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Heteromerization of p-opioid receptor and
cholecystokinin B receptor through the
third transmembrane domain of the p-
opioid receptor contributes to the anti-
opioid effects of cholecystokinin
octapeptide
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Abstract

Activation of the cholecystokinin type B receptor (CCKBR) by cholecystokinin octapeptide (CCK-8) inhibits opioid
analgesia. Chronic opiate treatment leads to an increase in the CCK-8 concentration and thus enhances the
antagonism of CCK-8 against opioid analgesia; the underlying molecular mechanisms remain of great interest. In the
present study, we validated the colocalization of the p-opioid receptor (MOR) and CCKBR in pain signal transmission-
related spinal cord dorsal horn and dorsal root ganglion neurons of rats. Co-immunoprecipitation (Co-IP) and
fluorescence lifetime-imaging-microscopy-based fluorescence resonance energy transfer (FLIM-FRET) assays showed
that MOR heteromerized with CCKBR directly in transfected HEK293 cells. Combined with MOR mutant construction,
the third transmembrane domain of MOR (TM3,,0r) Was demonstrated to participate in heteromerization with CCKBR.
Receptor ligand binding, ERK phosphorylation and cAMP assays showed that MOR heteromerization with CCKBR
weakened the activity of MOR. A cell-penetrating interfering peptide consisting of TM3y0r and TAT (a transactivator
of HIV-1) sequences from the N terminal to the C terminal disrupted the MOR-CCKBR interaction and restored the
activity of MOR in transfected HEK293 cells. Furthermore, intrathecal application of the TM3,0p-TAT peptide alleviated
CCK-8-injection-induced antagonism to morphine analgesia in rats. These results suggest a new molecular
mechanism for CCK-8 antagonism to opioid analgesia in terms of G-protein-coupled receptor (GPCR) interaction
through direct heteromerization. Our study may provide a potential strategy for pain management with opioid
analgesics.

Introduction
Opium has been used to relieve acute and chronic
— _ pain for hundreds of years. As the mainstay of pain
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long-term application of p-opioid agonists produces
tolerance,  limiting  their  clinical  application.
Opioid tolerance involves a wide range of mechanisms
that lead to reduction in response to opioids.
In addition to receptor phosphorylation, arrestin
association, endocytosis and desensitization®, anti-opioid
systems contribute to the inhibition of opioid analgesia as
well®,

Our previous serial investigations found the antagonism
of cholecystokinin octapeptide (CCK-8) to opioid
analgesia® . Studies using L-365,260, a specific antagonist
of the cholecystokinin type B receptor (CCKBR),
showed that CCK-8 inhibited opioid analgesia through
CCKBR* ', 1-365,260 potentiated opioid-induced
analgesia; however, its administration per se did not
affect pain threshold!!. In addition, the inhibitory effect of
MOR on voltage-gated calcium current in dorsal root
ganglion (DRG) neurons could be antagonized by CCK-8
through CCKBR located in the same neuron'” In the
development of electroacupuncture analgesia tolerance,
CCK-8 and its CCKBR were additionally involved'®. A
remarkable increase in CCK-8 immunoreactivity was
observed in the perfusate of the rat spinal cord during
electroacupuncture analgesia tolerance'’. These reports
suggest that CCKBR may mediate antagonism to opioid
analgesia, specifically MOR-mediated analgesia through
interaction with MOR rather than simply reducing the
pain threshold.

Recent literature has reported that G-protein-coupled
receptor (GPCR) heteromerization can modulate
receptor functions**™*¢, Direct interaction between MOR
and d-opioid receptor (DOR) enhanced DOR binding
through allosteric modulation of receptor function'”.
The activity of MOR was regulated by interaction with
DOR and contributed to morphine tolerance'®. The
antagonistic interaction of adenosine A,5 and dopamine
D, receptors depended on their heteromerization and
Gg/11—PLC signaling'”. Both MOR and CCKBR are
GPCRs; therefore, it is possible that MOR and CCKBR
may directly form heteromers and thus influence MOR
functions.

In the present study, we hypothesize that CCKBR and
MOR form heteromers, and the heteromerization then
inhibits the function of MOR and thus contributes to the
anti-opioid effects of CCK-8. We first validated the
colocalization of MOR and CCKBR in neurons and then
utilized co-immunoprecipitation (Co-IP) and fluorescence
lifetime-imaging-microscopy-based fluorescence reso-
nance energy transfer (FLIM-FRET) to examine
whether MOR and CCKBR could form heteromers
through direct protein—protein interaction and thus
inhibit MOR functions. Finally, we identified the third
transmembrane domain of MOR participating in binding
with CCKBR.
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Materials and methods
Plasmid construction

The procedures for the construction of plasmids
expressing HA-MOR, FLAG-CCKBR, MOR-EGFP,
CCKBR-mCherry, and MOR (TM3 to TM6, or TM4 to
TM6)-EGFP are described in the Supplementary
Materials. The pcDNA 3.0-HA-MOR was kindly provided
by Professor Liu-Chen L-Y at the Temple University
School of Medicine, USA. The pcDNA 4.0-FLAG-CCKBR
was a gift from Professor Hellmich MR at the
University of Texas Medical Branch, USA. The pEGFP-
N1 and pmCherry-N1 were purchased from Clontech
Laboratories Inc., CA, USA. All primers used in plasmid
constructions are listed in the Supplementary Materials
(Table S1).

Cell culture and transfection

HEK293 cells were cultured in DMEM (Gibco, Carls-
bad, CA) containing 10% fetal bovine serum (HyClone,
Logan, UT) in a humidified atmosphere containing 5%
CO, at 37°C. The cells were transfected with 1ug of
plasmid per 35-mm dish or 4 pg of plasmid per 60-mm
dish using Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
and were cultured for 48h. For the co-expression of
MOR and CCKBR, the cells were co-transfected with the
relevant plasmids.

