no effect on DPDPE-induced internalization [DMSO
(vehicle): 35.4 ± 0.6% vs. gallein: 31.3 ± 1.9%]. In these
same HEKd cells gallein was able to reduce Gbc-mediated
release of intracellular calcium afforded by DPDPE
(10 lM) by 58 ± 10% or the adrenergic a2 receptor
agonist, UK14304 (10 lM), by 84 ± 16% (data not
shown). These results were supported by the finding that
transient co-expression of the Gbc scavenger phosducin-
GFP (Schulz et al. 2002) or GFP alone, together with the

FLAG-d-opioid receptor in HEK293 cells, did not change
the extent of DPDPE-induced internalization (GFP express-
ing cells: 30.0 ± 0.9% vs. phosducin-GFP expressing cells:
35.5 ± 2.2%). In addition, we were unable to find evidence
of Gaz expression in these cells by western blot (data not
shown). Together these data indicate that Gbc subunits
from PTX insensitive G proteins are not providing an
alternative route for d-opioid receptor internalization in
HEKd cells.

Ligand dependency of d-opioid receptor internalization
It is possible that internalization of the d-opioid receptor in
HEKd cells in PTX-treated cells is specific to DPDPE and
not other d-opioid receptor ligands. Consequently, we
examined internalization of the d-opioid receptor by a
series of ligands at a maximal (10 lM) concentration over
1 h. Following pre-treatment with PTX the synthetic
peptidic agonists DPDPE and deltorphin II, the endogenous
peptide agonist [Met5]enkephalin and the non-peptidic
agonist (+)BW373U86 were able to afford internalization
of the d-opioid receptor in HEKd cells (Fig. 3a), although
there was a significant reduction following PTX treatment.
The d-opioid agonists, OMI and TAN-67 as well as the
l-opioid agonist, morphine, caused no significant internal-
ization in the presence or absence of PTX pre-treatment and
the d-opioid receptor antagonist naltrindole was also
ineffective. In contrast, the d-opioid ligands stimulated
[35S]GTPcS binding to membranes from HEKd cells
in the order of TAN-67 = deltorphin II = DPDPE >
[Met5]enkephalin = (+)BW373U86 = OMI = morphine
(Fig. 3b). No stimulation was observed with naltrindole.
For each agonist, activation of [35S]GTPcS binding

(a)

(b)

(c)

Fig. 2 [D-Pen2, D-Pen5]enkephalin (DPDPE) concentration response

curves as measured by internalization or [35S]GTPcS binding and the

effect of hypertonic sucrose on DPDPE-induced internalization. (a)

HEKd cells were treated overnight with or without 100 ng/mL PTX,

then incubated with differing concentrations of DPDPE for 1 h at 37�C.

FLAG d-opioid receptor at the cell surface was measured as described

in Materials and methods. Percent internalization is expressed as the

average of two independent experiments, each performed in triplicate.

EC50 = 22.7 ± 4.2 nM and EC50 = 26.6 ± 12.1 nM for control or PTX-

treated cells, respectively. The interaction between PTX treatment and

log [DPDPE] is significant, ***p < 0.001, compared to control (two-way

ANOVA). (b) [35S]GTPcS binding to HEKd cell membranes in response

to varying concentrations of DPDPE was measured as described in

Materials and methods. Data are expressed as percentage of

[35S]GTPcS binding stimulated by SNC80 and are from three separate

experiments, each in duplicate. EC50 = 12.0 ± 3.3 nM. (c) HEKd cells

were treated overnight with or without 100 ng/mL PTX, then incubated

with 10 lM DPDPE in the absence or presence of 0.45 M sucrose or

PTX for 1 h at 37�C. Measurement of cell surface FLAG d-opioid

receptor was as described in Materials and methods. Internalization

(%) is expressed as the average of three independent experiments,

each performed in triplicate.
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was blocked completely by pre-treatment of the cells with
PTX.

Phosphorylation of d-opioid receptor Ser363
Although there are several potential phosphorylation sites
within the C-terminus of the d-opioid receptor, phosphor-

ylation at Ser363 has been reported to occur first in
response to agonist binding (Kouhen et al. 2000). The
various agonists (10 lM, 1 h) were examined for their
ability to induce phosphoryaltion of Ser363 as detected
by western blot with anti-phospho Ser363-d-opioid
receptor antibody (Fig. 4). DPDPE, deltorphin II, and
(+)BW373U86 caused a marked phosphorylation of
Ser363, TAN-67 caused a lesser degree of phosphorylation
while there was no evidence of phosphorylation with OMI
or morphine. Treatment of HEKd cells with PTX increased
the level of d-opioid receptor expression as measured by
the FLAG epitope (see FLAG blot in Fig. 4a). However,
there remained a high level of phosphorylation by DPDPE,
deltorphin II, and (+)BW373U86 in the presence of PTX,
which was similar to that observed in the absence of PTX
(Fig. 4b).

