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With over 30% of current medications targeting this family of
proteins, G-protein–coupled receptors (GPCRs) remain invaluable
therapeutic targets. However, due to their unique physicochemical
properties, their low abundance, and the lack of highly specific
antibodies, GPCRs are still challenging to study in vivo. To over-
come these limitations, we combined here transgenic mouse mod-
els and proteomic analyses in order to resolve the interactome of
the δ-opioid receptor (DOPr) in its native in vivo environment.
Given its analgesic properties and milder undesired effects than
most clinically prescribed opioids, DOPr is a promising alternative
therapeutic target for chronic pain management. However, the
molecular and cellular mechanisms regulating its signaling and
trafficking remain poorly characterized. We thus performed liquid
chromatography–tandem mass spectrometry (LC-MS/MS) analyses
on brain homogenates of our newly generated knockin mouse
expressing a FLAG-tagged version of DOPr and revealed several
endogenous DOPr interactors involved in protein folding, traffick-
ing, and signal transduction. The interactions with a few identified
partners such as VPS41, ARF6, Rabaptin-5, and Rab10 were vali-
dated. We report an approach to characterize in vivo interacting
proteins of GPCRs, the largest family of membrane receptors with
crucial implications in virtually all physiological systems.

G-protein–coupled receptors | δ-opioid receptor | mass spectrometry |
mouse model | GPCR interactome

With over 800 members, G-protein–coupled receptors
(GPCRs) form the largest human membrane protein

family and are characterized by their unique structure exhibiting
an extracellular N terminus domain, seven hydrophobic trans-
membrane α-helices, alternating intracellular and extracellular
loops, and a cytosolic C terminus. Approximately 34% of all
drugs actually approved by the US Food and Drug Administra-
tion specifically target GPCRs, highlighting their significant
pharmacological relevance (1). Following their synthesis in the
endoplasmic reticulum, GPCRs undergo several posttranslational
modifications ensuring their proper maturation and folding. Once
they pass all of the quality control steps leading to their sequential
delivery to the Golgi apparatus and the trans-Golgi network
(TGN), GPCRs are exported to the plasma membrane where they
can be activated by their respective ligands, and thereby elicit
specific physiological responses. In order to achieve complete
maturation and correct localization, trafficking of GPCRs along
the biosynthetic pathway needs to be tightly regulated by a myriad
of proteins executing well-defined and specific functions such
as chaperones, transport vesicles, and escort proteins (reviewed
in ref. 2).
Belonging to the rhodopsin-like class A family of GPCRs,

the δ-opioid receptor (DOPr) induces analgesic effects and

attenuates pain hypersensitivities in several chronic pain models
including neuropathic, inflammatory, diabetic, and cancer pain
(3, 4), while producing considerably less undesired effects than
most clinical opioid therapeutics (5–7). Moreover, DOPr acti-
vation has been associated with anxiolytic, antidepressant, as well
as cardioprotective and neuroprotective effects, thus rendering it
an attractive therapeutic target for chronic pain management
(8). Interestingly, we and others have previously observed a
correlation between the translocation of DOPr from the in-
tracellular compartments to the plasma membrane and the ex-
tent to which DOPr agonists mediated analgesic effects (9–11).
However, the in vivo mechanisms and regulatory proteins in-
volved in DOPr trafficking and signaling remain largely unknown
and a thorough understanding of these cellular processes is
crucial in order to develop potent and better-tolerated analge-
sics.
Due to their low expression levels and the lack of specific

antibodies, the study of protein–protein interactions of endoge-
nous GPCRs still represents a challenging task (12, 13). There-
fore, in order to study the molecular and cellular mechanisms
involved in DOPr regulation in vivo, we developed and

Significance

G-protein–coupled receptors (GPCRs) are the target of ap-
proximately 34% of the current medications. However, their
in vivo assessment remains arduous, mainly due to their
structural properties, their low abundance, and the lack of
highly specific antibodies. Using proteomics and unique trans-
genic mouse models, we reveal an in vivo GPCR interactome.
We applied this approach to the δ-opioid receptor (DOPr) and
identified several interactors from brain tissues. Since this
procedure can be transposed to any other receptors, our work
provides leads for the discovery of molecular mechanisms
regulating GPCR functions in vivo.

Author contributions: J.D., K.A., C.M.C., J.B., C.L.L., J.-L.P., and L.G. designed research; J.D.,
K.A., V.B., S.G., M.-P.L., F.B., J.B., and L.G. performed research; J.D., K.A., V.B., S.G., M.-P.L.,
F.B., J.B., J.-L.P., and L.G. analyzed data; and J.D., K.A., V.B., S.G., C.M.C., C.L.L., J.-L.P., and
L.G. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1J.D. and K.A. contributed equally to this work.
2To whom correspondence may be addressed. Email: jean-luc.parent@usherbrooke.ca or
louis.gendron@usherbrooke.ca.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1917906117/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1917906117 PNAS Latest Articles | 1 of 12

PH
A
RM

A
CO

LO
G
Y

D
ow

nl
oa

de
d 

at
 B

IB
LI

O
T

H
E

Q
U

E
 G

E
N

E
R

A
LE

 (
M

) 
on

 M
ay

 2
6,

 2
02

0 

https://orcid.org/0000-0002-7673-5834
https://orcid.org/0000-0002-2058-8863
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:jean-luc.parent@usherbrooke.ca
mailto:louis.gendron@usherbrooke.ca
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917906117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917906117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1917906117
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1917906117&domain=pdf&date_stamp=2020-05-23


characterized a transgenic knockin (KI) mouse expressing a
FLAG-tagged version of the DOPr replacing the endogenous
receptor. Our findings show that the FLAG-DOPr from KI an-
imals is expressed at similar levels and in the same brain areas as
the wild-type (WT) receptor, allowing us to identify endogenous
interacting proteins of DOPr in the central nervous system
(CNS) by liquid chromatography–tandem mass spectrometry
(LC-MS/MS) analysis on immunoprecipitated FLAG-DOPr. A
distinguishing feature of this in vivo proteomic analysis is that the
GPCR is expressed under the control of its endogenous pro-
moter. We provide a list of potential DOPr-interacting partners
identified using our newly generated FLAG-DOPr-KI mouse
and validate the functional implication of one of the identified
partners, Rab10, on the trafficking of DOPr. Our findings open a
path to the study of protein–protein interactions and signal
transduction of endogenous GPCRs occurring in vivo, notably
the DOPr in pain-related pathways.