Stable expression of HA-MOR and FLAG-CCKBR in HEK293
cells

The HEK293 cells were first transfected with pcDNA
3.0-HA-MOR or pcDNA 4.0-FLAG-CCKBR using Lipo-
fectamine 2000. Forty-eight hours after transfection, the
cells were digested successively with 0.02% EDTA and
0.25% trypsin, selected in culture medium containing
neomycin (Invitrogen) or zeocin (Invitrogen). To generate
cells stably co-expressing two receptors, cells stably
expressing FLAG-CCKBR were subjected to a second
round of pcDNA 3.0-HA-MOR plasmid transfection and
selected in the presence of neomycin and zeocin. Co-
expression and membrane colocalization of HA-MOR
and FLAG-CCKBR were confirmed by western blot and
immunofluorescent staining.

Western blot

HA-MOR or FLAG-CCKBR expressed in the HEK293
cells was detected using western blot, as previously
described®. Briefly, total cellular proteins extracted from
relevant receptor-expressing cells (20 ug per well) were
separated in SDS-PAGE electrophoresis (Bio-Rad,
Hercules, CA; 10% gel) and then transferred to PVDF
membranes (Millipore, Billerica, MA). The membranes
were blocked with 5% non-fat milk (Applygen, Beijing,
China) or bovine serum albumin (BSA; Amresco, Solon,
OH) for 1h at room temperature and incubated with
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relevant antibodies overnight at 4°C. The PVDF mem-
brane was then incubated with a relevant horseradish
peroxidase (HRP)-conjugated secondary antibody (Jack-
son ImmunoResearch Inc., West Grove, PA) for 1h at
room temperature. Subsequently, the target proteins on
the PVDF membrane were detected using the enhanced
chemiluminescence protocol (ECL kit; PerkinElmer,
Waltham, MA). The protein-extracting procedures
and antibody information (Table S2) are provided in
Supplementary Materials.

Immunofluorescence staining

Immunofluorescence staining of MOR and CCKBR in
the frozen sections of the spinal cord and L4-L5 dorsal
root ganglia (DRG) was performed as previously
described®’. Rats were anesthetized and sequentially
transcardially perfused with saline and 4% paraformalde-
hyde (pH 7.4). The spinal cord and DRG were quickly
removed, post-fixed with 4% paraformaldehyde, and then
placed in 20% sucrose solution, followed by 30% sucrose
solution. For the spinal cord, cross-sections of 15-um
thickness were cut. For the DRG, 8-pum thick sections
were cut along the long axis. The sections were hydrated
in phosphate-buffered saline (PBS) at room temperature
for 30 min and blocked with 10% goat serum for 1h.
Then, sections were incubated with guinea pig anti-rat
MOR antibody (1:50 dilution; Chemicon, Temecula, CA)
overnight at 4°C, followed by incubation with rabbit
anti-human CCKBR antibody (1:50; Abcam, Cambridge,
UK), FITC-conjugated goat anti-guinea pig IgG (1:2000;
Jackson ImmunoResearch Inc.), and TRITC-conjugated
goat anti-rabbit IgG (1:2000; Jackson ImmunoResearch
Inc.). After washing with PBS, the stained slides were
viewed and photographed with a CCD camera under a
fluorescence microscope (DMIRB, Leica Microsystems,
Wetzlar, Germany).

For immunofluorescent staining of cultured cells, the
cells were seeded on poly-L-lysine (Sigma-Aldrich, St.
Louis, MO)-coated glass 1 day before staining. The cells
were washed with 0.01 M PBS three times, fixed with 4%
cold paraformaldehyde (pH 7.4), subsequently blocked
with 10% goat serum in PBS for 1h, and incubated with
anti-FLAG antibody (1:200; Sigma-Aldrich) and anti-HA
antibody (1:50; Roche, Basel, Switzerland) in 1% BSA and
0.3% Triton X-100 diluted with PBS overnight at 4°C.
After washing three times with PBS, the cells were incu-
bated with FITC-conjugated goat anti-rabbit IgG (1:2000;
Jackson ImmunoResearch Inc.) and subsequently TRITC-
conjugated goat anti-rat IgG (1:100; Santa Cruz, Dallas,
TX) and Hoecht33342 (10 pg/ml; Dingguo, Beijing,
China). After washing with PBS, the stained slides were
viewed and photographed with a CCD camera under a
confocal laser scanning microscope (TCS SP2, Leica
Microsystems).
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Co-immunoprecipitation

The suspended lysate of the cells was prepared as
described for the western blot. Samples containing 500 pg
of protein were diluted to 500 pL (1 pg/pL) and incubated
with 3 pug of monoclonal anti-HA (Roche) or anti-FLAG
(Sigma-Aldrich) antibody overnight at 4°C. Parallel
incubation with isotype IgG was used as a negative
control. Protein samples were added to 20 uL A/G agarose
(Santa Cruz) suspension and incubated for 4h at 4°C.
Following centrifugation at 4 °C, the beads were washed
six times with the lysis buffer. After washing, the
precipitates were resuspended with SDS sample buffer,
and the samples were heated twice at 95°C for 5 min.
Following centrifugation, the supernatant containing
immunoprecipitates was processed for immunoblotting
with anti-HA or anti-FLAG antibody, as described above.

