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Abstract

An important limitation in the clinical use of opiates is progressive loss of analgesic efficacy over time. Development of analgesic toler-
ance is tightly linked to receptor desensitization. In the case of delta opioid receptors (DOR), desensitization is especially swift because
receptors are rapidly internalized and are poorly recycled to the membrane. In the present study, we investigated whether Src activity
contributed to this sorting pattern and to functional desensitization of DORs. A first series of experiments demonstrated that agonist
binding activates Src and destabilizes a constitutive complex formed by the spontaneous association of DORs with the kinase. Src con-
tribution to DOR desensitization was then established by showing that pre-treatment with Src inhibitor PP2 (20 wM; 1 hr) or transfec-
tion of a dominant negative Src mutant preserved DOR signalling following sustained exposure to an agonist. This protection was afford-
ed without interfering with endocytosis, but suboptimal internalization interfered with PP2 ability to preserve DOR signalling, suggest-
ing a post-endocytic site of action for the kinase. This assumption was confirmed by demonstrating that Src inhibition by PP2 or its
silencing by siRNA increased membrane recovery of internalized DORs and was further corroborated by showing that inhibition of recy-
cling by monensin or dominant negative Rab11 (Rab11S25N) abolished the ability of Src blockers to prevent desensitization. Finally, Src
inhibitors accelerated recovery of DOR-Gai3 coupling after desensitization. Taken together, these results indicate that Src dynamically
regulates DOR recycling and by doing so contributes to desensitization of these receptors.
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Introduction

Opiates are among the most effective analgesics known but their
clinical use is limited by their potential for abuse and frequent side
effects such as nausea, vomiting and constipation. Most if not all
of these unwanted actions arise from the activation of the mu opi-
oid receptors (MOR), and cannot be dissociated from MOR-medi-
ated analgesia [1]. In contrast, delta opioid receptor (DOR) activa-
tion produces antinociception [2, 3] with reduced respiratory
depression [4], low constipation [5], minimal physical depend-
ence [6] and attenuated addictive potential [7, 8]. However, a
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major problem with DORs is their rapid desensitization [9, 10]
leading to the development of analgesic tolerance [11, 12].

Receptor desensitization is an important adaptive mechanism
that protects the cell from excessive activation by environmental
stimuli. For most G protein coupled receptors (GPCRs), including
opioid receptors, the process is initiated by phosphorylation of
serine/threonine residues located at the receptor’s C-terminus
and/or third intracellular loop. This post-translational modifica-
tion results in B-arrestin recruitment, which inhibits any further
stimulation by uncoupling the receptor from its G protein and
triggering subsequent internalization [11, 12]. Because internal-
ization basically removes receptors from the cell surface, seques-
tration was initially considered as a step in signal termination.
However, functional consequences of GPCR internalization
cannot be fully understood unless considered in the light of
post-endocytic trafficking.
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If sequestration is associated with recycling of the receptor
back to the cell surface, internalization allows to restore a pool of
functional membrane receptors that enable to prolong or recover
signalling [13-15]. In contrast, if the receptor is preferentially
directed towards the lysosomal compartment, proteolytic degra-
dation and rapid desensitization are the major consequences of
internalization [16—18]. DORs display this second type of profile,
since only a small percentage of internalized receptors recycles
back to the membrane while the great majority is committed for
proteolysis soon after endocytosis [18, 19]. Despite early commit-
ment to degradation, DORs do not immediately traffic to lyso-
somes remaining withheld in the endosomal compartment [19].
The creation of this pool of intracellular receptors raises the pos-
sibility of influencing DOR sorting so as to redirect retained recep-
tors back to the cell surface, providing a means of prolonging DOR
signalling and delaying or avoiding tolerance.

A major determinant for lysosomal sorting of GPCRs is cova-
lent modification by ubiquitination, a post-translational modifica-
tion which tags the protein for recognition by the endosomal sort-
ing complex required for transport (ESCRT) machinery [20, 21].
DORs, however, are an interesting exception to this pattern since
ubiquitination is not required for their lysosomal trafficking [15].
Instead, they rely on ‘sorting’ proteins of the G protein coupled
receptor associated sorting protein (GASP) family [18, 22]. The
mechanisms by which GASP proteins may ensure DOR sorting
within the endosomal-lysosomal system is not known, but GASP1
interaction with alpha helix VIII is sufficient to promote lysosomal
targeting of these receptors [18, 22]. Unlike post-translational
modifications that allow to modulate receptor trafficking in an acti-
vation-dependent manner, the sequence that recognizes GASP is
permanently incorporated into the amino-acid sequence of the
receptor. The presence of this constitutive tag raises the question
as to whether dynamic regulation of sorting events is possible or,
on the contrary, whether post-endocytic trafficking of DORs is
rigidly predetermined by primary structure.

We have previously shown that duration of DOR signalling
could be considerably prolonged by Src blockers [23]. In the pres-
ent study, we extended these findings by assessing whether Src
could influence duration of DOR signalling via modulation of post-
endocytic trafficking. Using pharmacological and molecular block-
ers for this kinase, we were able to show that Src promotes desen-
sitization by preventing DOR recycling. These results constitute the
first evidence that post-endocytic sorting of DORs may be dynam-
ically regulated and that this regulation has functional relevance.

Materials and methods

Reagents

Buffer chemicals, protease inhibitor, DPDPE, forskolin, isobutylmethylxan-
thine, cycloheximide, pertussis toxin (PTX), sucrose, monensin sodium,
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anti-FLAG M2 affinity resin and FLAG peptide were purchased from
Sigma-Aldrich (Oakville, ON, Canada). 4-amino-5-(4-chlorophenyl)-7-(
butyl)pyrazolo[3,4-d]pyrimidine (PP2) was from VWR (Mont-Royal, QC,
Canada), BSA from EMD chemicals (Gibbstown, NJ, USA) and
[3H]adenosine from PerkinElmer Life Sciences (Waltham, MA, USA). G418,
DMEM, foetal bovine serum, glutamine, penicillin and streptomycin were
purchased from Wisent (St-Bruno, QC, Canada).

