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ABSTRACT

Recent studies have proposed that heteromers of p-opioid receptors (MORs) and galanin Gal; receptors (Gal;Rs)
localized in the mesencephalon mediate the dopaminergic effects of opioids. The present study reports
converging evidence, using a peptide-interfering approach combined with biophysical and biochemical tech-
niques, including total internal reflection fluorescence microscopy, for a predominant homodimeric structure of
MOR and Gal;R when expressed individually, and for their preference to form functional heterotetramers when
co-expressed. Results show that a heteromerization-dependent change in the Gal;R homodimeric interface leads
to a switch in G-protein coupling from inhibitory Gi to stimulatory Gs proteins. The MOR-Gal;R heterotetramer,
which is thus bound to Gs via the Gal;R homodimer and Gi via the MOR homodimer, provides the framework for
a canonical Gs-Gi antagonist interaction at the adenylyl cyclase level. These novel results shed light on the
intense debate about the oligomeric quaternary structure of G protein-coupled receptors, their predilection for
heteromer formation, and the resulting functional significance.

Abbreviations: AaR, adenosine AjA receptor; AC, adenylyl cyclase; ANOVA, analysis of variance; BiFC, bimolecular fluorescence complementation; BRET,
bioluminescence resonance energy transfer; cAMP, cyclic adenosine monophosphate; CODA-RET, complemented donor-acceptor resonance energy transfer; cryo-EM,
cryo-electron microscopy; DoR, dopamine D, receptor; DMEM, Dulbecco’s modified Eagle’s medium; EYFP, enhanced yellow variant of GFP; FBS, fetal bovine serum;
Gal;R, galanin Gal; receptor; FRET, fluorescence resonance energy transfer; GPCR, G protein-coupled receptor; HEK cells, human embryonic kidney cell line; mC,
monomeric Cherry; mT, monomeric teal fluorescent protein 1; mVenus, monomeric Venus; MOR, p-opioid receptors; MU cells, cell line expressing p-opioid receptors;
MU-GAL cells, cell line expressing p-opioid receptors and galanin Gal; receptors; PEI, polyethylenimine; RLuc, Renilla Luciferase; TIRF, total internal reflection
fluorescence; TM, transmembrane domain; VTA, ventral tegmental area; WT, wild-type; YFP, yellow fluorescence protein.
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1. Introduction

Although G protein-coupled receptor (GPCR) oligomerization rep-
resents an increasingly accepted concept [1-3], it is still under consid-
erable debate [4-6], including concerns about the demonstration of
GPCR homo and heteromers in artificial systems and their localization
and functional significance in vivo [4,5]. Nevertheless, in some cases,
the simultaneous use of different methodological approaches has pro-
vided significant convergent evidence for their functional presence in
the experimental animal and for their putative role in pathological
conditions and as targets for drug development [2].

Particularly valuable has been the use of disrupting synthetic pep-
tides with the amino acid sequence of transmembrane domains (TMs)
putatively involved in the intermolecular interactions between the
GPCR units (protomers) of the oligomer. Using this strategy, several
studies have provided decisive information about the quaternary
structure of some GPCR heteromers and their functional and pharma-
cological properties, which could be ascertained with specific
heteromer-disrupting peptides [7-10]. Three general conclusions could
be drawn from those studies: that different TMs are involved in GPCR
oligomerization; that GPCR heteromers provide the framework for
emergent allosteric interactions; and that the same GPCR can display
different oligomeric interfaces when forming heteromers with different
GPCR, which determines different quaternary structures and therefore
different properties [7-10].

It has been suggested that a common quaternary structure of a GPCR
heteromer is a heterotetramer constituted by a homodimer coupled to a
Gs/olf (Gs for short) protein and another homodimer coupled to a Gi/o
(Gi for short) protein, which provides the framework for the canonical
Gs-Gi antagonistic interaction at the adenylyl cyclase (AC) level, by
which the activation of a Gi-coupled receptor inhibits the activation of
AC by a Gs-coupled receptor [11]. AC is a plasma membrane protein
with 12 TMs and 2 cytosolic catalytic domains that can separately
interact with the o subunits of a Gs and a Gi protein [12]. It was shown
that the canonical Gs-Gi antagonistic interaction at the AC level medi-
ated by the Gs-coupled adenosine Ajs receptor (AaR) and the
Gi-coupled dopamine D, receptor (D2R) depends on the integrity of a
macromolecular complex that includes the AaR-DyR heterotetramer
and AC (isoform AC5) [7].

The use of disrupting TM-peptides in native tissue preparations and
in the experimental animal, including in vivo approaches, has also
provided significant evidence for the localization and function of GPCR
heteromers in the brain. One recent example is the localization of het-
eromers of p-opioid receptors (MORs) and galanin Gal; receptors
(Gal;Rs) in the ventral tegmental area (VTA) [13,14], which represents a
predominant population of MOR that mediates the dopaminergic effects
of opioids [14]. Allosteric mechanisms in the MOR-Gal;R heteromer
determine the ability of Gal;R ligands to decrease the affinity and effi-
cacy of opioids and, importantly, a specific decrease in the potency of
methadone [14]. This MOR-Gal;R heteromer-dependent pharmacody-
namic property of methadone provided a mechanistic explanation for its
weaker dopaminergic effects, blunted euphoric properties, and lower
abuse liability as compared with morphine and other opioids [14].

MOR is a Gi-coupled receptor and constitutes the main target for
both the analgesic and unwanted side effects of opioids. Numerous
studies have provided information about the structure and signaling
properties of MOR, more often considered as a monomeric entity (for
recent review, see ref. [15]). Initial studies supported a dimeric structure
of the MOR [16-18], but this was challenged by more recent studies
favoring its monomeric form [19-21]. Prior to the discovery of MOR--
GaljR heteromers, other studies suggested the existence of hetero-
merization of MOR with different GPCRs, including the MOR-3 opioid
receptor heteromer, claimed as a main target for the analgesic effects of
opioids [2]. Gal;R has also been described as preferentially coupled to Gi
and potentially to Gq proteins [22]. Gal;R localizes to several regions of
the central nervous system and mediates many functions related to the
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neuromodulatory role of the neuropeptide galanin [22]. The
cryo-electron microscopy (cryo-EM) structure of Gal;R in its monomeric
form bound to galanin and coupled to Gi has been recently resolved
[23]. Similar to MOR, there is compelling evidence for the ability of
Gal;R to homomerize [24] and to form heteromers with several different
GPCRs other than MOR [25].

The goal of the present study was to determine the quaternary
structure of the MOR-Gal; R heteromer using radioligand binding assays,
bimolecular fluorescence complementation (BiFC), total internal
reflection fluorescence (TIRF) microscopy, bioluminescence resonance
energy transfer (BRET), complemented donor-acceptor resonance en-
ergy transfer (CODA-RET) and molecular modelling techniques. Based
on the recent data indicating a predominant monomeric form of MOR
and the common preferential Gi coupling of both MOR and Gal;R, we
initially favored the hypothesis of a heterodimeric structure. Unex-
pectedly, the results demonstrated a tetrameric quaternary structure of
the MOR-Gal; R heteromer constituted by a MOR homodimer coupled to
Gi and a GaljR homodimer coupled to Gs. The MOR-Gal;R hetero-
tetramer provides the framework for the canonical Gs-Gi antagonist
interaction at the AC level, and we found that the heteromerization-
dependent switch of the coupling of Gal;R from Gi to Gs involves a
change in its homodimeric interface.

2. Materials and methods
2.1. Radioligand-binding experiments

2.1.1. Cell lines

Human embryonic kidney (HEK) cells stably expressing MORs (MU
cells) or both MORs and GaljRs (MU-GAL cells) were generated as
described before [14]. Cells were maintained in culture with Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, ThermoFisher Scientific, MA,
USA) supplemented with 2 mM L-glutamine, 100 U/ml pen-
icillin/streptomycin, MEM Non-Essential Amino Acid Solution (1,/100),
and 5% (v/v) heat-inactivated fetal bovine serum 5% fetal bovine serum
(all supplements were from Gibco) and kept in an incubator at 37 °C and
5% CO, with selection antibiotics. MU cells were maintained with
hygromycin B (50 pg/ml; Invitrogen, ThermoFisher Scientific) and
MU-GAL cells with hygromycin B (50 pg/ml) and Geneticin (400 pg/ml;
Gibco, ThermoFisher Scientific). Cells were kept below passage 20.