Results
Generation of FLAG-DOPr Knockout and Knockin Mice. For the pur-
pose of this study, we generated a KI mouse in which the en-
dogenous WT receptor is being replaced by a N-terminal flagged
version of DOPr. Using a classical homologous recombination-
based approach, a sequence encoding the FLAG-tag epitope was
inserted into the open-reading frame, following the initiation
codon at the 5′-end of DOPr first exon, along with a translational
neomycin STOP cassette in the 5′-untranslated region of the
OPRD1 gene. Mice expressing these genotypic characteristics are
henceforth referred to as FLAG-DOPr-KO or KO (Fig. 1A).
The KI mouse line (or FLAG-DOPr-KI) was then generated by
breeding KO mice with Zp3-Cre mice, resulting in the excision of
the sequence comprised between the two loxP sites, and thereby
allowing the expression of the FLAG-tagged DOPr in tissues
that would normally express the WT DOPr (Fig. 1A). Genotypes
were confirmed by PCR using various combinations of primers

Fig. 1. Generation of FLAG-DOPr-KI mice. (A) Schematic representation of the generation of FLAG-DOPr-KI mice obtained by breeding FLAG-DOPr-KO mice
with Zp3-Cre mice. In KO mice, a sequence encoding the FLAG tag epitope was introduced immediately after the START codon, in the 5′-end of the DOPr
coding sequence. A translational STOP cassette flanked by two loxP sites was also inserted in the 5′-untranslated region (5′-UTR) of the OPRD1 gene to disable
the expression of FLAG-DOPr. Breeding with Zp3-Cre mice enables the excision of the STOP cassette, therefore allowing the expression of FLAG-DOPr instead
of the endogenous DOPr in all tissues normally expressing DOPr. Genotypes were confirmed by PCR using various combinations of primers (B–D). For each
genotype, primer locations are indicated with black arrowheads (B), and the expected lengths of the fragments generated by PCR are shown (C). The
complete sequence of each primer can be found in SI Appendix, Table S5. (D) The PCR amplification using pDOPr-01 and 02 (Upper) distinguishes between WT
(150 bp), homozygous transgenic (174 bp), and heterozygous (HET) (150 and 174 bp) mice, while the amplification using the specific sequence encoding the
FLAG tag epitope resulted in a band of 331 bp for all genotypes except WT (pDOPr-03 and 05; Middle). The presence of an intact STOP cassette is shown by a
band of 520 bp in KO and HET(KO) mice (pDOPr-04 and 05, Bottom).
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(Fig. 1 B–D), and sequencing of the relevant regions of the ge-
nomic DNA from KO and KI mice was also performed in order
to certify the integrity of each sequence.

Expression and Distribution of FLAG-DOPr in KI Mice. To examine the
expression pattern of FLAG-DOPr in the brain of KI mice,
binding assays were carried out on brain slices using 125I-Deltorphin
I (125I-DLT), a selective DOPr agonist. The results showed that
FLAG-DOPr was predominantly expressed in the forebrain, which
includes the cortex, the olfactory bulb, the amygdala, and the
striatum, which corresponds to the distribution pattern observed for
the endogenous DOPr in WT mice (Fig. 2A). The specificity of
DOPr labeling and localization is supported by the absence of
125I-DLT binding in brain slices from KO mice (Fig. 2A). Addi-
tional coronal brain sections of WT, KI, and KO are shown in SI
Appendix, Fig. S1A. The affinity (Kd) and the Bmax of FLAG-DOPr
expressed in KI mice were then measured by saturation binding
assays using brain membrane preparations from WT, KO, and KI
mice (Fig. 2B). For KI mice, the values obtained for Kd and Bmax
were 0.9 ± 0.3 nM and 29.0 ± 2.3 fmol/mg of proteins, respectively,
which was not significantly different from WT animals (Kd = 1.2 ±
0.3 nM and Bmax = 35.2 ± 2.6 fmol/mg of proteins). No specific
binding was detected in KO mice. Specificity of DOPr KO was also
assessed by comparing the binding patterns of 125I-DLT and
125I-DAMGO, a selective μ-opioid receptor (MOPr) agonist, in
mouse brain sections. The results showed that 125I-DLT–specific
binding was absent in KO mice, whereas binding of 125I-DAMGO
to MOPr remained unchanged when WT and KO mice were
compared (SI Appendix, Fig. S1 B and C).

Characterization of FLAG-DOPr Activation in KI Mice. To assess
in vivo functional and physiological activation of FLAG-DOPr in
KI mice, we first examined the effects of DOPr activation in
locomotor and nociceptive tests. Previous studies reported an
increase in locomotor activity following subcutaneous (s.c.) ad-
ministration of 10 mg/kg of the DOPr agonist SNC80 (14, 15).
Locomotor activity of WT, KI, and KO animals was therefore
evaluated by measuring the total distance traveled following
administration of SNC80. The selective DOPr agonist induced
locomotor hyperactivity in WT and KI mice to a similar extent
(Fig. 3A) but not in KO mice (Fig. 3B). Furthermore, since
DOPr activation is associated with antinociceptive properties in
mice (3, 4, 8), we characterized the nociceptive behavioral re-
sponse to thermal stimuli. Using the complete Freund’s adjuvant
(CFA) chronic pain model, our data showed similar thermal
antihyperalgesic effects in WT and KI animals following in-
trathecal administration of 1 μg of Deltorphin II (DLT II)
(Fig. 3C). Conversely, spinal administration of DLT II in KO
mice had no effect (Fig. 3C). Another important feature of this
KO mouse line resides in the fact that the translational STOP
cassette is flanked by two loxP sites, thereby allowing the excision

of the sequence using the Cre/LoxP system (Fig. 1A). In this
model, the Cre-driven removal of the translational STOP cas-
sette makes it possible to rescue the expression of DOPr in a
tissue- and/or cell-specific manner. We have previously demon-
strated that the recombinant adenoassociated virus rAAV2/9-
CBA-Cre-GFP predominantly targeted dorsal root ganglia
(DRGs) following intrathecal administration (16). Interestingly,
when administered to KO mice, our results showed that the
antihyperalgesic effects of DLT II were partially reinstated 6 wk
after the viral infection, supporting a role for DOPr expressed in
primary afferents in the control of pain induced by a thermal
stimulus (Fig. 3D).
Furthermore, the function of DOPr was also determined by

35S-GTPγS binding experiments on olfactory bulb sections of
WT, KI, and KO mice following stimulation of DOPr with DLT
II, as we described previously (17). As shown in Fig. 3E, non-
specific and basal activities were not different between WT, KI,
and KO mice. However, incubation of olfactory bulb sections
with 10 μM DLT II led to a significant increase in 35S-GTPγS
binding in brain slices of WT and KI mice, but not in KO
animals, where activity was similar to the basal level (Fig. 3 E
and F). Altogether, these results indicate that FLAG-DOPr
expressed in KI mice exhibits pharmacological properties, ex-
pression levels, and distribution patterns, as well as physiological
functions that match those of the WT endogenous receptor.
This establishes the FLAG-DOPr-KI mouse as a physiologi-
cally relevant model to study the regulation of the FLAG-
tagged receptor in vivo under endogenous control of expres-
sion, as well as a useful tool to study DOPr function in distinct
cell populations.