Cell culture and transfection

Experiments were carried out in HEK293 cells stably expressing murine
DORs or its truncated mutant [24, 25], with the exception of experimental
series requiring co-transfection of wild-type DORs either with dominant neg-
ative c-Src (DNM-Src: K295R/Y527F) [26] or dominant negative Rab11
(DNM-Rab11: Rab11S25N) [27]. Cells stably expressing wild-type DORs or
truncated DOR mutants (DOR344T) were transfected with 6 .g/100 mm petri
dish of corresponding DNA using lipofectamine (Invitrogen, Burlington, ON,
Canada) as transfection agent, followed by selection with G418 (500 p.g/ml).
Receptor expression levels in DOR clones was assessed by means of
[3H]Naltrindole binding yielding a Bmax of 605 = 42 fmol/mg protein.
Membrane expression of DORs and DOR344T was similar, as verified by
ELISA. For transient expression, DORs were co-transfected either with DNM-
Src (10 g), DNM-Rab11 (15 p.g) or the empty vector (pcDNAS3) using poly-
ethylenimine as transfection agent. Receptor expression was verified by
ELISA so as to obtain similar membrane expression across transfection con-
ditions. Cells were grown and maintained in complete DMEM containing
10% (v/v) foetal bovine serum, 1000 units/ml penicillin, 1 mg/ml strepto-
mycin and 5 mM glutamine, in a humidified atmosphere of 5% CO2 at 37°C.

Src knock-down by siRNA

A pool of four desalted, deprotected SiRNA oligonucleotide duplexes specif-
ically targeted to human Src (GenBank NM_005417) and bearing UU over-
hangs were purchased from Dharmacon Research (Lafayette, CO, USA) and
introduced into DOR-expressing cells performed with DharmaFECT1 accord-
ing to manufacturer’s specifications. In order to achieve optimal Src, knock-
down cells were transfected with increasing concentrations of siRNA (100,
50 and 25 nM) and Src expression subsequently verified by Western blot
analysis 48, 64 and 72 hrs after transfection. Non-targeting DNA in equiva-
lent concentrations was used to control for off-target changes in Src expres-
sion. 25 nM siRNA and 48 hrs recovery post-transfection produced maximal
Src knock-down, and were therefore chosen for the study.

Immunopurification of FLAG-tagged receptors

This procedure was adapted from a previously described method [23] and
was used to assess receptor interaction with endogenous Src or Ga sub-
units. Briefly, cells were incubated overnight in serum-free medium and the
day of the experiment were exposed to PP2 (20 M) or vehicle (DMSQ) for
1 hr prior to treatment with DPDPE (1 M) for the indicated periods of time.
In experiments in which PTX was used the toxin (100 ng/mL) was introduced
16 hrs prior to the experiment. After agonist stimulation, the reaction was
stopped on ice by washing cells with cold PBS. Cells were then suspended
in lysis buffer (5 mM Tris, 3 mM MgCl2, 2 mM EDTA, 1 mM NaF, 1mM
NasV04, 5 pg/ml leupeptine, 5 wg/ml soybean trypsin inhibitor and 10 wg/ml
benzamidine) and homogenized using an ultraturax (IKA, Wilmington, NC,
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USA). Following a short centrifugation at 1500 rpm, the supernatant was cen-
trifuged at 18,500 rpm for 20 min. and the resultant pellet was resuspended
in lysis buffer for a second round of centrifugation (18,500 rpm; 20 min.).
The pellet obtained was then solubilized in 0.5% n-dodecyl-maltoside, 25 mM
Tris pH 7.4, 140 mM NaCl, 2 mM EDTA, 1 mM NaF, 1 mM NasgVOs, 5 pwg/mL
leupeptine, 5 pg/ml soybean trypsin inhibitor and 10 wg/mL benzamidine.
Following agitation at 4°C for 2 hrs, the solubilized fraction was centrifuged
at 10,000 rpm for 60 min., and the receptor was immunopurified from the
supernatant fraction using an anti-FLAG M2 antibody resin. 20 pl of anti-
body-coupled resin equilibrated in solubilization buffer and supplemented
with 0.1% bovine serum albumin (w/v) were used to purify the receptor
overnight at 4°C under gentle agitation. The next morning the resin was pel-
leted, washed twice with 500 wl of solubilization buffer and four times with
500 pl of modified solubilization buffer (containing 0.1% instead of 0.5%
n-dodecyl-maltoside (w/v)). The receptor was then eluted by incubating the
resin for 10 min. at 4°C with 100 ! of modified solubilization buffer contain-
ing of a FLAG peptide (150 wg/ml). This elution was repeated three times,
and the eluates were combined and concentrated by membrane filtration
over Microcon-30 concentrators (Millipore). SDS sample buffer was then
added and samples were used for SDS-PAGE.

SDS-PAGE and Western blotting

SDS-PAGE was performed as previously described [23] using a 4% stack-
ing gel and 9% separating gel. Proteins resolved in SDS-PAGE were then
transferred (50 mA, 16 hrs, Bio-Rad Mini-Trans Blot apparatus) from the
gels onto nitrocellulose (GE Healthcare, Piscataway, NJ, USA). ¢-Src poly-
clonal antibody (SRC2 : sc-18; Santa Cruz Biotech, Santa Cruz, CA, USA)
and Gei3 antibody (Sc-262; Santa Cruz Biotech.) were used at a dilution of
1:1000 to determine, respectively, the amount of total Src and of Gai3 pro-
teins that had precipitated along with DORs, followed by secondary anti-
rabbit horseradish-conjugated antibodies (1:10,000 or 1:40,000;
Amersham Biosciences, Piscataway, NJ, USA). The amount of FLAG-DORs
present in each sample was evaluated with antisera directed against the
FLAG epitope (anti-FLAG M2 antibody; 1:2000; Sigma-Aldrich).
Horseradish peroxidase-conjugated anti-mouse secondary antibodies
(1:4000; Amersham Biosciences) and chemiluminescence detection
reagents (GE Healthcare) were used to reveal the blotted proteins and rel-
ative intensities of the labelled bands were analysed by densitometric scan-
ning performed with MCID (Imaging Research Inc).