2.1.2. [3H]Naloxone assays

MU and MU-GAL cell suspensions were disrupted with a Polytron
homogenizer (PTA 7 rotor, setting 3; Kinematica, Basel, Switzerland) for
two 5 s-periods in 10 volumes of 50 mM Tris-HCl buffer, pH 7.4, con-
taining a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO,
USA). Membranes were obtained by centrifugation twice at 105.000 g
for 45 min at 4 °C. The pellet was stored at — 80 °C, washed once more as
described above and resuspended in 50 mM Tris-HCI buffer for imme-
diate use. Membrane protein was quantified by the bicinchoninic acid
method (Pierce Chemical Co., Rockford, IL, USA) using bovine serum
albumin dilutions as standard. Binding experiments were performed
with membrane suspensions (0.2 mg of protein/ml) at room tempera-
ture in 50 mM Tris-HCl buffer, pH 7.4, containing 5 mM MgCl,. For MOR
saturation-binding assays, membrane suspensions were incubated for 3
h with increasing concentrations of the MOR antagonist [3H]naloxone
(70 Ci/mmol, PerkinElmer, Boston, MA, USA). Non-specific binding was
determined in the presence of 10 pM of the non-radiolabeled antagonist
naloxone (Tocris, Bristol, United Kingdom). For competition-binding
assays, membrane suspensions were incubated for 2 h with a constant
free concentration of 2.4 nM of [3H]naloxone and free increasing con-
centrations of the MOR agonists endomorphin-1 (Sigma-Aldrich) or
DAMGO (Tocris). Free and membrane-bound ligands were separated by
rapid filtration of 500 pl aliquots in a cell harvester (Brandel, Gai-
thersburg, MD, USA) through Whatman GF/C filters embedded in 0.3%
polyethylenimine that were subsequently washed for 5 s with 5 ml of
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ice-cold 50 mM Tris-HCI buffer. The filters were incubated with 10 ml of
Ultima Gold MV scintillation cocktail (PerkinElmer, Waltham, Massa-
chusetts, USA) overnight at room temperature and radioactivity counts
were determined using a Tri-Carb 2800 scintillation counter
(PerkinElmer).

2.1.3. [PH]Galanin assays

Upon reaching 80-90% confluence, MU-GAL cells were harvested
using pre-mixed Earle’s Balanced Salt Solution (EBSS) with 5 mM EDTA
(Life Technologies) and centrifuged at 3000 rpm for 10 min at 21 °C. The
supernatant was removed, and the pellet was resuspended in 10 ml
hypotonic lysis buffer (5 mM MgCl,, 5 mM Tris, pH 7.4 at 4 °C) and
centrifuged at 14,500 rpm for 30 min at 4 °C. The pellet was then
resuspended in fresh binding buffer. A Bradford protein assay (Bio-Rad)
was used to determine the protein concentration, and membrane ali-
quots were frozen in fresh binding buffer at — 80 °C for future use. The
binding buffer was made of 50 mM Tris and 5 mM MgCl, at pH 7.4. On
test day, the radioligand [H]-galanin (NOVANDI Chemistry AB, 98 Ci/
mmol SA) was diluted into half-log serial dilutions using fresh binding
buffer. Membranes were diluted in fresh binding buffer at a stock con-
centration of 0.3 mg/ml. Radioligand hot saturation experiments were
conducted in 96-well plates containing 300 pl fresh binding buffer, 50 ul
of diluted radioligand concentrations, 100 pl of membranes (final
amount of 30 pg/well for MU-GAL cells), and 50 pl of either 30% DMSO
vehicle (total binding) or 100 puM of the galanin receptor ligand M40 (10
uM final concentration, non-specific binding). All dilutions were tested
in triplicate and the reactions incubated for 2 h at room temperature.
The reaction was terminated by filtration through a Perkin Elmer Uni-
Filter-96 GF/B or GF/C, presoaked for 2 h in 0.5% polyethylenimine,
using a Brandel 96-Well Plates Harvester Manifold (Brandel In-
struments). The filters were washed 3 times with 3 ml (3 x1 ml/well) of
ice-cold binding buffer. 65 pul Perkin Elmer MicroScint20 Scintillation
Cocktail was added to each well and filters were counted using a Perkin
Elmer MicroBeta Microplate Counter.

2.1.4. Data analysis

Data were analyzed according to the ‘dimer receptor model’ (see text
and refs. [26,27]). In competition experiments, the model analyzes the
interactions of the radioligand with a competing ligand and it provides
the affinity of the competing ligand for the first protomer in the unoc-
cupied dimer (Kpg;), the affinity of the competing ligand for the second
protomer when the first protomer is already occupied by the competing
ligand (Kpp2) or the radioligand (Kpag), and an index of cooperativity of
the competing ligand (Dcg). A positive or negative value of Dcg implies
either an increase or a decrease in affinity of Kppa versus Kpp; and its
absolute value provides a measure of the degree of increase or decrease
in affinity. Radioligand binding curves were analyzed by nonlinear
regression using the commercial Grafit curve-fitting software (Erithacus
Software, Surrey, UK), by fitting the binding data to the mechanistic
dimer receptor model, as described in detail elsewhere [27].

Saturation assays data must be fitted to Eq. (1).
(Kpas A+ 2 A%) Ry

= (@]
(KpaiKpaz + Kpax A + A?)

Abound

where A represents the free radioligand concentration, Rt is the total
amount of receptor dimers, and Kpa; and Kppo are the macroscopic
equilibrium dissociation constants describing the binding of the first and
the second radioligand molecule to the receptor homodimer. Never-
theless, in non-cooperative conditions, Kpp2/Kpa1 = 4. Then, Kpaj is
enough to characterize the binding. Therefore, Eq. (1) can be reduced to
Eq. (2):
2ARy

Abpoun = PN 2
bound 2Kpar + A @

To calculate the macroscopic equilibrium dissociation constants
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from competition experiments, the following general equation (Eq. (3))
must be applied:

3

A =
bound Kina K KisnA A2 KpazAB | KpaiKpasB | KpaiKpaoB?
paiKpaz + Kpa A + A" + + +

Kpas Kpai Kps1 Kps2

where B represents the assayed competing compound concentration.
However, in absence of cooperativity of the radioligand, Eq. (3) can be
simplified, since: Kpaz = 4 Kpa1 (Eq. (4)):

<4KDA1 A+ 2A% 4 HpalAB AB) Ry

Kpas

4

Abound = 2
4Kpai? + 4Kpa A + A? + 4KKD"'AB 4 #Kpa’B | 4Ky B

DAB Kpai Kpg1Kps2

2.2. Expression vectors and fusion proteins

Sequences encoding amino acids residues 1-229 and 230-311 of
Renilla Luciferase (RLuc8 variant) and amino acid residues 1-155 and
156-238 of the monomeric Venus variant (mVenus) of the yellow
fluorescence protein (YFP) were subcloned in pcDNA3.1 vector to obtain
complementary RLuc and YFP hemi-truncated proteins (nRLuc, cRLuc,
nYFP, and cYFP). To obtain receptors fused to the full RLuc or to the
different hemi-truncated proteins, human cDNAs for MOR and Gal;R
cloned into pcDNA3.1 were amplified without their stop codons using
sense and antisense primers harboring EcoRV and Kpnl to clone MOR
and EcoRI and Kpnl to clone GaljR. The amplified fragments were
subcloned to be in-frame with restriction sites of pcRLuc-N1 vector
(pRLuc-N1 PerkinElmer, Wellesley, MA, USA), pEYFP-N1 vector
(enhanced yellow variant of GFP; Clontech, Heidelberg, Germany),
pcDNA3.1-nRLuc, pcDNA3.1-cRLuc pcDNA3.1-nYFP or pcDNA3.1-
cYFP, to provide plasmids that express the receptor fused to RLuc,
YFP, nRLuc, cRLuc, nYFP or cYFP on the C-terminal end of the receptor.
The following human G protein constructs were used: Gail-YFP (with
YFP, mVenus variant, inserted at position 91), Gas-YFP (with YFP,
mVenus variant, inserted at position 154 of Gas, short isoform), and
Gaq-YFP (with YFP, mVenus variant, inserted at position 97 of Gas),
untagged Gf1, and untagged Gy2. Mutagenesis of Gas-YFP and Gail-
YFP was performed using QuikChange Lightning single site-directed
mutagenesis kits (Agilent, Santa Clara, CA, USA). Mutant Gos-YFP,
with a deletion of the thirteen-amino acid sequence TTPEDATPEPGED
was generated by using the primer gaatttgctcgctacccacgegtgaceegg.
Mutant Gail-YFP, with the insertion of the same thirteen-amino acid
sequence in the homologous site was generated by using the primer
atccagaatatgcaggatcaactactcctgaggatgetacteccgageceggagaggacaacaca-
tatgaagaggcagc. Primers were synthesized by Integrated DNA Technol-
ogies, Inc. (IDT, San Diego, CA, USA). All the constructs were confirmed
by sequencing analysis. Several constructs were shared by.

C. Gales at INSERM (Toulouse, France; Gail construct) and N.
Lambert (Georgia Regents University, Augusta, GA; Gas). The expres-
sion of constructs was tested by confocal microscopy and the receptor-
fusion protein functionality by ERK1/2 phosphorylation.