Translocation of b-arrestin 2-GFP
As the d-opioid receptor is phosphorylated at Ser363 in the
presence of PTX, we hypothesized that b-arrestin 2-GFP
would still be translocated to the plasma membrane. After a
5 min incubation of HEKd cells with 10 lM DPDPE,
translocation of b-arrestin 2-GFP to the plasma membrane
was indistinguishable between cells pre-treated with or
without PTX (Fig. 5). However, TAN-67, with its reduced
ability to induce receptor phosphorylation and internalization
despite activating G protein strongly, failed to cause b-
arrestin 2-GFP to relocate at the membrane in the absence or
presence of PTX pre-treatment.

Discussion

Pertussis toxin pre-treatment of HEK293 cells expressing a
FLAG-d-opioid receptor did not prevent agonist-induced
d-opioid receptor phosphorylation or the extent of receptor
internalization reached after 6 h. At shorter times (1 h) there
was evidence for less internalization in the presence of PTX
suggesting a slower time-course. The results confirm that
internalization can be initiated in the absence of functional
receptor-Gai/o protein coupling (Law et al. 1985; Chakrab-
arti et al. 1997; Kramer et al. 2000b) and suggest that
kinases other than those recruited by Gbc are able to mediate
d-opioid receptor phosphorylation. Consequently, the degree
to which agonists induce phosphorylation of Ser363 in the C-
terminus of the d-opioid receptor is more predictive of
internalization than the ability of agonists to activate G
protein. As the receptor is still phosphorylated in the
presence of PTX and stimulates b-arrestin 2-GFP transloca-
tion, it is likely that in the presence of PTX the receptor is
internalized via the traditional pathway (Zhang et al. 1999).
Indeed, internalization in the presence of PTX is sensitive to
hypertonic concentrations of sucrose, suggesting a role for
clathrin coated pits. It should be noted that 0.45 M sucrose
affects protein phosphorylation (Junger et al. 2003) and

(a)

(b)

Fig. 3 Internalization of FLAG d-opioid receptor and stimulation of

[35S]GTPcS binding in response to incubation with different ligands.

(a) HEKd cells were treated overnight with, or without, 100 ng/mL

PTX, then incubated with 10 lM ligand in the presence or absence of

PTX for 1 h at 37�C. Measurement of cell surface FLAG d-opioid

receptor was as described in Materials and methods. Internalization

(%) is expressed as the average of three independent experiments,

each performed in triplicate ***p < 0.001, **p < 0.01, *p < 0.05 com-

pared to control. (b) Membranes were prepared from HEKd cells

treated with, or without, 100 ng/mL PTX overnight. [35S]GTPcS bind-

ing to these membranes in response to 10 lM ligand was measured

as described in Materials and methods. Data are presented as a

percentage of maximal DPDPE stimulation in the absence of PTX and

are from at least three separate experiments, each in triplicate.
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triggers apoptosis (Friis et al. 2005) in addition to clathrin
coated pit formation.

As Gbc subunits, shown by the PTX-treatment, phosducin
and gallein experiments are not necessary for phosphorylation
or internalization, it appears that GRK2 and/or 3 are not
the only kinases that can be utilized to phosphorylate the
d-opioid receptor. Likely candidates are GRK5/6, which are
expressed in HEK cells (Ren et al. 2005), since they are not
recruited by Gbc (Ferguson 2001; Lodowski et al. 2006) and
have been shown to be important for d-opioid receptor
desensitization (Willets and Kelly 2001) and internalization
of b-adrenergic (GRK6) (Loudon and Benovic 1997) and
dopamine D2 receptors (GRK5) (Ito et al. 1999). In contrast,
phosphorylation of the d-opioid receptor by Src-like protein
tyrosine kinases is inhibited by PTX treatment (Kramer et al.
2000a).

The information presented in Fig. 6 compares receptor
internalization with receptor phosphorylation and G protein
activation in the absence of PTX in HEKd cells. The degree of
d-opioid receptor Ser363 phosphorylation stimulated by
different agonists and the ability of the agonist to induce
internalization are significantly related (p = 0.02; Fig. 6a).
This confirms the importance of Ser363 (Kouhen et al. 2000),
in spite of the fact that other residues, specifically Thr358 and
361 are also phosphorylated and mutation of these amino
acids results in reduced internalization (Trapaidze et al. 1996;
Guo et al. 2000; Kouhen et al. 2000). In contrast, Fig. 6(b
and c) demonstrate that activation of G protein as measured
by [35S]GTPcS binding did not predict the ability of a ligand
to invoke d-opioid receptor phosphorylation or internaliza-
tion. This confirms the finding that although PTX treatment
prevented G protein activation, it did not stop receptor
phosphorylation and internalization. DPDPE, deltorphin II

and (+)BW373U86 showed strong activation of G protein and
caused extensive phosphorylation and internalization. Yet,
although, TAN-67 stimulated [35S]GTPcS binding to the
same extent as the full agonists DPDPE and deltorphin II, it
showed a reduced ability to phosphorylate the d-opioid
receptor, which was also reflected in an inability to recruit
b-arrestin 2-GFP and a low level of receptor internalization.
Morphine and OMI were able to induce [35S]GTPcS binding
to almost the same extent as (+)BW373U86, but they
produced almost no phosphorylation or internalization. These
results agree with reports that there is not a correlation
between relative efficacy, as measured by [35S]GTPcS
binding and down-regulation of d-opioid receptor (Okura
et al. 2003), although this has not been confirmed by other
authors (Zaki et al. 2001).