Src activation was assessed as previously described [23], after a
5-min. exposure to DPDPE. Samples were separated in SDS-PAGE and
anti-phospho-Src polyclonal antibody (Tyr416; 1:1000; Cell Signaling,
Danvers, MA, USA) was used to determine the presence of activated Src.
Total amount of protein loaded was detected by probing with anti-Src
polyclonal antibody (SRC2 : sc-18; 1:5000; Santa Cruz Biotech.). In siRNA
knock-down samples, total Src levels were normalized to the amount of
[3-actin present in each sample, detected by using a monoclonal antibody
(1:20000; SantaCruz Biotech).

cAMP accumulation assays

cAMP accumulation assays were carried out according to a previously
described protocol [23]. Desensitization of DORs (DES) was achieved by
30-min. exposure to DPDPE (1 wM). Cells were then washed three times
in cold PBS and the efficacy of washing was confirmed by showing no dif-
ference in naltrindole Ki in [3H]naltrindole displacement experiments carried

© 2009 The Authors

J. Cell. Mol. Med. Vol 13, No 1, 2009

out in control and DPDPE-treated cells. To study the effect of a pharmaco-
logical inhibition of Src, cells were pretreated for 1 hr with PP2 (20 M)
prior to DPDPE exposure. For experiments using monensin as recycling
inhibitor, the drug (50 M) was added together with PP2 (or vehicle for
non-treated cells). For sucrose treatment, cells were pre-incubated in the
presence of 0.4 M sucrose (2 hrs), which was maintained throughout suc-
cessive treatment with PP2 (1 hr) and DPDPE (30 min.). [SH]ATP and
[3H]cAMP were separated by sequential chromatography on Dowex
exchange resin and aluminium oxide columns and the results were
expressed as the ratio of [PH]cAMP/[*H]ATP plus [*H]cAMP. Effects of the
DOR agonist DPDPE were expressed as percentage of change with respect
to cAMP produced in the absence of ligand (values given in table). When
agonist actions were compared across different experimental conditions
(e.g. following desensitization, Src blockade, inhibition of internalization or
recycling), results were normalized to the maximal effect of DPDPE in cor-
responding non-treated controls (values in figures).

Internalization assays

Measurement of surface-expressed FLAG-tagged DORs and quantification of
receptor internalization was assessed using an ELISA method adapted from
[28, 29]. Cells were seeded at a density of 10° cells/well and grown on 24-
well polylysine-coated plates for 48 hrs. The day of the experiment, DPDPE
(1 M) or vehicle were introduced in new incubation medium containing
DMEM/HEPES 20 mM for the indicated times. When PP2 (20 M) or
sucrose (0.4 M) were used, these pre-treatments were, respectively, intro-
duced 1 hrand 3 hrs prior to the agonist. The internalization reaction was
stopped by addition of cold PBS. After three PBS washes, cells were fixed for
15 min. at 4°C in paraformaldehyde (3%) and non-specific binding was
blocked by incubation with PBS/BSA 1%/CaCl. 1 mM at room temperature
for 30 min. Cells were subsequently incubated with anti-FLAG M1 antibody
(1:1000; Sigma-Aldrich) for 1 hr at room temperature, washed three times
and incubated with peroxidase-conjugated (HRP) anti-mouse antibody
(1:8000; Amersham Biosciences) for 30 min. After extensive washing, 200
wl of the HRP substrate o-phenylenediamine dihydrochloride (SIGMA FAST™
OPD, Sigma-Aldrich) was added to each well. The reaction was allowed to
proceed for 8 min. and stopped using 3N HCI. 200 w.l of the mix were then
transferred to a 96-well plate for optical density (OD) evaluation at 492 nm
in a microplate reader (Victor3; Perkin Elmer). OD reading corresponded to
the signal generated by receptors at the cell surface. The amount of surface
receptors internalized following exposure to DPDPE (1 M) was calculated
by subtracting OD obtained in absence of agonist from the one obtained
after agonist exposure. Results were expressed as percentage of receptors
initially present at the membrane according to the following calculation: 100
% (ODBasal_oDStimuIated)/(ODBasal) where ODBasaI and ODStimuIated correspond
to the signal obtained in presence or absence of DPDPE, respectively.

Surface recovery assays

Recycling of internalized receptors back to the plasma membrane was esti-
mated by an assay which is a variant of the one described above. Protein
synthesis was blocked using 10-wM cycloheximide introduced 1 hr before
asingle dose of DPDPE (1 wM; 30 min.) and allowed to remain in the medi-
um throughout the duration of the experiment. The agonist was removed
by extensive washing with DMEM and cells where subsequently incubated
at 37°C for increasing periods of time in an agonist-free medium
(DMEM/HEPES/cycloheximide). In experiments using PP2 (20 M) and/or
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monensin (50 wM), pre-treatments were introduced 1 hr prior to DPDPE
exposure. The experiments were stopped by addition of cold PBS and the
steps to label membrane DORs proceeded as described in the previous
section. The amount of internalized receptors that recycled back to the sur-
face was expressed as percentage of receptors internalized following expo-
sure to DPDPE. When recovery from agonist-induced internalization was
compared across different experimental conditions (e.g. Src silencing with
siRNA, Src inhibition by PP2, inhibition of recycling by DNM-Rab11 or
monensin), results were normalized to the recovery observed in corre-
sponding untreated controls.