2.3. Cell cultures and transient transfection

HEK 293 T cells obtained from ATCC were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco) supplemented with 2 mM L-
glutamine, 100 pg/ml sodium pyruvate, 100 U/ml penicillin/strepto-
mycin, MEM non-essential amino acid solution (1/100), and 5% (v/v)
heat inactivated fetal bovine serum (FBS) (all supplements were from
Invitrogen, Paisley, Scotland, UK). Cells were maintained at 37 °C in an
atmosphere of 5% CO2 and were routinely tested for mycoplasma. For
transient transfection, HEK-293 T cells growing in 10-cm or 6-well
dishes were transfected with the corresponding cDNAs by the poly-
ethylenimine (PEI, Sigma) method. All constructs were confirmed by
sequencing analysis. Cells were incubated (4 h) with the corresponding
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cDNA together with PEI (5.47 mM in nitrogen residues) and 150 mM
NacCl in a serum-starved medium. After 4 h, the medium was changed to
a fresh complete culture medium. Forty-eight hours after transfection,
cells were washed twice in quick succession in Hank’s balanced salts
solution [containing the following (in mM): 137 NaCl, 5 KCl, 0.34
NayHPO4 x12H50, 0.44 KHoPOy, 1.26 CaCl, x2H50, 0.4 MgSO4 x7H50,
0.5 MgCl,, 10 HEPES, pH 7.4], supplemented with 0.1% glucose (w/v),
detached and resuspended in the same buffer. Cell number was
controlled by determining sample protein concentration using a Brad-
ford assay kit (Bio-Rad, Munich, Germany) with bovine serum albumin
(BSA) dilutions as standards.

2.4. HIV TAT-fused TM peptides

Peptides with the amino acid sequence of TMs of the human MOR
and human Gal;R were used as oligomer destabilizing agents, as pre-
viously demonstrated [7-10,13,14]. To facilitate the insertion into the
plasma membrane, the TM peptides were fused to the cell-penetrating
HIV transactivator of transcription (TAT) peptide (YGRKKRRQRRR)
[28]. A TAT-TM peptide can be inserted effectively into the plasma
membrane because of the penetration capacity of the TAT peptide and
the hydrophobic property of the TM peptide [29]. To obtain the right
orientation of the membrane-inserted peptide, the TAT peptide was
fused to the C-terminus of peptides with the amino acid sequence of TM
1, TM 3, TM 5, and TM 7 of MOR or the Gal;R (TM1, TM3, TM5, and
TM7 peptides, respectively) or to the N terminus of TM 2, TM 4, and TM
6 of MOR or the Gal;R (TM2, TM4, and TM6 peptides, respectively). All
peptides were synthesized by Genemed Synthesis, Inc. Their sequences
were as follows:TAITIMALYSIVCVVGLFGNFLVMYYGRKKRRQRRR for
TM1 of MOR,YGRKKRRQRRRIYIFNLALADALATSTLPFQSVNYL for TM2
of MOR,KIVISIDYYNMFTSIFTLCTMSVYGRKKRRQRRR for TM3 of
MOR,YGRKKRRQRRRAKIINVCNWILSSAIGLPVMFM for TM4 of MOR,
ENLLKICVFIFAFIMPVLIITVCYGYGRKKRRQRRR for TM5 of MOR,
YGRKKRRQRRRITRMVLVVVAVFIVCWTPIHIYVIIKA for TM6 of MOR,
FQTVSWHFCIALGYTNSCLNPVLYYGRKKRRQRRR for TM7 of MOR,
LVVFGLIFALGVLGNSLVITVYGRKKRRQRRR for TM1 of GaliR,
YGRKKRRQRRRNLFILNLSIADLAYLLFCIPF for TM2 of GaliR,
FIHYFFTVSMLVSIFTLAAMSVYGRKKRRQRRR for TM3 of GaliR,
YGRKKRRQRRRALLGVGCIWALSIAMASPVAY for TM4 of GaliR,
VVCTFVFGYLLPLLLICFCYAYGRKKRRQRRR for TM5 of GaliR,
YGRKKRRQRRRVLVVVVVFGISWLPHHIIHLW for TM6 of GaliR,
FGVFPLTPASFLFRITAHCLAYGRKKRRQRRR for TM7 of Gal;R.

2.5. Bimolecular fluorescence complementation (BiFC)

HEK-293 T cells were transiently co-transfected with the cDNA
encoding the corresponding receptor fused to n-YFP and the receptor
fused to c-YFP. The amount of transfected cDNA was 4 pg for each
construct, except in the experiments where non-fused receptors were
additionally transfected: 4 pM, 4 pM and 16 pM in the experiments with
MOR-cYFP, MOR-nYFP and Gal;R, respectively; and 4 uM, 4 pM and
1 puM in the experiments with Gal;R-cYFP, Gal;R-nYFP and MOR,
respectively. After transfection (48 h) cells were treated or not with the
indicated TM peptides (4 pM) for 4 h at 37 °C. Reconstituted YFP
expression was quantified by distributing the cells (20 pg protein) in 96-
well microplates (black plates with a transparent bottom, Porvair, King’s
Lynn), and emission fluorescence at 530 nm was read in a Fluo Star
Optima Fluorimeter (BMG Labtechnologies) equipped with a high-
energy xenon flash lamp, using a 10 nm bandwidth excitation filter at
400 nm reading. Protein fluorescence expression was determined as
fluorescence of the sample minus the fluorescence of cells not expressing
the fusion proteins (basal). Cells expressing Gal;R-cYFP and nYFP or
MOR-nYFP and cYFP showed similar fluorescence levels to non-
transfected cells.
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2.6. cAMP formation

HEK-293 T cells were transiently co-transfected with the cDNA
encoding MOR-RLuc (1.2 pg) and/or Gal;R-YFP (4.8 pg) and 48 h after
they were analyzed for cyclic adenosine monophosphate (cAMP) for-
mation experiments. Homogeneous time-resolved fluorescence energy
transfer (HTRF) assays were performed using the Lance Ultra cAMP kit
(PerkinElmer, Waltham, MA), based on competitive displacement of a
europium chelate-labelled cAMP tracer bound to a specific antibody
conjugated to acceptor beads. The optimal cell density for an appro-
priate fluorescent signal was first established by measuring the time-
resolved fluorescence resonance energy transfer (FRET) signal deter-
mined as a function of forskolin concentration using different cell den-
sities. Forskolin dose-response curves were related to the cAMP standard
curve, to establish a cell density with a response covering most of the
dynamic range of the cAMP standard curve. Cells were not treated or
treated with vehicle or 4 uM of the indicated TM peptides for 4 h at 37°C
in an atmosphere of 5% CO5. Cells were then grown (1000 cells/well) in
white ProxiPlate 384-well microplates (PerkinElmer, Waltham, MA) in
medium containing 50 uM zardaverine, stimulated with agonists (all at
0.5 pM) for 10 min before adding 0.5 pM forskolin or vehicle and
incubated for an additional 15-min period. Fluorescence at 665 nm was
analyzed on a PHERAstar Flagship microplate reader equipped with an
HTRF optical module (BMG Lab technologies, Offenburg, Germany).

2.7. p-arrestin recruitment assay

A PathHunter® CHO-K1 Gal;R f-arrestin cell line (Eurofins Discov-
erX, Fremont, CA) was used to determine agonist-induced f-arrestin
recruitment. PathHunter® B-arrestin GPCR cell lines co-express a Pro-
Link™ (PK) tagged GPCR (here, human Gal;R) and an Enzyme Acceptor
(EA) tagged p-arrestin. Activation of the GPCR-PK induces p-arrestin-EA
recruitment, forcing complementation of the two p-galactosidase
enzyme fragments (EA and PK). The resulting functional enzyme hy-
drolyzes substrate to generate a chemiluminescent signal. Cells were
maintained in Ham’s F-12 medium (ThermoFisher Scientific) supple-
mented with 2 mM L-glutamine, 100 U/ml penicillin/streptomycin,
geneticin (800 pg/ml), hygromycin B (300 pg/ml) and 10% FBS (all
supplements were from ThermoFisher Scientific). The PathHunter®
Detection Kit (Eurofins DiscoverX) was used for the f-arrestin recruit-
ment assay. Cells were harvested with StemPro Accutase Cell Dissocia-
tion Reagent (ThermoFisher Scientific) and seeded in 1536-well white
flat bottom plates (Greiner, Monroe, NC) at a density of 1000 cells/3 ul/
well in AssayComplete Cell Plating Reagent 2 (Eurofin DiscoverX). After
incubating at 37 °C, 5% CO, overnight, 20 nl/well of galanin or M40
were transferred to the wells by Echo 555 Acoustic Liquid Handler
(Labcyte, San Jose, CA). Ninety minutes after, 1.5 pl/well of PathHunter
detection reagent (Eurofin DiscoverX) was added to the microplates
with the BioRAPTR FRD dispenser (Beckman Coulter, Brea, CA). The
detection reagent was prepared by mixing Galacton Star Substrate,
Emerald II solution and PathHunter buffer (supplied by the assay kit; at
1:5:19), added to the microplates and, after incubation at room tem-
perature for 1 h, the luminescent signal was detected on a ViewLux plate
reader (PerkinElmer, Waltham, MA).