Identification of Potential Interaction Partners of DOPr by Liquid
Chromatography–Tandem Mass Spectrometry Analysis. As men-
tioned above, despite their therapeutic potential, the proteins
interacting with GPCRs in vivo remain to be identified. In this
regard, we sought to identify novel in vivo DOPr-interacting
partners using our FLAG-DOPr-KI mouse model. Using anti-
FLAG M2 monoclonal antibodies coupled to magnetic beads,
we immunoprecipitated FLAG-DOPr from homogenates of
mouse brains. As shown in Fig. 4A, FLAG-DOPr (∼50 kDa) was
successfully immunoprecipitated from KI mouse forebrain ly-
sates but was not detected in the immunoprecipitates of WT and
KO mice brain homogenates. The upper band (∼60 kDa) is
thought to represent nonspecific antibody binding since it was
also observed in the WT and KO lanes. For the identification of
proteins that interact with DOPr, immunoprecipitation of
FLAG-DOPr from brain lysates of five KI mice was performed,
followed by liquid chromatography–tandem mass spectrometry
(LC-MS/MS) analysis. As a control, the same procedure was
simultaneously carried out using brains from KO mice. Candi-
date interacting proteins were considered as positive hits when

Fig. 2. Expression and distribution of FLAG-DOPr in the CNS of KI mice. (A) Autoradiography of 125I-DLT binding on sagittal and coronal brain sections of WT,
KI, and KO mice. (B) Pharmacological properties (Kd and Bmax) of DOPr (either WT or FLAG-DOPr) expressed in WT (red squares), KI (blue circles), and KO mice
(orange triangles) were evaluated with saturation binding assays on brain membranes using 125I-DLT. In the absence of residual specific binding in KO mice,
Kd and Bmax were not calculated. Results are the mean ± SEM of four independent experiments, each performed in triplicates.
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Fig. 3. Functional activation of FLAG-DOPr in KI mice. SNC80 (10 mg/kg; s.c.)-induced locomotor activity was assessed in WT, (A) KI (WT, n = 5; KI, n = 6; *P =
0.0102, **P = 0.0032, and φP = 0.0170; one-way ANOVA followed by Tukey’s post hoc test), and (B) KO mice (WT, n = 5–7; KO, n = 6; **P = 0.0038, ***P =
0.0004, and φφP = 0.0056; one-way ANOVA followed by Tukey’s post hoc test). DLT II (1 μg; i.t.)-induced antihyperalgesic effects was evaluated in WT, KO, and
(C) KI mice using the Hargreaves test and the CFA model of inflammation (WT, n = 11 and ***P = 0.0005; KI, n = 7 and ***P = 0.0004; two-way ANOVA
followed by Tukey’s post hoc test compared to KO [n = 11]) or (D) KO mice intrathecally injected with the recombinant adenoassociated virus AAV2/9-CBA-Cre
(WT, n = 11 and ****P < 0.0001; KO + AAV2/9-CBA-Cre, n = 8 and *P = 0.0330; two-way ANOVA followed by Tukey’s post hoc test compared to KO [n = 8]). (E
and F) The integrity of the G-protein coupling of DOPr (and FLAG-DOPr) was evaluated using the 35S-GTPγS binding assay on coronal sections of olfactory bulb
(20 μm) from WT, KI, and KO mice. 35S-GTPγS binding density is shown in color scale (E). Quantification of binding signal was carried out on olfactory bulb
sections (WT, n = 7 and ***P = 0.0004; KO, n = 4 and P = 0.1457; KI, n = 4 and *P = 0.0182; one-sample Wilcoxon test) from three independent experiments.
Data are expressed as fold increase in GTPγS binding for nontreated (basal) and DLT II-treated sections (activated). Nonspecific binding was assessed in the
presence of 10 μM GTPγS. n.s., not significant.
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the ratio of peptide intensity KI/KO displayed at least a 1.5-fold
increase. This protocol was performed twice, and the positive
hits from both LC-MS/MS analyses were combined. Using the
PANTHER Classification System, the positive hits were clus-
tered into seven different cellular components (Fig. 4B). A large
proportion of the identified interacting proteins were associated
with the compartment named cell part (38.9%), which includes
predominantly cytoplasmic and vesicle-associated proteins, but
also with membranes (14.0%) and various organelles (24.4%).

Candidates of interest were further classified according to their
reported functions (Fig. 4C), covering intracellular trafficking
(SI Appendix, Table S1), protein folding (SI Appendix, Table S2),
signal transduction (SI Appendix, Table S3), and proteins be-
longing to the receptors/transporters/channels family (SI Ap-
pendix, Table S4).

Validation of DOPr-Interacting Partners. In order to validate our data,
we compared the positive hits obtained from our LC-MS/MS