The cells used in this study express a high number of d-
opioid receptors, explaining why compounds that are usually
considered low efficacy partial agonists, namely morphine,
OMI, and TAN-67 (Quock et al. 1999), show a robust
enhancement of [35S]GTPcS binding. However, this
enhancement is only seen at the level of G protein activation
and is not manifested as an increased ability of these partial
agonists to phosphorylate the receptor or cause internaliza-
tion. There are several possible explanations for this
discrepancy. Fewer numbers of receptors may need to be
activated to give a [35S]GTPcS response, which is a
cumulative assay, but the transient lifetime of free Gbc
may not allow for recruitment of sufficient GRK2/3 enzymes
necessary for phosphorylation and internalization. On the
other hand, as PTX treatment does not prevent receptor
phosphorylation by the agonists, a more likely explanation is
that the d-opioid receptor conformation necessary for G
protein activation is not the same as the conformation

(a)

(b)

Fig. 4 Phosphorylation of Ser363 of FLAG

d-opioid receptor relative to total receptor.

HEKd cells were treated overnight with, or

without, 100 ng/mL PTX, then incubated

with 10 lM DPDPE in the presence or ab-

sence of PTX for 1 h at 37�C. Detection of

phosphorylated d-opioid receptor and FLAG

were performed as described in Materials

and methods. The phospho-Ser363 anti-

body was shown to be specific as agonist

treatment of untransfected HEK293 cells

did not induce a 55 kDa band (data not

shown). Figure 4(a) shows a representative

western blot. In Fig. 4(b) data are repre-

sented as the ratio of phosphorylated d-

opioid receptor mean density to FLAG

mean density for three independent exper-

iments.
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necessary to provide for efficient phosphorylation of the
carboxy terminal tail. This discrepancy may be an effect of
partial versus full agonists or an example of agonist-specific
conformational change. Certainly, agonist-specific confor-
mations have been demonstrated at the level of d-opioid
receptor phosphorylation. Whereas SNC80 is able to phos-
phorylate a d-opioid receptor truncated after Gly338,
DPDPE is not (Okura et al. 2003). Moreover, at the l-
opioid receptor it appears that the major mechanism of
desensitization in the presence of the efficacious peptide
agonist DAMGO is via GRK2, but for the morphine-
occupied receptor desensitization involves protein kinase C
(Bailey et al. 2004).

In conclusion, the results show that internalization can be
mediated by at least two pathways, G protein dependent and
G protein independent. Both routes require phosphorylation
of Ser363 and utilize b-arrestin 2 and clathrin-coated pits.
Although the non-G protein mechanism appears to be
somewhat less efficient it does represent a viable alternative,
suggesting that internalization of the d-opioid receptor in the

presence of agonist exposure is a vital event that the cell must
maintain, presumably to be in a position to respond to
incoming signals. The pivotal factor appears to be whether

No PTX PTX

No drug

DPDPE

TAN-67

Fig. 5 [D-Pen2, D-Pen5]enkephalin (DPDPE), but not TAN-67,

induced translocation of b-arrestin 2-GFP. HEKd cells were transiently

transfected with 0.4 lg b-arrestin 2-GFP and grown on poly-D-Lys

coated 12 mm coverslips. The transfected cells were treated overnight

with, or without, 100 ng/mL PTX, then incubated with 10 lM DPDPE

or TAN-67 for 5 min at 37�C. Visualization of FLAG d-opioid receptor

and b-arrestin 2-GFP by confocal microscopy was as described in

Materials and methods.

(a)

(b)

(c)

Fig. 6 Comparison of ligand induced stimulation of [35S]GTPcS

binding, phosphorylation and internalization. Data are from internali-

zation, [35S]GTPcS binding, and phosphorylation normalized to total

receptor in the absence of PTX (Figs 3(a and b) and 4(b), respec-

tively). Panel (a) compares internalization to phosphorylation, (b)

phosphorylation to [35S]GTPcS binding and (c) internalization to

[35S]GTPcS binding. The r2 values are (a) 0.79, p = 0.02 and (b) 0.15,

p = 0.46 and (c) 0.32, p = 0.14. OMI, oxymorphindole, Mor, morphine,

Delt, deltorphin II, BW, (+)BW373U86, Nalt, naltrindole, and Met,

[Met5]enkephalin.
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phosphorylation occurs via recruitment of GRK2 and 3 and
the ready availability of kinases that do not require Gbc for
recruitment, such as GRK5 or 6, or non-GRK family
members such as casein kinase I or CaM kinase II (Eisinger
and Schulz 2005).
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