Data analysis

Statistical analysis and curve fitting were done using Prism 4 (GraphPad,
San Diego, CA, USA).

Results

DORs and Src form a constitutive complex that
dissociates upon receptor activation

We have previously shown that Src activity regulates the extent
and duration of DOR responsiveness to different ligands [23]. To
start to examine the nature of this regulation, we first investigated
functional and physical interactions between the two proteins. As
previously observed, the agonist DPDPE (1 wM; 5 min.) stimulat-
ed Src activity [23], an effect that could be blocked by pre-expo-
sure to PTX (Fig. 1A). Physical interaction between Src and the
receptor was next monitored by immunopurifying FLAG-tagged
DORs and performing Western blot analysis to measure the total
amount of kinase recovered. As shown in Fig. 1B, Src copurified
with the receptor in the absence of ligand, suggesting a sponta-
neous association of both proteins. Addition of DPDPE
(1 M) to the incubation medium induced a rapid destabilization
of the complex, as indicated by more than 30% reduction in the
amount of Src recovered within the first 5 min. of agonist expo-
sure (Fig. 1B). This rapid destabilization was followed by a much
slower dissociation that progressed during the remaining 25 min.
of agonist treatment. Maximal dissociation of the DOR-Src com-
plex was not modified by PP2 (Fig. 1C) but was blocked by PTX
(Fig. 1D) indicating that disruption of the complex was dependent
upon activation of the G-protein but not of Src.

Src blockade prevents desensitization

The next series of experiments was directed at evaluating the pos-
sibility that agonist-dependent activation of Src may contribute to
functional desensitization of DORs. To do so we determined
whether Src inhibition by a pharmacological blocker or by transfec-
tion of a dominant negative Src mutant modified reduction in DOR
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signalling efficacy that characteristically results from sustained
exposure to an agonist. CAMP accumulation assays carried out in
control cells stably expressing wild-type DORs showed that DPDPE
produced a maximal inhibition of 61% = 2 in basal cAMP production
(n= 22, pooled control curves). As expected, 30-min. exposure to this
same agonist (1 wM) diminished its subsequent ability to inhibit
CAMP production. In particular, DPDPE potency was reduced by
eight fold (ECso CTL (4 = 1) versus EC50 DES (32 = 2 nM)) while
maximal inhibition only reached 72% + 10 (n=4) of that
observed in parallel controls (Fig. 2A, left panel). However, when
exposure to DPDPE was carried out in presence of PP2 at a con-
centration (20 M) that abolished Src activation (Inset Fig. 2A),
desensitization was no longer observed since DORs exposed to
DPDPE in the presence of PP2 maintained similar signalling effica-
cy as non-desensitized receptors (Fig. 2A, right panel).

Src participation in DOR desensitization was confirmed by
repeating similar experiments in cells co-transfected with DORs
and a dominant negative Src mutant (K295R/Y527F; DNM-Src)
[26] (Fig. 2B). Transfections were optimized to achieve similar
membrane expression of DORs as in the previous experimental
series, and DNM-Src levels were titrated to obtain complete inhibi-
tion of endogenous Src activity (Inset Fig. 2B). Results confirmed
that in cells overexpressing DNM-Src, signalling efficacy of desen-
sitized DORs (DPDPE; 1 wM; 30 min.) did not differ from that of the
corresponding controls (Fig. 2B, right panel). In contrast, in cells
where DORs were co-transfected with the empty vector (pcDNA3)
agonist pre-treatment significantly reduced subsequent ability of
DPDPE to inhibit cAMP production (Fig. 2B, left panel).

Src inhibitors prevent DOR desensitization
without modifying internalization, but maximal
protection requires normal sequestration

Internalization contributes to rapid desensitization of DORs [30]
and Src activity has been implicated in the sequestration of various
GPCRs [31, 32]. Thus, it was of interest to determine whether each
of the experimental approaches that reduced DOR desensitization
by blocking Src activity had any effect on DOR internalization. To do
so, Src inhibition was achieved as in the previous experiments
using PP2 or DNM-Src and DOR internalization by DPDPE was
assessed by monitoring loss of membrane receptors at different
treatment intervals. In cells stably expressing wild-type DORs,
DPDPE-dependent internalization was in reasonable agreement
with previous reports [33, 34], displaying a half-life of 14 min. and
a maximal sequestration of 87% =+ 3 of surface receptors within
the first 2 hrs of agonist exposure. In transiently transfected cells
expressing DOR/pcDNAS3, a half-life of 19 min. was observed with
a maximal sequestration of 64% = 3 of surface receptors. As
shown in Fig. 3, neither of the experimental conditions that afford-
ed protection from desensitization interfered with DOR endocytosis.

Having established that Src inhibitors protect against desensiti-
zation without influencing internalization, the next series of experi-
ments was ran to explore whether the converse was also true, i.e. if
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Fig. 1 DOR stimulation activates Src and reduces its spontaneous interaction with the receptor. (A) Cells stably expressing FLAG-tagged DORs were
incubated overnight in serum-free medium containing either PTX (100 ng/ml) or vehicle (CTL) and exposed to DPDPE (1 pM; 5 min.). Src activation
was assessed by measuring phospho-Tyr416 immunoreactivity (pSrc). Total amount of protein loaded was detected by probing with anti-Src antibody
(Total Src). Results correspond to a representative example of at least four times. Samples come from the same blot. (B) Cells were treated or not with
DPDPE (1 pM) for the indicated time periods. DORs were immunopurified as described in the experimental section and the amount of Src recovered
with immunopurified receptors was revealed by immunoblot with anti-Src. Total amount of receptor recovered was assessed with anti-Flag M2 anti-
bodies. Western blot shows a representative example. (C) Cells were exposed to PP2 (20 pM; 1 hr) or vehicle (CTL) prior to treatment with DPDPE (1
pM; 30 min.). Effect of PP2 on agonist-induced DOR-Src complex dissociation was monitored as in B. Histograms below show complex dissociation
following 30 min. exposure to DPDPE and correspond to six independent experiments. (D) Cells were exposed or not to PTX (100 ng/mL; 16 hrs) and
treated with DPDPE (1 pM) for 5 min. DOR-Src interaction was assessed as in B. Western blots corresponds to a representative example. All samples
shown were obtained from the same blot. Histograms to the right correspond to four experiments. Statistical analysis by Student’s t-test, P-value

appears in the figure.