Fluorescence lifetime imaging-microscopy-based
fluorescence resonance energy transfer

Freshly split HEK293 cells were plated onto a 35-mm
glass-bottom dish (043514B, Shengyou Biotechnology,
Hangzhou, China) coated with cell adherent reagent
(C1010, Applygen) and after 24 h were transiently trans-
fected with the following series of plasmids: (i) pPEGFP-N1
alone, (ii) pEGFP-N1 and pmCherry-N1, (iii) pEGFP-
mCherry alone, (iv) pPEGFP-N1-MOR alone, (v) pEGFP-
N1-MOR and pmCherry-N1, (vi) pEGFP-N1-MOR and
pmCherry-N1-CCKBR, (vii) pEGFP-N1-MOR (TM3 to
TM6) alone, and (viii) pEGFP-N1-MOR (TM3 to TM6)
and pmCherry-N1-CCKBR plasmids. The cells were fixed
by 4% paraformaldehyde for 20 min at room temperature
and washed three times in PBS before analysis. FLIM
analysis was performed using a Leica TCS SP8
two-photon excitation scanning confocal microscope
(x64 APO/NA = 1.4, Leica Microsystems) combined with
PicoHarp 300 TCSPC module and Picos event timer
(PicoQuant GmbH, Rudower Chaussee 29 D-12489,
Germany). For lifetime imaging, the laser was tuned to
920 nm to excite EGFP with a frame size of 256 x 256
pixels, and at least 10 cells per sample were acquired. The
lowest photon count limit of 500 photons per pixel was
used when selecting pixels for fitting fluorescent decay
curves. Regions of interest were selected from FLIM
images, and time-resolved photon counts were summed
up into a lifetime histogram within the SymPhoTime
software (PicoQuant GmbH). FRET efficiency was
calculated using the following equation:

E=1- (TDA/TD)

7p represented the lifetime of the donor-alone group and
was calculated and judged by the y*-values and residuals
of the fit. 7p represented the lifetime of the donor and
FRET-acceptor co-expressing group and was calculated
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by fixing rp (no FRET) to obtain the sum of biexponential
terms.

For MOR-CCKBR-binding disruption, a scrambled
sequence-TAT (6 pg) or TM3yor-TAT (6 pug) was added
into the medium 4 h before evaluation.

Radio-ligand-binding assay

HEK293 cells stably expressing HA-MOR or co-
expressing HA-MOR and FLAG-CCKBR were harvested
and lysed using the binding buffer containing 5 mM Tris-
HCI (pH 7.4), 5mM EDTA, and 5 mM EGTA at 4°C for
30 min. The harvested cells were centrifuged at 40,000xg
for 20 min at 4°C, and the pellet was homogenized by
filtering through a needle. The homogenate was then
centrifuged at 40,000xg for 20 min at 4 °C. The pellet was
resuspended in the binding buffer and used as the
membrane preparation for the radio-ligand-binding assay.
Protein concentration in the prepared membrane was
measured by the Coomassie Brilliant Blue method. For
the saturation-binding analysis, cell membranes (50-80
pug of protein per assay tube) were incubated with
gradient concentrations of [3H]—[D—Alaz,N—Me—Phe4,Gly—
ol®]-enkephalin (DAMGO; PerkinElmer) for 1h at 37 °C.
Nonspecific binding was determined by adding 100 nM
DAMGO (Sigma-Aldrich) to the reaction mixture. The
binding reaction was terminated by the rapid filtration
through glass microfiber filters. Filters were washed with
ice-cold binding buffer three times, and the bound
radioactivity was measured using a liquid scintillation
counter. The Prism program (GraphPad Software, La
Jolla, CA) was used to analyze the data derived from the
saturation-binding assays and obtain By, and Kp values.

ERK1/2 phosphorylation assay

Cells were cultured overnight with serum-free DMEM
and then exposed to DAMGO at 37°C. After being
washed twice with PBS, cells were lysed in the SDS sample
buffer containing 31 mM Tris-HCI (pH 6.8), 1% SDS, 5%
glycerol, and 2.5% p-mercaptoethanol. Approximately 40
ug protein per well was separated in 10% SDS-PAGE gel
and then transferred to PVDF membrane. After being
blocked with block buffer (5% BSA dissolved in TBST) for
1h at room temperature, the membrane was incubated
with anti-phospho-ERK1/2 mitogen-activated protein
kinase (MAPK) polyclonal antibody (1:2000 dilution; CST,
Danvers, MA) overnight at 4 °C. After being washed, the
membrane was incubated with HRP-conjugated goat anti-
rabbit antibody (Jackson ImmunoResearch Inc.). Subse-
quently, immunoreactive proteins on the membrane were
visualized using the ECL protocol (ECL kit, CST). To
confirm the equal amount of MAPK loaded, the blots
were stripped and re-blotted with anti-total ERK1/2
polyclonal antibody (1:2000 dilution; CST). The phospho-
ERK1/2 MAPK gel bands were normalized with total
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ERK1/2 MAPK and expressed as percentage of the basal
value of untreated cells.

For MOR-CCKBR-binding disruption, a scrambled
sequence-TAT (6 pg/mL) or TM3yor-TAT (6 pg/mL)
was added into the medium 4 h before tests.

Intracellular cAMP assay

HEK293 cells stably expressing HA-MOR alone or co-
expressed with FLAG-CCKBR were used to investigate
DAMGO inhibition of forskolin-induced cAMP increase.
Cells were seeded onto 10-cm dishes. On the experiment
day, cells were pretreated with serum-free DMEM media
containing 500 uM IBMX (Sigma-Aldrich) for 10 min,
followed by incubation with 100puM forskolin
(Sigma-Aldrich) in the presence or absence of different
concentrations of DAMGO (from 10" to 10 M) for
30 min. Reactions were stopped with ice-cold PBS. Cell
pellets were collected and resuspended with lysis buffer
(provided in the ELISA kit). Subsequently, cells were
frozen/thawed twice, and the supernatant was obtained by
centrifugation (4 °C, 600xg for 10 min) and immediately
subjected to a cAMP assay. The cAMP levels were
determined using a sensitive ELISA kit according to the
manufacturer’s instructions (KGE002B, R&D Systems
Inc., Minneapolis, MN). A four-parameter logistic (4-PL)
curve was generated to create the standard curve and
fitted to an optical density-cAMP concentration func-
tional equation. The cAMP concentrations of the samples
were calculated according to the equation. The Prism
program (GraphPad Software) was used to analyze the
differences in forskolin responses®” between MOR alone
and MOR-CCKBR-co-expressing cells treated with each
concentration of DAMGO.

For MOR-CCKBR-binding disruption, a scrambled
sequence-TAT (6 ug/mL) or TM3yor-TAT (6 pg/mL)
was added into the medium of MOR and CCKBR-co-
expressing cells 4 h before treatment with DAMGO and
forskolin.