2.8. Calcium mobilization assay

A CHO-K1-Goagi5 GaljR stable cell line (Multispan Inc., Hayward,
CA) was used to determine agonist-induced calcium mobilization. The
cell line stably expresses human Gal;R and the mutant Gaqi5, where the
five Gaq C-terminal amino acids have been replaced with those from the
Gai protein, allowing Gai-coupled receptors to respond to an agonist via
elevation of intracellular calcium. Cells were maintained in DMEM-F12
medium (ThermoFisher Scientific) supplemented with 2 mM L-gluta-
mine, 100 U/ml penicillin/streptomycin, puromycin (800 pg/ml),
hygromycin B (150 ug/ml) and 10% FBS (all supplements were from
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ThermoFisher Scientific). Cells were harvested with StemPro Accutase
Cell Dissociation Reagent (ThermoFisher Scientific) and seeded in 1536-
well pClear® black microplates (Greiner, Monroe, NC) at a density of
1000 cells/3 pl/well in DMEM-F12 medium. After incubating at 37 °C,
5% CO overnight, 3 ul Calbryte™ 520NW dye-loading solution (AAT
Bioquest, Sunnyvale, CA) was added into each well. The dye-loading
solution was prepared by mixing 1xHHBS buffer, 10xPluronic® F127
Plus and Calbryte™ 520NW stock solution (supplied by the assay kit).
The dye-loading plates were incubated at 37 °C, 5% COx for 30 min, and
then incubated at room temperature for another 15-30 min. The
microplates were loaded on the FLIPR Tetra High-Throughput Cellular
Screening System (Molecular Devices, San Jose, CA). The baseline
fluorescence signal was measured for 10s, 10 nl of either galanin or
M40 were transferred into each well and the fluorescence signals were
measured for 3 min at 1-second interval. The relative fluorescence unit
(RFU) was calculated by maximum signal — minimum signal.

2.9. Bioluminescence resonance energy transfer (BRET)

HEK-293 T cells were co-transfected with MOR-RLuc (0.25 pg) or
Gal;R-RLuc (0.25 pg), as well as with Gail-YFP, Gaq-YFP or Gas-YFP
(5 pg) and untagged GB1 (4.5 pg) and Gy2 (5 pg). Experiments were
performed approximately 48 h after transfection. The transient trans-
fected cells were collected, washed, and resuspended in Dulbecco’s PBS
(DPBS) with 0.1% glucose and 200 pM sodium bisulfite. Approximately
200,000 cells/well were distributed in 96-well plates, and 5 pM coe-
lenterazine H (NanoLight Technology) was added. Fluorescence of the
acceptor was quantified (excitation at 500 nm and emission at 540 nm
for 1-s recording) to confirm the constant expression level across ex-
periments. Two minutes after the addition of coelenterazine, increasing
concentrations of different MOR or Gal;R agonists were added to
different wells. The plate was read after agonist addition using a Mithras
LB940 microplate reader (Berthold Technologies). BRET signal from
cells was calculated as the ratio of the light emitted by Rluc8 at 485 nm
to that emitted by YFP (mVenus variant) at 530 nm. A BRET change was
defined as the BRET ratio for the corresponding drug minus the BRET
ratio in the absence of the drug. En.x and ECsg values are expressed as
the basal subtracted BRET change in the concentration-response graphs.

2.10. Complemented donor-acceptor resonance energy transfer (CODA-
RET)

HEK-293 T cells co-transfected with MOR-cRLuc (3.3 pg) and Gal;R-
nRluc (1.6 pg), and co-transfected with either Gail-YFP, Gag-YFP or
Gos-YFP (5 pg) subunit and untagged Gf1 (4.5 pg) and Gy2 (5 pg). 48 h
after transfection the cells were harvested, washed, and resuspended in
phosphate-buffered saline (PBS). About 200,000 cells/well were
distributed in 96-well plates, and 5 uM coelenterazine H was added to
each well. Two minutes after the addition of coelenterazine, increasing
concentrations of different MOR or GA1R agonists were added to each
well. Fluorescence of the acceptor was quantified (excitation at 500 nm
and emission at 540 nm for 1-s recording) in the Mithras LB940 reader to
confirm the constant expression level across experiments. In parallel,
BRET signal from the same batch of cells was determined as the ratio of
the light emitted by YFP (mVenus variant; 530 nm) over RLuc (485 nm).
Results were calculated for the BRET change (BRET ratio for the cor-
responding drug minus BRET ratio in the absence of the drug) 5 min
after addition of the agonists. Nonlinear fitting to obtain Ep,,x and ECsg
values for all CODA-RET, BRET and statistical analysis were performed
with GraphPad Prism 7 software (La Jolla, CA).

2.11. Total internal reflection fluorescence (TIRF) microscopy
Gal;R and MOR receptors were tagged at the C-terminus with mTFP1

and mCherry, respectively, and imaged at the surface of live HEK-293 T
cells by TIRF microscopy. Cells were seeded to #1.5 glass coverslips,

Pharmacological Research 182 (2022) 106322

transfected as described above, and studied after 24-32 h in a bath so-
lution comprising (in mM): 140 NaCl, 4 KCl, 1.8 CaCl,, 1 MgCl,, 8
glucose, 5 HEPES, with the pH set to 7.4 with NaOH. Fluorophore
monomeric teal FP1 (mTFP1) was excited by a 445-nm laser and
mCherry by a 561-nm laser (Coherent, Santa Clara, CA). The beams were
conditioned for coherence with custom built Keplerian beam expanders
upstream of laser cleanup filters (445/10 nm and 561/10x). Laser lines
were tuned to provide 10 mW of incident light on a micro mirror posi-
tioned below a high numerical-aperture apochromat objective (60x, 1.5
NA; Olympus, Waltham, MA) mounted on an RM21 microscope frame
equipped with a piezo-driven nanopositioning stage (MadCity Labs.,
Madison, WI). The emission of mTFP1 and mCherry were isolated from
the excitation beam by an exit micro mirror and a ring-diagram posi-
tioned below the micro mirror assembly. When mTFP1 and mCherry
were imaged simultaneously, the emission was split by 510-nm dichroic
mirrors placed downstream of parallel 480/40 nm and 620/60 nm
bandpass filters. The fluorophores were imaged using a back illuminated
SCMOS camera (Teledyne Photometrics, Tucson, AZ) controlled by
Micro-Manager freeware (UCSF). All filters and mirrors were from
Chroma (Bellow Falls, VT). Lenses, pinholes and diaphragms were from
ThorLabs (Newton, NJ). Tetrapsec beads (Thermo, Waltham, MA) were
routinely imaged to map the sCMOS chip and to calibrate the evanescent
field depth to 100 nm. To assess stoichiometry, fluorophores were
photobleached by continual excitation. Data were captured as 16-bit
movies of up to 600 frames acquired at 1 Hz. When mT-GallR and
mC-MOR were studied in the same cell, the data for each fluorophore
were captured simultaneously to a mapped sCMOS chip, saved as
separate image stacks and processed in an identical manner. Images
were background corrected by subtracting the mean of 5 fully bleached
frames from the end of each stack analyzed [30]. Fluorescent particles
were defined as a discrete 3 x 3-pixel region around a pixel of maximum
intensity, as before and misalignment was corrected in ImageJ using
StackReg. Co-localization of partner pixels from the two stacks of images
was defined as the presence of both fluorophores with at least 30% of
maximum fluorescence levels recorded in that region of interest, as
before [31].

2.12. Computational methods

Computational models of MOR-MOR and Gal;R-Gal;R homodimers
were built via the TM 4/5 dimeric interface of the p;-adrenergic receptor
(PDB code 4GPO) [32] or via the TM 5/6 interface of the MOR structure
(4DKL) [18], using the crystal structure of MOR (4DKL), a MOR-based
homology model of Gal;R in an inactive state, and the recent cryo-EM
structure of Gal;R in an active state (7ZWQ3) [23]. The MOR-Gal;R
heterodimer was constructed via the TM 5/6 interface of the MOR
structure. The complex of MOR with Gi was modeled using the corre-
sponding cryo-EM structure (6DDF) [33]. The complexes of Gal;R with
G proteins were modeled using the structure 7WQ3 (Gal;R in complex
with Gi) [23], or cholecystokinin A receptor in complex with Gs (7MBX)
or Gq (7EZM) [34] as templates. Modeling was performed using Mod-
eller 10.1 [35] and AmberTools19.