changes in internalization influenced the ability of Src blockers to
counter desensitization. DOR internalization was modified by two
alternative approaches: (/) using an internalization-deficient DOR
mutant (DOR344T) that lacks C-terminal Ser/Thr residues [35, 36]
and (/i) by incubating cells expressing wild-type DORs in hyperton-
ic medium (0.4 M sucrose), a procedure that interferes with normal
clathrin polymerization [37]. Changes in DOR internalization appear
in Fig. 4A, which shows that agonist-dependent internalization was
reduced by 30% in truncated DORs, while sucrose abolished
sequestration for the first 10 min. of agonist exposure and reduced
it by more than 60% for the remainder of treatment. Table 1 shows
how pre-exposure to DPDPE (30 min.; 1 wM) modified receptor
responsiveness under the different internalization conditions. The
influence of changes in internalization on the ability of Src blockers
to interfere with desensitization was then established by repeating
PP2 pre-treatment (20 wM; 1 hr) and exposure to DPDPE (1 wM;
30 min.) in cells expressing DOR344T (Fig. 4B) or in cells express-
ing wild-type DORs that had been pre-incubated with sucrose (Fig.
4C). As is apparent from the figures, the protective effect of PP2
was progressively reduced by treatments that increasingly inter-
fered with internalization. In particular, the ability of PP2 to maintain
DPDPE signalling in desensitized mutants became apparent at high-
er agonist concentrations than in wild-types (P = 0.02; n = 4; Fig.
4B) while in presence of sucrose PP2 protective actions were not
only right shifted but also reduced in magnitude.

Src contributes to receptor desensitization by
interfering with recycling

The fact that optimal sequestration was necessary for Src
inhibitors to counter agonist-dependent desensitization suggested
that the kinase negatively influenced DOR responsiveness via reg-
ulation of a post-endocytic event. Previous studies have demon-
strated that a small proportion of internalized DORs are recycled
to the membrane, while the bulk of them are rapidly trapped in an
endocytic compartment from where they are slowly targeted for
lysosomal degradation [19, 38]. Since the functional consequence
of this sorting pattern is a reduction in receptor signalling [39, 40],
we reasoned that Src inhibitors could counter desensitization by
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redirecting internalized receptors to the recycling pathway. To
assess this possibility, we determined how Src silencing by siRNA
or its pharmacological blockade by PP2 influenced membrane
recovery of internalized DORSs (Fig. 5). In experiments assessing
the effect of the pharmacological inhibitor, control and PP2-treat-
ed cells both displayed internalization of approximately 65% sur-
face receptors following 30 min. exposure to DPDPE. Consistent
with previous reports [15, 41], agonist removal allowed 36 = 3%
of internalized receptors to recycle back to the membrane of con-
trol cells. Most interestingly, a similar PP2 pre-treatment as the
one that protected DORs from desensitization (20 pM; 1 hr)
increased basal membrane recovery by almost 25%, implying that
after Src inhibition 45% of internalized receptors were recycling
back to the membrane (Fig. 5A).

We next examined whether knock-down of the Src gene would
similarly enhance DOR recycling. For this purpose, cells stably
expressing DORs were transfected with on-target or off-target
siRNA for human Src. Forty-eight hours after transfection with a
pool of four siRNA duplexes specifically directed against human
Src (concentration range 25-100 nM), expression of the protein
was reduced by 90-95% (Fig. 5B). Since knock-down by 25 nM of
target siRNA was not different from the one observed at higher
concentrations, 25 nM was chosen for additional study. Knock-
down specificity was corroborated by lack of effect of similar
concentrations of non-targeting siRNA. In addition, the fact that
B-actin levels remained stable across different transfections indi-
cates absence of interferon response, which would otherwise
been evidenced by reduced protein synthesis. Receptor recycling
was then assessed in cells transfected with targeting or non-
targeting siRNA. Exposure to DPDPE (1 wM; 30 min.) induced
similar internalization (= 75%) of surface receptors in absence or
presence of Src knock-down. In cells expressing Src normally,
36 + 5% of sequestered receptors was recycled back to the mem-
brane. This amount was increased by 20% following Src knock-
down (Fig. 5C), reproducing results obtained with pharmaco-
logical inhibitors and directly implicating Src in the regulation of
DOR recycling.