Animals and intrathecal catheter implantation surgery

All animal experiments were performed according to
the guidelines of the International Association for the
Study of Pain and were approved by the Animal Care and
Use Committee of our University.

Adult male Sprague—Dawley rats (8-10 weeks,
160-180 g) were provided by the Department of Labora-
tory Animal Sciences, Peking University Health Science
Center. The rats were allowed to adapt to the environ-
ment for 1 week and were handled at least 5 min per day
for 3 days before any experiments were performed. The
rats were housed in a separate cage on a 12-h light/dark
cycle with access to food and water ad libitum.

For the intrathecal catheter implantation surgery, the
rats were anesthetized with chloral hydrate (0.3 g/kg,
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HEK293 cells shown by confocal microscopy imaging. Scale bar =25 um

Fig. 1 Expression and colocalization of MOR and CCKBR on the membrane of cells. (a) Colocalization of MOR (green) and CCKBR (red)

examined with double immunofluorescent staining in the spinal dorsal horn (top panel) and in the DRG (bottom panel). Scale bar = 10 um. b Co-
expression of HA-MOR and FLAG-CCKBR in co-transfected HEK293 cells revealed by western blots using anti-HA or anti-FLAG antibody. Compared
with wild-type HEK293 cells, MOR and CCKBR protein expression could be detected. ¢ Distribution of HA-MOR and FLAG-CCKBR in co-transfected
HEK293 cells examined with immunofluorescent labeling with anti-HA or anti-FLAG antibody. Scale bar =25 um. d Expressions of MOR-EGFP and
CCKBR-mCherry in co-transfected HEK293 cells examined with western blot. e Colocalization of MOR-EGFP and CCKBR-mCherry in co-transfected

intraperitoneal), and the surgical procedures were per-
formed as previously described in our laboratory™. A
guide cannula was used to puncture the dura at the cauda
equine level, and a PE-10 catheter was implanted to the
lumbar enlargement level (3.5-4.0cm rostral than the
cannula) at the subarachnoid space through the cannula.
The outer part of the catheter was plugged and fixed onto
the skin between the rat ears. A 5-day recovery was given
before further experimental procedures.

Drug delivery and behavior tests

Cholecystokinin octapeptide (C-2175, Sigma-Aldrich)
and morphine (Qinghai Pharmaceutical, Qinghai, China)
were dissolved in 0.9% physiological saline to a final
concentration of 1 ng/pL and 10 mg/mL, respectively. The
third transmembrane sequence of MOR-based TM3y0r-
TAT (KIVISIDYYNMFTSIFTLCTMSV-RKKRRQRRR)
and scrambled sequence-TAT (VYISLTVSITDFIIKSFC-
MYNMT-RKKRRQRRR) were synthesized and purified
by GL Biochem, Shanghai, China. A 5-FAM fluorophore
labeled at the N terminal of the TM3y;0r-TAT peptide
was synthesized to show the distribution of the interfering
peptide in cells. Interfering peptides of 1 mg were first
dissolved in 25 uL. DMSO and diluted to 1 mL with PBS,
sonicating for 5 min to aid in dissolving.

The thermal pain threshold test was performed as
previously described**. The rat was allowed to acclimate
for 30 min within an acrylic enclosure on a clear glass
plate. A radiant heat source (Series 8 Model 390, IITC Life
Science, Woodland Hills, CA) was focused onto the
plantar surface of the left hind paw. The time from the
application of the heat source to the rat paw withdrawal
was recorded as the paw withdrawal latency (PWL) to
reflect the pain threshold. The test was repeated three
times with a minimum 5-min interval, and the pain
threshold for each rat was determined as the mean value
of three PWL tests.

%MPE = (test PWL — baseline PWL)/(cutoff time —
baseline PWL) x 100

The power of the heat source was set to 50 W, and the
cutoff time was set to 30s. The rats were randomly divi-
ded into two groups. On the first day, baselines of thermal
pain threshold were tested; CCK-8 (4ng) or 0.9% phy-
siological saline (equal volume) was injected (intrathecally
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(i.t.)) through the implanted catheter into the animals in
two groups, respectively. Morphine (2 mg/kg) was injec-
ted (subcutaneously (s.c.)) 30min before the pain
threshold test. Leaving 1 day for the drugs to metabolize
completely, on the third day, the baselines of the pain
threshold were tested again, and TM3y10r-TAT (20 pg) or
a scrambled sequence-TAT (20pug) was injected (i.t.)
through the implanted catheter into animals in two
groups 4 h before CCK-8 (4ng) injection (i.t.), respec-
tively. Next, morphine (2 mg/kg) was injected (s.c.), and
pain thresholds were tested at 30 min. The behavior test
experimenter was blinded to drug delivery. A total of 20
rats were used. Two of them failed in the catheter-
implanting surgery, and one of them was killed for
excessive weight loss; these three rats were censored in
the data analysis.

Statistics

Data are presented as the mean + SEM. Statistical ana-
lysis was performed using Prism 5 for Windows (Graph-
Pad Software). A two-tailed, paired or unpaired ¢-test was
used for comparing the two groups. Differences were
considered significant at p < 0.05.

Results
MOR and CCKBR heteromerized in transfected HEK293
cells

Colocalization of two receptors is the precondition of
their heteromerization. To assess whether MOR and
CCKBR could colocalize on the membrane of cells, we
performed double-labeling immunofluorescence staining.
Colocalization of MOR and CCKBR was detected in two
pain-modulation-related regions including the spinal
dorsal horn and the DRG in rats (Fig. 1a).

