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Recent studies have revealed that in G protein-coupled recep-
tor signalings switching between G protein- and [-arrestin
(BArr)-dependent pathways occurs. In the case of opioid recep-
tors, the signal is switched from the initial inhibition of adenylyl
cyclase (AC) to an increase in AC activity (AC activation) during
prolonged agonist treatment. The mechanism of such AC acti-
vation has been suggested to involve the switching of G proteins
activated by the receptor, phosphorylation of signaling mole-
cules, or receptor-dependent recruitment of cellular proteins.
Using protein kinase inhibitors, dominant negative mutant
studies and mouse embryonic fibroblast cells isolated from Src
kinase knock-out mice, we demonstrated that pu-opioid receptor
(OPRM1)-mediated AC activation requires direct association
and activation of Src kinase by lipid raft-located OPRM1. Such
Src activation was independent of BArr as indicated by the abil-
ity of OPRM1 to activate Src and AC after prolonged agonist
treatment in mouse embryonic fibroblast cells lacking both
BArr-1 and -2. Instead the switching of OPRM1 signals was
dependent on the heterotrimeric G protein, specifically G;,
a-subunit. Among the Src kinase substrates, OPRM1 was phos-
phorylated at Tyr*3¢ within NPXXY motif by Src during AC acti-
vation. Mutation of this Tyr residue, together with mutation of
Tyr'®® within the DRY motif to Phe, resulted in the complete
blunting of AC activation. Thus, the recruitment and activation
of Src kinase by OPRM1 during chronic agonist treatment,
which eventually results in the receptor tyrosine phosphoryla-
tion, is the key for switching the opioid receptor signals from its
initial AC inhibition to subsequent AC activation.

Classical G protein-coupled receptor (GPCR)> signaling
involves the activation of specific heterotrimeric G proteins and
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the subsequent dissociation of a- and B<y-subunits. These G
protein subunits serve as the activators and/or inhibitors of
several effector systems, including adenylyl cyclases, phospho-
lipases, and ion channels (1). However, recent studies have
shown that GPCR signaling deviates from such a classical linear
model. For example, in kidney and colonic epithelial cells, pro-
tease-activated receptor 1 can transduce its signals through
either Go;,, or Geyy subunits via inhibition of small GTPase
RhoA or activation of RhoD. Thus, RhoA and RhoD act as
molecular switches between the negative and positive signaling
activity of protease-activated receptor 1 (2). Another example is
the ability of 3,-adrenergic receptor to switch from G,-depend-
ent pathways to non-classical signaling pathways by coupling to
pertussis toxin-sensitive G, proteins in a cAMP-dependent pro-
tein kinase/protein kinase C phosphorylation-dependent man-
ner. In this case, the phosphorylation-induced switch in G pro-
tein coupling provides the receptor access to alternative
signaling pathways. For 8,-adrenergic receptors, this leads to a
G;-dependent activation of MAP kinase (3, 4). Furthermore the
involvement of protein scaffolds, such as B-arrestins in the
MAP kinase cascade, could also alter the GPCR signaling (5—8).
Hence the formation of “signaling units” or “receptosomes”
would influence the GPCR signaling process and destination.
For opioid receptors, which are members of the rhodopsin
GPCR subfamily receptors, signal switching is also observed.
Normally opioid receptors inhibit AC activity, activate the
MAP kinases and Kir3 K" channels, inhibit the voltage-
dependent Ca®>* channels, and regulate other effectors such as
phospholipase C (9). However, during prolonged agonist treat-
ment, not only is there a blunting of these cellular responses but
also a compensatory increase in intracellular cAMP level, which
is particularly significant upon the removal of the agonist or the
addition of an antagonist such as naloxone (10 -12). This com-
pensatory adenylyl cyclase activation phenomenon has been
postulated to be responsible for the development of drug toler-
ance and dependence (13). The observed change from recep-
tor-mediated AC inhibition to receptor-mediated AC activa-
tion reflects possible receptor signal switching. Although the

Src; PP2, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]lpyrimi-
dine; PP3, 4-amino-7-phenylpyrazolo[3,4-dlpyrimidine; PTX, pertussis
toxin; MAP, mitogen-activated protein; HA, hemagglutinin; WT, wild type;
SYF cells, MEF cells with Src/Fyn/Yes knock-out; MES, 4-morpholineethane-
sulfonic acid; BArr, B-arrestin; KO, knock-out; ERK, extracellular signal-reg-
ulated kinase; RGS, regulator of G protein signaling; MAPK, mitogen-acti-
vated protein kinase; SH, Src homology.
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exact mechanism for such signal changes has yet to be eluci-
dated, activation of specific protein kinases and subsequent
phosphorylation of AC isoforms (14, 15) and other signaling
molecules (16) have been suggested to be the key for observed
AC activation. Among all the protein kinases studied, involve-
ment of protein kinase C, MAP kinase, and Raf-1 has been
implicated in the activation of AC (17-19). Alternative mecha-
nisms, such as agonist-induced receptor internalization and the
increase in the constitutive activities of the receptor, also have
been suggested to play a role in increased AC activity after pro-
longed opioid agonist treatment (20). Earlier studies also impli-
cated the switching of the opioid receptor from G;/G, to G,
coupling during chronic agonist treatment (21). Regardless of
the mechanism, the exact molecular events that lead to the
switching of opioid receptor from an inhibitory response to a
stimulatory response remain elusive.

Src kinases, which are members of the nonreceptor tyrosine
kinase family, have been implicated in GPCR function because
several Src family members such as cSrc, Fyn, and Yes have
been reported to be activated by several GPCRs, including f3,-
(22) and B, (23)-adrenergic, M,- (24) and M, (25)-muscarinic,
and bradykinin receptors (26). The GPCRs that are capable of
activating Src predominantly couple to G,,, family G proteins
(27). Src kinases appear to associate with, and be activated by,
GPCRs themselves either through direct interaction with intra-
cellular receptor domains or by binding to GPCR-associated
proteins, such as G protein subunits or B-arrestins (27). Src
kinase has been reported to be activated by k- (28) and & (29)-
opioid receptors and regulate the c-Jun kinase and MAP kinase
activities. Src kinase within the nucleus accumbens has been
implicated in the rewarding effect and hyperlocomotion
induced by morphine in mice (30). However, it is not clear
whether the Src kinase is activated and involved in the signal
transduction in AC activation after chronic opioid agonist
administration.

Previously we reported that the lipid raft location of the
receptor and the Ga;, proteins are two prerequisites for the
observed increase in AC activity during prolonged agonist
treatment (31, 32). Because various protein kinases including
Src kinases and G proteins have been shown to be enriched in
lipid rafts (33), the roles of these cellular proteins in the even-
tual switching of opioid receptor signals from inhibition to
stimulation of AC activity were examined in the current stud-
ies. We were able to demonstrate that the association with and
subsequent activation of Src kinase by the w-opioid receptor
(OPRM1), which leads to eventual tyrosine phosphorylation of
OPRM], are the cellular events required for the switching of
opioid receptor signaling upon chronic agonist treatment.