Results obtained with pharmacological inhibition or gene
silencing of Src confirm this tyrosine kinase as a regulator of
post-endocytic sorting, but they do not indicate whether the small
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Fig. 2 Src contributes to functional desensitization of DORs. (A) Cells stably expressing wild-type DORs were exposed to PP2 (20 pM; 1 hr) or vehicle
and then submitted (DES) or not (CTL) to desensitization by DPDPE (1 uM; 30 min.). Cells were then washed and used in cAMP accumulation assays
to generate dose response curves for DPDPE. Results are expressed as percentage of maximal cAMP inhibition obtained in non-desensitized controls
and correspond to at least three experiments carried out in triplicate. Statistical comparison between desensitized and non-desensitized curves was
determined by two-way AnovA. Left panel: P < 0.0001; n = 4; Right panel: P=0.7; n = 3. Non-desensitized curves carried out in presence of PP2 were
not significantly different from corresponding controls. /nset: representative example of the effect of PP2 pre-treatment (20 pM; 1 hr) on Src activation
by DPDPE, as measured by phospho-Src immunoreactivity. (B) Cells were transiently transfected with DOR/pcDNA3 or DOR/DNM-Src and cAMP assays
were performed 48 hrs after transfection. Desensitization, expression of results and statistical analysis as in A. Left panel: P=0.0002; n = 5. Right panel:
P=0.7; n=5. Non-desensitized curves carried out in DOR/pcDNA3 and DOR/DNM-Src were not significantly different from each other. /nset: represen-
tative example of the effect of DNM-Src overexpression on Src activation by DPDPE, measured by Phospho-Src immunoreactivity.
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Fig. 3 Src blockers protect from desensitization without modifying DOR internalization. Internalization of surface receptors was measured following
incubation with DPDPE (1 pM) for the indicated periods of time. Presence of DORs at cell surface was measured by ELISA as explained in ‘experimen-
tal procedures’. Results are expressed as a loss of surface receptors (percentage of surface receptors observed before internalization) and represent
mean + S.E.M. of seven independent experiments carried out in triplicate. (A) DOR internalization was assessed in cells stably expressing wild-type
DORs, following exposure to PP2 (20 mM; 1 hr) or vehicle. (B) DOR internalization was assessed in transiently transfected cells expressing
DOR/pcDNA3 or DOR/DNM-Src.

increase in recycling might have any consequences concerning
desensitization. So we reasoned that if the increase in recycling
were to play a significant role in the protective effect of Src block-
ers, then interfering with recycling would prevent the protective
effect exerted by Src inhibitors. Thus, we determined whether
protective action of PP2 could be affected by interfering with
recycling. In a first series of experiments, we tested the effect of
monensin, a ionophore that blocks receptor recycling by trapping
internalized receptors within endosomes [38, 42]. Results
showed that at a concentration that reduced DOR recycling
(50 pM; Inset Fig. 6A), monensin abolished PP2-mediated
protection from desensitization (Fig. 6A). To confirm this obser-
vation, cells were transfected with a mutant form of Rab11
(DNM-Rab11) in which substitution of Ser 25 by Asn interferes
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with GTP-binding capacity of this small G protein and inhibits
recycling [27, 43]. Similar to monensin, a decrease in DOR recy-
cling by DNM-Rab11 (Inset Fig. 6B) abolished the protective effect
of Src-blockers upon desensitization (Fig. 6B), confirming that
recycling is essential for Src modulation of DOR signalling efficacy.

Src activity interferes with the recovery of
DOR-G« interaction after desensitization

Functional desensitization involves uncoupling of the receptor
from the G protein [44] while resensitization requires recovery of
a physical and functional interaction between the two proteins
[40, 45]. Recycling is thought to contribute to this recovery by
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Fig. 4 Normal sequestration is required for Src blockers to optimally prevent desensitization. (A) Internalization of surface receptors by DPDPE
(1 pM) was measured in cells stably expressing wild-type DORs that were exposed (sucrose) or not (CTL) to sucrose (0.4 M) as well as in cells sta-
bly expressing similar amount of truncated DOR mutants (DOR344T). Internalization assays were performed as in Fig. 3 and results were expressed
as a loss of surface receptors (percentage of surface receptors observed before internalization). Values correspond to mean + S.E.M. from at least
four independent experiments carried out in triplicate. Statistical differences between curves were established by two-way AnovA. CTL versus DOR344T:
P<0.0001; n=5; CTL versus Sucrose: P< 0.0001; n= 4. (B) Effect of PP2 pre-treatment (20 wM; 1 hr) on DPDPE-dependent desensitization (1 puM;
30 min.) was assessed in cells stably expressing truncated DORs (DOR344T). cAMP accumulation assays were performed as in Fig. 2. Results are
expressed as percentage of maximal cCAMP inhibition obtained in corresponding naive, wild-type controls, and represent values of at least four exper-
iments carried out in triplicate. Statistical comparison between DPDPE dose response curves in cells desensitized in presence or absence of PP2 was
done by two-way AnovA. DOR344T DES versus DOR344T DES + PP2: P=0.01; n= 4. Inset. representative example of the effect of PP2 on internal-
ization of DOR344T. Results were expressed as a loss of surface receptors (percentage of surface receptors observed before internalization). (C) Effect
of PP2 pre-treatment (20 mM; 1 hr) on DPDPE-dependent desensitization (1 uM; 30 min.) was assessed in cells stably expressing wild-type DORs
that were exposed to sucrose (0.4 M) for the length of the experiment. Results, obtained from at least four experiments carried out in triplicate, are
expressed as in B. Statistical analysis: sucrose DES versus sucrose DES + PP2: P=0.03; n= 6. Inset: representative example of the effect of PP2 on
internalization of wild-type DORSs exposed to sucrose. Results were expressed as a loss of surface receptors (percentage of surface receptors observed
before internalization). Thin lines superimposed on graph B and C correspond to dose response curves obtained in naive cells, expressing wild-type
DORs, following desensitization in the absence (dashed line) or presence (full line) of PP2.

Table 1 Signalling and desensitization in wild-type DORs, truncated DORs and wild-type DORs exposed to sucrose

CTL DES
Emax Emax Two-way ANovA CTL
ECso (nM) (% of inhibition) ECso (nM) (% of inhibition) versus DES
CTL (n=7) 55:14 64.0:28 31815 425524 P < 0.0001
DOR344T (n = 9) 59:14 60.5 27 19727 43.0+6.1 P <0.0045
Sucrose (n = 3) 745 +3.1 422+71* 53.4+18 332:32 P <0.0280

cAMP accumulation assays were performed in cells stably expressing wild-type DORs that were exposed to sucrose (0.4M) or not (CTL), as well as in
cells stably expressing similar amount of truncated DOR mutants (DOR344T). Results are the mean + S.E.M. from at least three experiments carried
out in triplicate. For each condition, Emax values represent the percentage of change with respect to cAMP production in the absence of ligand.