Fig. 4. Identification of potential DOPr-interacting proteins from brains of FLAG-DOPr-KI mice. (A) Immunoprecipitation of FLAG-DOPr (∼50-kDa band) was
performed on forebrain lysates from WT, KI, and KO mice using a M2 mouse monoclonal anti-FLAG antibody immobilized on magnetic beads. Immuno-
blotting was carried out using a rabbit polyclonal anti-FLAG antibody. Following LC-MS/MS analysis of immunoprecipitated FLAG-DOPr from the forebrain of
KI mice, identified DOPr-interacting proteins were classified according to their cellular localization using the PANTHER Classification System online tool (B)
and reported molecular functions covering intracellular trafficking (blue), folding (purple), signal transduction (yellow), and proteins belonging to the re-
ceptor/channel/transporter families (red) (C). Previously reported DOPr interactors are identified in green (C). In order to validate an endogenous interaction,
immunoprecipitation of FLAG-DOPr from brain lysates of KO and KI mice was carried out using a M2 mouse monoclonal anti-FLAG antibody immobilized on
magnetic beads and immunoblotting was performed using a rabbit polyclonal anti-VPS41 antibody (D). Further validation of DOPr-interacting proteins was
assessed in lysates of HEK293 cells transiently expressing the human FLAG-DOPr and (E) ARF6-HA or (F) HA-Rabaptin-5 using a M2 mouse monoclonal anti-
FLAG antibody. Immunoblotting of the receptor was carried out with FLAG-specific rabbit polyclonal antibody (D–F), and ARF6-HA and HA-Rabaptin-5 were
immunoblotted using HA-specific HRP-conjugated antibodies. (A and D–F) Blots shown are representative of at least three independent experiments. IB,
immunoblotting; IP, immunoprecipitation.
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analyses with other studies that used MS analyses, coimmuno-
precipitation (coIP), and bioluminescence resonance energy
transfer (BRET) to identify proteins interacting with DOPr. We
confirmed 24 proteins that were previously reported by us, and
others, to interact with DOPr, including β-arrestin-1 (18, 19), the
cannabinoid receptor 1 (20, 21), heterotrimeric G proteins (22),
the cyclin-dependent–like kinase 5 (23), calnexin (24), as well as
subunits of the coatomer (25, 26) and the V-type proton ATPase
complexes (27) (Table 1).
As opposed to the other members of the opioid receptor

family, and GPCRs in general, DOPr exhibits particular traf-
ficking properties, contributing to our lack of knowledge re-
garding its regulation. First, although it has been shown to
recycle after endocytosis, DOPr preferentially traffics to
lysosomal compartments, resulting in its down-regulation (28).
Interestingly, we have identified the vacuolar protein sorting-
associated protein 41 homolog (VPS41), which is involved in
the vesicle-mediated protein trafficking to lysosomal compart-
ments (29), as a DOPr-interacting protein in our LC-MS/MS
analyses, specifically in the KI condition (Fig. 4C and SI Ap-
pendix, Table S1). We confirmed the interaction between VPS41
and DOPr at the endogenous level in vivo by immunoprecipi-
tation of FLAG-DOPr from brain lysates of KO and KI mice,
followed by Western blot analysis using an anti-VPS41 antibody
(Fig. 4D), thereby confirming our LC-MS/MS results. Further

validation of our proteomic data was performed using coIP ex-
periments of human orthologs of FLAG-DOPr and three newly
identified interactors tagged with an HA epitope expressed in
HEK293 cells. Fig. 4 E and F show that ADP ribosylation factor
6 (ARF6), which was previously reported to regulate the traf-
ficking and signaling of MOPr (30), and Ras GTPase-binding
effector protein 1 (also known as Rabaptin-5), involved in the
regulation of endosome morphology and functions (31), coim-
munoprecipitated with DOPr.
Although this remains controversial, another unique feature of

the DOPr concerns its intracellular localization (extensively
reviewed and discussed in ref. 32). Interestingly, we and others
have shown that, under specific conditions, such as chronic
morphine administrations or inflammatory pain, the cell surface
targeting of DOPr is increased, which is also correlated with an
augmentation in DOPr agonists-mediated analgesia (9–11).
Therefore, among the newly identified interactors, Rab10 was of
a particular interest since it was previously shown to regulate the
cell surface delivery of several membrane proteins (33, 34), in-
cluding the somatostatin receptor subtype 2 (SSTR2) (35), and
because it displayed at least a 1.5-fold peptide intensity ratio KI/
KO in both LC-MS/MS experiments (Fig. 4C and SI Appendix,
Table S1). Noteworthy, a set of proteins related to the functional
network of Rab10, such as Llgl1, EHBP1, and members of the
exocyst complex (EXOC2, 3, 4, 5, and 8), were also identified in

Table 1. Validation of DOPr interactors identified by LC-MS/MS analysis performed on KI mice

Gene symbol Protein identity
N/
2

Fold intensity
KI/KO

Unique
peptide

Coverage
(%) Method References

Proteins appearing in both experiments with an intensity ratio of at least 1.5-fold
ARF6 ADP ribosylation factor 6 2 2.3–2.0 2–4 18.3–33.1 CoIP This study (Fig. 4E)
ARRB1 β-Arrestin-1 2 3.0 – N/A 2–2 3.3–10.0 CoIP Refs. 18 and 19
ATP1A2 Sodium/potassium transporting ATPase subunit α-2 2 1.6–1.7 18–18 35.7–36.1 CoIP 83
COPA Coatomer subunit α 2 1.5–1.9 11–12 13.0–13.2 MS Ref. 25
CNR1 Cannabinoid receptor 1 2 N/A – 1.9 2–1 6.3–3.3 BRET/

coIP
Refs. 20 and 21

RAB10 Ras-related protein Rab-10 2 51.0–1.5 2–2 17.0–23.0 CoIP This study (Fig. 5A)
Proteins appearing in KI group only
COPE Coatomer subunit e 1 N/A 2 21.4 MS Ref. 25
ITSN2 Intersectin-2 1 N/A 1 11.6 APEX-MS Ref. 27
RABEP1 Rab GTPase-binding effector protein 1 1 N/A 1 6.6 CoIP This study (Fig. 4F)
TFRC Transferrin receptor protein 1 1 N/A 1 1.7 APEX-MS Ref. 27
VPS41 Vacuolar protein sorting-associated protein 41 homolog 1 N/A 1 1.8 CoIP This study (Fig. 4D)
Proteins appearing with an intensity ratio ≥1.5-fold
ARCN1 Coatomer subunit δ 1 1.9 3 6.7 MS Ref. 25
ATP2A2 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 1 1.7 30 31.0 CoIP Ref. 84
ATP6V1A V-type proton ATPase catalytic subunit A 1 1.5 28 57.1 APEX-MS Ref. 27
ATP6V1E1 V-type proton ATPase catalytic subunit E1 1 1.8 5 35.4 APEX-MS Ref. 27
CANX Calnexin 1 2.6 7 15.2 CoIP Ref. 24
CCT7 T-complex protein 1 subunit eta 1 2.4 13 35.6 CoIP Ref. 56
CDK5 Cyclin-dependent-like kinase 5 1 1.7 9 30.8 CoIP Ref. 23
GNAO1 Guanine nucleotide-binding protein G(o) subunit α 1 1.6 1 39.5 CoIP Ref. 22
GNAQ Guanine nucleotide-binding protein G(q) subunit α 1 1.7 4 27.6 CoIP Ref. 22
GNAZ Guanine nucleotide-binding protein G(z) subunit α 1 1.7 8 32.1 CoIP Ref. 22
GPM6A Neuronal membrane glycoprotein M6 1 1.7 2 6.7 BRET Ref. 85
NAPG γ-Soluble NSF attachment protein 1 1.8 9 35.9 APEX-MS Ref. 27
RPN1 Ribophorin I 1 3.1 5 11.4 CoIP Ref. 86
RRAGC Ras-related GTP-binding protein C 1 2.6 2 5.5 APEX-MS Ref. 27
SCAMP3 Secretory carrier-associated membrane protein 3 1 2.4 2 13.0 APEX-MS Ref. 27
SEC31A Protein transport protein Sec31A 1 2.3 3 3.5 APEX-MS Ref. 27
VAPA Vesicle-associated membrane protein-associated protein A 1 1.5 2 20.5 CoIP Ref. 87