EXPERIMENTAL PROCEDURES

Cell Culture—HEK293 cells stably expressing either wild
type OPRM1 with the hemagglutinin (HA) epitope at the amino
terminus (HA-OPRM1HEK293) or HA-OPRM1 with Tyr
mutations were cultured with advanced modified Eagle’s
medium (Invitrogen) supplemented with 5% fetal bovine serum
(HyClone), 2 mM glutamine (GlutaMAX™, Invitrogen), 100
units/ml penicillin, 100 pug/ml streptomycin (Invitrogen), and
0.2 mg/ml G418 (Geneticin, Invitrogen) in a 5% CO, atmo-
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sphere at 37 °C. Wild type mouse embryonic fibroblast cells
(MEF WT-1) and MEF cells with Src/Fyn/Yes knock-out (SYF;
obtained from ATCC) (34) were cultured under similar condi-
tions in advanced Dulbecco’s modified Eagle’s medium
(Invitrogen) without the addition of G418 in a 10% CO, atmo-
sphere at 37 °C. SYF cells with expression of cSrc (SYF-cSrc;
obtained from ATCC) (34) were cultured in the same Dulbec-
co’s modified Eagle’s medium as the SYF cells with the addition
of 400 pug/ml hygromycin B. Neuroblastoma2A cells stably
expressing HA-OPRM1 (HA-OPRM1Neuro2A), MEF with
B-arrestin2 knock-out (MEF-BArr2KO) and MEF with
B-arrestin2 and two double knock-out (MEF-BArr1&2KO)
cells were cultured in the same Dulbecco’s modified Eagle’s
medium with the addition of 0.2 mg/ml G418.

cAMP Assay—For acute morphine inhibition of the AC activ-
ity, cells were seeded on a 96-well plate the day before the assay.
The culture medium was then removed and replaced with 100
wl of incubation buffer (0.5 mM isobutylmethylxanthine and 10
uM forskolin in Krebs-Ringer-HEPES buffer with or without
various morphine concentrations. The cells were incubated for
15 min at 37 °C and then lysed at 85 °C for 6 min to release the
intracellular cAMP content. The cAMP level was determined
with an AlphaScreen cAMP Detection kit (BioSignal) and
Biomek 2000 Automation Workstation (Beckman Coulter) as
described previously (31). For prolonged agonist treatment, 1
puM morphine or etorphine was added to the culture medium
4 h prior to the assays. The culture medium then was aspirated,
cells were washed once prior to the addition of 100 ul of incu-
bation buffer with or without agonist or antagonist (naloxone),
and the incubation was carried out as above. The results were
analyzed using Prism 4.0 software (GraphPad).

Mutagenesis of Tyr Residues in OPRMI1—Mutations of the
Tyr residues in OPRM1 facing the cytosol were generated using
QuikChange™ site-directed mutagenesis methods as outlined
by Stratagene. Point mutation primers were designed as fol-
lows: for Y96F, 5'-GTATGTGATTGTAAGATTCACCAAA-
ATGAAGACTGCCACC-3’; for Y166F, 5'-GTCGACTGCA-
CCATGAGCGTCGACCGCTTCATTGCTGTCTGC-3'; and
for Y336F, 5'-CTCTTCGCCTGAATCCAGTTCTCTT-
CGCCTTCCTGGATGAAAAC-3'.

Discontinuous Gradient Centrifugation and Lipid Raft Frac-
tion Separation—Two confluent T-75-cm? flasks of cells were
washed twice with phosphate-buffered saline (pH 7.4) at 4 °C
and scraped into 2 ml of 500 mm sodium carbonate (pH 11.0)
solution with 1X Complete™ Protease Inhibitor Mixture and
1X PhosSTOP™ Phosphatase Inhibitor Mixture (Roche
Applied Science) followed by 10 strokes of homogenization
with pestle A of a Dounce homogenizer. The lysate then was
sonicated with one 30-s burst at setting 4 and one 30-s burst at
setting 7 (model W-220F, Ultrasonics, Inc.). The homogenate
was adjusted to 45% sucrose by adding 2 ml of 90% sucrose
prepared in MBS buffer (25 mm MES, pH 6.5, and 0.15 M NaCl)
and placed at the bottom of an ultracentrifuge tube. Then 4 ml
of 35% sucrose and 4 ml of 5% sucrose (both in MBS buffer
containing 250 mum sodium carbonate) were loaded above the
sample accordingly to form a 5-45% discontinuous sucrose
gradient. The sample was centrifuged at 160,030 X g for 16 h in
a Beckman L7 ultracentrifuge with an SW-41Tirotor. Fractions
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of 1 ml each were collected from the top. Fractions 4 and 5 with
a light-scattering band between 5 and 35% sucrose gradient
were considered to be lipid raft-rich fractions (35).

Immunoprecipitation and Western Blotting—The prepared
lipid raft fractions were combined and diluted with 15 ml of
buffer A (100 mm NaCl and 10 mm Tris, pH 7.4) and concen-
trated with a Centriplus™ YM-30 centrifugal filter column
(Millipore) to 1 ml at a speed of 3,500 X g. The concentrated
solution was transferred to a new tube with the addition of 0.1%
digitonin (Sigma) and mouse monoclonal anti-HA antibody
(1:200; Covance), and the mixture was incubated at 4 °C over-
night with slow rotation. Sixty microliters of protein G-agarose
beads (Invitrogen) were added, and the mixture was incubated
at 4 °C for 3 h with slow rotation. The protein G-agarose beads
were then pelleted by centrifuging at 12,000 X g for 15 min at
4 °C and washed five times with buffer A. Protein samples were
eluted from the beads with 1X SDS sample buffer (75 mm Tris,
pH 6.8, 100 mM dithiothreitol, 2% SDS, 0.1% bromphenol blue,
and 10% glycerol) by heating at 65 °C for 5 min, resolved in a
10% SDS-polyacrylamide gel, and transferred to polyvinylidene
difluoride membrane (0.45 wm; Amersham). The membrane
was blocked overnight at 4 °C in a blocking solution (10% pow-
dered nonfat milk in 0.1% TTBS (0.1% Tween 20, 25 mM Tris,
and 150 mm NaCl, pH 7.6)) and then probed with various spe-
cific antibodies for 1 h at room temperature in the blocking
solution. After three 15-min washings with 0.1% TTBS, the
membrane was incubated with secondary antibody conju-
gated with alkaline phosphatase (1:5,000; Bio-Rad) for 1 h in
the same blocking solution. The protein bands were detected
by ECF substrate (GE Healthcare) and scanned in the Storm
860 Imaging System (GE Healthcare). The band intensities
were quantified and analyzed with the ImageQuant software
(GE Healthcare).