We further examined the co-expression of MOR and
CCKBR in HEK293 cells stably expressing HA-MOR and
FLAG-CCKBR with immunocytochemical techniques
and immunoblotting. Approximately 70% of the cells
expressed HA-MOR or co-expressed HA-MOR and
FLAG-CCKBR in the stable transfected cells (Figure Sla,
b and ¢). HA-MOR and FLAG-CCKBR were colocalized
on the cell membrane (Fig. 1b, c). Colocalization is the
basis of the functional regulation of two receptors through
interaction. Fluorescent-protein-fused receptors, MOR-
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Fig. 2 Heteromerization of MOR and CCKBR in co-transfected HEK293 cells. (a) Co-IP experiments with the anti-FLAG antibody. Compared to
the IgG group, HA-MOR could be co-immunoprecipitated with FLAG-CCKBR from the lysate of HEK293 cells, stably overexpressing HA-MOR and
FLAG-CCKBR. Supernatants after Co-IP reaction indicated that not all MORs form heteromers with CCKBRs. b Co-IP experiments with the anti-HA
antibody. FLAG-CCKBR was also co-immunoprecipitated with HA-MOR. ¢ FLIM image of EGFP in different co-expressing cells. Compared with the
group expressing MOR-EGFP alone or the MOR-EGFP- and mCherry-co-expressing group, the lifetime of MOR-EGFP in the MOR-EGFP- and CCKBR-
mCherry-co-expressing group showed blueshifting, indicating the shortened EGFP fluorescence lifetime. d Statistics of EGFP fluorescence lifetime in
(c). @ FRET assay results. FRET efficiency of the MOR-EGFP- and CCKBR-mCherry-co-expressing group was significantly higher than the EGFP- and
mCherry-co-expressing group (negative control) or the MOR-EGFP- and mCherry-co-expressing group. The EGFP-mCherry-fusion-protein-expressing
group was a positive control. ***p < 0.0001, t-test. Data are represented as the mean + SEM

EGFP and CCKBR-mCherry, were transiently transfected
in HEK293 cells. Both receptors were expressed and
colocalized on the membranes (Fig. 1d, e). These results
indicate that MOR and CCKBR colocalize on the mem-
brane of the same neuron or a transfected HEK293 cell,
which makes it possible to form heteromers of these two
receptors.

To determine the MOR—CCKBR heteromers, we first
tested whether MOR formed a protein complex with
CCKBR using Co-IP. An anti-FLAG antibody co-
immunoprecipitated with HA-MOR in proteins extrac-
ted from HA-MOR and FLAG-CCKBR stably co-
expressed HEK293 cells (Fig. 2a), suggesting the exis-
tence of a MOR-CCKBR complex. Conversely, anti-HA
antibody co-immunoprecipitated with FLAG-CCKBR
(Fig. 2b), confirming the existence of a MOR-CCKBR
complex in HEK293 cells as well.

To further validate the interaction of MOR and CCKBR
in intact cells, we performed two-photon FLIM-FRET in
MOR-EGFP and CCKBR-mCherry-co-expressing
HEK293 cells. FRET is usually limited to a distance less
than ~10 nm; thus, the FLIM-FRET technique increases
the spatial resolution to 10 nm and provides the means to
detect direct protein—protein interactions*>*°. The
fluorescent images showed that ~40% of the cells
expressed the transfected MOR-EGFP and CCKBR-
mCherry (Figure S1d). Using FLIM-FRET, we confirmed
that MOR and CCKBR were within close proximity, as
measured by the shortened lifetime of the donor fluor-
ophore EGFP that was fused with MOR (Fig. 2c). The
statistical fluorescence lifetime of EGFP showed a
significant decrease in EGFP-mCherry-expressing cells
compared with cells expressing EGFP alone, as a positive
control. Similarly, the fluorescence lifetime of EGFP
significantly decreased in MOR-EGFP- and CCKBR-
mCherry-co-expressing cells compared with MOR-
EGFP- and mCherry-co-expressing cells (Fig. 2d). Sig-
nificantly increased FRET efficiency (p <0.0001) in the
MOR-EGFP- and CCKBR-mCherry-co-expressing group
compared with the MOR-EGFP- and mCherry-co-
expressing group indicates a direct MOR-CCKBR inter-
action in the co-transfected HEK293 cells (Fig. 2e).
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TM3 of MOR mediated the MOR-CCKBR heteromerization

To further validate the heteromerization of
MOR-CCKBR, we aimed to identify the domain of MOR
that participates in the interaction with CCKBR.

We first used a threading method to simulate a model of
the MOR-CCKBR complex””. Subsequently, a
computational prediction was performed to analyze the
interface of the MOR—-CCKBR interaction. The prediction
results showed that the intracellular loop 2 (IL2),
extracellular loop 2 (EL2), transmembrane domain
3 (TM3), and TM4 of MOR were most likely the
domains constituting the binding interface with CCKBR
(Fig. 3a). According to the predicted structure of the
MOR-CCKBR complex, the TM6 of MOR was located
the farthest from the binding interface and was the least
likely to bind with CCKBR. We constructed MOR with
IL2 or EL2 amino-acid fragment deletion, TM3 replaced
by TM6 mutation of MOR and TM4 replaced by TM6
mutation of MOR, all of which were fused with EGFP at
the C terminal of the MOR sequence (Fig. 3b and Fig-
ure S3). FLIM assays using the mutant MORs demon-
strated that only TM3 replaced with TM6-MOR-EGFP
showed significantly less shortened lifetime of the donor
fluorophore  co-expressed ~ with ~ CCKBR-mCherry
compared to the wild-type MOR group (Fig. 3c, d and
Figure S4). FRET efficiency significantly decreased
(p=0.0029) in the group in which TM3 was replaced
with TM6 mutation compared to that in the wild-type
MOR group (Fig. 3e). These results suggest that the
TM3 domain of MOR acts as a key factor in the hetero-
merization of MOR and CCKBR.