List of interactions between FLAG-DOPr immunoprecipitated from the forebrains of KI mice and identified proteins by LC-MS/MS analysis that have already
been reported by us and others. A protein was considered as a positive hit when the ratio of peptide intensity KI/KO displayed at least a 1.5-fold increase. The
number of experiments in which a protein was considered positive (N/2) is shown, and results from both experiments are separated by a hyphen when
applicable. N/A indicates that peptides were detected only in KI condition. APEX-MS, engineered ascorbate peroxidase proximity labeling coupled with MS;
BRET, bioluminescence resonance energy transfer; coIP, coimmunoprecipitation; MS, mass spectrometry.
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our proteomic analyses. The interaction between Rab10 and
DOPr was confirmed in HEK293 cells (Fig. 5A). Moreover, we
and others have previously shown that GPCRs can interact di-
rectly with Rab GTPases (36–39). In order to determine whether
DOPr and Rab10 can interact directly, we generated and puri-
fied recombinant proteins of the three intracellular loops (ICL1,
2, 3) and the C-terminal tail (CT) of the human DOPr fused to
GST, as well as an hexahistidine-tagged HA-Rab10 construct. As
shown in Fig. 5B, GST-pulldown assays carried out using purified
proteins indicated that Rab10 can bind directly to DOPr in-
tracellular domains. The ICL3 and the CT of DOPr appeared to
be the major molecular determinants for this interaction.

Colocalization between Rab10 and DOPr. Our previous confocal
microscopy studies showed that DOPr partially colocalized with
the coatomer subunit β (β-COP) in Golgi-associated structures
(25). Rab10 distribution was also described to overlap with
β-COP in the perinuclear region (40). Confocal microscopy ex-
periments performed in HEK293 cells revealed intracellular
colocalization of FLAG-DOPr (green, Fig. 6A, a) and endoge-
nous Rab10 (red, Fig. 6A, b) in the perinuclear region, as seen by
the yellow pixels in Fig. 6A, c. Chen et al. (40) suggested that
Rab10 may reside in the distal part of the Golgi apparatus. The
possibility that DOPr and Rab10 colocalized in the trans-Golgi
was therefore investigated using the galactosyltransferase en-
zyme (GalT) as a marker of the Golgi apparatus trans cisternae
(41, 42). Using triple labeling, we observed that FLAG-DOPr
(green, Fig. 6B, a), endogenous Rab10 (red, Fig. 6B, b), and
GalT-YFP (blue, Fig. 6B, c) partly colocalized in HEK293 cells
in a perinuclear structure resembling the Golgi (Fig. 6B, d, triple
colocalization of FLAG-DOPr, Rab10, and GalT is evidenced by
the white pixels). Interestingly, GalT-independent colocalization
between Rab10 and FLAG-DOPr is also visible (yellow,
Fig. 6B, d).

Rab10 Regulates Cell Surface Expression and Agonist-Induced
Trafficking of DOPr. Since Rab10 was previously reported to be
involved in the cell-surface delivery of membrane proteins such
as the Toll-like receptor 4 (TLR4) and GLUT4 (33, 34), we
investigated its role in DOPr expression at the cell surface. As
shown in Fig. 7A, overexpression of Rab10 in HEK293 cells in-
creased the cell surface expression of FLAG-DOPr by 22.3 ±
6.0%. Conversely, down-regulation of Rab10 expression by two
distinct Dicer-substrate siRNAs (DsiRNAs) led to a significant
reduction in DOPr cell surface expression by 30–55% in
HEK293 cells stably expressing FLAG-DOPr (Fig. 7B). The

effectiveness of Rab10 expression knockdown by both DsiRNAs
is shown in Fig. 7C. Thereafter, HEK293 cells stably expressing
FLAG-DOPr were transfected with control or Rab10 DsiRNAs,
and DOPr cell surface expression was evaluated following
stimulation with SNC80. As shown in Fig. 7D, after 15 min, the
SNC80-induced decrease in DOPr cell surface expression was
amplified by the down-regulation of Rab10, thereby supporting a
role for Rab10 in the agonist-induced trafficking of DOPr. To
get further mechanistic insights into the context of Rab10 in-
volvement in DOPr trafficking, we investigated the role of
AS160, a Rab10 GTPase-activating protein (GAP) also known as
TBC1D4, in DOPr cell surface expression using DsiRNAs. As
shown in Fig. 7E, a significant increase in the effect of Rab10 on
DOPr cell surface expression was observed when AS160 DsiR-
NAs were transfected along with Rab10, suggesting that AS160 is
involved in the mechanisms underlying DOPr membrane tar-
geting by Rab10. The effectiveness of AS160 knockdown by both
DsiRNAs is shown in Fig. 7F.