In Vitro Src Kinase Activity Assay— After various treatments,
HA-OPRMI1HEK?293 cells were lysed in lysis buffer containing
1% Triton X-100, 10 mMm Tris, pH 7.5, 120 mm NaCl, 25 mm KCl,
and 1X Complete protease inhibitor (Roche Applied Science).
The cell lysate was centrifuged at 800 X g for 5 min. The super-
natant was incubated with 2 ug of anti-cSrc polyclonal antibody
(Santa Cruz Biotechnology, Inc.) overnight at 4 °C followed by
addition of 20 ul of protein G-agarose beads (Invitrogen) and
incubation for another 3 h. The agarose beads were washed
once with lysis buffer, then three times with washing buffer (0.5
M LiCl and Tris-HCI, pH 7.5), and one time with 25 mM Tris-
HCI, pH 7.5. The immunoprecipitates were incubated at 30 °C
with 5 ug of Src substrate peptide (KVEKIGEGTYGVVYK,
corresponding to amino acids 6-20 of p34°I%; Upstate) in
kinase buffer (total volume of 50 ul) containing 5 uCi of
[y-**P]ATP (PerkinElmer Life Sciences), 50 mm Tris-HCI, pH
7.5,10 mm MgCl,, 10 mm MnCl,, 25 um ATP, 1 mm dithiothre-
itol, and 100 um NazVO,. Ten-microliter aliquots were taken
out at time points of 0, 2, 5, 10, and 20 min, and the reaction was
immediately terminated by the addition of 10 ul of 40% trichlo-
roacetic acid, and the sample was spotted onto P81 cellulose
phosphate paper (Upstate). The paper was washed extensively
with 1% phosphoric acid three times and one time with acetone.
Radioactivity retained on the P81 paper was quantified by liquid
scintillation counting.
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RESULTS

Protein kinases, including cAMP-dependent protein kinase,
protein kinase C, phosphatidylinositol 3-kinase, and MAP
kinase, and the alteration of receptor intrinsic activities have
been suggested to be involved in the activation of AC during
chronic opiate agonist treatment (9, 36). Because these protein
kinases are located within lipid rafts and opioid receptor lipid
raft location is essential for the observed increase in AC activity
(32), we initially examined the effects of various protein kinase
inhibitors on chronic morphine-induced AC activation (Fig.
1A). Among the inhibitors tested, PP2, a Src kinase inhibitor,
was the only one that totally blocked AC activation. The
involvement of Src kinase in agonist-induced opioid receptor
internalization has been reported (37), and the relationship
between receptor endocytosis and AC activity increase during
chronic agonist treatment has been implicated (38). However,
the ability of the Src kinase inhibitor to attenuate morphine-
induced AC activity is unrelated to receptor internalization.
Although morphine treatment did not cause receptor internal-
ization, whereas etorphine treatment did (Fig. 1B), both ago-
nist-induced AC activity increases could be blocked by the Src
kinase inhibitor PP2 (data not shown). To further substantiate
the effect of the Src kinase inhibitor in AC activation, dominant
negative cSrc construct was transiently overexpressed in
HA-OPRM1HEK293 (HEKMT) cells prior to prolonged ago-
nist treatment. As shown in Fig. 24, expression of the dominant
negative cSrc mutant reduced the maximal increase in AC acti-
vation to 208 * 24.0% after morphine treatment, whereas a
382 * 22.5% increase in AC activity was observed in HEKMT
cells transfected with the control vector. The requirement of
Src activity in the morphine-induced AC activity increase was
further demonstrated in the SYF cells, the embryonic fibroblast
cells isolated from mice in which three Src kinase subtypes,
cSrc, Yes, and Fyn, were knocked out (34). The expression of
HA-OPRM1 in these cells, delivered by the adenovirus con-
structs, was compared with that in SYF-cSrc cells, which are
SYF cells with cSrc reintroduced. The receptor expression lev-
els were similar in both SYF and SYF-cSrc cells as determined
by Western analysis (Fig. 2B). The [*H]diprenorphine binding
assays also confirmed that the OPRM1 expression level on the
cell surface is similar in these two cell lines (Fig. 2C). Prolonged
morphine or etorphine treatment-induced AC activation was
absent in SYF cells but was observed in SYF-cSrc cells (Fig. 2D).
Although etorphine causes receptor internalization and results
in a fewer number of receptors on the cell surface (39), the
difference in the maximal level of AC activation between mor-
phine and etorphine was not because of the abilities of the ago-
nists to induce receptor internalization (32). Further the ability
to restore morphine-induced AC activity was not restricted to
cSrc activity. Transient expression of Fyn in SYF cells also
restored morphine-induced AC activation in these cells (data
not shown).

Activation of Src kinase by opioid receptors has been
reported (40). Whether the requirement of Src for morphine-
induced AC activity reflects the actual activation of Src was
examined. We utilized antibodies that detect autophosphoryl-
ation at Tyr*'®, reflecting Src activation (41), to monitor Src
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FIGURE 1. A, the effect of various protein kinase inhibitors on chronic mor-
phine-induced AC activation. HEKMT cells (HA-OPRM1HEK293) were seeded
into 96-well plates the day before the assay. Cells were treated with 1 um
morphine for 4 h,and then cAMP assays were performed in the presence of 10
M naloxone as described under “Experimental Procedures.” cAMP-depend-
ent protein kinase inhibitor KT 5720 (6 um), protein kinase C kinase inhibitor
GF109203X (5 um), or phosphatidylinositol 3-kinase inhibitor LY294002 (25
um) was added 30 min prior to the assay, whereas MAP kinase inhibitor
PD98059 (50 wm) or Src kinase inhibitor PP2 (2 um) was added 1 h prior to the
assay. Experiments were repeated three times and values represent aver-
ages *= S.E. ** denotes p < 0.01 when compared with the control using
unpaired t test. B, the differential effects of morphine and etorphine treat-
ments on OPRM1 internalization. HEKMT cells were treated with 1T um mor-
phine or etorphine for 4 h. Cells were washed and then incubated at 4 °C for
1 h with anti-HA antibody (Covance; 1:500). Afterward cells were washed
twice and incubated with Alexa 488-labeled goat anti-mouse IgG secondary
antibody (Invitrogen; 1:400) at 4 °C for 1 h. Cells were then washed and fixed
with 3.7% formaldehyde prior to quantifying the cell surface receptor immu-
noreactivity with fluorescence flow cytometry (FACScan, BD Biosciences). The
fluorescence intensity of 10,000 cells was collected for each sample. Cell
Quest software (BD Biosciences) was used to calculate the mean fluorescence
intensity of the cell population. All fluorescence-activated cell sorting assays
were repeated three times in triplicate in each experiment = S.E. * denotes
p < 0.05 when compared with control using unpaired t test.

activity. Instead of examining the total cellular Src kinase acti-
vation, the OPRM1 receptor complex within the lipid rafts was
immunoprecipitated, and the amount of Tyr*'°-phosphoryla-
ted Src (pSrc) and the amount of cSrc associated with the com-
plex were determined. The ratio of pSrc versus cSrc was used for
comparison between the control and drug treatment. G protein
B-subunits (GB) were used as a loading control in all the immu-
noprecipitation analyses. As shown in Fig. 3, A and B, there was
a time-dependent increase in the total Src associated with
OPRML1 with a parallel increase in Src activity (pSrc). The ratio
of pSrc versus cSrc associated with OPRM1 reached a peak level
of 425.4 *= 91.7% above the control level after about 2 h of
morphine treatment. There was minimal increase in pSrc asso-