*Two-way AnovA CTL versus sucrose: P=0.0007, n=3

allowing internalized receptors to return to the membrane, and
making them available for a new cycle of interaction with their
signalling partners [46-48]. Thus, if membrane recycling of

Discussion

DORs is enhanced by interfering with Src function (Fig. 5), Src
blockade would be expected to improve recovery of DOR
interaction with the « subunit. In order to examine this issue,
FLAG-tagged DORs were immunopurified and the amount of Ga
recovered with the receptor was determined by Western blot
analysis. As shown in Fig. 7A, i3 spontaneously associated with
DORs and was susceptible to modulation by the agonist [49]. In
particular, exposure to DPDPE for increasing time periods pro-
gressively reduced the amount of Gai3 recovered with the
receptor (Fig. 7A), but the interaction recovered upon agonist
removal (Fig. 7B). Surprisingly, PP2 did not modify DOR-«i3
uncoupling during exposure to DPDPE (1 wM), but the Src
blocker accelerated the recovery of DOR-«i3 interaction after
agonist removal (Fig. 7B).
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Results obtained in this study indicate that the non-receptor tyro-
sine kinase Src inhibits DOR recycling and by doing so contributes
to the desensitization of this receptor. It is well established that only
a discrete portion of internalized DORs normally recycles back to
the membrane while the great majority of them is targeted for lyso-
somal degradation [15, 19]. This particular sorting phenotype is
encoded in the receptor’s primary sequence, which predetermines
non-covalent interactions between DORs and lysosomal sorting
proteins [18, 22, 50]. By showing that its encoded sorting pattern
may be modified by changes in Src activity, our results indicate that
post-endocytic sorting of DORs is not irreversibly determined by
the primary sequence.

Functional significance of DOR regulation by Src is empha-
sized by the remarkable ability of PP2 and DNM-Src to eliminate
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The data represent mean = S.E.M. from seven inde-
pendent experiments carried out in triplicate.
Statistical comparison between curves (CTL ver- 2
sus PP2) was assessed using two-way ANOVA X . c ) 2
(P=0.0006). (B) Cells stably expressing wild-type B S‘Rl“(ﬁ“‘;)’ 2 t:'r’gﬁl ;“;‘:01 :u be &
DORs were transfected with the indicated concen- . . | éé’a s 2
trations of SiRNA targeted to Src. Non-targeting 100 50 25 100 S0 25 ©F 8% &
SiRNA in equivalent concentrations was used as Total _, . - KD
control. Src expression was verified by Western Sre N = 50KD
blot analysis 48 hrs after transfection, with anti-Src = 50KD
antibody. Last three lanes correspond to additional p actin => T ——
controls corresponding to Src expression in pres- L
ence of transfection agent, in cells overexpressing
¢-Src and in non-transfected HEK cells. The blot
was stripped and reprobed for 3-actin as a loading c _
control. All samples shown were obtained from the = Lo I I I ‘l’
same blot. (C) Recycling assays in cells stably T e 2 1204 ® *
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comparison between curves (Src targeting siRNA 2 2 £ @ SiRNA for Sre: t), =6.7 min
versus non-targeting siRNA) was assessed by two- =g &
way ANOVA (P =0.0054). S o0

short-term desensitization. The fact that this protection was
abolished by monensin and DNM-Rab11 directly links the pro-
tective effects of Src blockers to the recycling process, and the
observation that Src knock-down by siRNA increased mem-
brane recovery of DORs specifically implicates this kinase in
DOR recycling. Specific involvement of Src in DOR regulation is
also supported by Western blot data showing that DORs spon-
taneously interact with a 60-kD protein that is released upon
receptor activation and which is selectively recognized by anti-
Src antibodies.

© 2009 The Authors

Recovery time (min)

The possibility that Src inhibition could enhance membrane
targeting of newly synthesized receptors is unlikely since mem-
brane recovery of DORs was assessed in cells whose protein syn-
thesis had been blocked by cycloheximide. On the other hand, the
idea that Src contributes to DOR desensitization by regulating their
post-endocytic sorting is supported by two observations. First,
PP2 ability to prevent desensitization of an internalization-deficient
DOR mutant was lower than the ability of this blocker to prevent
desensitization of normally internalizing receptors. Second, in
cells in which pre-incubation with sucrose produced a more
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Fig. 6 Src inhibitors require recycling to counter DOR desensitization. (A) The effect of PP2 on desensitization of wild-type DORs was assessed as in
previous figures with the experiment being conducted in the presence of monensin (50 wM). Results are expressed as percentage of maximal cAMP
inhibition obtained in non-desensitized, non-monensin-treated controls and correspond to three experiments carried out in triplicate. Statistical com-
parison of DPDPE dose response curves obtained from cells desensitized in presence or absence of PP2 was carried out using two-way AnovA. DES
+ monensin versus PP2 + DES + monensin: P=0.2; n= 3. Inset. representative example of DOR membrane recovery in presence or absence of
monensin. Experiments were carried out as in Fig. 4 and results are expressed as percentage of maximal recovery of internalized receptor in cells that
were not exposed to monensin. (B) cAMP assays were performed in transiently transfected cells co-expressing DORs and DNM-Rab11. Results are
expressed as in A. DES + DNM-Rab11 versus PP2 + DES + DNM-Rab11: P=0.7; n=4. Inset. representative example of DOR membrane recovery
in presence or absence of DNM-Rab11. Results are expressed as percentage of maximal recovery of internalized receptor in cells expressing the empty
vector (pcDNA3).
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electrophoresis SDS-PAGE and subject to successive Western blot analyses with anti-ai3 and anti-FLAG antibody. DOR-«i3 interaction was
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correspond to a single blot.
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dramatic decrease in receptor internalization than truncation of
the C-terminus, reduction in PP2 protective actions was even
more remarkable. Indeed, sucrose produced a short period of
complete inhibition of internalization (10 min.) followed by a pro-
gressive recover to attain internalization of almost 40% of surface
receptors at the end of 2 hrs of agonist exposure. This observa-
tion is in agreement with previous reports showing that DORs are
internalized through clathrin-dependent and -independent path-
ways [36], and sequestration via the latter most likely provided the
source of receptors necessary for maintaining residual protection
by PP2 in sucrose-treated cells. Sucrose also reduced DOR
responsiveness to acute agonist exposure (Table 1), an observa-
tion that is not surprising given that hypertonic medium interferes
with constitutive DOR internalization [34], which is necessary for
maintaining a steady-state level of active membrane receptors [51,
52]. Interestingly, despite its ability to enhance recycling, PP2 did
not modify DOR internalization in steady state assays. Since
dynamin phosphorylation by Src has been shown to contribute to
internalization of other G-protein coupled receptors [31], one pos-
sible explanation for the lack of effect of Src blockers on internal-
ization is that the latter inhibited internalization to the same extent
as they enhanced recycling. Another possibility is that steady state
internalization assays are not sensitive enough to detect a small
increase in recycling. Independent of these alternatives, the func-
tional relevance of the observed increase in recycling was estab-
lished in experiments in which monensin or Rab11 interfered with
the ability of Src blockers to prevent DOR desensitization.