Discussion
Despite their significant pharmacological importance, GPCRs
remain among the most challenging targets to investigate. In
addition to their transmembrane structure and diverse mecha-
nisms of action, their localization and low endogenous expression
levels contribute to the complexity of assessing this class of pro-
teins. The current lack of highly potent and specific antibodies
further limits the study of endogenous receptor protein–protein
interactions and signaling, impeding our understanding of their
biology in physiologically relevant conditions. In order to over-
come this technical limitation, several groups relied on approaches
based on epitope-tagged GPCRs expressed in heterologous sys-
tems. In vivo, only a few examples have thus far been reported.
Indeed, GPCR KI mouse lines that have been generated and
characterized include the HA-α2a adrenergic receptor (43), the
nociceptin/orphanin FQ (NOP)-eGFP receptor (44), DOPr-eGFP
(45), MOPr-mcherry (46), Rhodopsin-eGFP (47), and HA-DOPr
(48). These studies investigated the expression, distribution, in-
ternalization, or functional responses by visualizing a specific
GPCR using fluorescent proteins or, less frequently, antibodies.
Here, using a KI mouse line, we report the proteomic analysis of a
GPCR, namely the DOPr, expressed under endogenous control.
In the present study, we aimed to identify new protein partners

involved in the regulation of DOPr in vivo. To this purpose, we
first generated and characterized two mice models, namely the
FLAG-DOPr-KO and FLAG-DOPr-KI mice, the latter being
derived from the former following breeding rounds with Zp3-Cre

Fig. 5. Identification of the ICL3 and CT of DOPr as the major molecular determinants for the interaction with Rab10. (A) Immunoprecipitation of FLAG-DOPr
was performed in HEK293 cells transiently expressing FLAG-DOPr and HA-Rab10 using a M2 mouse monoclonal anti-FLAG antibody. (B) In vitro binding assays
were carried out using purified GST or the DOPr intracellular loops (ICLs) or C terminus as GST-fusion proteins incubated with purified recombinant (His)6-HA-
Rab10. Sequences of the GST-fused protein constructs are listed in SI Appendix, Table S6. Rab10 binding to the receptor was detected by immunoblotting
using HA-specific HRP-conjugated antibody, and the GST fusion proteins present in the binding reaction were detected using an anti-GST polyclonal antibody.
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mice. The analysis of the 125I-DLT binding patterns in brain
slices of both KI and WT mice indicated that DOPr was pre-
dominantly expressed in the cortex, the olfactory bulb, the
amygdala, and the striatum, which is consistent with the pre-
viously reported DOPr distribution (46, 49–51). Our binding
experiments also revealed that the expression levels of FLAG-
DOPr in brain of KI mice were similar to WT animals, while no
125I-DLT specific binding was observed in KO mice. Moreover,
the functionality of FLAG-DOPr in KI mice was assessed by
35S-GTPγS binding, locomotor, and pain behavioral studies. In
all cases, FLAG-DOPr-KI mice displayed nearly identical func-
tional, locomotor, and antinociceptive properties to WT animals,
suggesting that our newly developed FLAG-DOPr-KI mouse
line is a physiologically relevant model to investigate the
endogenous regulation of DOPr. Similarly, our FLAG-DOPr-KO
mice resemble the already existing DOPr KO lines (52, 53).
Most importantly, those newly generated mice models
(i.e., FLAG-DOPr-KO and FLAG-DOPr-KI) are complementary
to the existing DOPr-KO, DOPr-cKO, and DOPr-eGFP, and
therefore add to our arsenal of genetically modified tools to elu-
cidate the roles and functions of DOPr in the CNS (45, 52–54). In
addition, our mice models are different from the recently reported
HA-DOPr KI mouse (48), since it can be used to produce con-
ditional KI within specific targeted regions using a tissue-specific
Cre recombinase mouse line or viral approaches. This possibility
was investigated by the injection of the recombinant adenoasso-
ciated virus rAAV2/9-CBA-Cre-GFP, which preferentially targets
lumbar DRGs when injected intrathecally (16). In a CFA-induced
chronic pain model, we observed that the antihyperalgesic effect
of DLT II (specific DOPr agonist) was partially reinstated in KO
mice intrathecally injected with the virus, thereby supporting a
reexpression of DOPr in the spinal cord, presumably on central
terminals of primary afferents. Such targeted expression of FLAG-
DOPr will be an invaluable tool to decipher DOPr function in
specific neuron populations and circuits.
Since DOPr expression is enriched in the forebrain, this region

was used to immunoprecipitate FLAG-DOPr from KI and KO
mice using anti–FLAG-M2 antibodies precoupled to magnetic
beads. LC-MS/MS analysis of the immunoprecipitated complex
revealed a total of 24 proteins that have already been shown by

our group and others to interact with DOPr, thereby validating
our approach to identify DOPr interaction partners at endoge-
nous levels in KI mice. Moreover, numerous proteins that are
part of molecular complexes with previously described DOPr-
interacting partners were also observed in our analysis. For ex-
ample, all of the subunits of the T-complex protein 1 (i.e., CCT-
α, CCT-β, CCT-γ, CCT-δ, CCT-e, CCT-ζ, CCT-η, and CCT-θ)
were identified as putative interacting proteins with the DOPr.
Given that the eight distinct CCT subunits are known to asso-
ciate in order to form the chaperonin TCP-1 ring complex
(TRiC) (55), and that we previously observed an interaction
between CCT-η and DOPr (56), it is likely that DOPr interacts
with the other CCT subunits of the TRiC, as suggested by our
LC-MS/MS analyses. Interestingly, our LC-MS/MS analyses
further revealed several hits previously identified by Lobingier
et al. (27) with a proximity labeling strategy in HEK293 cells.
These include the intersectin-2, transferrin receptor protein 1,
γ-soluble NSF attachment protein, ras-related GTP-binding
protein C, secretory carrier-associated membrane protein 3,
protein transport protein Sec31A, and catalytic subunits of the
V-type proton ATPase complex. Altogether, these results sug-
gest that the FLAG-DOPr-KI mouse is a reliable and useful tool
to guide further behavioral, cellular, and molecular studies.
Every step of GPCR trafficking, from biosynthesis, antero-

grade transport, exocytosis, endocytosis, recycling, and degra-
dation involve a plethora of proteins in order to regulate
physiological responses. In this regard, candidate proteins po-
tentially relevant in the regulation of DOPr trafficking were
classified according to their previously reported roles. As men-
tioned before, DOPr preferentially traffics to lysosomal com-
partments following internalization (28), a particularity that has
also been observed and correlated with behavioral responses
in vivo (57). Interestingly, our proteomic analyses identified
VPS41, as well as other members (i.e., VPS16, VPS18, and
VPS33A) of the HOPS complex, which mediates the fusion be-
tween endosomes and lysosomes, as potential DOPr-interacting
proteins (29). Importantly, we further validated the DOPr-
VPS41 endogenous interaction in vivo from brains of KI mice,
confirming that our approach can be used to uncover novel
molecular mechanisms underlying DOPr function. Moreover,