JANUARY 23, 2009+VOLUME 284+NUMBER 4

Src Kinase and Opioid Receptor Activities

(A) 40 (C) 151
o ° 2
=3 ge |
5 238
X0 B £ 104
=0 58
3220 g
s a=
[ =0 0.5+
0D og
g 3 100 . E3
g3
0 00
—Tr—Tr—T T T T SYF SYF-cSrc
0 9 8 7 £ 5 4 3
D
Log;g[Naloxone], M"! ( _.) 3001 N
H
2
(B) HEKMT SYF+ SYF-cSrc+ SYF SYF-cSre % = 2004
virus  virus g9 e
us
w e
orkt .'. gg
3 & 100
1
g
E
o.
Morphine Etorphine

FIGURE 2. Chronic agonist treatment-induced AC activation is Src kinase-
dependent. A, transient expression of dominant negative cSrc blocks the AC
activation. HEKMT cells were transiently transfected with 0.5 ng of pcDNA3
(control, O) or dominant negative cSrc cDNA (@) for 12 h prior to 4-h mor-
phine (1 um) pretreatment followed by cAMP assay in the presence of various
concentration of naloxone as described under “Experimental Procedures.”
B, Western blotting analysis of OPRM1 receptor expression in SYF (SYF+virus)
and SYF-cSrc (SYF-cSrc+virus) cells with recombinant HA-OPRM1 adenovirus
infection and in both cell lines without virus infection. Cells were infected
with HA-OPRM1 adenoviruses 48 h prior to the assay at a multiplicity of infec-
tion sufficient for expression of the receptor around 300-500 fmol/mg of
proteins. HEKMT cells were used as positive control. Anti-HA antibodies
(1:1,000) were used to detect OPRM1. C, whole cell binding assays (67) with 2
nm [*H]diprenorphine were carried out to determine the expression level of
OPRM1 in SYF and SYF-cSrc cells after 48-h HA-OPRM1 adenovirus infection.
The values represent the averages = S.E. of triplicate binding assays from
three separate 25-mm plates of cells. D, AC activation is totally absent in SYF
cells, whereas it is restored in SYF-cSrc cells. Cells were infected with recom-
binant HA-OPRM1 adenoviruses 48 h prior to agonist treatment. The HA-
OPRM1 adenovirus-infected SYF (open bars) or SYF-cSrc cells (filled bars) were
pretreated with 1 um morphine or etorphine for 4 h. AC activation was then
determined after removal of agonists and in the presence of 10 um naloxone.
Error bars represent the S.E. calculated across experiments and * denotes p <
0.05 when compared with control using unpaired t test.

ciated with OPRM1 when HEKMT cells were exposed to mor-
phine acutely, i.e. <15 min (data not sown). The time course for
the pSrc increase parallels that of the morphine-induced AC
activation. It could be demonstrated further that after 2 h of
morphine treatment, the pSrc associated with OPRM1 was
significantly enhanced when naloxone was added to displace
the morphine from the receptor (Fig. 3, C and D); this is
coincident with the characteristic phenomenon of compen-
satory increase of AC activity in the AC activation (11, 42).
Treatment with naloxone itself did not result in any Src asso-
ciation with and activation by OPRM1. The association and
activation of Src after chronic morphine treatment was also
observed in the SYF-cSrc cells (Fig. 3, E and F). In contrast, in
the SYF cells, which are missing three subtypes of Src kinase,
the transient expression and immunoprecipitation of
OPRM1 did not reveal the presence of any pSrc (data not
shown), demonstrating the specificity of the pSrc antibodies
used in our current studies.

To examine the activity of the Src kinase in a more direct
manner, Src kinase signal complex was immunoprecipitated by
anti-cSrc antibodies after various drug treatments, and Src
kinase-catalyzed phosphorylation of synthetic target peptides
was quantified by using [y-**P]JATP. In HEKMT cells pre-
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FIGURE 3. Chronic morphine treatment induces Src kinase activation.
After HEKMT or SYF-cSrc cells were treated as indicated, lipid raft fractions
were prepared and used in the following immunoprecipitation analyses.
A, Src activation was determined at 0, 1, 2, or 4 h after 1 um morphine pre-
treatment in HEKMT cells. C, effect of morphine and/or naloxone on Src acti-
vation. HEKMT cells were treated either with (+) or without (=) 1 um mor-
phine for 2 h followed with (+) or without (—) 10 um naloxone for 15 min.
E, specificity of Src association with OPRM1. SYF-cSrc cells were infected with
HA-OPRM1 adenoviruses 48 h prior to the drug treatment and immunopre-
cipitation assay as described above. B, D, and F, quantitative analysis of A, C,
and E, respectively. The density of pSrc versus the density of cSrc in control
cells (without drug treatment) was considered to be 100%. All the experi-
ments were repeated three times and values represent averages = S.E.
* denotes p < 0.05 and ** denotes p < 0.01 when compared with control
using unpaired t test. In all experiments, the immunoprecipitation antibody
was anti-HA (1:200) and the immunoblotting antibodies were anti-pSrc
(Upstate; Tyr*'6, 1:500), anti-cSrc (Santa Cruz Biotechnology, Inc.; 1:500), or
anti-G (Santa Cruz Biotechnology, Inc.; 1:500).

treated with morphine for 2 h or morphine for 2 h followed by
naloxone for 15 min, incorporation of 2P into the Src-specific
substrate peptide (corresponding to p34°4“* amino acids 6 —20)
(43) was significantly greater than in the controls without addi-
tion of cSrc antibodies, without morphine pretreatment, or
only pretreated with naloxone (Fig. 44) at 10 or 20 min of incu-
bation with [3?P]ATP. Furthermore Src kinase inhibitor PP2
totally blocked the *P incorporation in the substrate peptide,
whereas pretreatment with PP3, the inactive analogue of PP2,
did not show any effect on the Src-catalyzed phosphorylation of
the substrate peptide after incubation with the immunoprecipi-
tates from cells pretreated with morphine or morphine plus
naloxone (Fig. 4B). Coincidentally the same result was observed
from the immunoprecipitation experiment in which PP2 totally
blocked the morphine-induced Src activation (supplemental
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FIGURE 4. Kinetic study of Src kinase activity after chronic morphine
treatment. A, HEKMT cells were treated with 1 um morphine for 2 h and then
with or without 10 um naloxone for 15 min. B, cells were treated with mor-
phine and/or naloxone the same as A. Src kinase inhibitor PP2 (2 um) or its
inactive analogue PP3 (2 um) was added 1 h prior to the assay. Cells were lysed
in lysis buffer, and cell lysate was incubated with 2 g of anti-cSrc antibody
(Santa Cruz Biotechnology, Inc.) overnight at 4 °C followed by addition of 20
ul of protein G-agarose beads (Invitrogen) and incubation for another 3 h.
The immunoprecipitates were incubated at 30 °C with 5 ng of Src substrate
peptide (Upstate) in 50 ul of kinase buffer containing 5 uCi of [y->2P]ATP
(PerkinElmer Life Sciences). Ten-microliter aliquots were taken out at time
points of 0, 2, 5, 10, and 20 min; the reaction was immediately terminated by
the addition of 10 ul of 40% trichloroacetic acid; and each sample was spotted
onto P81 cellulose phosphate paper (Upstate). The paper was washed exten-
sively with 1% phosphoric acid, and the radioactivity retained on the paper
was measured with a scintillation counter. The blank counts (without cell
lysate) were subtracted from each result, and the cpm was converted to
pmol/min. Each experiment was repeated three times. w/o, without; Ab, anti-
body; Nal, naloxone; Mor, morphine; ctrl, control.

figure), whereas PP3 did not (data not shown). These results
further confirmed that Src kinase was activated within the
OPRM1 complex in which AC activation was observed after
chronic morphine treatment.