2.13. Statistical analysis

In binding assays, goodness of fit was tested according to a reduced
chi-squared value given by the regression program. The test of signifi-
cance for two different model population variances was based upon the
F-distribution using built-in functions in GraFit software. A probability
greater than 95% (p < 0.05) was considered the criterion to select a
more complex model (cooperativity) over the simplest one (non-coop-
erativity). Other statistical analyses were performed using GraphPad
Prism 6 software. Differences between experimental group pairs were
analyzed with two-tailed paired Student’s t-test. Differences among
more than two groups of results were performed by one-way analysis of
variance (ANOVA) followed by Dunnett’s or Tukey’s multiple
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comparisons tests. Sample size estimation was based on our previous
studies with radioligand binding experiments, biophysical techniques
and signaling in mammalian transfected cells, which favored an n be-
tween 5 and 7 to demonstrate statistical differences between different
experimental groups [7-9,13,14]. In addition, sample replicates (the
average of triplicates as n = 1) were used in most experiments to mod-
erate the experimental variability. Data were presented as means
=+ standard error of the means (S.E.M.) or & standard deviations (S.D.),
as indicated in the respective figure legend. A level of p < 0.05 was
considered as critical for assigning statistical significance.

3. Results

3.1. Negative cooperativity of agonist binding indicates homodimerization
of MOR in the presence or absence of Gal;R

Radioligand binding experiments have classically shown the exis-
tence of two apparent populations of GPCRs, with high and low affinities
for the agonist. This has commonly been observed with a shallow or
even biphasic curve in radiolabeled antagonist versus agonist competi-
tion experiments. Although it has been generally assumed that these
results indicate the existence of G protein-coupled and uncoupled states
of the GPCR, seminal studies by Redka et al. [36,37] demonstrated that,
within the physiological range of an excess of G proteins versus GPCRs,
these apparently different populations of GPCRs correspond to negative
binding cooperativity of the agonist binding to the different protomers
of GPCR oligomers. Application of mathematical models that consider
GPCRs as homodimers to the analysis of radioligand binding data, such
as the ‘dimer receptor model’ [26], provides values of the two agonist
binding affinities (Kpp; and Kppy) that are significantly more robust (less
dependent on the experimental conditions) than those of monomer-G
protein models (Ky and Kp) [1,6,27,38]. The ‘dimer receptor model’
also introduces a dimer cooperativity index (D¢cg). Dcg = 0 implies no
agonist cooperativity, whereas positive and negative values imply pos-
itive and negative cooperativity, respectively [1,6,27,38].

Analysis of radioligand binding data with the ‘dimer receptor model’
can therefore be used to interrogate the predominant monomeric or
dimeric structure of GPCRs, which we applied to the question of a
monomeric versus dimeric structure of MOR. Competitive inhibition
experiments of the radiolabeled MOR antagonist [®Hlnaloxone (2.4 nM)
versus increasing concentrations of the endogenous MOR agonist
endomorphin-1 (Figs. 1la and 1b) or [*H]naloxone (1.1 nM) versus
increasing concentrations of the exogenous MOR agonist DAMGO
(Suppl. Fig. 1) were performed in membrane preparations from two
previously described and characterized HEK-293 T cell lines stably
expressing either MOR alone (MU cells) or co-expressing Gal;R (MU-
GAL cells) [14]. For both cell lines and for both MOR agonists, a
significantly better fit was obtained for biphasic versus monophasic
curves (p < 0.05 in all cases). Endomorphin-1 bound to the MOR with
two affinities and negative cooperativity, both in MU cells (Fig. 1a, in
means+S.E.M.; Kpgi=4.1 £+ 0.6 nM; Kpp>=130 + 20 nM; Dcg=-0.9;
n=9) and MU-GAL cells (Fig. 1b, Kpg;=1.0 + 0.2 nM; Kppa=40
+ 10 nM; Dcg=—1; n =7). Very similar qualitative results were ob-
tained with DAMGO (Suppl. Fig. 1). Saturation experiments with [*H]
naloxone were performed to analyze possible differences in affinity of
[®H]naloxone in MU cells and MU-GAL cells, which showed Kpa; values
(in means+S.E.M) of 1.4 + 0.2 and 1.6 + 0.3 nM, respectively (n = 3).
MU-GAL cells were additionally characterized for the affinity of [*H]
galanin binding sites in saturation experiments, which showed Kpa;
values (in means+S.E.M) of 1.2 + 0.1 nM (n = 3; Suppl. Fig. 1). Alto-
gether, radioligand binding experiments are indicative of a preferential
oligomeric structure of MOR with the same radioligand binding char-
acteristics, whether or not it forms or not heteromers with Gal{R.
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Fig. 1. Negative cooperativity of endomorphin-1 in radioligand binding ex-
periments. Representative competitive inhibition curves of [*H]naloxone/
endomorphin-1 in HEK-293 T cell lines stably expressing either MOR alone (MU
cells; a) or with Gal;R (MU-GAL cells; b); data was adjusted with the ‘dimer-
receptor model’, which provided a significantly better biphasic versus mono-
phasic fit for both cell lines (p < 0.05 in all cases; see Materials and Methods),
with two affinities (Kpg; and Kppp; n = 7-9, with triplicates) and negative
cooperativity (Dcg ~ —1), indicative of a predominant population of
MOR homodimers.

3.2. Homomeric and heteromeric TM interfaces in the MOR-Gal;R
heteromer

The putative heterotetrameric structure of the MOR-Gal;R hetero-
mer was evaluated by BiFC experiments in combination with disruptive
peptides as described before (see Materials and Methods and refs. [7-10,
13]). In these experiments, HEK-293 T cells were co-transfected with
receptors separately fused to complementary halves of the yellow fluo-
rescent protein (C-terminal, cYFP, and N-terminal, nYFP), either with
MOR-nYFP and MOR-cYFP, Gal;R-nYFP and Gal;R-cYFP or MOR-nYFP
and Gal;R-cYFP. Fluorescence was then measured in the absence or
presence of synthetic peptides with the amino acid sequence of all TMs
of both receptors (TM1 to TM7 of MOR and Gal;R). These TM peptides
were fused to the cell-penetrating HIV transactivator of transcription
(TAT) sequence to provide the correct orientation when inserted in the
plasma membrane [28]. We could first demonstrate that fluorescence of
MOR-nYFP/MOR-cYFP was only reduced in the presence of TM5 and
TM6 peptides of MOR (Fig. 2a, upper graph) and fluorescence of
Gal;R-nYFP/Gal;R-cYFP was reduced by TM5 and TM6 peptides of
Gal;R (Fig. 2b, upper graph), pointing to the involvement of the TM 5/6
interface in the MOR-MOR and Gal;R-Gal;R homomers. Notably, when
MOR-nYFP and MOR-cYFP were co-transfected with non-fused GaliR,
fluorescence was only significantly decreased by TM4 and TM5 peptides
of MOR (Fig. 2a, lower graph), and when Gal;R-nYFP and Gal;R -cYFP
were co-transfected with non-fused MOR, fluorescence was decreased by
TM4 and TM5 peptides of GalijR (Fig. 2b, lower graph). Thus, the
interface for both MOR-MOR and Gal;R-Gal;R homodimers changed in
the presence of the other non-fused receptor from a TM 5/6 to a TM 4/5
interface (Fig. 2a and b). Finally, fluorescence of MOR-nYFP/Gal;R--
nYFP was significantly reduced by TM5 and TM6 peptides of both MOR
and Gal;R (Fig. 2c¢), pointing to a TM 5/6 interface for the MOR-Gal;R
heteromer. These data reveal TM 5/6 as the most stable interface for
MOR-MOR and Gal;R-Gal;R homomers, but also for the MOR-Gal;R
heteromeric interface. Significantly, the results suggest a competition
for the TM 5/6 interface and indicate an obligatory homodimeric
structure of MOR and Gal;R, for which their interface changes to a less
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Fig. 2. TM interfaces of MOR and Gal; R homomers and heteromers in BiFC experiments. Results from BiFC experiments in HEK-293 T cells co-transfected with MOR-
nYFP and MOR-cYFP (a), Gal;R-nYFP and Gal;R-cYFP (b) or MOR-nYFP and Gal;R-cYFP (c), in the absence (-) or the presence of the indicated TM peptides (at 4 uM;
numbered 1-7) from MOR (green symbols and plots) or Gal;R (blue symbols and plots), and in the absence or the presence of the co-transfected non-fused Gal;R or
MOR (lower graphs in a and b, respectively); fluorescence values (in means + S.D.) are expressed as the percentage of the fluorescence in the absence (-) of the
indicated TM peptides (n = 6, with triplicates); * represent significantly lower values as compared to control values (p < 0.001; one-way ANOVA followed by
Dunnett’s multiple comparison tests). The schemes in a and b illustrate the corresponding interfaces of the MOR-MOR (a) and Gal;R-Gal;R (b) homomers in the
absence (upper) and presence (lower) of Gal;R and MOR, respectively. The scheme in c illustrates the computational model of the MOR-Gal;R heterotetramer built
using the experimental interfaces predicted in panels a—-c (TM 5/6 for heterodimerization and TM 4/5 for homodimerization; see text).

favorable TM 4/5 interface in the MOR-Gal;R heteromer. A sequence
analysis of the interactions present in these interfaces is shown in Suppl.
Fig. 2. In conclusion, the results indicate the MOR-GallR heteromer
displays a rhombus-shaped quaternary structure in which homodime-
rization occurs via the TM 4/5 interface and heteromerization occurs via
the TM 5/6 interface (Fig. 2c).