Fig. 6. Rab10 colocalizes with DOPr in Golgi-associated compartments. HEK293 cells transiently transfected with FLAG-DOPr alone (A) or together with GalT-
YFP (B) a marker of the Golgi apparatus trans cisternae were fixed and prepared as described in SI Appendix. FLAG-DOPr was labeled with a rabbit polyclonal
anti-FLAG antibody and an Alexa Fluor 594 goat anti-rabbit IgG antibody (a, green). Endogenous Rab10 was labeled with a specific mouse monoclonal anti-
Rab10 antibody and an Alexa Fluor 647 goat anti-mouse IgG antibody (b, red). GalT-YFP was labeled with a chicken anti-GFP antibody and an Alexa Fluor 488
goat anti-chicken IgY antibody (B, c, blue). In merge panels, colocalization between FLAG-DOPr and Rab10 appears in yellow (A, c, and B, d), and triple
colocalization between FLAG-DOPr, Rab10, and GalT-YFP appears in white (B, d). The images shown are single confocal slices and are representative of ∼100
observed cells over three independent experiments. (Scale bars, 10 μm.)
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among the identified proteins, several were reported to regulate
the intracellular trafficking of other GPCRs. For example,
ARAP1 was shown to promote the recycling of the angiotensin II
type 1 receptor (58), while Rab21 seems to be involved in the
early endosomal trafficking of the somatostatin receptor 3 (59).

Chaperones and other proteins assisting folding or maturation of
receptors are also essential for GPCR cell surface expression.
Among the identified DOPr-interacting chaperones, CCT-η has
already been reported to interact with MOPr and DOPr in ad-
dition to promote cell surface expression of the thromboxane A2

Fig. 7. Rab10 and AS160 regulate DOPr trafficking. (A) HEK293 cells were transiently transfected with FLAG-DOPr alone or with HA-Rab10 for 48 h. Cell
surface expression was measured by ELISA with FLAG-specific rabbit polyclonal and alkaline phosphatase-conjugated goat anti-rabbit antibodies. Results are
shown as a percentage of cell surface FLAG-DOPr expression when HA-Rab10 is transfected compared with FLAG-DOPr alone set at 100% (n = 4, **P = 0.0100,
two-tailed Student’s t test). (B–F) HEK293 cells stably expressing FLAG-DOPr were transfected with a control DsiRNA (DsiCTRL), (B–D) DsiRNAs targeting the
exon 6 or 3 of the human Rab10 gene (DsiRNA-Rab10-13.2 or DsiRNA-Rab10-13.3, respectively), or (E and F) DsiRNAs targeting the exon 3 or 15 of the human
AS160 gene (DsiRNA-AS160-13.1 or DsiRNA-AS160-13.2, respectively) for 72 h along with HA-Rab10 for 48 h. (B and E) Cell surface expression of FLAG-DOPr
was measured as described above. Results are shown as a percentage of cell surface receptor expression when DsiRNAs targeting Rab10 or AS160 are
transfected compared with the DsiCTRL condition set at 100% (B: n = 5, ****P < 0.0001; E: n = 6, **P = 0.0076 and ****P < 0.0001; one-way ANOVA with
Dunnett’s multiple-comparisons test). (C) Total cell lysates were immunoblotted with a specific mouse monoclonal anti-Rab10 antibody to assess the effect of
Rab10 DsiRNAs on total expression of Rab10. (F) Following RNA extraction, RT-PCRs were performed to assess the effect of AS160 DsiRNAs on total expression
of AS160. Primers used are listed in SI Appendix, Table S5. Densitometry was performed using ImageJ software to quantify relative expression of Rab10 or
AS160 normalized with GAPDH expression, and results were analyzed using one-way ANOVA with Dunnett’s multiple-comparisons test (C: n = 3, ***P =
0.0003 and φφφP = 0.0001; F: n = 4, ****P < 0.0001). IB, immunoblotting. (D) Cells were stimulated with SNC80 (1 μM) for up to 60 min, and cell surface
expression of FLAG-DOPr was measured by ELISA as mentioned above (n = 4, *P = 0.0285, **P = 0.0017 and ***P = 0.0001; two-way ANOVA with Dunnett’s
multiple-comparisons test).
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and the β2-adrenergic receptors (56). Whether or not CCT-η is
involved in the trafficking of DOPr remains to be investigated.
Numerous studies have proposed heteromerization between

DOPr and other GPCRs such as MOPr, KOPr, and members of
the adrenergic receptors family (reviewed in ref. 32). Rozenfeld
et al. (21) also described the formation of an interacting complex
between DOPr, the cannabinoid type 1 receptor (CB1), and the
adaptor proteins AP-2α and AP-3δ. Interestingly, we also ob-
served CB1 as an endogenous DOPr-interacting partner, along
with both AP-2 complex subunit α-1 and AP-3 complex subunit
δ-1 proteins in our LC-MS/MS analyses. A potential interaction
between DOPr and the GABAB receptor was also observed. To
our knowledge, this has not been reported before, and could be
of importance in DOPr function since several studies have linked
both receptors through physiological and behavioral responses
(60, 61). These observations are important because the entire
concept of GPCR oligomerization is still controversial. However,
if only little evidence of such a phenomenon exists in vivo (62,
63), our work supports the existence of endogenous GPCR
heterocomplexes. Further studies will be needed to confirm and
characterize the roles and impact of these interactions.
Several putative DOPr effectors linked to signal transduction

were also identified in our analyses. The identification of the
adenylate cyclase type 5 (AC5) as a potential DOPr-interacting
protein is of particular interest since Kim et al. (64) have pre-
viously established AC5 as a primary effector for DOPr and
MOPr signaling. However, a physical association between AC5
and the opioid receptors was not previously described. Gathering
evidence suggests that GPCRs and ACs function as macromo-
lecular complexes. Indeed, AC5, heteromers of adenosine A2A
receptors and dopamine D2 receptors homodimers, and their
cognate G proteins were proposed to exist as functional pre-
coupled complexes (65). It has been reported that DOPr can
couple to a broad range of heterotrimeric G proteins, generating
a vast diversity of signaling pathways (reviewed in ref. 32). Our
LC-MS/MS analyses revealed several subunits of heterotrimeric
G proteins such as Gαo, Gα13, Gα11, Gα(olf), Gαq, and Gαz, as
well as Gβ5, Gγ2, Gγ3, and Gγ4 to be potentially associated with
DOPr. In addition to the traditional Gαi and Gαo, DOPr in-
teraction with Gαq and Gαz has already been reported (22). The
Gγ2 subunit was also shown to be involved in DOPr-mediated
antinociception (66). To our knowledge, the other identified
heterotrimeric G proteins have not yet been associated with
DOPr signaling. It would thus be interesting to confirm these
data and study their functional and physiological implications.
Considering the observations of Navarro et al. (65) mentioned
above, in which they reported the existence of functional pre-
coupled complexes, it is also tempting to speculate that some of
these heterotrimeric subunits could couple to other receptors
oligomerizing with DOPr. For example, the identified Gα(olf)
may not be coupled directly with DOPr, but rather with one of
the olfactory receptors identified here as a potential DOPr-
interacting partner. This assumption is further supported by
the fact that Gαz, identified in our LC-MS/MS analyses, was
shown to preferentially regulate the MOPr-DOPr heterodimer
signal transduction (67). Finally, we also identified the
phosphatidylethanolamine-binding protein 1, which was repor-
ted to regulate DOPr-mediated G protein signaling (68). Alto-
gether, the identification of these classical GPCR interactors, in
addition to β-arrestin-1, further supports the reliability of
our model.
Among all of the identified proteins potentially implicated in