Hence, we developed a cell-penetrating interfering
peptide (TM3y;0r-TAT) according to the sequence of the
MOR TM3 by adding the TAT sequence (RKKRRQRRR)
to the C terminal of the entire TM3. A 5-FAM fluor-
ophore labeled on the N terminal of the peptide provided
its location image in the HEK293 cells under laser scan-
ning confocal microscopy (Fig. 4a). As the fluorescent
images showed, the TM3y0r-TAT peptide penetrated
the cell membrane, and the membrane-located peptide
made it possible to maintain its function in disrupting the
MOR-CCKBR interaction.
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model of the MOR-CCKBR complex structure. The blue- and red-colored structures represent MOR and CCKBR, respectively. The green domains
represent receptor-receptor-binding sites. b Expression and colocalization of MOR (TM3 replaced with TM6)-EGFP and CCKBR-mCherry in HEK293
cells. ¢ FLIM images of EGFP alone or linked with mutant MOR or wild-type MOR in different overexpressing HEK293 cells. The lifetime of MOR-EGFP
co-expressed with CCKBR-mCherry was shorter than that of MOR-EGFP expression alone, as indicated by a blueshift in the color. However, mutant
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EGFP fluorescence lifetime in (c). e FRET efficiency showed a significant decrease in energy transfer between mutant MOR-EGFP and CCKBR-mCherry.
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*p < 0.05, **p <001, t-test. Data are represented as the mean + SEM

Fig. 4 TM3\,0r-TAT peptide disrupted MOR-CCKBR interaction. a An example of confocal microscopy image of 5-FAM-labeled TM3yor-TAT-
treated HEK293 cells showing successful penetration of the TM3y0x-TAT peptides into the cells (left). The magnified area indicates the membrane
location of the peptide (right). b An example of the FLIM image of TAT-fused peptide-treated cells co-expressing MOR-EGFP and CCKBR-mCherry.
Compared with the untreated or scrambled-TAT-treated group, EGFP in the TM3y,0r-TAT-treated cells showed longer lifetime of fluorescence. ¢
Statistics of EGFP fluorescence lifetime in (b). d FRET efficiency of MOR-EGFP and CCKBR-mCherry in interfering peptide-treated cells. Compared with
the non-peptide-treated or scrambled-TAT-treated group, the TM3y0r-TAT-treated group exhibited a significant decrease in FRET efficiency.

FLIM images showed that MOR-fused EGFP in the
TM3por-TAT-treated group exerted a longer fluores-
cence lifetime than in the group pretreated with an
amino-acid scrambled control peptide (scrambled-TAT;
Fig. 4b, ¢). FRET efficiency calculation showed that the
interaction of MOR and CCKBR was effectively interfered
with by TM3y0r-TAT pretreatment (Fig. 4d). These data
further confirm that TM3 is the interface of MOR inter-
acting with CCKBR and indicate that the TM3y0r-TAT

treatment could be a convenient approach to
interfere with the heteromerization of MOR and
CCKBR.

Heteromerization of MOR and CCKBR inhibited MOR
activity in transfected HEK293 cells

To determine whether heteromerization with CCKBR
alters pharmacological properties of MOR, a radio-ligand-
binding assay was performed using a MOR-selective
agonist [°’H]-DAMGO. The density of binding sites (Bmax)
and the affinity to radioligands were determined through
saturation analysis with membranes of HEK293 cells
expressing HA-MOR alone or co-expressing HA-MOR
and FLAG-CCKBR (Table 1). Although expression of
total cellular HA-MOR was upregulated in the HA-MOR-
and FLAG-CCKBR-co-expressed cells (Figure S2a and b),
the B,.x values were not significantly influenced (Fig-
ure S2c), indicating that the heteromerization of MOR
and CCKBR did not increase the density of MOR ligand-
binding sites on the cell membrane. However, the Kp
values for [?’H]-DAMGO decreased significantly. The Kp
values of MOR were significantly higher in the cells stably
co-transfected with CCKBR and MOR (2.27 + 0.28 nM)
than those in the cells expressing MOR alone (1.28 + 0.11
nM). These results indicate that heteromerization of
MOR and CCKBR leads to a decrease of MOR affinity,
while it has no significant effects on the maximum
binding sites of MOR.

To confirm the radio-ligand-binding results, we further
assayed the agonist-mediated phosphorylation of ERK1/2
and measured the effect of CCKBR-co-expression on
MOR-dependent phosphorylation of ERK1/2 (Fig. 5a). In
HEK293 cells stably transfected with only MOR or co-
transfected with MOR and CCKBR, DAMGO enhanced
ERK1/2 phosphorylation in a concentration-dependent
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Table 1 Results of radio-ligand-binding assay of MOR
Receptor [*H]-DAMGO

Bmax (fmol/mg protein) Kp (nM)
MOR 1851+ 110 128+0.11
MOR + CCKBR 2550+ 720 2.27 £0.28%

Saturation-binding assays were performed on membrane samples prepared
from stably transfected cells. The dissociation constant (Kp) and the number of
[*H]-DAMGO-binding sites (Bna.) Were calculated. Co-expressing cells were
compared with cells expressing MOR alone. *p < 0.05, t-test, n=4

manner. Significantly lower ERK1/2 phosphorylation
responses were observed in the MOR- and CCKBR-co-
expressing cells compared to those in the cells expressing
MOR alone under stimulation of DAMGO at 10, 107°,
and 10~ ® M, respectively (Fig. 5b).

We further examined whether MOR co-expression with
CCKBR could result in differences in the time-response
curve of MOR to DAMGO, an MOR agonist. The cells
were incubated with 107'° M DAMGO for different time
intervals from 1 to 60 min and then were lysed to deter-
mine pERK1/2 levels (Fig. 5¢). After incubation, DAMGO
induced ERK1/2 phosphorylation with a similar response
pattern in these two types of cells, ie, ERK1/2
phosphorylation appeared to increase at 1 min, reached a
peak at 5min, then gradually declined and almost
returned to the basal level at 15 min. Although the two
cell lines shared similar response curves to DAMGO, the
ERK1/2 phosphorylation response decreased significantly
in cells co-transfected with MOR and CCKBR with a
5-min-DAMGO incubation (Fig. 5d), suggesting that
co-expression with CCKBR could diminish DAMGO-
induced ERK1/2 phosphorylation by decreased affinity for
DAMGO.