3.3. Single-molecule analysis of the MOR-Gal;R heteromer reveals a
heterotetramer

To determine the preferential number and composition of protomers
in the MOR-Gal;R heteromer, we directly counted the number of pro-
tomers assembled at the surface of live HEK-293 T cells by TIRF mi-
croscopy photobleaching, as described before [31]. Monomeric teal
fluorescent protein 1 (mT) was fused to the C-terminus of GaljR and
monomeric cherry (mC) to the C-terminus of MOR (mT-Gal;R and
mC-MOR, respectively) to allow for high-resolution, high signal-to-noise
TIRF imaging. First, we expressed mT-Gal;R alone in HEK293T cells and
used photobleaching to determine the number of fluorescence-tagged
protomers that formed each fluorescent particle. Approximately 75%
of the fluorescent particles had two-photobleaching steps, indicating the
preferential formation of Gal;R-Gal;R homodimers (Fig. 3a and b). The
remaining particles were monomeric, and no higher-level oligomers
were observed. Similar results (preferential formation of MOR-MOR
homodimers) were obtained when mC-MOR was expressed alone
(Fig. 3c). Furthermore, we incubated cells with peptides TM4, TM5,
TM6 or TM7 of MOR. In agreement with the results obtained with BiFC,
TM5 and TM6, but not TM4 or TM7, altered the composition of the
fluorescent particles to primarily monomeric, indicating a significant
involvement of TM 5 and TM 6 helices in the formation of the MOR-MOR

interface. As expected, mT-Gal; receptor homodimers were not dis-
rupted following incubation of the cells with these MOR peptides
(Fig. 3b).

Next, we studied colocalized fluorescent particles formed when mC-
MOR and mT-Gal;R were expressed together in the same cells (Fig. 3d
and e). The majority of the colocalized particles were tetramers
composed by two protomers each of MOR and Gal;R, heteromers of
homomers. The selective disruption of these complexes with peptides
TM5 and TM6, but not TM4 or TM7, peptides of MOR is in complete
agreement with our previous finding with BiFC experiments indicating
that the interface of the MOR-Gal;R heteromer also involves the TM 5
and TM 6 helices of the MOR. Notably, particles studied following in-
cubation of the cells with TM4 of MOR were trimeric, containing a single
MOR protomer colocalized with a Gal;R-Gal;R homodimer, also con-
firming the key role for TM 4 in the MOR-MOR homodimer (TM 4/5
interface) of the heterotetramer (Fig. 3e). Finally, we assessed the stoi-
chiometry of mCherry-tagged MOR particles that were not colocalized
with Gal;R in cells co-transfected with mT-Gal;R and mC-MOR. In
agreement with the stoichiometry of isolated mC-MOR (Fig. 3c), these
assemblies were primarily dimeric but were disrupted when cells were
incubated with TM5 and TM6 but not TM4 or TM7 of MOR (Fig. 3f). The
isolated mT-Gal;Rs also preferentially formed dimers, and as expected
these complexes were not disrupted by incubation with TM peptides of
MOR (Fig. 3g). Altogether, these data confirm the results from BiFC
experiments and demonstrate that, in HEK-293 T co-transfected cells,
the MOR-Gal;R heteromer is a heterotetramer, a heteromer of MOR-
MOR and Gal;R-Gal;R homomers, in which homodimerization occurs
via the TM 4/5 interface and heteromerization occurs via the TM 5/6
interface.



P.A. De Oliveira et al. Pharmacological Research 182 (2022) 106322

a mT-Gal4R alone
TIRF image

o

Photobleaching montage Time course

o S 150
]
(0] w100
o 50
vl; 510 1(I)0 1;0 2(I!0
Time, s
b mT-Gal4R alone C mC-MOR alone
© 1257 ¢ TM4 TM5 TM6 TM7 1257 ¢ T4 TM5  TME  TM7
G4 1 M1 1 1 Sad ™ 1 L1 1
t £
8 75 8 754
k] k]
» 504 » 50+
2 28
£ 254 £ 254
=] =]
4 0- P-4 0-
12 12 12 12 12 12 12 12 12 12
d Bleaching steps Bleaching steps

Time, s

e mC-MOR + mT-GalR co-localized particles

80 C TM4 TM5 TM6 TM7
I 1 I 1 I 1 I 1 I

60

Number of particles
H
o
[

20-
0-
1 2 1 2 12 1 2 1 2 1 2 1 2 1 2 1.2 1 2
f Bleaching steps
mC-MOR g mT-Gal,R
®6803 c T4 TM5 TME TM7 @803 c TM4 TM5 TME TM7
b b=
© 1]
Q. Q.
% 30 %5 30
S S
[ Q
e} Q
£ £
> =]
Z od Z o=
1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
Bleaching steps Bleaching steps

(caption on next page)



P.A. De Oliveira et al. Pharmacological Research 182 (2022) 106322
Fig. 3. Heterotetrameric structure of the MOR-Gal;R heteromer in TIRF experiments. a. In the left panel, representative TIRF image showing fluorescent particles
formed by mT-Gal4R in HEK-293 T cells; in the middle and right panels, example of a single mT-GallR particle with the time course for the change in fluorescence
intensity (arbitrary units) showing two-step photobleaching. b-c. Results summarizing the number of bleaching steps for mT-Gal;R or mC-MOR expressed separately
and studied in the absence (C, control) or presence of the indicated MOR TM peptides (at 1 uM). d. In the left panel, representative TIRF image showing fluorescent
particles formed by mT-Gal;R (green), mC-MOR (red) separate and colocalized (yellow); in the middle and right panels, example of a single colocalized particle with
the time course for two-photobleaching steps each for mT-Gal;R and mC-MOR, indicating a heterotetramer. e. Result summarizing the composition of colocalized
particles studied in the absence (C, control) or presence of the indicated MOR TM peptides (at 1 pM). f-g. Analysis of the non-colocalized mC-MOR and mT-Gal;R
particles from cells expressing both receptors studied in the absence (c, control) or presence of the indicated MOR TM peptides (at 1 uM). Data represent particle

counts from 4 to 6 cells per condition studied.

3.4. Promiscuous G protein coupling of Gal;R in the MOR-Gal;R
heteromer

Proximity assessment by BRET is based on the process of transfer of
energy from a bioluminescent donor, RLuc, to a fluorescent acceptor
chromophore, such as YFP. Fusing RLuc to MOR or Gal;R and mVenus
variant of YFP to the a subunit of a G protein, we can analyze the effect
of agonists in their ability to change the basal BRET values, as an indirect
measure of ligand-induced G protein activation. MOR-RLuc or Gal;R-
RLuc and Gi-YFP, Gq-YFP or Gs-YFP constructs were transiently co-
transfected to HEK-293 T cells, and concentration-response curves of
MOR agonists methadone and fentanyl and Gal;R ligands M617 and
M40 were analyzed for ECsp and En,x values (see Materials and Methods
and Fig. 4). As expected from previous studies indicating a selective
functional coupling of MOR to Gi/o proteins [15,39], both methadone
and fentanyl promoted Gi, but not Gq or Gs, activation (Fig. 4a-c) with
no significant differences between their ECsg values (Fig. 4d). Also as
expected, the Gal;R agonist M617 [22] promoted activation of Gi and no
activation of Gs (Fig. 4e, g and h). Less expected was the agonist-like

behavior of M40, which has been historically considered and widely
used as a non-selective antagonist (see Discussion), produced the same
effects as M617 (Fig. 4e, g and h). Additional signaling experiments to
confirm that M40 has similar agonist properties than galanin are shown
in Suppl. Fig. 4 (see also Fig. 5). Also less expected was that both agonists
promoted Gq protein activation (Fig. 4f). Until now it was generally
assumed that GaljR signaling was always regulated in a pertussis
toxin-sensitive manner, mediated via Gi/o proteins, while GalaR was
predominantly coupling to Gq proteins (reviewed in ref. [22]). The di-
rection of the concentration-response curves of GaljR ligands was
opposite to that of the MOR ligands. In BRET experiments it is usually
expected that ligands induce an increase in BRET values, because of a
ligand-induced approximation of the donor and acceptor chromophores
[40]. However, RET between two chromophores also depends on their
relative orientation (orientation factor or k) [41], which could drive the
qualitatively different ligand-induced RET response between the full or
complemented RLuc fused to Gal;R and YFP fused to the corresponding
Gao.