The switching of OPRM1 signaling during chronic morphine
treatment could be the consequence of protein scaffolding.
Recent studies suggest the important role of B-arrestins (SArrs)
in scaffolding signaling proteins, thereby regulating GPCR sig-
naling (44, 45). For example, BArrs have been reported to
recruit Src kinases to form signaling complexes that include the
MAP kinases with activated f,-adrenergic receptors (46).
Whether BArrs have similar roles in scaffolding Src kinases and
OPRM1 in mediating morphine-induced AC activation is
unknown. Thus, MEF cells isolated from BArr-2 knock-out
(BArr2KO) mice or BArr-1 and -2 double knock-out
(BArr1&2KO) mice were used in subsequent studies. Transient
expression of OPRM1 in these MEF cells was accomplished by
using adeno-OPRM1 viruses. The level of AC activation after
4 h of morphine treatment in both the BArr2KO and
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FIGURE 5. Chronic morphine-induced Src kinase activation is 3-arrestin-independent but Ge;,-depend-
ent. A, association of OPRM1 and activation of Src in the absence of B-arrestins. BArr1&2KO MEF cells were
infected with HA-OPRM1 adenoviruses for 48 h and then treated with 1 um morphine for 2 h and/or 10 um
naloxone for 15 min. The lipid raft preparation and co-immunoprecipitation were carried out as described
under “Experimental Procedures.” The anti-HA antibodies were used to pull down the OPRM1-Src complex.
The immunoblotting antibodies were anti-pSrc (Tyr*'®), anti-cSrc, or anti-G. B, quantitative analysis of A. The
density of pSrc versus the density of cSrc in control cells (without drug treatment) was used as the 100%
reference. Each experiment was repeated three times and values represent averages = S.E. ** denotes p < 0.01
when compared with control using unpaired t test. C, morphine-induced AC activation in the absence of
B-arrestins. Wild type (WT-T1), B-arrestin2 knock-out (BArr2-KO), or B-arrestin1 and -2 double knock-out
(BArr1&2-KO) MEF cells were seeded into 96-well plates 24 h after HA-OPRM1 adenovirus infection. Twenty-
four hours later, cells were treated with 1 um morphine for 4 h, and cAMP assays were carried out in the
presence of 10 uMm naloxone. Error bars represent the S.E. calculated across experiments. D, N2AMT cells were
infected with Gy, C353L or Gey; C351L PTX-insensitive mutant adenoviruses (31, 68). After 24 h, some cells
were treated with PTX (0.1 wg/ml; Tocris) for another 12 h. The cells were further treated with (+) or without (—)
1 um morphine for 2 h followed by the addition of 10 um naloxone for 15 min. Cells were collected, the lipid raft
fractions were prepared as described under “Experimental Procedures,” and immunoprecipitation analyses
were carried out using anti-HA antibody. Lanes 1-3 and lanes 4 and 5 were from two membrane blots and were
probed with anti-pSrc (Tyr*'®), anti-cSrc, or anti-G antibodies at the same time.

been reported previously (47). Our
reported studies indicate that Ga,,
is essential for opioid agonist-in-
duced AC activation. The involve-
ment of Ga, was demonstrated by
the ability of pertussis toxin (PTX)-
insensitive mutants of the G,/G,
a-subunits to restore the AC activa-
tion after PTX treatment (31). If Src
activation is a prerequisite for mor-
phine-induced AC activation, then
using a PTX-insensitive mutant of
the G;, a-subunit should restore
OPRMI1-mediated Src activation
after PTX treatment. Because
HEK293 cells express adenovirus
Early Regionl (E1) gene that has
been eliminated from the recombi-
nant adenoviruses (48), expression
of such viruses in HEK293 cells will
lead to the eventual lysis of the cells.
Therefore, the following experi-
ments were carried out in
Neuroblastoma2A  cells  stably
expressing HA-OPRM1 (N2AMT),
which had been successfully used in
our previous studies (31). As shown
in Fig. 5D, pretreating N2AMT cells
with PTX completely blocked the
interaction between OPRM1 and
pSrc after chronic morphine treat-
ment and naloxone challenge (sec-
ond lane). When the PTX-insensi-
tive G;, a-subunit mutant was
transiently expressed in these cells
(31), chronic morphine-induced Src
association with OPRM1 and subse-
quent Src activation were observed
even after PTX pretreatment
(fourth lane). Meanwhile transient
expression of the PTX-insensitive
G,;; a-subunit mutant did not
restore the interaction between
OPRM1 and Src (fifth lane). The

BArr1&2KO MEEF cells compared favorably to that observed in
wild type (WT-1) MEF cells: 196 + 10.4 and 218 * 11.8% for
BArr2KO and BArr1&2KO cells, respectively, versus 216 *
5.8% for WT-1 cells (Fig. 5C). This observed increase in AC
activity was accompanied by an increase in pSrc associated with
OPRMLI in the BArr1&2KO cells (Fig. 5, A and B). The amount
of pSrc associated with OPRM1 increased by 254.4 = 31.0%
after chronic morphine treatment and was further increased to
317.9 = 58.9% after morphine removal and the addition of nal-
oxone. These data suggest that the Src association with and
subsequent activation by OPRM1 is independent of BArrs. If
BArrs are not involved in scaffolding and activating Src by
OPRM], the heterotrimeric G protein could be a probable can-
didate for such roles. The activation of Src kinase by Ga has
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requirement of G;, but not G;; a-subunit in Src activation par-
allels the G,, a-subunit-dependent AC activation after chronic
morphine treatment (31).

Phosphorylation of signaling proteins such as AC has been
reported to be the key for morphine-induced AC activation
(49). Because our data indicate a correlation between Src kinase
activation and morphine-induced AC activation, whether the
activated Src would phosphorylate signaling molecules within
the receptor complex was investigated. As Fig. 64 shows,
among the Tyr-phosphorylated proteins, the protein band
around 66 kDa was Tyr-phosphorylated during chronic mor-
phine treatment and was significantly enhanced after morphine
removal and the addition of naloxone. Because OPRM1
migrates within such molecular mass in SDS-PAGE, further
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FIGURE 6. Src kinase is responsible for the tyrosine phosphorylation of
OPRM1. A, Western blotting (WB) analysis. HEKMT cells were treated with (+)
or without (—) 1T um morphine for 2 h and then with (+) or without (—) 10 um
naloxone for 15 min. The lipid raft separation and Western blotting were
carried out as described under “Experimental Procedures.” Molecular weight
markers (MW) are labeled on the left. IB,immunoblot. B-D, immunoprecipita-
tion analyses. SYF and SYF-cSrc cells were infected with HA-OPRM1 adenovi-
ruses 48 h prior to drug treatment. HEKMT (B), SYF (C), or SYF-cSrc (D) cells
were treated with (+) or without (—) 1 um morphine for 2 h followed by
treatment with (+) or without (—) 10 um naloxone for 15 min. Then cells were
washed and collected followed by lipid raft separation and immunoprecipi-
tation assay as described under “Experimental Procedures.” All experiments
were repeated three times. Immunoprecipitation of OPRM1 in the lipid raft
fractions was carried out using anti-HA antibody, and anti-phospho-Tyr anti-
body (Upstate; 1:500) was used to examine OPRM1 Tyr phosphorylation.