To accurately quantify receptor activation, we further
performed cAMP assays with an ELISA experiment. It is
known that DAMGO activation of MOR decreased
forskolin-induced intracellular cAMP accumulation. Per-
cent inhibition of forskolin-induced cAMP accumulation
by DAMGO-stimulated MOR was calculated to evaluate
the activity of MOR. In accordance with the results of the
ERK1/2 phosphorylation assays, 10°''M DAMGO-
induced inhibition of cAMP accumulation decreased in
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\

the MOR- and CCKBR-co-expressing cells compared
with that in the cells expressing MOR alone (Fig. 6). The
original cAMP concentrations were provided in the
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Figure S5a. When there was no DAMGO treatment, the
basal cAMP concentration in the cells expressing MOR
alone was slightly higher than in the MOR- and CCKBR-
co-expressing cells. However, the decrease in the cAMP
concentration was greater in the cells expressing MOR
alone than in the MOR- and CCKBR-co-expressing cells,
after DAMGO treatment.

These results suggest that the MOR co-expression with
CCKBR decreases the signaling transduction coupled with
MOR.

TM3por-TAT peptide rescued the MOR activity by
disrupting MOR-CCKBR interaction and remitted CCK-8-
induced antagonism to morphine analgesia

If the MOR-CCKBR interaction plays a role in the
functional inhibition of MOR, we predicted that disrup-
tion of the interaction should abolish the inhibition of
MOR in heteromers with CCKBR. More importantly, if
the MOR-CCKBR heteromerization indeed plays a role in
CCK-8-mediated antagonism to opioid analgesia,
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Fig. 7 The TM3,0r-TAT peptide rescued MOR activity by disrupting the MOR-CCKBR interaction and remitted CCK-8-induced antagonism
to morphine analgesia. a A representative result of ERK1/2 phosphorylation immunoblot assay. The top panel showed phosphorylated ERK1/2
bands, and the bottom panel showed total ERK1/2 bands. b Statistical results. The gray density values of the bands were obtained by Quantity One
software and analyzed with GraphPad Prism 5.0 after gray density values normalized. Compared with the scrambled-TAT treatment, the TM3yor-TAT
treatment significantly increased the phosphorylation of ERK1/2. *p < 0.05, t-test, n = 3. Data are expressed as the mean + SEM. € TM3y,0-TAT

. d TM3y0r-TAT reversed CCK-8 antagonism to morphine analgesia.
Percent of maximum possible effect (%MPE) 30 min after morphine (2 mg/kg, s.c.) application. Compared with saline group, CCK-8 (i.t) pretreatment
decreased the analgesic effects of morphine. However, pretreatment with TM30x-TAT 4 h before CCK-8 and morphine injection showed significantly
stronger analgesic effects compared to that with scrambled-TAT pretreatment. *p < 0.05, t-test. Data are represented as the mean + SEM

disrupting that the heteromerization should improve
opioid analgesic effects.

To determine whether the inhibited signaling of MOR
could be restored when MOR heteromerization with
CCKBR was interfered with by TM3yor-TAT, we per-
formed the ERK1/2 phosphorylation assay in the MOR-
and CCKBR-co-expressing cells. DAMGO-induced
ERK1/2 phosphorylation through MOR was significantly
enhanced in the TM3yor-TAT-pretreated group com-
pared to that in the scrambled-TAT-pretreated group
(p =0.0477; Fig. 7a, b), indicating an enhanced signaling
of MOR in TM3y;0r-TAT-pretreated group.

Further cAMP assays were performed using MOR and
CCKBR-co-expressing cells with scrambled-TAT or
TM3por-TAT pretreatment. DAMGO-induced inhibi-
tion of cAMP accumulation was enhanced in TM3y0r-
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TAT-treated groups with DAMGO concentrations at
107", 107°% 1075 and 10’M (Fig. 7c). The original
cAMP concentrations were provided in the Figure S5b.
The TM3yor-TAT treatment enhanced the cAMP
inhibition of MOR compared with the scrambled-TAT
treatment.

These results suggest that the inhibition of MOR
activity could be reversed when the MOR—CCKBR het-
eromerization is interfered.

On the basis of the above experimental results, we
further hypothesized that CCK-8-induced antagonism to
morphine analgesia would be diminished when the
MOR-CCKBR interaction was disrupted. 5-FAM-labeled
TM3nmor-TAT peptides were applied intrathecally (i.t.) to
the rats and were observed to localize in the spinal cord
dorsal horn 5h after injection (Figure S6). Morphine-
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induced antinociception was attenuated by i.t. CCK-8 pre-
injection, but the inhibition was diminished when the
TM3yor-TAT peptides were injected (i.t.) 4 h before the
CCK-8 injection. However, there was no change in mor-
phine antinociception when the scrambled-TAT peptides
were injected (Fig. 7d). These data suggest that interfering
with the MOR-CCKBR interaction in the spinal cord
using TM3y10r-TAT can prevent CCK-8-induced antag-
onism against morphine analgesia in rats.