The CODA-RET assay, a variant of the BRET technique described
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transfected with Gal;R-RLuc and the o subunit of Gi (e), Gq (f) or Gs (g) fused to YFP. i-k. Representative concentration-response curves of methadone (dark
green), fentanyl (light green) and M617 (dark blue) of CODA-RET experiments from HEK-293 T cells co-transfected with MOR-nRLuc, Gal;R-cRLuc and the a subunit
of Gi (i), Gq (j) or Gs (k) fused to YFP. d and h. ECs values of the BRET experiments with MOR-RLuc (d) or GallR-RLuc (h) (in means + S.E.M.; n = 6 in all ex-
periments, with triplicates). 1. ECs values of the CODA-RET experiments with MOR-nRLuc and Gal;R-cRLuc (n = 5-6, with triplicates). The ECs, values of fentanyl
and methadone were significantly different in the CODA-RET (*: p < 0.01; two-tailed paired t test), but not in the BRET experiments.
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above, allows the analysis of G protein coupling to a specific GPCR
heteromer [42-45]. In this assay, two complementary halves of RLuc
(RLuc8 variant; nRLuc and cRLuc) are separately fused to two different
GPCR protomers putatively able to dimerize, and YFP is fused to the «
subunit of a G protein. Ligand-induced changes in CODA-RET mea-
surements imply a successful complementation of nRluc and cRLuc and,
therefore, dimerization of the corresponding protomers. Moreover, it
illustrates G protein activation driven by a GPCR heteromer. MOR fused
to nRLuc (MOR-nRLuc) and Gal;R fused to cRLuc (Gal;R-cRLuc) were
co-transfected with Gi-YFP, Gq-YFP or Gs-YFP constructs (Fig. 4i-1).
Again, the MOR agonists methadone and fentanyl only promoted acti-
vation of Gi (Fig. 4i-k). However, in the MOR-Gal;R heteromer, the ECsg
values for methadone were about 10 times higher than for fentanyl
(Fig. 41), which agrees with previous results demonstrating a specific
decrease in the potency of methadone in the MOR-Gal;R heteromer
[14]. Remarkably, in the MOR-Gal;R heteromer, M617 promoted not
only Gi and Gq, but also significant Gs activation (with ECsg values of
59.0 + 20.1 nM for Gi, 154.1 + 25.9 nM for Gq, and 58.7 + 29.1 nM for
Gs) (Fig. 4i-k). Consistent with the results from the BRET assay, the
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Fig. 5. Preferential Gs protein coupling of
Gal;R when co-expressed with MOR in cAMP

- o formation experiments. Formation of cAMP in
% %_ HEK-293 T cells transfected with Gal;R-YFP (a)
$: 3 § MOR-RLuc (b) or both (c-e) upon exposure of
3 (LD forskolin (FK; 0.5 pM), galanin ligands (galanin,
(O] M617 or M40; all at 0.5 uM; blue bars within
e # dashed frames) and endomorphin-1 (0.5 pM;

green bars within dotted frame) alone or com-
bined, in the absence (a-c) and presence (d,e) of
the indicated TM peptides (TM6 or TM7; 4 pM)
from MOR. “Gs-coupled” or “no-Gs-coupled”
indicates the ability to increase or not cAMP
formation when administered alone; “Gi-
coupled” or “no-Gi-coupled” indicates the abil-
ity to decrease or not FK-induced cAMP for-
mation; “canonical” indicates the ability of
endomorphin-1 to counteract galanin-, M617-
or M40-induced cAMP formation. Values are
means + S.D. (n = 6 with triplicates in all ex-
periments) of the percentage of FK-induced
cAMP formation and analyzed statistically
* with one-way ANOVA, followed by Tukey’s
multiple comparison test (*: p < 0.001,
compared with basal; #: p < 0.001, compared
with FK; &: p < 0.001, compared with galanin,
M617 or M40 when administered alone).
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direction of the M617 concentration-response curve was opposite to that
of methadone and fentanyl. In summary, the results from the CODA-RET
assay indicate GaljR is capable of coupling to Gi, Gq and Gs upon het-
eromerization with MOR.

3.5. Gs-mediated GaljR signaling in cells co-expressing Gal;R and MOR

We then investigated the preferred endogenous G protein subtypes
coupling to Gal;R and MOR in HEK-293 T cells transfected with either
receptor alone or together. We assessed this by analyzing the effects of
agonists on basal and forskolin-induced cAMP formation (Fig. 5a-e). In
cells transfected with MOR alone, the endogenous agonist endomorphin-
1 (0.5uM) was unable to modify cAMP levels relative to baseline
(Fig. 5b, no Gs-coupled) and significantly decreased forskolin-induced
cAMP (Fig. 5b, Gi-coupled). Similarly, in cells expressing Gal;R alone,
galanin, M617 or M40 (each at 0.5 uM) did not modify the basal levels of
cAMP (Fig. 5a, no Gs-coupled) and significantly decreased cAMP for-
mation induced by forskolin (Fig. 5a, Gi-coupled). The results obtained
with M40 in cAMP measurements confirm its agonist properties (see
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above). Thus, both MOR and Gal;R, when expressed by themselves,
signal via their cognate Gi protein. Importantly, a complete signaling
switch of Gal;R was observed in cells co-transfected with both Gal;R and
MOR. In this case, GaljR agonists not only failed to decrease forskolin-
induced cAMP (Fig. 5c, left panel, no Gi-coupled), but they promoted
a significant increase of cAMP formation relative to basal levels (Fig. 5c,
left panel, Gs-coupled).

These results strongly suggested that heteromerization with MOR
switches the preferential G protein coupling of the Gal;R from Gi to Gs.
By contrast, MOR kept its preferential coupling to Gi proteins in this
configuration (Fig. 5c, right panel, no Gs-coupled and Gi-coupled).
These data suggest that the MOR-Gal;R heteromer constitutes an addi-
tional example of a Gs-Gi-coupled heterotetramer (see Introduction),
with MOR and Gal;R homodimers coupled to Gi and Gs, respectively,
and providing the frame that sustains a canonical Gs-Gi antagonist
interaction at the AC level. In agreement, in cells co-transfected with
both receptors, MOR agonists inhibited the cAMP-promoting effect of
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Gal;R agonists upon simultaneous exposure, revealing the canonical Gs-
Gi antagonist interaction (Fig. 5c, right panel, canonical). We next
showed that the preferential Gs coupling of the Gal;R is, in fact, a
property of the MOR-Gal;R heteromer. In the presence of the TM6
peptide of MOR, which disrupts the heteromeric interface, Gal;R ago-
nists switched from inducing cAMP production (Gs-coupled) back to
inhibiting forskolin-induced cAMP formation (Gi-coupled) (Fig. Se, left
panel). In contrast, incubation with the TM7 peptide of MOR, which
does not disrupt heteromer formation, had no such effect. The MOR
agonist endomorphin-1 remained Gi-coupled in the presence of these
peptides (Fig. 5d and e, right panels).

3.6. The G protein subtype coupling to Gal;R depends on its homomeric
interface

To elucidate the molecular mechanism underlying the preferential
Gs coupling of Gal;R in the MOR-GaljR heteromer, we constructed
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Fig. 6. Dimeric interface-dependent hindering role of the hgh4 loop of the Gas subunit in its ability to couple to Gal;R. a. Sequence alignment of the C-terminal 100
amino acids of the sixteen Go subunits, as described in GproteinDb [59]. The 13 extra residues of the hgh4 loop (in red), between HG and H4 helices of the Gas
subunits (see scheme on the left panel), that are absent in the other G protein subtypes, are highlighted in grey. b-d. Computational models of the Gal;R-Gal;R
homodimer, constructed using the TM 5/6 interface (b, upper panel; c; d) or the TM 4/5 (b, lower panel) interface, in complex with Gs (b), Gi (¢), and Gq (d). The
encircled area shows the clash of the 13 extra residues of Gs with the G protein unbound protomer in the TM 5/6 interface. e. Representative concentration-response
curves of the M617 agonist of BRET experiments from HEK-293 T cells co-transfected with Gal;R-RLuc and WT Gs fused to YFP (blue line; left panel) or a mutant Gos
(with the extra 13 residues being removed) fused to YFP (red curve; left panel); or cells co-transfected with Gal;R-RLuc and WT Gi fused to YFP (blue curve; middle
panel) or a mutant Gai (with the extra 13 residues being added) fused to YFP (red curve; middle panel). In the right panel (e), comparison of E,,y values of the BRET
experiments between WT and mutant a-subunits (in means + S.E.M.; n = 6 in all experiments, with triplicates). The E,,,,x values between WT and mutant a-subunits

were significantly different (*: p < 0.05, **: p < 0.01; two-tailed paired t test).
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computational models of Gal;R-Gal;R homodimers, built via the TM 4/5
and TM 5/6 interfaces, bound to Gi, Gs, and Gq (see Materials and
Methods) (Fig. 6). Sequence alignment of C-terminal residues of the
sixteen Ga subunits revealed a specific sequence of 13 extra Gs residues
that is absent in the other G protein subtypes (Fig. 6a). These extra
residues are localized in the hgh4 loop, between HG and H4 helices, in
the o-helical domain of the G protein. Noticeably, in the model, the
additional length of hgh4 of Gs clashes with the G protein unbound
GaljR protomer in the TM 5/6 interface (Fig. 6b, upper panel) but it is
tolerated in the TM 4/5 interface (Fig. 6b, lower panel). The shorter hgh4
loop of Gi (Fig. 6¢), Gq (Fig. 6d) or Go (not shown) permits their binding
to the Gal;R-Gal;R homodimer in the TM 5/6 interface. To experi-
mentally validate this hypothesis, we created a mutant Gs in which these
extra 13 residues were removed and a mutant Gi in which these residues
were added in the corresponding hgh4 locus (see Materials and
Methods). Both mutants were fused to YFP and used in BRET experi-
ments in cells co-transfected with Gal;R-RLuc, in the absence of MOR,
and either the mutant Gs-YFP or the mutant Gi-YFP or the corresponding
wild-type (WT) constructs (Fig. 6e). As predicted, the Gal;R agonist
M617 activated the mutant Gs (with short hgh4), since it could bind to
the TM 5/6 interface (due to the absence of MOR) of the Gal;R-Gal;R
homodimer, while M617 promoted a much weaker activation of mutant
Gi as compared to WT Gi (with long and short hgh4, respectively), since
it could not properly bind to the TM 5/6 interface of the Gal;R-Gal;R
homodimer. These computational and experimental results indicate that
the ability of Gs to couple to the Gal;R-Gal;R homodimer is determined
by the change in its homomeric interface induced by heteromerization
with MOR.