immunoprecipitation analysis with HA antibody suggests that
this Tyr-phosphorylated protein is OPRM1 (Fig. 6B). Moreover
OPRM1 Tyr phosphorylation could be demonstrated to be
mediated by Src kinase. In SYF cells transiently expressing
OPRML1, Tyr phosphorylation of OPRM1 was not detected in
all paradigms tested (Fig. 6C). In contrast, after treatment of
SYE-cSrc cells with morphine for 2 h, Tyr phosphorylation of
OPRMI1 was detected (Fig. 6D). The fact that PP2 can totally
block this morphine-induced Tyr phosphorylation (supple-
mental figure) further indicates that Src kinase activity is
responsible for the OPRM1 phosphorylation. These data sug-
gest that OPRM1 is a probable target for activated Src during
chronic morphine treatment, and such OPRM1 phosphoryla-
tion increased significantly upon removal of morphine and the
addition of naloxone, which parallels the compensatory
increase of AC activity under the same treatment condition.
In the OPRM1 sequence, three Tyr residues face the inside of
the cell that could be the potential phosphorylation targets of
Src kinase: Tyr®® in the first intracellular loop, Tyr'®® within the
DRY motif at the second intracellular loop, and Tyr>*® within
the NPXXY motif right after the seventh transmembrane
domain, which is conserved among this subfamily of GPCRs.
To examine the target of Src phosphorylation and subsequent
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FIGURE 7. Tyr>*¢ of OPRM1 is the phosphorylation target of Src kinase.
HEK293 cells stably expressing OPRM1 with single Tyr mutant of Y96F (A),
Y166F (B), Y336F (C) or double mutants (Y166F/Y336F, (D)) were treated with
(+) orwithout (-) T um morphine for 2 h, followed by the treatment with (+) or
without (-) 10 um naloxone for 15 min. Then, cells were washed and collected
followed by lipid raft separation and immunoprecipitation assay as described
under “Experimental Procedures.” All experiments were repeated three
times. Immunoprecipitation of OPRM1 in the lipid raft fractions was carried
out using anti-HA antibody and anti-phospho-Tyr (pTyr) antibody was used to
examine OPRM1 Tyr-phosphorylation.

effects on AC activation, these Tyr residues were mutated to
Phe to generate the single mutants YO6F, Y166F, and Y336F and
double mutants Y166F/Y336F. All of these mutants were stably
expressed in HEK293 cells, and the colonies with similar recep-
tor expression levels were chosen for further biochemical and
functional studies. The mutation of Tyr® to Phe did not affect
the Tyr phosphorylation of the receptor (Fig. 7A). Surprisingly
the Y166F mutant exhibited hyperphosphorylation even with-
out morphine pretreatment or only with naloxone pretreat-
ment (Fig. 7B). Such hyperphosphorylation was observed in
multiple clones of this OPRM1 mutant. In cells expressing the
Y336F mutant, morphine-induced Tyr phosphorylation was
totally eliminated (Fig. 7C). In cells expressing Y166F/Y336F
double mutations, prolonged morphine treatment also failed to
induce Tyr phosphorylation of OPRM1 (Fig. 7D). Thus, the
results from these mutants suggest that the probable Src kinase
phosphorylation site is the Tyr*3® residue. The mutations of all
of these Tyr residues, whether single or double, did not alter the
receptor lipid raft location (data not shown). To further inves-
tigate the functional effects of the mutants Y96F, Y166F, and
Y336F and the double mutant Y166F/Y336F, the cAMP assay
was performed. The mutation of all of these Tyr residues did
not affect the acute morphine-mediated inhibition of AC activ-
ity (Fig. 84). However, under the chronic morphine treatment
condition, the changes of intracellular cAMP concentration
showed remarkable differences among the cells expressing
these mutants. In control HEKMT cells, 10 um forskolin
induced cAMP production at the level of 91.8 = 20.2 pmol/
min/mg of protein. The intracellular level of cAMP in these
cells in the presence of naloxone and forskolin increased to
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FIGURE 8. The effect of Tyr mutations on AC activities. A, wild type HEKMT
(H); single mutant YO6F (@), Y166F (A), or Y336F (A); or double mutant Y166F/
Y336F (O) cells were cultured on 96-well plates. For the acute inhibition assay,
the abilities of various concentrations of morphine to inhibit the 10 um for-
skolin-stimulated intracellular cAMP production were determined as
described under “Experimental Procedures.” B, for the chronic activation
assay, HEKMT and Y166F, Y336F, and Y166F/Y336F mutant cells were cultured
on 96-well plates. Some cells were pretreated with 1 um morphine for4 h, and
then cAMP assays were performed in Krebs-Ringer-HEPES buffer with 10 um
forskolin and in some cases as indicated with 10 um naloxone. The intracellu-
lar cAMP level is presented as pmol/min/mg of protein. Each analysis was
repeated at least three times with triplicate measurements in each experi-
ment and values represent averages *= S.E. * denotes p < 0.05 and ***
denotes p < 0.001 when compared using one-way analysis of variance.

171.5 = 58.6 pmol/min/mg of protein. Chronic morphine and
naloxone treatment induced a 12.8-fold increase in the intra-
cellular cAMP level in the presence of forskolin (2,203.0 *
20.15 pmol/min/mg of protein) when compared with acute nal-
oxone and forskolin treatments. The cells with mutant YO6F
showed cAMP production levels similar to those in HEKMT
cells in all the categories of treatment (data not shown). In
Y166F mutant cells, the intracellular cAMP level in the pres-
ence of 10 um forskolin was 10.2-fold higher than that in
HEKMT cells (935.0 = 165.0 pmol/min/mg of protein). Addi-
tion of naloxone in the presence of forskolin further increased
the intracellular cAMP level to 1,624.0 = 115.0 pmol/min/mg
of protein. Under such activated AC conditions, chronic mor-
phine treatment followed by acute naloxone only resulted in a
1.2-fold increase in the intracellular cAMP level to 1,995.0 =
20.2 pmol/min/mg of protein compared with that with forsko-
lin and naloxone treatment. In contrast, cells expressing Y336F
mutant exhibited intracellular cAMP levels similar to those of
the HEKMT cells in the presence of forskolin and in the pres-

JANUARY 23, 2009+VOLUME 284+NUMBER 4

Src Kinase and Opioid Receptor Activities

ence of forskolin and naloxone: 102.8 + 14.2 and 203.2 = 82.1
pmol/min/mg of protein, respectively. Chronic morphine
treatment and acute naloxone resulted in a much lower level of
intracellular cAMP (633.5 £ 52.50 pmol/min/mg of protein)
compared with the HEKMT cells (3.1-fold as compared with
12.8-fold in HEKMT). Cells expressing Y166F/Y336F double
mutants did not show any difference in the intracellular cAMP
level whether the cells were stimulated with forskolin, with for-
skolin and naloxone, or with forskolin and naloxone after
chronic morphine treatment (116.8 * 22.9, 128.3 =+ 39.5, and
159.4 * 44.7 pmol/min/mg of protein, respectively). These data
suggest that the Tyr residue in the DRY motif, although it is not
phosphorylated by Src, can regulate the Tyr phosphorylation of
the receptor at Tyr®*® within the NPXXY motif. The phospho-
rylation of Tyr®?® is functionally important for opioid receptor-
mediated AC activation and, thus, is the key for switching the
receptor signals from AC inhibition to AC activation.