Discussion

Since several studies indicated that CCKBR antagonized
MOR-mediated analgesia through interaction with MOR
rather than simply reducing pain thresholds'"'?, we first
investigated whether a direct interaction existed between
MOR and CCKBR. Because highly specific and efficient
antibodies for MOR and CCKBR are not available yet, we
tagged the receptors with HA and FLAG, respectively, and
co-transfected their genes into HEK293 cells to facilitate
the investigation of MOR—CCKBR interaction. In western
blot experiments, MOR expression in the MOR- and
CCKBR-co-expressed cells is higher than that in the cells
expressing MOR alone (Figure S2a and b). This may result
from the difference in transfection efficiency. Although
we aimed to ensure similar conditions for transfection, we
could still not exclude the variation occurring after
transfection. It is notable that the existence of CCKBR
may affect the membrane expression of MOR. In the
radio-ligand-binding assays, the B, of MOR, which
reflects the receptor density on the membrane, showed no
significant difference in the MOR- and CCKBR-co-
expressing cells or in the cells expressing MOR alone
(Table 1). The ERK1/2 phosphorylation assays and cAMP
assays showed no significant difference between the
MOR- and CCKBR-co-expressing cells and cells expres-
sing MOR alone at a higher dose of DAMGO stimulation;
this indicated that the membrane density of MOR in the
two cell types was the same (Figs. 5 and 6). Because total
cellular proteins were used in the western blot analysis,
while cell membranes were used in the radio-ligand-
binding assay, this indicated that most MORs were loca-
ted intracellularly in the MOR- and CCKBR-co-
expressing cells. Co-IP results demonstrated the exis-
tence of the MOR and CCKBR protein interaction in co-
transfected cells (Fig. 2). It is well known that co-IP of two
proteins does not indicate a direct protein—protein
interaction; there are possibly one or more other proteins
acting as a bridge to link the two co-precipitated proteins.
To clearly illuminate the modality of the MOR-CCKBR
interaction, we wused FLIM-FRET for the direct
protein—protein interaction study. FLIM-FRET provides a
non-invasive way to study the interaction of proteins in
their natural environment and makes it possible to
observe nanoscale resolution of interactions in real
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time®®?, Importantly, we observed strong FRET signals
in the MOR-EGFP- and CCKBR-mCherry-co-expressing
cells using FLIM-FRET (Fig. 2). On the basis of the
improved resolution of this method, it is reasonable to
consider that MOR and CCKBR form heteromers through
direct interaction.

According to the predicted MOR-CCKBR interaction
from the computational model, amino acids in IL2
(172-176 a.a.) and EL2 (228-236 a.a.) of the MOR par-
ticipated in the heteromerization of MOR with CCKBR
(Fig. 3); however, the relevant amino-acid-deleted
mutants appear to have a stronger interaction with
CCKBR. Moreover, the TM3, TM4, and TM5 of MOR lie
in the interface of the MOR-CCKBR interaction. It was
additionally proved that the TM1 domain of MOR
mediated its interaction with the DOR®’. We additionally
compared the amino-acid sequences of different types of
opioid receptors and selected TM3, which is more highly
conserved across GPCRs, and TM4, which has a sequence
more unique to MOR for further investigation. As pre-
dicted, TM6 of MOR did not lie in the protein—protein
interacting interface. We constructed two types of MOR
mutants, i.e., using TM6 to replace either TM3 or TM4.
The FLIM-FRET assay demonstrated that the
MOR-CCKBR interaction was significantly disrupted
when using TM6 to replace TM3 of MOR (Fig. 3). On the
other hand, the TM4-replaced mutation of MOR showed
no changes in interaction with CCKBR (Figure S4).

In a general view of protein—protein interactions, the
GST-pulldown technique should be adopted to determine
the domains that participate in interaction binding®'.
However, considering the hydrophobic property of the
transmembrane domains of GPCRs, false-positive results
are unavoidable if using GST-pulldown in analyzing
membrane protein interactions. Therefore, our present
study used FLIM-FRET and direct receptor mutations
instead to investigate the membrane receptor—receptor
interaction. At the same time, the FLIM-FRET assay is
based on detection of the fluorescence lifetime imaging of
EGFP, which is only influenced by molecule—molecule
direct interaction. Therefore, using this more reliable
FLIM-FRET technique combined with fragment muta-
tions, our study provides strong evidence that MOR and
CCKBR form heteromers through direct protein—protein
interactions.

Several studies focused on functional regulation of
receptors by interacting with each other. For instance,
stimulation of adenosine A, receptors potently reduced
the affinity of dopamine D, receptor with its agonist
through receptor—receptor interaction in striatal neuronal
membranes®>. In addition, ERK1/2 phosphorylation
induced by adenosine A, receptor activation was syner-
gistically potentiated by simultaneous activation of sub-
type 5 metabotropic glutamate receptor through the same
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mechanism®®. The ligand-binding features and agonist-
induced ERK1/2 phosphorylation of receptors in our
present study in the MOR- and CCKBR-co-expressing
cells (Table 1 and Fig. 5) provide insights into MOR
activity regulation by heteromerizing with other receptors.
Coupled with the results of the intracellular cAMP assays,
it can be deduced that the potency of DAMGO, an MOR
agonist, is strengthened when MOR is not heteromered
with CCKBR (i.e., in the cells expressing MOR alone or in
TM3por-TAT  pretreated  MOR- and CCKBR-co-
expressing cells). Heteromerization with CCKBR may
modulate activation of MOR through allosteric regula-
tion. These results shed new light on potential mechan-
isms of CCK-8-induced anti-opioid effects. The
diminished activity of MOR in the MOR-CCKBR com-
plex can lead to a decline in morphine analgesia, which
may be a morphine tolerance mechanism.

Intrathecal application of TM3yor-TAT reversed
CCK-8-induced inhibition of morphine analgesia (Fig. 7),
suggesting the contribution of CCKBR-mediated antag-
onisms to morphine analgesia. This result was in accor-
dance with a previous study that focused on CCK-8-
induced antagonism to electroacupuncture analgesia in
the caudate nucleus through CCKBR?*. Another study
reported that opioid-induced placebo responses were
completely abolished by administration of a CCKBR
agonist’™. In contrast, administration of a CCKAR
antagonist potentiated electroacupuncture analgesia®®.
Interestingly, several researchers reported the important
role of CCK-8 and CCKBR in opioid tolerance®3”~*;
therefore, disruption of the MOR—-CCKBR interaction, as
in the present study, might provide a new strategy to
prevent opioid tolerance in clinical practice.

In summary, our present study proposes a molecular
mechanism underlying MOR regulation (Fig. 8). The
heteromerization of MOR and CCKBR decreases the
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MOR activity, such as decreasing the ligand-binding
affinity and agonist-induced ERK1/2 phosphorylation.
Disrupting the MOR-CCKBR heteromerization with
MOR TM3-based interfering peptide could restore the
activity of MOR and relieve the anti-opioid effects of
CCK-8. Drugs targeting MOR-CCKBR heteromerization
may be developed to improve the effect of opioid
analgesics or to reduce tolerance progress.
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