Apart from its negative impact on DOR ability to maintain ago-
nist-dependent signalling, Src had a deleterious effect on physical
coupling of the receptor to the « subunit. This was particularly evi-
dent when evaluating the effect of Src inhibitor PP2 on the recovery
of DOR-«i3 interaction after desensitization. In contrast, given the
ability of Src inhibitors to protect DORs from agonist-dependent
desensitization it was surprising to find out that PP2 failed to pre-
vent DOR uncoupling from «i3. This apparent contradiction could
be explained by the mechanism underlying desensitization. Indeed,
Tran and coworkers [48] have recently shown that GPCRs remain
phosphorylated in the presence of agonist and have also established
that resensitization does not require receptor dephosphorylation.
These observations led them to propose that resensitization relies
on B-arrestin dissociation and not on removal of phosphate groups.
Within this model, resensitization of DOR signalling by recycling
would entail membrane reinsertion of receptors that are 3-arrestin-
free but remain phosphorylated. Being free of p-arrestin allows
recycled receptors to interact once again with the G protein.
However, their phosphorylation status makes them highly prone to
re-binding B-arrestin [53] and compromises the stability of DOR
interaction with «i3 subunits. Hence, it is possible that by enhanc-
ing recycling Src blockers would promote the formation of DOR-«i3
complexes capable of sustaining signalling but that are too weak to
endure sample preparation for immunopurification.

DOR interaction with lysosomal sorting proteins like GASP1
and SNX-1 takes place few amino acids downstream of the NPX,Y
domain [18, 22, 50]. The tyrosine residue within this sequence
has been identified as the major target for DOR phosphorylation
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by Src [54]. Hence, modifications in the phosphorylation status of
the NPXnY are expected to influence receptor interaction with
either of the lysosomal sorting proteins, providing a biochemical
substrate for Src modulation of DOR recycling. Src activity may
also be directed towards sorting proteins themselves, a possibili-
ty that is consistent with results from the present study showing
that agonist binding destabilizes the constitutive association
between DORs and the kinase. A plausible substrate for free Src is
Hrs (Hepatocyte growth factor-regulated tyrosine kinase sub-
strate) [55], which has been recently shown to participate in GPCR
recycling and resensitization [56, 57]. A major goal for future
study is to determine if and how Src regulates Hrs activity and
DOR interaction with sorting proteins.

Immunopurification of unstimulated DORs allowed to recover
both Src and «i3 subunits, indicating that the three proteins form
part of a constitutive complex. The ability to form spontaneous mul-
timeric arrays containing receptors and their signalling partners is
being increasingly recognized as a general characteristic of GPCRs
[58, 59], and this property has been recently confirmed for DORs
[60]. However, spontaneous association between Src and DORs
distinguishes them from other GPCRs whose interaction with the
kinase only takes place upon receptor activation [32, 61-63]. As a
matter of fact, DOR activation rapidly disrupts its association with
Src, an observation that is highly reminiscent of the way agonist
binding causes calmodulin to be released from this receptor [64].
Src release from DORs was concomitant with its activation and both
events were sensitive to PTX, suggesting that organization within a
constitutive complex provides physical proximity to ensure rapid
Src activation by Gai/o proteins. Within this context, a possible sce-
nario for Src activation would entail the following series of events:
agonist binding to the receptor induces conformational changes
that modify protein—protein interactions within the DOR-Src-G pro-
tein complex leading to Gai/o activation, Src stimulation and loos-
ening of DOR interaction with the kinase. Released from the sterical
constraints imposed by its association with the complex, Src is now
able to phosphorylate its substrates, which may include sorting pro-
teins and/or DORs themselves [23]. In addition to modifying ago-
nist-mediated responses incubation with PTX also increased basal
Src activity, but this effect was not accompanied by any visible
changes in complex stability. Src is a target for PKA [65] and the
observed increase in basal Src stimulation could be related to an
increase in basal CAMP levels following Gei/o protein inactivation by
PTX. However, it should be noted that Src activation by PTX was
consistently lower than its activation by DPDPE (= 1/3), excluding
the possibility that the absence of agonist-mediated responses
could be linked to pre-existing maximal Src activity.

In conclusion, this study showed that Src modulates post-
endocytic sorting of DORs, contributing to rapid desensitization
of these receptors. The idea that DOR trafficking may be dynam-
ically regulated raises the possibility of pharmacologically alter-
ing its sorting pattern to enhance recycling and counter desen-
sitization. Analgesic tolerance to opiates is intrinsically linked to
desensitization and any intervention that could prevent this
adaptive response should improve clinical efficacy of these
powerful analgesics.
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