DISCUSSION

It is becoming increasingly clear that signaling via GPCRs is a
diverse phenomenon involving receptor interaction with a vari-
ety of signaling partners that results in activation or inhibition
of signal pathways. Signal switching may be a key in controlling
the receptor to choose the specific pathway. The new concept
of “ligand bias,” which refers to the ability of ligands to selec-
tively stabilize receptor conformations that stimulate or inhibit
subsets of receptor activities (50), is also a plausible explanation
for coupling specificity among the signaling complexity of the
receptor. It is also clear that GPCR desensitization, classically
viewed only as a mechanism of signal termination, is itself a
means to confer unique signaling properties on the receptor.
For opioid receptors, agonists induce acute inhibition of AC
activity, which is gradually changed to an increase of AC activity
and intracellular cAMP accumulation upon prolonged treat-
ment and is particularly significant upon the removal of the
agonist or the addition of an antagonist; this has been postu-
lated to be the molecular basis for the development of opiate
tolerance and dependence (10 -12). This dramatic change from
receptor-mediated AC inhibition to receptor-mediated AC
activation reflects possible intracellular signal switching. Our
current studies demonstrate that Src kinase activation could be
the key for such signal switching.

It has been known that numerous GPCRs activate Src family
kinases (24-26). For example, in B;-adrenergic receptors,
direct binding of activated Src is required for MAP kinase acti-
vation (23). In opioid receptors, agonist activation of Src kinase
has been reported (29), and the Src kinase activation regulates
the time course of ERK activation by 8-opioid receptor ligands
(37). In the present studies, by using protein kinase inhibitors
(Fig. 14), dominant negative cSrc (Fig. 24), and SYF/SYF-cSrc
cells (Fig. 2D), the involvement of Src kinase in chronic mor-
phine-induced AC activation was confirmed. Our previous
studies showed that only the receptors located in the lipid rafts
are functional during AC activation. Coincidentally we found
that OPRM1 formed the signaling complex with activated Src
(pSrc) only in lipid raft fractions. The key to our current obser-
vation is that Src was recruited to the opioid receptor complex
within the lipid rafts during the chronic morphine treatment
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and the addition of naloxone after chronic and not after acute
agonist treatment (Fig. 3A). The recruitment of Src resulted in
an additional significant increase of Src kinase activity. Pro-
longed naloxone treatment itself failed to induce any Src acti-
vation (Fig. 3C). The involvement of Src kinase was further
confirmed by using SYF-cSrc cells, which specifically express
cSrc (Fig. 3E). It needs to be pointed out that this Src kinase
activation by chronic opioid agonist treatment was not limited
to the cSrc subtype as we also observed similar kinase activation
in SYF cells transiently expressing Fyn (data not shown). Fur-
thermore the fact that Src kinase inhibitor PP2 could totally
block the recruitment and subsequent activation of Src by
OPRMI1 (supplemental figure) and the fact that chronic mor-
phine could significantly up-regulate the Src activity in the
phosphorylation of the substrate peptide and this activity was
abolished by pretreatment of PP2 (Fig. 4) clearly indicate that
chronic morphine treatment causes the recruitment and acti-
vation of Src kinase by OPRM1.

It is very likely that there are more signaling molecules
involved in OPRM1-Src signaling complex. For example, B-ar-
restins have been shown to be critical for Src kinase activation
(27). The initial role of B-arrestins is solely as a negative regu-
lator to desensitize the activated GPCRs and mediate receptor
internalization (1). However, recent studies have shown that
B-arrestins might regulate GPCR signaling beyond their roles
in desensitization and internalization by serving as platforms
for Src kinase activation (46) and MAPK/ERK cascades (51).
Thus, it is logical to assume that B-arrestins are responsible for
Src activation during chronic opioid agonist treatment. How-
ever, our observations show that chronic morphine-induced
Src activation is independent of B-arrestins. This was demon-
strated by the ability of morphine to activate Src (Fig. 54) and
induce AC activation (Fig. 5C) in MEF cells that lack B-arres-
tin2 or both B-arrestinl and -2. These results are not too strik-
ing because, with some GPCRs, Src may associate directly with
the intracellular domains of the receptor (27). For example, the
B;-adrenergic receptor does not bind B-arrestins and fails to
endocytose upon agonist activation. In this case, the agonist
induces the formation of a complex between Src and the recep-
tor. This association seems to be mediated through Pro-rich
domains in the third intracellular loop and carboxyl tail of the
receptor, which serve as docking sites for the Src SH3 domain
(41). However, such Pro-rich domains are not present in the
intracellular loops and carboxyl tail sequence of OPRMI.
Instead our studies suggest that the heterotrimeric G-proteins
are involved in the recruitment and activation of Src kinase.

Our previous studies showed that the G, subunit is specif-
ically required for opioid agonist-induced AC activation (31).
Coincidentally our current studies showed that Src activation
after chronic morphine treatment is also Ge,,-dependent (Fig.
5D). Such selectivity points to possible involvement of the Ga
subunits in Src kinase activation, which has been reported pre-
viously (47). Although the exact role of Ga subunits on Src
kinase activity remains to be determined, the Ga subunits could
activate Src kinase by binding to the catalytic domain and
changing the conformation of Src, leading to increased acces-
sibility of the substrates to the active site (47). Alternatively the
Ga subunits could serve as a scaffold that facilitates and stabi-
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lizes the signaling complex of the receptor, Src, and other sig-
naling molecules involved. An excellent example is the interac-
tion between the heterotrimeric G protein and RGS, thus
regulating the GPCR signals. The ability of morphine adminis-
tration to alter the RGS levels associated with the synaptic
membrane has been reported (52). Opiate-induced changes in
the RGS9 level contributing to the behavioral and neural plas-
ticity associated with chronic opiate administration has been
demonstrated with RGS9 knock-out mice (53). Because signal-
ing proteins such as RGS could interact with other scaffolding
molecules such as 14-3-3 and spinophilin (54), the observed AC
activation could be the consequence of Gu;, recruiting Src
kinase and a specific RGS, for example RGS4 (55), to the vicinity
of OPRM1, or the OPRM1 receptor and Ge;, together decide
the selectivity of a specific RGS (56). Such selectivity could
determine the interaction with specific scaffolds and formation
of a new signaling complex. Obviously more studies are needed
to address the exact organization and new components in the
OPRM1-Gu;,-Src signaling complex.