the regulation of DOPr trafficking, 15 members of the Rab
GTPase family of proteins were identified in our analysis. Rabs
belong to the largest subfamily of Ras-related small GTPases
with over 60 members (reviewed in ref. 69) and have been
established as key regulators in nearly every stage of GPCR in-
tracellular trafficking (70). Rab10 has been reported to increase

cell surface targeting of membrane proteins such as GLUT4 (33)
and TLR4 (34). Interestingly, in addition to Rab10, our LC-MS/
MS analyses also revealed the presence of several proteins found
in a Rab10-related functional network, including the Lethal (2)
giant larvae protein homolog 1 (Llgl1), a protein previously
reported to act as an activator of Rab10 in neurons by facilitating
its dissociation from GDI (71), as well as the EH domain-binding
protein 1 (EHBP1), a Rab10 effector (72). In HEK293 cells
expressing human DOPr, we confirmed the interaction between
DOPr and Rab10 by coIP assays. During the editorial process of
this manuscript, a role for Rab10 in the trafficking of another
GPCR, the somatostatin receptor subtype 2 (SSTR2), was
reported for the first time, thereby supporting our observations
(35). The existence of an interaction between Rab10 and a
GPCR is further supported by a previous proteomic study
identifying Rab10 as an interactor of the human melatonin re-
ceptor 1 (73). In addition, confocal microscopy experiments
revealed intracellular colocalization between Rab10, DOPr, and
GalT, indicating that the DOPr–Rab10 interaction is partially
localized in trans-Golgi–associated compartments. This is con-
sistent with the description of a Rab10 pool that colocalized with
the TGN marker TGN38 in cultured hippocampal neurons (74).
Given that Rab GTPases normally mediate the transport of
cargo proteins between specific compartments, it is not surpris-
ing that the DOPr–Rab10 complex was found associated with,
but not restricted to the TGN. Rab10 has also been described as
a rather atypical Rab since its localization and functions were not
as restrictive as for the other members of this small GTPase
family (75).
Previous studies have shown that the phosphorylation of Akt

following insulin receptor activation negatively regulates the
Rab10 GAP AS160, which leads to increased levels of activated
Rab10 resulting in the cell surface targeting of GLUT4 (33).
Here, we observed that the overexpression or down-regulation of
Rab10 respectively increased and reduced DOPr cell surface
expression, whereas the down-regulation of AS160 significantly
increased the Rab10-mediated effect on DOPr cell surface ex-
pression. Interestingly, stimulation of opioid receptors has also
been reported to induce AS160 phosphorylation in a PI3K/Akt-
dependent pathway, causing GLUT4 accumulation at the plasma
membrane (76). Given that we and others have previously shown
that chronic morphine treatments increased DOPr cell surface
targeting (9, 10, 77), and that a relation between the inhibition of
PI3K and the Golgi retention of DOPr was also reported by the
Puthenveedu laboratory (78), these findings suggest that GLUT4
and DOPr are regulated through similar trafficking mechanisms.
Since the TGN represents the final compartment for receptor

maturation prior to its membrane delivery, it is plausible that
Rab10 could interact with DOPr in the TGN in order to regulate
its cell surface targeting. Our results also suggest a role for
Rab10 in the agonist-induced trafficking of DOPr. However,
since this latter assay measures a dynamic process between in-
ternalization, recycling, and anterograde transport of the re-
ceptor, a decrease in DOPr cell surface expression following
stimulation with SNC80 can be due to an augmentation in in-
ternalization, or to a decrease in either recycling or anterograde
trafficking. Despite many reports of DOPr being targeted for
degradation following internalization, this receptor was also
shown to recycle (79, 80). More recently, Charfi et al. (81)
proposed a mechanism in which Rab9 and TIP47 rescued DOPr
from the degradation path by mediating its transport from late
endosomes to the TGN, and therefore allowing its recycling back
to the membrane. By being localized in the TGN, Rab10 may
thus be implicated in the itinerary of those rescued receptors.
Furthermore, given the recently reported role of Rab10 in the
regulation of tubular endosome recycling (82), and the identifi-
cation of several putative DOPr-interacting proteins involved in
recycling pathways (e.g., EHD1, EHD3, SNX27), it is conceivable
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that Rab10 may indeed be implicated in various DOPr trafficking
processes.
In summary, we have generated a transgenic FLAG-DOPr-KI

mouse model and characterized the expression, distribution, and
functional activation of the epitope-tagged DOPr. Using this
unique mouse model, we further identified several potential
endogenous DOPr-interacting partners, thus providing leads for
the discovery of molecular and cellular mechanisms regulating
DOPr signaling and trafficking in vivo. This work should also be
pivotal in the study of many GPCRs, as it can be transposed to
any other receptor and enables a myriad of possibilities, such as
the analysis of their interactome in various tissues or following
specific treatments in a physiologically relevant context.

Materials and Methods
Generation of FLAG-DOPr-KO (KO) mice was carried out by a classical ho-
mologous recombination-based approach. A mouse line expressing a
N-terminal FLAG-tagged DOPr endogenously (FLAG-DOPr-KI or KI) was then
generated by breeding KO with Zp3-Cre mice. For LC-MS/MS analyses, FLAG-
DOPr was immunoprecipitated from the forebrain of five mice per condition
(i.e., KO and KI) using M2 mouse monoclonal anti-FLAG antibodies immobilized

on magnetic beads. A protein was considered as a potential DOPr-interacting
partner when the ratio of peptide intensity displayed at least a 1.5-fold increase
in the KI condition compared to KO.

Data Availability. The authors declare that all data, protocols, and materials
are detailed in the manuscript or in SI Appendix.
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