4. Discussion

The present study reports converging evidence, using different
methodologies, for a predominant homodimeric structure of both MOR
and Gal;R, and for their preference to form functional heterotetramers
coupled to Gs and Gi proteins that antagonistically interact at the level of
the effector AC. The results therefore support the previously hypothe-
sized view of the GPCR heterotetramer composed of two different GPCR
homodimers respectively coupled to Gs and Gi proteins and AC as a
common functional macromolecular complex [11], more recently
conceptualized as a G protein-coupled receptor-effector macromolecular
membrane assembly (GEMMA) [46].

Using a TM-peptide-interfering approach combined with biophysical
and biochemical techniques (BiFC assays and TIRF microscopy and
cAMP measurements), we could propose the TM 5/6 MOR-Gal;R het-
eromeric interface, which was the same as the preferred homomeric
interface of MOR and Gal;R homodimers when each receptor was
expressed alone. Yet, when forming heteromers, MOR and Gal;R still
preferred a homodimeric to the monomeric structure, although with a
less preferred TM 4/5 homomeric interface. Importantly, this
heteromerization-induced change in the homomeric interface had a
significant functional consequence: a switch in the G protein coupling of
GaljR, from Gi to Gs, without modifying the G protein preference of the
MOR. Previous studies with other GPCRs reported changes in their
functional properties when heteromerizing. For instance, the switch is
observed in G-protein coupling of serotonin 5-HT34 receptor from Gq to
Gi proteins upon heteromerization with the cannabinoid CB; receptor
[47] or the disappearance of the pronounced constitutive activity of the
adenosine Agp receptor when forming heteromers with the adenosine A;
receptor or the dopamine D receptor, but not with the cannabinoid CB;
receptor [9]. However, to our knowledge, this is the first study to unveil
the molecular mechanism behind a heteromerization-dependent change
in GPCR function, which we demonstrate is a facilitation of Gs coupling
upon a switch in the Gal;R homomeric interface.

Although most recent studies addressing the question of oligomeri-
zation of MOR using single molecule techniques support its predominant
monomeric structure [20,22], our study showed preferential formation
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of MOR dimers when the mC-tagged subunit was expressed alone in
HEK293 cells (Fig. 3). This discrepancy in the reported oligomerization
state of MOR might reflect differences in the experimental approach.
Specifically, Moller et al. [20] employed single particle tracking algo-
rithms to follow the trajectory of receptors 4-6 h post transfection with
SNAP-tagged subunits with the goal of studying receptors at low density
at the plasma membrane. Asher and colleagues [21] inferred stoichi-
ometry from single molecule FRET studies. Here, we employed photo-
bleaching of C-terminal fluorescent tagged subunits 24 h after
transfection to assess stoichiometry directly by counting the number of
subunits in each GPCR complex. This approach has been used exten-
sively to assess the stoichiometry of membrane-motors and ion channel
complexes at the surface of transfected cells and corresponds well with
real-time measures of protein function made in the same cells [42,
48-50]. Although organic dyes, such as SNAP-tags, typically have a
higher quantum yield and photostability than fluorescent proteins, the
chemical efficiency of labeling in live cells is variable. In contrast,
fluorescent proteins are present on each expressed subunit in a complex,
excluding those fluorophores that are potentially pre-bleached or that
have adopted a non-excitable configuration. However, if anything, these
caveats bias datasets towards a lower stoichiometry [51]. Therefore, our
results show that MOR forms stable dimers but not higher order com-
plexes. Similarly, we observed that Gal;R receptors tagged with mT
preferentially form dimers rather than monomers, and do not form
higher order complexes. Importantly, the results of TIRF experiments in
cells co-expressing MOR and Gal; R were in complete agreement with the
observations from the BiFC experiments. Of particular note were the
results obtained with TM4 of the MOR, which promoted the predomi-
nant formation of trimeric fluorescent particles, composed of one MOR
with two GaljR. On the other hand, TM4 of the MOR did not disrupt
MOR homodimerization when transfected alone, in agreement with the
fourth TM domain of MOR being required at the MOR-MOR interface
only in the context of the heterotetramers. As expected, both TM5 and
TM6 of the MOR disrupted the formation of heterotetramers.

The converging evidence for MOR-MOR homodimerization obtained
by using different methodologies was further confirmed by the results of
radioligand-binding experiments. In fact, there is already significant
support in the literature indicating that classical radioligand binding
experiments can provide a valid methodology to study GPCR oligo-
merization in most experimental settings, including native tissues [1,6,
36,37]. The present study offers an important example of the validity of
radioligand binding techniques for the demonstration and analysis of
GPCR oligomers with the application of the ‘dimer receptor model’ [27].

Apart from the general conceptual importance for the field of GPCR
oligomerization, studies with the MOR-Gal;R heteromer have already
shown to have important translational implications in the fields of
opioid analgesia and opioid use disorder. The MOR-Gal;R heteromer
localized in the VTA is involved in the dopaminergic effects of opioids
and provides a pharmacodynamic explanation for the weaker dopami-
nergic and euphoric properties of methadone [14]. Work is in progress
to determine the mechanism underlying this specific insensitivity of the
MOR-GaljR heteromer to methadone, which should provide clues for
finding additional molecules that poorly bind or activate the MOR in the
VTA while preserving significant activity for MOR in other nervous
system regions that mediate analgesia.

In the previous studies on the MOR-Gal; R heteromer, we provided in
vitro evidence in mammalian transfected cells and in situ and in vivo
evidence in the rat VTA for a heteromer-dependent allosteric interaction
by which GaljR ligands decrease the affinity of MOR ligands and
antagonize MOR-mediated G protein activation, signaling and dopami-
nergic activation [13,14]. Therefore, development of small molecule
agonists that target the Gal;R in the MOR-Gal R heteromer represents a
promising approach to counteract the unwanted dopaminergic effects of
opioids while preserving or even potentiating their analgesic effects at
the spinal level, as previously described [52]. The currently available
selective Gal;R agonists, such as M617 and M40 are large peptides that



P.A. De Oliveira et al.

cannot be orally or systemically administered to reach the CNS. An
unexpected additional result of the present study was the finding of
agonist activity of M40, since it has been generally considered as a ca-
nonical non-selective galanin receptor antagonist. For example, M40
blocks feeding, scopolamine-induced acetylcholine release, and anti-
convulsant activity induced by central galanin administration [22,
53-55]. Nevertheless, M40 has been reported to have agonist-like ac-
tivity under some conditions, where it mimics the effects of galanin by
attenuating forskolin-induced formation of cAMP, suppressing gluta-
mate release, and activating inwardly rectifying potassium conductance
[56-58]. While the mechanistic reasons for these disparate findings are
not clear, they highlight that care must be taken to characterize the
valence of galanin receptor ligands in each specific system.

The present study adds a new unforeseen property of the MOR-Gal;R
heteromer, its specific ability to promote Gs coupling to the Gal;R. One
limitation of the current study is that experiments were performed
exclusively in vitro, in mammalian transfected cells. If the tetrameric
structure of the MOR-Gal;R heteromer represents a significant popula-
tion of both receptors in the VTA, or other brain areas, we should expect
that in those neuroanatomical substrates the effects of galanin or other
GaljR agonists are dependent on the activation of the canonical Gs-
cAMP-protein kinase A signaling. Contrary to the allosteric interaction
by which Gal;R ligands antagonize MOR signaling, this effect would be
counteracted by MOR-mediated signaling, via a canonical Gs-Gi antag-
onistic interaction at the AC level. Experiments are in progress to
establish the predominant heterotetrameric structure of MOR-GaljR
heterotetramer in the brain, as well as its pharmacological significance.
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