Protein targets that are phosphorylated by Src could contrib-
ute to AC activation and switching of opioid receptor signals.
One possible target is the opioid receptor itself (Fig. 6). Tyr
phosphorylation of the 8-opioid receptor has been reported
previously (29). Our mutagenesis study suggests that Tyr*3®
within the NPXXY motif is the target of Src phosphorylation
(Fig. 7, A-D). The mutation of this Tyr to Phe resulted in a
significant decrease in AC activation (Fig. 8B). The importance
of the NPXXY motif has been reported in many GPCRs. For
example, mutation of Tyr in NPXXY leads to constitutive phos-
phorylation and internalization, but not signaling, of human B2
bradykinin receptor (57). Mutation of this site also causes the
8-opioid receptor to be unable to induce a robust activation of
the MAPK pathway (58), suggesting that the tyrosine phospho-
rylation in NPXXY motif is important for this signaling path-
way. It is also reasonable to suggest that a phosphorylated
NPXXY motif serves as a new docking site to recruit SH2/SH3
domain-containing proteins, which together form a signal
complex, for initiating a new set of signaling. Whether such
SH2/SH3 domain-containing proteins are recruited by OPRM1
and participate in AC activation remains to be determined.

Another highly conserved motif among the Class A GPCRs
of the rhodopsin subfamily is the DRY motif. It has been
reported that this motif may be directly involved in regulating
receptor conformation and G protein coupling/recognition,
thus contributing to the constitutive activity of the receptor
(59). Our mutagenesis study also found that the Y166F muta-
tion in the DRY motif results in hyperphosphorylation of
OPRMI1 (Fig. 7C) and causes the significant blunting of AC
activation after chronic morphine treatment (Fig. 8B). In the
presence of 10 uMm forskolin, cells expressing this receptor
mutant showed a much higher intracellular cAMP level, sug-
gesting that the Y166F mutant changed the receptor to a state
resembling that after chronic morphine treatment, and the
addition of the antagonist naloxone prior to chronic morphine
treatment also resulted in much higher cAMP production. Sim-
ilar results were also observed in OPRM1 when the aspartic acid
residue (Asp'®*) was changed to glutamine (Gln) in the DRY
motif (60). The increase in forskolin-stimulated AC activity in
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FIGURE 9. Schematic representation of OPRM1-Ga;,-Src kinase signaling
pathway in lipid rafts. A, lipid raft microdomains contain OPRM1, G5, Src
kinases, AC, and flotillin-1 (Flo-1), a lipid raft marker that is also known to
anchor the signaling molecules, such as Src kinases (69) and G-proteins (L.
Zhang and P.-Y. Law, unpublished observation) in lipid raft. There is another
pool of OPRM1 located outside the lipid raft. B, under the acute agonist treat-
ment, OPRM1 interacts with Ga;, and causes the inhibition of adenylyl cyclase
activity and the decrease of intracellular cAMP level (31). After chronic agonist
treatment, Src kinase is recruited by OPRM1-Ge, signal complex, and it is
activated by autophosphorylation at Tyr*'®. The activated Src will phospho-
rylate the OPRM1 at Tyr*3°. Although the exact mechanism has yet to be
elucidated, the phosphorylated and activated OPRM1-Ge,-Src signaling
complex, either directly or indirectly by activating other protein kinases,
phosphorylates ACisoforms, such as AC5/6 (14, 15), and other signaling mol-
ecules (16), eventually leads to the observed AC activation.

cells expressing the DRY mutant also supports the previous
hypothesis of the involvement of “constitutive” receptor activ-
ity in the AC activation after chronic agonist treatment (61).
Studies in human oxytocin receptor indicated that the D136N
mutation in the DRY motif caused receptor switching from a
Ga;-mediated pathway to a Ga-mediated pathway (62), sug-
gesting that the DRY motif is important not only in receptor
activation but also in signal switching among different G pro-
tein couplings. It has been suggested that DRY and NPXXY
motifs in rhodopsin may interact with each other in concert to
provide the dual constraints of the receptor. Changes in either
of the motifs will affect the other and will result in the confor-
mational changes of the whole receptor (63). This is supported
by our results that mutations in either the DRY or the NPXXY
motif will significantly blunt the AC activation after chronic
morphine treatment, and further the double mutations in these
motifs totally abolished the chronic morphine-induced AC
activation (Fig. 8B). Moreover the fact that all of the Tyr muta-
tions, single or double, did not affect the acute morphine-in-
duced AC inhibition (Fig. 84) clearly indicates that Src activa-
tion and eventual phosphorylation of OPRM1 are unique
signaling events required for the chronic agonist-induced AC
activation (summarized in Fig. 9).

It is also possible that the activated Src will phosphorylate
other signaling molecules in addition to OPRM1 and mediate
the switching of the opioid receptor signals. For example, acti-
vation of angiotensin II type 1 receptor and epidermal growth
factor receptor leads to the activation of Src, which will phos-
phorylate phospholipase Cy and the GPCR-kinase-interacting
protein-1. GPCR-kinase-interacting protein-1 has been shown
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to be important for GPCR internalization and acts as an inte-
grator of Src-dependent signal transduction activated by
GPCRs and receptor tyrosine kinases (64). In the case of 3,-ad-
renergic receptor, Src kinase is responsible for an agonist-induced
rapid and transient tyrosine phosphorylation of G protein-coupled
receptor kinase 2 (65). Further studies suggest that the tyrosine
residue (Tyr**°) on the carboxyl-terminal tail of B,-receptor is
phosphorylated by some tyrosine kinase, which performs as a
docking site to recruit and activate Src. Activated Src, in turn,
phosphorylates and activates G protein-coupled receptor kinase 2.
By this means, 3,-receptor signaling is switched from the adenylyl
cyclase pathway to the MAP kinase pathway (66). In our examina-
tion of the OPRM1 complex, additional Tyr-phosphorylated pro-
teins were observed after chronic morphine treatment (Fig. 64).
The identities and the roles of these proteins in opioid receptor
signal switching remain to be determined.

In summary, our current studies suggest that after the first
wave of signals from agonist activation of the opioid receptor is
blunted; an alternative second wave of signals could be initiated
by activation of Src kinase, which was not observed in the initial
wave of signals. The activated Src is recruited by the receptor
and results in the Tyr phosphorylation of the receptor in a G
protein-dependent and B-arrestin-independent manner. The
OPRMI1-Gay,-Src signaling complex could recruit and/or phos-
phorylate other signaling molecules to accomplish specific signal
transduction. In this respect, the opioid receptor transduces its
initial signals as a classical GPCR. With prolonged agonist treat-
ment, the recruitment of Src converts the opioid receptor into a
receptor tyrosine kinase-like signaling complex. Within this com-
plex containing activated Src kinase, the autophosphorylation of
OPRM1 and the requirement of such phosphorylation in AC acti-
vation parallel the activation of receptor tyrosine kinases. Further-
more the Src activation and the subsequent Tyr phosphorylation
of OPRM1 are more pronounced upon the addition of antagonist
like naloxone after chronic morphine treatment; this might be the
molecular basis for the hyperactivities observed during agonist
withdrawal after chronic opiate administration in animal models.
The eventual identification of all the Src kinase targets and the
elucidation of the mechanism by which opioid receptors could
activate Src would greatly facilitate the eventual understanding of
chronic opioid drug effects.
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